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METHODS AND COMPOSITIONS FOR THE TREATMENT OF CANCER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit under 35 U.S.C. § 119(e) of U.S. Provisional Application No.

61/831,758 filed June 6, 2013, the contents of which are incorporated herein by reference in their entirety.

GOVERNMENT SUPPORT

[0002] This invention was made with federal funding under Grant Nos. U24CA1 43845, R01CA1 55202,

CA059267, and GM097360 awarded by the National Institutes of Health. The U.S. government has certain

rights in the invention.

SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing which has been submitted electronically in

ASCII format and is hereby incorporated by reference in its entirety. Said ASCII copy, created on June 6,

2014, is named 030258-076041-PCT_SL.txt and is 100,694 bytes in size

TECHNICAL FIELD

[0004] The technology described herein relates to treatment of cancer and other conditions, e.g. graft vs.

host and neurological diseases such as autism and schizophrenia.

BACKGROUND

[0005] Genomic instability is a major contributing factor to the development and onset of age-related

diseases such as cancer (Maslov and Vijg, 2009; Negrini et al., 2010). Cancer cells are often characterized by

copy number alterations: copy gains or losses of chromosome arms and/or whole chromosomes as well as

amplifications of smaller genomic fragments (Beroukhim et al., 2010; Hook et al., 2007; Stratton et al., 2009).

Even though cancer genomes frequently have altered chromosomal regions, there is little knowledge about the

regulatory mechanisms or factors that are involved in promoting copy number alterations at specific regions of

the genome.

SUMMARY

[0006] KDM4A is a demethylase, controlling the accessibility of the chromosomal DNA in a cell. As

demonstrated herein, increased levels of KDM4A in cancer cells leads to certain segments of the genome

being inappropriately amplified (replicated) and predicts a worse outcome for patients having such an increase

in KDM4A.

[0007] The inventor, as demonstrated herein, has further discovered that the level of activity of KDM4A

(and/or certain mutations that affect the activity of KDM4A, e.g., SNPs) can determine whether a tumor is

senstitive or resistant to a given chemotherapeutic. Described herein are methods of modulating the level

and/or activity of KDM4A, e.g., by using small molecules and/or nucleic acids. Accordingly, provided herein

are methods of treatment relating to subjects having such KDM4A mutations and/or altered activity levels as

well as methods of treatment that comprise modulating the activity level of KDM4A.



[0008] In one aspect, described herein is a method of treating cancer, the method comprising

administering an S-phase chemotherapeutic to a subject determined to have a level of KDM4A gene

expression which is not higher than a reference level or determined not to have KDM4A gene amplification

and not administering an S-phase chemotherapeutic to a subject determined to have a level of KDM4A gene

expression which is higher than a reference level or determined to have KDM4A gene amplification. In some

embodiments, the S-phase chemotherapeutic is selected from the group consisting of cisplatin; 5-flurouracil;

6-mercaptopurine; capecitabine; cladribine; clorfarabine; cytarabine; doxorubicin; fludarabine; floxuridine;

gemcitabine; hydroxyurea; methotrexate; pemetrexed; pentostatin; prednisone; procarbazine; and thioguanine.

[0009] In one aspect, described herein is a method of treating cancer, the method comprising

administering a chemotherapeutic selected from the group consisting of mTOR inhibitors; protein synthesis

inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3

inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors and not administering a

chemotherapeutic selected from the group consisting of EGFR inhibitors; ErbB2 inhibitors; transcription

inhibitors; and MEK1/2 inhibitors to a subject determined to have a KDM4A dampening mutation. In some

embodiments, the KDM4A dampening mutation is present in the tumor but not the non-tumor cells of the

subject. In one aspect, described herein is a method of treating cancer, the method comprising administering a

reduced dose of a chemotherapeutic agent selected from the group consisting of mTOR inhibitors; protein

synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;

PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors;

IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors to a subject

determined to have a KDM4A dampening mutation in non-tumor cells.

[0010] In some embodiments, the KDM4A dampening mutation is a mutation that decreases KDM4A

enzymatic activity; a mutation that increases the proportion or level of KDM4A that is located in the

cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide. In some embodiments, the

KDM4A dampening mutation comprises a mutation of KDM4A selected from the group consisting of E23K;

S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H; G278S; T289I; V319M;

P326T; P348L; E368K; G376V; R400Q; E426K; V490M; R498H; D524V; E558Q; R597H; A662S; S713L;

V743I; R765Q; G783FS; L803GS; R825C; R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and

E1032K. In some embodiments, the KDM4A dampening mutation comprises a mutation selected from Table

7. In some embodiments, the KDM4A dampening mutation comprises a mutation of IDH resulting in

increased 2-HG production. In some embodiments, the mutation is present in a cancer selected from the group

consisting of chondrosarcoma; glioblastoma multiforme (GBM); and acute myeloid leukemia (AML). In

some embodiments, the KDM4A dampening mutation comprises a mutation of SDH resulting in increased

levels of succinate.



[0011] In some embodiments, the presence of the mutation is determined using an assay selected from

the group consisting of hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing;

and KDM4A immunochemical detection methods. In some embodiments, the mutation is present in the

genomic DNA of the tumor cell. In some embodiments, the mutation is present in the mRNA transcripts of

the tumor cell.

[0012] In one aspect, described herein is a method of treating cancer, the method comprising

administering an inhibitor of KDM4A; and administering a chemotherapeutic agent selected from the group

consisting of S-phase chemotherapeutics; mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K

inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLKl/2/3 inhibitors; Eg5 inhibitors; β-tubulin

inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2

inhibitors; STAT3 inhibitors; and VEGFR inhibitors. In some embodiments, the inhibitor of KDM4A is

selected from the group consisting of an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl ; HP1 ;

increased oxygen levels; and succinate.

[0013] In some embodiments, the method can further comprise administering an ubiquitination inhibitor

or proteasomal inhibitor. In some embodiments, the method can further comprise the step of generating a

report based on the detection of a KDM4A dampening mutation.

[0014] In one aspect, described herein is a method of treating cancer, the method comprising

administering an agonist of KDM4A to a subject determined to have a level of KDM4A gene expression

which is higher than a reference level or determined to have KDM4A gene amplification.

[0015] In some embodiments, the cancer is selected from the group consisting of ovarian cancer; non-

small cell lung cancer; multiple myeloma; breast cancer; pancreatic cancer; head and neck cancer; lung

cancer; adenocarcinoma; lung adenocarcinoma; lung squamous cell carcinoma; renal cancer; stomach cancer;

melanoma; colorectal cancer; AML; and uterine and endometrial cancer.

[0016] In one aspect, described herein is an assay for determining the likelihood of a subject experiencing

a positive outcome following treatment for cancer, the assay comprising determining the level or mutational

status of KDM4A; KDM4C; KDM4B; KDM4E; and/or KDM4D in a tumor cell sample obtained from the

subject; wherein the subject has a decreased likelihood of experiencing a positive outcome following treatment

for cancer if:

a. the subject is determined to have a deletion or decreased level of expression of

KDM4C as compared to a reference level;

b. the subject is determined to have a deletion, amplification, or increased or decreased

level of KDM4D, KDM4C, KDM4E, or KDM4B as compared to a reference level;

c. the subject is determined to have an amplification or increased level of expression of

KDM4A as compared to a reference level;

d. the subject is determined to have a KDM4A dampening mutation;



e. the subject is determined to have a mutation of a KDM4 family member selected from

any of Tables 2-6.

[0017] In some embodiments, the subject determined to have an amplification or increased level of

expression of KDM4A as compared to a reference level is a subject having ovarian cancer. In some

embodiments, the subject determined to have a KDM4A dampening mutation is a subject having non-small

cell lung cancer.

[0018] In one aspect, described herein is a method of treating graft versus host disease, the method

comprising administering an inhibitor of KDM4A; and administering an mTOR inhibitor. In some

embodiments, the mTOR inhibitor is rapamycin. In some embodiments, the inhibitor of KDM4A is selected

from the group consisting of an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl ; HP1 ; increased

oxygen levels; and succinate. In some embodiments, the method further comprises administering a

ubiquitination inhibitor or proteasomal inhibitor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Figs. 1A-1H demonstrate that KDM4A is amplified and overexpressed in cancer and correlates

with poor outcome in ovarian cancer. Fig. 1A depicts the distribution of gain (GISTIC annotation + 1 or +2) or

loss (GISTIC annotation - 1 or -2) of copy of KDM4A in 1770 samples, which had both SNP array and

RNAseq data across all cancers of the TCGA dataset. Fig. IB demonstrates that the amplification of KDM4A

correlates with increased expression of KDM4A in the TCGA data set. Analysis of expression from RNAseq

data compared to copy number for KDM4A in 1770 samples from the TCGA data set (P=l .6x1 0-22 for Gain

vs No change and P=9.2xl0-32 for Loss vs No change by one-tailed Student's t-test). Fig. 1C demonstrates

that KDM4A is frequently amplified in ovarian cancer (P=l. 4x10-21 for Gain vs No change or Loss by

Fisher's exact test). Distribution of gain or loss of copy of KDM4A in 204 ovarian cancer samples from the

TCGA data set. Fig. ID demonstrates that the amplification of KDM4A in ovarian cancer correlates with

increased expression of KDM4A. Analysis of expression from RNAseq data compared to copy number for

KDM4A in 204 ovarian cancer samples from the TCGA data set (P=2.3xl0-6 for Gain vs No Change and

P=5.3x10-5 for Loss vs No Change by one-tailed Student's t-test). Fig. IE demonstrates that focal

amplification of KDM4A in ovarian cancer correlates with poor outcome in 285 deceased ovarian cancer

samples (P = 0.02 by one-tailed Student's t-test and 0.048 by one-tailed, Wilcoxon rank sum test for +2 vs 0).

Fig. IF demonstrates that copy number of KDM4B does not correlate with outcome in ovarian cancer. Fig.

1G demonstrates that deletion of KDM4C in ovarian cancer correlates with outcome (P = 0.014 for Loss vs

None). Fig. 1H demonstrates that copy number loss and gain of KDM4D correlate with outcome in ovarian

cancer (P = 0.018 for Gain vs None and 0.013 for Loss vs None by Student's t-test). * indicates significant

difference from No Change samples (P < 0.05). RPKM denotes Reads per kilobase exon model per million

reads of RNA seq data

[0020] Figs. 2A-2D demonstrate that overexpression of KDM4A results in low level amplification of

lql2h, but does not induce widespread chromosome instability. Fig. 2A depicts an image of spectral



karyotyping (SKY) analysis of RPE GFP-CTRL cells. Fig. 2B depicts the results of SKY analysis of RPE

GFP-KDM4A cells. Fig. 2C depicts a graph of the quantification of FISH experiments in stable 293T GFP-

CTRL and stable 293T GFP-KDM4A cells with the indicated FISH probes. Error bars represent the S.E.M.

FISH was performed on stable RPE cells overexpressing GFP-CTRL (DAPI, 2L) for detection of lql2h

(Green, 2M) and a control probe at the Chr 8 centromere (Red, 2N). Fig. 2D depicts a graph of the

quantitation of FISH experiments depicting altered copy number of lql2h, but not other genomic regions.

Arrowheads indicate each foci in FISH images. Error bars represent the S.E.M. * indicates significant

difference from GFP-CTRL (P<0.05) by two-tailed students t-test. Scale bars represent 2µη .

[0021] Figs. 3A-3H demonstrate that increased copy number of lql2h can be induced transiently, is

dependent on catalytically active KDM4A, and can be abrogated by co-expression of Suv39hl and ΗΡΙγ. Fig.

3A depicts the quantification of FISH experiments in 293T cells overexpressing CTRL, KDM4A or

catalytically inactive KDM4A (H188A) with and without depletion of endogenous KDM4A (sh4A.l) with the

indicated FISH probes. Fig. 3B depicts a schematic of NHF-tagged KDM4A constructs used in 3C.

Subcellular localization ("Location") was assessed by immunofluorescence (IF) and the indicated

compartment represents the primary localization of greater than 80% of assayed cells. Catalytic activity was

assessed by IF with H3K36me3 in transfected cells. "+" indicates strong reduction in total nuclear H3K36me3

staining relative to adjacent untransfected cells. Fig. 3C depicts the quantification of FISH experiments in RPE

cells transfected for 24 hours with the indicated NHF-KDM4A constructs and corresponding FISH probes.

Fig. 3D depicts a graph of the quantification of FISH experiments in RPE cells transfected for 24 hours with

GFP-CTRL or GFP-KDM4A with the indicated FISH probes. Fig. 3E is a graph demonstrating that increased

copy number of lql2h is specific to KDM4A overexpression and not other KDM4 family members.

Quantification of FISH experiments in RPE cells transfected for 24 hours with GFP-CTRL, GFP-KDM4A,

GFP-KDM4B, GFP-KDM4C, or GFP-KDM4D and analyzed for copy number of lql2h or Chr 8 centromere

by FISH. Fig. 3F demonstrates that expression of H3.3 histone variants for H3K9 or H3K36 promotes

increased copy of lql2h. Quantification of FISH experiments in RPE cells 24 hours post infection with the

indicated H3.3 histone variants analyzed for the indicated FISH probes. Fig. 3G demonstrates that co-

expression of Suv39hl abrogates KDM4A-dependent formation of extra copies of lql2h. RPE cells were

transiently transfected with NHF-CTRL, NHF-KDM4A, or NHF-KDM4A with Halo-Suv39hl for 24 hours

and analyzed for changes in lql2h by FISH. Fig. 3H is a graph demonstrating that co-expression of ΗΡΙγ
abrogates formation of extra copies of lql2h. RPE cells were transiently transfected with GFP-CTRL or GFP-

KDM4A with addition of RFP-Ctrl or RFP-ΗΡΙγ for 24 hours and analyzed for changes in lql2h by FISH.

Error bars represent the S.E.M. * indicates significant difference from GFP-CTRL or NHF-CTRL (P<0.05) by

two-tailed students t-test.

[0022] Figs. 4A-4F demonstrate that increased copy number of lql2h is not stably inherited and requires

replication each cell cycle for maintenance. Fig. 4A demonstrates that increased lql2h copy number in GFP-

KDM4A RPE cells is not inherited. Single cell clones were isolated from stable GFP-KDM4A RPE cells and



analyzed by FISH for lql2h and Chr 8 centromere. Clones with l ql h copy gain above the dashed black line

all overexpress GFP-KDM4A (Fig. 11A). Fig. 4B is a graph of average copy gain for 27 single cell clones

from 4A. Fig. 4C demonstrates that increased copy number of lql2h requires replication. Stable GFP-CTRL

and GFP-KDM4A cells were arrested in hydroxyurea (HU) for 20 hours and analyzed for copy number of

lql2h or Chr 8 centromere by FISH. Fig. 4D demonsrates that increased copy number of lql2 is lost by the

end of G2. Stable GFP-CTRL and GFP-KDM4A cells were arrested in G2 using the CDKl inhibitor RO-3306

(G2 Arrest) for 20 hours and analyzed for copy number of lql2h or Chr 8 centromere by FISH. Figs. 4E-4F

depict graphs that demonsrate that ddditional copies of lql2h are generated in S-phase. Stable GFP-CTRL

(Fig. 4E) and GFP-KDM4A (Fig. 4F) cells were arrested in hydroxyurea (HU) for 20 hours and released for

the time indicated prior to analysis for copy number of lql2h or Chr 8 centromere by FISH. Error bars

represent the S.E.M. * indicates significant difference from GFP-CTRL (P<0.05) by two-tailed students t-test.

For the HU release, P values are based on the comparison of KDM4A to CTRL at each individual time point

(Figs. 4F and 4E, respectively).

[0023] Figs. 5A-5H demonstrate that KDM4A interacts with replication machinery and overexpression of

KDM4A promotes re-replication. Fig. 5A depicts a table of mass spectrometry analysis of KDM4A interacting

proteins related to replication. The total number of peptides as well as the NSAF values from replicate

purifications is indicated for each of the KDM4A-associated proteins with a known role in replication. Fig.

5B depicts images of Western blots of co-immunoprecipitation of endogenous KDM4A and the indicated

licensing and replication machinery in RPE Cells. Fig. 5C depicts a graph of overexpression of KDM4A in

RPE cells leads to re-replication of Chrl sat2. Graph depicts qPCR analysis of the indicated regions from the

heavy:heavy fraction of a CsCl gradient (Fig. 12B). Fig. 5D demonstrates that KDM4A is enriched at Chrl

sat2 (lql2) but not a negative region chromosome 10 (ChrlO) in KDM4A-overexpressing RPE cells. KDM4A

ChIP was conducted in HU arrested CTRL or GFP-KDM4A overexpressing RPE cells. Fig. 5E demonstrates

that H3K9me3 but not H3K36me3 decreases at Chrl sat2. H3K9me3 or H3K36me3 ChIP was conducted in

HU arrested CTRL or GFP-KDM4A overexpressing RPE cells. Fig. 5F demonstrates that ΗΡΙγ enrichment

decreases at Chrl sat2 (lql2), but not at chromosome 10 (ChrlO) in KDM4A-overexpressing cells. ΗΡΙγ
ChIP was conducted in HU arrested GFP-CTRL or GFP-KDM4A overexpressing RPE cells. Fig. 5G depicts

MCM7 enrichment at Chrl sat2 (lql2), but not at chromosome 10 (ChrlO) in KDM4A-overexpressing cells.

MCM7 ChIP was conducted in HU arrested GFP-CTRL or GFP-KDM4A overexpressing RPE cells. Fig. 5H

depicts DNA polymerase a (Pol a) enrichment at Chrl sat2 (lql2), but not at chromosome 10 (ChrlO) in

KDM4A-overexpressing cells. Pol a ChIP was conducted in HU arrested GFP-CTRL or GFP-KDM4A

overexpressing RPE cells. Error bars represent the S.E.M. * indicates significant difference from GFP-CTRL

(P<0.05) by two-tailed students t-test.

[0024] Figs. 6A-6I demonstrate the identification of cytogenetic bands co-amplified with KDM4A in

cancer. Fig. 6A depicts a graph demonstrating focal amplification of specific cytogenetic bands correlates with

amplification of KDM4A in 4,420 samples across all cancers from TCGA data set. Graph depicts the -log(lO)



P-value of the one-tailed Student's t-test for correlation of the copy number of each cytogenetic band with the

copy number of KDM4A. The line represents the locus of KDM4A and its gene-specific significance is

P=l. 5x1 0-37. Fig. 6B depicts a graph of focal amplification of specific cytogenetic bands with amplification

of KDM4B across all cancers from TCGA data set. Graph depicts the -log(lO) P-value for correlation of the

copy number of each cytogenetic band with the copy number of KDM4B. The blue dot represents the gene-

specific significance of KDM4B. Fig. 6C depicts a plot of focal amplification of specific cytogenetic bands

correlates with amplification of KDM4A in 547 ovarian cancer samples. The line represents the locus of

KDM4A and its gene-specific significance is P=l. 1x10-19. For each co-amplification plot, shaded regions

indicate lpll.2 through 1q 1.3 and dashed lines indicates Xpl 1.2 through Xql3.2. Fig. 6D demonstrates that

increased copy of KDM4A is associated with increased mean focal copy of 1q 1.1. The fraction of samples

possessing a mean focal copy number exceeding 0.3 in 1q 1.1 stratified by the KDM4A copy number status;

unaltered (0), Amplified (+1), or focally Amplified (+2). P=2xl0-9 for +2 vs 0 and P= 2.04x10-25 for + 1 vs 0

by Fisher's exact test. Fig. 6E demonstrates that increased copy of KDM4A is associated with increased copy

of lq21.2 (P = 1.9x10-9 for +2 vs 0 and P=6.28xl0-22 for + 1 vs 0). Fig. 6F demonstrates that increased copy

of KDM4A is associated with increased copy of lq21.3 (P=1.02xl0-10 for +2 vs 0 and 3x10-24 for + 1 vs 0).

Fig. 6G demonstrates that increased copy number of KDM4B is not associated with increased copy of 1q 1.1

(P = 0.18 for +2 vs 0). Fig. 6H demonstrates that increased copy number of KDM4B is not associated with

increased copy of lq21.2 (P=0.22 for +2 vs 0). Fig. 61 demonstrates that increased copy number of KDM4B

is not associated with increased copy number of lq21.3 (P=0.24 for +2 vs 0). * indicates significant difference

of + 1 or +2 vs 0 by Fisher's exact test. NS indicates not significantly different from 0.

[0025] Figs. 7A-7J demonstrate that overexpression of KDM4A leads to increased copy number and re-

replication of regions correlated with KDM4A amplification in cancer. Fig. 7A is a chromosome arm

schematic depicting location of FISH probes used on chromosome 1. Fig. 7B demonstrates that KDM4A

overexpression increased copy number of lql2h, lql2/21.1 and lq21.2 but not lq23.3. Fig. 7C is a

chromosome arm schematic depicting location of FISH probes used on chromosome X. Fig. 7D demonstrates

that KDM4A overexpression increases copy number of Xql3.1 but not X cen or Xql3.2 in RPE cells Fig. 7E

depicts a table summarizing co-amplification of lql2h, lql2/21.1 and lq21.2. Data are presented as % of

amplified cells having 2 or 3 copies of the indicated FISH probes. Fig. 7F depicts the te-replication of

chromosomal domains in lql2 (Chrl sat2) lql2/21, lq21.2 (BCL9), 1q21.3, andXql3.1, but not lq23.3, or

Xcen in KDM4A overexpressing cells. CsCl density gradient centrifugation was used to isolate heavy-heavy

DNA (Fig. 12B). Purified DNA was analyzed by qPCR and compared to input DNA to determine if regions

were re-replicated. Fig. 7G demonstrates that KDM4A is enriched at Chrl sat2 (lql2), lql2/21, lq21.2

(BCL9), and Xql3.1, but not lq23.3 in KDM4A-overexpressing RPE cells. KDM4A ChIP in HU arrested

GFP-CTRL or GFP-KDM4A overexpressing RPE cells. Fig. 7H demonstrats that HPly enrichment decreases

at Chrl sat2 (lql2), \q2\2 (BCL9), and Xql3.1, but not ChrlO in KDM4A-overexpressing cells. HPly ChIP

in GFP-CTRL or GFP-KDM4A overexpressing RPE cells following 1 hour release from HU arrest. Fig. 71



demonstrates that MCM7 enrichment decreases at Chrl sat2 (lql2), lq21.2 (BCL9), and Xql3.1, but not

ChrlO in KDM4A-overexpressing cells. MCM7 ChIP was conducted in HU arrested GFP-CTRL or GFP-

KDM4A overexpressing RPE cells. Fig. 7J demonstrates that DNA polymerase a (Pol a) enrichment

decreases at Chrl sat2 (lql2), lq21.2 (BCL9), and Xql3.1, but not ChrlO in KDM4A-overexpressing cells.

Pol a ChIP was conducted in HU arrested GFP-CTRL or GFP-KDM4A overexpressing RPE cells. Error bars

represent the S.E.M. * indicates significant difference from GFP-CTRL (P<0.05) by two-tailed students t-test.

For Re-replication and ChIP experiments (V, W, Y, Z) Chrl sat2, and ChrlO are the data presented in Figs.

5A=5H for reference. Scale bars represent 2pm.

[0026] Figs. 8A-8L demonstrate the amplification and overexpression of KDM4A in cancer. Fig. 8A

depicts analysis of RNAseq data from all cancer types indicating expression level of KDM4A relative to

KDM4A copy number binned by GISTIC annotation. Fig. 8B depicts analysis of RNAseq data from all

cancer types indicating expression level of KDM4B relative to KDM4B copy number binned by GISTIC

annotation. Fig. 8C depicts analysis of RNAseq data from all cancer types indicating expression level of

KDM4C relative to KDM4C copy number binned by GISTIC annotation. Fig. 8D depicts analysis of RNAseq

data from all cancer types indicating expression level of KDM4D relative to KDM4D copy number binned by

GISTIC annotation. Fig. 8E depicts analysis of RNAseq data from Breast Cancer indicating expression level

of KDM4A relative to KDM4A copy number binned by GISTIC annotation. Fig. 8F depicts analysis of

RNAseq data from Head and Neck squamous cell carcinoma indicating expression level of KDM4A relative

to KDM4A copy number binned by GISTIC annotation. Fig. 8G depicts analysis of RNAseq data from lung

adenocarcinoma indicating expression level of KDM4A relative to KDM4A copy number binned by GISTIC

annotation. Fig. 8H depicts analysis of RNAseq data from lung squamous cell carcinoma indicating

expression level of KDM4A relative to KDM4A copy number binned by GISTIC annotation. Fig. 81 depicts

analysis of RNAseq data from ovarian cancer indicating expression level of KDM4A relative to KDM4A copy

number binned by GISTIC annotation. Fig. 8J depicts analysis of RNAseq data from renal adenocarcinoma

indicating expression level of KDM4A relative to KDM4A copy number binned by GISTIC annotation. Fig.

8K depicts analysis of RNAseq data from stomach adenocarcinoma indicating expression level of KDM4A

relative to KDM4A copy number binned by GISTIC annotation. Fig. 8L depicts analysis of RNAseq data

from uterine and endometrial cancer indicating expression level of KDM4A relative to KDM4A copy number

binned by GISTIC annotation.

[0027] Figs. 9A-9I demonstrate that enrichment of KDM4A in a specific cytogenetic band that has

altered copy number. Fig. 9A depicts an image of Western blot depicting expression of GFP-KDM4A in a

stable 293T cell line. Fig. 9B depicts an image of Western blot depicting expression of GFP-KDM4A in two

different polyclonal stable RPE cells. Fig. 9C is a table depicting increased binding of KDM4A in chrl ql2

cytogenetic band in 293T cells overexpressing KDM4A. Enrichment in ChIP-chip data is depicted as the Z-

score for the average KDM4A/Input level for each probe in the cytogenetic band. Fig. 9D depicts a graph of

FISH analysis of 293T cells stably overexpressing GFP-CTRL or GFP-KDM4A. Data are presented as percent



of cells with foci number different from the mean (not 3 or 4 foci in 293T cells). Fig. 9E depicts a graph of

FISH analysis of RPE cells stably overexpressing GFP-CTRL or GFP-KDM4A. Data are presented as percent

of cells with foci number different from the mean (not 2 foci in RPE cells). Fig. 9F depicts an image of

Western blot demonstrating siRNA depletion of CapD2 and CapD3 in CTRL and KDM4A cells. GFP-CTRL

and GFP-KDM4A panels for CapD2 are the same exposure from a different, non-adjacent section of the same

western blot. Fig. 9G depicts FISH analysis for lql2h in RPE cells stably overexpressing GFP-CTRL or

GFP-KDM4A treated with siRNA against condensin 1 (CAPD2) and condensing 2 (CAPD3). Fig. 9H depicts

Western analysis of p53 induction following DNA damage by Doxorubicin (luM for 16 hrs) in GFP-CTRL

(CI and C2) or GFP-KDM4A cells (Al and A2). Fig. 91 depicts a graph of induction of p53 target genes

analyzed by quantitative PCR after reverse transcription from doxorubicin damaged GFP-CTRL or GFP-

KDM4A cells. Data are presented as fold induction relative to its own uninduced stable cell and normalized to

expression of β-actin. Error bars represent the S.E.M. * indicates P<0.05 using two-tailed students T-test.

[0028] Figs. 10A-10G relate to Figs. 3A-3H. Fig. 10A depicts the expression of KDM4A following

depletion and overexpression of GFP-CTRL or GFP-KDM4A in 293T cells. Fig. 10B depicts the expression

of NHF-tagged KDM4A deletion constructs in RPE cells. Since the NC constructs lacks the KDM4A antibody

epitope the HA western blot is shown for this fragment. Fig. 10C demonstrates the expression of GFP-

KDM4A, GFP-KDM4B, GFP-KDM4C, and GFP-KDM4D in transiently transfected RPE cells. * indicates a

non-specific band. Fig. 10D depicts the expression and incorporation into chromatin of FLAG-tagged H3.3

variants. Fig. 10E depicts the expression of HA-FLAG-tagged H3.3 K-to-M variants reduced the

corresponding tri-methylation. Fig. 10F depicts the expression of KDM4A and Halo-Suv39hl in transiently

transfected RPE cells. Fig. 10G depicts the expression of KDM4A and RFP-ΗΡΙγ in transiently transfected

RPE cells. Panels were assembled from the same exposure from non-adjacent lanes on different sections of the

same blot.

[0029] Figs. 1lA-1 1C are related to Figs. 4A-4F. Fig. 11A depicts the expression of KDM4A and GFP-

KDM4A in RPE stable clones. Fig. 1IB depicts the results of FACS analysis demonstrating HU and G2 arrest

of CTRL and KDM4A RPE stable cells. Total DNA content as measured using propidium iodide is depicted

on the x-axis. Fig. 11C demonstreates that KDM4A overexpressing RPE cells are not more apoptotic

following treatment with hydroxyurea (HU) as measured by percent Annexin V positive cells. However, 12

hours of doxorubicin treatment induces apoptosis. * indicates P<0.05 using two-tailed students T-test.

[0030] Figs. 12A-12C are related to Figs. 5A-5H and demonstrate that KDM4A associates with

replication machinery and promotes re-replication of KDM4A target regions. Fig. 12A depicts images of

Western blots of co-immunoprecipitation of endogenous KDM4A with the indicated licensing and replication

machinery in 293T Cells. Fig. 12B depicts a representative CsCl density gradient curve used for determining

re-replication of KDM4A target regions. Data are presented as the DNA concentration of the indicated

fraction (X-axis) taken from the bottom of the CsCl gradient. The positions of the lightlight (L:L) and

heavy:light (H:L) peaks and the heavy:heavy (H:H) region taken for analysis are indicated. Fig. 12C depicts a



graph depicting the KDM4A-dependent Chrl sat2 re-replication plotted as a percent of input DNA loaded

onto the CsCl gradient.

[0031] Figs. 13A-13K are related to Figs. 6A-6I and 7A-7J. Fig. 13A depicts a graph of focal

amplification of specific cytogenetic bands determined by the statistical test based on the null distribution of

mean cytoband copy differences correlated with amplification of KDM4A in 4,420 samples across all cancers

from the TCGA data set. Graph depicts the -log(lO) P-value for correlation of the copy number of each

cytogenetic band with the copy number of KDM4A. The blue line represents the locus of KDM4A (gene-

specific significance of P=2xl0-142). Fig. 13B depicts a graph of focal amplification of specific cytogenetic

bands determined by the statistical test based on the null distribution of mean cytoband copy differences

correlated with amplification of KDM4B in 4,420 samples across all cancers from the TCGA data set. The

blue dot represents the gene-specific significance of KDM4B. Fig. 13C depicts a graph of focal amplification

of specific cytogenetic bands determined by the statistical test based on the null distribution of mean cytoband

copy differences correlated with amplification of KDM4A in 547 ovarian cancer samples. The line represents

the locus of KDM4A (gene-specific significance of P=l. 4x1 0-42). For each co-amplification plot, blue shaded

regions indicate lpl 1.2 through lq21 .3 and dashed lines indicate Xpl 1.2 through Xql3.2. Figs. 13D-13F

depict graphs of empirical cumulative distribution function (% of samples possessing mean focal copy number

less than or equal to the value on the x-axis) in Iq21.1-lq21.3 with unaltered (0) copy number of KDM4A,

copy Gain of KDM4A (+1), or focally Amplified KDM4A (+2). The dashed lines at 0.3 is a cutoff to define

the fraction of co-amplified samples with KDM4A amplification in Fig. 6D-6I. Figs. 13G-13I depict the same

data as in 13D-13F but for KDM4B. Fig. 13J demonstrates that KDM4A overexpression increased copy

number of lql2h, lql2/21.1 and lq21.2 and Xql3.1 but not X cen or Xql3.2 in 293T cells. Copy number was

assessed using the indicated FISH probes. Fig. 13K depicts a graph demonstrating that KDM4A-dependent

re-replicated regions are bound by KDM4A. KDM4A ChIP was conducted in 293T cells at regions of re-

replication. Error bars represent the S.E.M. * indicates P<0.05 using two-tailed students T-test.

[0032] Fig. 14 depicts a schematic depicting the model by which KDM4A could promote copy number

gain.

[0033] Figs. 15A-15E demonstrate that SNP-A482 impacts KDM4A ubiquitination and turnover. Fig.

15A depicts images of western blots demonstrating that cells overexpressing GFP-KDM4A-SNPA482 have

more laddering than cells overexpressing GFP-KDM4A-WT. Fig. 15B depicts a representative immunoblot

and summary graph from experiments in which GFP-KDM4A-WT and SNP-A482 were immunoprecipitated

under denaturing conditions. SNP-A482 is two-fold more ubiquitinated than GFP-KDM4A-WT. Fig. 15C

depicts a graph demonstrating that GFP-KDM4A-SNP-A482 has a shorter half-life than GFP-KDM4A-WT.

HEK293T cells overexpressing GFP-KDM4A-WT or SNP-A482 were treated with cycloheximide. The y axis

represents the ratio of GFP-KDM4A relative to time 0, which was normalized to β-actin. The average of 16

independent experiments is shown. Fig. 15D depicts immunoblots from coimmunoprecipitation experiments

which demonstrate GFP-KDM4A-SNP-A482 interacts more strongly with MYC-Cullinl than GFP-KDM4A-



WT. Fig. 15E depicts a graph of cellular localization of KDM4A based on immunofluorescence experiments.

GFP-KDM4A-WT is 35% more exclusively nuclear than GFP-KDM4A-SNPA482. The average of 2

independent experiments is represented. All error bars represent the SEM.

[0034] Figs. 16A-16D demonstrate that SNP-A482 impacts cellular sensitivity to compounds targeting

the mTOR pathway. Fig. 16A depicts a volcano plot representing statistical significance (inverted y axis)

versus the effect of SNP-A482 on drug sensitivity. Compounds above the x axis are statistically significant

(p<0.05). Fig. 16B depicts a table of compounds with statistically different sensitivity in Fig. 17A and the

associated P value. Fig. 16C depicts a graph demonstrating that HEK293T cells transfected with 3 different

shRNA directed against KDM4A are more sensitive to Rapamycin than cells transfected with the control

vector. Growth curves: the y axis represents the relative cell number normalized at the time of treatment. The

graph represents the average of 3 independent experiments. Fig. 16D depicts a graph demonstrating that the

doubling time between 5h and 35h after Rapamycin treatment. The graph represents an average of 3

independent experiments.

[0035] Figs. 17A-17F demonstrate that KDM4A impacts cellular sensitivity to the protein synthesis

inhibitor Cycloheximide. Fig. 17A depicts a graph demonstrating that HEK293T cells transfected with the

control vector do not slow growth after treatment with 30 nM of Cycloheximide (CHX) compare to DMSO.

Growth curves: the y axis represents the relative cell number normalized at the time of treatment. The graph

represents the average of 3 independent experiments. Fig. 17B depicts a graph demonstrating that doubling

time between 5h and 35h after treatment. The graph represents the average of 3 independent experiments. Fig.

17C depicts a graph demonstrating that HEK293T cells transfected with a shRNA directed against KDM4A

slow growth after treatment with 30 nM of Cycloheximide compare to DMSO. Growth curves: the y axis

represents the relative cell number normalized at the time of treatment. The graph represents the average of 3

independent experiments. Fig. 17D depicts a graph of doubling time between 5h and 35h after treatment. The

graph represents the average of 3 independent experiments. Fig. 17E depicts a graph of cellular localization of

KDM4A based on immunofluorescence experiments. GFP-KDM4A-WT and GFP-KDM4A-SNPA482 are

more nuclear after 3h of treatment with Cycloheximide. The average of 4 independent experiments is

represented. Fig. 17F depicts a graph of newly synthesized proteins labeled for 2h followed by detection by

western blot. The y axis represents the ratio of newly synthesized proteins normalized to β-actin relative to

control shRNA. An average of 5 independent experiments performed with 2 different KDM4A shRNA is

represented. All error bars represent the SEM. * represents P<0.05.

[0036] Fig. 18 depicts a graph demonstrating that KDM4A germline and somatic variants influence

cellular sensitivity to Rapamycin. Re-expression of KDM4A-WT rescues the increased sensitivity to

Rapamycin of KDM4A depleted cells while SNP-A482 does not. Doubling time between 5h and 35h after

Rapamycin treatment of cells transfected with shRNA KDM4A and GFP-KDM4A constructs resistant to the

shRNA. The graph represents an average of 2 independent experiments. All errors bars represent the SEM. *

represents P<0.05.



[0037] Figs. 19A-1 9E demonstrate the conservation and frequency of KDM4A SNP E482A (rs586339).

Fig. 19A depicts a schematic of KDM4A representing the domains of the protein and the position of the SNP

E482A (rs586339). Fig. 19B depicts a table of alignment across species of the sequence surrounding the

human E/A482. E482 is the wild type allele (SEQ ID NOS 27-63, respectively, in order of appearance). Fig.

19C depicts a graph of representative sequencing plots of 3 lung cancer cell lines for KDM4A, homozygote

wild type (WT), heterozygote (HET) and homozygote SNP (A-482). Fig. 19D depicts a table of HapMap

frequency for rs586339 (August 2010 HapMap public release #28). ASW African Ancestry in SW USA

(n=57); CEU U.S. Utah residents with ancestry from northern and western Europe (n=l 13); CHB Han Chinese

in Beijing, China (n=135); CHD Chinese in Metropolitan Denver, CO, USA (n=109); GIH Gujarati Indians in

Houston, TX, USA (n=99); JPT Japanese in Tokyo, Japan(n=l 13); LWK Luhya in Webuye, Kenya (n=l 10);

MKK Maasai in Kinyawa, Kenya (n=155); MXL Mexican Ancestry in Los Angeles, CA, USA (n=58); TSI

Toscani in Italia (n=102); YRI Yoruba in Ibadan, Nigeria (n=147). Fig. 19E depicts a table of genotype

frequency for NSCLC and non NSCLC patients and lung cell lines.

[0038] Figs. 20A-20E demonstrate that SNP-A482 impacts cellular sensitivity to drugs targeting the

mTOR pathway. Fig. 20A depicts a schematic of the mTOR pathway highlighting the target of the drugs for

which homozygote KDM4A-SNP-A482 lung cell lines present increased sensitivity (Fig. 16B). Fig. 20B

depicts a graph demonstrating that the overexpression of KDM4A WT or SNP-A482 does not affect cell

growth rate. Growth curves: the y axis represents the relative cell number normalized at the time of seeding.

The graph represents the average of 2 independent experiments. Error bars represent SEM. Fig. 20C depicts

images of immunoblots of HEK293T stable cell lines overexpressing GFP-control (GFP), GFP-KDM4A wild

type (WT) and GFP-KDM4A-SNP-A482 (A482). Fig. 20D depicts images of Western blots demonstrating the

knock-down efficiency of the cells used in Fig. 17C-17D. Fig. 20E depicts images of Western blot showing

the decrease in protein level of KDM4A in HEK293T cells after 3h of Rapamycin treatment.

[0039] Figs. 21A-21B demonstrate that KDM4A knock-down impacts general translation. Fig. 21A

depicts images of immunoblots of Western blot showing the knock-down efficiency of the cells used in Fig.

17A-17D. Fig. 21B depicts images of immunoblots of Western blot showing the knock-down efficiency of the

cells used in Fig. 17F.

[0040] Figs. 22A-22B demonstrate that KDM4A germline and somatic variants influence cellular

sensitivity to AZD8055. Fig. 22A depicts images of Western blot showing the expression of the cells used in

Fig. 19A. Fig. 22B depicts a graph demonstrating that KDM4A wild type rescues the increased sensitivity to

AZD8055 treatment due to KDM4A depletion while SNP-A482 does not. Doubling time between 5h and 35h

after AZD8055 treatment of cells transfected with shRNA KDM4A and GFP-KDM4A constructs non

targetable by the shRNA. The graph represents an average of 2 independent experiments. All error bars

represent the SEM. * represents P<0.05.

[0041] Figs. 23A-23B demonstrate that KDM4A impacts cellular sensitivity to PLX-4720. Fig. 23A

depicts a graph demonstrating that HEK293T cells transfected with a shRNA directed against KDM4A are



more sensitive to PLX-4720 than cells transfected with the control vector. Growth curves: the y axis represents

the relative cell number normalized at the time of treatment. Fig. 23B depicts a graph of the doubling time

between 5h and 35h after treatment. * represents P<0.05.

[0042] Fig. 24 demonstrates that hypoxia induces lql2h copy number gains which can be antagonized

by Suv39Hl, HP1 gamma (G) or succinate. RPE cells were transfected with RFP,

Suv39hl or HP1G or treated with 2mM succinate for 24 hours. Cells were moved to 4%

oxygen (hypox) or kept at normoxic conditions (-). The graph depicts copy number for the indicated

conditions. * indicates P<0.05 by two-tailed student's t-test.

[0043] Fig. 25 depicts images of immunoblots demonstrating that hypoxia increases the protein levels of

KDM4A in different cell lines. U20S (left) and RPE (right) cells were incubated under either normoxic (N,

21% 02) or hypoxic (H, 4% 02) conditions for the indicated periods of time, after which lysates were

prepared and analyzed by immunoblotting.

[0044] Fig. 26 depicts images of immunoblots demonstrating that KDM4A levels are increased in all

compartments under hypoxic conditions, while NEM reduces the level of hypoxia-induced changes in

KDM4A expression/localization. 293T cells were cultivated in hypoxic (1% 02) or normoxic (20% 02)

conditions for 6h, then harvested and fractionated in presence of NEM which stabilizes SUMOylation and

ubiquitination. NEM also altered the chromatin association.

[0045] Figs. 27A-27C demonstrate that miRNAs regulate KDM4A expression. Fig. 27A depicts images

of immunoblots demonstrating that transfection of pre-miRNAs downregulates KDM4A expression. U20S

cells were transfected with the indicated miRNAs and 48h post-transfection, lysates were prepared and

analyzed by immunoblotting. Figs. 27B-27C depicts graphs of cell growth demonstrating that miRNA

expression sensitizes U20S cells to inhibitors of mTOR and BRaf. U20S cells were transfected with miRNAs

indicated in (Fig. 27A), and 48h post-transfection cells were seeded onto 96-well xCelhgence plates and cell

growth rates were measured upon treatment with (Fig. 27B) DMSO control or lOng/ml Rapamycin (mTOR

inhibitor), and (Fig. 27C) DMSO control or ΙΟµΜ PLX4720 (BRaf inhibitor).

[0046] Figs. 28-31 demonstrate the effects of KMD4A mutations on drug senstivity. Cells were depleted

of KDM4A (shAlO) and transfected with wild-type (WT) or mutant KDM4A. The sensitivity of the cells to

rapamycin (Rap) was then determined. Fig. 28 depicts a graph demonstrating that WT expression in the

depletion background was less sensitive than shAlO alone. Fig. 29 depicts a graph demonstrating that a SNV

mutation that causes a R1025C mutation was equally as sensitive to KDM4A/JMJD2A depletion (shAlO)

when treated with Rapamycin (Rap). This differed from WT expression in the depletion background, which

was less sensitive. Fig. 30 depicts a graph demonstrating that the catalytic mutant H188A cannot reduce

sensitivity to rapamycin when compared to WT KDM4A. Fig. 31 depicts a graph demonstrating that a

mutation that causes a frameshift G783fs was equally as sensitive to KDM4A/JMJD2A depletion (shAlO)

when treated with Rapamycin (Rap). This differed from WT expression in the depletion background, which

was less sensitive.



[0047] Fig. 32 depicts the conservation and frequency of KDM4A SNP-A482 (rs586339). E482 is the

conserved allele. Alignment across species of the sequence surrounding the human E482A (SEQ ID NOS 27,

28, 31, 37, and 38, respectively, in order of appearance).

[0048] Figs. 33A-33F demonstrate that SNP-A482 correlates with worse outcome for late stage NSCLC

patients. Survival curves plotted based on genotype- wild type (WT) and heterozygous (HET) versus

homozygous SNP-A482 (SNP-A482). X axis is the months since diagnosis of NSCLC. Y axis is the

probability of survival. Fig. 33A depicts patients with late onset stage 3 cancers. Fig. 33 depicts treatment with

radiation. Fig. 33C depicts patients under 64 years of age. Fig. 33D depicts patients with an Adenocarcinoma.

Fig. 33E depicts treatment by surgery. Fig. 33F depicts KDM4A SNP-A482 stratification for late stage

NSCLC patients. HR represents the hazard ratio, 95%CI the 95% confidence interval, P the P value, n the

number of patients in each category, AA the genotype for homozygote wild-type (E482), AC for heterozygote,

CC for homozygote SNP (A482).

[0049] Figs. 34A-34D demonstrate that KDM4A SNP-A482 protein levels are more affected by mTOR

inhibition. Fig. 34A depicts a graph of an average of 3 independent experiments demonstrating that KDM4A

protein levels decrease upon Rapamycin treatment. HEK 293T cells were treated with 1OOng/ml of Rapamycin

for 24h. Fig. 34B depicts a graph demonstrating that KDM4A RNA levels are stable upon Rapamycin

treatment. HEK 293T cells were treated with 1OOng/ml of Rapamycin for 24h before RNA was harvested. An

average of 3 independent experiments is represented. Fig. 34C depicts a graph demonstrating that Rapamycin

causes a selective decrease of KDM4A SNP-A482 levels versus WT. LU99B (KDM4A homozygote WT) and

H290 (KDM4A homozygote SNP-A482) cell lines were treated with 1OOng/ml of Rapamycin for the indicated

period of time. The Y axis represents the ratio of KDM4A relative to time 0, which was normalized to β-actin.

The average of three independent experiments is shown. All error bars represent the SEM. Fig. 34D depicts a

graph demonstrating that HEK 293T cells transiently overexpressing GFP-KDM4A WT or GFP-KDM4A

SNP-A482 were treated with 1OOng/ml of Rapamycin for the indicated period of time. The Y axis represents

the ratio of GFP-KDM4A relative to time 0, which was normalized to β-actin. The average of three

independent experiments is shown. P value represents the two-tailed student's t test for Fig. 34A and 34B and

two-way ANOVA (significance for overall difference) for Figs. 34C and 34D.

[0050] Figs. 35A-35K demonstrate that KDM4A impacts cellular sensitivity to mTOR inhibitors and

translation. Fig. 35A depicts a graph demonstrating that HEK 293T cells transfected with three different

shRNAs directed against KDM4A are more sensitive to Rapamycin than cells transfected with the control

vector. HEK 293T cells were seeded 24h after transfection and treated with 1OOng/ml of Rapamycin 24h after

seeding. The graphs represent the doubling time between 5h and 35h after Rapamycin treatment. An average

of three independent experiments is represented. Fig. 35B depicts a graph demonstrating that HEK 293T cells

transfected with shRNA 4A.10 are more sensitive to Rapamycin and AZD8055 than cells transfected with the

control vector. Cells were seeded 48h after shRNA transfection, treated with the indicated drugs and

concentration after 24h for 48h before being analyzed by colorimetric proliferation and viability MTT assay.



The assays were normalized to an assay done at treatment time. The average of four independent experiments

is represented. Fig. 35C depicts a graph demonstrating that HEK 293T cells treated with JIB-04 are more

sensitive to Rapamycin and AZD8055 than cells treated with vehicle. Cells were treated with the indicated

drugs 24h after seeding and for 48h before been analyzed by MTT assay. The average of three independent

experiments is represented. All error bars represent the SEM. Fig. 35D depicts a graph demonstrating that

HEK 293T cells transfected with KDM4A shRNA present a decrease in overall translation. Forty eight hours

after transfection, cells were deprived of Cysteine and Methionine for l h and grown in the presence of the

nucleotide analog AHA (L-Azidohomoalanine) for 2h. The newly synthesized proteins were labeled with

biotin and equal total amounts of protein were immunoblotted with streptavidin-HRP. The graph represents an

average of five independent experiments done with two different KDM4A shRNA. The Y axis represents the

ratio of total biotinylated proteins normalized to b-actin. Fig. 35E demonstrates that HEK 293T cells

transfected with KDM4A shRNA 4A.2 enhanced the decrease in translation obtained after Rapamycin

treatment. Forty eight hours after transfection, cells were treated with the indicated concentration of

Rapamycin for 24h, and then treated as in Fig. 35D; the ratio biotin/b-actin has been calculated with ImageJ

and represents the average of two independent experiments. All error bars represent the SEM. Fig. 35F

depicts the results of mass spectrometry analysis of KDM4A endogenous IPs in 293T cells. For each protein

(row) the number of peptides pull downed is annotated. The IPA p value represent the p value for the

representation of the translation category on the entire mass spectrometry data after IPA analysis. Fig. 35G

demonstrates the endogenous interaction of KDM4A and translation factors in 293T cells. Two different Fab

antibodies have been used; JmjNC targeting the catalytic domain and Tudor targeting the Tudor domains of

KDM4A. Fig. 35H depicts Western blot of polysome profile fractions. KDM4A is present in the initiation of

translation fraction 40S. Fig. 351 depicts polysome profiles from 293T cells treated with JIB-04 at 250 and

500nM. JIB-04 creates a defect in translation initiation. Fig. 35J depicts polysome profiles from 293T cells

treated with JIB-04 250nM and Rapamycin O.lng/ml. JIB-04 and Rapamycin O.lng/ml show an enhancement

of translation initiation defect. Fig. 35K depicts a graph demonstrating that HEK 293T cells transfected with

KDM4A, KDM5A and KDM6B siRNAs present a decrease in overall translation. Forty eight hours after

transfection, cells were treated as in Fig. 35D.

[0051] Fig. 36 depicts a model. Top: KDM4A SNP-A482 is more ubiquitinated than KDM4A WT but

does not affect KDM4A biological functions. Bottom: KDM4A inhibition or its decreased levels by shRNA

(far left) or in the presence of homozygote SNP-A482 background (far right) enhanced the decreased cell

proliferation due to mTOR inhibition.

[0052] Fig. 37 demonstrates that SNP-A482 impacts KDM4A ubiquitination. Cells overexpressing GFP-

KDM4A SNP-A482 present more laddering than cells overexpressing GFP-KDM4A WT. Higher molecular

weight products are marked with the *.

[0053] Figs. 38A-38B demonstrate that KDM4A SNPA-482 frequency and outcome in stratified NSCLC

patients. Fig. 38A depicts stratification for late stage NSCLC patients based on KDM4A SNPs status. The



numbers in the table represent the p value of the relation of each homozygous SNP to outcome versus the

other genotypes (heterozygote and homozygote for the major alleles). Cells highlighted in dark gray represent

a significant p value (p<0.05); in light gray a borderline significant p value (p<0.1). Fig 38B demonstrates

Minor Allele Frequency (MAF) of KDM4A SNPs reported in Fig. 38A from the dbSNP database. rs586339

(SNP-A482) is the only coding SNP.

[0054] Figs. 39A-39B demonstrate that rs5 17191 and rs586339 are not associated with increased

sensitivity to mTOR inhibitors. Fig. 39A depicts a schematic of human kdm4a gene with the evaluated SNPs

indicated- rs586339 (SNP-A482), rs517191 and rs6429632. Fig. 39B depicts a comparison of the homozygous

SNP status to that of mTOR chemotherapeutic sensitivity. Seventy five NSCLC cell lines and 88 compounds

were used for these analyses. Green blocks represent increased sensitivity and orange blocks represent

increased resistance to each drug.

[0055] Figs. 40A-40B demonstrate that SNP-A482 does not impact KDM4A catalytic activity, faster S

phase and copy gain. Fig. 40A demonstrates that overexpression of KDM4A SNP-A482 promotes faster S

phase progression like that of wild type KDM4A. A graphical summary of the average percentage of GFP,

KDM4A-WT, or KDM4A-A482 HEK 293T stable cell lines in early (E) and late (L) S phase, 12h after

nocodazole release. Fig. 40B demonsrates that overexpression of KDM4A SNP-A482 promotes lql2h copy

gain, similarly to wild type KDM4A overexpression. Quantification of FISH experiments in transfected RPE

with NHF, NHF-KDM4A WT and NHF-KDM4A SNP-A482 with the indicated FISH probes. All error bars

represent the SEM.

[0056] Figs. 41A-41 J demonstrate that KDM4A depletion and chemical inhibition increase mTOR

inhibitor sensitivity. Fig. 4 1A depicts a Western blot representing the knock-down efficiency in the cells used

in the MTT assay in Figure Fig. 35B and 41B. Fig. 41B demonstrates that HEK 293T cells transfected with

shRNA 4A.06 are more sensitive to Rapamycin and AZD8055 than cells transfected with the control vector.

Cells were seeded 48h after shRNA transfection, treated with the indicated drugs and concentration after 24h,

for 48h, before being analyzed by MTT assay. The assays were normalized to an assay done at treatment time.

The average of three independent experiments is represented. Fig. 4 1C demonstrates that JIB-04 increases cell

sensitivity to Rapamycin. HEK293T cells were treated with 250nM JIB-04 and lng/ml of Rapamycin 24h

after seeding. The graphs represent the doubling time between 5h and 35h after Rapamycin treatment. An

average of three independent experiments is represented. Fig. 41D demonstrates that JIB-04 increases cell

sensitivity to AZD8055. HEK293T cells were treated with 250nM JIB-04 and 50nM of AZD8055 24h after

seeding. The graphs represent the doubling time between 5h and 35h after Rapamycin treatment. An average

of three independent experiments is represented. Fig. 41E depicts a Western blot representing the knock

down efficiency in the cells used in Fig. 35E. Fig. 41F depicts a Western blot representing the knock-down

efficiency in the cells used in the replicate of Fig. 35E (used for the ratio biotin/b-Actin). All error bars

represent the SEM. Fig. 4 1G demonstrates that JIB-04 enhanced the decrease in translation obtained after

Rapamycin treatment.Twenty-four hours after treatment with 250nM of JIB-04 and 0.lng/ml of Rapamycin,



cells were deprived of Cysteine and Methionine for l h and grown in the presence of the nucleotide analog

AHA (L-Azidohomoalanine) for 2h. The newly synthesized proteins were labeled with biotin and equal total

amounts of protein were immunoblotted with streptavidin-HRP. The graph represents an average of five

independent experiments. The Y axis represents the ratio of total biotinylated proteins normalized to actinin.

Fig. 41H depicts a graph representing the data in Fig. 41G relative to Rapamycin treatment. Fig. 411 depicts a

Western blot representing the knock-down efficiency in the cells used in Figure 35 . Fig. 35 demonstrates

that KDM4A knock-down does not affect the level of most of the translation initiation factors. HEK 293T

transfected with KDM4A shRNA 4A.2 and 4A.6 for 48h were blotted for translation initiation factors

interacting with KDM4A.

[0057] Figs. 42A-42H demonstrate that hypoxia, but not other physiological stresses promotes site-

specific copy gain. Fig. 42A depicts a schematic detailing approach for screen of physiological stress. RPE

cells were exposed to the indicated stress for 24 hours prior to collection for FISH and FACS analysis. Fig.

42B depicts a graph demonstrating that hypoxia promotes site-specific copy gain. Quantification of FISH for

lql2h, Chr 8, lq23.3 and lq21.2 after 24 hours of 21% 0 2 or 1% 0 2. Figs. 42C-42H demonstrate that

treatment with chemical and metabolic stresses does not promote copy gain. Figs. 42C-42D depict

quantification of FISH for lql2h, Chr 8, lq23.3 and lq21.2 after 24 hours of ROS (H20 2) or 43°C heat shock

(HS). Fig. 42E depicts quantification of FISH for lql2h, Chr 8, lq23.3 and lq21.2 after 24 hours of reduced

serum (0.1%> FBS). Figs. 42F demonstrates that ER Stress does not promote copy gain. Quantification of

FISH for lql2h, Chr 8, lq23.3 and lq21.2 after 24 hours of Tunicamycin (TU) treatment. Figs. 42G-42H

demonstrate that quantification of FISH for lql2h, Chr 8, lq23.3 and lq21.2 24 hours after glucose

deprivation (No Glue) or 2Gy gamma irradiation (2Gy IR).

[0058] Figs. 43A-43F demonstrate that hypoxia induces site-specific copy gains in primary cells and is

conserved in zebrafish. Fig. 43A depicts a schematic illustrating collection, isolation and stimulation of

primary human T cells. Fig. 43B demonstrates that hypoxia induces site-specific copy gain only in stimulated

primary human T cells. CD4+ T cells were isolated by flow cytometry and allowed to recover for 24 hours in

2 1% 0 2, in the absence or presence of stimulation with IL2 and anti-CD3/CD28 antibodies. Following

recovery T cells were exposed to 21% 0 2 or 1% 0 2 for 24 hours and assayed by FISH for copy gain. Fig. 43C

depicts a schematic depicting syntenic region of lq21.2 in zebrafish used for FISH analysis. Bars indicate the

location of the human (stick figure) and zebrafish (fish icon) probes used. Fig. 43D demonstates that hypoxia

promotes copy gain of Bcl9 in zebrafish AB.9 cells. Quantification of FISH for Bcl9 after 72 hours of 21%> 0 2

or 1% 0 2. Fig. 43E depicts a schematic of IGBP1 homologous region in zebrafish. Bars indicate the location

of the human (stick figure) and zebrafish (fish icon) probes used. Fig. 43F deomostrates that hypoxia does not

induce copy gain of IGBP1 in zebrafish. Quantification of FISH for IGBP1 after 72 hours of 21%> 0 2 or 1%>

0 2. Error bars represent the S.E.M. * indicates significant difference from control samples (P<0.05) by two-

tailed students t-test.



[0059] Figs. 44A 44J demonstrate that tumors with a hypoxic signature have copy gains of regions

observed in hypoxic cell culture. Fig. 44A demonstrates that TCGA Breast Cancer samples with a hypoxic

gene signature have a faster time to death. Fig. 44B demonstrates that TCGA Lung Adenocarcinoma samples

with a hypoxic gene signature have a faster time to death. Fig. 44C demonstrates that TCGA Breast Cancer

samples with a hypoxic gene signature have increased focal copy number variation. Fig. 44D demonstrates

that TCGA Lung Adenocarcinoma samples with a hypoxic gene signature have increased focal copy number

variation. Fig. 44E demonstrates that TCGA Breast Cancer samples with a hypoxic gene signature have

increased copy of Ipl 1.2 through lq23.3. Fig. 44F demonstrates that TCGA Breast Cancer samples without a

hypoxic gene signature do not have amplification of Ipl 1.2 through lq23.3. Fig. 44G demonstrates that mean

copy number of hypoxic and non-hypoxic breast cancer samples. Fig. 44H demonstrates that TCGA Lung

Adenocarcinoma samples with a hypoxic gene signature have increased copy of Ipl 1.2 through lq23.3. Fig.

441 demonstrates that TCGA Lung Adenocarcinoma samples without a hypoxic gene signature do not have

amplification of Ipl 1.2 through lq23.3. Fig. 44J demonstrates that mean copy number of hypoxic and non-

hypoxic lung adenocarcinoma samples. For each co-amplification plot, blue shaded regions indicate Ipl 1.2

through lq23.3.

[0060] Figs. 45A-45I demonstrate that hypoxia stabilizes KDM4A protein levels. Figs. 45A-45B

demonstrate that overexpression of KDM3A does not promote copy gain. Western blot depicting

overexpression of Halo-KDM3A for 24 or 72 hours (Fig. 45A), which is insufficient to promote copy gain of

lql2h (Fig. 45B). Fig. 45C demonstrates that hypoxia stabilizes KDM4A protein levels in RPE cells (left)

and 293T cells (right). Western blot indicates protein levels after 24 and 48 hours of hypoxic treatment. Fig.

45D demonstrates that hypoxia increases KDM4A protein levels in breast and neuroblastoma cells. Fig. 45E

demonstrates that hypoxia induces KDM4A levels in primary human T cells. Fig. 45F demonstrates that

hypoxia and TU treated cells exhibit increased KDM4A levels, but not in other stress conditions. Fig. 45G

demonstrates that hypoxia increases zebrafish KDM4A levels (zfKDM4A) transfected into RPE cells. Fig.

45H demonstrates that hypoxia promotes stabilization of KDM4A protein levels in RPE cells. Half-life

experiment demonstrates that KDM4A is stabilized in hypoxia following cyclohexamide treatment. Fig. 451

depicts a graphical representation of KDM4A half-life in RPE cells. Quantification of half-life indicates a

half-life of lhr 49min ± 3min in normoxia, and 4hr 56min ± 37min in hypoxia. Error bars represent the

S.E.M. * indicates significant difference from control samples (P<0.05) by two-tailed students t-test.

[0061] Figs. 46A-46F demonstrate that hypoxia-dependent copy gain is reversible and correlates with

KDM4A protein levels. Fig. 46A demonstrates that hypoxia induces reversible copy gain of lql2h.

Quantification of FISH for lql2h and Chr 8 after 24-72 hours of 21% O 2(normoxia), 1%> O 2 (hypoxia), or

return to normoxia from 1%> O 2 for 24 hours (Rescue). Fig. 46B demonstrates that KDM4A levels are

increased in hypoxia but return to baseline when cells are returned to 21% 0 2 (Rescue). Fig. 46C

demonstrates that hypoxia-dependent copy gains are removed within 4 hours of return to 21%. Quantification

of FISH for the indicated probes after 48 hours of normoxia or hypoxia treatment. Fig. 46D demonstrates that



KDM4A levels return to baseline within 4 hours of return to 21% 0 2. KDM4A levels were analyzed by

western blot at the indicated times after a 48 hour 1% 0 2 treatment. Fig. 46E demonstrates that Western blot

depicting depletion of KDM4A under normoxic and hypoxic conditions. Fig. 46F demonstrates that hypoxia-

induced lql2h and lq21 .2 copy gains require KDM4A. Quantification of FISH for lql2h, lq21 .2 and 8C in

293T cells after 24 hours of normoxia (21% 0 2) or hypoxia (1%> 0 2) and with or without depletion of

KDM4A. Error bars represent the S.E.M. * indicates significant difference from normoxia (21% 0 2)

(P<0.05) by two-tailed students t-test. † indicates significant difference from Super (1% 0 2) (P<0.05) by two-

tailed students t-test.

[0062] Figs. 47A-47D demonstrate that hypoxia-induced copy gains require S phase and are rereplicated.

Fig. 47A demonstrates that hypoxia-induced copy gains occur during S phase. Quantification of FISH for

lql2h, lq21 .2 and 8C in RPE cells following HU arrest in 21% 0 2 or 1% 0 2 (time 0) or the indicated time

after HU release. Fig. 47B depicts a Western blot depicting KDM4A levels in HU arrested and released cells

in hypoxic and normoxic conditions. Fig. 47C demonstrates that KDM4A levels are increased on chromatin

during hypoxia (1% 0 2) . Fig. 47D demonstrates that regions with hypoxia-dependent copy gain are

rereplicated. CsCl density gradient purification of rereplicated DNA was analyzed by qPCR for regions

amplified in hypoxia. Error bars represent the S.E.M. * indicates significant difference from normoxia

(P<0.05) by two-tailed students t-test. † indicates significant difference from Asynchronous (-) 1% 0 2

(P<0.05) by two-tailed students t-test.

[0063] Figs. 48A-48D demonstrate inhibition of hypoxia-dependent copy gains. Fig. 48A depicts a

Western blot depicting overexpression of ΗΡΙγ or SUV39hl . Fig. 48B demonstrates that hypoxia-dependent

copy gains can be suppressed by overexpression of ΗΡΙγ or SUV39hl or treatment with 2mM succinate.

Quantification of FISH for lql2h and Chr 8 in RPE cells after 24 hours of normoxia or hypoxia and with or

without expression of ΗΡΙγ or SUV39hl or treatment with 2mM succinate. Fig. 48C depicts a Western blot

depicting KDM4A levels in normoxia and hypoxia, with or without JIB-04 treatment. Fig. 48D demonstrates

quantification of FISH for lql2h and Chr 8 in RPE cells upon JIB-04 treatment. RPE cells were pre-treated

with vehicle or JIB-04 for 24 hours in normoxia, and maintained in normoxia or hypoxia for an additional 24

hours. Error bars represent the S.E.M. In all panels, * indicates significant difference from control samples

(P<0.05) by two-tailed students t-test. † indicates significant difference from EV (1% 0 2) in Fig. 48B and

significant difference from Vehicle (1% 0 2) in Fig. 48D, (P<0.05) by two-tailed students t-test.

[0064] Figs. 49A-49J demonstrate that hypoxia induces mutually exclusive copy gains without changes

in cell cycle profile. Fig. 49A demonstrates that hypoxic conditions increase HIFl and CAIX levels in RPE

cells. Western blot indicating protein levels of HIFl and CAIX in normoxia (Norm, 21% 0 2) or following 24

hours in hypoxia (1% 0 2) . Fig. 49B demonstrates that hypoxia induces copy gain of Xql 3.1 but not the X

centromere (X cen). FISH analysis of X centromere and Xql 3.1 copy number. Fig. 49C demonstrates that

hypoxia amplified regions are not contiguous. Table summarizing co-amplification of lql2h, and lq21 .2.

Data are presented as percent of all amplified cells (sum of all replicates) having 2 or 3 or more (3+) copies of



the indicated FISH probes. Fig. 49D-49J depict cell cycle analyses following 24 hours exposure to the

indicated stresses. Error bars represent the S.E.M. * indicates significant difference from control samples

(P<0.05) by two-tailed students t-test. * adjacent to bar graphs for cell cycle distribution indicate P<0.05

compared to control samples for that cell cycle phase.

[0065] Figs. 50A-50K demonstrate that hypoxia-induced copy gains are observed across disparate cell

types. Figs. 50A-50D demonstrate that hypoxia promotes site-specific gains in breast cancer cell lines.

Western blots depict the hypoxic response of MDA-MB 468 (Fig. 50A) and MDA-MB 231 (fig. 50C) cells

following 24 hours of hypoxic exposure. Quantification of FISH indicates amplification of lql2h, but not 8C

in hypoxic MDA-MB 468 (Fig. 50B) and MDA-MB 231 (Fig. 50D) cells. Figs. 50E-50H demonstrate that

SK-N-AS neuroblastoma (Figs. 50E-50F) and 293T kidney (Figs. 50G-50H) cell lines are hypoxic and exhibit

copy gain of lql2h following 24 hours of 1% O2. Figs. 50I-50K demonstrate that hypoxia promotes site-

specific gain in renal cancer cells independent of activated HIF (UMRC2 - lack VHL and have constitutively

active HIF). Quantification of FISH for lql2h and 8c (Fig. 50J) and lq23.3 and lqtel (Fig. 50K), after 24

hours of 21% O 2 or 1% O2. Error bars represent the S.E.M. * indicates significant difference from control

samples (P<0.05) by two-tailed students t-test.

[0066] Figs. 51A-51D demonstrate that brca and luad primary tumors have increased focal amplications

and focal deletions. Fig. 51A demonstrates that TCGA Breast Cancer samples with a hypoxic gene signature

have increased focal copy number gain. Fig. 5IB demonstrates that TCGA Breast Cancer samples with a

hypoxic gene signature have increased focal copy number loss. Fig. 51C demonstrates that TCGA lung

adenocarcinoma samples with a hypoxic gene signature have increased focal copy number gain. Fig. 5ID

demonstrates that TCGA lung adenocarcinoma samples with a hypoxic gene signature have increased focal

copy number loss.

[0067] Figs. 52A-52E demonstrate that hypoxia stabilizes kdm4a protein levels and zebrafish kdm4a

promotes copy gain. Fig. 52A demonstrates that KDM4A transcript levels do not correlate with increased

protein observed in hypoxia. KDM4A mRNA levels were analyzed by qPCR and normalized to β-actin. Fig.

52B depicts a schematic depicting the structural homology between the zebrafish and human KDM4A

proteins. Figs. 52C-52D demonstrate that Zebrafish KDM4A retains a degree of demethylase activity under

hypoxic conditions. RPE cells were transfected with HA-zfKDM4A for 24 hours and subsequently

maintained in 1% O 2 for 24 hours. Fig. 52E demonstrates that hypoxia increases the half-life of KDM4A in

293T cells. Quantification of half-life indicates a half-life of lhr 51min ± 28min in normoxia, and 6hr 13min

± lOmin in hypoxia. Error bars represent the S.E.M. * indicates significant difference from control samples

(P<0.05) by two-tailed students t-test.

[0068] Figs. 53A-53D demonstrate that cell cycle and cscl density profiles for normoxic and hypoxic

cells. Figs. 53A-53B depict cell cycle profile following depletion of KDM4A in normoxia (Fig. 53A) and in

hypoxia (fig. 53B). Fig. 53C depicts a representative FACS analysis demonstrating cell cycle progression

through HU release in normoxia and hypoxia. Cell cycle profiles are provided for asynchronous (Asyn), HU



arrested (Ohr), and released (4hr and lOhr) cells at 21% 0 2 (norm) and 1% 0 2. Fig. 53D depicts aCsCl density

gradient profile from normoxia and hypoxia samples used in the rereplication experiment. Positions of the

lightlight (L:L; no replication) heavy:light (H:L; normal replication) and heavy:heavy (H:H; rereplicated) are

indicated. Error bars represent the S.E.M. of the 3 biological replicates used.

[0069] Figs. 54A-54B demonstrate that inhibition of hypoxia-dependent copy gains are not associated

with cell cycle arrest. Fig. 54A depicts a cell cycle profile following overexpression of SUV39hl, ΗΡΙγ or

2mM succinate treatment. Fig. 54B depicts cell Cycle profile following JIB-04 treatment. Error bars

represent the S.E.M.

DETAILED DESCRIPTION

[0070] It is demonstrated herein that KDM4A, a H3K9/36me3 lysine demethylase, is amplified and

overexpressed in several tumor types, leading to copy gain of specific chromosomal domains. The level of

activity of KDM4A has important effects on the behavior of cancer cells, influencing whether a cell will be

sensitive or resistant to a number of chemotherapies and whether a tumor is likely to be abnormally regressive

and/or resistant to therapy. Accordingly, described herein are methods of more effectively and safely

administering chemotherapies to subjects, as well as methods of treatment that comprise modulating the level

of KDM4A activity.

[0071] As described herein, "KDM4A," "Lysine-specific demethylase 4A," or "JMJD2A" refers to a

H3K9/36me3 lysine demethylase of the Jumonji domain 2 (JMJD2) family which converts specific

trimethylated histone residues to the dimethylated form. KDM4A encodes a polypeptide having a JmjN

domain, JmjC domain, two TUDOR domains, and two PHD-type zinc fingers. The sequence of KDM4A for a

number of species is well known in the art, e.g., human KDM4A (e.g. NCBI Gene ID: 9682; (mRNA: SEQ ID

NO: 1, NCBI Ref Seq: NM_014663)(polypeptide: SEQ ID NO: 2, NCBI Ref Seq:NP_055478).

[0072] KDM4A activity refers to the removal of a methyl from a trimethylated target histone to produce

a dimethylated histone. Assays for measuring the activity of KDM4A are known in the art. Non- limiting

examples of assays for KDM4A activity can include, MALDI-TOF spectrometry, and immunblotting or

immunofluorescence microscopy with antibodies specific for tri and dimethylated histone targets, e.g. as

described in Whetstine et al. Cell 2006 3:467-481; which is incorporated by reference herein in its entirety.

[0073] The inventor has determined that cells with an increased level of KDM4A activity and/or

expression (including cells having KDM4A gene amplification) are resistant to S-hase chemotherapeutics.

Accordingly, subjects with increased levels of KDM4A (e.g. higher than normal KDM4A gene expression

and/or KDM4A gene amplification) are not likely to benefit from administration of an S-phase

chemotherapeutic, while subjects not having such increased levels can advantageously be administered an S-

phase chemotherapeutic.

[0074] Accordingly, in one aspect, described herein is a method of treating cancer, the method

comprising administering an S-phase chemotherapeutic to a subject determined to have a level of KDM4A

gene expression which is not higher than a reference level or determined not to have KDM4A gene



amplification and not administering an S-phase chemotherapeutic to a subject determined to have a level of

KDM4A gene expression which is higher than a reference level or determined to have KDM4A gene

amplification. As used herein, an "S-phase chemotherapeutic" refers to a chemotherapeutic agent that inhibits

a cell from successfully progressing through S-phase, e.g. inhibits DNA replication. In some embodiments, S-

phase chemotherapeutics can prevent the production and/or transport of metabolites needed for DNA

replication and/or synthesis or inhibit the activity of enzymes involved in the production or transport of such

metabolites and/or enzymes involved in the replication and/or synthesis of DNA or RNA. Non-limiting

examples of S-phase chemotherapeutics can include cisplatin; 5-flurouracil; 6-mercaptopurine; capecitabine;

cladribine; clorfarabine; cytarabine; doxorubicin; fludarabine; floxuridine; gemcitabine; hydroxyurea;

methotrexate; pemetrexed; pentostatin; prednisone; procarbazine; and thioguanine.

[0075] The inventor has also determined the effects of KDM4A dampening mutations on the behavior of

cancer cells and the response to therapeutic agents. As used herein, "KDM4A dampening mutations" refers to

a mutation, either in KDM4A or elsewhere in the genome, transcriptome, or proteome, which results in a

decreased level of KDM4A activity and/or expression. In some embodiments, a decreased level of KDM4A

activity and/or expression is a level which is statistically significantly lower than a reference level. In some

embodiments, a decreased level of KDM4A activity and/or expression is a level which is 50% or less of a

reference level, e.g. 50% or less, 40% or less, 30% or less, 20% or less, or 10% or less than a reference level.

[0076] Non-limiting examples of KDM4A dampening mutations can include a mutation that decreases

KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A that is located in the

cytoplasm as opposed to the nucleus; or a mutation that increases the turnover rate of KDM4A polypeptide.

In some embodiments, a KDM4A dampening mutation is a mutation that increases the proportion or level of

KDM4A that is located in the cytoplasm as opposed to the nucleus. Methods of measuring the location and/or

turnover of KDM4A polypeptide are known in the art, e.g. immunochemical methods described elsewhere

herein, e.g. immunohistochemistry.

[0077] In some embodiments, the KDM4A dampening mutation can be a mutation of KDM4A which

alters the sequence of the KDM4A polypeptide, e.g. a mutation that alters the sequence of the KDM4A

polypeptide relative to SEQ ID NO: 2 and/or that alters the sequence of the KDM4A polypeptide relative to

the KDM4A polypeptide encoded by healthy, non-tumor cells of the same subject. In some embodiments, the

KDM4A dampening mutation can be a polymorphism. In some embodiments, the KDM4A dampening

mutation can be a mutation of KDM4 selected from the group consisting of E23K; S28N; I87V; El 13K;

K123I; N128S; R152W; R218W; G225C; A235V; R239H; G278S; T289I; V319M; P326T; P348L; E368K;

G376V; R400Q; E426K; E482A; V490M; R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q;

G783FS; L803GS; R825C; R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K. In

some embodiments, the KDM4A dampening mutation can be, e.g. E482A (rs586339) or a SNP selected from

Table 7.



[0078] In some embodiments, the KDM4A dampening mutation can comprise the loss of the kdm4a

allele.

[0079] In some embodiments, the subject can be determined to be homozygous for the KDM4A

dampening mutation. In some embodiments, the subject can be determined to have two alleles of KDM4A

comprising and/or affected by an KDM4A dampening mutation - e.g., the subject is homozygous for one or

more KDM4A dampening mutations or each allele comprises separate KDM4A dampening mutations.

[0080] A KDM4A dampening mutation can be detected, e.g. the presence of a KDM4A dampening

mutation can be determined using any assay known in the art, including, but not limited to hybridization;

sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and KDM4A immunochemical

detection methods. In some embodiments, the KDM4A dampening mutation can be present, or can be

detected, in the genomic DNA of a tumor cell. In some embodiments, the KDM4A dampening mutation can

be present, or can be detected, in the mRNA transcripts of a tumor cell. In some embodiments, the KDM4A

dampening mutation can be present, or can be detected, in the polypeptides of a tumor cell. In some

embodiments, the cell and/or subject can be homozygous for a given KDM4A dampening mutation or

heterozygous for a given KDM4A dampening mutation.

[0081] In some embodiments, a KDM4A dampening mutation can comprise a mutation of IDH that

results in increased 2-HG production. Such IDH mutations are known in the art and are discussed, e.g., in

Dang et al. Nature 2010 465:966; Lu et al. Nature 2012 483:474-8; Ward et al. 2010 Cancer Cell 17:225-234;

Yen et al. 2010 29:6409-6417; Chowdhury et al. 201 1 EMBO Reports 12:463-9; and US Patent Publications

US2012/0121515; US201 1/0229479; US20 12/0202207; and US2013/0035329; and International Patent

Applications PCT/US2010/053623; PCT/US201 1/05615; and PCT/US20 12/054 145; each of which is

incorporated by reference herein in its entirety.

[0082] As described herein, "IDH" or "isocitrate dehydrogenase" refers to an enzyme that catalyzes the

decarboxylation of isocitrate to yield alpha-ketoglutarate and carbon dioxide. Three isoforms of IDH exist in

humans, IDH1, IDH2, and IDH. As used herein, "IDH" can refer to any of the isoforms of IDH. The

sequence of IDH for a number of species is well known in the art, e.g., human IDH1 (e.g. NCBI Gene ID:

3417; (mRNA: SEQ ID NO: 3, NCBI Ref Seq: NM_NM_005896)(polypeptide: SEQ ID NO: 4, NCBI Ref

Seq:NP_005887).

[0083] In some embodiments, a mutation of IDH that results in increased 2-HG production can be present

in a cancer selected from the group consisting of chondrosarcoma; glioblastoma, glioblastoma multiforme

(GBM); leukemia, and acute myeloid leukemia (AML).

[0084] In some embodiments, a KDM4A dampening mutation can comprise a mutation that reduces the

level and/or activity of succinate dehydrogenase, e.g. in increased levels of succinate. Such SDH mutations

are known in the art and are discussed, e.g., Brandon et al. Oncogene 2006 25:4647-4662; Bayley et al. BMC

Medical Genetics 2005 6:39; and Bardella et al. BBA-Bioenergetics 201 1 1807:1432-1443; each of which is

incorporated by reference herein in its entirety.



[0085] As described herein, "SDH" or "succienate dehydrogenase" refers to an enzyme complex that

catalyzes the oxidation of succinate to fumarate. SDH is comprised of four subunits, SdhA, SdhB, SdhC, and

SdhD. A mutation of SDH can be a mutation in any one of or a combination of the four subunits. The

sequence of SDH subunits for a number of species is well known in the art, e.g., human SdhA (e.g. NCBI

Gene ID: 6389; (mRNA: SEQ ID NO: 13, NCBI Ref Seq: NM_004168)(polypeptide: SEQ ID NO: 14, NCBI

Ref Seq:NP_004159), human SdhB (e.g. NCBI Gene ID: 6390; (mRNA: SEQ ID NO: 15, NCBI Ref Seq:

NM_003000)(polypeptide: SEQ ID NO: 16, NCBI Ref Seq:NP_002991), human SdhC (e.g. NCBI Gene ID:

6391; (mRNA: SEQ ID NO: 17, NCBI Ref Seq: NM_003001)(polypeptide: SEQ ID NO: 18, NCBI Ref

Seq:NP_002992), and human SdhD (e.g. NCBI Gene ID: 6392; (mRNA: SEQ ID NO: 19, NCBI Ref Seq:

NM_003002)(polypeptide: SEQ ID NO: 20, NCBI Ref Seq:NP_002993).

[0086] In some embodiments, a KDM4A dampening mutation can be a mutation in a histone that

prevents KDM4A from binding to a substrate, e.g. H3.1, H3.3, G34V, G34R, and/or G35 mutations. In some

embodiments, a KDM4A dampening mutation can be a mutation that alters KDM4A recruitment through the

PHD or Tudor domains, e.g. H3K4 or H4K20 mutations.

[0087] The presence of KDM4A dampening mutations in a cell can increase or decrease the sensitivity of

the cell to certain chemotherapeutic agents. In one aspect, provided herein is a method of treating cancer, the

method comprising administering a chemotherapeutic selected from the group consisting of mTOR inhibitors;

protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3

inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt

inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors and

not administering a chemotherapeutic selected from the group consisting of EGFR inhibitors; ErbB2

inhibitors; transcription inhibitors; and MEK1/2 inhibitors to a subject determined to have a KDM4A

dampening mutation. In some embodiments, the KDM4A dampening mutation is present in the tumor, but not

the non-tumor cells of the subject.

[0088] In some embodiments, subjects can have KDM4A dampening mutations in the germline and/or

non-cancerous somatic cells. Such mutations in non-cancerous cells can cause a subject to be more likely to

exhibit side effects from certain treatments, i.e. treatments involving administration of agents which cells with

a KDM4A dampening mutation are more sensitive to. In some embodiments of any of the aspects of methods

of treatment described herein, the subject having a KDM4A dampening mutation has more KDM4A

dampening mutations in the cancer cells than in the non-cancerous cells, e.g. the cancer cells have acquired

somatic KDM4A dampening mutations. In some embodiments of any of the aspects of methods of treatment

described herein, the subject having a KDM4A dampening mutation has more KDM4A dampening mutations

in the cancer cells than in the non-cancerous cells, e.g. the cancer cells have acquired somatic KDM4A

dampening mutations, and the subject further has one or more germline KDM4A dampening mutations, e.g. a

subset of the KDM4A dampening mutations present in the cancer cells are also present in non-cancerous cells

of the subject.



[0089] In one aspect, described herein is a method of treating cancer, the method comprising

administering a reduced dose of a chemotherapeutic agent selected from the group consisting of mTOR

inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors;

FLT3 inhibitors; PLKl/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors;

Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors,

to a subject determined to have a KDM4A dampening mutation in non-tumor cells. In one aspect, described

herein is a method comprising not administering a chemotherapeutic agent selected from the group consisting

of mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B

inhibitors; FLT3 inhibitors; PLKl/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC

inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR

inhibitors, to a subject determined to have a KDM4A dampening mutation in non-tumor cells. In one aspect,

described herein is a method of treating cancer comprising administering a chemotherapeutic agent selected

from the group consisting of mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors;

Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLKl/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors;

BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3

inhibitors; and VEGFR inhibitors, to a subject determined not to have a KDM4A dampening mutation in non-

tumor cells. In one aspect, described herein is a method of treating cancer, the method comprising

administering a chemotherapeutic agent selected from the group consisting of mTOR inhibitors; protein

synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;

PLKl/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors;

IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors, to a subject

determined to have a KDM4A dampening mutation in non-tumor cells and monitoring the subject for side

effects, e.g. monitoring the subject more closely than normal for side effects (e.g. testing for markers of side

effects more frequently, keeping the subject under direct observation, etc).

[0090] Protein synthesis inhibitors include agents that can reduce or inhibit the synthesis of one more

polypeptides. Non-limiting examples of protein synthesis inhibitors can include cycloheximide,

phyllanthoside, nagilactone D, bactobolin, SUN2071, undulatone, SUN0237, septacidin, holacanthone,

acivicin, bisantrene, chromomycin A3, deoxydoxorubicin, daunorubicin, doxorubicin, mithramycin,

enchinomycin, dactinomycin, olivomycin, oxanthrazole, ellipticine, etoposide, teniposide, vincristine,

vinblastine, paclitaxel, maytansine, rhizoxin, macbecin II, fluorpan, tetrocarcin A, and carmustin. Non-

limiting examples of mTOR inhibitors can include rapamycin, everolimus, temsirolimus, AZD8055, AP-

23573, AP-23481, LY294002, wortmannin, BEZ-235, BKM-120, BGT-226, and the like. Non-limiting

examples of Braf inhibitors can include PLX-4032, GSK21 18436, PLX-3603. Non-limiting examples of

PI3K inhibitors can include LY294002, CUDC-907, wortmannin, BEZ-235, BKM-120, and BGT-226. Non-

limiting examples of Cdk inhibitors can include dinacinib, AT7519, falvopirodol, roscovitine, SNS-032, JNJ-

7706621, BS-181, SCH 900776, PHA-793887, AZD5438, PHA-767491, R547, BMS-265246, and



palbociclib. Non-limiting examples of Aurora B inhibitors can include ENMD-2076, TAK 901, AMG 900,

SNS-314, PHA-680632 and barasertib. Non- limiting examples of FLT3 inhibitors can include quizartinib,

dovitinib, TG101209, KW 2449, amuvatinib, tandutinib, and TCS 359. Non-limiting examples of PLK1/2/3

inhibitors can include BI 2536, volasertib, rigosertib, GSK461364, HMN-214, and MLN0905. Non-limiting

examples of Eg5 inhibitors can include monastrol, s-trityl-l-cysteine, HR22C16, and CKO106023. Non-

limiting examples of β-tubulin inhibitors can include ABT-75 1, vinblastine, vincristine, vinorelbine,

vinflunine, cryptophycin 52, halichondrins, dolastatins, hemiasterlins, colchicines, combrestatin, 2-methoxy-

estradiol, E7010, paclitaxel, docetaxel, epothilon, and doscodermolide. Non-limiting examples of BMP

inhibitors can include LDN-193189 and DMH1. Non-limiting examples of HDAC inhibitors can include

sodium butyrate, suberanoyl hydroxamic acid (SAHA, vorinostat), CUDC-907, LBH-589, valproic acid, and

MS-275. Non-limiting examples of Akt inhibitors can include AT7867, KRX-0401, and MK-2206. Non-

limiting examples of IGF1R inhibitors can include picropodophyllin, AG538, AG1024, NVP-AEW541,

figitumumab, linsitinib, and GSK1 904529. Non-limiting examples of p53 inhibitors can include pifithrin-

alpha. Non-limiting examples of hdm2 inhibitors can include CAS 414905-09-02 (cat No. Sc-221707 from

Santa Cruz Biotechnology; Dallas TX). Non-limiting examples of STAT3 inhibitors can include S3I-M2001,

cucurbitacin, niclosamide, cyrptotanshinone, DS 1008, WP1066, Stattic, S31-201, andkahweol. Non-limiting

examples of VEGFR or VEGF inhibitors can include bevacizumab, sunitinib, or sorafenib.

[0091] As described herein, KDM4A dampening mutations, e.g. mutations which decrease the activity of

KDM4A sensitize cells to the effects of certain chemotherapeutic agents. KDM4A levels and/or activity can

also be lowered by administering a KDM4A inhibitor. Accordingly, in one aspect, described herein is a

method of treating cancer, the method comprising administering an inhibitor of KDM4A; and administering a

chemotherapeutic agent selected from the group consisting of S-phase chemotherapeutics; mTOR inhibitors;

protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3

inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt

inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors.

[0092] As used herein, the term "inhibitor" refers to an agent which can decrease the expression and/or

activity of the targeted expression product (e.g. rriRNA encoding the target or a target polypeptide), e.g. by at

least 10% or more, e.g. by 10% or more, 50% or more, 70% or more, 80% or more, 90% or more, 95% or

more, or 98 % or more. The efficacy of an inhibitor of, for example, KDM4A, e.g. its ability to decrease the

level and/or activity of KDM4A can be determined, e.g. by measuring the level of an expression product of

KDM4A and/or the activity of KDM4A. Methods for measuring the level of a given niRNA and/or

polypeptide are known to one of skill in the art, e.g. RTPCR with primers can be used to determine the level of

RNA and Western blotting with an antibody (e.g. an anti-KDM4A antibody, e.g. Cat No. ab 105953; Abeam;

Cambridge, MA) can be used to determine the level of a polypeptide. The activity of, e.g. KDM4A can be

determined using methods known in the art and described above herein. In some embodiments, the inhibitor



of KDM4A can be an inhibitory nucleic acid; an aptamer; an antibody reagent; an antibody; or a small

molecule.

[0093] Non-limiting examples of inhibitors of KDM4A can include an inhibitory nucleic acid; an

aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels; and succinate. In some embodiments, the

inhibitor can be an allosteric or enzymatic inhibitor, e.g., succinate. miRNAs can include, e.g. miR23a,

miR23b, miR200a, miR200b, miR200c, and miR137a or variants thereof. In some embodiments, the miRNA

can be selected from the group consisting of miR23a (e.g. NCBI Gene ID: 407010; SEQ ID NO: 21), miR23b

(e.g. NCBI Gene ID: 40701 1; SEQ ID NO: 22), miR200a (e.g. NCBI Gene ID: 406983; SEQ ID NO: 23),

miR200b (e.g. NCBI Gene ID: 406984; SEQ ID NO: 24), miR200c (e.g. NCBI Gene ID: 406985; SEQ ID

NO: 25), miR137a (e.g. NCBI Gene ID: 406928; SEQ ID NO: 26) or variants thereof. In some embodiments,

the miRNA can be selected from the group consisting of miR23a, miR23b, miR200b, miR200c, miR137a or

variants thereof. In some embodiments, the KDM4A inhibitor can be the small molecule JIB-04 or

derivatives thereof (for further details, see, e.g. Wang et al. Nature Communciations 2013 4; which is

incorporated by reference herein in its entirety).

[0094] In some embodiments, a KDM4A inhibitor can inhibit KDM4A; KDM5; and/or KDM6. For

example, JIB-04 can inhibit all three of KDM4A; KDM5; and KDM6.

[0095] As described herein, inhibitors of KDM4A sensitize cells to the action of certain compounds, and

thus inhibitors of KDM4A can be administered to subjects being treated with those compounds to increase

efficacy of the compounds in treating conditions other than cancer. In some embodiments, provided herein is

a method comprising administering an inhibitor of KDM4A to a subject being treated with a compound

selected from the group consisting of mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K

inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLKl/2/3 inhibitors; Eg5 inhibitors; β-tubulin

inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2

inhibitors; STAT3 inhibitors; and/or VEGFR inhibitors. In some embodiments, the compound is rapamyacin.

[0096] In some embodiments, provided herein is a method of treating graft versus host disease, the

method comprising administering an inhibitor of KDM4A; and administering an mTOR inhibitor. In some

embodiments, the mTOR inhibitor is rapamycin. As used herein, "graft versus host" refers to a condition

arising as a complication of a transplantation, in which functional immune cells in the transplanted material

recognize the recipient as "foreign" and mount an immunologic attack. Symptoms can include damage to the

liver, skin, muscosa, lungs, bone marrow, thymus, connective tissue, and gastrointestinal tract. Graft versus

host disease can occur after bone marrow transplantation or transfusion. In some embodiments, a subject in

need of treatment for graft versus host disease can be a subject exhibiting symptoms of, having, or diagnosed

as having graft versus host disease. In some embodiments, a subject in need of treatment for graft versus host

disease can be a subject who has received a transplant but is not yet exhibiting symptoms of graft versus host

disease, e.g. the subject can be treated prophylactically.



[0097] In some embodiments, described herein is a method of treating graft versus host disease in a

subject in need of treatment therof, the method comprising administering an inhibitor of KDM4A to a subject

determined to have a KDM4A dampening mutation. In some embodiments, described herein is a method of

treating graft versus host disease in a subject in need of treatment therof, the method comprising selecting a

subject with a KDM4A dampening mutation; and administering an inhibitor of KDM4A.

[0098] As demonstrated herein, inhibitors of ubiquitination and/or inhibitors of the proteasome can

counteract reduced KDM4A expression and/or activity. Accordingly, in some embodiments of any of the

aspects described herein, a subject administered an inhibitor of KMD4A can be further administered a

ubiquitination inhibitor and/or a proteasomal inhibitor. In some embodiments, the KDM4A inhibitor and

ubiquitin and/or proteasomal inhibitor can provide a synergistic therapeutic effect. Inhibitors of ubiquitin and

the proteasome are well know in the art (see, e.g. Guedat and Colland. 2007 BMC Biochemistry 2007 8:S14;

which is incorporated by reference herein in its entirety) and can include, by way of non-limiting example,

bortezomib, celastrol, ginkgolic acid, epoxomicin, MG-132, lactacystin, MEL23, SMER3, MG-115, R0I O6-

9920, tyropeptin A, NSC697923, PYR-41, WP1 130, salinosporamide A, (-)-epigallocatechin 3-gallate ((-)-

EGCG), PR-171, ER-805751, ritonavir.

[0099] In some embodiments of any of the foregoing aspects, the method can further comprise a step of

generating a report based on the detection of a KDM4A gene amplification, the level of KDM4A activity, the

level of KDM4A expression, and/or a KDM4A dampening mutation.

[00100] In some embodiments, provided herein is a method of treating cancer and/or graft v. host disease,

the method compulsing administerin an inhibitor of a PhD-Tudor polypeptide, e.g. a polypeptide comprising

at least one PhD domain and one Tudor domain. In some embodiments, the PhD-Tudor polypeptide can be a

selected from the group consisting of: KDM4A; KDM4C; KDM4D; KDM4E; or KDM4B. In some

embodiments, the inhibitor of a PhD-Tudor polypeptide can be administered in combination with a

chemotherapeutic selected from the group consisting of: S-phase chemotherapeutics; mTOR inhibitors;

protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3

inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt

inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors. In

some embodiments, the inhibitor of a PhD-Tudor polypeptide can be administered in combination with an

mTOR inhibitor.

[00101] In one aspect, described herein is an assay comprising detecting the presence or absence of a

KDM4A dampening mutation in a test sample obtained from a subject; wherein the presence of a KDM4A

dampening mutation indicates the subject has a higher risk of having or developing autism or schizophrenia.

In one aspect, described herein is a method of identifying a subject in need of treatment for autism or

schizophrenia, the method comprising detecting the presence or absence of a KDM4A dampening mutation in

a test sample obtained from a subject; and identifying the subject as being in need of treatment for autism or

schizophrenia when a KDM4A dampening mutation is detected. In one aspect, described herein is a method



of determining if a subject is at risk for autism or schizophrenia, the method comprising detecting the presence

or absence of a KDM4A dampening mutation in a test sample obtained from a subject; determining that the

subject is at risk for autism or schizophrenia when the presence of a KDM4A dampening mutation is detected;

and determining that the subject is not at risk for autism or schizophrenia when the presence of a KDM4A

dampening mutation is not detected. In some embodiments, described herein is a method of treating autism or

schizophrenia, the method comprising administering an agonist of KDM4A to a subject in need of treatment

for autism or schizophrenia. In some embodiments, described herein is a method of treating autism or

schizophrenia in a subject in need of treatment therof, the method comprising administering an agonist of

KDM4A to a subject determined to have a KDM4A dampening mutation. In some embodiments, described

herein is a method of treating autism or schizophrenia in a subject in need of treatment therof, the method

comprising selecting a subject with a KDM4A dampening mutation; and administering an agonist of KDM4A.

[00102] In some embodiments, diseases associated with lq21 duplication and deletion can be diagnosed,

prognosed, and/or treated in accordance with the aspects described herein.

[00103] Particularly high levels of KDM4A levels and/or activity can increase DNA damage, leading to

toxicity in cells with such levels and/or activity. Accordingly, in one aspect, described herein is a method of

treating cancer, the method comprising administering an agonist of KDM4A to a subject determined to have a

level of KDM4A gene expression which is higher than a reference level or determined to have KDM4A gene

amplification. As used herein, the term "agonist of KDM4A" refers to any agent that increases the level

and/or activity of KDM4A. As used herein, the term "agonist" refers to an agent which increases the

expression and/or activity of the target by at least 10% or more, e.g. by 10% or more, 50% or more, 100% or

more, 200% or more, 500% or more, or 1000 % or more. Non- limiting examples of agonists of KDM4A can

include KDM4A polypeptides or fragments thereof and nucleic acids encoding a KDM4A polypeptide, e.g. a

polypeptide comprising the sequence SEQ ID NO: 1 or a nucleic acid comprising the sequence of SEQ ID

NO: 2 or variants thereof.

[00104] As described herein, hypoxic conditions in tumor cells can lead to an increase in the level of

KDM4A, which promotes gene amplification. Accordingly, in some embodiments of any of the aspects

described herein, the methods and uses applicable to the treatment, diagnosis, and/or prognosis of subjects

determined to have increased levels of KDM4A and/or a KDM4A dampening mutation can be similarly

applied to subjects determined to have hypoxic tumors. Methods of determining whether a tumor is hypoxic

are known in the art and include, by way of non-limiting example:

a. determining that a cell of the tumor comprises amplification at 1q 1.2, 1q l 2h, or Xql 3.1;

b . determining that a cell of the tumor comprises amplification at lq21.2, lql2h, or Xql 3.1 but

does not comprise amplification at lq23.3, 8C, or the 1 q telomere;

c. determining that the cell lysate can stabilize HIFla (hypoxia inducible factor 1, alpha subunit;

NCBI Gene ID: 3091) (e.g. determining an increased level of HI l a polypeptide is present in

the cell relative to a reference level); or



d. determining that the cell expresses increased levels of CAIX (carbonic anhydrase IX; NCBI

Gene ID: 768) relative to a reference level (e.g. increased levels of CAIX polypeptide and/or

mRNA);

e. determining that the cell expresses increased levels of MCL-1 and/or CKS1B

f . determining that the cell expresses an increased level of one or more genes selected from

Table 8 (e.g. one gene, two genes, three genes, four genes, five genes, six genes, seven genes,

or more genes selected from Table 8); and/or

g. determining that the cell expresses a decreased level of one or more genes selected from Table

9 (e.g. one gene, two genes, three genes, four genes, five genes, six genes, seven genes, or

more genes selected from Table 9); and/or

h. determining that there is co-amplification of regions identified by peaks in Figs. 44E, 44G, or

44H, or by using similar analyses on other tumor types.

Amplification at specific loci can be determined by the methods described herein, e.g., by use of probes

specific for a particular locus, quantitative PCR, FISH, and the like. Methods for detecting, e.g., the level of

mRNA and/or polypeptide expression products are described elsewhere herein.

[00105] As described herein, the presence of certain mutations and/or alterations in KDM proteins can

indicate the likelihood of a subject experiencing a positive outcome following treatment for cancer.

Accordingly, described herein is an assay for determining the likelihood of a subject experiencing a positive

outcome following treatment for cancer, the assay comprising determining the level or mutational status of

KDM4A; KDM4C; KDM4B; KDM4E; and/or KDM4D in a tumor cell sample obtained from the subject;

wherein the subject has a decreased likelihood of experiencing a positive outcome following treatment for

cancer if:

a. the subject is determined to have a deletion or decreased level of expression of KDM4C as

compared to a reference level;

b. the subject is determined to have a deletion, amplification, or increased or decreased level of

KDM4D, KDM4E, KDM4C, or KDM4B as compared to a reference level;

c. the subject is determined to have an amplification or increased level of expression of KDM4A as

compared to a reference level;

d. the subject is determined to have a KDM4A dampening mutation;

e. the subject is determined to have a mutation of a KDM4 family member selected from any of

Tables 2-6.

[00106] Methods of determining levels of expression and/or determining the presence or absence of a

given mutation are described elsewhere herein. Where the sequences of the KDM family members are known,

one of skill in the art can readily design detection reagents, e.g. antibodies and/or nucleic acid probes. Further,

such detection reagents are commercially available, e.g. anti-KDM4C antibody reagents (e.g. Cat No.

ab27531, AbCam; Cambridge, MA). The sequences of KDM family members are known in the art, e.g.



human KDM4B (NCBI Gene ID: 23030 (polypeptide, NCBI Ref Seq: NP 055830, SEQ ID NO: 6)(mRNA,

NCBI Ref Seq: NM 015015, SEQ ID NO: 5), human KDM4C (NCBI Gene ID: 23081 (polypeptide, NCBI

Ref Seq: NP 055876, SEQ ID NO: 8)(mRNA, NCBI Ref Seq: NM 015061, SEQ ID NO: 7), human KDM4D

(NCBI Gene ID: 55693 (polypeptide, NCBI Ref Seq: NP 060509, SEQ ID NO: 10)(mRNA, NCBI Ref Seq:

NM 018039, SEQ ID NO: 9), and human KDM4E (NCBI Gene ID: 390245 (polypeptide, NCBI Ref Seq:

NP 001 155102, SEQ ID NO: 12)(mRNA, NCBI Ref Seq: NM 001 161630, SEQ ID NO: 11).

[00107] In some embodiments, the subject determined to have an amplification or increased level of

expression of KDM4A as compared to a reference level is a subject having ovarian cancer. In some

embodiments, the subject determined to have a KDM4A dampening mutation is a subject having non-small

cell lung cancer.

[00108] In some embodiments, a positive outcome can refer to, e.g. a reduction in tumor growth or size,

remission of the cancer, reduced side effects from treatment, increased lifespan and/or decreased mortality.

[00109] In some embodiments of any of the aspects described herein the cancer can be selected from the

group consisting of ovarian cancer; non-small cell lung cancer; multiple myeloma; breast cancer; pancreatic

cancer; head and neck cancer; lung cancer; adenocarcinoma; lung adenocarcinoma; lung squamous cell

carcinoma; renal cancer; stomach cancer; melanoma; colorectal cancer; AML; and uterine and endometrial

cancer.

[00110] In some embodiments, the assays and methods can relate to detecting the presence of a mutation,

e.g. a KDM4A dampening mutation or a gene amplification of KDM4A in a sample obtained from a subject.

In some embodiments, the presence of the mutation can be determined using an assay selected from the group

consisting of: hybridization; sequencing; exome capture; PCR; high-throughput sequencing; allele-specific

probe hybridization; allele-specific primer extension, allele-specific amplification; 5' nuclease digestion;

molecular beacon assay; oligonucleotide ligation assay; size analysis; single-stranded conformation

polymorphism; real-time quantitative PCR, and any combinations thereof.

[00111] In some embodiments, the presence of a mutation can be detected by measuring the catalytic

activity of KDM4A, e.g. by measuring the effect of a mutation on the activity of KDM4A. Assays for

KDM4A activity are known in the art.

[00112] In some embodiments, the presence and/or absence of a mutation can be detected by determining

the sequence of a genomic locus and/or an mRNA transcript. Such molecules can be isolated, derived, or

amplified from a biological sample, such as a tumor sample. Nucleic acid (e.g. DNA) and ribonucleic acid

(RNA) molecules can be isolated from a particular biological sample using any of a number of procedures,

which are well-known in the art, the particular isolation procedure chosen being appropriate for the particular

biological sample. For example, freeze-thaw and alkaline lysis procedures can be useful for obtaining nucleic

acid molecules from solid materials; and proteinase K extraction can be used to obtain nucleic acid from blood

(Roiff, A et al. PCR: Clinical Diagnostics and Research, Springer (1994)).



[00113] In some embodiments, the nucleic acid sequence of a target gene (e.g. KDM4A) in a sample

obtained from a subject can be determined and compared to a reference sequence to determine if a sensitizing

mutation is present in the subject. In some embodiments, the reference sequence can be, e.g. SEQ ID NOs: 1

or 2. In some embodiments, the sequence of the target gene can be determined by sequencing the target gene

(e.g. the genomic sequence and/or the mRNA transcript thereof). Methods of sequencing a nucleic acid

sequence are well known in the art. Briefly, a sample obtained from a subject can be contacted with one or

more primers which specifically hybridize to a single-strand nucleic acid sequence flanking the target gene

sequence and a complementary strand is synthesized. In some next-generation technologies, an adaptor

(double or single-stranded) is ligated to nucleic acid molecules in the sample and synthesis proceeds from the

adaptor or adaptor compatible primers. In some third-generation technologies, the sequence can be

determined, e.g. by determining the location and pattern of the hybridization of probes, or measuring one or

more characteristics of a single molecule as it passes through a sensor (e.g. the modulation of an electrical

field as a nucleic acid molecule passes through a nanopore). Exemplary methods of sequencing include, but

are not limited to, Sanger sequencing, dideoxy chain termination, high-throughput sequencing, next generation

sequencing, 454 sequencing, SOLiD sequencing, polony sequencing, Illumina sequencing, Ion Torrent

sequencing, sequencing by hybridization, nanopore sequencing, Helioscope sequencing, single molecule real

time sequencing, RNAP sequencing, and the like. Methods and protocols for performing these sequencing

methods are known in the art, see, e.g. "Next Generation Genome Sequencing" Ed. Michal Janitz, Wiley-

VCH; "High-Throughput Next Generation Sequencing" Eds. Kwon and Ricke, Humanna Press, 201 1; and

Sambrook et al., Molecular Cloning: A Laboratory Manual (3 ed.), Cold Spring Harbor Laboratory Press,

Cold Spring Harbor, N.Y., USA (2001); which are incorporated by reference herein in their entireties.

[00114] In some embodiments, sequencing can comprise exome sequencing (i.e. targeted exome capture).

Exome sequencing comprises enriching for an exome(s) of interest and then sequencing the nucleic acids

comprised by the enriched sample. Sequencing can be according to any method known in the art, e.g. those

described above herein. Methods of enrichment can include, e.g. PCR, molecular inversion probes, hybrid

capture, and in solution capture. Exome capture methodologies are well known in the art, see, e.g. Sulonen et

la. Genome Biology 201 1 12:R94; and Teer and Mullikin. Hum Mol Genet 2010 19:R2; which are

incorporated by reference herein in their entireties. Kits for performing exome capture are available

commercially, e.g. the TRUSEQ™ Exome Enrichment Kit (Cat. No. FC-121-1008; Illumnia, San Diego, CA).

Exome capture methods can also readily be adapted by one of skill in the art to enrich specific exomes of

interest.

[00115] In some embodiments, the presence of a mutation can be determined using a probe that is specific

for the sensitizing mutation. In some embodiments, the probe can be detectably labeled. In some

embodiments, a detectable signal can be generated by the probe when a sensitizing mutation is present.

[00116] In some embodiments, the probe specific for the mutation can be a probe in a hybridization assay,

i.e. the probe can specifically hybridize to a nucleic acid comprising a mutation (as opposed to a wild-type



nucleic acid sequence) and the hybridization can be detected, e.g. by having the probe and or the target nucleic

acid be detectably labeled. Hybridization assays are well known in the art and include, e.g. northern blots and

Southern blots.

[00117] In some embodiments, the probe specific for the mutation can be a probe in a PCR assay, i.e. a

primer. In general, the PCR procedure describes a method of gene amplification which is comprised of (i)

sequence-specific hybridization of primers to specific genes within a nucleic acid sample or library, (ii)

subsequent amplification involving multiple rounds of annealing, elongation, and denaturation using a

thermostable DNA polymerase, and optionally, (iii) screening the PCR products for a band or product of the

correct size. The primers used are oligonucleotides of sufficient length and appropriate sequence to provide

initiation of polymerization, i.e. each primer is specifically designed to be complementary to a strand of the

genomic locus to be amplified. In an alternative embodiment, the presence of a sensitizing mutation in an

mRNA tramscript can be determined by reverse-transcription (RT) PCR and by quantitative RT-PCR (QRT-

PCR) or real-time PCR methods. Methods of RT-PCR and QRT-PCR are well known in the art. In some

embodiments, the PCR product can be labeled, e.g. the primers can comprise a detectable label, or a label can

be incorporated and/or bound to the PCR product, e.g. EtBr detection methods. Other non-limiting detection

methods can include the detection of a product by mass spectroscopy or MALDI-TOF.

[00118] The term "label" refers to a composition capable of producing a detectable signal indicative of the

presence of a reagent (e.g. a bound antibody reagent). Suitable labels include radioisotopes, nucleotide

chromophores, enzymes, substrates, fluorescent molecules, chemiluminescent moieties, magnetic particles,

bioluminescent moieties, and the like. As such, a label is any composition detectable by spectroscopic,

photochemical, biochemical, immunochemical, electrical, optical or chemical means.

[00119] The nucleic acid sequences of, e.g. KDM4A have been assigned NCBI accession numbers for

different species such as human, mouse and rat. In particular, the NCBI accession numbers for the nucleic acid

sequences of the human expression products are included herein (SEQ ID NOs: 1 and 2). Accordingly, a

skilled artisan can design appropriate primers based on the known sequence for determining the mRNA level

of the target gene.

[00120] A mutation will typically be present in the genomic DNA of a tumor (e.g. cancerous) cell.

Accordingly, the mutation can be detected in either or both of the genomic DNA or the mRNA transcripts of a

cell. In some embodiments, the mutation can occur within a DNA and/or RNA sequence that is translated.

Accordingly, in some embodiments, the mutation can be detected in the polypeptide of a cell.

[00121] Detection of polypeptides comprising a mutation can be according to any method known in the art

(e.g. mass spectroscopy, flow cytometry, and/or immunological-based methods). Immunological methods to

detect polypeptides comprising a sensitizing mutation in accordance with the present technology include, but

are not limited to antibody techniques such as immunohistochemistry, immunocytochemistry, flow cytometry,

fluorescent-activated cell sorting (FACS), immunoblotting, radioimmunoassays, western blotting,



immunoprecipitation, enzyme-linked immunosorbant assays (ELISA), and derivative techniques that make use

of antibody reagents as described herein.

[00122] Immunochemical methods require the use of an antibody reagent specific for the target molecule

(e.g. the antigen or in the embodiments described herein, a polypeptide or fragment thereof comprising a

sensitizing mutation). In some embodiments, an antibody reagent for determining the presence of a mutation

in a sample can be an antibody reagent specific for a polypeptide comprising a mutation, e.g. a mutantion of

KDM4A.

[00123] In some embodiments, the assays, methods, and/or systems described herein can comprise: an

antibody reagent, e.g., an antibody reagent specific for a KDM4A polypeptide and/or an antibody reagent

specific for a KDM4A polypeptide describing a mutation described herein. In some embodiments, the

antibody reagnets and methods of using them described herein can comprise detecting the localization of

KDM4A polypeptide, e.g. the relative concentrations of KDM4A in the cytoplasm or nucleus. In some

embodiments, the antibody reagent can be detectably labeled. In some embodiments, the antibody reagent can

be attached to a solid support (e.g. bound to a solid support). In some embodiments, the solid support can

comprise a particle (including, but not limited to an agarose or latex bead or particle or a magnetic particle), a

bead, a nanoparticle, a polymer, a substrate, a slide, a coverslip, a plate, a dish, a well, a membrane, and/or a

grating. The solid support can include many different materials including, but not limited to, polymers,

plastics, resins, polysaccharides, silicon or silica based materials, carbon, metals, inorganic glasses, and

membranes.

[00124] In one embodiment, an assay, method, and/or system as described herein can comprise an ELISA.

In an exemplary embodiment, a first antibody reagent can be immobilized on a solid support (usually a

polystyrene micro titer plate). The solid support can be contacted with a sample obtained from a subject, and

the antibody reagent will bind ("capture") antigens for which it is specific (e.g. a polypeptide comprising a

sensitizing mutation). The solid support can then be contacted with a second labeled antibody reagent (e.g. a

detection antibody reagent). The detection antibody reagent can, e.g. comprise a detectable signal, be

covalently linked to an enzyme, or can itself be detected by a secondary antibody, which is linked to an

enzyme through bio-conjugation. The presence of a signal indicates that both the first antibody reagent

immobilized on the support and the second "detection" antibody reagent have bound to an antigen, i.e. the

presence of a signal indicated the presence of polypeptide comprising a sensitizing mutation. Between each

step the plate is typically washed with a mild detergent solution to remove any proteins or antibodies that are

not specifically bound. After the final wash step the plate is developed by adding an enzymatic substrate to

produce a visible signal, which indicates the presence of a sensitizing mutation in the sample. Older ELISAs

utilize chromogenic substrates, though newer assays employ fluorogenic substrates with much higher

sensitivity. There are other different forms of ELISA, which are well known to those skilled in the art. The

standard techniques known in the art for ELISA are described in "Methods in Immunodiagnosis", 2nd Edition,

Rose and Bigazzi, eds. John Wiley & Sons, 1980; Campbell et al., "Methods and Immunology", W. A.



Benjamin, Inc., 1964; and Oellerich, M. 1984, J . Clin. Chem. Clin. Biochem. 22:895-904. These references

are hereby incorporated by reference in their entirety.

[00125] In one embodiment, the assays, systems, and methods described herein can comprise a lateral flow

immunoassay test (LFIA), also known as the immunochromatographic assay, or strip test to measure or

determine the presence of a polypeptide comprising a sensitizing mutation. LFIAs are a simple device

intended to detect the presence (or absence) of a target in a sample. There are currently many LFIA tests are

used for medical diagnostics either for home testing, point of care testing, or laboratory use. LFIA tests are a

form of immunoassay in which the test sample flows along a solid substrate via capillary action. After the

sample is applied to the test it encounters a colored antibody reagent, which mixes with the sample, and if

bound to a portion of the sample, transits the substrate encountering lines or zones which have been pretreated

with a second antibody reagent. Depending upon the presence or absence of the target in the sample the

colored antibody reagent can become bound at the test line or zone. LFIAs are essentially immunoassays

adapted to operate along a single axis to suit the test strip format or a dipstick format. Strip tests are extremely

versatile and can be easily modified by one skilled in the art for detecting an enormous range of antigens from

fluid samples such as urine, blood, tumor cell lysates etc. Strip tests are also known as dip stick test, the name

bearing from the literal action of "dipping" the test strip into a fluid sample to be tested. LFIA strip test are

easy to use, require minimum training and can easily be included as components of point-of-care test (POCT)

diagnostics to be use on site in the field. LFIA tests can be operated as either competitive or sandwich assays.

Sandwich LFIAs are similar to sandwich ELISA. The sample first encounters colored particles, which are

labeled with antibody reagents specific for a target. The test line will also contain antibody reagents. The test

line will show as a colored band in positive samples. In some embodiments, the lateral flow immunoassay can

be a double antibody sandwich assay, a competitive assay, a quantitative assay or variations thereof. There are

a number of variations on lateral flow technology. It is also possible to apply multiple capture zones to create a

multiplex test.

[00126] A typical test strip consists of the following components: (1) sample application area comprising

an absorbent pad (i. e. the matrix or material) onto which the test sample is applied; (2) conjugate or reagent

pad- this contains antibody reagent(s) specific to the target which can be conjugated to colored particles

(usually colloidal gold particles, or latex microspheres); (3) test results area comprising a reaction membrane -

typically a hydrophobic nitrocellulose or cellulose acetate membrane onto which antibody reagents are

immobilized in a line across the membrane as a capture zone or test line (a control zone may also be present,

containing antibodies specific for the antibody reagents conjugated to the particles or microspheres); and (4)

optional wick or waste reservoir - a further absorbent pad designed to draw the sample across the reaction

membrane by capillary action and collect it. The components of the strip are usually fixed to an inert backing

material and may be presented in a simple dipstick format or within a plastic casing with a sample port and

reaction window showing the capture and control zones. While not strictly necessary, most tests will



incorporate a second line, which contains an antibody that picks up free latex/gold in order to confirm the test

has operated correctly.

[00127] The use of "dip sticks" or LFIA test strips and other solid supports have been described in the art

in the context of an immunoassay for a number of antigen biomarkers. U.S. Pat. Nos. 4,943,522; 6,485,982;

6,187,598; 5,770,460; 5,622,871; 6,565,808, U. S. patent applications Ser. No. 10/278,676; U.S. Ser. No.

09/579,673 and U.S. Ser. No. 10/717,082, which are incorporated herein by reference in their entirety, are

non-limiting examples of such lateral flow test devices. Three U.S. patents (U.S. Pat. No. 4,444,880, issued to

H. Tom; U.S. Pat. No. 4,305,924, issued to R. N. Piasio; and U.S. Pat. No. 4,135,884, issued to J . T. Shen)

describe the use of "dip stick" technology to detect soluble antigens via immunochemical assays. The

apparatuses and methods of these three patents broadly describe a first component fixed to a solid surface on a

"dip stick" which is exposed to a solution containing a soluble antigen that binds to the component fixed upon

the "dip stick," prior to detection of the component-antigen complex upon the stick. It is within the skill of one

in the art to modify the teaching of these "dip stick" technology for the detection of a sensitizing mutation.

[00128] Immunochemistry is a family of techniques based on the use of a specific antibody, wherein

antibodies are used to specifically target molecules inside or on the surface of cells. In some embodiments,

immunohistochemistry ("IHC") and immunocytochemistry ("ICC") techniques can be used to detect the

presence of a sensitizing mutation. IHC is the application of immunochemistry to tissue sections, whereas ICC

is the application of immunochemistry to cells or tissue imprints after they have undergone specific

cytological preparations such as, for example, liquid-based preparations. In some instances, signal

amplification may be integrated into the particular protocol, wherein a secondary antibody, that includes a

label, follows the application of an antibody reagent specific for a polypeptide comprising a sensitizing

mutation. Typically, for immunohistochemistry, tissue obtained from a subject and fixed by a suitable fixing

agent such as alcohol, acetone, and paraformaldehyde, is sectioned and reacted with an antibody.

Conventional methods for immunohistochemistry are described in Buchwalow and Bocker (Eds)

"Immunohistochemistry: Basics and Methods" Springer (2010): Lin and Prichard "Handbook of Practical

Immunohistochemistry" Springer (201 1); which are incorporated by reference herein in their entireties. In

some embodiments, immunocytochemistry may be utilized where, in general, tissue or cells are obtained from

a subject are fixed by a suitable fixing agent such as alcohol, acetone, and paraformaldehyde, to which is

reacted an antibody. Methods of immunocytological staining of human samples is known to those of skill in

the art and described, for example, in Burry. "Immunocytochemistry: A Practical Guide for Biomedical

Research" Springer (2009); which is incorporated by reference herein in its entirety.

[00129] In some embodiments, one or more of the antibody reagents described herein can comprise a

detectable label and/or comprise the ability to generate a detectable signal (e.g. by catalyzing reaction

converting a compound to a detectable product). Detectable labels can comprise, for example, a light-

absorbing dye, a fluorescent dye, or a radioactive label. Detectable labels, methods of detecting them, and

methods of incorporating them into an antibody reagent are well known in the art.



[00130] In some embodiments, detectable labels can include labels that can be detected by spectroscopic,

photochemical, biochemical, immunochemical, electromagnetic, radiochemical, or chemical means, such as

fluorescence, chemifluoresence, or chemiluminescence, or any other appropriate means. The detectable labels

used in the methods described herein can be primary labels (where the label comprises a moiety that is

directly detectable or that produces a directly detectable moiety) or secondary labels (where the detectable

label binds to another moiety to produce a detectable signal, e.g., as is common in immunological labeling

using secondary and tertiary antibodies). The detectable label can be linked by covalent or non-covalent

means to the antibody reagent. Alternatively, a detectable label can be linked such as by directly labeling a

molecule that achieves binding to the antibody reagent via a ligand-receptor binding pair arrangement or other

such specific recognition molecules. Detectable labels can include, but are not limited to radioisotopes,

bioluminescent compounds, chromophores, antibodies, chemiluminescent compounds, fluorescent

compounds, metal chelates, and enzymes.

[00131] In other embodiments, the detection antibody is label with a fluorescent compound. When the

fluorescently labeled antibody is exposed to light of the proper wavelength, its presence can then be detected

due to fluorescence. In some embodiments, a detectable label can be a fluorescent dye molecule, or

fluorophore including, but not limited to fluorescein, phycoerythrin, phycocyanin, o-phthaldehyde,

fluorescamine, Cy3™, Cy5™, allophycocyanine, Texas Red, peridenin chlorophyll, cyanine, tandem

conjugates such as phycoerythrin-Cy5™, green fluorescent protein, rhodamine, fluorescein isothiocyanate

(FITC) and Oregon Green™, rhodamine and derivatives (e.g., Texas red and tetrarhodimine isothiocynate

(TRITC)), biotin, phycoerythrin, AMCA, CyDyes™, 6-carboxyfhiorescein (commonly known by the

abbreviations FAM and F), 6-carboxy-2',4',7',4,7-hexachlorofiuorescein (HEX), 6-carboxy-4',5'-dichloro-2',7'-

dimethoxyfiuorescein (JOE or J), N,N,N',N'-tetramethyl-6carboxyrhodamine (TAMRA or T), 6-carboxy-X-

rhodamine (ROX or R), 5-carboxyrhodamine-6G (R6G5 or G5), 6-carboxyrhodamine-6G (R6G6 or G6), and

rhodamine 110; cyanine dyes, e.g. Cy3, Cy5 and Cy7 dyes; coumarins, e.g umbelliferone; benzimide dyes,

e.g. Hoechst 33258; phenanthridine dyes, e.g. Texas Red; ethidium dyes; acridine dyes; carbazole dyes;

phenoxazine dyes; porphyrin dyes; polymethine dyes, e.g. cyanine dyes such as Cy3, Cy5, etc; BODIPY dyes

and quinoline dyes. In some embodiments, a detectable label can be a radiolabel including, but not limited to
3 125 35 14 32 33H, I, S, C, P, and P. In some embodiments, a detectable label can be an enzyme including, but not

limited to horseradish peroxidase and alkaline phosphatase. An enzymatic label can produce, for example, a

chemiluminescent signal, a color signal, or a fluorescent signal. Enzymes contemplated for use to detectably

label an antibody reagent include, but are not limited to, malate dehydrogenase, staphylococcal nuclease,

delta-V-steroid isomerase, yeast alcohol dehydrogenase, alpha-glycerophosphate dehydrogenase, triose

phosphate isomerase, horseradish peroxidase, alkaline phosphatase, asparaginase, glucose oxidase, beta-

galactosidase, ribonuclease, urease, catalase, glucose-VI-phosphate dehydrogenase, glucoamylase and

acetylcholinesterase. In some embodiments, a detectable label is a chemiluminescent label, including, but not

limited to lucigenin, luminol, luciferin, isoluminol, theromatic acridinium ester, imidazole, acridinium salt and



oxalate ester. In some embodiments, a detectable label can be a spectral colorimetric label including, but not

limited to colloidal gold or colored glass or plastic (e.g., polystyrene, polypropylene, and latex) beads.

[00132] In some embodiments, antibodies can also be labeled with a detectable tag, such as c-Myc, HA,

VSV-G, HSV, FLAG, V5, HIS, or biotin. Other detection systems can also be used, for example, a biotin-

streptavidin system. In this system, the antibodies immunoreactive (i. e. specific for) with the biomarker of

interest is biotinylated. Quantity of biotinylated antibody bound to the biomarker is determined using a

streptavidin-peroxidase conjugate and a chromagenic substrate. Such streptavidin peroxidase detection kits are

commercially available, e. g. from DAKO; Carpinteria, CA. An antibody reagent can also be detectably

labeled using fluorescence emitting metals such as 152Eu, or others of the lanthanide series. These metals can

be attached to the antibody reagent using such metal chelating groups as diethylenetriaminepentaacetic acid

(DTPA) or ethylenediaminetetraacetic acid (EDTA).

[00133] In some embodiments, the sequence, level, activity, and/or localization of, e.g. KDM4A can be

compared to a reference sample or level. In some embodiments, the reference level can be the level in a

healthy subject not diagnosed as having or not having cancer. In some embodiments, the reference level can

be the level in a healthy, non-cancerous cell from the same subject.

[00134] The term "sample" or "test sample" as used herein denotes a sample taken or isolated from a

biological organism, e.g., a tumor sample from a subject. Exemplary biological samples include, but are not

limited to, a biofluid sample; serum; plasma; urine; saliva; a tumor sample; a tumor biopsy and/or tissue

sample etc. The term also includes a mixture of the above-mentioned samples. The term "test sample" also

includes untreated or pretreated (or pre-processed) biological samples. In some embodiments, a test sample

can comprise cells from subject. In some embodiments, a test sample can be a tumor cell test sample, e.g. the

sample can comprise cancerous cells, cells from a tumor, and/or a tumor biopsy.

[00135] The test sample can be obtained by removing a sample of cells from a subject, but can also be

accomplished by using previously isolated cells (e.g. isolated at a prior timepoint and isolated by the same or

another person). In addition, the test sample can be freshly collected or a previously collected sample.

[00136] In some embodiments, the test sample can be an untreated test sample. As used herein, the phrase

"untreated test sample" refers to a test sample that has not had any prior sample pre-treatment except for

dilution and/or suspension in a solution. Exemplary methods for treating a test sample include, but are not

limited to, centrifugation, filtration, sonication, homogenization, heating, freezing and thawing, and

combinations thereof. In some embodiments, the test sample can be a frozen test sample, e.g., a frozen tissue.

The frozen sample can be thawed before employing methods, assays and systems described herein. After

thawing, a frozen sample can be centrifuged before being subjected to methods, assays and systems described

herein. In some embodiments, the test sample is a clarified test sample, for example, by centrifugation and

collection of a supernatant comprising the clarified test sample. In some embodiments, a test sample can be a

pre-processed test sample, for example, supernatant or filtrate resulting from a treatment selected from the

group consisting of centrifugation, filtration, thawing, purification, and any combinations thereof. In some



embodiments, the test sample can be treated with a chemical and/or biological reagent. Chemical and/or

biological reagents can be employed to protect and/or maintain the stability of the sample, including

biomolecules (e.g., nucleic acid and protein) therein, during processing. One exemplary reagent is a protease

inhibitor, which is generally used to protect or maintain the stability of protein during processing. The skilled

artisan is well aware of methods and processes appropriate for pre-processing of biological samples required

for determination of the presence of a sensitizing mutation as described herein.

[00137] In some embodiments, the methods, assays, and systems described herein can further comprise a

step of obtaining a test sample from a subject. In some embodiments, the subject can be a human subject.

[00138] In some embodiments, the methods described herein relate to treating a subject having or

diagnosed as having cancer with a composition or treatment described herein. Subjects having cancer can be

identified by a physician using current methods of diagnosing cancer. Symptoms and/or complications of

cancer which characterize these conditions and aid in diagnosis are well known in the art and include but are

not limited to, growth of a tumor, impaired function of the organ or tissue harboring cancer cells, etc. Tests

that may aid in a diagnosis of, e.g. cancer include, but are not limited to, tissue biopsies and histological

examination. A family history of cancer, or exposure to risk factors for cancer (e.g. tobacco products,

radiation, etc.) can also aid in determining if a subject is likely to have cancer or in making a diagnosis of

cancer.

[00139] The compositions and methods described herein can be administered to a subject having or

diagnosed as having cancer. In some embodiments, the methods described herein comprise administering an

effective amount of compositions described herein to a subject in order to alleviate a symptom of a cancer. As

used herein, "alleviating a symptom of a cancer" is ameliorating any condition or symptom associated with the

cancer. As compared with an equivalent untreated control, such reduction is by at least 5%, 10%, 20%, 40%,

50% , 60% , 80% , 90%o, 95% , 99% or more as measured by any standard technique. A variety of means for

administering the compositions described herein to subjects are known to those of skill in the art. Such

methods can include, but are not limited to oral, parenteral, intravenous, intramuscular, subcutaneous,

transdermal, airway (aerosol), pulmonary, cutaneous, topical, injection, or intratumoral administration.

Administration can be local or systemic.

[00140] The term "effective amount" as used herein refers to the amount needed to alleviate at least one or

more symptom of the disease or disorder, and relates to a sufficient amount of pharmacological composition to

provide the desired effect. The term "therapeutically effective amount" therefore refers to an amount of an

agent that is sufficient to provide a particular anti-tumor effect when administered to a typical subject. An

effective amount as used herein, in various contexts, would also include an amount sufficient to delay the

development of a symptom of the disease, alter the course of a symptom disease (for example but not limited

to, slowing the progression of a symptom of the disease), or reverse a symptom of the disease. Thus, it is not

generally practicable to specify an exact "effective amount". However, for any given case, an appropriate

"effective amount" can be determined by one of ordinary skill in the art using only routine experimentation.



[00141] Effective amounts, toxicity, and therapeutic efficacy can be determined by standard

pharmaceutical procedures in cell cultures or experimental animals, e.g., for determining the LD50 (the dose

lethal to 50% of the population) and the ED50 (the dose therapeutically effective in 50% of the population).

The dosage can vary depending upon the dosage form employed and the route of administration utilized. The

dose ratio between toxic and therapeutic effects is the therapeutic index and can be expressed as the ratio

LD50/ED50. Compositions and methods that exhibit large therapeutic indices are preferred. A therapeutically

effective dose can be estimated initially from cell culture assays. Also, a dose can be formulated in animal

models to achieve a circulating plasma concentration range that includes the IC50 (i.e., the concentration of

the active agent which achieves a half-maximal inhibition of symptoms) as determined in cell culture, or in an

appropriate animal model. Levels in plasma can be measured, for example, by high performance liquid

chromatography. The effects of any particular dosage can be monitored by a suitable bioassay, e.g., assay for

tumor growth, among others. The dosage can be determined by a physician and adjusted, as necessary, to suit

observed effects of the treatment.

[00142] In some embodiments, the technology described herein relates to a pharmaceutical composition,

and optionally a pharmaceutically acceptable carrier. Pharmaceutically acceptable carriers and diluents include

saline, aqueous buffer solutions, solvents and/or dispersion media. The use of such carriers and diluents is well

known in the art. Some non-limiting examples of materials which can serve as pharmaceutically-acceptable

carriers include: (1) sugars, such as lactose, glucose and sucrose; (2) starches, such as corn starch and potato

starch; (3) cellulose, and its derivatives, such as sodium carboxymethyl cellulose, methylcellulose, ethyl

cellulose, microcrystalline cellulose and cellulose acetate; (4) powdered tragacanth; (5) malt; (6) gelatin; (7)

lubricating agents, such as magnesium stearate, sodium lauryl sulfate and talc; (8) excipients, such as cocoa

butter and suppository waxes; (9) oils, such as peanut oil, cottonseed oil, safflower oil, sesame oil, olive oil,

corn oil and soybean oil; (10) glycols, such as propylene glycol; (11) polyols, such as glycerin, sorbitol,

mannitol and polyethylene glycol (PEG); (12) esters, such as ethyl oleate and ethyl laurate; (13) agar; (14)

buffering agents, such as magnesium hydroxide and aluminum hydroxide; (15) alginic acid; (16) pyrogen- free

water; (17) isotonic saline; (18) Ringer's solution; (19) ethyl alcohol; (20) pH buffered solutions; (21)

polyesters, polycarbonates and/or polyanhydrides; (22) bulking agents, such as polypeptides and amino acids

(23) serum component, such as serum albumin, HDL and LDL; (22) C2-C12 alcohols, such as ethanol; and (23)

other non-toxic compatible substances employed in pharmaceutical formulations. Wetting agents, coloring

agents, release agents, coating agents, sweetening agents, flavoring agents, perfuming agents, preservative and

antioxidants can also be present in the formulation. The terms such as "excipient", "carrier",

"pharmaceutically acceptable carrier" or the like are used interchangeably herein. In some embodiments, the

carrier inhibits the degradation of the active agent, as described herein.

[00143] In some embodiments, the pharmaceutical composition as described herein can be a parenteral dose

form. Since administration of parenteral dosage forms typically bypasses the patient's natural defenses against

contaminants, parenteral dosage forms are preferably sterile or capable of being sterilized prior to



administration to a patient. Examples of parenteral dosage forms include, but are not limited to, solutions

ready for injection, dry products ready to be dissolved or suspended in a pharmaceutically acceptable vehicle

for injection, suspensions ready for injection, and emulsions. In addition, controlled-release parenteral dosage

forms can be prepared for administration of a patient, including, but not limited to, DUROS ®-type dosage

forms and dose-dumping.

[00144] Suitable vehicles that can be used to provide parenteral dosage forms as disclosed within are well

known to those skilled in the art. Examples include, without limitation: sterile water; water for injection USP;

saline solution; glucose solution; aqueous vehicles such as but not limited to, sodium chloride injection,

Ringer's injection, dextrose Injection, dextrose and sodium chloride injection, and lactated Ringer's injection;

water-miscible vehicles such as, but not limited to, ethyl alcohol, polyethylene glycol, and propylene glycol;

and non-aqueous vehicles such as, but not limited to, corn oil, cottonseed oil, peanut oil, sesame oil, ethyl

oleate, isopropyl myristate, and benzyl benzoate. Compounds that alter or modify the solubility of a

pharmaceutically acceptable salt of a composition as disclosed herein can also be incorporated into the

parenteral dosage forms of the disclosure, including conventional and controlled-release parenteral dosage

forms.

[00145] Pharmaceutical compositions can also be formulated to be suitable for oral administration, for

example as discrete dosage forms, such as, but not limited to, tablets (including without limitation scored or

coated tablets), pills, caplets, capsules, chewable tablets, powder packets, cachets, troches, wafers, aerosol

sprays, or liquids, such as but not limited to, syrups, elixirs, solutions or suspensions in an aqueous liquid, a

non-aqueous liquid, an oil-in-water emulsion, or a water-in-oil emulsion. Such compositions contain a

predetermined amount of the pharmaceutically acceptable salt of the disclosed compounds, and may be

prepared by methods of pharmacy well known to those skilled in the art. See generally, Remington: The

Science and Practice of Pharmacy, 21st Ed., Lippincott, Williams, and Wilkins, Philadelphia PA. (2005).

[00146] Conventional dosage forms generally provide rapid or immediate drug release from the formulation.

Depending on the pharmacology and pharmacokinetics of the drug, use of conventional dosage forms can lead

to wide fluctuations in the concentrations of the drug in a patient's blood and other tissues. These fluctuations

can impact a number of parameters, such as dose frequency, onset of action, duration of efficacy, maintenance

of therapeutic blood levels, toxicity, side effects, and the like. Advantageously, controlled-release

formulations can be used to control a drug's onset of action, duration of action, plasma levels within the

therapeutic window, and peak blood levels. In particular, controlled- or extended-release dosage forms or

formulations can be used to ensure that the maximum effectiveness of a drug is achieved while minimizing

potential adverse effects and safety concerns, which can occur both from under-dosing a drug (i.e., going

below the minimum therapeutic levels) as well as exceeding the toxicity level for the drug. In some

embodiments, the composition can be administered in a sustained release formulation.

[00147] Controlled-release pharmaceutical products have a common goal of improving drug therapy over

that achieved by their non-controlled release counterparts. Ideally, the use of an optimally designed controlled-



release preparation in medical treatment is characterized by a minimum of drug substance being employed to

cure or control the condition in a minimum amount of time. Advantages of controlled-release formulations

include: 1) extended activity of the drug; 2) reduced dosage frequency; 3) increased patient compliance; 4)

usage of less total drug; 5) reduction in local or systemic side effects; 6) minimization of drug accumulation;

7) reduction in blood level fluctuations; 8) improvement in efficacy of treatment; 9) reduction of potentiation

or loss of drug activity; and 10) improvement in speed of control of diseases or conditions. Kim, Cherng-ju,

Controlled Release Dosage Form Design, 2 (Technomic Publishing, Lancaster, Pa.: 2000).

[00148] Most controlled-release formulations are designed to initially release an amount of drug (active

ingredient) that promptly produces the desired therapeutic effect, and gradually and continually release other

amounts of drug to maintain this level of therapeutic or prophylactic effect over an extended period of time. In

order to maintain this constant level of drug in the body, the drug must be released from the dosage form at a

rate that will replace the amount of drug being metabolized and excreted from the body. Controlled-release of

an active ingredient can be stimulated by various conditions including, but not limited to, pH, ionic strength,

osmotic pressure, temperature, enzymes, water, and other physiological conditions or compounds.

[00149] A variety of known controlled- or extended-release dosage forms, formulations, and devices can be

adapted for use with the salts and compositions of the disclosure. Examples include, but are not limited to,

those described in U.S. Pat. Nos.: 3,845,770; 3,916,899; 3,536,809; 3,598,123; 4,008,719; 5674,533;

5,059,595; 5,591 ,767; 5,120,548; 5,073,543; 5,639,476; 5,354,556; 5,733,566; and 6,365,185 Bl ; each of

which is incorporated herein by reference. These dosage forms can be used to provide slow or controlled-

release of one or more active ingredients using, for example, hydroxypropylmethyl cellulose, other polymer

matrices, gels, permeable membranes, osmotic systems (such as OROS® (Alza Corporation, Mountain View,

Calif. USA)), or a combination thereof to provide the desired release profile in varying proportions.

[00150] The methods described herein can further comprise administering a second agent and/or treatment

to the subject, e.g. as part of a combinatorial therapy. In some embodiments, a second agent and/or treatment

can comprise dietary succinate supplementation. Non-limiting examples of a second agent and/or treatment

can include radiation therapy, surgery, gemcitabine, cisplastin, paclitaxel, carboplatin, bortezomib, AMG479,

vorinostat, rituximab, temozolomide, rapamycin, ABT-737, PI- 103; alkylating agents such as thiotepa and

CYTOXAN® cyclosphosphamide; alkyl sulfonates such as busulfan, improsulfan and piposulfan; aziridines

such as benzodopa, carboquone, meturedopa, and uredopa; ethylenimines and methylamelamines including

altretamine, triethylenemelamine, triethylenephosphoramide, triethiylenethiophosphoramide and

trimethylolomelamine; acetogenins (especially bullatacin and bullatacinone); a camptothecin (including the

synthetic analogue topotecan); bryostatin; callystatin; CC-1065 (including its adozelesin, carzelesin and

bizelesin synthetic analogues); cryptophycins (particularly cryptophycin 1 and cryptophycin 8); dolastatin;

duocarmycin (including the synthetic analogues, KW-2189 and CB1-TM1); eleutherobin; pancratistatin; a

sarcodictyin; spongistatin; nitrogen mustards such as chlorambucil, chlornaphazine, cholophosphamide,

estramustine, ifosfamide, mechlorethamine, mechlorethamine oxide hydrochloride, melphalan, novembichin,



phenesterine, prednimustine, trofosfamide, uracil mustard; nitrosureas such as carmustine, chlorozotocin,

fotemustine, lomustine, nimustine, and ranimnustine; antibiotics such as the enediyne antibiotics (e.g.,

calicheamicin, especially calicheamicin gammall and calicheamicin omegall (see, e.g., Agnew, Chem. Intl.

Ed. Engl., 33: 183-186 (1994)); dynemicin, including dynemicin A ; bisphosphonates, such as clodronate; an

esperamicin; as well as neocarzinostatin chromophore and related chromoprotein enediyne antiobiotic

chromophores), aclacinomysins, actinomycin, authramycin, azaserine, bleomycins, cactinomycin, carabicin,

caminomycin, carzinophilin, chromomycinis, dactinomycin, daunorubicin, detorubicin, 6-diazo-5-oxo-L-

norleucine, ADRIAMYCIN® doxorubicin (including morpholino-doxorubicin, cyanomorpholino-

doxorubicin, 2-pyrrolino-doxorubicin and deoxydoxorubicin), epirubicin, esorubicin, idarubicin,

marcellomycin, mitomycins such as mitomycin C, mycophenolic acid, nogalamycin, olivomycins,

peplomycin, potfiromycin, puromycin, quelamycin, rodorubicin, streptonigrin, streptozocin, tubercidin,

ubenimex, zinostatin, zorubicin; anti-metabolites such as methotrexate and 5-fluorouracil (5-FU); folic acid

analogues such as denopterin, methotrexate, pteropterin, trimetrexate; purine analogs such as fludarabine, 6-

mercaptopurine, thiamiprine, thioguanine; pyrimidine analogs such as ancitabine, azacitidine, 6-azauridine,

carmofur, cytarabine, dideoxyuridine, doxifluridine, enocitabine, floxuridine; androgens such as calusterone,

dromostanolone propionate, epitiostanol, mepitiostane, testolactone; anti-adrenals such as aminoglutethimide,

mitotane, trilostane; folic acid replenisher such as frolinic acid; aceglatone; aldophosphamide glycoside;

aminolevulinic acid; eniluracil; amsacrine; bestrabucil; bisantrene; edatraxate; defofamine; demecolcine;

diaziquone; elformithine; elliptinium acetate; an epothilone; etoglucid; gallium nitrate; hydroxyurea; lentinan;

lonidainine; maytansinoids such as maytansine and ansamitocins; mitoguazone; mitoxantrone; mopidanmol;

nitraerine; pentostatin; phenamet; pirarubicin; losoxantrone; podophyllinic acid; 2-ethylhydrazide;

procarbazine; PSK® polysaccharide complex (JHS Natural Products, Eugene, Oreg.); razoxane; rhizoxin;

sizofuran; spirogermanium; tenuazonic acid; triaziquone; 2,2',2"-trichlorotriethylamine; trichothecenes

(especially T-2 toxin, verracurin A , roridin A and anguidine); urethan; vindesine; dacarbazine; mannomustine;

mitobronitol; mitolactol; pipobroman; gacytosine; arabinoside ("Ara-C"); cyclophosphamide; thiotepa;

taxoids, e.g., TAXOL® paclitaxel (Bristol-Myers Squibb Oncology, Princeton, N.J.), ABRAXANE®

Cremophor-free, albumin-engineered nanoparticle formulation of paclitaxel (American Pharmaceutical

Partners, Schaumberg, 111.), and TAXOTERE® doxetaxel (Rhone -Poulenc Rorer, Antony, France);

chloranbucil; GEMZAR® gemcitabine; 6-thioguanine; mercaptopurine; methotrexate; platinum analogs such

as cisplatin, oxaliplatin and carboplatin; vinblastine; platinum; etoposide (VP- 16); ifosfamide; mitoxantrone;

vincristine; NAVELBINE.RTM. vinorelbine; novantrone; teniposide; edatrexate; daunomycin; aminopterin;

xeloda; ibandronate; irinotecan (Camptosar, CPT-1 1) (including the treatment regimen of irinotecan with 5-

FU and leucovorin); topoisomerase inhibitor RFS 2000; difluoromethylornithine (DMFO); retinoids such as

retinoic acid; capecitabine; combretastatin; leucovorin (LV); oxaliplatin, including the oxaliplatin treatment

regimen (FOLFOX); lapatinib (Tykerb.RTM.); inhibitors of PKC-alpha, Raf, H-Ras, EGFR (e.g., erlotinib



(Tarceva®)) and VEGF-A that reduce cell proliferation and pharmaceutically acceptable salts, acids or

derivatives of any of the above.

[00151] In addition, the methods of treatment can further include the use of radiation or radiation therapy.

Further, the methods of treatment can further include the use of surgical treatments.

[00152] In certain embodiments, an effective dose of a composition as described herein can be administered

to a patient once. In certain embodiments, an effective dose of a composition can be administered to a patient

repeatedly. For systemic administration, subjects can be administered a therapeutic amount of a composition,

such as, e.g. 0.1 mg/kg, 0.5 mg/kg, 1.0 mg/kg, 2.0 mg/kg, 2.5 mg/kg, 5 mg/kg, 10 mg/kg, 15 mg/kg, 20 mg/kg,

25 mg/kg, 30 mg/kg, 40 mg/kg, 50 mg/kg, or more.

[00153] In some embodiments, after an initial treatment regimen, the treatments can be administered on a

less frequent basis. For example, after treatment biweekly for three months, treatment can be repeated once

per month, for six months or a year or longer. Treatment according to the methods described herein can reduce

levels of a marker or symptom of a condition, e.g. cancer by at least 10%, at least 15%>, at least 20%, at least

25%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 80 % or at least 90% or more.

[00154] The dosage of a composition as described herein can be determined by a physician and adjusted, as

necessary, to suit observed effects of the treatment. With respect to duration and frequency of treatment, it is

typical for skilled clinicians to monitor subjects in order to determine when the treatment is providing

therapeutic benefit, and to determine whether to increase or decrease dosage, increase or decrease

administration frequency, discontinue treatment, resume treatment, or make other alterations to the treatment

regimen. The dosing schedule can vary from once a week to daily depending on a number of clinical factors,

such as the subject's sensitivity to the composition. The desired dose or amount of activation can be

administered at one time or divided into subdoses, e.g., 2-4 subdoses and administered over a period of time,

e.g., at appropriate intervals through the day or other appropriate schedule. In some embodiments,

administration can be chronic, e.g., one or more doses and/or treatments daily over a period of weeks or

months. Examples of dosing and/or treatment schedules are administration daily, twice daily, three times

daily or four or more times daily over a period of 1 week, 2 weeks, 3 weeks, 4 weeks, 1 month, 2 months, 3

months, 4 months, 5 months, or 6 months, or more. A composition can be administered over a period of time,

such as over a 5 minute, 10 minute, 15 minute, 20 minute, or 25 minute period.

[00155] The dosage ranges for the administration, according to the methods described herein depend upon,

for example, the form of the composition, its potency, and the extent to which symptoms, markers, or

indicators of a condition described herein are desired to be reduced, for example the percentage reduction

desired for tumor size or growth. The dosage should not be so large as to cause adverse side effects, such as

toxicity in healthy tissue. Generally, the dosage will vary with the age, condition, and sex of the patient and

can be determined by one of skill in the art. The dosage can also be adjusted by the individual physician in the

event of any complication.



[00156] The efficacy of a composition in, e.g. the treatment of a condition described herein, or to induce a

response as described herein (e.g. reduced growth of cancer cells) can be determined by the skilled clinician.

However, a treatment is considered "effective treatment," as the term is used herein, if one or more of the

signs or symptoms of a condition described herein are altered in a beneficial manner, other clinically accepted

symptoms are improved, or even ameliorated, or a desired response is induced e.g., by at least 10% following

treatment according to the methods described herein. Efficacy can be assessed, for example, by measuring a

marker, indicator, symptom, and/or the incidence of a condition treated according to the methods described

herein or any other measurable parameter appropriate, e.g. tumor size. Efficacy can also be measured by a

failure of an individual to worsen as assessed by hospitalization, or need for medical interventions (i.e.,

progression of the disease is halted). Methods of measuring these indicators are known to those of skill in the

art and/or are described herein. Treatment includes any treatment of a disease in an individual or an animal

(some non-limiting examples include a human or an animal) and includes: (1) inhibiting the disease, e.g.,

preventing a worsening of symptoms (e.g. pain or inflammation); or (2) relieving the severity of the disease,

e.g., causing regression of symptoms. An effective amount for the treatment of a disease means that amount

which, when administered to a subject in need thereof, is sufficient to result in effective treatment as that term

is defined herein, for that disease. Efficacy of an agent can be determined by assessing physical indicators of a

condition or desired response, (e.g. a reduction in tumor growth). It is well within the ability of one skilled in

the art to monitor efficacy of administration and/or treatment by measuring any one of such parameters, or any

combination of parameters. Efficacy can be assessed in animal models of a condition described herein, for

example treatment of cancer. When using an experimental animal model, efficacy of treatment is evidenced

when a statistically significant change in a marker is observed, e.g. tumor growth.

[00157] In vitro and animal model assays are provided herein which allow the assessment of a given dose of

a composition. By way of non-limiting example, the effects of a dose can be assessed by contacting a tumor

cell line grown in vitro with a composition described herein and/or treating it in accordance with the methods

described herein. The efficacy of a given dosage combination can also be assessed in an animal model, e.g. a

mouse model of any of the cancer described herein.

[00158] For convenience, the meaning of some terms and phrases used in the specification, examples, and

appended claims, are provided below. Unless stated otherwise, or implicit from context, the following terms

and phrases include the meanings provided below. The definitions are provided to aid in describing particular

embodiments, and are not intended to limit the claimed invention, because the scope of the invention is limited

only by the claims. Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this invention belongs. If there

is an apparent discrepancy between the usage of a term in the art and its definition provided herein, the

definition provided within the specification shall prevail.

[00159] For convenience, certain terms employed herein, in the specification, examples and appended

claims are collected here.



[00160] The terms "decrease", "reduced", "reduction", or "inhibit" are all used herein to mean a decrease

by a statistically significant amount. In some embodiments, "reduce," "reduction" or "decrease" or "inhibit"

typically means a decrease by at least 10% as compared to a reference level (e.g. the absence of a given

treatment) and can include, for example, a decrease by at least about 10%>, at least about 20%, at least about

25% , at least about 30%, at least about 35%, at least about 40%, at least about 45%, at least about 50%, at

least about 55%, at least about 60%, at least about 65%, at least about 70%, at least about 75%, at least about

80%, at least about 85%, at least about 90%, at least about 95%, at least about 98%, at least about 99% , or

more. As used herein, "reduction" or "inhibition" does not encompass a complete inhibition or reduction as

compared to a reference level. "Complete inhibition" is a 100% inhibition as compared to a reference level.

A decrease can be preferably down to a level accepted as within the range of normal for an individual without

a given disorder.

[00161] The terms "increased", "increase", "enhance", or "activate" are all used herein to mean an

increase by a statically significant amount. In some embodiments, the terms "increased", "increase",

"enhance", or "activate" can mean an increase of at least 10% as compared to a reference level, for example

an increase of at least about 20%, or at least about 30%, or at least about 40%, or at least about 50%, or at least

about 60% , or at least about 70%, or at least about 80%, or at least about 90% or up to and including a 100%

increase or any increase between 10-100% as compared to a reference level, or at least about a 2-fold, or at

least about a 3-fold, or at least about a 4-fold, or at least about a 5-fold or at least about a 10-fold increase, or

any increase between 2-fold and 10-fold or greater as compared to a reference level. In the context of a marker

or symptom, a "increase" is a statistically significant increase in such level.

[00162] As used herein, a "subject" means a human or animal. Usually the animal is a vertebrate such as a

primate, rodent, domestic animal or game animal. Primates include chimpanzees, cynomologous monkeys,

spider monkeys, and macaques, e.g., Rhesus. Rodents include mice, rats, woodchucks, ferrets, rabbits and

hamsters. Domestic and game animals include cows, horses, pigs, deer, bison, buffalo, feline species, e.g.,

domestic cat, canine species, e.g., dog, fox, wolf, avian species, e.g., chicken, emu, ostrich, and fish, e.g.,

trout, catfish and salmon. In some embodiments, the subject is a mammal, e.g., a primate, e.g., a human. The

terms, "individual," "patient" and "subject" are used interchangeably herein.

[00163] Preferably, the subject is a mammal. The mammal can be a human, non-human primate, mouse,

rat, dog, cat, horse, or cow, but is not limited to these examples. Mammals other than humans can be

advantageously used as subjects that represent animal models of cancer. A subject can be male or female.

[00164] A subject can be one who has been previously diagnosed with or identified as suffering from or

having a condition in need of treatment (e.g. cancer) or one or more complications related to such a condition,

and optionally, have already undergone treatment for cancer or the one or more complications related to

cancer. Alternatively, a subject can also be one who has not been previously diagnosed as having cancer or

one or more complications related to cancer. For example, a subject can be one who exhibits one or more risk

factors for cancer or one or more complications related to cancer or a subject who does not exhibit risk factors.



[00165] A "subject in need" of treatment for a particular condition can be a subject having that condition,

diagnosed as having that condition, or at risk of developing that condition.

[00166] As used herein "an increased likelihood" refers to at least a 1.5-fold greater likelihood of a

particular scenario, e.g. a 1.5 fold, or 2-fold, or 2.5-fold, or 3-fold, or 4-fold, or greater risk. As used herein "a

decreased likelihood" refers to at least a 80% lower likelihood of a particular scenario, e.g. a 80% lower, a

50% lower, 40% lower, 30% lower, 20% lower, 10%> lower, or lower risk.

[00167] As used herein, the term "cancer'Or "tumor" refers to an uncontrolled growth of cells which

interferes with the normal functioning of the bodily organs and systems. A subject that has a cancer or a tumor

is a subject having objectively measurable cancer cells present in the subject's body. Included in this definition

are benign and malignant cancers, as well as dormant tumors or micrometastases. Cancers which migrate from

their original location and seed vital organs can eventually lead to the death of the subject through the

functional deterioration of the affected organs.

[00168] As used herein "gene copy number" refers to the number of copies of a given gene that occur in

the genome. As used herein, "gene amplification" refers to the presence of a greater than normal gene copy

number within the cell. In some embodiments, the copies are located on the same chromosome. In some

embodiments, the copies are located on more than one chromosome. In some embodiments, gene copy

number can include partial copies of a gene, e.g. less than the full coding sequence.

[00169] As used herein, "expression level" refers to the number of mRNA molecules and/or polypeptide

molecules encoded by a given gene that are present in a cell or sample. Expression levels can be increased or

decreased relative to a reference level.

[00170] The term "agent" refers generally to any entity which is normally not present or not present at the

levels being administered to a cell, tissue or subject. An agent can be selected from a group including but not

limited to: polynucleotides; polypeptides; small molecules; and antibodies or antigen-binding fragments

thereof. A polynucleotide can be RNA or DNA, and can be single or double stranded, and can be selected

from a group including, for example, nucleic acids and nucleic acid analogues that encode a polypeptide. A

polypeptide can be, but is not limited to, a naturally-occurring polypeptide, a mutated polypeptide or a

fragment thereof that retains the function of interest. Further examples of agents include, but are not limited to

a nucleic acid aptamer, peptide-nucleic acid (PNA), locked nucleic acid (LNA), small organic or inorganic

molecules; saccharide; oligosaccharides; polysaccharides; biological macromolecules, peptidomimetics;

nucleic acid analogs and derivatives; extracts made from biological materials such as bacteria, plants, fungi, or

mammalian cells or tissues and naturally occurring or synthetic compositions. An agent can be applied to the

media, where it contacts the cell and induces its effects. Alternatively, an agent can be intracellular as a result

of introduction of a nucleic acid sequence encoding the agent into the cell and its transcription resulting in the

production of the nucleic acid and/or protein environmental stimuli within the cell. In some embodiments, the

agent is any chemical, entity or moiety, including without limitation synthetic and naturally-occurring non-

proteinaceous entities. In certain embodiments the agent is a small molecule having a chemical moiety



selected, for example, from unsubstituted or substituted alkyl, aromatic, or heterocyclyl moieties including

macrolides, leptomycins and related natural products or analogues thereof. Agents can be known to have a

desired activity and/or property, or can be selected from a library of diverse compounds. As used herein, the

term "small molecule" can refer to compounds that are "natural product-like," however, the term "small

molecule" is not limited to "natural product-like" compounds. Rather, a small molecule is typically

characterized in that it contains several carbon—carbon bonds, and has a molecular weight more than about

50, but less than about 5000 Daltons (5 kD). Preferably the small molecule has a molecular weight of less than

3 kD, still more preferably less than 2 kD, and most preferably less than 1 kD. In some cases it is preferred

that a small molecule have a molecular mass equal to or less than 700 Daltons.

[00171] As used herein the term "chemotherapeutic agent" refers to any chemical or biological agent with

therapeutic usefulness in the treatment of diseases characterized by abnormal cell growth. Such diseases

include tumors, neoplasms and cancer as well as diseases characterized by hyperplastic growth. These agents

can function to inhibit a cellular activity upon which the cancer cell depends for continued proliferation. In

some aspect of all the embodiments, a chemotherapeutic agent is a cell cycle inhibitor or a cell division

inhibitor. Categories of chemotherapeutic agents that are useful in the methods of the invention include

alkylating/alkaloid agents, antimetabolites, hormones or hormone analogs, and miscellaneous antineoplastic

drugs. Most of these agents are directly or indirectly toxic to cancer cells. In one embodiment, a

chemotherapeutic agent is a radioactive molecule. One of skill in the art can readily identify a

chemotherapeutic agent of use ( e.g. see Slapak and Kufe, Principles of Cancer Therapy, Chapter 86 in

Harrison's Principles of Internal Medicine, 14th edition; Perry et al. , Chemotherapy, Ch. 17 in Abeloff,

Clinical Oncology 2nd ed. 2000 Churchill Livingstone, Inc; Baltzer L, Berkery R (eds): Oncology Pocket

Guide to Chemotherapy, 2nd ed. St. Louis, Mosby-Year Book, 1995; Fischer D S, Knobf M F, Durivage H J

(eds): The Cancer Chemotherapy Handbook, 4th ed. St. Louis, Mosby-Year Book, 1993). In some

embodiments, the chemotherapeutic agent can be a cytotoxic chemotherapeutic. The term "cytotoxic agent" as

used herein refers to a substance that inhibits or prevents the function of cells and/or causes destruction of

cells. The term is intended to include radioactive isotopes ( e.g. At21 1, 1131, 1125, Y90, Rel86, Rel88,

Sml53, Bi212, P32 and radioactive isotopes of Lu), chemotherapeutic agents, and toxins, such as small

molecule toxins or enzymatically active toxins of bacterial, fungal, plant or animal origin, including fragments

and/or variants thereof.

[00172] As used herein, the terms "protein" and "polypeptide" are used interchangeably herein to

designate a series of amino acid residues, connected to each other by peptide bonds between the alpha-amino

and carboxy groups of adjacent residues. The terms "protein", and "polypeptide" refer to a polymer of amino

acids, including modified amino acids (e.g., phosphorylated, glycated, glycosylated, etc.) and amino acid

analogs, regardless of its size or function. "Protein" and "polypeptide" are often used in reference to relatively

large polypeptides, whereas the term "peptide" is often used in reference to small polypeptides, but usage of

these terms in the art overlaps. The terms "protein" and "polypeptide" are used interchangeably herein when



referring to a gene product and fragments thereof. Thus, exemplary polypeptides or proteins include gene

products, naturally occurring proteins, homologs, orthologs, paralogs, fragments and other equivalents,

variants, fragments, and analogs of the foregoing.

[00173] As used herein an "antibody" refers to IgG, IgM, IgA, IgD or IgE molecules or antigen-specific

antibody fragments thereof (including, but not limited to, a Fab, F(ab')2, Fv, disulphide linked Fv, scFv, single

domain antibody, closed conformation multispecific antibody, disulphide-linked scfv, diabody), whether

derived from any species that naturally produces an antibody, or created by recombinant DNA technology;

whether isolated from serum, B-cells, hybridomas, transfectomas, yeast or bacteria.

[00174] As described herein, an "antigen" is a molecule that is bound by a binding site on an antibody

agent. Typically, antigens are bound by antibody ligands and are capable of raising an antibody response in

vivo. An antigen can be a polypeptide, protein, nucleic acid or other molecule or portion thereof. The term

"antigenic determinant" refers to an epitope on the antigen recognized by an antigen-binding molecule, and

more particularly, by the antigen-binding site of said molecule.

[00175] As used herein, the term "antibody reagent" refers to a polypeptide that includes at least one

immunoglobulin variable domain or immunoglobulin variable domain sequence and which specifically binds a

given antigen. An antibody reagent can comprise an antibody or a polypeptide comprising an antigen-binding

domain of an antibody. In some embodiments, an antibody reagent can comprise a monoclonal antibody or a

polypeptide comprising an antigen-binding domain of a monoclonal antibody. For example, an antibody can

include a heavy (H) chain variable region (abbreviated herein as VH), and a light (L) chain variable region

(abbreviated herein as VL). In another example, an antibody includes two heavy (H) chain variable regions

and two light (L) chain variable regions. The term "antibody reagent" encompasses antigen-binding fragments

of antibodies (e.g., single chain antibodies, Fab and sFab fragments, F(ab')2, Fd fragments, Fv fragments,

scFv, and domain antibodies (dAb) fragments (see, e.g. de Wildt et al., Eur J . Immunol. 1996; 26(3):629-39;

which is incorporated by reference herein in its entirety)) as well as complete antibodies. An antibody can

have the structural features of IgA, IgG, IgE, IgD, IgM (as well as subtypes and combinations thereof).

Antibodies can be from any source, including mouse, rabbit, pig, rat, and primate (human and non-human

primate) and primatized antibodies. Antibodies also include midibodies, humanized antibodies, chimeric

antibodies, and the like.

[00176] The VH and VL regions can be further subdivided into regions of hypervariability, termed

"complementarity determining regions" ("CDR"), interspersed with regions that are more conserved, termed

"framework regions" ("FR"). The extent of the framework region and CDRs has been precisely defined (see,

Kabat, E. A., et al. (1991) Sequences of Proteins of Immunological Interest, Fifth Edition, U.S. Department of

Health and Human Services, NIH Publication No. 91-3242, and Chothia, C. et al. (1987) J . Mol. Biol.

196:901-917; which are incorporated by reference herein in their entireties). Each VH and VL is typically

composed of three CDRs and four FRs, arranged from amino-terminus to carboxy-terminus in the following

order: FR1, CDR1, FR2, CDR2, FR3, CDR3, FR4.



[00177] The terms "antigen-binding fragment" or "antigen-binding domain", which are used

interchangeably herein are used to refer to one or more fragments of a full length antibody that retain the

ability to specifically bind to a target of interest. Examples of binding fragments encompassed within the term

"antigen-binding fragment" of a full length antibody include (i) a Fab fragment, a monovalent fragment

consisting of the VL, VH, CL and CHI domains; (ii) a F(ab')2 fragment, a bivalent fragment including two

Fab fragments linked by a disulfide bridge at the hinge region; (iii) an Fd fragment consisting of the VH and

CHI domains; (iv) an Fv fragment consisting of the VL and VH domains of a single arm of an antibody, (v) a

dAb fragment (Ward et al., (1989) Nature 341 :544-546; which is incorporated by reference herein in its

entirety), which consists of a VH or VL domain; and (vi) an isolated complementarity determining region

(CDR) that retains specific antigen-binding functionality. As used herein, the term "specific binding" refers to

a chemical interaction between two molecules, compounds, cells and/or particles wherein the first entity binds

to the second, target entity with greater specificity and affinity than it binds to a third entity which is a non-

target. In some embodiments, specific binding can refer to an affinity of the first entity for the second target

entity which is at least 10 times, at least 50 times, at least 100 times, at least 500 times, at least 1000 times or

greater than the affinity for the third nontarget entity.

[00178] Additionally, and as described herein, a recombinant humanized antibody can be further

optimized to decrease potential immunogenicity, while maintaining functional activity, for therapy in humans.

In this regard, functional activity means a polypeptide capable of displaying one or more known functional

activities associated with a recombinant antibody or antibody reagent thereof as described herein. Such

functional activities include, e.g. the ability to bind to KDM4A.

[00179] As used herein, the term "nucleic acid" or "nucleic acid sequence" refers to any molecule,

preferably a polymeric molecule, incorporating units of ribonucleic acid, deoxyribonucleic acid or an analog

thereof. The nucleic acid can be either single-stranded or double-stranded. A single-stranded nucleic acid can

be one nucleic acid strand of a denatured double- stranded DNA. Alternatively, it can be a single-stranded

nucleic acid not derived from any double-stranded DNA. In one aspect, the nucleic acid can be DNA. In

another aspect, the nucleic acid can be RNA. Suitable nucleic acid molecules are DNA, including genomic

DNA or cDNA. Other suitable nucleic acid molecules are RNA, including niRNA.

[00180] Aptamers are short synthetic single-stranded oligonucleotides that specifically bind to various

molecular targets such as small molecules, proteins, nucleic acids, and even cells and tissues. These small

nucleic acid molecules can form secondary and tertiary structures capable of specifically binding proteins or

other cellular targets, and are essentially a chemical equivalent of antibodies. Aptamers are highly specific,

relatively small in size, and non-immunogenic. Aptamers are generally selected from a biopanning method

known as SELEX (Systematic Evolution of Ligands by Exponential enrichment) (Ellington et al. Nature.

1990;346(6287):818-822; Tuerk et al., Science. 1990;249(4968):505-510; Ni et al., Curr Med Chem.

201 1;18(27):4206-14; which are incorporated by reference herein in their entireties). Methods of generating an

apatmer for any given target are well known in the art. Preclinical studies using, e.g. aptamer-siRNA chimeras



and aptamer targeted nanoparticle therapeutics have been very successful in mouse models of cancer and HIV

(Ni et al., Curr Med Chem. 2011;18(27):4206-14).

[00181] Inhibitors of the expression of a given gene can be an inhibitory nucleic acid. In some

embodiments, the inhibitory nucleic acid is an inhibitory RNA (iRNA). Double-stranded RNA molecules

(dsRNA) have been shown to block gene expression in a highly conserved regulatory mechanism known as

RNA interference (RNAi). The inhibitory nucleic acids described herein can include an RNA strand (the

antisense strand) having a region which is 30 nucleotides or less in length, i.e., 15-30 nucleotides in length,

generally 19-24 nucleotides in length, which region is substantially complementary to at least part the targeted

rriRNA transcript. The use of these iRNAs enables the targeted degradation of mRNA transcripts, resulting in

decreased expression and/or activity of the target.

[00182] As used herein, the term "iRNA" refers to an agent that contains RNA as that term is defined

herein, and which mediates the targeted cleavage of an RNA transcript via an RNA-induced silencing complex

(RISC) pathway. In one embodiment, an iRNA as described herein effects inhibition of the expression and/or

activity of KDM4A. In certain embodiments, contacting a cell with the inhibitor (e.g. an iRNA) results in a

decrease in the target mRNA level in a cell by at least about 5%, about 10%, about 20%, about 30%, about

40%, about 50%, about 60%, about 70%, about 80%, about 90%, about 95%, about 99%, up to and including

100% of the target mRNA level found in the cell without the presence of the iRNA.

[00183] In some embodiments, the iRNA can be a dsRNA. A dsRNA includes two RNA strands that are

sufficiently complementary to hybridize to form a duplex structure under conditions in which the dsRNA will

be used. One strand of a dsRNA (the antisense strand) includes a region of complementarity that is

substantially complementary, and generally fully complementary, to a target sequence. The target sequence

can be derived from the sequence of an mRNA formed during the expression of the target. The other strand

(the sense strand) includes a region that is complementary to the antisense strand, such that the two strands

hybridize and form a duplex structure when combined under suitable conditions. Generally, the duplex

structure is between 15 and 30 inclusive, more generally between 18 and 25 inclusive, yet more generally

between 19 and 24 inclusive, and most generally between 19 and 2 1 base pairs in length, inclusive. Similarly,

the region of complementarity to the target sequence is between 15 and 30 inclusive, more generally between

18 and 25 inclusive, yet more generally between 19 and 24 inclusive, and most generally between 19 and 2 1

nucleotides in length, inclusive. In some embodiments, the dsRNA is between 15 and 20 nucleotides in

length, inclusive, and in other embodiments, the dsRNA is between 25 and 30 nucleotides in length, inclusive.

As the ordinarily skilled person will recognize, the targeted region of an RNA targeted for cleavage will most

often be part of a larger RNA molecule, often an mRNA molecule. Where relevant, a "part" of an mRNA

target is a contiguous sequence of an mRNA target of sufficient length to be a substrate for RNAi-directed

cleavage (i.e., cleavage through a RISC pathway). dsRNAs having duplexes as short as 9 base pairs can,

under some circumstances, mediate RNAi-directed RNA cleavage. Most often a target will be at least 15

nucleotides in length, preferably 15-30 nucleotides in length.



[00184] In yet another embodiment, the RNA of an iRNA, e.g., a dsRNA, is chemically modified to

enhance stability or other beneficial characteristics. The nucleic acids featured in the invention may be

synthesized and/or modified by methods well established in the art, such as those described in "Current

protocols in nucleic acid chemistry," Beaucage, S.L. et al. (Edrs.), John Wiley & Sons, Inc., New York, NY,

USA, which is hereby incorporated herein by reference. Modifications include, for example, (a) end

modifications, e.g., 5' end modifications (phosphorylation, conjugation, inverted linkages, etc.) 3' end

modifications (conjugation, DNA nucleotides, inverted linkages, etc.), (b) base modifications, e.g.,

replacement with stabilizing bases, destabilizing bases, or bases that base pair with an expanded repertoire of

partners, removal of bases (abasic nucleotides), or conjugated bases, (c) sugar modifications (e.g., at the 2'

position or 4' position) or replacement of the sugar, as well as (d) backbone modifications, including

modification or replacement of the phosphodiester linkages. Specific examples of RNA compounds useful in

the embodiments described herein include, but are not limited to RNAs containing modified backbones or no

natural internucleoside linkages. RNAs having modified backbones include, among others, those that do not

have a phosphorus atom in the backbone. For the purposes of this specification, and as sometimes referenced

in the art, modified RNAs that do not have a phosphorus atom in their internucleoside backbone can also be

considered to be oligonucleosides. In particular embodiments, the modified RNA will have a phosphorus

atom in its internucleoside backbone.

[00185] Modified RNA backbones can include, for example, phosphorothioates, chiral phosphorothioates,

phosphorodithioates, phosphotriesters, aminoalkylphosphotriesters, methyl and other alkyl phosphonates

including 3'-alkylene phosphonates and chiral phosphonates, phosphinates, phosphoramidates including 3'-

amino phosphoramidate and aminoalkylphosphoramidates, thionophosphoramidates,

thionoalkylphosphonates, thionoalkylphosphotriesters, and boranophosphates having normal 3'-5' linkages, 2'-

5' linked analogs of these, and those) having inverted polarity wherein the adjacent pairs of nucleoside units

are linked 3'-5' to 5'-3' or 2'-5' to 5'-2'. Various salts, mixed salts and free acid forms are also included.

Representative U.S. patents that teach the preparation of the above phosphorus-containing linkages include,

but are not limited to, U.S. Pat. Nos. 3,687,808; 4,469,863; 4,476,301; 5,023,243; 5,177,195; 5,188,897;

5,264,423; 5,276,019 5,278,302 5,286,717 5,321,131; 5,399,676; 5,405,939; 5,453,496; 5,455,233;

5,466,677; 5,476,925. 5,519,126 5,536,821 5,541,316; 5,550,111; 5,563,253; 5,571,799; 5,587,361;

5,625,050; 6,028,188. 6,124,445 6,160,109 6,169,170; 6,172,209; 6, 239,265; 6,277,603; 6,326,199;

6,346,614; 6,444,423 6,531,590 6,534,639 6,608,035; 6,683,167; 6,858,715; 6,867,294; 6,878,805;

7,015,315; 7,041,816 7,273,933 7,321,029 and US Pat RE39464, each of which is herein incorporated by

reference

[00186] Modified RNA backbones that do not include a phosphorus atom therein have backbones that are

formed by short chain alkyl or cycloalkyl internucleoside linkages, mixed heteroatoms and alkyl or cycloalkyl

internucleoside linkages, or one or more short chain heteroatomic or heterocyclic internucleoside linkages.

These include those having morpholino linkages (formed in part from the sugar portion of a nucleoside);



siloxane backbones; sulfide, sulfoxide and sulfone backbones; formacetyl and thioformacetyl backbones;

methylene formacetyl and thioformacetyl backbones; alkene containing backbones; sulfamate backbones;

methyleneimino and methylenehydrazino backbones; sulfonate and sulfonamide backbones; amide backbones;

and others having mixed N, O, S and CH component parts. Representative U.S. patents that teach the

preparation of the above oligonucleosides include, but are not limited to, U.S. Pat. Nos. 5,034,506; 5,166,3 15;

5,1 85,444; 5,214,1 34; 5,216, 141 ; 5,235,033; 5,64,562; 5,264,564; 5,405,938; 5,434,257; 5,466,677;

5,470,967; 5,489,677; 5,541 ,307; 5,561 ,225; 5,596,086; 5,602,240; 5,608,046; 5,61 0,289; 5,61 8,704;

5,623,070; 5,663,3 12; 5,633,360; 5,677,437; and, 5,677,439, each of which is herein incorporated by

reference.

[00187] In other RNA mimetics suitable or contemplated for use in iRNAs, both the sugar and the

internucleoside linkage, i.e., the backbone, of the nucleotide units are replaced with novel groups. The base

units are maintained for hybridization with an appropriate nucleic acid target compound. One such oligomeric

compound, an RNA mimetic that has been shown to have excellent hybridization properties, is referred to as a

peptide nucleic acid (PNA). In PNA compounds, the sugar backbone of an RNA is replaced with an amide

containing backbone, in particular an aminoethylglycine backbone. The nucleobases are retained and are

bound directly or indirectly to aza nitrogen atoms of the amide portion of the backbone. Representative U.S.

patents that teach the preparation of PNA compounds include, but are not limited to, U.S. Pat. Nos. 5,539,082;

5,714,33 1; and 5,71 9,262, each of which is herein incorporated by reference. Further teaching of PNA

compounds can be found, for example, in Nielsen et al., Science, 1991 , 254, 1497-1 500.

[00188] Some embodiments featured in the invention include RNAs with phosphorothioate backbones and

oligonucleosides with heteroatom backbones, and in particular --CH2--NH--CH2--, -CH -N(CH 3)-0-CH -

[known as a methylene (methylimino) or MMI backbone], --CH2--0--N(CH 3)--CH2--, -CH 2-N(CH 3)-

N(CH 3)-CH - and -N(CH 3)-CH -CH - [wherein the native phosphodiester backbone is represented as -O-

-P-0-CH - ] of the above-referenced U.S. Pat. No. 5,489,677, and the amide backbones of the above-

referenced U.S. Pat. No. 5,602,240. In some embodiments, the RNAs featured herein have morpholino

backbone structures of the above-referenced U.S. Pat. No. 5,034,506.

[00189] Modified RNAs can also contain one or more substituted sugar moieties. The iRNAs, e.g.,

dsRNAs, featured herein can include one of the following at the 2' position: OH; F; 0-, S-, or N-alkyl; 0-, S-,

or N-alkenyl; 0-, S- or N-alkynyl; or O-alkyl-O-alkyl, wherein the alkyl, alkenyl and alkynyl may be

substituted or unsubstituted Ci to Cio alkyl or C2 to Cio alkenyl and alkynyl. Exemplary suitable modifications

include 0[(CH 2) O] mCH3, 0(CH 2) . OCH3, 0(CH 2) NH2, 0(CH 2) CH3, 0(CH 2) ONH2, and

0(CH 2) ON[(CH2) CH3)]2, where n and m are from 1 to about 10. In other embodiments, dsRNAs include

one of the following at the 2' position: Ci to Cio lower alkyl, substituted lower alkyl, alkaryl, aralkyl, O-alkaryl

or O-aralkyl, SH, SCH3, OCN, CI, Br, CN, CF3, OCF3, SOCH3, S0 2CH3, ON0 2, N0 2, N3, NH ,

heterocycloalkyl, heterocycloalkaryl, aminoalkylamino, polyalkylamino, substituted silyl, an RNA cleaving

group, a reporter group, an intercalator, a group for improving the pharmacokinetic properties of an iRNA, or



a group for improving the pharmacodynamic properties of an iRNA, and other substituents having similar

properties. In some embodiments, the modification includes a 2'-methoxyethoxy (2'-0—CH2CH2OCH3, also

known as 2'-0-(2-methoxyethyl) or 2'-MOE) (Martin et al, Helv. Chim. Acta, 1995, 78:486-504) i.e., an

alkoxy-alkoxy group. Another exemplary modification is 2'-dimethylaminooxyethoxy, i.e., a

0(CH 2)20N(CH 3)2 group, also known as 2'-DMAOE, as described in examples herein below, and 2'-

dimethylaminoethoxyethoxy (also known in the art as 2'-0-dimethylaminoethoxyethyl or 2'-DMAEOE), i.e.,

2'-0--CH2--0--CH 2--N(CH2)2, also described in examples herein below.

[00190] Other modifications include 2'-methoxy (2'-OCH3), 2'-aminopropoxy (2'-OCH2CH2CH2 H2) and

2'-fluoro (2'-F). Similar modifications can also be made at other positions on the RNA of an iRNA,

particularly the 3' position of the sugar on the 3' terminal nucleotide or in 2'-5' linked dsRNAs and the 5'

position of 5' terminal nucleotide. iRNAs may also have sugar mimetics such as cyclobutyl moieties in place

of the pentofuranosyl sugar. Representative U.S. patents that teach the preparation of such modified sugar

structures include, but are not limited to, U.S. Pat. Nos. 4,981,957; 5,118,800; 5,319,080; 5,359,044;

5,393,878; 5,446,137; 5,466,786; 5,514,785; 5,519,134; 5,567,811; 5,576,427; 5,591,722; 5,597,909;

5,610,300; 5,627,053; 5,639,873; 5,646,265; 5,658,873; 5,670,633; and 5,700,920, certain of which are

commonly owned with the instant application, and each of which is herein incorporated by reference.

[00191] An iRNA can also include nucleobase (often referred to in the art simply as "base") modifications

or substitutions. As used herein, "unmodified" or "natural" nucleobases include the purine bases adenine (A)

and guanine (G), and the pyrimidine bases thymine (T), cytosine (C) and uracil (U). Modified nucleobases

include other synthetic and natural nucleobases such as 5-methylcytosine (5-me-C), 5-hydroxymethyl

cytosine, xanthine, hypoxanthine, 2-aminoadenine, 6-methyl and other alkyl derivatives of adenine and

guanine, 2-propyl and other alkyl derivatives of adenine and guanine, 2-thiouracil, 2-thiothymine and 2-

thiocytosine, 5-halouracil and cytosine, 5-propynyl uracil and cytosine, 6-azo uracil, cytosine and thymine, 5-

uracil (pseudouracil), 4-thiouracil, 8-halo, 8-amino, 8-thiol, 8-thioalkyl, 8-hydroxyl anal other 8-substituted

adenines and guanines, 5-halo, particularly 5-bromo, 5-trifluoromethyl and other 5-substituted uracils and

cytosines, 7-methylguanine and 7-methyladenine, 8-azaguanine and 8-azaadenine, 7-deazaguanine and 7-

daazaadenine and 3-deazaguanine and 3-deazaadenine. Further nucleobases include those disclosed in U.S.

Pat. No. 3,687,808, those disclosed in Modified Nucleosides in Biochemistry, Biotechnology and Medicine,

Herdewijn, P. ed. Wiley-VCH, 2008; those disclosed in The Concise Encyclopedia Of Polymer Science And

Engineering, pages 858-859, Kroschwitz, J . L, ed. John Wiley & Sons, 1990, these disclosed by Englisch et

al., Angewandte Chemie, International Edition, 1991, 30, 613, and those disclosed by Sanghvi, Y S., Chapter

15, dsRNA Research and Applications, pages 289-302, Crooke, S. T. and Lebleu, B., Ed., CRC Press, 1993.

Certain of these nucleobases are particularly useful for increasing the binding affinity of the oligomeric

compounds featured in the invention. These include 5-substituted pyrimidines, 6-azapyrimidines and N-2, N-6

and 0-6 substituted purines, including 2-aminopropyladenine, 5-propynyluracil and 5-propynylcytosine. 5-

methylcytosine substitutions have been shown to increase nucleic acid duplex stability by 0.6-1.2°C (Sanghvi,



Y. S., Crooke, S. T. and Lebleu, B., Eds., dsRNA Research and Applications, CRC Press, Boca Raton, 1993,

pp. 276-278) and are exemplary base substitutions, even more particularly when combined with 2'-0-

methoxyethyl sugar modifications.

[00192] Representative U.S. patents that teach the preparation of certain of the above noted modified

nucleobases as well as other modified nucleobases include, but are not limited to, the above noted U.S. Pat.

No. 3,687,808, as well as U.S. Pat. Nos. 4,845,205; 5,130,30; 5,134,066; 5,175,273; 5,367,066; 5,432,272;

5,457,187; 5,459,255; 5,484,908; 5,502,177; 5,525,711; 5,552,540; 5,587,469; 5,594,121, 5,596,091;

5,614,617; 5,681,941; 6,015,886; 6,147,200; 6,166,197; 6,222,025; 6,235,887; 6,380,368; 6,528,640;

6,639,062; 6,617,438; 7,045,610; 7,427,672; and 7,495,088, each of which is herein incorporated by reference,

and U.S. Pat. No. 5,750,692, also herein incorporated by reference.

[00193] The RNA of an iRNA can also be modified to include one or more locked nucleic acids (LNA). A

locked nucleic acid is a nucleotide having a modified ribose moiety in which the ribose moiety comprises an

extra bridge connecting the 2' and 4' carbons. This structure effectively "locks" the ribose in the 3'-endo

structural conformation. The addition of locked nucleic acids to siRNAs has been shown to increase siRNA

stability in serum, and to reduce off-target effects (Elmen, J . et al., (2005) Nucleic Acids Research 33(1):439-

447; Mook, OR. et al., (2007) Mol Cane Ther 6(3):833-843; Grunweller, A. et al., (2003) Nucleic Acids

Research 31(12):3185-3193). Representative U.S. Patents that teach the preparation of locked nucleic acid

nucleotides include, but are not limited to, the following: U.S. Pat. Nos. 6,268,490; 6,670,461; 6,794,499;

6,998,484; 7,053,207; 7,084,125; and 7,399,845, each of which is herein incorporated by reference in its

entirety.

[00194] Another modification of the RNA of an iRNA featured in the invention involves chemically

linking to the RNA one or more ligands, moieties or conjugates that enhance the activity, cellular distribution,

pharmacokinetic properties, or cellular uptake of the iRNA. Such moieties include but are not limited to lipid

moieties such as a cholesterol moiety (Letsinger et al., Proc. Natl. Acid. Sci. USA, 1989, 86: 6553-6556),

cholic acid (Manoharan et al, Biorg. Med. Chem. Let., 1994, 4:1053-1060), athioether, e.g., beryl-S-

tritylthiol (Manoharan et al, Ann. N.Y. Acad. Sci., 1992, 660:306-309; Manoharan et al, Biorg. Med. Chem.

Let, 1993, 3:2765-2770), a thiocholesterol (Oberhauser et al, Nucl. Acids Res., 1992, 20:533-538), an

aliphatic chain, e.g., dodecandiol or undecyl residues (Saison-Behmoaras et al, EMBO J, 1991, 10:1 111-

1118; Kabanov et al, FEBS Lett, 1990, 259:327-330; Svinarchuk et al, Biochimie, 1993, 75:49-54), a

phospholipid, e.g., di-hexadecyl-rac-glycerol or triethyl-ammonium l,2-di-0-hexadecyl-rac-glycero-3-

phosphonate (Manoharan et al, Tetrahedron Lett., 1995, 36:3651-3654; Shea et al, Nucl. Acids Res., 1990,

18:3777-3783), a polyamine or a polyethylene glycol chain (Manoharan et al, Nucleosides & Nucleotides,

1995, 14:969-973), or adamantane acetic acid (Manoharan et al, Tetrahedron Lett., 1995, 36:3651-3654), a

palmityl moiety (Mishra et al, Biochim. Biophys. Acta, 1995, 1264:229-237), or an octadecylamine or

hexylamino-carbonyloxycholesterol moiety (Crooke et al, J . Pharmacol. Exp. Ther., 1996, 277:923-937).



[00195] As used herein, the terms "treat," "treatment," "treating," or "amelioration" refer to therapeutic

treatments, wherein the object is to reverse, alleviate, ameliorate, inhibit, slow down or stop the progression or

severity of a condition associated with a disease or disorder, e.g. cancer. The term "treating" includes reducing

or alleviating at least one adverse effect or symptom of a condition, disease or disorder associated with a

cancer. Treatment is generally "effective" if one or more symptoms or clinical markers are reduced.

Alternatively, treatment is "effective" if the progression of a disease is reduced or halted. That is, "treatment"

includes not just the improvement of symptoms or markers, but also a cessation of, or at least slowing of,

progress or worsening of symptoms compared to what would be expected in the absence of treatment.

Beneficial or desired clinical results include, but are not limited to, alleviation of one or more symptom(s),

diminishment of extent of disease, stabilized (i.e., not worsening) state of disease, delay or slowing of disease

progression, amelioration or palliation of the disease state, remission (whether partial or total), and/or

decreased mortality, whether detectable or undetectable. The term "treatment" of a disease also includes

providing relief from the symptoms or side-effects of the disease (including palliative treatment).

[00196] As used herein, the term "pharmaceutical composition" refers to the active agent in combination

with a pharmaceutically acceptable carrier e.g. a carrier commonly used in the pharmaceutical industry. The

phrase "pharmaceutically acceptable" is employed herein to refer to those compounds, materials,

compositions, and/or dosage forms which are, within the scope of sound medical judgment, suitable for use in

contact with the tissues of human beings and animals without excessive toxicity, irritation, allergic response,

or other problem or complication, commensurate with a reasonable benefit/risk ratio.

[00197] As used herein, the term "administering," refers to the placement of a compound as disclosed

herein into a subject by a method or route which results in at least partial delivery of the agent at a desired site.

Pharmaceutical compositions comprising the compounds disclosed herein can be administered by any

appropriate route which results in an effective treatment in the subject.

[00198] The term "statistically significant" or "significantly" refers to statistical significance and generally

means a two standard deviation (2SD) or greater difference. In some embodiments, statistically significant

can refer to P < to 0.05 by two-tailed student's T-test, e.g. in the experimental data presented in the Examples

herein.

[00199] Other than in the operating examples, or where otherwise indicated, all numbers expressing

quantities of ingredients or reaction conditions used herein should be understood as modified in all instances

by the term "about." The term "about" when used in connection with percentages can mean ±1%.

[00200] As used herein the term "comprising" or "comprises" is used in reference to compositions,

methods, and respective component(s) thereof, that are essential to the method or composition, yet open to the

inclusion of unspecified elements, whether essential or not.

[00201] The term "consisting of refers to compositions, methods, and respective components thereof as

described herein, which are exclusive of any element not recited in that description of the embodiment.



[00202] As used herein the term "consisting essentially of refers to those elements required for a given

embodiment. The term permits the presence of elements that do not materially affect the basic and novel or

functional characteristic(s) of that embodiment.

[00203] The singular terms "a," "an," and "the" include plural referents unless context clearly indicates

otherwise. Similarly, the word "or" is intended to include "and" unless the context clearly indicates otherwise.

Although methods and materials similar or equivalent to those described herein can be used in the practice or

testing of this disclosure, suitable methods and materials are described below. The abbreviation, "e.g." is

derived from the Latin exempli gratia, and is used herein to indicate a non-limiting example. Thus, the

abbreviation "e.g." is synonymous with the term "for example."

[00204] Definitions of common terms in cell biology and molecular biology can be found in "The Merck

Manual of Diagnosis and Therapy", 19th Edition, published by Merck Research Laboratories, 2006 (ISBN 0-

911910-19-0); Robert S. Porter et al. (eds.), The Encyclopedia of Molecular Biology, published by Blackwell

Science Ltd., 1994 (ISBN 0-632-02182-9); Immunology by Werner Luttmann, published by Elsevier, 2006;

Benjamin Lewin, Genes X, published by Jones & Bartlett Publishing, 2009 (ISBN- 10: 0763766321); Kendrew

et al. (eds.), , Molecular Biology and Biotechnology: a Comprehensive Desk Reference, published by VCH

Publishers, Inc., 1995 (ISBN 1-56081-569-8) and Current Protocols in Protein Sciences 2009, Wiley

Intersciences, Coligan et al., eds.

[00205] Unless otherwise stated, the present invention was performed using standard procedures, as

described, for example in Sambrook et al., Molecular Cloning: A Laboratory Manual (3 ed.), Cold Spring

Harbor Laboratory Press, Cold Spring Harbor, N.Y., USA (2001); Davis et al., Basic Methods in Molecular

Biology, Elsevier Science Publishing, Inc., New York, USA (1995); Current Protocols in Protein Science

(CPPS) (John E. Coligan, et. al., ed., John Wiley and Sons, Inc.), Current Protocols in Cell Biology (CPCB)

(Juan S. Bonifacino et. al. ed., John Wiley and Sons, Inc.), and Culture of Animal Cells: A Manual of Basic

Technique by R. Ian Freshney, Publisher: Wiley-Liss; 5th edition (2005), Animal Cell Culture Methods

(Methods in Cell Biology, Vol. 57, Jennie P. Mather and David Barnes editors, Academic Press, 1st edition,

1998) which are all incorporated by reference herein in their entireties.

[00206] Other terms are defined herein within the description of the various aspects of the invention.

[00207] All patents and other publications; including literature references, issued patents, published patent

applications, and co-pending patent applications; cited throughout this application are expressly incorporated

herein by reference for the purpose of describing and disclosing, for example, the methodologies described in

such publications that might be used in connection with the technology described herein. These publications

are provided solely for their disclosure prior to the filing date of the present application. Nothing in this regard

should be construed as an admission that the inventors are not entitled to antedate such disclosure by virtue of

prior invention or for any other reason. All statements as to the date or representation as to the contents of

these documents is based on the information available to the applicants and does not constitute any admission

as to the correctness of the dates or contents of these documents.



[00208] The description of embodiments of the disclosure is not intended to be exhaustive or to limit the

disclosure to the precise form disclosed. While specific embodiments of, and examples for, the disclosure are

described herein for illustrative purposes, various equivalent modifications are possible within the scope of the

disclosure, as those skilled in the relevant art will recognize. For example, while method steps or functions

are presented in a given order, alternative embodiments may perform functions in a different order, or

functions may be performed substantially concurrently. The teachings of the disclosure provided herein can

be applied to other procedures or methods as appropriate. The various embodiments described herein can be

combined to provide further embodiments. Aspects of the disclosure can be modified, if necessary, to employ

the compositions, functions and concepts of the above references and application to provide yet further

embodiments of the disclosure. Moreover, due to biological functional equivalency considerations, some

changes can be made in protein structure without affecting the biological or chemical action in kind or

amount. These and other changes can be made to the disclosure in light of the detailed description. All such

modifications are intended to be included within the scope of the appended claims.

[00209] Specific elements of any of the foregoing embodiments can be combined or substituted for

elements in other embodiments. Furthermore, while advantages associated with certain embodiments of the

disclosure have been described in the context of these embodiments, other embodiments may also exhibit such

advantages, and not all embodiments need necessarily exhibit such advantages to fall within the scope of the

disclosure.

[00210] The technology described herein is further illustrated by the following examples which in no way

should be construed as being further limiting.

[00211] Some embodiments of the technology described herein can be defined according to any of

the following numbered paragraphs:

1. A method of treating cancer, the method comprising:

administering an S-phase chemotherapeutic to the subject when the subject is:

determined to have a level of KDM4A gene expression which is not higher than a reference

level;

determined not to have KDM4A gene amplification; or

determined not to have a hypoxic tumor; and

not administering an S-phase chemotherapeutic to the subject when the subject is:

determined to have a level of KDM4A gene expression which is higher than a reference

level;

determined to have KDM4A gene amplification; or

determined to have a hypoxic tumor.

2. The method of paragraph 1, wherein the S-phase chemotherapeutic is selected from the group

consisting of:



cisplatin; 5-flurouracil; 6-mercaptopurine; capecitabine; cladribine; clorfarabine; cytarabine;

doxorubicin; fludarabine; floxuridine; gemcitabine; hydroxyurea; methotrexate; pemetrexed;

pentostatin; prednisone; procarbazine; and thioguanine.

A method of treating cancer, the method comprising:

administering a chemotherapeutic selected from the group consisting of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors;

and not administering a chemotherapeutic selected from the group consisting of:

EGFR inhibitors; ErbB2 inhibitors; transcription inhibitors; and MEK1/2 inhibitors;

to a subject determined to have a KDM4A dampening mutation or determined to have a

hypoxic tumor.

The method of paragraph 3, wherein the KDM4A dampening mutation is present in the tumor but not

the non-tumor cells of the subject.

A method of treating cancer, the method comprising:

administering a reduced dose of a chemotherapeutic agent selected from the group consisting

of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors,

to a subject determined to have a KDM4A dampening mutation in non-tumor cells.

The method of any of paragraphs 3-5, wherein the KDM4A dampening mutation is a mutation that

decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A

that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide.

The method of any of paragraphs 3-6, wherein the KDM4A dampening mutation comprises a

mutation of KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

The method of any of paragraphs 3-6, wherein the KDM4A dampening mutation comprises a

mutation selected from Table 7.

The method of any of paragraphs 3-6, wherein the KDM4A dampening mutation comprises a

mutation of IDH resulting in increased 2-HG production.



The method of any of paragraphs 3-6 wherein the KDM4A dampening mutation comprises a loss of

the kdm4a allele.

The method of paragraph 10, wherein the mutation is present in a cancer selected from the group

consisting of:

chondrosarcoma; glioblastoma multiforme (GBM); and acute myeloid leukemia (AML).

The method of any of paragraphs 3-6, wherein the KDM4A dampening mutation comprises a

mutation of SDH resulting in increased levels of succinate or a histone mutation.

The method of any of paragraphs 3-12, wherein the presence of the mutation is determined using an

assay selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

The method of any of paragraphs 3-13, wherein the mutation is present in the genomic DNA of the

tumor cell.

The method of any of paragraphs 3-13, wherein the mutation is present in the mRNA transcripts of the

tumor cell.

The method of any of paragraphs 3-15, wherein the subject is determined to be homozygous for the

KDM4A dampening mutation.

The method of any of paragraphs 1-16, wherein the tumor is determined to be hypoxic if a hypoxia

marker selected from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of CAIX;

increased expression of CKS1B; increased expression of MCL-1; increased expression of a gene

selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.

A method of treating cancer, the method comprising;

administering an inhibitor of KDM4A; and

administering a chemotherapeutic agent selected from the group consisting of:

S-phase chemotherapeutics; mTOR inhibitors; protein synthesis inhibitors; Braf

inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;

PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC

inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3

inhibitors; and VEGFR inhibitors.

The method of paragraph 18, wherein the inhibitor of KDM4A is selected from the group consisting

of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.



The method of any of paragraphs 18-19, further comprising administering an ubiquitination inhibitor

or proteasomal inhibitor.

The method of any of paragraphs 18-20, wherein the subject is determined to have a hypoxic tumor.

The method of any of paragraph 21, wherein the tumor is determined to be hypoxic if a hypoxia

marker selected from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of

CAIX; increased expression of CKS1B; increased expression of MCL-1; increased expression

of a gene selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.

The method of any of paragraphs 1-22, further comprising the step of generating a report based on the

detection of a KDM4A dampening mutation.

A method of treating cancer, the method comprising administering an agonist of KDM4A to a subject

selected from the group consisting of:

a subject determined to have a level of KDM4A gene expression which is higher than a

reference level; a subject determined to have KDM4A gene amplification; and a subject

determined to have a hypoxic tumor.

The method of any of paragraph 24, wherein the tumor is determined to be hypoxic if a hypoxia

marker selected from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of

CAIX; increased expression of CKS1B; increased expression of MCL-1; increased expression

of a gene selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.

The method of any of paragraphs 1-25, wherein the cancer is selected from the group consisting of:

ovarian cancer; non-small cell lung cancer; multiple myeloma; breast cancer; pancreatic

cancer; head and neck cancer; lung cancer; adenocarcinoma; lung adenocarcinoma; lung

squamous cell carcinoma; renal cancer; stomach cancer; melanoma; colorectal cancer; AML;

and uterine and endometrial cancer.

An assay for determining the likelihood of a subject experiencing a positive outcome following

treatment for cancer, the assay comprising:

determining the level or mutational status of KDM4A; KDM4C; or KDM4D in a tumor cell

sample obtained from the subject;

wherein the subject has a decreased likelihood of experiencing a positive outcome following

treatment for cancer if:

a. the subject is determined to have a deletion or decreased level of expression of

KDM4C as compared to a reference level;



b. the subject is determined to have a deletion, amplification, or increased or decreased

level of KDM4D, KDM4C, KDM4E, or KDM4B as compared to a reference level;

c. the subject is determined to have an amplification or increased level of expression of

KDM4A as compared to a reference level;

d. the subject is determined to have a KDM4A dampening mutation;

e. the subject is determined to have a mutation of a KDM4 family member selected from

any of Tables 2-6.

The assay of paragraph 27, wherein the subject determined to have an amplification or increased level

of expression of KDM4A as compared to a reference level is a subject having ovarian cancer.

The assay of paragraph 27, wherein the subject determined to have a KDM4A dampening mutation is

a subject having non-small cell lung cancer.

A method of treating graft versus host disease, the method comprising;

administering an inhibitor of KDM4A; and

administering an mTOR inhibitor.

A method of treating graft versus host disease in a subject in need of treatment therof, the method

comprising;

administering an inhibitor of KDM4A to a subject determined to have a KDM4A dampening

mutation.

A method of treating graft versus host disease in a subject in need of treatment therof, the method

comprising;

selecting a subject with a KDM4A dampening mutation; and

administering an inhibitor of KDM4A.

The method of any of paragraphs 30-32, wherein the mTOR inhibitor is rapamycin.

The method of any of paragraphs 30-33, wherein the inhibitor of KDM4A is selected from the group

consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

The method of any of paragraphs 30-34, further comprising administering an ubiquitination inhibitor

or proteasomal inhibitor.

The method of any of paragraphs 31-35, wherein the KDM4A dampening mutation is a mutation that

decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A

that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide.

The method of any of paragraphs 31-36, wherein the KDM4A dampening mutation comprises a

mutation of KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;



R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

The method of any of paragraphs 31-36, wherein the KDM4A dampening mutation comprises a

mutation selected from Table 7.

The method of any of paragraphs 31-36, wherein the KDM4A dampening mutation comprises a

mutation of IDH resulting in increased 2-HG production.

The method or assay of any of paragraphs 31-36, wherein the KDM4A dampening mutation

comprises a loss of the kdm4a allele.

The method or assay of any of paragraphs 31-36, wherein the KDM4A dampening mutation

comprises a mutation of SDH resulting in increased levels of succinate or a histone mutation.

The method or assay of any of paragraphs 31-41, wherein the presence of the mutation is determined

using an assay selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

The method or assay of any of paragraphs 31-42, wherein the mutation is present in the genomic

DNA.

The method or assay of any of paragraphs 31-43, wherein the mutation is present in the niRNA

transcripts.

The method or assay of any of paragraphs 34-44, wherein the subject is determined to be homozygous

for the KDM4A dampening mutation.

The use of an S-phase chemotherapeutic, comprising administering an S-phase chemotherapeutic to a

subject in need of treatment for cancer when the subject is:

determined to have a level of KDM4A gene expression which is not higher than a reference

level; determined not to have KDM4A gene amplification; or determined not to have a

hypoxic tumor; and

not administering an S-phase chemotherapeutic to a subject in need of treatment for cancer when the

subject is:

determined to have a level of KDM4A gene expression which is higher than a reference

level; determined to have KDM4A gene amplification; or determined to have a hypoxic

tumor.

The use of paragraph 46, wherein the tumor is determined to be hypoxic if a hypoxia marker selected

from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of

CAIX; increased expression of CKS1B; increased expression of MCL-1; increased expression

of a gene selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.



The use of any of paragraphs 46-47, wherein the S-phase chemotherapeutic is selected from the group

consisting of:

cisplatin; 5-flurouracil; 6-mercaptopurine; capecitabine; cladribine; clorfarabine; cytarabine;

doxorubicin; fludarabine; floxuridine; gemcitabine; hydroxyurea; methotrexate; pemetrexed;

pentostatin; prednisone; procarbazine; and thioguanine.

The use of a chemotherapeutic agent, comprising administering a chemotherapeutic selected from the

group consisting of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors;

and not administering a chemotherapeutic selected from the group consisting of:

EGFR inhibitors; ErbB2 inhibitors; transcription inhibitors; and MEK1/2 inhibitors;

to a subject in need of treatment for cancer and determined to have a KDM4A dampening

mutation or determined to have a hypoxic tumor.

The use of paragraph 49, wherein the KDM4A dampening mutation is present in the tumor but not the

non-tumor cells of the subject.

The use of a chemotherapeutic agent, comprising administering a reduced dose of a chemotherapeutic

agent selected from the group consisting of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors,

to a subject in need of treatment for cancer and determined to have a KDM4A dampening

mutation in non-tumor cells.

The use of any of paragraphs 49-51, wherein the KDM4A dampening mutation is a mutation that

decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A

that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide.

The use of any of paragraphs 49-52, wherein the KDM4A dampening mutation comprises a mutation

of KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

The use of any of paragraphs 49-52, wherein the KDM4A dampening mutation comprises a mutation

selected from Table 7.



The use of any of paragraphs 49-52, wherein the KDM4A dampening mutation comprises a mutation

of IDH resulting in increased 2-HG production.

The method of any of paragraphs 49-52, wherein the KDM4A dampening mutation comprises a loss

of the kdm4a allele.

The method of any of paragraphs 49-56, wherein the subject is determined to be homozygous for the

KDM4A dampening mutation.

The use of paragraph 49-57, wherein the mutation is present in a cancer selected from the group

consisting of:

chondrosarcoma; glioblastoma multiforme (GBM); and acute myeloid leukemia (AML).

The use of any of paragraphs 49-58, wherein the KDM4A dampening mutation comprises a mutation

of SDH resulting in increased levels of succinate or a histone mutation.

The use of any of paragraphs 49-59, wherein the presence of the mutation is determined using an

assay selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

The use of any of paragraphs 49-60, wherein the mutation is present in the genomic DNA of the tumor

cell.

The use of any of paragraphs 49-61, wherein the mutation is present in the mRNA transcripts of the

tumor cell.

The use of an inhibitor of KDM4A, comprising;

administering an inhibitor of KDM4A to a subject in need of treatment for cancer; and

administering a chemotherapeutic agent selected from the group consisting of:

S-phase chemotherapeutics; mTOR inhibitors; protein synthesis inhibitors; Braf

inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;

PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC

inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3

inhibitors; and VEGFR inhibitors.

The use of paragraph 63, wherein the inhibitor of KDM4A is selected from the group consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

The use of any of paragraphs 63-64, further comprising administering an ubiquitination inhibitor or

proteasomal inhibitor.

The use of any of paragraphs 63-65, further comprising the step of generating a report based on the

detection of a KDM4A dampening mutation.

The use of an agonist of KDM4A, comprising administering the KDM4A agonist to a subject in need

of treatment for cancer and selected from the group consisting of:



a subject determined to have a level of KDM4A gene expression which is higher than a

reference level; a subject determined to have KDM4A gene amplification; and a subject

determined to have a hypoxic tumor.

68. The use of paragraph 67, wherein the tumor is determined to be hypoxic if a hypoxia marker selected

from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of CAIX;

increased expression of CKS1B; increased expression of MCL-1; increased expression of a gene

selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.

69. The use of any of paragraphs 49-68, wherein the cancer is selected from the group consisting of:

ovarian cancer; non-small cell lung cancer; multiple myeloma; breast cancer; pancreatic

cancer; head and neck cancer; lung cancer; adenocarcinoma; lung adenocarcinoma; lung

squamous cell carcinoma; renal cancer; stomach cancer; melanoma; colorectal cancer; AML;

and uterine and endometrial cancer.

70. A use of an inhibitor of KDM4A, comprising;

administering an inhibitor of KDM4A; and

administering an mTOR inhibitor to a subject in need of treatment for graft versus host

disease.

7 1. The use of paragraph 70, wherein the mTOR inhibitor is rapamycin.

72. The use of any of paragraphs 70-71, wherein the inhibitor of KDM4A is selected from the group

consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

73. The use of any of paragraphs 70-72, further comprising administering a ubiquitination inhibitor or

proteasomal inhibitor.

74. An assay comprising:

measuring/detecting the presence or absence of a KDM4A dampening mutation in a test

sample obtained from a subject;

wherein the presence of a KDM4A dampening mutation indicates the subject has a higher risk

of having or developing autism or schizophrenia.

75. A method of identifying a subject in need of treatment for autism or schizophrenia, the method

comprising:

detecting the presence or absence of a KDM4A dampening mutation in a test sample obtained

from a subject; and



identifying the subject as being in need of treatment for autism or schizophrenia when a

KDM4A dampening mutation is detected.

76. A method of determining if a subject is at risk for autism or schizophrenia, the method comprising:

detecting the presence or absence of a KDM4A dampening mutation in a test sample obtained

from a subject;

determining that the subject is at risk for autism or schizophrenia when the presence of a

KDM4A dampening mutation is detected; and

determining that the subject is not at risk for autism or schizophrenia when the presence of a

KDM4A dampening mutation is not detected.

77. A method of treating autism or schizophrenia, the method comprising;

administering an agonist of KDM4A to a subject in need of treatment for autism or

schizophrenia.

78. A method of treating autism or schizophrenia in a subject in need of treatment therof, the method

comprising;

administering an agonist of KDM4A to a subject determined to have a KDM4A dampening

mutation.

79. A method of treating autism or schizophrenia in a subject in need of treatment therof, the method

comprising;

selecting a subject with a KDM4A dampening mutation; and

administering an agonist of KDM4A.

80. The method or assay of any of paragraphs 74-79, wherein the KDM4A dampening mutation is a

mutation that decreases KDM4A enzymatic activity; a mutation that increases the proportion or level

of KDM4A that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A

polypeptide.

81. The method or assay of any of paragraphs 74-80, wherein the KDM4A dampening mutation

comprises a mutation of KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

82. The method or assay of any of paragraphs 74-81, wherein the KDM4A dampening mutation

comprises a mutation selected from Table 7.

83. The method or assay of any of paragraphs 74-82, wherein the KDM4A dampening mutation

comprises a mutation of IDH resulting in increased 2-HG production.

84. The method or assay of any of paragraphs 74-83, wherein the KDM4A dampening mutation

comprises a loss of the kdm4a allele.



85. The method or assay of any of paragraphs 74-84, wherein the KDM4A dampening mutation

comprises a mutation of SDH resulting in increased levels of succinate or a histone mutation.

86. The method or assay of any of paragraphs 74-85, wherein the presence of the mutation is determined

using an assay selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

87. The method or assay of any of paragraphs 74-86, wherein the mutation is present in the genomic

DNA.

88. The method or assay of any of paragraphs 74-87, wherein the mutation is present in the mRNA

transcripts.

89. The method or assay of any of paragraphs 74-88, wherein the subject is determined to be homozygous

for the KDM4A dampening mutation.

EXAMPLES

EXAMPLE 1: H3K9/36me3 Demethylase KDM4A Promotes Site-Specific Copy Gain and Re-

replication of Regions Amplified in Tumors

[00212] Acquired chromosomal instability and copy number alterations are hallmarks of cancer. Enzymes

capable of promoting site-specific copy number changes have yet to be identified. It is demonstrated herein

that H3K9/36me3 lysine demethylase KDM4A/JMJD2A overexpression leads to localized copy gain of lql2,

lq21, and Xql3.1 without global chromosome instability. KDM4A amplified tumors have increased copy

gains for these same regions. The local copy gain of lql2h occurs within a single cell cycle, requires S phase

and is not stable but regenerated each cell division. Sites with increased copy number are re-replicated and

have increased KDM4A, MCMs and DNA polymerase localization. ΗΡΙγ or KMT1A/Suv39hl

overexpression suppresses the copy gain, while H3K9/K36 methylation interference promotes gain. These

results demonstrate that overexpression of a chromatin modifier results in site-specific copy gains. This

indicates how copy number changes can originate during tumorigenesis and demonstrates that transient

overexpression of specific chromatin modulators can promote these events.

[00213] INTRODUCTION

[00214] Genomic instability is a major contributing factor to the development and onset of age-related

diseases such as cancer (Maslov and Vijg, 2009; Negrini et al., 2010). Cancer cells are often characterized by

copy number alterations: copy gains or losses of chromosome arms and/or whole chromosomes as well as

amplifications of smaller genomic fragments (Beroukhim et al., 2010; Hook et al., 2007; Stratton et al., 2009).

Genome wide analysis of copy number changes in cancer has identified chromosomal regions with higher

frequencies of amplification, which often contain putative oncogenes (Beroukhim et al., 2010). In some cases,

the oncogenes have been shown to impact cellular behavior (e.g., cMyc and Mcll), while other genes within



these regions do not have clear connections with tumorigenesis. The lack of obvious connection does not

preclude the gene's involvement. For example, cellular stresses (e.g., environmental and chemotherapeutic)

can select for gene amplification that will promote cancer cell survival, as exemplified by the amplification of

dihydrofolate reductase (DHFR) when cells are treated with methotrexate (MTX) (Schimke, 1984). Even

though cancer genomes frequently have altered chromosomal regions, there is little knowledge about the

regulatory mechanisms or factors that are involved in promoting copy number alterations at specific regions of

the genome.

[00215] Several mechanisms have been proposed for generating copy number variation (CNV). The mis-

regulation of DNA replication is a major contributing factor to copy gain and DNA amplification (Hook et al.,

2007). For example, many models for DNA amplification incorporate stalled replication forks and DNA

double-strand breaks that are generated during replication. It is proposed that these stalled/collapsed

replication forks are associated with, and can cause, tandem duplications. A second mechanism that has been

proposed to contribute to CNV involves the use of breaks or repair intermediates as primers for re-replication

of specific stretches of DNA. These re-repHeated regions can re-incorporate into the genome, resulting in gene

duplications or deletions. Alternatively, it is also possible that these events will not integrate in the genome

(Hastings et al., 2009). A third mechanism which could generate re-replicated fragments and copy number

alteration is the head to tail collision of elongating DNA polymerases (Davidson et al., 2006; Hook et al.,

2007). Since chromatin structure impacts replication initiation and elongation efficiency as well as DNA

damage response and repair (Alabert and Groth, 2012; Papamichos-Chronakis and Peterson, 2013), the

chromatin state or modifying enzyme(s) could have a significant impact on each of these possible

mechanisms.

[00216] Recently, Kiang and colleagues demonstrated that local DNA fragment amplification occurs

during S phase (Kiang et al., 2010) and that the chromatin context or chromosome microenvironments play a

major role in this process. Consistent with an important role for the chromatin context, mis-regulation of the

histone 4 lysine 20 mono-methyltransferase KMT5A (H4K20mel, PR-Set7/Set8) promotes re-replication, at

least in part, by increasing H4K20me2/3 levels and promoting ORC recruitment through binding of

H4K20me3 (Beck et al., 2012; Tardat et al., 2010). This study highlights a role for histone methylation in

regulating the recruitment of replication machinery. However, the role of methylation in modulating

replication is not limited to the direct recruitment of DNA replication factors. For example, the maintenance

and establishment of histone 3 lysine 9 tri-methylation (H3K9me3) and heterochromatin protein 1 (HP1)

recruitment have significant roles in modulating proper replication timing, DNA damage response and repair

of heterochromatic regions (Black and Whetstine, 201 1; Hayashi et al., 2009; Schwaiger et al., 2010; Wu et

al., 2006; Wu et al., 2005). Typically, these heterochromatic regions have less accessibility, fewer origins

and are late replicating, unless they are made more accessible (Black and Whetstine, 201 1). For example, the

inventors have previously demonstrated that the H3K9me3 demethylase KDM4A/JMJD2A was able to

increase accessibility and alter the replication timing at specific heterochromatic regions (Black et al., 2010).



The regulation of KDM4A protein levels was also important in modulating its chromatin occupancy,

replication initiation and S phase progression (Van Rechem et al., 201 1). Furthermore, Mallette and colleagues

demonstrate that increased KDM4A expression abrogates 53BP1 recruitment to DNA damage sites,

suggesting a role for KDM4A in DNA damage response (Mallette et al., 2012).

[00217] Investigated herein was the possibility the effect of overexpression of catalytically active

KDM4A. The results described herein provide an enzymatic link to the proposed methods for generating copy

number alterations through re-replication, which can underlie site-specific copy number changes in cancer.

Consistent with this notion, KDM4A was shown to be overexpressed in both breast and lung cancer where it

correlates with the promotion of tumorigenesis (Berry et al., 2012; Mallette and Richard, 2012). These studies

did not explore the basis for increased expression or whether KDM4A levels were associated with genome

instability.

[00218] Described herein is analysis of The Cancer Genome Atlas (TCGA) data, which revealed that

KDM4A is amplified and overexpressed in several tumor types. Experimentally, it was observed that KDM4A

overexpression in transgenic cells was sufficient to promote copy gain of specific chromosomal domains (e.g.,

Iql2). KDM4A-dependent copy gains were induced in less than 24 hours and required replication.

Interestingly, the KDM4A-dependent copy gains were not stably inherited, but generated transiently in each

subsequent S phase and cleared by late G2. These copy gains required KDM4A catalytic activity and were not

generated by other KDM4 family members. Furthermore, it is demonstrated herein that KDM4A-dependent

copy gains could be antagonized by co-expression of the H3K9me3 methyltransferase Suv39hl or ΗΡΙγ.

Consistent with these observations, interference with H3K9/36 methylation using H3.3 methionine variants

(Lewis et al., 2013) resulted in increased copy gain of lql2. These results emphasize the impact mis-

regulating chromatin structure has on site-specific copy gains. Overexpression of KDM4A was sufficient to

promote re-replication of regions with copy gain. Consistent with this observation, mass spectrometry analysis

demonstrated that KDM4A associates with replication machinery (e.g., licensing factors and DNA

polymerases). KDM4A overexpression resulted in increased KDM4A association, decreased H3K9me3,

decreased ΗΡΙγ and increased association of replication machinery at regions that undergo KDM4A-

dependent re-replication. Consistent with KDM4A regulating copy number gains and re-replication at specific

loci in the genome, tumors with copy gains in KDM4A were significantly enriched for copy gains of lq21 and

Xql3.1. When KDM4A was overexpressed in different cell types, the copy gain observed in these tumors

could be recapitulated. These findings demonstrate that overexpression of the KDM4A lysine demethylase

results in copy gain of specific genomic regions that are frequently observed in human tumors. Finally, these

results highlight the impact that transient mis-regulation or overexpression of a single chromatin regulator can

have on copy number changes during tumorigenesis.

[00219] RESULTS

[00220] KDM4A is Amplified and Overexpressed in Cancer. KDM4A has previously been demonstrated

to be overexpressed in breast and lung cancer (Berry et al., 2012; Mallette and Richard, 2012). However, a



comprehensive profile of primary tumors for alterations in KDM4A expression levels has yet to be

established. In addition, there are few molecular insights into the mechanisms that promote increased

expression in tumors. Therefore, a comprehensive analysis of KDM4A copy number and expression level in

1,770 primary tumor samples from 8 different cancer types (Figs. 8A-8L) represented in The Cancer Genome

Atlas [TCGA, (Beroukhim et al., 2010)] was conducted. The analysis found evidence of increased KDM4A

copy number (GISTIC annotation of + 1 or +2; (Mermel et al., 201 1)) in 18.9% of tumors (335 out of 1,770

samples, Fig. 1A) and copy loss in 22.1%> of tumors (392 out of 1,770 samples, Fig. 1A). To ensure that

changes in KDM4A copy number resulted in changes in transcript levels, KDM4A expression from RNA-

sequencing data from the same 1,770 samples was correlated with the KDM4A copy number annotation (Fig.

IB, Fig. 8A). Amplification or deletion of KDM4A resulted in increased or decreased KDM4A expression,

respectively. Amplification and deletion of KDM4B-D in cancer was also observed (Fig. 8B-8D). Similar to

KDM4A, expression of KDM4B-D also correlated with amplification or deletion (Fig. 8B-8D). These data

demonstrate that amplification of KDM4A in cancer results in increased expression of KDM4A, providing a

molecular basis for the elevated KDM4A levels observed in different tumor samples.

To determine whether the correlation of KDM4A copy number and expression exists in each of the tumor

types, they were also analyzed independently (Fig. 8E-8L). KDM4A was both amplified and deleted across

many disparate cancer types and KDM4A expression correlated with copy number in these samples (Fig. 8E-

8L). Interestingly, ovarian cancer was significantly enriched in amplification of KDM4A (P=1.4xl0-21 for

Gain vs N o change or Loss by Fisher's exact test), which was amplified in 46%> (94 out of 204) of the tumors,

with relatively few examples of deletion (9.8%>; 20 out of 204 samples) (Fig. 1C and Fig. 81). Consistent with

the data compiled from the different tumor types, amplification of KDM4A in ovarian cancer also correlated

with increased expression (Fig. ID and Fig. 81).

[00221] Since ovarian tumors displayed a large percentage of KDM4A amplification, it was tested

whether KDM4A focal amplification (GISTIC +2) significantly associated with the time to death in the

ovarian cancer patient data set. In fact, KDM4A focal amplification modestly correlated with a faster time to

death in ovarian cancer with a median time to death of 691 days compared to 1052 days without KDM4A

amplification (Fig. IE, P=0.02); however, KDM4A loss (GISTIC -2 or -1) was not significantly different from

patients without changes in KDM4A copy number (P=0.85). In sharp contrast to KDM4A, few cases of focal

amplifications were observed for KDM4B-D and no statistical significance was associated with their focal

amplifications and time to death (Fig. 1F-1H). However, focal deletion of KDM4C (GISTIC -2) modestly

associated with worse outcome (P=0.014), while broad loss or gain (GISTIC - 1 or +1) of KDM4D modestly

associated with poor outcome (P=0.013 and P=0.018, respectively). These data highlight the differences

between the KDM4 family and cancer outcome, which suggests non-overlapping functions in certain cancer

types. These results also emphasize the importance of understanding the biological processes that are mis-

regulated upon increased expression of KDM4A in cancer. Finally, these data indicate that KDM4A levels can

function as a biomarker in ovarian cancer.



[00222] KDM4A Overexpression Promotes Copy Gain of lql2. The inventors previously demonstrated

that KDM4A overexpression in 293T cells promoted faster S phase progression, increased chromatin

accessibility and altered replication timing (Black et al., 2010). KDM4A was also shown to impact the DNA

damage response through 53BP1 (Mallette et al., 2012). In order to address whether KDM4A overexpression

can promote genomic instability, which is a hallmark of cancer (Luo et al., 2009), KDM4A was overexpressed

in the karyotypically stable, immortalized, but not transformed, RPEl-hTERT (RPE) cell line (Jiang et al.,

1999). Stable GFP (referred to as control or CTRL) and GFP-KDM4A (referred to as KDM4A) expressing

RPE cells were generated. Similar to the previously reported 293T stable cells (Fig. 9A), RPE stable cell lines

expressed KDM4A about 2-3 fold over endogenous level (Fig. 9B). To determine if overexpression of

KDM4A led to wide scale chromosome instability, the RPE GFP-CTRL and GFP-KDM4A cell lines were

analyzed by spectral karyotyping (SKY; Fig. 2A and 2B). SKY was conducted on two independent polyclonal

populations of RPE cells at two different times in culture. In one GFP-CTRL population a Robertsonian

translocation (T13;21) was observed, while in one CTRL and both KDM4A overexpressing line a non-clonal

extra copy of chromosome 3 was observed (data not shown).

[00223] Since both KDM4A and CTRL cell lines exhibited this amplification of chromosome 3 it is likely

a KDM4A-independent abnormality. There were no additional major genomic events consistent between the

two independent KDM4A cell lines that were not observed in the CTRL cell lines. We also analyzed our 293T

KDM4A overexpressing stable cell line by G-band analysis. We did not observe amplification of chromosome

3 in 293T cells or any amplification, or translocation specific to GFP-KDM4A cells (data not shown). Thus,

overexpression of KDM4A did not lead to consistent large scale genomic changes: chromosome number

changes, detectable translocations, deletions or inversions. These data support the notion that modest KDM4A

overexpression does not promote large scale genomic instability.

[00224] Since KDM4A modulated replication timing and regulated the highly repetitive Chrl sat2 locus

(Black et al., 2010), it was reasoned that KDM4A might promote instability at specific genomic loci that could

be below the detection threshold of SKY. In order to identify these candidate regions, the previously

performed chromatin immunoprecipitation (ChIP) on chip analysis of KDM4A binding in 293T cells that

either expressed GFP (CTRL) or GFP-KDM4A (KDM4A) was reanalyzed (Fig. 9C) (Van Rechem et al.,

201 1). The original analysis identified numerous regions on chromosomes 1-4 with altered BrdU

incorporation in KDM4A overexpressing cells (Van Rechem et al., 201 1). Since this altered BrdU

incorporation occurred over large tracts, KDM4A enrichment over large sections of the genome was analyzed.

Specifically, KDM4A occupancy was analyzed by determining the average probe intensities for each

cytogenetic band and a Z-score was computed for each band. Of the top 10 cytogenetic bands with enrichment

for KDM4A occupancy, only lql2 was specifically enriched in KDM4A overexpressing cells when compared

to control cells (Fig. 9C).

[00225] lql2/21 is a region with frequent copy number variation (CNV) in lung cancer and multiple

myeloma (Brunei et al., 2009; Brzustowicz et al., 2000; Inoue et al., 2004; Yakut et al., 2006). To determine if



the copy number of l ql was altered following manipulation of KDM4A protein levels, fluorescent in situ

hybridization (FISH) was performed in CTRL and KDM4A overexpressing 293T cells to determine if the

copy number of lql2 was altered (Fig. 2C, Fig. 9D). A commercial lql2h chromosome 1 enumeration probe

(CYTOCELL™ through Rainbow Scientific) was utilized to score the number of foci in each cell. CTRL

293T cells typically exhibited 3-4 copies of lql2h, which was consistent with the G-band analysis (data not

shown). Cells were required to have in excess of 4 copies of lql2h to score positive for copy gain. This same

scoring criterion was also used for all additional chromosome FISH probes (e.g., Chr8 and Chr X; Fig. 2C,

Fig. 9D). It was observed that KDM4A overexpression resulted in increased copy number of lql2h in 14% of

cells (Fig. 2C). However, this was not an increase in the entire l q chromosome arm as the l q telomere did not

have increased copy number in KDM4A cells (Fig. 2C; lqTel). Furthermore, no change was observed at

additional pericentric regions on chromosomes 8 and X (Fig. 2C).

[00226] Since 293T cells have an aberrant, hypertriploid karyotype, these results were validated in the

karyotypically stable, near diploid, RPE stable cell lines that were used in the SKY analysis (Fig. 2A, 2B and

Fig. 9B). In order to score as an increased copy number in RPE cells, all cells with greater than two copies of

the given chromosome were included. Similar to the 293T cells, it was observed that 17%> of KDM4A

overexpressing RPE cells showed an increase in copy of lql2h (Fig. 2D). Consistent with the results in 293T

cells, significant changes in copy number were not observed for the l q telomere, or the centromeres of

chromosome 2, 6, 8, or X (Fig. 2D). Inclusion of all copy number alterations did not alter the conclusion as

KDM4A overexpression promoted primarily a copy number increase of lql2h (Fig. 9E).

[00227] It was previously demonstrated that KDM4A overexpression increased chromatin accessibility

(Black et al., 2010). To examine the possibility that altered chromatin accessibility resulted in the increased

detection of lql2h in KDM4A cells, FISH analysis was performed on control and KDM4A overexpressing

cells depleted of Condensin 1 (CapD2) or Condensin 2 (CapD3) (Fig. 9F). Depletion of either condensin did

not increase detection of lql2h amplification in CTRL or KDM4A cells (Fig. 9G). Therefore, the increased

copy number of lql2h in KDM4A cells is most likely not an artifact of increased chromatin accessibility.

[00228] KDM4A has been reported to interact with p53 (Kim et al., 2012) and could potentially lead to

altered p53 functionality, and in turn, alter genome stability. RPE cells contain wild type p53 (Jiang et al.,

1999). Therefore, p53 functionality was tested in the RPE control and KDM4A overexpressing cells. p53

stabilization and activation was tested by treating cells with the DNA damaging agent doxorubicin. Treatment

with doxorubicin resulted in stabilization of p53 and activation of p53 target genes, supporting the notion that

the p53 pathway is functional in RPE cells that overexpress KDM4A (Fig. 9H and 91). These data are

consistent with KDM4A overexpression promoting localized changes in copy number without substantial

changes in chromosome stability.

[00229] KDM4A-dependent Copy Gain of 1Q12 is Dose-dependent, ReQuires Catalytic Activity and

Tudor Domains. In order to determine if the expression level and catalytic activity of KDM4A are required

for lql2h copy gain, catalytically active and inactive (H188A; (Whetstine et al., 2006)) KDM4A was



expressed in 293T cells with and without KDM4A depletion by shRNA treatment (Fig. 3A, 10A). Transient

overexpression of KDM4A was sufficient to promote lql2h copy gain, but not alter copy number of

chromosome 8 (Chr 8). However, concomitant depletion of KDM4A suppressed l ql h gain, which

emphasizes the importance of increasing KDM4A levels in order to observe the increased lql2h (Fig. 3A,

10A). Importantly, overexpression of catalytically dead KDM4A (Fig. 3A, 3B; H188A) was unable to

promote lql2h copy gain, and the copy gain was not observed with KDM4A depletion, which emphasizes that

the lql2h gain is not a dominant negative affect due to KDM4A overexpression.

[00230] The timeframe in which KDM4A overexpression is sufficient to alter copy number of lql2h was

investigated. Surprisingly, transient transfection of KDM4A into RPE cells led to altered copy number of

lql2h in less than 24 hours of expression (Fig. 3C, 3D, Fig. 10B, IOC). In agreement with the data obtained

from stable RPE cell lines, altered copy number was not observed at the centromeres of chromosome 6, 8 or X

(Fig. 3D). The occurrence of copy gains within twenty-four hours following increased KDM4A levels

suggests that other genetic alterations within the cellular background are not necessary for KDM4A-dependent

regulation of lql2 copy gain.

[00231] It was confirmed that the copy gain required the catalytic activity (HI 88A) and enzymatic

domains (JmjC and JmjN; referred to as ANC) in RPE cells (Fig. 3B, 3C and Fig. 10B). However, the

KDM4A catalytic domain alone was insufficient to generate lql2h gain (Fig. 3B, 3C; referred to as NC). The

ability of the chromatin binding domains (PHDs and Tudors) within KDM4A to impact the copy gain were

then investigated. The loss of the Tudor domains alone was sufficient to block the lql2h gain observed with

KDM4A overexpression (Fig. 3B, 3C; referred to as NCMP). Taken together, these data emphasize that

transient exposure to increased KDM4A levels is sufficient to promote lql2h copy gain, but this can only

occur with a catalytically active enzyme and functional Tudor domains.

[00232] Not All KDM4 Members Promote lQ12h Copy Gain. It was next sought to determine if the

regulation of lql2 copy number was specific to KDM4A or was potentiated by the other demethylases within

the KDM4 family. KDM4 member specificity was addressed by conducting lql2h FISH in parental RPE cells

transiently transfected for 24 hours to analyze copy number gain. GFP-tagged KDM4A, 4B and 4C were

similarly expressed, while KDM4D expression was significantly higher (Fig. IOC). As expected, KDM4A

overexpression led to increased lql2h copy number (Fig. 3E). However, overexpression of KDM4B,

KDM4C, or KDM4D for 24 hours did not alter lql2h copy number (Fig. 3E). These data suggest that the

regulation of lql2 copy number is unique to KDM4A and raises the possibility that either the other family

members may not be involved in modulating copy number gain or that they may regulate copy number of

distinct genomic regions yet to be identified.

[00233] Interfering with H3K9 or H3K36 Methylation Promotes 1Q12 Copy Gain. The requirement for

KDM4A catalytic activity to promote lql2 copy gain suggests that methylation of chromatin or a non-histone

target is important for proper regulation of lql2h ploidy. Recently, Lewis and colleagues demonstrated that

H3.3 variants with a methionine in place of the lysine (i.e., H3K27M, H3K9M and H3K36M) can inhibit



EZH2 (K27M), G9a (K9M), Suv39hl (K9M) as well as reduce H3K36me3 levels (K36M) (Lewis et al.,

2013). These H3.3 variants were used to ascertain if interfering with methylation at any one of these sites

could promote lql2h copy gain. RPE cells were transduced with lentivirus that express H3.3 wild-type (WT),

H3.3K9M (K9M), H3.3K36M (K36M), H3.3K27M (K27M) and H3.3G34V (G34V). The cells were collected

24 hours post infection for analysis of lql2h copy number by FISH. Each variant was expressed and

successfully incorporated into chromatin and reduced the corresponding tri-methylation (Fig. 10D, 10E).

Expression of H3.3 WT, G34V and H3K27M failed to promote lql2h copy gain; however, expression of

either H3.3K9M or H3.3K36M was sufficient to promote low level gain of lql2h (Fig. 3F; P=0.026 for K9M

and P=0.006 for K36M). Furthermore, the increased copy of lql2h was not caused by a gain of all of

chromosome 1 because an increase in l q telomere foci (lq Tel) or in the lq23.3 cytogenetic band midway

down the l q arm (Fig. 3F) was not observed. Since H3.3K9M promoted copy gain at lql2h and inhibits

Suv39hl (Lewis et al., 2013), it was reasoned that overexpression of the H3K9me3 methyltransferase

Suv39hl may suppress KDM4A-dependent copy gain. Consistent with this prediction, co-expression of Halo-

Suv39hl was sufficient to abrogate KDM4A-dependent lql2h copy gain (P=.0003 for KDM4A and P=0.47

for KDM4A+Suv39hl) (Fig. 3G, 10F). These results highlight the importance of methylation in modulating

site-specific copy gain, especially the lysines that are substrates for KDM4A.

[00234] Co-expression of HPly Antagonizes KDM4A-dependent Increased lql2 Copy Number. It was

previously demonstrated that the KDM4A-dependent changes in cell cycle progression and replication of Chrl

sat2 could be antagonized by HPly overexpression, but not by HPla or HP1I3 overexpression (Black et al.,

2010). Therefore, it was investigated whether HPly overexpression could antagonize the increased copy

number of lql2 in KDM4A overexpressing cells. To test this hypothesis, parental RPE cells were con-

transfected with RFP-HPly and GFP-KDM4A for 24 hours (Fig. 10G). Co-transfection of HPly significantly

reduced the number of KDM4A overexpressing cells with altered copy number of lql2h (P=0.034) to levels

comparable to that seen in control transfected cells (P=0.29) (Fig. 3H). A slight increase in the number of

control cells with abnormal lql2h with HPly overexpression was observed, however the slight increase was

not significant (P=0.08) when compared to control cells co-transfected with vector alone. These data

emphasize the antagonistic relationship between KDM4A and HPly. Surprisingly, transfection of HPly into

RPE cells stably overexpressing KDM4A or stably co-overexpressing both HPly and KDM4A did not reverse

the increased copy number of lql2h (data not shown). These results indicate that once an altered chromatin

conformation is established, HPly is insufficient to restore proper regulation of lql2 copy number in KDM4A

overexpressing cells.

[00235] KDM4A-dependent lql2 Copy Gain Is Not Stably Inherited and Requires Replication. The

ability of stable or transient KDM4A overexpression to promote increased lql2 copy number raised the

question of whether the increased copy number was stably inherited in a subset of the population or was

regenerated during subsequent cell cycles. First, it was sought to determine if the copy gain of lql2 was stably

inherited. To address this question, single cell clones of the stably overexpressing KDM4A RPE cell line were



established and used to perform lql2h FISH (Fig. 4A). If the copy number of lql2h was stably inherited, one

would expect to observe some clones with 100% of cells with l ql h copy gain. Instead, the lql2h FISH

analysis of 27 independent clones revealed a distribution of copy gain between 1.5-37% , which supports the

model that the increased lql2 copy number is most likely not stably inherited (Fig. 4A, Fig. 11A). The clones

lacking increased copy of lql2h (below black dashed line) no longer overexpressed KDM4A (Fig. 11A),

emphasizing the need for overexpression as seen with the transient transfections and shRNA depletions

described above (Fig. 3A). Furthermore, the average of all clones assayed was 17.0%, which was in agreement

with the analysis of the starting stable population (Fig. 4B, 2D, respectively).

[00236] It was next investigated whether stably overexpressmg KDM4A RPE cells gain extra copies of

lql2h during each subsequent cell division. Since DNA fragment amplification requires S phase and CNV is

associated with aberrant DNA replication and recombination (Hook et al., 2007; Kiang et al., 2010), it was

tested whether S phase was required for the gain of lql2h in KDM4A overexpressmg cells. The stable RPE

cell lines were treated with hydroxyurea (HU), which arrests cells in the Gl/S phase (Fig. 10B), and

subsequently subjected to FISH analysis with probes specific for lql2h. Arresting the KDM4A

overexpressmg RPE cells with HU was sufficient to eliminate the increased copy number of lql2h in the

stable KDM4A overexpressmg cells (Fig. 4C). To address the possibility that replication stress could have

promoted apoptosis, and in turn, resulted in fewer cells containing increased copies of lql2h, apoptosis was

evaluated by analyzing annexin V staining in the HU arrested cells used for FISH. There was no observed

increased apoptosis in vehicle treated KDM4A overexpressmg cells or in HU treated KDM4A overexpressmg

cells (Fig. IOC). However, doxorubicin treatment could induce apoptosis in both CTRL and KDM4A cells,

which was significantly reduced in KDM4A overexpressmg cells (Fig. IOC). These data are consistent with

the notion that copy gain of lql2h in KDM4A overexpressmg cells requires replication to be generated.

[00237] Since the additional copies of lql2h do not appear to be stably inherited, it was hypothesized that

cells with lql2h copy gain must be eliminated prior to mitotic cell division. To address this possibility, the

stable KDM4A overexpressmg lines were treated with the CDK1 inhibitor R03306, which arrests cells in late

G2 [Fig. 10B; (Vassilev, 2006)]. After arresting the stable RPE cells, copy gain of lql2h was analyzed by

FISH. KDM4A cells arrested in late G2 failed to display increased copy number of lql2h (Fig. 4D). Taken

together, these data support a model whereby KDM4A promotes copy gain of specific chromosomal regions

during S phase, which are then eliminated by the end of the G2 phase of cell cycle.

[00238] Given that KDM4A-dependent lql2 copy gain did not occur during Gl/S arrest or in G2/M

arrested cells, it was hypothesized that KDM4A promotes copy gain of lql2 during S phase. Therefore, GFP-

KDM4A or GFP-CTRL RPE cells were arrested in HU for 20 hours and subsequently released into S phase.

Iql2h copy number was analyzed by FISH during S phase progression. In agreement with this hypothesis,

GFP-KDM4A cells, but not GFP-CTRL cells, were able to promote additional copies of lql2h, but not Chr 8

centromere following HU release (Fig. 4E, 4F). The additional copies occurred between 2 and 6 hours post

HU release and were lost between 8 and 10 hours following HU release. Taken together, these observations



demonstrate that overexpression of KDM4A promotes generation of additional copies of l ql during S phase,

which are subsequently lost later in the same cell cycle.

[00239] KDM4A Associates with Replication Machinery and Promotes Re-replication of 1Q12. In order

to gain some molecular insight into how KDM4A is involved in generating l ql h copy gain, KDM4A

interacting proteins were identified by performing mass spectrometry analysis of exogenously expressed

KDM4A. Specifically, a Halo-tagged KDM4A expression construct was transiently overexpressed in 293T

cells and the interacting proteins were isolated through affinity purification with HALOLINK™ resin from

DNAse treated lysates. The associated proteins were then identified by LC-MS/MS from two independent

experiments. Upon analyzing the KDM4A interacting proteins with the IPA software from Ingenuity, a

significant enrichment of proteins involved in replication was observed (Fig. 5A; P=0.00000795). These

associated interactions were then validated, particularly the replication enrichment since many of these

proteins are required for re-replication [e.g., MCMs and DNA polymerases; (Arias and Walter, 2007; Snaith

and Forsburg, 1999)] .

[00240] A previous study demonstrated that KDM4A interacted with cullin 1 (Van Rechem et al., 201 1),

while others demonstrated that KDM4A interacts with p53 (Kim et al., 2012). Additional interactions

identified in the LC-MS/MS analysis were validated by conducting endogenous KDM4A co-

immunoprecipitation experiments. To eliminate potential interference arising from interactions associated with

DNA fragments or chromatin, the immunoprecipitations were conducted in the presence of ethidium bromide

and/or benzonase. Consistent with the mass spectrometry analysis, it was possible to co-immunoprecipitate the

replication licensing factors. Interactions between MCM2, MCM3, and MCM7 and endogenous KDM4A

were detected in 293T (Fig. 12A) and RPE cells (Fig. 5B). While MCM2 was not identified in our mass

spectrometry analysis, it co-immunoprecipitated with KDM4A, suggesting that the entire MCM complex

interacts with KDM4A. It was further demonstrated that endogenous KDM4A associated with Halo-tagged

DNA polymerase subunits in RPE and 293T cells (Fig. 5B, Fig. 12A). These results support a model whereby

KDM4A interacts with the replication machinery to promote copy gain of specific genomic loci.

[00241] Since KDM4A overexpression both promoted copy gain in a replication-dependent manner and

interacts with DNA polymerases and the replication licensing machinery, it was hypothesized that KDM4A

overexpression was promoting re-replication within lql2. To test this hypothesis, cesium chloride density

gradient centrifugation was used. Asynchronously growing control and KDM4A overexpressing stable RPE

cell lines were labeled for 14 hours with bromo-deoxyuridine (BrdU) so that replicated DNA would have a

higher density than un-replicated DNA. The isolated genomic DNA was purified, fragmented and separated on

a cesium chloride gradient by ultracentrifugation (Karnani et al., 2009). Fractions were collected from the

bottom of the gradient and analyzed for DNA concentration using a nanodrop (Fig. 12B). The labeling

procedure was performed for less than one complete cell cycle, producing an enrichment in heavy-light (H:L)

replicated DNA, while still maintaining an un-replicated light-light fraction (L:L). This indicates that the

labeling did not proceed long enough for cells to undergo a second cell cycle and thus generate heavy-heavy



(H:H) re-repHeated DNA. A peak of enrichment of H:H DNA was not detected, indicating that KDM4A

overexpression does not promote widespread re-replication as seen with other chromatin regulators

[KMT5A;(Tardat et al., 2010)]. This observation was consistent with the SKY and FISH studies

demonstrating no large scale genomic anomalies.

[00242] In order to determine whether lql2 was in fact re-replicated, the fractions where the H:H DNA

should separate were pooled and purified and the re-replicated DNA assayed for specific regions by

quantitative PCR. The inventors have previously demonstrated that Chrl sat2 is bound by KDM4A and that

KDM4A regulates Chrl sat2 accessibility and replication timing. Therefore, it examined whether Chrl sat 2,

which resides in lql2 (Wong et al., 2001) would be a target for KDM4A-dependent re-replication. A seven

fold enrichment of Chrl sat2 was observed in the re-replicated fraction in KDM4A overexpressing cells, while

the 13-actin locus and a region near the X centromere, which was previously reported as a KDM4A target

(Black et al., 2010), were not enriched (Fig. 5C, 12C). The enrichment in Chrl sat2 re-replication represented

a small amount of the input DNA and was consistent with a subpopulation of cells generating additional

copies of lql2h and the disappearance of the copy gain prior to completion of cell cycle (Fig. 12C). Taken

together, these data demonstrate that KDM4A associates with replication proteins (i.e., replication licensing

factors and DNA polymerases) and that KDM4A overexpression promotes re-replication at a specific locus

that exhibits copy gains.

[00243] Overexpression of KDM4A Promotes Chromatin State Changes and Recruitment of Replication

Machinery. The data described herein support a model whereby overexpression of KDM4A promotes

methylation changes, displacement of HPly and recruitment of replication machinery to specific genomic

regions resulting in re-replication. To test this model, chromatin immunoprecipitation experiments were

performed to evaluate methylation levels, HPly enrichment and replication machinery occupancy at the re-

replicated Chrl sat2 region. As a negative control, an intergenic region on chromosome 10 (ChrlO) that is

acetylated at H3K9 in numerous cell types (according to UCSC browser; data not shown) that should not be

enriched for H3K9me3 or KDM4A was used. Overexpression of KDM4A results in increased recruitment of

KDM4A to Chrl sat2 (Fig. 5D) but not at ChrlO. The inventors previously reported that overexpression of

KDM4A promoted loss of H3K9me3 and HPly at Chrl sat2 in 293T cells (Black et al., 2010). Consistent

with these results, the increased recruitment of KDM4A to Chrl sat2 in RPE cells promotes loss of H3K9me3

and eviction of HPly from Chrl sat2 (Fig. 5E, 5F). No change in H3K36me3 at Chrl sat2 was observed,

which was consistent with findings in 293T cells (Black et al., 2010). Finally, MCM7 and DNA polymerase a

(Pola) ChlPs were conducted to assess whether there was an increase in their recruitment upon KDM4A

overexpression. Both MCM7 and Pola were enriched at Chrl sat2, but not at ChrlO, upon KDM4A

overexpression (Fig. 5G, 5H, respectively). Taken together, these data demonstrate that overexpression of

KDM4A promotes H3K9me3 and ΗΡΙγ loss, increased replication machinery recruitment and re-replication

of lql2.



[00244] Identification of Regions Co-Amplified with KDM4A in Cancer. It was next determined what

additional regions would have increased copy gain in the presence of KDM4A overexpression. Since KDM4A

is amplified and overexpressed in tumors and KDM4A overexpression in cell lines results in increased copy

gain of l l , it was determined whether KDM4A amplification in primary tumors was correlated with

increased copy number of l ql and whether additional chromosomal regions had copy gains when KDM4A

amplification occurred. This analysis was done by identifying the most significantly correlated focal copy

gains across each of the 807 cytogenetic bands in 4,420 tumor samples (representing 19 tumor types including

the 8 analyzed in Figs. 8A-8L) when compared with KDM4A amplification located at lp34.2. This analysis

was restricted to focal cytogenetic band amplifications (less than arm level; Fig. 6A). Copy gains from lpl 1.2

through lq21 .3 on chromosome 1 were observed in two independent statistical tests (Fig. 6A and 13A,

shading; See Experimental Procedures). Due to the minimal sequence annotation and repetitive nature of

lql2, a correlation was not calculated for this cytogenetic band. However, the cytogenetic bands immediately

flanking lql2, lpl 1.2 and 1q 1.1, both exhibited co-gain with KDM4A amplification, which suggests that

lql2 is most likely co-amplified in these tumors. Furthermore, this co-amplification was not due to

enrichment for amplification of entire chromosome 1 or complete amplification of the l q arm as the

correlation decreases approaching the l q telomere. Interestingly, this co-amplified region, as well as others,

exhibited specificity for KDM4A co-amplification because there was not a strong correlation when the

identical analysis was performed with respect to co-amplification of KDM4B (Fig. 6B and 13B).

[00245] The correlation between co-amplified cytogenetic bands and KDM4A in the ovarian cancer data

sets was analyzed (Fig. 6C and 13C). As observed with the complete cancer data set, KDM4A was co-

amplified with lpl 1.2-1 q21.3. However, it was also observed that some KDM4A co-amplified regions were

lost (e.g., the region on 17q- position 17q24.2 to 17q25.3) and others were enhanced (e.g., the region on X

chromosome- position Xpll.2 to Xql3.2) in the ovarian cancer profile (Fig. 6C and 13C). These results

suggest that individual co-amplified regions could universally be observed, while others could be differentially

regulated in a tumor and/or tissue-specific manner.

[00246] Next, it was tested whether gains in lq21 .1-lq21 .3 were affected by the amplification level of

KDM4A (Fig 6D-6F). Indeed, when KDM4A had a high-level focal amplification (GISTIC +2), a

significantly greater fraction of samples were amplified in lq21 .1-lq21 .3 compared to cases in which

KDM4A was not amplified (GISTIC 0) (Fisher's exact test; P= 2*10-9 in lq21.1, 1.9*10-9 in lq21.2, and

1.02*10-10 in lq21 .3) (See Experimental Procedures; Fig. 13D-13I). When comparing lower-level

amplification of KDM4A (GISTIC +1) to the KDM4A-unamplified cases, a reduced sample fraction was

observed, but still highly significant amplification of lq21 .1-lq21 .3 (P= 2.04*10-25 in 1q21.1, 6.28*10-22 in

lq21.2, and 3*10-24 in lq21 .3). In contrast, when stratifying the samples based on KDM4B amplification

status (Fig 6G-6I), the differences are not significant for +2 vs 0 (all P-values > 0.1 by Fisher's exact test),

although a minimal trend in the same direction is observed. These results demonstrate that amplification of



KDM4A in tumors is correlated with co-amplification of specific cytogenetic bands, which indicates that

KDM4A can promote copy number alterations of these regions in vivo.

[00247] KDM4A Overexpression Promotes Copy Gain and Re-replication of Regions Co-Amplified in

Cancer. The observation that amplification of lq21 .1 through lq21 .3 correlated with amplification of

KDM4A raised the possibility that KDM4A may promote copy gain and re-replication of these regions. To

test this hypothesis, FISH analysis was performed in the stable KDM4A overexpressing RPE cell lines for

Iql2/lq21.1 and lq21.2 (Fig. 7A, 7B). Increased copy number of lql2 through lq21.2 was observed in

KDM4A overexpressing cells, but not in control cells (Fig. 7B). The co-amplification analysis of all tumors

indicated that the correlation with KDM4A copy number diminished at lq23, suggesting that lq23 is not

amplified in KDM4A overexpressing cells. This observation would allow the definition of a boundary for

KDM4A-dependent copy gains in the RPE stable cells. Consistent with this hypothesis, increased copy

number of lq23.3 was not observed by FISH in the KDM4A overexpressing RPE cells (Fig. 7B).

[00248] To test the predictive value from tumor co-amplified regions, it was next asked whether KDM4A

could promote copy gain of other chromosomal domains identified through the co-amplification analysis

described herein. The small focal peak on the X-chromosome (Xpl 1.2-Xql3.2), which was specific to co-

amplification with KDM4A across all cancers and even more enriched in ovarian cancer was examined (Fig.

6A, 6C, respectively). Two additional FISH probes specific for Xql3.1 and Xql3.2 (Fig. 7C) were used to

assay for possible copy gain in KDM4A overexpressing RPE cells. Consistent with the tumor co-amplification

data, it was found that KDM4A overexpressing RPE cells exhibit increased copy gains of Xql3.1. However, it

was also observed that this increase in copy number is restricted to a defined region as probes specific for the

X centromere and Xql3.2 do not display a similar increase in copy number (Fig. 7D). The ability of KDM4A

to promote increased copy of lql2/21, lq21.2, and Xql3.1 was not restricted to RPE cells as increased copies

of these regions were also observed in KDM4A-overexpressing 293T cells (Fig. 13J). These data demonstrate

that KDM4A overexpression promotes copy gain of specific chromosome regions, which are co-amplified

with KDM4A in primary tumors.

[00249] Based on the co-amplification analysis from TCGA tumor data sets, it was not clear whether the

entire intervening sequence between lql2h and lq21.3 was amplified in the same tumor cells. In order to

address this question, the lql2/21 or lq21.2 FISH probes were scored with the lql2h probe in the same

KDM4A overexpressing cells (Fig. 7E). When the FISH analysis was conducted with the lql2h and

lql2/21.1 probes that are located at either end of the lql2 cytogenetic band (Fig. 7A), it was observed that

approximately 2/3 of the KDM4A overexpressing cells with lql2h amplification also had lql2/21.1

amplification, while approximately 1/3 had only lql2/21.1 copy gain but not a gain in lql2h (Fig. 7E). In

contrast, when comparing lql2h with lq21.2, it was observed that the majority of cells with an amplification

of lql2h or lq21.2 did not have amplification of the opposite cytogenetic band (Fig. 7E). Taken together,

these data demonstrate that the entire region between lql2h and lq21.3 is not contiguously amplified, but that

KDM4A is directing copy gain within these cytogenetic bands. Furthermore, these results are consistent with



KDM4A promoting copy gain of different regions in different cells and that the total population of cells

affected by KDM4A overexpression is greater than the 17% predicted from l ql h amplification alone. The

ability to detect non-overlapping foci also suggests that the additional copies may exist as extrachromosomal

pieces. In agreement with this, analysis of combined FISH for l ql / 1 and chromosome 1 paint demonstrated

that the additional lql2/21 copy could exist adjacent to chromosome 1 paint territories or physically distinct

from the chromosome 1 paint territory (data not shown).

[00250] It was next addressed if the additional regions of KDM4A-dependent copy gain in RPE cells were

created through re-replication. To address this, regions under the FISH probes in the indicated cytogenetic

bands were assayed in the CsCl gradient H:H fraction (Fig. 7F). In agreement with the FISH analysis, re-

replication was observed at lql2h (indicated by Chrl sat2), lql2/21.1, lq21.2 and lq21.3, but not in lq23.3

or on ChrlO. Detection of re-replication inside Xql3.1 was possible, but not near the X centromere. In

addition, it was confirmed that the re-replicated regions were in fact bound by KDM4A, which was further

enriched upon overexpression of KDM4A (Fig. 7G, Fig. 13K). As with Chrl sat2, KDM4A overexpression

promoted loss of ΗΡΙγ (Fig. 7H) and recruitment of MCM7 and Polato lq21.2 andXqB.l (Fig. 71, 7J,

respectively). Taken together, these data are consistent with the model that KDM4A overexpression promotes

copy gain and re-replication at specific sites within the genome in vivo (tumors) and in vitro (transgenic cell

lines).

[00251] DISCUSSION

[00252] Genomic instability is a major contributing factor to the development and onset of age-related

diseases. Cancer cells are often characterized by alterations in copy number of genes, specific genomic

regions, chromosome arms, and entire chromosomes. However, the underlying molecular mechanisms that

lead to these copy number alterations are poorly understood. Described herein is that transient overexpression

of a single chromatin modifying enzyme, KDM4A, is sufficient to promote re-replication and copy gain of

specific chromosomal domains. Furthermore, KDM4A-dependent amplified regions are found co-amplified

with KDM4A in primary tumors. Described herein is a mechanism whereby improper regulation of a single

chromatin modifier contributes to copy number variation of specific genomic regions.

[00253] KDM4 Members and Cancer. Previous studies have surveyed KDM4A expression levels in

breast and lung cancer on a small number of primary tumors (Berry et al., 2012; Mallette and Richard, 2012).

Described herein is a comprehensive analysis of KDM4A copy number alterations in 8 different tumor types

from 1,770 primary tumors. These results demonstrate that KDM4A is amplified in different tumor types, and

these amplifications correlate with increased expression of KDM4A. It is therefore critical to evaluate the

effect KDM4A overexpression has on cellular processes. Intriguingly, when compared to other tumor types

ovarian cancer is enriched for amplifications of KDM4A, which correlate with poor outcome in these cases.

Levels of KDM4A may therefore represent a good biomarker for ovarian cancer, especially with respect to

novel therapies that target this lysine demethylase. In addition, ovarian patients with increased levels of

KDM4A may respond more poorly to S phase chemotherapeutics since KDM4A overexpression resulted in



better recovery from hydroxyurea treatment (Black et al., 2010). Consistent with this possibility, ovarian cell

lines with lql2-21 amplification (which is the region KDM4A promotes copy gain of in transgenic cell lines

and tumors) are often more resistant to cisplatin treatment (Kudoh et al., 1999; Takano et al., 2001).

Interestingly, drug resistance in multiple myeloma is also associated with lql2-21 amplification (Inoue et al.,

2004).

[00254] Because the KDM4 enzyme family appears to have similar enzymatic characteristics, one might

assume they would have similar distributions of genomic anomalies across the cancer landscape or have

similar effects on patient outcome. In order to evaluate this question, the same tumor datasets were analyzed

for copy gain and loss versus expression. Interestingly, focal deletions were observed in KDM4B-D, while

none were observed in KDM4A across the 8 different tumor types (Fig. 8A-8D). It was also found that

KDM4A was the only family member that had a correlation between focal amplification and poor outcome for

ovarian cancer patients. Overall, this data highlights the idea that these family members are not created equal.

[00255] Consistent with KDM4 family members having independent roles, copy gain of lql2 was only

observed upon overexpression of KDM4A. These results were consistent with the in vivo observation that

regions which co-amplify with focal KDM4A amplification in tumors predict regions where KDM4A will

promote copy gain and re-replication in transgenic cell models (Figs. 6A-6I and 7A-7J). Furthermore, the

distribution of co-amplified regions in KDM4A amplified tumors was distinct from KDM4B focally amplified

tumors. These data demonstrate a remarkable level of specificity for individual KDM4 family members and

specific genomic regions. It will be interesting to determine if other KDM4 family members also promote re-

replication and copy number alterations of specific chromosomal regions. Interestingly, the distribution of co-

amplified regions was subtly different between ovarian cancer and the distribution across all cancers. This

suggests that KDM4A promotes site-specific copy gain and re-replication depending on tissue or tumor type,

which could be a reflection of the different nuclear architecture or chromatin landscape between cancer types.

[00256] Chromatin Environment and KDM4A-dependent Copy Gain. Work in yeast has demonstrated that

specific genomic regions can generate extra DNA fragments in S phase, which appears to depend on

chromosomal or chromatin environment (Kiang et al., 2010). These observations are consistent with the

KDM4A-dependent re-replication of specific chromosomal regions demonstrated herein. These regions are

enriched for KDM4A binding upon overexpression of KDM4A, re-replicate, and have increased copy number

during S phase. Interestingly, not all KDM4A occupied sites are re-replicating in the cell lines that have been

tested (see Xcen, (Black et al., 2010), Fig. 7F). However, this could reflect the chromatin environment in these

particular cells, or distinct chromatin states influenced by other chromatin modifiers. This would be consistent

with Xql3.1 and X centromere copy gain in KDM4A focally amplified tumors, while only seeing the copy

gain and re-replication of Xql3.1 in the transgenic cell lines described herein. Thus, different genomic regions

can be susceptible to KDM4A-dependent re-replication in other cell lines and tissue types.

[00257] Consistent with the model that chromatin state impacts copy gain, it is demonstrated herein that

interfering with H3K9 or K36 methylation resulted in the site-specific gain of lql2h in 24 hours; while,



overexpression of the H3K9me3 methyltransferase Suv39hl or the H3K9me3 reader ΗΡΙγ was able to

suppress the l ql h gain. Surprisingly, KDM4A-dependent copy gains would not be reversed in cells stably

overexpressing KDM4A by overexpressing ΗΡΙγ, even though these copy gains are regenerated each cell

cycle. Without wishing to be bound by theory, this observation supports a model whereby KDM4A establishes

a chromatin state that promotes re-replication and increased copy number of specific chromosomal regions.

Formation of this chromatin state could be antagonized by ΗΡΙγ, but not reversed once established. Taken

together, these data indicate that the reader, the lysine and the KDM/KMT balance are required to maintain

regulation at these regions. Therefore, local chromatin environment can be an important determinant in

designating whether certain regions are more susceptible to copy gains and re-replication (see Fig. 14).

[00258] The results described herein indicate that KDM4A overexpression promotes heterochromatin

displacement, recruitment of the replication licensing machinery and DNA polymerases so that inappropriate

re-initiation of replication occurs at specific sites (Fig. 14). This inappropriate initiation can be the result of the

association with and recruitment by KDM4A. Consistent with this idea, KDM4A-dpeendent copy gain

requires the Tudor domains and KDM4A overexpression promotes increased occupancy of KDM4A, MCM7

and DNA polymerase at re-replicated regions. Furthermore, increased chromatin accessibility can promote

KDM4A-dependent loading or the maintenance of the MCM complex on chromatin in the absence of CDT1,

CDC6 and ORC. Consistent with this idea, CDT1, CDC6 and ORC are not necessary for replication after

MCMs have been successfully loaded (Arias and Walter, 2007). Thus, KDM4A can be a mechanism for

nucleating replication (Fig. 14). Alternatively, KDM4A can promote a more accessible chromatin

environment, which is more permissive for inappropriate initiation within a replicated region. The later model

would be consistent with the observation that interfering with H3K9 or K36 methylation can promote the site-

specific gain in cells with wild type KDM4A levels. These two mechanisms can function cooperatively as

increased KDM4A levels displace ΗΡΙγ at regions that are copy gained, while overexpression of ΗΡΙγ or

Suv39hl are able to suppress the phenotype. Regardless of the exact details, the data supports the model that

alterations of heterochromatin and methylation at specific regions are more prone to re-replication, and in turn,

copy gain.

[00259] KDM4A and Extrachromosomal DNA. It is demonstrated herein that KDM4A overexpression

promotes increased copy number in an S phase-dependent manner. It was further demonstrated that each

region with copy gain is not necessarily contiguous and may not exist in the same cell (Fig. 7E). These

observations indicate that the the number of cells that have site-specific copy gains as well as the number of

additional copies present per cell may be underestimated.

[00260] Since the re-replicated regions examined here are not inherited and are instead removed prior to

completion of G2, it is likely that such regions exist as extrachromosomal DNA (Fig. 14). As such, it is

possible that KDM4A is promoting re-replication at regions that promote head-to-tail collision of one

replication fork chasing another. This model fits a previous study that showed deregulation of replication

licensing promotes DNA fragmentation that was consistent with fork collision (Davidson et al., 2006). This



model is consistent with the requirement of S phase for focal copy gains and the increased number of

replication forks in KDM4A cells (Black et al., 2010). The presence of these fragments could also explain why

KDM4A overexpressing cells exhibit an increased stabilization of p53 (Fig. 9H); however, this would be

below the threshold of copy gain or fragmentation required to elicit the p53 checkpoint (Kracikova et al.,

2013). It is also possible that site-specific re-replication may not be restricted to cancer cells. Transiently up

regulating enzymes that direct site-specific re-replication to increase copy number of specific genes may be a

general mechanism to allow cells the plasticity to respond to developmental, environmental, or stress

conditions without altering their genetic makeup.

[00261] KDM4A-dependent Transient Copy Gain. Without wishing to be bound by theory, since transient

KDM4A overexpression was sufficient to promote localized changes in copy number in a single cell cycle, the

amplification of specific regions most likely precedes genetic changes in tumors. For instance, transient

misregulation of chromatin regulators by altered environmental factors, metabolic changes, hypoxia or

miRNAs could lead to temporary changes in copy number of small genomic regions. If these regions contain

oncogenes, this could create a feedback loop that promotes tumorigenesis while masking the originating event

(e.g., transient up-regulation of KDM4A). Of note, several putative oncogenes reside in the lql2 and lq21

cytogenetic bands, including Bcl9 and Mcll. In fact, KDM4A binds the Bcl9 locus and causes both copy gain

and re-replication of this site (Fig. 7G, 7H, respectively). However, increased expression of Bcl9 is not

observed, which likely reflects the lack of additional stimulus, transcription factors or the low percentage of

cells with this particular copy gain (Fig. 7H; lq21.2, data not shown).

[00262] It remains unclear how the re-replicated regions in KDM4A overexpressing cells are removed as

cells exit S phase and enter G2/M. Since KDM4A-dependent copy gains are generated during S phase and lost

by the end of G2 phase, it is possible that cells possess an active method for degradation or removal of these

regions. Without wishing to be bound by theory, other events could promote incorporation of these transiently

amplified regions, and in turn, influence tumorigenesis. Interestingly, KDM4A overexpression by itself did

not lead to inheritance of the re-replicated and amplified regions. If the amplified regions can be incorporated

into the genome, it will be interesting to determine what factors influence inheritance of KDM4A-dependent

amplified regions.

[00263] It is clear that the chromatin context influences replication timing and initiation choices. However,

chromatin may additionally play an important role in ensuring replication fidelity and preventing re-

replication. Distinct chromatin domains may have increased propensity for re-replication under different

circumstances and cell types. This is supported by work in Drosophila that demonstrates that heterochromatic

regions re-replicate upon loss of geminin (Ding and MacAlpine, 2010) and the fact that interference with

H3K9 and H3K36 methylation promoted site-specific gain. Additionally, some chromatin modifiers regulate

replication on a more global scale as inappropriate regulation of KMT5A results in widespread re-replication

(Tardat et al., 2010). Interestingly, this re-replication is also dependent on KMT5B/C (Suv420hl/2) (Beck et

al., 2012). Taken together, these results suggest that proper regulation of chromatin state is critical for



suppressing re-replication. Therefore, a "chromatin checkpoint" may be intimately associated with the timing

of replication and the propensity to undergo re-replication. This type of checkpoint could then be modulated

by a series of chromatin modifiers or input signals. Thus, mis-regulation of chromatin modulators could

promote aberrant replication following disruption of the chromatin checkpoint. Furthermore, mis-regulation of

additional modifiers may aberrantly regulate different genomic regions and contribute to the heterogeneity

observed in tumors. Importantly, this study emphasizes that a transient mis-regulation could also be sufficient

to initiate the copy gains.

[00264] EXPERIMENTAL PROCEDURES

[00265] Cell Culture. HEK293T (called 293T throughout) and hTERT-RPE-1 (called RPE throughout)

cells were maintained in DMEM with 10% fetal bovine serum, 1% penicillin/streptomycin, and L-glutamine.

Stable 293T cell lines were generated as in (Black et al., 2010). Stable RPE cell lines were generated by

retroviral transduction of MSCV-GFP or MSCV-GFP-KDM4A. Cells were selected for 96 hours with

puromycin. All experiments on stable cells were performed after two months of culture post infection with

KDM4A. Transient transfection experiments were performed using Roche X-tremeGENE 9 DNA transfection

reagent in OPTI-MEM I media (Gibco) for four hours. Media was then replaced with standard DMEM. No

selection was used in transient transfection experiments.

[00266] Expression Plasmids. The pFN21A clone expressing an N-Terminal HALOTAG™ fusion of

human full-length KDM4A or Suv39hl (NM 014663) was obtained from Kazusa DNA Research Institute

(Kisarazu, Japan). HALOTAG™ (ADN27525.1) control vector (Promega) was used for expression of the

HALOTAG™ protein alone. MSCV-GFP-KDM4A, MSCV-GFP-H1 88A, MSCV-RFP-HP1, pSuper and

pSuper sh2A4C constructs were made as described (Black et al., 2010). N-terminal HA-FLAG (NHF) deletion

constructs were generated using primers at the indicated amino acid residues and cloned into pEntry using

Gateway technology (Invitrogen). Fragments were transferred to N-terminal HA-FLAG (NHF) destination

vector following the manufacturer's instructions. H188A contains two point mutations to eliminate catalytic

activity H188A and W208R (Black et al., 2010). All clones were sequence verified.

[00267] Western Blots. Western blots were performed as in (Black et al., 2010). Antibodies used were:

KDM4A (Neuro mAB, 75-189), β-actin (Millipore), GFP (Neuro mAB, 73-131), RFP (Abeam, ab62341), p53

(Santa Cruz, sc-126), MCM2 (Cell Signaling, #3619S), MCM3 (Cell Signaling, #4012S), MCM7 (Cell

Signaling, #3735S), Halo (Promega), Actinin (Santa Cruz, sc-17829), HA 12CA5 (Roche), FLAG M2

(Sigma), DNA Pol a (Abeam, ab31777).

[00268] G-Band and Spectral Karyotyping. G-Band analysis was performed and analyzed by WiCell

Cytogenetics Institute (Wisconsin). SKY and corresponding analysis was performed by Cristina Montagna in

the Molecular Cytogenetic Core at Albert Einstein College of Medicine. The RPE stable cell lines were

analyzed by SKY two independent times: once after six months in culture and a second time after an

additional three months of culture.



[00269] Subcellular localization and Catalytic Activity of KDM4A deletion fragments. The indicated

NHF -tagged KDM4A deletion constructs were transfected into RPE cells grown on coverslips in 10 cm dishes

using X-tremeGENE 9™ DNA transfection reagent (Roche). H3K36me3 and subcellular localization were

assayed by examining transfected cells (positive for HA staining; HA.l 1 Covance) following fixation in 3.7%

PFA in PBS (Whetstine et al., 2006).

[00270] Immunoprecipitation and Chromatin Immunoprecipitation. Immunoprecipitations were

performed essentially as described in (Van Rechem et al., 201 1). Briefly, cells were lysed in cellular lysis

buffer (5mM PIPES, 85mM KCl, 0.5%> NP40) and nuclei were collected following centrifugation. Nuclei were

lysed in IPH buffer with sonication, lysates were cleared and immunoprecipitations were performed in the

presence of lOOug/ml ethidium bromide and digested with 0.25ul benzonase to eliminate protein-nucleic acid

interactions. Immunoprecipitation from 293T cells were carried out in IPH with 150mM NaCl and from RPE

cells in 300mM NaCl. Immunoprecipitation of HaloTag polymerase subunits with endogenous KDM4A was

performed according to the manufacturers protocol (Promega) with minor modification. Whole cell lysates

were prepared using sonication of cells in Halo lysis buffer. Immunoprecipitations were performed with

ethidium bromide overnight at 4uC. Elution was performed using SDS sample loading buffer.

[00271] Chromatin immunoprecipitations were performed as in (Black et al., 2010) with some minor

changes. Sonication was performed using a Qsonica Q800R™ system with a constant chiller. For ChlP, RPE

cells were arrested in 2mM HU for 20 hours prior to crosslinking to assess enrichment in KDM4A, HPly,

H3K9me3, H3K36me3, and DNA polymerase a at Gl/S transition. For release from HU, HU containing

media was removed by aspiration, and cells were rinsed twice with fresh DMEM prior to addition of fresh

DMEM for release for the indicated times. 1 to lOug of chromatin was used for each IP, which was dependent

on the antibody used. For HPly, chromatin was prepared and sonicated in TE with 1%>SDS, diluted to 0.2%>

SDS prior to dilution for the immunoprecipitation. Chromatin for histone ChlP was prepared and sonicated in

TE with 1% SDS. Chromatin for KDM4A, Pola, and MCM7 was prepared and sonicated in TE with 0.2%

SDS. Prior to ChlP, RPE chromatin was precleared for one hour with protein A agarose, and for one hour with

magnetic protein A or G beads (Invitrogen; to match antibody type). Immunoprecipitated DNA was purified

using either PCR Purification Columns (Promega) or AMPureXP™. Data presented are averages from the two

independently prepared polyclonal RPE cell lines from at least two independent chromatin preparations per

cell line. Antibodies used for ChlP are as follows: DNA Pola (Abeam, ab31777 lot 290601), MCM7 (Cell

Signaling, #3735S lots 02/2013 and 03/2013), KDM4A (Black et al., 2010), HPly (Millipore, 05-690 lot

DAM1501782), H3K9me3 (Abeam, ab8898 lot GR30928-1), H3K36me3 (Abeam, ab9050 lot GR10860-1),

H3 (Abeam, abl791 lot GR63387-1).

[00272] Fluorescent In Situ Hybridization (FISH). FISH was performed as described in (Manning et al.,

2010). Probes for lql2h, l q telomere, and chromosome 2, 6, 8, and X alpha satellite were purchased from

Rainbow Scientific. Probes for lql2 (RP11-80L2), Xql3.2 (RP1 1-451A22), Xql3.1 (RP11-177A4) were

purchased as BAC clones from Children's Hospital Oakland Research Institute (CHORI BacPac) FISH



verified clone repository. Oligonucleotide probes for lq21.2 (BCL9) and lq23.3 were purchased from Agilent

(SureFISH). BACS were prepared utilizing PureLink HiPure Plasmid Filter Maxiprep kit (Life Technologies)

using the recommended modified wash buffer. Probes were nick translated (Abbot Molecular Kit) in the

presence of fluorescently labeled dTTP (Enzo Life Science). Images of multiple planes of fields of nuclei were

acquired on an Olympus ΓΧ 8 1 Spinning Disk Microscope and analyzed using Slidebook 5.0 software. We

used a conservative scoring metric for copy gain. Any foci that were touching were scored as a single foci to

prevent increased numbers due to normally replicated foci. For RPE cells, copy gain was scored as any cell

with 3 or more distinct foci. For 293T cells, copy gain was scored for any cell with 5 or more distinct foci. For

RPE cells each experiment includes at least one replicate from the two different polyclonal stable cell

preparations. At least 100 cells for each replicate were scored for all experiments except analysis of single cell

clones.

[00273] Infection with Histone H3.3 variants. Lentiviral stocks provided from the Allis lab were used to

infect RPE cells in the presence of 8pg/ml polybrene for 8 hours (Lewis et al., 2013). Cells were washed 2

times with DMEM. Cells were collected 24 hours later for analysis by FISH and western blot. Incorporation of

histone variants was confirmed by subcellular fractionation and western blotting.

[00274] Fluorescent In Situ Hybridization (FISH) coupled to Chromosome 1 Paint. FISH/Paint was

performed using the lql2/21 probe labeled in Spectrum Orange combined with a chromosome 1 painting

probe labeled in Spectrum Green™. The chromosome paint probe was generated using standard protocols

(Montagna et al., 2002). Equal volumes of locus specific and paint probe resuspended in hybridization

solution (50% dextran sulfate/2x SSC) were combined and denatured at 85°C for 5 min, applied to the slides

and incubated overnight at 37°C in a humidified chamber. Before hybridization the slides with interphase

nuclei were denatured with 50% formamide/2x SSC at 80°C for 1.5 min and then dehydrated with serial

ethanol washing steps (ice cold 70%>, 90%> and 100% for 3 min each). After hybridization the slides were

washed three times for 5 min with 50% formamide/2x SSC, 1χ SSC and 4 SSC/0. l%Tween. Slides were

dehydrated with serial ethanol washing steps (as above) and mounted with ProLong Gold™ antifade reagent

with DAPI (Invitrogen) for imaging. FISH/Paint images were acquired with a manual inverted fluorescence

microscope (Axiovert 200, Zeiss) with fine focusing oil immersion lens (x 40, NA 1.3 oil and x60, NA 1.35

oil). Multiple focal planes were acquired for each channel to ensure that signals on different focal planes were

included. The resulting fluorescence emissions were collected using 425-475 nm (for DAPI), 546-600 nm

(for spectrum orange), and 500-550 nm (for AlexaFluor488) filters. The microscope was equipped with a

Camera Hall 100 and the Applied Spectral Imaging software.

[00275] Cesium Chloride Gradient Centrifugation. RPE cells were treated with ΙΟΟρΜ BrdU 14 hours

prior to harvest. Cells were lysed in RIPA supplemented with 100µg of RNAse A (Fisher) for 2 hours at 37

degrees Celsius. Buffer was supplemented to 1%> SDS and 20 pg of proteinase K was added and digested

overnight at 55 degrees Celsius. DNA was extracted three times with phenol:chloroform:isoamyl alcohol and

ethanol precipitated. Precipitated DNA (approximately 300 pg) was resuspended in NEB buffer 2



supplemented with RNAse A and digested with 200U of EcoRI and BamHI (NEB) overnight at 37 degrees

Celsius. Digests were supplemented to 1% SDS and digested with 10 pg of proteinase K for 1 hour at 55

degrees Celsius. DNA was extracted with phenol:chloroform:isoamyl alcohol and ethanol precipitated

Precipitated DNA was resuspended in TE and concentration determined by Nanodrop. 100 pg of DNA was

mixed with lg/ml CsCl in TE (refractive index of 1.4015-1.4031) in Quick-Seal ultracentrifuge tubes

(Beckman). The CsCl gradient was centrifuged at 44,400 RPM in a VTi-65 rotor for 72 hours at 25 degrees

Celsius. Fractions were collected from the bottom of the gradient in -200 pi aliquots. DNA concentration of

each fraction was measured by Nanodrop. Appropriate fractions were pooled, dialyzed against 0. IX TE and

concentrated by dialysis against O.IXTE with 40% glycerol. Concentrated pools were ethanol precipitated and

resuspended in ddH20 prior to analysis by quantitative PCR (qPCR). Each re-replicated fraction was diluted

to 15ng/ul stock and 7.5ng of re-replicated DNA pool was analyzed by qPCR on a Roche LC480 using

FastStart Universal SYBR Green Master Mix (Roche) following the manufacturer's instructions. 7.5ng of

input DNA was analyzed by qPCR at the same time. Each sample was normalized to its own input prior to

determination of fold-change in re-replication.

[00276] HaloTag Mammalian Pull-Down Assay for Mass Spectrometry. HEK293T cells (12 x 106 cells)

were plated in a 150 mm dish and grown to 70-80% confluence (approximately 18 hours). The cells were then

transfected with 30µg of plasmid DNA using FuGENE HD Transfection Reagent (Promega) for 24 hours,

according to manufacturer's protocol. Cells expressing Halo-KDM4A or Halo-CTRL were incubated in

mammalian lysis buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% Triton X-100, and 0.1% sodium

deoxycholate) supplemented with Protease Inhibitor cocktail (Promega) and RQ1 RNAse-Free DNAse

(Promega) for 10 minutes on ice. Lysate was then homogenized with a syringe and centrifuged at 14.000 x g

for 5 minutes to pellet cellular debris. Clarified lysate was incubated with HaloLink Resin (Promega) that had

been pre-equilibrated in resin wash buffer (TBS and 0.05%> IGEPAL CA-640 (Sigma)) for 15 minutes at 22oC

with rotation. Resin was then washed 5 times with wash buffer, and protein interactors were eluted with SDS

elution buffer (50mM Tris-HCl, pH 7.5, and 1% SDS).

[00277] Mass Spectrometry Analysis. HaloTag™ pulldown or co-immunoprecipitation purified

complexes were analyzed and processed by M S Bioworks, LLC (Ann Arbor, Michigan). The samples were

separated on a SDS-PAGE gel, which was then Coomassie stained and cut into 10 fragments. Each gel piece

was processed with the Progest™ Protein Digestion Station (Digilab). Briefly, gel slices were washed using

25 mM ammonium bicarbonate and acetonitrile, followed by reduction with 10 mM dithiothreitol, and

alkylation with 50 mM iodoacetamide. Proteins were digested with trypsin (Promega) for 4 hours and

digestion was quenched with formic acid. Gel digests were analyzed directly by nano LC/MS/MS with a

NanoAcquity™ HPLC (Waters) interfaced with an Orbitrap Velos Pro™ (Thermo Scientific) tandem mass

spectrometer. Digested peptides were loaded on a trapping column and eluted over a 75 µ η analytical column

packed with Jupiter Proteo Resin™ (Phenomenex) at 350nl/min. The mass spectrometer was operated in data-

dependent mode, with M S performed in the Orbitrap at 60.000 full width at half maximum (FWHM)



resolution, and MS/MS performed in the LTQ. The 15 most abundant ions were selected for MS/MS. The data

were searched with Mascot™ (Matrix Science) against the concatenated forward/decoy UniProt Human

Database, and Mascot DAT files were visualized and filtered by Scaffold (Proteome Software). Data were

filtered using a minimum protein value of 90%, a minimum peptide value of 50% (Protein and Peptide

Prophet scores), and required at least two unique peptides per protein. Spectral counting was performed and

normalized spectral abundance factors determined. Data were reported at less than 1%> false discovery rate

(FDR) at the protein level based on counting the number of forward and decoy matches.

[00278] KDM4A Copy Number Determination in TCGA Data Set. The somatic copy number alterations

(SCNAs) for 24,176 genes of the pan-cancer data set including 4,420 samples across multiple tumor types are

annotated by GISTIC2.0™ (Beroukhim et al., 2007; Beroukhim et al., 2010; Network, 2008). The copy

number change in each gene is defined as possessing deep deletion (-2), shallow deletions (-1), neutral copy

number (0), low gain (+1), and high gain (+2) in each sample using sample-specific thresholds. High gains are

segments with copy number that exceed the maximum median chromosomal arm copy number for that sample

by at least 0.1; low gains are segments with copy numbers from 2.1 to the high gain threshold; neutral

segments have copy numbers between 1.9 and 2.1; shallow losses have copy numbers between 1.9 and the

deep deletion threshold; and deep deletion have copy numbers that are below the minimum median

chromosomal arm copy number for that sample by at least 0.1.

[00279] KDM4A mRNA expression from RNA-seq in TCGA Data Set. Reads per kilobase of exon model

per million mapped reads (RPKM) were annotated for 16,407 genes in 1953 samples across multiple tumor

types. 1770 samples having both copy number and RPKM data were used to quantify an association between

copy number alterations and the mRNA expression levels in KDM4A in Fig. IB and ID. The "Gain" group

corresponds to the sample set with KDM4A GISTIC annotation = + 1 or +2, the "No change" group

corresponds to the samples set with KDM4A GISTIC annotation = 0, and the "Loss" group is associated to the

sample set with KDM4A GISTIC annotation = - 1 or -2.

[00280] Clinical Data in TCGA Data Set. Overall survival in 541 Ovarian Cancer samples (256 alive and

285 deceased) was defined as the interval from the date of initial surgical resection to the date of last known

contact or death. The association of the KDM4A copy number status, Del (-2), Loss (-1), None (0), Gain (+1),

Amp (+2) to the clinical outcome in Fig. IE through 1H was tested for 285 deceased patients by Student's t-

test (one-tailed) and statistical significance was considered when P < 0.05.

[00281] Determination of Cytoband Copy Number and Correlation with KDM4A in TCGA Data Set. In

addition to the copy number annotation for each gene, the mean focal copy number for 807 cytobands

including X-chromosome were annotated in each sample by taking an average of focal copy numbers of every

genes within the same cytoband. Arm-level SCNA contributions to the mean focal copy number in each

cytoband were removed by only considering GISTIC annotated focal copy numbers much smaller than a

chromosome arm or entire chromosome. Detecting chromosomal regions significantly co-amplified with

KDM4A copy gains or amplifications was first performed by the one-tailed Student's t-test for the mean focal



copy number changes between KDM4A copy-gained samples (GISTIC annotation = + 1 or +2) and KDM4A

copy-neutral samples (GISTIC annotation = 0) across 807 cytobands. We also calculated the significance

using the gene-specific copy-number for KDM4A and KDM4B as positive controls (Fig. 6A-C). The second

independent test was performed by approximating a null distribution of mean cytoband copy differences by a

normal function Ν (µ12 - µθ,σθ 2 / ηθ + σ12 2 / nl2) where µθ and µ12 are samples means across all

cytobands, σθ 2 and σ12 2 are mean sample-specific variances within each group, and n O and nl2 are the

number of samples in KDM4A copy-neutral and KDM4A copy-gained groups, respectively. This test is based

on comparing the means of the two sets while permuting values within each of the samples (and using a

Gaussian approximation). The p-values across 807 cytobands were annotated by computing the probability of

more extreme differences than the corresponding cytoband copy difference in the null distribution. The

empirical cumulative distribution functions (the fraction of samples below the given mean focal copy) were

determined by enumerating samples having the mean focal copy number less than or equal to the value on the

x-axis for KDM4A and KDM4B amplified (+2), copy-gained (+1), and copy-neutral samples (0).
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EXAMPLE 2

[00283] As described herein, KDM4A is a contributor to cancer pathophysiology. Single nucleotide

changes within this enzyme is not limited to somatic mutations because germiine single nucleotide

polymorphisms (SNPs) can occur. Identification a d characterization of such mutations can permit the

classification of patients and provide diagnostic and prognostic information to guide treatment.

[00284] Described herein and in Figs. 15A-15E, 16A-16D, 17A-17F, 18, 19A-19E, 20A-20E, 21A-21B,

and 22A-22B is the importance of a germiine variant and somatic mutations within the histone tri-demethylase

KDM4A'JMJD2A to chemotherapeutic response. The KDM4A SNP associates with worse outcome for on-

small cell lung cancer (NSCLC) patients, impacts KDM4A regulation (cellular localization, ubiquitination and

turnover) and associates with increased mTOR inhibitor sensitivity.

[00285] Also identified are somatic mutations throughout the KDM4A gene. It is demonstrated herein that

somatic mutations that impair KDM4A function or levels have increased mTOR inhibitor sensitivity. These

findings have direct clinical implications because the SNP, protein levels mis-localization and mutations

altering KDM4A function are able to provide a mechanism for sensitizing cells to clinically

relevant chemotherapeutics.

[00286] These findings highlight the use of this germiine variant and somatic mutations as biomarkers for

stratifying SCLC as well as other cancer patients when being treated with certain classes of

chemotherapeutics such as mTOR inhibitors or protein translation inhibitors.

[00287] Table I Stratification for NSCLC patients. HR represents the hazard ratio, P the P value, n the

number of patients in each category, AA the genotype for homozygote wild-type (E482), AC for heterozygote,

CC for homozygote SNP (A482).



[00288] Table 2 : Mutations of KDM4A and their effects on localization and demethylase activity. For

localization: +++ indicates > 80% nuclear, ++ indicates 60-79% nuclear, + indicates 40-59% nuclear, -

indicates 20-39% nuclear, - indicates 0 to 19%> nuclear. For Activity: + indicates active, - indicates inactive,

+/- indicates partial acitivty. NT = not tested.

. . T , . H3k36 Demethylase H3k9 Demethylase
Variant Localization . . . . . .

Activity Activity

2A-E23K + +

2A-S28N +++ + +

2A-I87V +++ + +

2A-E113K +++ + +/-

2A-K123I + + NT

2A-N128S NT NT NT

2A-R152W* +++ + +

2A-R218W ++ - +

2A-G225C ++ +/- +

2A-A236V +++ + +

2A-R239H +++ +/- +/-

2A-G278S +++ - -

2A-T289I +++ - +/-

2A-V319M ++ + +

2A-P326T ++ + +

2A-P348L ++ + +



2A-E368K ++ + +

2A-G376V ++ + +

2A-R400Q + + +

2A-E426K +++ + +

2A-V490M ++ + +

2A-R498H ++ + +

2A-D524V +++ + +

2A-E558Q + + +

2A-R597H NT NT NT

2A-A662S NT NT NT

2A-S713L NT NT NT

2A-V743I* +++ + +

2A-R765Q - -

2A-G783FS - NT

2A-L803FS + NT

2A-R825C* +++ + +

2A-R825H* ++ + +

2A-V919M + + NT

2A-L941F NT NT NT

2A-S948T NT NT NT

2A-V1003A ++ + +

2A-D1023Y ++ + +

2A-R1025C* ++ + +

2A-E1032K ++ + +

[00289] Table 3 : Mutations of KDM4B and their effects on localization and demethylase activity.

H3k36 Demethylase H3k9 DemethylaseVariant Localization
Activity Activity

I35K NT NT NT

A43V NT NT NT

R120H NT NT NT

N150S NT NT NT

E191K NT NT NT

Y196H NT NT NT

S197N NT NT NT

R222Q NT NT NT

G230V NT NT NT

A237T NT NT NT

M243I NT NT NT

R296L NT NT NT



V320M NT NT NT

F321L NT NT NT

T340M NT NT NT

R346W NT NT NT

P380S NT NT NT

Q542L NT NT NT

Q542H NT NT NT

G572V NT NT NT

P623T NT NT NT

S747C NT NT NT

R775H NT NT NT

A792T NT NT NT

T811S NT NT NT

D894N NT NT NT

S978F NT NT NT

Frameshift

P463 NT NT NT

[00290] Table 4 : Mutations of KDM4C and their effects on localization and demethylase activity.

H3k36 Demethylase H3k9 Demeth;
Variant Localization

Activity Activity

R58I NT NT NT

A71S NT NT NT

R121H NT NT NT

K125N NT NT NT

V130A NT NT NT

VI581 NT NT NT

R220Q NT NT NT

E268K NT NT NT

T379I NT NT NT

D396N NT NT NT

D408E NT NT NT

S434F NT NT NT

E498D NT NT NT

E519D NT NT NT

S534R NT NT NT

R572H NT NT NT

A614V NT NT NT

T623M NT NT NT



A630S NT NT NT

A646S NT NT NT

T677A NT NT NT

S713R NT NT NT

C718R NT NT NT

A719G NT NT NT

G740E NT NT NT

A750V NT NT NT

W751C NT NT NT

L765F NT NT NT

V782L NT NT NT

T794A NT NT NT

V870M NT NT NT

S872F NT NT NT

S928C NT NT NT

I962T NT NT NT

T1042A NT NT NT

nonsense

p.E695 NT NT NT

p.R786 NT NT NT

P.R997 NT NT NT

[00291] Table 5 : Mutations of KDM4D and their effects on localization and demethylase activity.

. , . . H3k9 Demethylase
Variant Localization . . .

Activity

G47D

D64N

R82W

Q88R +++ +++

R102C +++ +++

R123P

K210N

V214L*

R243W

A247D

P260H +++ +++

R263H +++ +++

E270D

P276L



R316W - -

R332H +++ +++

K337R +++ +++

R338C +++ ++

V345M +++ +++

P350S +++ +++

G373C +++ +++

R375I +++ +++

R392H +++ +++

S393I +++ +++

G394E +++ +++

R419Q -

S484L +++ +++

E487K +++ +++

L508R +++ +++

Frameshift

E256 NT NT

K91 NT NT

S107 NT NT

nonsense

E27 NT NT

R123 NT NT

K124 NT NT

[00292] Table 6 : Mutations of KDM4E and their effects on localization and demethylase activity.

Variant Localization H3k9 Demethylase
Activity

I15T NT NT

E64K NT NT

E162Q NT NT

S247L NT NT

L251I NT NT

G370V NT NT

G465E NT NT

R491G NT NT

D499Y NT NT

Nonsense

Q85 NT NT

L480 NT NT



EXAMPLE 3

[00293] Hypoxia induces lql2h copy number gains which can be antagonized by

Suv39Hl, HP1 gamma or succinate. RPE cells were transfected with RFP,

Suv39hl or HPIG or treated with 2mM succinate for 24 hours. Cells were moved to 4% oxygenor kept at nor

moxic conditions and copy number was determined (Fig. 24). Hypoxia increases the protein level of KDM4A

in different cell lines (Fig. 25) in multiple cellular compartments (Fig. 26). The hypoxia-induced changes in

KDM4A levels and/or localization can be reduced by NEM, which stabilizes SUMOylation and

ubiquitination. NEM also alters the chromatin association (Fig. 26).

EXAMPLE 4

[00294] miRNAs regulate the expression level of KDM4A (Fig. 27A) and transfection with certain

miRNAs induces sensitization of U20S cells to rapamycin and PLX4720 (Figs. 27B-27C).

EXAMPLE 5

[00295] The effect of KMD4A mutations on drug sensitivity was examined by depleting cells of KDM4A

(shAlO) and then transfecting with wild-type or mutant KDM4A. The sensitivity of the cells to rapamycin

was then determined. Expression of widltype KDM4A reduced the senstitivity of the cells as compared to the

shAlO depletion alone (Fig. 28). A catalytic mutant of KDM4A (H188A) did not reduce drug sensitivity as

compared to transfection with wildtype KDM4A (Fig. 30). A SNV mutation that causes a R1025C mutation

was equally as sensitive as KDM4A/JMJD2A depletion (shAlO) when treated with Rapamycin (Fig. 29). A

mutation that causes a frameshift G783fs was equally as sensitive as KDM4A/JMJD2A depletion (shAlO)

when treated with Rapamycin (Fig. 31). This differed from WT expression in the depletion background, which

was less sensitive.



[00296] Table 7: KDM4A SNPs

[00297] EXAMPLE 6 : Histone Demethylase KDM4A Contains a Coding Polymorphism that

Associates with Outcome and Alters Drug Response



[00298] Single nucleotide polymorphisms (SNPs) occur in chromatin-modulating factors; however, little is

known about their impact on cancer progression or treatment. Therefore, we need to establish the biochemical

and/or molecular contribution of the coding variants, how they can be used to sub-classify patients and how

they can impact therapeutic response. In this report, we demonstrate that a germline SNP within the histone

tri-demethylase KDM4A/JMJD2A promotes KDM4A turnover and predicts non-small cell lung cancer

(NSCLC) patient outcome. We further demonstrate that SNP status, reduced KDM4A protein levels and its

chemical inhibition enhance mTOR inhibitor sensitivity. The reduction in KDM4A protein levels decrease

protein translation, which enhance the reduced protein synthesis caused by mTOR inhibition. Taken together,

our data emphasize the importance of using KDM4A SNP status and protein levels as a candidate biomarker

for mTOR inhibitor therapy and highlight the use of combined inhibition of KDM4A and mTOR in treating

lung cancer.

[00299] It is demonstrated herein that:

a. KDM4A SNP-A482 is associated with NSCLC patients' outcome.

b. KDM4A SNP-A482 promotes ubiquitination and turnover.

c. SNP-A482 status, KDM4A levels and chemical inhibition increase mTOR inhibitor

chemotherapeutic sensitivity.

d. Reduced KDM4A protein levels decrease translation and enhance the reduced protein

synthesis caused by mTOR inhibition.

[00300] The nucleosome, composed of 147 base pairs (bp) of DNA wrapped around an octamer of

histones, is the basic unit of chromatin. In general, chromatin can be classified into two states, open

euchromatin, which typically replicates early and contains transcriptionally active genes, and compact and

late-replicated heterochromatin that contains inactive genes and DNA repeat elements (Black and Whetstine,

201 1). RNA and proteins are necessary to help and/or prevent the compaction of chromatin. Histones are

heavily post-translationally modified by proteins called chromatin-modifying enzymes. At least 16 different

classes of modifications are responsible for the regulation of chromatin state and biological processes such as

transcription and DNA repair (Dawson and Kouzarides, 2012).

[00301] Described herein is the function of a SNP in the coding region of KDM4A, resulting in the

conversion of the glutamic acid amino acid in position 482 to alanine (E482A), with alanine encoded by the

minor allele. It is demonstrated that this SNP is linked to outcome in non-small cell lung cancer (NSCLC)

patients. Biochemically, this SNP regulates the stability of KDM4A through its interaction with the SCF

complex, leading to its increased ubiquitination, subsequent degradation, and decreased half-life. Furthermore,

drug screen analyses uncover a function for this SNP in cell sensitivity to chemotherapeutic drugs targeting

the mTOR pathway. It is further demonstrated that this increased sensitivity is due to reduced KDM4A levels.

The reduction in KDM4A protein levels decrease protein translation, which enhance the reduced protein

synthesis caused by mTOR inhibition. Together, the findings in this report reveal a new role for KDM4A in

overall translation and highlight the importance of germline variation in response to chemotherapies. These



data reveal a biomarker and predictor for targeted therapy for NSCLC patients, while permitting combination

therapies targeting mTOR and KDM4A.

[00302] RESULTS

[00303] SNP-A482 alters KDM4A regulation. It was investigated whether SNPs in KDM4A could

impact enzyme regulation, function and/or cancer cell drug response. Because non-synonymous coding SNPs

are more likely to directly alter protein functions due to a change in an amino acid sequence (Cargill et al.,

1999; Halushka et al., 1999), the dbSNP database was evaluated and the only coding SNP for KDM4A with a

reported frequency was identified. KDM4A SNP rs586339A>C presents a minor allele frequency (MAF) of

0.238. The rs586339 SNP results in a single base substitution that leads to an amino acid substitution: E482

(GAA) to A482 (GCA). Therefore, this germline variant is referred to herein as SNP-A482 (Fig. 19A).

Adenine "A" encoding E482 was identified to be the major allele [referred to as wild type (WT) throughout

Example 6] for two main reasons: 1) this amino acid is conserved across species (Fig. 32 and 19B); and 2)

both dbSNP database and HapMap analysis reported "A" as the major allele. Upon evaluating the HapMap

project, we observed different allelic frequencies across various ethnic populations (Fig. 19 D) (2005;

Altshuler et al., 2010). These data highlight the ethnic diversity observed for this SNP, suggesting some level

of selective pressure may alter the distribution of this allele in the human population. The average HapMap

allelic frequency across all evaluated populations is 64.6% for homozygote for the major allele (WT), 29.9%>

for heterozygote, and 5.5%> for homozygote for the minor allele (SNP-A482) (Fig. 19D). The presence of the

SNP in cell lines was confirmed using Sanger sequencing (Figu. 19C) and restriction fragment length

polymorphism (RFLP) (not shown).

[00304] It was sought to determine if there was a biochemical difference between KDM4A WT and

KDM4A SNP-A482. To achieve this goal, it was first evaluated whether SNP-A482 impacted KDM4A

localization by transiently transfecting cells with GFP-tagged KDM4A. GFP-KDM4A WT was exclusively

nuclear in 85%> of the cells and localized in both the nucleus and the cytoplasm in the remaining 15%>, whereas

GFP-KDM4A SNP-A482 was exclusively nuclear in 5 1 >of the cells and both nuclear and cytoplasmic in

4 9% (Fig. 15E, p=0.018). These data highlight a difference in these two KDM4A variants.

[00305] Because KDM4A SNP-A482 was more cytoplasmic and the change in localization pattern is

associated with KDM4A ubiquitination (Butler et al., 2012; Mallette et al., 2012), it was evaluated whether

SNP-A482 impacted KDM4A protein regulation. When KDM4A SNP-A482 was expressed in HEK 293T

cells, an increase in higher molecular weight products was observed (Fig. 37), which was then demonstrated to

be ubiquitination by immunoblotting for ubiquitin after conducting denaturing GFP immunoprecipitation (IP)

(Fig. 15B)). Multiple experiments indicated that there was a two-fold increase in KDM4A SNP-A482

ubiquitination when the normalized IP was compared to wild type (Fig. 15B). KDM4A can be ubiquitinated

by the SCF complex containing the E3 ligase Cullinl (Tan et al., 201 1; Van Rechem et al., 201 1). Consistent

with KDM4A SNP-A482 being more ubiquinated, KDM4A SNP-A482 coimmunoprecipitated more MYC-

Cullinl, which reflects an increased association with the SCF complex (Fig. 15D). In addition, KDM4A SNP-



A482 exhibited a shorter half-life than KDM4A WT (lh38min versus 2h58min, respectively; Fig. 15C).

Taken together, these data demonstrate that SNP-A482 results in altered KDM4A ubiquitination and

contributes to changes in KDM4A stability.

[00306] KDM4A SNP-A482 is associated with NSCLC patients' outcome. Since KDM4A SNP-A482

affected KDM4A protein stability, it was hypothesized that KDM4A SNP-482 may impact clinical parameters

in lung cancer patients. Therefore, a well characterized cohort of non-small cell lung cancer (NSCLC) patients

was evaluated (Heist et al., 2008; Huang et al., 2009; Huang et al., 201 la; Huang et al., 201 lb) and it was

determined whether homozygous KDM4A SNP-A482 NSCLC patients were associated with differential

outcome based on various clinical parameters. Interestingly, NSCLC patients and non-NSCLC patients

presented comparable allelic frequency, suggesting that there is no selection against the A482 allele in NSCLC

patients (Fig. 19E). However, patients that were homozygous for KDM4A SNP-A482 were associated with

worse outcome for certain late stage patient parameters (Fig. 38A). For example, stage 3 patients had a 1.73-

fold worse outcome (Hazard Ratio HR=1.73, p=0.039; Fig. 33A) when compared to heterozygote and wild

type patients. KDM4A SNP-A482 homozygous status was also associated with worse outcome with radiation

(HR=1.8, p=0.014; Fig. Fig. 33B), when patients were less than 64 years of age (HR=2.03, p=0.006), when

the NSCLC patients had an adenocarcinoma (HR=1.68, p=0.042; Fig. 33D), or when patients received

surgical intervention (HR=2.31, p=0.02; Fig. 33E). However, not all types of stratification presented a link to

outcome (Fig. 33F). These data suggest that there is an important association between KDM4A SNP-A482

status and lung cancer outcome.

[00307] KDM4A SNP-A482 alters chemotherapeutic sensitivity in lung cancer cell lines but does not

affect other biological processes. Since some patients with KDM4A SNP-A482 had a worse outcome, it was

sought to establish whether chemotherapeutics to target homozygous KDM4A SNP-A482 lung cancer cells

could be identified. By using this approach, novel therapeutic opportunities based on the kdm4a germline

status in NSCLC patients could be identifed. An unbiased association study was conducted between 88 lung

cancer cell lines that were genotyped (Fig. 19E) and screened for drug sensitivity to 87 preclinical and clinical

compounds at three different drug concentrations. Similar to the analysis of the NSCLC patients, the cell lines

homozygous for the minor allele were compared to the cell lines heterozygous and homozygous for the major

allele. The results of the analysis are summarized as a volcano plot representing the statistical significance

(inverted 7 axis) versus the effect of KDM4A SNP-A482 on drug sensitivity. Each dot represents a drug, with

only the drugs above the axis considered as significantly associated with KDM4A SNP-A482 (p<0.05). The

right quadrant represents an increased sensitivity to the drugs for the cells homozygous KDM4A SNP-A482,

whereas the left quadrant represents an increased resistance for these cells compared to heterozygous and

homozygous WT cells (Fig. 17A). KDM4A SNP-A482 was significantly associated with altered drug

response to 20 compounds; seventeen compounds were associated with an increased drug sensitivity and three

compounds were associated with an increased drug resistance (Figs. 17A-17B). These compounds were then

classified based on reported literature and known targets (Fig. 17B). The most striking enrichment was



observed for mTOR inhibitors. Indeed, lung cancer cells homozygous for KDM4A SNP-A482 had increased

sensitivity to five different mTOR/PI3K inhibitors (p=0.002; Figs. 17A, 17B). Importantly, the majority of the

compounds that resulted in increased sensitivity in homozygous KDM4A SNP-A482 cell lines were related to

the mTOR/PI3K pathway (10 out of 17, Fig. 20A), emphasizing an important and unappreciated link between

KDM4A and this pathway.

[00308] In order to further establish the relationship between KDM4A SNP-A482 and mTOR inhibition,

the relationship between drug sensitivity and other SNPs within KDM4A was examined (Figs. 38A-38B and

39A-39B). To do this, the lung cancer cell lines used in the initial screen were genotyped for two additional

KDM4A SNPs. rs517191, which is not linked to outcome in the NSCLC patients, and rs6429632, which is

linked to overall poor outcome in homozygous late stage patients and for which the outcome associations were

different than KDM4A SNP-A482 were studied (Fig. 38A-38B and 39A). Interestingly, only cells

homozygous for KDM4A SNP-A482 and not rs517191 or rs6429632 exhibited increased sensitivity to the

majority of mTOR inhibitors compared to the cells heterozygous and homozygous for the major alleles (Fig.

39B and data not shown). These data suggest that KDM4A SNP-A482 status might constitute a biomarker of

drug response to specific chemotherapeutic compounds such as mTOR and PI3K inhibitors, which has

important clinical implications since these drugs are being used to treat NSCLC (Cagle et al., 2013; Gridelli et

al., 2008).

[00309] Because SNP-A482 affected KDM4A stability and altered cellular drug sensitivity, it was

assessed whether additional biological processes regulated by KDM4A were also affected by SNP-A482.

Since KDM4A is a histone demethylase (Black et al., 2012), it was determined whether SNP-A482 affects

KDM4A catalytic activity in vivo. Immunofluorescence experiments in U20S cells transfected with GFP-

KDM4A revealed that H3K36me3 and H3K9me3 catalytic activities did not appear to be altered between

KDM4A WT and SNP-A482 (data not shown). KDM4A overexpression leads to a faster progression through

S phase (Black et al., 2010) and results in site-specific copy gain (lql2h) (Black et al., 2013). Consistent with

these previous reports, stable cells overexpressing KDM4A SNP-A482 presented the same cell cycle

progression profile as KDM4A WT cells (Fig. 40A) and generated site-specific copy gains like KDM4A WT

(Fig. 40B). Taken together, these results demonstrate that the presence of SNP-A482 does not affect known

KDM4A-related functions but has an important role in generating increased sensitivity to mTOR/PI3K

inhibitors.

[00310] mTOR inhibition reduces KDM4A protein levels. Because there was enrichment for mTOR

inhibitor sensitivity in relation to KDM4A SNP-A482, the biochemical relationship between KDM4A SNP-

A482 and this class of compounds was further evaluated. Based on the observation that KDM4A SNP-A482

increases KDM4A ubiquitination and turnover (Figs. 15B-15D), the impact that mTOR inhibition had on

endogenous KDM4A levels was determined (Fig. 20E and Figs 34A-34B). Consistent with mTOR inhibition

affecting mRNA translation (Bjornsti and Houghton, 2004; Populo et al., 2012), endogenous KDM4A protein

levels were reduced during Rapamycin treatment (Fig. 20E and Fig. 34A), whereas RNA levels were



unchanged (Fig. 34B). Since KDM4A SNP-A482 has a faster half-life compare to KDM4A WT (Fig. 15C), it

was hypothesized that KDM4A SNP-A482 protein levels would be lower than KDM4A WT protein levels in

the presence of mTOR inhibitors. To test this hypothesis, two cell lines were treated with different KDM4A

genotypes (i.e., homozygote KDM4A WT or SNP-A482) with Rapamycin and endogenous KDM4A levels

analyzed over time (Fig. 34C). Indeed, H290 cells, which are homozygous for KDM4A SNP-A482, exhibited

reduced endogenous KDM4A protein levels upon mTOR inhibition, whereas LU99B cells, which are

homozygous for KDM4A WT, did not exhibit this phenotype (Fig. 34C, compare lines; p=0.034, significance

for overall difference). In order to rule out the contribution of different genetic backgrounds in these cancer

cell lines, the same experiments were performed within a single cell line that transiently overexpressed GFP-

KDM4A WT or GFP-KDM4A SNP-A482. The same phenotype is observed in these cells (Fig. 34D, compare

lines; p=0.003, significance for overall difference). Taken together, these data indicate that mTOR inhibition

leads to a more pronounced decrease in KDM4A SNP-A482 protein levels.

[00311] KDM4A protein levels alter cell sensitivity to rapalogs. Based on the above observations, it

was hypothesized that the increased mTOR inhibitor sensitivity observed for KDM4A SNP-A482 cell lines

was due to the stronger reduction in KDM4A levels. To test this hypothesis, KDM4A was depleted from cells

using shRNAs, and cell proliferation was monitored during Rapamycin treatment. Indeed, shRNAs directed

against KDM4A further extended the already increased doubling time observed after Rapamycin treatment

(Figs. 35A and 20D). In order to confirm this result, cells were depleted of KDM4A before being treated with

Rapamycin or the ATP-competitive mTOR inhibitor AZD8055 for 48h before cell proliferation and viability

was assessed using MTT assays. Independent experiments with two different shRNAs resulted in increased

sensitivity to mTOR inhibition upon KDM4A knock down (Figs. 35B and 41A-41B). These data indicate that

KDM4A levels play an important role in sensitizing cells to mTOR inhibitors. They also emphasize the impact

that KDM4A SNP-A482 or KDM4A inhibition can have on the response to chemotherapy.

[00312] In order to determine if the inhibition of KDM4A alters cell sensitivity to mTOR inhibitors, HEK

293T cells were co-treated for 48h with a KDM4A inhibitor, JIB-04 (Wang et al., 2013), and Rapamycin or

AZD8055 before assessing proliferation and doubling time as described above (Figs. 35C, 21B, and 41D).

JIB-04 treatment enhanced the effect of both Rapamycin and AZD8055 (Figs. 35C, and 41C-41D),

demonstrating that KDM4A activity can be disrupted or decreased to sensitize cells to mTOR inhibition.

[00313] KDM4A protein levels impact overall translation. A major mTOR function is to modulate

protein translation (Bjornsti and Houghton, 2004; Populo et al., 2012). Therefore, it was hypothesized that

decreased KDM4A protein levels increase the cellular toxicity of mTOR inhibitors by also impacting protein

translation. To test this hypothesis, KDM4A was depleted with two different shRNAs and overall translation

assessed over two hours by measuring the incorporation of the methionine analog AHA (L-

Azidohomoalanine) (Figs. 35D and 21B). Interestingly, the depletion of KDM4A reduced overall translation

(Figs. 35D and 21B). It was next asked whether KDM4A depletion could enhance the reduced translation

observed upon mTOR inhibition with the same assay. Upon KDM4A knock-down and treatment with three



separate doses of Rapamycin, a further decrease of translation was observed in cells treated with all doses of

Rapamycin (Figs. 35E and 41E-41F). Interestingly, the decreased translation observed upon KDM4A knock

down alone is equivalent to the effect of low doses of Rapamycin for which no significant effect on cell

proliferation was observed (Fig. 35E, compare the ratio at the bottom to the effect on proliferation observed in

Figs. 35B and 41B; the biotin/**-actin ratio reported in Fig. 35E represent the average of two independent

experiments).

[00314] In order to determine if the inhibition of KDM4A alters overall translation, HEK 293T cells were

treated for 24h with JIB-04 and Rapamycin before assessing methionine incorporation as described above

(Figs. 41G-41H). JIB-04 treatment enhanced the alteration of translation observed after Rapamycin treatment

(Figs. 41G-41H).

[00315] KDM4A is implicated in the initiation of translation. In order to determine if KDM4A could

have a direct role in translation, endogenous KDM4A was immunoprecipitated from HEK 293T cells and the

binding partners analyzed by mass spectrometry (Fig. 35F). The IPA analysis of the data resulted in the

"translation" category being highly significantly represented (Fig. 35F). Some of these interactions have been

confirmed by endogenous coimmunoprecipitation. Interestingly, an antibody directed against the Tudor

domains does not pull down any of the translation factors (Fig. 35G). Because most of the translation factors

identified by mass spectrometry are involved in the initiation of translation, fractions were purified from

polysome profiles in order to determine the potential presence of KDM4A (Fig. 35H). Interestingly, KDM4A

was present in the 40S fraction, confirming a potential role in the initiation of translation. In order to confirm a

potential translation initiation defect upon KDM4A inhibition the polysome profiles from HEK 293T cells

treated with JIB-04 were studied (Fig. 351). Interestingly, JIB-04 leads to a translation initiation defect (Fig.

351). Additionally, JIB-04 can sensitize cells to Rapamycin by increasing their translation initiation defect

(Fig. 35J). JIB-04 can target KDM4 members as well as KDM5A and KDM6B. In order to determine if these

other targets can be involved in the decreased translation observed upon JIB-04 treatment, KDM4A, KDM5A

and KDM6B were depleted from HEK 293T cells with siRNAs and overall translation examined.

Interestingly, KDM5A and KDM6B knock-down affects translation to the same extent than KDM4A knock

down (Fig. 35K). This data supports the role of KDM4A in modulating translation and the observation of

KDM5A and KDM6B depletion causing a protein synthesis effect indicates that they are involved and

targeting them in conjunction with or separately from KDM4 can provide a clinical advantage. This

possibility is highlighted by the affects observed with JIB-04 since this compound hits all three to different

degrees and gives an enhanced affect. Finally, in order to determine if the absence of KDM4A could alter the

stability of factors directly involved in initiation of translation, HEK 293T lysates were analyzed upon

KDM4A knock-down and no obvious variation in the levels of the proteins analyzed ws observed (Figs. 411-

41J). Without wishing to be bound by theory, these data indicate that the enhanced mTOR inhibitor sensitivity

that was observed with KDM4A SNP-A482, chemical inhibition of KDM4A, or KDM4A knock-down was



the result of an enhanced change in overall translation, which could be due to defect in the initiation of

translation.

[00316] DISCUSSION

[00317] Personalized therapy is becoming more common in cancer treatment (Cagle et al., 2013). The

ultimate goal of this approach is to target an Achilles' heel based on the genetic/biochemical properties of a

target in certain cancer types and/or individuals. In order to achieve this goal, genetic and biochemical

properties need to be established for genetic alterations linked to diseases. For example, SNP status can be

used to assess risk of disease or predict outcome and/or response to treatment and may also have a place in the

sub-classification of patients for optimal treatment delivery (Lee et al., 2013; Zeron-Medina et al., 2013). In

the present study, the biochemical and biological effects of a coding SNP within the H3K9/36 histone tri-

demethylase KDM4A were assessed. It was demonstrated that KDM4A SNP-A482 is more ubiquitinated and

exhibits a faster turnover rate than the protein encoded by the major allele (E482, referred to as WT).

Moreover, stratified late stage NSCLC patients homozygous for KDM4A SNP-A482 present a worse outcome

than patients heterozygous or homozygous for KDM4A WT. Interestingly, it was discovered that cancer cells

homozygous for the minor allele are more sensitive to specific drugs, including compounds targeting the

mTOR pathway. It was further demonstrated that the sensitization to such drugs is actually the result of

decreased KDM4A protein levels and enhanced translation suppression. Lastly, it was established that the

combined chemical inhibition of KDM4A and mTOR results in a stronger suppression of cell proliferation,

highlighting the potential for targeting these two enzymes to better treat cancers such as NSCLC (Fig. 36).

[00318] KDM4A SNP-A482 as a biomarker. This is the first report that identifies a coding SNP within a

chromatin modifier with links to NSCLC outcome and drug response. These data are particularly important

given that 85% of lung cancers are NSCLC, with 70% presenting as advanced disease, i.e. locally advanced

IIIB or metastatic disease IV, and are not considered curable. The five year survival rates for these advanced

NSCLC stages are 7%> and 2%>, respectively. Testing for multiple biomarkers in order to apply more targeted

therapies is already considered to be the standard of care for lung cancer (Cagle et al., 2013). Therefore, the

present study provides another option to stratify and treat sub-groups of NSCLC patients.

[00319] Because KDM4A can be depleted or non-lung cancer cell lines treated with a KDM4A inhibitor

and increased sensitivity to mTOR inhibitors observed, this genetic or chemical based targeting strategy can

be applied to other cancers. For example, mTOR inhibitor Temsirolimus (CCI-779) is used for advanced

refractory renal cell carcinoma (RCC) (Atkins et al., 2004). A phase II clinical trial presented an objective

response rate for only 7%> of RCC patients (Atkins et al., 2004). Interestingly, this proportion is similar to that

observed for individual homozygous for the rs586339 minor allele (KDM4A SNP-A482) (Figs. 19D and

19E).

[00320] KDM4A levels impact translation and provide a novel therapeutic strategy. Previous reports

demonstrated that the regulation of KDM4A protein levels was key to regulating S phase progression, DNA

replication, transcription and DNA repair (Black et al., 2010; Mallette et al., 2012; Tan et al., 201 1; Van



Rechem et al., 201 1). In the current study, an unexpected role for KDM4A in translation is described, which is

also greatly influenced by KDM4A protein levels and regulation. Interestingly, KDM4A appears being

directly implicated in translation because of its presence in the 40S fraction of the ribosome and its interaction

with proteins involved in the initiation of translation.

[00321] The data presented herein indicate that increased KDM4A turnover or reduced KDM4A levels are

able to reduce overall translation without changing cell proliferation. However, the importance of KDM4A in

protein translation becomes enhanced with chemotherapeutics targeting this process. In fact, the enhanced

effect on translation correlates with stronger cell proliferation phenotypes. Taken together, these data indicate

that certain combination of chemotherapies (e.g., KDM4A inhibition plus mTOR inhibition) permit strategies

to treat various cancer types. In addition, a genetic feature in KDM4A (SNP-A482) is described that permits

patient stratification and more effective treatment options for these individuals. Since the kdm4a allele is lost

in certain tumors (Black et al., 2013), these tumors can also be prime candidates for mTOR-related

chemotherapies in the future.

[00322] The data presented in the current study indicate that KDM4A SNP-A482 status or KDM4A levels

of expression should be considered in patients receiving mTOR inhibitors or other compounds that could be

impinging on the mTOR pathway. The identification of KDM4A SNP-A482 has highlighted the importance of

KDM4A in treatments involving mTOR inhibitors and identifies a therapeutic pathway for treating cancer

patients that are homozygous for KDM4A SNP-A482. Another therapeutic strategy is combined therapy

using KDM4A and mTOR inhibitors. This type of approach can prevent development of resistant clones either

by hitting the targeted pathway twice or by directly targeting modifiers known to be involved in the

development of resistance. Indeed, KDM5A has been involved in the development of resistance to EGFR

treatment in NSCLC (Sharma et al., 2010). In addition, it is described herein that the inhibition of KDM4A

sensitizes cancer cells to mTOR inhibition; therefore, KDM4 inhibitors could serve as a tool to sensitize

cancer cells to certain chemotherapies. For example, KDM4A inhibition can be coupled to genotoxic therapies

affecting S phase since KDM4A depletion increased sensitivity to replication stress drugs from worm to man

(Black et al., 2010; Black et al., 2013). This study presents strategies for personalized targeted therapy in

cancer, particularly NSCLC, based on KDM4A SNP-A482 status and/or KDM4A protein levels.

[00323] EXPERIMENTAL PROCEDURES

[00324] Cell culture and drug treatments. For tissue culture and generation of stable cell lines see

(Black et al., 2010). Rapamycin (LC Laboratories) and AZD8055 (Selleckchem) were used at indicated

concentrations. Cycloheximide and MG132 were used as described in (Van Rechem et al., 201 1). JIB-04

(Xcessbio) was used at a final concentration of 250nM. For the translation assays, DMEM depleted of

Methionine and Cysteine (Life Technologies 21013-024) was used.

[00325] Plasmids and transfections. Plasmid transfections were done using X-tremeGENE 9 DNA

transfection reagent (Roche) on 6x1 05 HEK 293T cells plated in 10 cm dishes 20h prior to transfection. The

complexes were incubated with the cells in OptiMEM for 4h before being replaced by fresh media. Cells were



harvested 48 to 72h after transfection. The transfected plasmids were: pMSCV-GFP (Black et al., 2010),

pMSCV-GFP-KDM4A (Black et al., 2010), pMSCV-GFP-KDM4A-E482A, pcDNA3-3xMYC-Cullinl (Van

Rechem et al., 201 1), pSUPER (Black et al., 2010), pSUPER-4C (referred as 4A.2 throughout the Figs.)

(Black et al., 2010), pLKO, pLKO-A06 (referred as 4A.6 throughout the figures), pLKO-A10 (referred as

4A.10 throughout the figures).

[00326] Western blot analysis. Western blot analyses were performed according to (Black et al., 2010).

[00327] Antibodies. The antibodies used were Actinin (Santa Cruz, sc-17829), Streptavidin-HRP (Cell

Signaling 3999S). Ubiquitin, KDM4A, Cullin 1 and β-Actin antibodies were described in (Van Rechem et al.,

2011).

[00328] HapMap frequencies. The HapMap frequencies are from the HapMap Public Release #28

(available on the world wide web at hapmap.ncbi.nlm.nih.gov/cgi-

perl/snp_details_phase3?name=rs586339&source=hapmap28_B36&tmpl=snp_details_phase3)(2005;

Altshuler et al., 2010).

[00329] Coimmunoprecipitation. The coimmunoprecipitations experiments were performed as described

in (Van Rechem et al., 201 1).

[00330] Subcellular localization and catalytic activity of KDM4A WT and SNP-A482. All

immunofluorescence experiments were performed as in (Black et al., 2013). For the localization experiment a

minimum of 50 cells were blinded and scored. For the catalytic activity, cells overexpressing a high level of

KDM4A WT or SNP-A482 were analyzed in a non quantitative manner.

[00331] Flow Cytometry. Cell synchronization and FACS experiments were performed as described in

(Black et al., 2010).

[00332] Fluorescent In Situ Hybridization (FISH). FISH experiments were performed as described in

(Black et al., 2013).

[00333] Patient outcome. For complete methods see (Heist et al., 2008). P values have been calculated

based on a recessive model with unadjusted covariates.

[00334] Drug screen. A panel of 88 cell lines were used in a high-throughput viability screen as described

before (McDermott et al., 2008).

[00335] Cells were seeded in either 96-well at -15% confluency in medium with 5% FBS and

penicillin/streptavidin. The optimal cell number for each cell line was determined to ensure that each was in

growth phase at the end of the assay. After overnight incubation cells were treated with three concentrations of

each compound in triplicate (10-fold dilutions series) using liquid handling robotics, and then returned to the

incubator for assay at a 72h time point. Cells were fixed in 4% formaldehyde for 30 minutes and then stained

with ΙµΜ of the fluorescent nucleic acid stain Syto60 (Invitrogen) for lh. Quantitation of fluorescent signal

intensity was performed using a fluorescent plate reader at excitation and emission wavelengths of

630/695nM. The mean of triplicate values for each drug concentration was compared with untreated wells,

and a viability ratio was calculated.



[00336] The statistical association between drug sensitivity and KDM4A SNP-A482 status was tested

using a series of Fisher exact tests designated to capture the differential drug effect across the full range of

viability observed: for these tests the cell lines were designated as KDM4A SNP-A482 positive if they are

homozygous for the minor alleles and compared to heterozygous and homozygous major alleles cell lines

grouped together. For each drug and concentration used the cell lines were ranked ordered from most to least

sensitive and a contingency table was built by designating the top 5% sensitive cell lines as "sensitive" and the

rest as "resistant". The result of the Fisher exact test for this threshold of sensitivity was recorded and the

procedure was repeated using as a sensitivity threshold the 10th percentile to the 75th percentile by five

percentiles increment. The minimum p value for a given drug across the three concentrations tested is

reported. The drug effect is the difference between the mean viability of KDM4A SNP-A482 homozygous cell

lines and the mean viability of the other cell lines tested at the concentration matching the reported Fisher

exact test p value. The statistical significance of the enrichment for mTOR inhibitors in the group of drugs

associated with the presence of the minor allele KDM4A SNP-A482 was tested using a Fisher exact test with

five mTOR inhibitors and 15 other drugs statistically linked to KDM4A SNP-A482 status versus one mTOR

inhibitor and 66 other drugs not statistically linked to KDM4A SNP-A482 status.

[00337] Monitored cell proliferation assay. Seventy two hours post transfection lxlO 4 HEK 293T cells

were seeded per well of a 96 well plate, and then treated after 24h. Cell proliferation was monitored with an

xCELLigence system (Roche) (Vistejnova et al., 2009).

[00338] MTT assays. MTT assays were performed following supplier's instructions from the Cell

Proliferation Kit I™ (MTT) from Roche. Briefly, lxlO 4 cells were seeded per well of a 96 well plate and

grown for 24h before treatment. Forty-eight hours later, cells were assayed.

[00339] Translation assays. Translation assays were performed following supplier's instructions from

Click-IT™ Metabolic Labeling Reagents for Proteins (Life Technologies). Cells were incubated in presence of

DMEM without Cysteine and Methionine for lh, then grown in presence of 50µΜ AHA (L-

azidohomoalanine, Life Technologies C10102) for 2h, harvested and washed extensively with PBS. Cells

were lysed in 1% SDS in 50mM Tris pH8 with 10% Glycerol and sonicated using a bath sonicator (QSonica™

Q800R) for 30min. The Click-IT reactions were performed following the supplier's instructions from Click-

IT™ Protein Reaction Buffer Kit (Life Technologies). Briefly, 50 µg to 100 µg of lysates were used per

reaction with 40 µΜ Alkyne-Biotin (Life Technologies B10185), and 10 µg were assayed by western blot

using a Streptavidin antibody conjugated to HRP.

[00340] Statistics. All errors bars represent SEM. Half lives were calculated using a polynomial trend line

(Van Rechem et al., 201 1). P values were determined by a two-tailed student's t test or a two way ANOVA

when annotated; * represents p<0.05. For the patient study frequency comparisons were tested using the chi-

square test, and Hazard Ratios were calculated using a Cox model. For the drug screen p values were

calculated with Fisher exact test.
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[00342] EXAMPLE 7: A Conserved Hypoxic Response Generates Site-specific Copy Gains of

Chromosomal Regions

[00343] Somatic copy number alterations are a hallmark of cancer. There is emerging evidence that copy

number heterogeneity is a feature within tumors. The molecular bases for this heterogeneity are not fully

understood. It is demonstrated herein that hypoxia induces transient site-specific copy gains in primary, non-

transformed and transformed human cell lines. This response is conserved at a syntenic region in zebrafish



cells. Regions with site-specific copy-gain are enriched in primary tumors with a hypoxic gene signature.

Hypoxia-driven copy gams are dependent upon the KDM4A bistone demethylase, which is stabilized under

hypoxic conditions. Hypoxia-dependent copy gains are blocked by overexpression of chromatin modulators

Suv39hl or ΗΡΙγ, by inhibition of KDM4A with a small molecule or a natural catabolite succinate. The

results described herein elucidate a mechanism for generating copy number heterogeneity in tumors and

establish this as a biological response that can be pharmacologically regulated

[00344] It is demonstrated herein that:

Hypoxia promotes site-specific copy gains in human primary and cancer ceils

Hypoxia induces conserved site-specific copy gain in a syntenic region in zebrafish

Hypoxia generates site-specific copy gains through stabilization of KDM4A

Chemical inhibition of KDM4A abrogates hypoxia-dependent site-specific gains

[00345] Copy gains or losses of chromosome arms and/or whole chromosomes, as well as amplifications

of smaller genomic fragments are frequently observed in cancer (Beroukhim et al., 201 0; Hook et al., 2007;

Stratton et al., 2009). These genomic events are also observed in other diseases such as autism and

schizophrenia (Brunetti-Pierri et al., 2008; Levinson et al., 201 1; Stefansson et al., 2008). Interestingly,

genome wide analyses of copy number changes in cancer and neurological diseases have identified

chromosomal regions with higher frequencies of gains and/or amplification (Beroukhim et al., 201 0). The

consistent observation of specific genomic regions suggests that there are underlying driver events that have

yet to be fully appreciated.

[00346] Next generation sequencing has provided evidence for heterogeneity both within and between

primary tumors. While it has long been understood that tumors within the same pathological subtype have

different mutational and copy number profiles (Burrell et al., 201 3), it has recently become appreciated that

intra-tumoral heterogeneity likely plays an important role in tumor development, metastatic potential and

acquired drug resistance (Burrell et al., 201 3; Gerlinger et al., 2012; Junttila and de Sauvage, 201 3; Nathanson

et al., 2014). Traditionally, copy number variations (CNV) have been thought of as heritable genetic events

that emerge through an adaptive advantage, however, recent work suggests that at least some copy gains may

be transient and could arise given the correct genetic, therapeutic or environmental conditions (Black et al.,

201 3; Nathanson et al., 2014). Understanding how and where copy gains arise is a key question for

understanding tumor development, treatment and efficacy of personalized medicine.

[00347] In the case of cancer, copy gained regions often contain oncogenes or pro-survival genes that are

thought to impact cellular behavior (e.g., cMyc and Mcll). These copy gained regions often contain other

genes that lack clear connections to tumorigenesis; however, this lack of connection does not preclude the

gene's involvement in cellular responses to stresses (e.g., environmental and chemotherapeutic). In fact, copy

number alterations have been observed from bacteria to man. For example, in the case of cancer cell survival,

the amplification of dihydrofolate reductase (DHFR) emerges when cells are treated with methotrexate (MTX)

(Schimke, 1984); while in the case of antibiotic selection, bacteria have the ability to amplify regions for drug



resistance and survival (Slager et al., 2014). Since these mechanisms of adaptive copy number exist, there are

likely biological triggers and specific enzymes that are responsible for facilitating such events at distinct

regions in the genome. However, their identify remains elusive. It is important to note that the acquisition of

regions does not necessarily mean that the genes within the regions are contributing to or causing a response.

Regardless of the consequence of copy gains, there is little knowledge about the regulatory mechanisms or

factors that are involved in promoting copy number alterations at specific regions of the genome.

[00348] The mis-regulation of DNA replication is a major contributing factor to copy gain and DNA

amplification (Hastings et al., 2009; Hook et al., 2007). Chromatin structure impacts replication initiation and

elongation efficiency as well as DNA damage response and repair (Alabert and Groth, 2012; Papamichos-

Chronakis and Peterson, 2013). Therefore, the chromatin state or modifying enzyme(s) could have a

significant impact on mechanisms promoting CNV, especially copy gain. Consistent with this possibility

Kiang and colleagues demonstrated in yeast that chromatin context or chromosome microenvironments play a

major role in local DNA fragment amplification during S phase (Kiang et al., 201 0). Most recently, the first

enzyme capable of generating site-specific copy gains was described. The histone 3 lysine 9/36 (H3K9/36) tri-

demethylase KDM4A was shown to generate site-specific copy gain in the human genome through

modulation of heterochromatin (Black et al., 201 3). KDM4A was amplified in a subset of human tumors and

was co-amplified with regions frequently observed in cancer and diseases such as autism and schizophrenia.

KDM4A was amplified in a subset of human tumors and was co-amplified with regions frequently observed in

cancer. Overexpression of KDM4A in human cells promoted rereplication and copy gain of the same regions

co-amplified with KDM4A in tumors (Black et al., 2013). KDM4A-dependent copy gains were generated in a

catalytically-dependent manner upon transient or constant exposure to KDM4A, which raises the possibility

that transient mis-expression or stabilization of KDM4A could impact cellular copy number. This work

established that copy gains are in fact directly regulated by an enzyme and through chromatin alterations.

These studies highlighted a mechanism for copy alteration and indicated that amplification of KDM4A was a

pathological event that can cause copy gains in human tumors.

[00349] These initial observations highlighted a pathological state that could promote copy gains.

However, a major question remained: "are there physiological signals or cues that cells encounter, and in turn,

directly cause copy gains within defined regions of the genome?" It was reasoned that tumor cells encounter

various stresses that could promote copy gains, which could ultimately contribute to the copy number

heterogeneity observed in tumors. This same notion could also explain why these copy gained regions (e.g.,

Iq21) emerge in other diseases such as autism and schizophrenia. Therefore, site-specific copy gains wre

systematically screened after cells were treated with a panel of cellular stresses that occur during development

and tumorigenesis. Surprisingly, only one condition, hypoxia promoted site-specific copy gain of regions

frequently observed in tumors. This observation occurred with physiological levels of hypoxia (1% 0 2) and

occurred in diverse cancer cell lines and in primary T cells in culture for only 48 hours. Most importantly, it is

demonstrated herein that copy gain following hypoxia is conserved at a syntenic region in zebrafish cells,



while a non-syntenic region was not gained. It is further demonstrated herein that breast and lung tumors with

a defined hypoxia signature were associated with gains in the regions generated in human and zebrafish cell

culture. The tumors harboring the hypoxic signature were also associated with a faster time to death in both

the breast and lung cancer patients.

[00350] Since copy gained regions are associated with several drug resistant tumors, it was sought to

identify the reason they were gained in response to hypoxia and establish whether these events were

preventable. Unexpectedly, it is demonstrated herein that hypoxia resulted in stabilization of KDM4A, which

generated site-specific copy gains in an S phase-dependent manner. It is further demonstrated that

rereplication occurred at these gained regions upon hypoxia exposure. Finally, it is demonstrated that

pretreatment of cells with succinate (a naturally occurring catabolite that inactivates a-ketoglutarate-dependent

enzymes) as well as the use of a KDM4A chemical inhibitor blocked hypoxia induced gains. Taken together,

this study demonstrates that copy gains occur under distinct cellular stresses from fish to man. These

observations also highlight the dynamics associated with copy gain and suggest that enzyme levels, S phase

status, cellular stresses and metabolic state could be contributing to the copy number heterogeneity observed

in human tumors. These studies also establish the ability to therapeutically target copy gain, which has major

implications in drug resistant tumors that present the Iql2-lq21 copy gains (Dimova et al., 2009; Diskin et al.,

2009; Fonseca et al., 2006; Giulino-Roth et al., 2012; Inoue et al., 2004; Lestini et al., 2009; Vrana et al.,

2002).

[00351] RESULTS

[00352] Hypoxia, but not other cellular stresses promotes site-specific copy gain. It was sought to

identify cellular stress conditions that might promote site-specific copy gain. The screen was performed in the

nearly diploid, immortalized, but non-transformed RPE cel ine (Black et al., 2013; Jiang et al., 1999).

Deveral environmental conditions that cells may be exposed to during development and tumorigenesis were

screened, including: reactive oxygen species (ROS, 20 2), ER stress (Tunicamycin, TU), temperature stress

(heat shock, 43 C), metabolic stress (low serum, 0. % FBS; No glucose), hypoxia (1% 0 ), and radiation

stress (2Gy gamma irradiation) (Fig. 42A). Cells were exposed to the indicated stresses (see Experimental

Procedures) and assayed for copy gain by fluorescent in situ hybridization (FISH) after 24 hours (Figs. 42B-

42H). The screen was conducted using regions previously determined to undergo site-specific copy gain

(1ql2h and lq21.2) as well as regions that did not previously exhibit copy gain (lq23.3 and chromosome 8

centromere: 8C). In order for a condition to score as positive for site-specific copy gain, it was required that

both l q .l and lq21.2 exhibit copy gain, while 1q23 . and 8C did not. Gamma irradiation, known to induce

chromosome instability (Holmberg et al., 1998; Little, 1998), promoted gain of all regions tested on

chromosome 1 and served as a positive control for the ability to detect copy gains. Therefore, gamma radiation

did not meet the criteria for inducing site-specific gains. ROS, heat shock, the metabolic stresses and TU did

n ot promote site-specific copy gain (Figs. 42B-42H). However, growth in % Q2 for 24 hours (also referred

to as hypoxia; Fig 49A) was sufficient to promote copy gain of q 2h, l q2 .2 and Xql3. without increasing



copy of q23.3 and 8C or the 1 q telomere (Figs 42B and 49B). Hypoxic conditions were confirmed by

stabilization of HIFla or expression of carbonic anhydrase D C (CAIX) in cell lysates prepared from the same

cells as those used in the DNA F SF analyses (Fig. 49A) (Wykoff et al., 2000). Interestingly, copy gain of

lql2h and lq21.2 were predominantly mutually exclusive (Fig. 49C), which further underscored the nature of

the site-specific gains. Cell cycle analysis of stress conditions by flow cytometry demonstrated that hypoxia,

ROS and heat shock stress did not significantly alter cell cycle; however, metabolic stress, TU and gamma

irradiation resulted in altered cell cycle profiles (Fig. 49D-49J). These data demonstrate that hypoxia

promotes low-level site-specific copy gains within 24 hours without dramatic changes in cell cycle profile.

[00353] Hypoxia promotes site-specific copy gain in primary cells. It was next sought to determine if

hypoxia could promote site-specific copy gain in primary cells. To accomplish this goal, CD4+ T cells were

isolated by fluorescence assisted cel sorting (FAC8) from buffy coat and peripheral blood of healthy

individuals (Fig. 43A). Following isolation, T ceils were allowed to recover in normoxia for 24 hours in the

presence of IL2 with or without stimulation with anti-human CD3 and CD28 antibodies. Following recovery,

T cells were maintained i normoxia or transferred to hypoxia for an additional 24 hours and analyzed by

FISH for site-specific copy gain. Only stimulated cells grown in % 2 for 24 hours exhibited copy gain of

l q 12h and !.2. but not lq23.3 or 8C (Fig. 43B). These results indicate that primary cells subjected to

hypoxic conditions promote site-specific copy gain in a proliferation-dependent manner.

[00354] Hypoxia-dependent copy gain occurs in diverse cancer cell types. To address whether copy

gain was a prevalent response to hypoxia, a diverse panel of cell lines was analyzed, including: breast cancer

lines (MDA-MB 231, MDA-MB 468), a neuroblastoma line (SK-N-AS), and kidney lines (293T and

UMRC2) for copy gain of lql2h by FISH following growth in hypoxia. Growth under hypoxic conditions

was sufficient to induce copy gain in a variety of cancer cell lines. In each cell line, copy gain of lql2h was

observed under hypoxic conditions, but not 8c. Furthermore, UMRC2 cells, which lack VHL [lost by

deletion; (Gameiro et al., 2013)], have stabilized HIFla and CAIX expression under normoxic conditions and

were unable to generate copy gain without hypoxia. These data indicate that HIFla stabilization is not

sufficient to promote site-specific copy gain.

[00355] Hypoxia-dependent copy gain is evolutionary conserved. The ability of RPE cells and

primary C 4+ T cells to respond to hypoxia with site-specific copy gain ed to the hypothesis that copy gains

could be an evolutionarily conserved response to hypoxia. To test this hypothesis, the zebrafish cell line AB.9

(Paw and Zon, 99) was utilized. Analysis of genome sequencing data indicated that the lq21.2 region

analyzed in human cells (FISH probe encompasses entire BCL9 gene, bar top of schematic) is syntenic with

the zebrafish BCL9 gene (Fig. 43C). A FISH probe was generated using a BAC to the syntenic region on

zebrafish chromosome (bar at bottom of schematic) and this was used to analyze zebrafish ceils grown in

1% 0 for copy gain (Fig. 43D). The syntenic region of zebrafish chromosome 1 to BCL9 (lq21.2) was

gained i AB.9 cells exposed to hypoxia. A second homologous, but non-syntenic region to the human



IGBP1 gene Fig. 43E; region covered by the Xql 3 1 probe in human cells, bar top of schematic) was also

analyzed by F SH and was not copy gained in response to growth in hypoxia (Fig. 43F).

[00356] Hypoxia-dependent copy gain occurs in diverse cancer cell types. Growth under hypoxic

conditions was also sufficient to induce copy gain in a variety of cancer cell lines. Breast cancer lines (MDA-

MB 231, MDA-MB 468), neuroblastoma (SK-N-AS), and kidney lines (293T and UMRC2) were analyzed for

copy gain of lql2h by FISH following growth in hypoxia (Fig. 50A-50H). In each cell line, copy gain of

lqI2h was observed under hypoxic conditions, but not 8C. Furthermore, UM C2 cells, which ack VHL (lost

by deletion; (Gameiro et al., 2013)), have stabilized HIF and CAIX expression under normoxic conditions

and were unable to generate copy gain without hypoxia. These data strongly indicate that H F stabilization

is not sufficient to promote site-specific copy gain (Figs. 50 -5OK).

[00357] Site-specific copy gain in primary human tumors correlates with hypoxia. The ability of both

primary cells and cultured cancer lines to promote site-specific gain in response to hypoxia suggests that

hypoxic conditions in primary tumors may contribute to C V and tumor heterogeneity. To address this

possibility, primary breast tumors and primary lung tumors in the TCGA data set were analyzed for CN

changes in hypoxic compared to non-hypoxic tumors. To identify hypoxic tumors, the hypoxia metagene

derived by Winter and colleagues, which consists of 92 upregulated and 52 downregulated genes was uiilized.

The signature included the hypoxia marker CAIX (Tables 8 and 9) (Winter et al, 2007). An unbiased

consensus hierarchical clustering approach was applied to stratify breast cancer (BRCA) and ung

adenocarcinoma (LUAD) TCGA samples using this gene set (data not shown). This strategy yielded a stable

cluster of tumors with a hypoxic gene signature (data not shown). As validation of this gene set and clustering

approach, 65 out of 88 basal BRCA samples reside in the hypoxic cluster. Basal breast cancer has been

previously demonstrated to be more hypoxic than other sub-classifications of breast cancer (Perou, 20 ).

[00358] Previous reports have suggested that hypoxia is a negative prognostic marker in multiple tumor

types (Eschmann et al, 2005; Hockel et al., 1996; Wang et al., 2014). For this reason, the association between

deceased patients (time to death) with tumors that did or did not have the hypoxic signature was anlayzed. The

number of deceased patients (time to death) was analyzed because the following variables presented a

significant challenge in evaluating the association of hypoxia with clinical outcome: ) there was a short

follow-up time for survival in both breast and lung cancer patients (median survival time - 21.1 months in

BRCA and 12.4 months in LUAD); and 2) there was a high fraction of censored samples (820 out of 920

samples in BRCA and 3 out of 430 samples in LUAD). These analyses identified a significantly higher risk

in the hypoxic samples in both BRCA (Fig. 44A, P= 0.0001 , one-tailed Wilcoxon rank-sum test) and LUAD

(Figure 3B, P=0.0097, one-tailed Wilcoxon rank-sum test). These data are consistent with previous reports

highlighting the negative prognostic association of hypoxia (Eschmann et al, 2005; Wang et al., 2014).

[00359] After validating the associations to poor outcome, it was tested whether hypoxic tumor samples

were more likely to have focal CNV than non-hypoxic samples. The number of cytogenetic bands harboring

focal copy gains or focal copy losses in each of the hypoxic and non-hypoxic samples was calculated (Figs.



44C-44D). A significant enrichment of focal events (gain plus loss) in hypoxia samples (P= 7.2x 0 " for

BRCA and P=6.7xlO l for LUAD by the one-tailed Wilcoxon rank-sum test) was observed. Hypoxia samples

were also enriched when considering only the number of cytobands with focal gains (Figs. 44E, 44G) or with

focal losses (Figs 44F, 44H). These results indicate that hypoxia contributes to CNV in human tumors.

[00360] It was next asked if specific cytogenetic bands are gained in hypoxic BRCA and LUAD samples.

To address this question, it was determined whether focal amplifications were enriched in hypoxic versus non-

hypoxic BRCA and L UAD samples. A p value was calculated (See Experimental Procedures) for enrichment

of focal amplification for each of 807 cytogenetic bands as well as the mean copy number in hypoxic and non-

hypoxic BRCA (Figs. 44-44G) and LUAD samples (Figs. 44H-44J). A strong enrichment of copy gain of

1p i 1.2 through lq23.3 was observed in hypoxic BRCA (Fig. 44E) and LUAD (Fig. 44H) that was not present

in non-hypoxic samples (Figs. 44F, 441). This copy gain enrichment was also reflected in the mean-copy

number distribution for these regions (Figs. 44E, 44FI) as the hypoxic samples exhibited a higher mean copy

number than non-hypoxic samples. The enriched region encompasses both lql2h and l q21 2. that were

demonstrated are site-specifically gained in cell lines in response to growth in hypoxia (Figs. 42B, 44B, and

50A-50K). Taken together, these data highlight that hypoxic conditions are associated with worse outcome

and contribute to focal CNV in tumors and that regions with hypoxia-dependent copy gain in cell culture are

also locally gained in hypoxic primary tumors in two different cancer types.

[00361] Hypoxia stabilizes KDM4A protein levels

[00362] t was recently demonstrated that disruption of H3K9 or K36 methylation promoted site-specific

copy gains (Black et al., 2013). Therefore, it was assessed whether enzymes targeting the demethylation of

these sites were involved. Hypoxia has been proposed to inactive the JmjC-containing demethylases; however,

KDM3A (an H3K9me2 demethylase) was shown to be upregulated upon hypoxic exposure and retain enzyme

activity during hypoxia (Krieg et al, 2 0; Lee et al, 20 3). Therefore, it was first tested whether this F13K9

lysine demethylase was able to promote site-specific copy gains. When KDM3A was overexpressed site-

specific copy gains observed with hypoxia were not generated (Figs. 45A-45B; e.g., Iql2h). Additional

reports suggested that the H3K9/36 demethylases KDM4B and KDM4C were upregulated during hypoxia.;

however, it was previously demonstrated that these enzymes were unable to promote gains of lql2h as well

(Black et al., 2013; Krieg et al., 2010; Lee et al., 2013). Therefore, it was tested whether the H3K9/36

KDM4A enzyme that was previously reported to promote site-specific copy gain was differentially expressed

during hypoxia and whether enzymatic activity was retained during hypoxia (Black et al., 2013). As

previously demonstrated, KDM4A RNA levels were not dramatically changed (Fig. 52A)(Beyer et al., 2008);

however, KDM4A protein levels were increased with as little as 24 hours of exposure to hypoxia. In fact,

KDM4A levels were increased in all human cancer cell lines tested (Fig. 52C-52D). An increase in KDM4A

expression was also observed in primary CD4+ T ceils treated with hypoxia (Fig. 45E). The induction of

KDM4A protein levels does not appear to be a general response to stress as only hypoxia and T U treatment

significantly increased KDM4A levels. No changes in KDM4A protein levels were consistently observed



with heat shock, ROS or metabolic stress (Fig 45F). In the case of TU, cells are enriched in the Gl/S phase of

cel cycle (Fig. 49H), which is the point when KDM4A levels are at their highest (Black e ah, 2010).

Therefore, the increase in KDM4A levels is most likely associated with the ceil cycle arrest.

[00363] The observation that hypoxia drives copy gain of a syntenic region in zebrafish led to the

hypothesis that since KDM4A had similar structure from fish to ma (Fig 52B) the zebrafish protein would be

increased upon exposure to hypoxia. Consistent with this hypothesis, HA-tagged zebrafish KDM4A

(zfKDM4A) that was expressed in RPE cells treated with hypoxia had an increase in protein levels (Fig. 45G).

Similar results were obtained with exogenously expressed human KDM4A (huKDM4A; data not shown).

Since these expression vectors did not contain the 5'- or 3'-untranslated regions fo KDM4A, these data

indicate both the zebrafish and human KDM4A are being stabilized in response to hypoxia. It was also

demonstrated that overexpression of zebrafish KDM4A (Fig 52C) was sufficient to induce site-specific copy

gain in human RPE cells, which showed a conserved role for this enzyme in generating site-specific copy

gains (Fig. 52D; e.g., Iql2h).

[00364] KDM4A is regulated by proteasomal degradation (Mallette et al., 2012; Ta et al , 2011; Van

Rechem et al, 2011). Therefore, it was hypothesized that KDM4A levels were elevated during hypoxia

because of increased protein stability. This possibility was tested by evaluating the half life of KDM4A in

normoxic and hypoxic conditions. Both normoxic and hypoxic cells were treated with cycloheximide, which

blocks protein synthesis, and assayed for KDM4A levels by western blotting (Figs. 45H, 45 , and 52E). n

both RPE and 293T cells, the KDM4A half life increased upon hypoxic exposure. Cells under normoxic

conditions had a half life of 1 hr 49 min and I hr 51mm in RPE and 293T cells, respecti vely. In the case of

hypoxic exposure, the KDM4A half life was extended to 4 hrs 56 min and 6 hrs 3 min in RPE a d 293T

cells, respectively. Taken together, these data demonstrate a conserved role for hypoxia in stabilizing

KDM4A.

[00365] KDM4A retains catalytic activity under hypoxic conditions. Jumonji domain containing

demethylases require oxygen as a molecular cofactor (Shi and Whetstine, 2007) so it is possible that they may

be inactive under hypoxic conditions. This is true for certain members of this protein family, while others

retain activity in hypoxia such as KDM3A (Lee et al , 2013). However, extensive analyses have yet to be

done for all demethylases (Chervona and Costa, 2012). Using a standard cellular demethylase assay (Cloos et

al., 2006; Kiose et al., 2006; Whetstine et al., 2006), it was determined whether human and zebrafish KDM4A

retained activity upon 1% 2 exposure. Cells that were trans fected with HA-tagged human KDM4A

(huKDMAA) or zebrafish KDM4A (zfKDM4A) and treated with hypoxia for 24 hours and then

immunostained for H3K36me3 (data not shown). It was observed that both KDM4A and zfKDM4A

demethylate H3K36me3 under normoxic conditions (data not shown; (Cloos et al., 2006; Kiose et al., 2006;

Whetstine et al, 2006)). Under hypoxic conditions, huKDM4A (data not shown) and zfKDM4A (data not

shown)) demethylated H3K36me3. As previously reported, a reduced, but still cataiytically active huKDM4A

on H3K9me3 was observed under hypoxic conditions (data not shown; (Lee et al., 2013))



[00366] Hypoxia-dependent copy gains are transient and reversible. Oxygen levels change during

development and tumorigenesis (Dunwoodie, 2009; Vaupel, 2004); therefore, it was assessed whether site-

specific copy gains are reversible upon return to normal oxygen levels. RPE cells were grown in 1% 0 2 for

24, 48 and 72 hours, as well as 48 hours followed by a . return to normoxia for 24 hours 9Fig. 46A). FISH

analysis for lql2h copy gain revealed an increased percentage of cells with copy gain at 24, 48, and 72 hours

of growth in hypoxia (*, p<0.05); however, upon return to normoxia, the number of cells with extra copies of

lql2h returned to baseline (Fig. 46A, †, p<0.05). Importantly, KDM4A levels remained elevated throughout

the time in hypoxia and returned to baseline upon return to normoxia (Fig. 46B). These data indicate that both

copy gains and KDM4A protein regulation are dynamic and reversible.

[00367] n order to further evaluate the kinetics of copy gain and KDM4A regulation during hypoxia, a

refined time course was performed following return to normoxia. RPE cells were grown in hypoxia for 48

hours (0 hr release) prior to a return to normoxia for the indicated times (Fig. 46C). FISH analysis

demonstrates that copy gain of lql2h persists for the first 2 hours following release from hypoxia but is lost

by four hours after return to normoxia. Consistent with this observation, KDM4A levels begin returning to

baseline levels within 2 hours of return to normoxia and reach a baseline following 4 hours of return to

normoxia (Fig. 46D). These data demonstrate that hypoxia-dependent copy gains are transient and that they

can be rapidly lost following a return to normoxia.

[00368] Hypoxia-dependent copy gains require DM4A. The kinetic properties of hypoxia-dependent

copy gain and concomitant stabilization of KDM4A suggest that KDM4A mediates site-specific copy gain in

hypoxic conditions. To test this hypothesis, KDM4A was depleted in 293T cells grown in normoxia or

hypoxia (Fig. 46E). KDM4A depletion in hypoxia resulted in KDM4A levels that were similar to the levels

observed in normoxic conditions. This reduction i KDM4A levels was sufficient to abrogate hypoxia-

dependent copy gain of lqI2h and lq21.2 (Fig. 46F). The abrogation of hypoxia-dependent copy gain was

not due to ceil cycle arrest, as depletion of KDM4A did not significantly alter ceil cycle profiles when

compared to cells grown in hypoxia without KDM4A depletion (Figs. 53A-53B).

[00369] Hypoxia-dependent copy gains require S phase. In Fig. 43B, it was demonstrated that primary

human CD4+ T cells require stimulation prior to undergoing hypoxia-dependent copy gain, which suggested

that proliferation is required. Consistent with this observation, it was previously demonstrated that KDM4A-

dependeni copy gains were transiently generated during S phase (Black et ai., 2013). Therefore, it was tested

whether hypoxia-dependent gains exhibited similar requirements for S phase. RPE cells in either normoxia or

hypoxia were synchronized into Gl/S phase by treating with hydroxyurea (HIT). Cells were released from HU

and monitored for copy gains by FISH (Fig. 47A) and for cell cycle progression by flow cytometry (Fig. 53C).

A strong difference in release from HU in normoxia or hypoxia was not observed; however, hypoxic cells

were slightly slower in their progression through S phase as seen by the increased S phase population 0 hours

post-release (Fig. 53C). F SH analysis of the arrested and released cells revealed that lql2h and lq21.2 copy

gains were present in asynchronously dividing hypoxic cells, but not in Gl/S arrested hypoxic cells (Fig.



47A). These data demonstrate the requirement for replication in order to generate hypoxia-dependent copy

gains. Upon release from HU arrest, hypoxic cells exhibited l q 2 copy gain within two hours and continued

to exhibit copy gain until eight hours following release. Interestingly, lq21 .2 began to return to baseline

earlier than lql2h (eight hours versus ten hours, respectively) (Fig. 47A). Ten hours post-HU release, during

which cells were predominantly in late S to G2/M (Fig. 53C), hypoxic cells no longer exhibited ql 2 or

lq21.2 copy gains, which emphasizes an active process is involved in removing these gains during late S

phase. Consistent with preceding observations, KDM4A protein levels remained elevated during S phase

progression upon hypoxia treatment; while KDM4A levels decreased as cells progressed through S phase

under normoxia (Fig. 47B, compare normoxic and hypoxic samples). Taken together, these data demonstrate

the importance of S phase for copy gains and also highlight the association with KDM4A levels. However,

these data also reiterate that cells harbor a mechanism for removing these acquired gains.

[00370] Hypoxia promotes chromatin association of KDM4A and rereplication. Ectopic expression

of DM4A results in increased chromatin association throughout the genome and is associated with altered

BrdU incorporation (Black et a , 2013; Van Rechem et al 20 ) . Therefore, it was sought to determine if

hypoxic exposure would increase KDM4A expression levels, and in turn, the association of KDM4A with

chromatin. Indeed, fractionation of cells grown in either normoxia or hypoxia revealed that KDM4A levels

are increased in the chromatin fraction upon hypoxic exposure (Fig. 47C). KDM4A overexpressing cells had

increased chromatin enrichment less heterochromatin at regions that ultimately underwent rereplication and

copy gain (Black et a , 2013). Therefore, it was assessed whether the site-specific copy gains were

undergoing rereplication during hypoxia by coupling quantitative PCR with CsCl density gradient

centrifugation. RPE cells grown in normoxia or hypoxia were labeled with BrdU and the replicated DMA was

isolated and separated by density in the CsCi gradient (Fig. 53D). A heavy:heavy peak was not observed in

normoxic or hypoxic cells, indicating that the BrdU labeling minimized the amount of rereplication caused by

cells proceeding through another cell cycle. Fractions from where the heavy:heavy peak would occur were

isolated, purified and assayed for DNA content by quantitative PCR. Eenrichment of regions representing

lql2h, 1q / and lq21.2, but not lq23.3 or the β-actin locus were observed. These data support the model

that hypoxia induces site-specific copy gain by promoting KDM4A association with chromatin and facilitating

rereplication of specific regions.

[00371] Hypoxia-dependent copy gains can be prevented. It was previously demonstrated that

KDM4A-dependent site-specific copy gain could be antagonized by the H3K9me3 methyltransferase

SUV39hl or the H3K9me3 binding protein HP (Black et al., 2013). The fact that hypoxia-dependent copy

gains correlate with changes in expression of KDM4A, are transient and require S phase for generation fed us

to ask whether hypoxia-dependent copy gains could be abrogated by expression of either SUV39M or ΗΡΙγ.

Overexpression of SUV39hl or ΗΡΙγ (Fig. 48A) did not alter either the KDM4A protein levels under hypoxic

conditions or the cell cycle distribution of RPE cells (Fig. 54A). However, overexpression of either SUV39

or γ was able to abrogate hypoxic induction of site-specific copy gain (Fig. 48B).



[00372] It was next asked whether KDM4A inhibition could prevent the copy gains generated during

hypoxia. Since m C-co taming proteins can be inhibited by the natural catabolite succinate (Black et al.,

2012), RPE ceils were treated with 2mM succinate prior to growth in hypoxia. Like SUV39 or ΗΡΙγ,

succinate treatment did not alter KDM4A stabilization or cell cycle progression (Fig. 48A and Fig. 54A) but

was sufficient to abrogate hypoxia-dependent copy gain of I 2h (Fig. 8B). These data highlight the impact

catabolites could have on copy number within cells.

[00373] The ability of succinate to inhibit hypoxia-dependent copy gains suggests that inhibitors of

KDM4A could also function to block induction of copy gains during hypoxia. To test this hypothesis, the

KDM4, KDM5A, KDM6B inhibitor JIB-04 was utilized (Wang et al, 2 3). Treatment with JIB-04 did not

substantially alter KDM4A protein levels in hypoxia (Fig. 48C). However, treatment with JIB-04 did

significantly reduce hypoxia-dependent copy gain of q l 2h in RPE cells (Fig. 48D; †, p<0.05). Treatment

with JIB-04 did not block hypoxia-dependent copy gain through cell cycle arrest, as the dose used did not

result in significant differences in cell cycle between normoxic and hypoxic cells. Taken together, these

results demonstrate that at feast some hypoxia-dependent copy gains can be blocked by antagonizing KDM4A

or by inhibiting KDM4A activity.

[00374] DISCUSSION

[00375] Described herein is a mechanism through which cells respond to stress through generation of site-

specific copy gains that does not require genetic manipulation or drug treatment. Cells exposed to a panel of

cellular stresses that occur during development and tumorigenesis were systematically screened for site-

specific copy gain. It was determined that cells exposed to physiological hypoxia (1% 0 2), but not other

physiological stresses, exhibited copy gain in as little as 24 hours. Hypoxia promoted site-specific gains not

only in transformed cancer cells, but also primary human T cells. The generation of site-specific copy gains

was conserved across species, as a syntenic region in zebrafish cells is also gained when exposed to hypoxia.

Analysis of primary human tumors from TCGA demonstrated that breast and lung tumors that exhibit a

hypoxic gene signature were associated with copy gains in the regions generated in human and zebrafish cell

culture. Surprisingly, site-specific copy gains in response to hypoxia were mediated through stabilization of

KDM4A. KDM4A protein levels strongly correlate with hypoxic induction and return to baseline when cells

are returned to normoxia. Return of cells to normoxia, also leads to loss of the copy gained regions within 4

hours demonstrating that these gains are reversible. Finally, it was demonstrated that hypoxia-dependent copy

gains are draggable, as pretreatment of cells with succinate or a KDM4A chemical inhibitor blocked hypoxia-

induced copy gains. Described herein is a conserved response to hypoxia from zebrafish to man that generates

site-specific copy gains. These results also highlight how hypoxia could contribute to tumor heterogeneity and

suggest that KDM4A inhibitors may be useful co-therapeutics.

[00376] Hypoxia and Genome Instability. Hypoxia has long been associated with poor prognosis for

cancer patients (Figs. 44A-44B)(Esehmaim et al., 2.005; Hockel et al., 1996; Wang et al., 2014). Hypoxia has

been hypothesized to contribute to this poor prognosis through increasing metatstatic potential, increasing



point mutation rates and increasing genomic instability, which includes gene amplifications and gene deletions

(Rofstad, 2000). Increased genomic instability under hypoxia has been linked to induction of fragile s es

resulting in gene amplification of neighboring regions (Coquelle et al, 1998). Hypoxia has been demonstrated

to increase resistance to doxorubicin, methotrexate, and actinomycin D through gene amplification (Coquelle

et al, 1998; Lu et al., 1990; Rice et al, 86; Schimke et al, 1987; Young et al, 1988). These gene

amplification events were often accompanied by overreplication of DNA and an increase in total cellular DNA

content and it was not clear how large the DNA fragments containing gene amplifications were (Coquelle et

al, 998; Luk et al., 1990; Rice et al., 86). In order to achieve effects on gene amplification rates, these

studies utilized severe hypoxia, often less than 0.2% O and required return of cells to nornioxia (Coquelle et

al, 1998; Luk et al, 1990; Rice et al., 86; Schimke et a ., 1987; Young et al, 1988). Most analyses of

hypoxia-induced genome instability have been conducted in rodent cells, and the effects on gene amplification

are not necessarily conserved in human cells (Sharma and Schimke, 1994).

[00377] In sharp contrast to previous reports, these results offer a conserved hypoxic response that

highlights the reversibility of site-specific copy gains that are generated during hypoxic exposure. The results

described herein also demonstrate that both primary cells and cancer cells are capable of generating this

phenotype in a short timeline. It is demonstrated herein that regions undergo rereplication and that this is

influenced by a specific enzyme. These observations emphasize the importance of chromatin enzymes in

targeting rereplication and copy gain during hypoxia and establish a clear therapeutic target. Also described

herein is an oxygen sensing mechanism for directly regulating copy gains, which has direct implications in

understanding copy gain alterations in tumors and during development.

[00378] Hypoxia and Tumor Heterogeneity. Within a tumor, tumor subtypes and between metastases

and primary there is a remarkable diversity in copy number alterations (Burrell et al., 2013). The mechanistic

basis for how this heterogeneity develops remains an open question. Sequencing analyses have demonstrated

the existence of subclones within a primary tumor that can be selected for based on treatment (Nathanson et

al, 2014) or based on metastatic site (Campbell et al., 2010). Generally, these copy number events are

believed to originate from aberrant DNA replication and repair events or aberrant mitoses so that heritable

genetic alterations occur (Burrell et al., 2013; Hastings et al., 2009). However, even within the same small

tumor biopsies, amplification of different receptor tyrosine kinases have been observed in adjacent cells

(Snuderl et al., 20 1). This suggests the existence of non-clonal, and perhaps non-genetic, events that

contribute to heterogeneity. In agreement with this, analysis of EGFR mutations and amplifications in

glioblastoma cancer patients revealed that treatment with EGFR inhibitors can select for a transient

extrachromosomal amplification of a specific EGFR isoform (Nathanson et al, 2014). The data described

herein suggests that tumors with hypoxic microenvironments will also contribute to intra-tumoral

heterogeneity. It is demonstrated herein that hypoxic BRCA and LUAD samples have increased numbers of

focal copy number changes when compared with non-hypoxic tumors (Figs. 44A-44B). While it is unclear if

these focal changes are inherited or transient, amplification of lq!2h and 1q . in tissue culture models in



response to hypoxia are transient. Furthermore, the fact that lql2h and lq21.2 exist predominantly in

exclusive cell populations implies that even within the same hypoxic region in the same tumor, different cells

could have different amplified regions. Therefore, adjacent cells within a tumor would present

"heterogeneity" even though the driving event (i.e., hypoxia) is the same. Since altered metabolism could

enrich specific catabolites such as succinate, a natural inhibitor of demethylases, could also result in another

characteristic influencing heterogeneity within a cell population. Taken together, the results described herein

highlight the impact stress, metabolic state and proliferative capacity on copy number within cell populations.

[00379] Conserved Hypoxic Copy Gains. It is demonstrated herein that hypoxia induces copy gain of a

syntonic region to human lq21.2 (BCL9) in zebrafish cells. Importantly, this demonstrates that copy gains of

related chromosomal domains are conserved across species in response to hypoxia. It is interesting to note

that the surrounding gene position and chromosome architecture is conserved between humanlq2L2 and

zebrafish BCL9, indicating a conserved syntenic structure. In contrast, a zebrafish region homologous to

human Xql3.1 IGBP1 locus, which was amplified in response to hypoxia (Fig 49B), was not amplified in

zebrafish cells. This region did not have a conserved genie or chromosomal architecture and was thus non-

syntenic. This suggests that perhaps syntenic regions or chromosome domains might influence the ability for

site-specific copy gains to occur.

[00380] Stress an Copy Gain Identified herein are specific regions that are reversibly amplified in

response to hypoxia. This observation suggests that other stress conditions may result in gains or losses of

other regions ROS, temperature, E and metabolic stresses were tested (Figs. 42C-42H) and did site-specific

copy gain of both lql2h and l q 1.2 were not observed.

[00381] The results described herein indicate that cells utilize site-specific copy gained regions to help

respond to stress, which can then be removed when cells return to favorable environmental conditions. The

results described herein also suggest that different tumor microenvironments may induce copy gain of

different, but specific genomic regions. Without wishing to be bound by theory, this would be one

explanation for how tumors acquire intra-tumoral heterogeneity and how copy number could differ during

tumor development. Furthermore, these results underscore how non-genetic alterations in the tumor

microenvironment including the availability of oxygen or catabolites (i.e succinate) can contribute to or limit

intra-tumoral heterogeneity (Junttifa and de Sauvage, 2013).

[00382] Described herein are site-specific copy gains as a conserved response to hypoxia. While the

present study identifies KDM4A as a key enzymatic regulator of this response.

[00383] EXPERIMENTAL PROCEDURES

[00384] Cell Culture and Transfections. HEK293T (called 293T throughout), hTERT-RPE-1 (called

RPE throughout), MDA-MB 231, MDA-MB 468, and UMRC2 cells were maintained in DMEM with 10%

fetal bovine serum, 1% penicillin/streptomycin, and L-glutamine. SK-N-AS cells were maintained in

DMEM/F12 (GIBCO) with 10% fetal bovine serum, 1% penicillin/streptomycin, and L-glutamine. Zebrafish

AB.9 cells (Paw and Zon, 1999) were maintained in DMEM with 20% fetal bovine serum, 1%



penicillin/streptomycin, and L-glutamine at 28°C. Transient transfection experiments were performed using

Roche X-tremeGENE 9 DNA transfection reagent in OPTI-MEM™ I media (Gibco) for four hours or

overnight. No selection was used in transient transfection experiments.

[00385] Hypoxic Conditions Cells were plated onto culture dishes and allowed to adhere for 20-24hrs in

normoxia (5% C0 2, 21% 0 2, and 74% N2) . For hypoxic treatment, cells were maintained in a HERA Cell

150™ incubator (Thermo Scientific) flushed with 5% C0 2, 1% 0 2 or 4% 0 2, and balanced with N2 for the

duration of the experiment. Incubator calibrations were carried out by Bianchi Associates

Calibrations/Verifications.

[00386] Drug Treatments and Synchronization. Cells were treated with the following chemical and

metabolic stresses for 24hrs: 2µg/ml Tunicamycin (TU, Abeam), 60µΜ H20 2 (Thermo Fisher Scientific),

reduced-serum DMEM (0.1% FBS), and Glucose-free DMEM (No Glue, GIBCO). For heat shock (HS)

treatment, cells were incubated at 43°C for 30min and returned to 37°C for 24hrs prior to collection.

Irradiation was carried out using a Cesium-137 radioisotope and administered at a dose of 2Gy.

[00387] For Gl/S synchronization, cells were treated with 2mM hydroxyurea (HU, Sigma) for 20hrs. To

release, cells were washed twice with culture medium pre-conditioned in normoxia or hypoxia, and supplied

with fresh pre-conditioned media. For JIB-04 treatment, normoxic cells were pre-treated with 62.5nM JIB-04

(Xcessbio) for 24hrs, then treated again with JIB-04 and either transferred to 1% 0 2 or maintained in

normoxia for an additional 24hrs. Succinate was administered at a final concentration of 2mM and cells were

either maintained in normoxia for 72hrs or maintained in normoxia for 48hrs prior to being transferred to 1%

0 2 for 24hrs.

[00388] Fluorescent In Situ Hybridization (FISH). FISH was performed as described in (Black et al.,

2013; Manning et al., 2010). Probes for lql2h, l q telomere, chromosome 8 centromere (alpha satellite), and

X centromere (alpha satellite) were purchased from Rainbow Scientific. Probes for Xql3.1 (RPl 1-177A4),

Zebrafish BCL9 (CH73-15J19) and Zebrafish IGBP1 (CH73-223D24) were purchased as BAC clones from

Children's Hospital Oakland Research Institute (CHORI BacPac) clone repository. Probes for lq21.2 (BCL9)

and lq23.3 were purchased from Agilent (SureFISH).

[00389] Human CD4+ T cell purification and in vitro culture. Buffy coats (Sanguine Biosciences) or

peripheral blood of healthy controls was diluted 1:2 in room-temperature PBS lacking Ca2+/Mg2+.

Mononuclear cells were isolated by Ficoll-Paque Plus™ (GE Healthcare) density-gradient centrifugation

following the manufacturer's protocol. PBMCs were resuspended at a density of 20x1 06 cells/mL and reacted

with Fc receptor blocking solution (Human TruStain FcX, Biolegend), followed by surface staining with APC

anti-human CD4 antibody (Clone OKT4, Biolegend) for 45 minutes on ice. Antibody-stained cells were

resuspended in HBSS (GIBCO) supplemented with lOmM glucose and sorted by flow cytometry. Sorted cells

(including CD4+ T cells) were collected in 5mL tubes containing lmL collection medium (DMEM

supplemented with 30% FBS) and reanalyzed by flow cytometry to ensure >99% purity in defined gates.

Sorted cells were allowed to recover in complete medium [RPMI (GIBCO) supplemented with 10% FBS] for



2 hours. For resting CD4+ T cell culture, cells were seeded onto 60mm dishes and maintained in complete

medium supplemented with lOng/mL recombinant human interleukin-2 (rhIL-2, R&D Systems). For

stimulated CD4+ T cell culture, 60mm dishes were pre-coated with a cocktail containing 5µg/mL anti-human

CD3 (Clone HIT3a, Biolegend) and 3µg/mL anti-human CD28 (Clone CD28.2, Biolegend) for 1 hour, after

which cells were seeded onto the coated dish. Stimulated CD4+ T cells were maintained in complete medium

supplemented with lOng/mL rhIL-2, and anti-CD3/CD28 antibodies. Resting and stimulated CD4+ T cells

were allowed to recover for 24 hours in normoxia (21% O2), followed by an additional 24 hours in normoxia

or in hypoxia (1% O2) prior to being collected.

[00390] Western Blots. Western blots were performed as in (Black et al., 2010). Briefly, adherent cells

were either scraped directly into PBS, or washed with PBS, trypsinized and collected by centrifuging at 2,000

RPM for 5 minutes. For preparation of whole-cell lysates, cell pellets were washed once in ice-cold PBS and

resuspended in RIPA lysis buffer [50mM Tris pH 7.4, 150mM NaCl, 0.25% Sodium Deoxycholate, 1% NP40,

lmM EDTA, 10%> Glycerol] supplemented with cOmplete protease inhibitor and PhosSTOP™ phosphatase

inhibitor cocktails (Roche). Cells were lysed on ice for 15 minutes and immediately frozen at -80°C for

lOmin. Lysates were subsequently sonicated at 70% amplitude for 15 minutes in a QSonica Q800R™ and

cleared of cell debris by centrifuging at 12,000RPM for 15 minutes, before being analyzed by western

blotting. For HIFla expression, adherent cells were washed twice with ice-cold PBS and scraped directly in

warmed l x Laemmli buffer. Samples were sonicated at 70% amplitude for 15 minutes and boiled immediately

prior to western blotting.

[00391] Half-Life Determination. Protein turnover was assessed as outlined in (Van Rechem et al.,

201 1). Briefly, cells maintained in normoxia and hypoxia were treated with 400µΜ Cycloheximide (Sigma)

for the indicated time, after which lysates were prepared and analyzed by western blot.

[00392] Cesium Chloride Gradient Centrifugation. CsCl density gradient centrifugation was performed

as in (Black et al., 2013). Briefly, RPE cells were grown in normoxia or 1% 0 2 for 24 hours prior to addition

of BrdU. Cells were labeled with BrdU for 12 hours and 45 minutes. Each rereplicated fraction was diluted to

15ng/ul stock and 7.5ng of rereplicated DNA pool was analyzed by qPCR on a Roche LC480™ using

FastStart™ Universal SYBR Green™ Master Mix (Roche) following the manufacturer's instructions. 7.5ng

of input DNA was analyzed by qPCR at the same time. Each sample was normalized to its own input prior to

determination of fold-change in re-replication. Primers used in this study will be provided upon request.

[00393] Flow Cytometry and Cell Cycle Analysis. Asynchronously growing, or Gl/S arrested cells

were prepared and fixed as in (Black et al., 2010). Cells were stained with 10µΜ EdU for 1 hour prior to

collection. Cell cycle was analyzed by PI staining or EdU incorporation using Click-IT EdU™ Flow

Cytometry Assay Kit (Life Technologies). Flow cytometry of CD4+ T cells and cell cycle distribution were

analyzed using a BD FACS ARIA II™.

[00394] Data Processing for TCGA Breast Cancer and Lung Adenocarcinoma. All genomic data of

mutation, copy number, and mRNA expression for TCGA Breast Cancer (BRCA) and Lung Adenocarcinoma



(LUAD) were downloaded from Broad GDAC (Genome Data Analysis Center) Firehose analysis run named

"15 January 2014" (doi:10.7909/ClH41PXV).

[00395] Time to Death versus Hypoxia. A short follow-up time for survival (median survival time - 21.1

months in BRCA and 12.4 months in LUAD) and a high fraction of censored samples (820 out of 920 samples

in BRCA and 313 out of 430 samples in LUAD) is a significant challenge in evaluating the association of

hypoxia samples with clinical outcome. Instead, we examined the association with the number of deceased

patients, illuminating a significant higher risk in the hypoxic samples in both BRCA (Fig. 44C, P= 0.0001 1)

and LUAD (Figure 3D, P=0.0097) by the one-tailed Wilcoxon rank-sum test.
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[00397] SUPPLEMENTAL EXPERIMENTAL PROCEDURES

[00398] Fluorescent In Situ Hybridization (FISH). FISH was performed as described in (Black et al.,

2013; Manning et al., 2010). Probes for lql2h, l q telomere, chromosome 8 centromere (alpha satellite), and

X centromere (alpha satellite) were purchased from Rainbow Scientific. Probes for Xql3.1 (RP1 1-177A4),

Zebrafish BCL9 (CH73-15J19) and Zebrafish IGBP1 (CH73-223D24) were purchased as BAC clones from

Children's Hospital Oakland Research Institute (CHORI BacPac) clone repository. Probes for lq21.2 (BCL9)

and lq23.3 were purchased from Agilent (SureFISH). BACS were prepared utilizing PureLink HiPure™

Plasmid Filter Maxiprep kit (Life Technologies) using the recommended modified wash buffer. Probes were

nick translated (Abbot Molecular Kit) in the presence of fluorescently labeled dTTP (Enzo Life Science).

Images of multiple planes of fields of nuclei were acquired on an Olympus 1X8 1™ Spinning Disk Microscope

and analyzed using Slidebook™ 5.0 software. A conservative scoring metric was used for copy gain. Any

foci that were touching were scored as a single copy to prevent increased numbers due to normally replicated

foci. For RPE cells, copy gain was scored as any cell with 3 or more distinct foci. For 293T cells, copy gain

was scored for any cell with 5 or more distinct foci. For UMRC2 cells, copy gain was scored for any cell with

6 or more foci. For SK-N-AS cells, copy gain was scored for any cell with 5 or more foci. For MDA-MB-

468 cells, copy gain was scored for any cell with 5 or more foci. For MDA-MB-231 cells, copy gain was

scored for any cell with 6 or more foci. Approximately 100 cells for each replicate were scored for all

experiments. All FISH experiments include at least 2 biological replicates. For each experiment at least one

replicate includes FACS and western blot from the same cells used for FISH.

[00399] Antibodies. Antibodies used were: KDM4A (Neuro mAB, 75-1 89), β-actin (Millipore), RFP

(Abeam, ab62341), Halo (Promega), Actinin (Santa Cruz, sc-17829), HA 12CA5 (Roche), HIFla (Santa Cruz,

sc-10790), CAIX (Abeam, abl08351), LDH1 (Santa Cruz, sc-133123), Histone H3 (Abeam, abl791), HA.ll

(Covance).



[00400] Expression Plasmids. The pFN 1A clone expressing an N-Terminal HaloTag™ fusion of

human SUV39hl (NM 014663) was obtained from Kazusa DNA Research Institute (Kisarazu, Japan).

HaloTag™ (ADN27525.1) control vector (Promega) was used for expression of the HaloTag™ protein alone.

MSCV-GFP-KDM4A, MSCV-RFP-ΗΡΙγ, pSuper and pSuper sh4A.2 constructs were made as described

(Black et al., 2010). pCS2-3HA-KDM4A and pCS2-3HA-zebrafishKDM4A were prepared by gateway

transfer into pCS2-3HA. All clones were sequence verified.

[00401] Subcellular Localization and Catalytic Activity of KDM4A Deletion Fragments, The

indicated HA-tagged KDM4A constructs were transfected into RPE cells grown on coverslips in 6-well dishes

using X-tremeGENE 9™ DNA transfection reagent (Roche). H3K36me3 and subcellular localization were

assayed by examining transfected cells (positive for HA staining; HA.l 1 Covance) following fixation in 3%

PFA in PBS (Whetstine et al., 2006).

[00402] Data Processing for TCGA Breast Cancer and Lung Adenocarcinoma. Copy Number Data:

The segmented copy number data for 1007 BRCA samples and 493 LUAD samples was processed by

GISITC2.0™ (Mermel et al., 201 1) to annotate the somatic copy number alterations (SCNAs) for 24,174

genes. Copy-number data were dissociated to arm-level and focal copy-number alterations as described in the

GISTIC2.0™ paper (Mermel et al., 201 1). In addition to the copy number annotation for each gene, the mean

focal copy number for 807 cytobands including X chromosome were calculated for each sample by taking the

average of the focal SCNA values across all genes within a cytoband. The contribution of arm-level SCNAs

to the mean cytoband focal copy was eliminated by only considering GISTIC annotated focal copy numbers

spanning a much smaller region than a chromosome arm.

[00403] RNA-seq Data: The mRNA expression levels for 18264 genes in 1019 BRCA samples and 488

LUAD samples were annotated by the log2-normalized RSEM (RNASeq by Expectation Maximization, (Li

and Dewey, 201 1)) values. RSEM values for 956 BRCA samples and 486 LUAD samples having copy

number data were median-centered (by subtracting the median expression across tumor samples), yielding log2

(Fold Changes) and utilized in the downstream analysis.

[00404] Somatic Mutation Data: The MAF (Mutation Annotation Format) file for 986 BRCA samples and

229 LUAD samples contained 73,729 and 92,133 somatic mutations, respectively.

[00405] BRCA subtype information: The subtype information for 504 BRCA samples based on PAM50

gene set was extracted from the supplemental data (BRCA.547.PAM50.SigClust.Subtypes.txt) of TCGA

BRCA paper (2012).

[00406] Hypoxia Signature Gene Set . The hypoxia metagene (Winter et al., 2007), was downloaded

from MSigDB (Subramanian et al., 2005) and used as a hypoxia signature gene set in a downstream analysis.

The efficacy of this gene set was demonstrated as a significant prognostic factor for overall survivals in both

HNSC and BRCA data set. The final hypoxia signature gene set (Tables 8 and 9) was comprised of 92 up-

regulated (HS-up) and 52 down-regulated (HS-down) genes including well-known hypoxia biomarkers such

as HIF1A, CA9, and VEGFA.



[00407] Identifying Hypoxia Samples using Consensus Hierarchical Clustering. Consensus

hierarchical clustering was used to identify a cluster of samples that showed the most concordant expression

pattern to the previously-defined hypoxia signature gene set (Winter et al., 2007). Using the mRNA expression

data, the Spearman correlation coefficients were computed between pairs of samples using the median-

centered log2-normalized RSEM values. The consensus hierarchical clustering R package

ConsensusClusterPlus (Wilkerson and Hayes, 2010), was applied with 1-Spearman correlation as a distance

metric, and run over 1000 iterations of the "average linkage" method and 80% resampling rate. The number of

clusters was varied from K=2 to 8. The hypoxia cluster was determined by examining the stability of the

chosen cluster throughout K and the concordance of mRNA expression levels in each cluster to the known

expression patterns of hypoxia up or down signatures. This process finally resulted in the choice of K=3 in

BRCA (data not shown) and K=4 in LUAD (data not shown). Details described below:

[00408] (1) TCGA Breast Cancers. In the cluster membership of samples across K, the most hypoxia-

related cluster at any given K (chosen based on the mean expression levels of the hypoxia-up genes) was

highlighted in "black" and other colors represent different clusters (data not shown). At K=2 almost 60%>

samples belonged to the hypoxia cluster. Half of these samples were separated from the large black cluster

and formed their own cluster (green) at K=3. The samples in the black cluster (35%) at K=3 had the most

concordant expression pattern to both the up and down genes in the signature ("hypoxia-signature concordant

cluster"), while the green cluster (42%) had an overall down-regulations regardless of hypoxia signatures

("hypoxia-signature neutral cluster"). On the other hand, the magenta cluster at K=3 (23%) had an opposite

expression pattern to the known hypoxia signature ("hypoxia-signature discordant cluster"), which is also

observed in the expression heatmap (data not shown). It was also observed that most samples in the black

cluster at K=3 consistently remained in the hypoxic cluster up to K=8, indicating the strong stability of this

cluster throughout K. Interestingly, the Basal (65 out of 88) and Her2 (31 out of 55) breast cancer subtypes

were significantly enriched in the hypoxia cluster, while most Luminal AJ (322 out of 341) and eight

Normal-like samples were in the non-hypoxia cluster.

[00409] (2) TCGA Lung Adenocarcinoma. Both clustering results at K=2 and 3 had a very similar

stratification of samples except for two outlier samples (magenta) in K=3 (data not shown). Crossing from

K=3 to 4 a small number of samples with a much weaker hypoxia-up signature were separated from the black

hypoxia cluster, forming the green cluster at K=4. The majority of samples (42%) remained in the hypoxic

cluster had the most concordant expression pattern to both up and down signatures ("hypoxia-signature

concordant cluster"), while in the green cluster (11%) all hypoxia signature genes were down-regulated ,

hence called the "hypoxia-signature neutral cluster". On the contrary, the red cluster at K=4 (46%) had a

largely discordant expression pattern with respect to the hypoxia signature (called the "hypoxia-signature

discordant cluster"). Ignoring four outlier samples (magenta) at K=4 the stratification of samples into hypoxia-

concordant, neutral, and discordant groups is analogous to the partitioning of BRCA at K=3. Most samples in



the black cluster at K=4 remained in the hypoxic cluster up to K=8, demonstrating the strong stability of the

chosen hypoxia cluster.

[00410] Hypoxia Up and Down Scores. In addition to the identification of hypoxia samples based on the

clustering, hypoxic signature scores, HS-up and HS-down, were calculated based on the median of mRNA

expression levels of the 92 up-regulated and 52 down-regulated genes, respectively. Samples were then ranked

based on these scores. The HS-up (HS-down) scores were significantly higher (lower) in the determined

hypoxic cluster in comparison to other clusters in both BRCA and LUAD.

[00411] Detecting Chromosomal Regions Significantly Associated to Hypoxia. Since the amplification

of KDM4A can induce a site-specific copy gain at lq21 (PMID: 23871696), samples with a focal copy gain of

the lp34.1 cytoband (where KDM4A resides) were excluded from downstream analysis (76 samples in BRCA

and 46 samples in LUAD). Detecting chromosomal regions {i.e. cytobands) significantly associated with

hypoxic samples was performed by the statistical test based on the normal approximation for the null

distribution of mean cytoband copy difference between hypoxia and non-hypoxia samples. The null

distribution was approximated by a normal density function with the population mean difference, m l - mO,

and the variances of Sl/nl + SO/nO. Here m l and m O are sample means, SI and S O are sample variances, and

n l and n O are the number of samples in the hypoxia and the non-hypoxia group. The p-values for mean

cytoband copy gains in hypoxia samples were computed by computing the probability of more extreme

differences than the observed copy difference in the null distribution across 807 cytobands.

[00412] Chromosomal Instability vs Hypoxia. In order to examine whether the hypoxia samples had a

significant enrichment of the chromosomal instability, the distributions of the number of cytobands harboring

focal gains (mean cytoband focal copy > 0) or losses (mean cytoband focal copy < 0) per sample were

compared between hypoxia and non-hypoxia samples in Fig. 44C for BRCA and Fig. 44D for LUAD.
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[00414] Table 8 : Hypoxia signature genes - upregulated by hypoxia

Signature Gene Name NCBI Gene ID

ADORA2B 136

AK3L1 205

ALDOA 226

ANGPTL4 5 1129

ANKRD37 353322

ANKRD9 122416

ANLN 54443

B4GALT2 8704

BCAR1 9564

BMS1 9790

BNIP3 664

C16orf74 404550

C20orf20 55257

C7orf68 29923

CA12 771

CA9 768

CDCA4 55038

CNIH4 29097

COL4A5 1287



COROIC 23603

DPM2 8818

ECE2 9718

EIF2S1 1965

GAPDH 2597

SIP1 9839

GMFB 2764

GPN3 5 1184

GSS 2937

HAUS2 55142

HES2 54626

HOMER1 9456

IGF2BP2 10644

IL8 3576

CTD 11 147040

KRT17 3872

LDHA 3939

LDLR 3949

METTLl l A 28989

C16orf68 79091

MIF 4282

MNAT1 4331

MRPL14 64928

MTX1 4580

NDRG1 10397

NDUFA4L2 56901

NME1 4830

NUDT15 55270

P4HA1 5033

PDZD1 1 51248

PFKFB4 5210

PGAM1 5223

PGF 5228

PGK1 5230

PLAU 5328

PLEKHG3 26030

PPARD 5467

PPP4R1 9989

PSMA7 5688

PSMB7 5695

PSMD2 5708

PTGFRN 5738

PVR 5817



PYGL 5836

RAN 5901

RHOC 389

RNF24 11237

RNPS1 10921

RUVBL2 10856

S100A10 6281

S100A3 6274

SLC16A1 6566

SLC2A1 6513

SLC6A8 6535

SLC01B3 28234

C14orfl56 81892

SNX24 28966

TANC2 261 15

TEAD4 7004

TFAP2C 7022

TMEM189 387521

TMEM30B 161291

TMTC3 160418

TNS4 84951

TPBG 7162

TPD52L2 7165

TPI1 7167

TRMT5 54570

TUBB2C 10383

VAPB 9217

VEGFA 7422

VEZT 55591

XP05 57510

[00415] Table 9 - Hypoxia signature genes - downregulated by hypoxia

Signature Gene Name NCBI Gene ID

ANKRD44 91526

ARHGAP15 55843

ARHGEF6 9459

ARL6IP5 10550

ATM 472

ATP8A1 10396

BCL2 596

C12orf35 55196

CCL19 6363



CD28 940

CD48 962

CD79A 973

CELF2 10659

CHPT1 56994

DOCK2 1794

ENPP2 5168

EVI2A 2123

EVI2B 2124

FAM65B 9750

FBLN5 10516

FLU 2313

FRZB 2487

GIMAP1 170575

GIMAP7 168537

GYPC 2995

HLA-DOB 3112

HMHA1 23526

ICAM2 3384

IKZF1 10320

IL16 3603

INPP5D 3635

IRF8 3394

ISCU 23479

ITM2A 9452

C13orfl8 80183

KLHDC1 122773

LM02 4005

LOC100505549 100505549

LOC100505746 100505746

LRMP 4033

PARM1 25849

PBXIP1 57326

PTPRC 5788

RGS5 8490

RHOH 399

SLC25A20 788

SYNE1 23345

SYNP02 171024

SYNRG 11276

TLR7 51284

TRAPPC10 7109

ZSCAN18 65982



What is claimed herein is:

1. A method of treating cancer, the method comprising:

administering an S-phase chemotherapeutic to the subject when the subject is:

determined to have a level of KDM4A gene expression which is not higher than a reference

level;

determined not to have KDM4A gene amplification; or

determined not to have a hypoxic tumor; and

not administering an S-phase chemotherapeutic to the subject when the subject is:

determined to have a level of KDM4A gene expression which is higher than a reference

level;

determined to have KDM4A gene amplification; or

determined to have a hypoxic tumor.

2. The method of claim 1, wherein the S-phase chemotherapeutic is selected from the group consisting

of:

cisplatin; 5-flurouracil; 6-mercaptopurine; capecitabine; cladribine; clorfarabine; cytarabine;

doxorubicin; fludarabine; floxuridine; gemcitabine; hydroxyurea; methotrexate; pemetrexed;

pentostatin; prednisone; procarbazine; and thioguanine.

3. A method of treating cancer, the method comprising:

administering a chemotherapeutic selected from the group consisting of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors;

and not administering a chemotherapeutic selected from the group consisting of:

EGFR inhibitors; ErbB2 inhibitors; transcription inhibitors; and MEK1/2 inhibitors;

to a subject determined to have a KDM4A dampening mutation or determined to have a

hypoxic tumor.

4. The method of claim 3, wherein the KDM4A dampening mutation is present in the tumor but not the

non-tumor cells of the subject.

5. A method of treating cancer, the method comprising:

administering a reduced dose of a chemotherapeutic agent selected from the group consisting

of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors,



to a subject determined to have a KDM4A dampening mutation in non-tumor cells.

6. The method of any of claims 3-5, wherein the KDM4A dampening mutation is a mutation that

decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A

that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide.

7. The method of any of claims 3-6, wherein the KDM4A dampening mutation comprises a mutation of

KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

8. The method of any of claims 3-6, wherein the KDM4A dampening mutation comprises a mutation

selected from Table 7.

9. The method of any of claims 3-6, wherein the KDM4A dampening mutation comprises a mutation of

IDH resulting in increased 2-HG production.

10. The method of any of claims 3-6 wherein the KDM4A dampening mutation comprises a loss of the

kdm4a allele.

11. The method of claim 10, wherein the mutation is present in a cancer selected from the group

consisting of:

chondrosarcoma; glioblastoma multiforme (GBM); and acute myeloid leukemia (AML).

12. The method of any of claims 3-6, wherein the KDM4A dampening mutation comprises a mutation of

SDH resulting in increased levels of succinate or a histone mutation.

13. The method of any of claims 3-12, wherein the presence of the mutation is determined using an assay

selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

14. The method of any of claims 3-13, wherein the mutation is present in the genomic DNA of the tumor

cell.

15. The method of any of claims 3-13, wherein the mutation is present in the niRNA transcripts of the

tumor cell.

16. The method of any of claims 3-15, wherein the subject is determined to be homozygous for the

KDM4A dampening mutation.

17. The method of any of claims 1-16, wherein the tumor is determined to be hypoxic if a hypoxia marker

selected from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of CAIX;

increased expression of CKS1B; increased expression of MCL-1; increased expression of a gene

selected from Table 8; and decreased expression of a gene selected from Table 9;



is detected.

18. A method of treating cancer, the method comprising;

administering an inhibitor of KDM4A; and

administering a chemotherapeutic agent selected from the group consisting of:

S-phase chemotherapeutics; mTOR inhibitors; protein synthesis inhibitors; Braf

inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;

PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC

inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3

inhibitors; and VEGFR inhibitors.

19. The method of claim 18, wherein the inhibitor of KDM4A is selected from the group consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

20. The method of any of claims 18-19, further comprising administering an ubiquitination inhibitor or

proteasomal inhibitor.

21. The method of any of claims 18-20, wherein the subject is determined to have a hypoxic tumor.

22. The method of any of claim 21, wherein the tumor is determined to be hypoxic if a hypoxia marker

selected from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of

CAIX; increased expression of CKS1B; increased expression of MCL-1; increased

expression of a gene selected from Table 8; and decreased expression of a gene selected from

Table 9;

is detected.

23. The method of any of claims 1-22, further comprising the step of generating a report based on the

detection of a KDM4A dampening mutation.

24. A method of treating cancer, the method comprising administering an agonist of KDM4A to a subject

selected from the group consisting of:

a subject determined to have a level of KDM4A gene expression which is higher than a

reference level; a subject determined to have KDM4A gene amplification; and a subject

determined to have a hypoxic tumor.

25. The method of any of claim 24, wherein the tumor is determined to be hypoxic if a hypoxia marker

selected from the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of

CAIX; increased expression of CKS1B; increased expression of MCL-1; increased

expression of a gene selected from Table 8; and decreased expression of a gene selected from

Table 9;

is detected.



26. The method of any of claims 1-25, wherein the cancer is selected from the group consisting of:

ovarian cancer; non-small cell lung cancer; multiple myeloma; breast cancer; pancreatic

cancer; head and neck cancer; lung cancer; adenocarcinoma; lung adenocarcinoma; lung

squamous cell carcinoma; renal cancer; stomach cancer; melanoma; colorectal cancer; AML;

and uterine and endometrial cancer.

27. An assay for determining the likelihood of a subject experiencing a positive outcome following

treatment for cancer, the assay comprising:

determining the level or mutational status of KDM4A; KDM4C; or KDM4D in a tumor cell

sample obtained from the subject;

wherein the subject has a decreased likelihood of experiencing a positive outcome following

treatment for cancer if:

f . the subject is determined to have a deletion or decreased level of expression of

KDM4C as compared to a reference level;

g. the subject is determined to have a deletion, amplification, or increased or decreased

level of KDM4D, KDM4C, KDM4E, or KDM4B as compared to a reference level;

h. the subject is determined to have an amplification or increased level of expression of

KDM4A as compared to a reference level;

i . the subject is determined to have a KDM4A dampening mutation;

j . the subject is determined to have a mutation of a KDM4 family member selected from

any of Tables 2-6.

28. The assay of claim 27, wherein the subject determined to have an amplification or increased level of

expression of KDM4A as compared to a reference level is a subject having ovarian cancer.

29. The assay of claim 27, wherein the subject determined to have a KDM4A dampening mutation is a

subject having non-small cell lung cancer.

30. A method of treating graft versus host disease, the method comprising;

administering an inhibitor of KDM4A; and

administering an mTOR inhibitor.

31. A method of treating graft versus host disease in a subject in need of treatment therof, the method

comprising;

administering an inhibitor of KDM4A to a subject determined to have a KDM4A dampening

mutation.

32. A method of treating graft versus host disease in a subject in need of treatment therof, the method

comprising;

selecting a subject with a KDM4A dampening mutation; and

administering an inhibitor of KDM4A.

33. The method of any of claims 30-32, wherein the mTOR inhibitor is rapamycin.



34. The method of any of claims 30-33, wherein the inhibitor of KDM4A is selected from the group

consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

35. The method of any of claims 30-34, further comprising administering an ubiquitination inhibitor or

proteasomal inhibitor.

36. The method of any of claims 31-35, wherein the KDM4A dampening mutation is a mutation that

decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A

that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide.

37. The method of any of claims 31-36, wherein the KDM4A dampening mutation comprises a mutation

of KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

38. The method of any of claims 31-36, wherein the KDM4A dampening mutation comprises a mutation

selected from Table 7.

39. The method of any of claims 31-36, wherein the KDM4A dampening mutation comprises a mutation

of IDH resulting in increased 2-HG production.

40. The method or assay of any of claims 31-36, wherein the KDM4A dampening mutation comprises a

loss of the kdm4a allele.

41. The method or assay of any of claims 31-36, wherein the KDM4A dampening mutation comprises a

mutation of SDH resulting in increased levels of succinate or a histone mutation.

42. The method or assay of any of claims 31-41, wherein the presence of the mutation is determined using

an assay selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

43. The method or assay of any of claims 31-42, wherein the mutation is present in the genomic DNA.

44. The method or assay of any of claims 31-43, wherein the mutation is present in the mRNA transcripts.

45. The method or assay of any of claims 34-44, wherein the subject is determined to be homozygous for

the KDM4A dampening mutation.

46. The use of an S-phase chemotherapeutic, comprising administering an S-phase chemotherapeutic to a

subject in need of treatment for cancer when the subject is:

determined to have a level of KDM4A gene expression which is not higher than a reference

level; determined not to have KDM4A gene amplification; or determined not to have a

hypoxic tumor; and



not administering an S-phase chemotherapeutic to a subject in need of treatment for cancer when the

subject is:

determined to have a level of KDM4A gene expression which is higher than a reference

level; determined to have KDM4A gene amplification; or determined to have a hypoxic

tumor.

47. The use of claim 46, wherein the tumor is determined to be hypoxic if a hypoxia marker selected from

the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of

CAIX; increased expression of CKS1B; increased expression of MCL-1; increased expression

of a gene selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.

48. The use of any of claims 46-47, wherein the S-phase chemotherapeutic is selected from the group

consisting of:

cisplatin; 5-flurouracil; 6-mercaptopurine; capecitabine; cladribine; clorfarabine; cytarabine;

doxorubicin; fludarabine; floxuridine; gemcitabine; hydroxyurea; methotrexate; pemetrexed;

pentostatin; prednisone; procarbazine; and thioguanine.

49. The use of a chemotherapeutic agent, comprising administering a chemotherapeutic selected from the

group consisting of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors;

and not administering a chemotherapeutic selected from the group consisting of:

EGFR inhibitors; ErbB2 inhibitors; transcription inhibitors; and MEK1/2 inhibitors;

to a subject in need of treatment for cancer and determined to have a KDM4A dampening

mutation or determined to have a hypoxic tumor.

50. The use of claim 49, wherein the KDM4A dampening mutation is present in the tumor but not the

non-tumor cells of the subject.

51. The use of a chemotherapeutic agent, comprising administering a reduced dose of a chemotherapeutic

agent selected from the group consisting of:

mTOR inhibitors; protein synthesis inhibitors; Braf inhibitors; PI3K inhibitors; Cdk

inhibitors; Aurora B inhibitors; FLT3 inhibitors; PLK1/2/3 inhibitors; Eg5 inhibitors;

β-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R

inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3 inhibitors; and VEGFR inhibitors,

to a subject in need of treatment for cancer and determined to have a KDM4A dampening

mutation in non-tumor cells.



52. The use of any of claims 49-51, wherein the KDM4A dampening mutation is a mutation that

decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of KDM4A

that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A polypeptide.

53. The use of any of claims 49-52, wherein the KDM4A dampening mutation comprises a mutation of

KDM4A selected from the group consisting of:

E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

54. The use of any of claims 49-52, wherein the KDM4A dampening mutation comprises a mutation

selected from Table 7.

55. The use of any of claims 49-52, wherein the KDM4A dampening mutation comprises a mutation of

IDH resulting in increased 2-HG production.

56. The method of any of claims 49-52, wherein the KDM4A dampening mutation comprises a loss of the

kdm4a allele.

57. The method of any of claims 49-56, wherein the subject is determined to be homozygous for the

KDM4A dampening mutation.

58. The use of claim 49-57, wherein the mutation is present in a cancer selected from the group consisting

of:

chondrosarcoma; glioblastoma multiforme (GBM); and acute myeloid leukemia (AML).

59. The use of any of claims 49-58, wherein the KDM4A dampening mutation comprises a mutation of

SDH resulting in increased levels of succinate or a histone mutation.

60. The use of any of claims 49-59, wherein the presence of the mutation is determined using an assay

selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

6 1. The use of any of claims 49-60, wherein the mutation is present in the genomic DNA of the tumor

cell.

62. The use of any of claims 49-61, wherein the mutation is present in the mRNA transcripts of the tumor

cell.

63. The use of an inhibitor of KDM4A, comprising;

administering an inhibitor of KDM4A to a subject in need of treatment for cancer; and

administering a chemotherapeutic agent selected from the group consisting of:

S-phase chemotherapeutics; mTOR inhibitors; protein synthesis inhibitors; Braf

inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;

PLK1/2/3 inhibitors; Eg5 inhibitors; β-tubulin inhibitors; BMP inhibitors; HDAC



inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2 inhibitors; STAT3

inhibitors; and VEGFR inhibitors.

64. The use of claim 63, wherein the inhibitor of KDM4A is selected from the group consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

65. The use of any of claims 63-64, further comprising administering an ubiquitination inhibitor or

proteasomal inhibitor.

66. The use of any of claims 63-65, further comprising the step of generating a report based on the

detection of a KDM4A dampening mutation.

67. The use of an agonist of KDM4A, comprising administering the KDM4A agonist to a subject in need

of treatment for cancer and selected from the group consisting of:

a subject determined to have a level of KDM4A gene expression which is higher than a

reference level; a subject determined to have KDM4A gene amplification; and a subject

determined to have a hypoxic tumor.

68. The use of claim 67, wherein the tumor is determined to be hypoxic if a hypoxia marker selected from

the group consisting of:

amplification of lq21.2, lql2h, or Xql2.1; stabilization of HIFla; increased expression of CAIX;

increased expression of CKS1B; increased expression of MCL-1; increased expression of a gene

selected from Table 8; and decreased expression of a gene selected from Table 9;

is detected.

69. The use of any of claims 49-68, wherein the cancer is selected from the group consisting of:

ovarian cancer; non-small cell lung cancer; multiple myeloma; breast cancer; pancreatic

cancer; head and neck cancer; lung cancer; adenocarcinoma; lung adenocarcinoma; lung

squamous cell carcinoma; renal cancer; stomach cancer; melanoma; colorectal cancer; AML;

and uterine and endometrial cancer.

70. A use of an inhibitor of KDM4A, comprising;

administering an inhibitor of KDM4A; and

administering an mTOR inhibitor to a subject in need of treatment for graft versus host

disease.

7 1. The use of claim 70, wherein the mTOR inhibitor is rapamycin.

72. The use of any of claims 70-71, wherein the inhibitor of KDM4A is selected from the group

consisting of:

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39Hl; HP1; increased oxygen levels;

succinate; and JIB-04.

73. The use of any of claims 70-72, further comprising administering a ubiquitination inhibitor or

proteasomal inhibitor.



74. An assay comprising:

measuring/detecting the presence or absence of a KDM4A dampening mutation in a test

sample obtained from a subject;

wherein the presence of a KDM4A dampening mutation indicates the subject has a higher risk

of having or developing autism or schizophrenia.

75. A method of identifying a subject in need of treatment for autism or schizophrenia, the method

comprising:

detecting the presence or absence of a KDM4A dampening mutation in a test sample obtained

from a subject; and

identifying the subject as being in need of treatment for autism or schizophrenia when a

KDM4A dampening mutation is detected.

76. A method of determining if a subject is at risk for autism or schizophrenia, the method comprising:

detecting the presence or absence of a KDM4A dampening mutation in a test sample obtained

from a subject;

determining that the subject is at risk for autism or schizophrenia when the presence of a

KDM4A dampening mutation is detected; and

determining that the subject is not at risk for autism or schizophrenia when the presence of a

KDM4A dampening mutation is not detected.

77. A method of treating autism or schizophrenia, the method comprising;

administering an agonist of KDM4A to a subject in need of treatment for autism or

schizophrenia.

78. A method of treating autism or schizophrenia in a subject in need of treatment therof, the method

comprising;

administering an agonist of KDM4A to a subject determined to have a KDM4A dampening

mutation.

79. A method of treating autism or schizophrenia in a subject in need of treatment therof, the method

comprising;

selecting a subject with a KDM4A dampening mutation; and

administering an agonist of KDM4A.

80. The method or assay of any of claims 74-79, wherein the KDM4A dampening mutation is a mutation

that decreases KDM4A enzymatic activity; a mutation that increases the proportion or level of

KDM4A that is located in the cytoplasm; or a mutation that increases the turnover rate of KDM4A

polypeptide.

81. The method or assay of any of claims 74-80, wherein the KDM4A dampening mutation comprises a

mutation of KDM4A selected from the group consisting of:



E23K; S28N; I87V; E113K; K123I; N128S; R152W; R218W; G225C; A235V; R239H;

G278S; T289I; V319M; P326T; P348L; E368K; G376V; R400Q; E426K; E482A; V490M;

R498H; D524V; E558Q; R597H; A662S; S713L; V743I; R765Q; G783FS; L803GS; R825C;

R825H; V919M; L941F; S948T; V1003A; D1023Y; R1025C; and E1032K.

82. The method or assay of any of claims 74-81, wherein the KDM4A dampening mutation comprises a

mutation selected from Table 7.

83. The method or assay of any of claims 74-82, wherein the KDM4A dampening mutation comprises a

mutation of IDH resulting in increased 2-HG production.

84. The method or assay of any of claims 74-83, wherein the KDM4A dampening mutation comprises a

loss of the kdm4a allele.

85. The method or assay of any of claims 74-84, wherein the KDM4A dampening mutation comprises a

mutation of SDH resulting in increased levels of succinate or a histone mutation.

86. The method or assay of any of claims 74-85, wherein the presence of the mutation is determined using

an assay selected from the group consisting of:

hybridization; sequencing; exome capture; PCR; RFLP; high-throughput sequencing; and

KDM4A immunochemical detection methods.

87. The method or assay of any of claims 74-86, wherein the mutation is present in the genomic DNA.

88. The method or assay of any of claims 74-87, wherein the mutation is present in the mRNA transcripts.

89. The method or assay of any of claims 74-88, wherein the subject is determined to be homozygous for

the KDM4A dampening mutation.
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