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METHODS RELATING TO THE PREVENTION AND TREATMENT OF DRUG
RESISTANCE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit under 35 U.S.C. § 119(e) of U.S. Provisional Application
No. 62/162,141 filed May 15, 2015, the contents of which are incorporated herein by reference in
their entirety.
GOVERNMENT SUPPORT
[0002] This invention was made with government support under Grant Nos. CA059267 and
ROIGMO097360 awarded by the National Institutes of Health. The U.S. government has certain rights
in the invention.
TECHNICAL FIELD
[0003] The technology described herein relates to methods of preventing and/or reducing drug
resistance in, ¢.g. infections or cancer.
BACKGROUND
[0004] Cancer is often characterized by copy gains or losses of chromosome arms, whole
chromosomes, and/or amplifications/deletions of smaller genomic fragments. Traditionally, somatic
copy number alterations (SCNA) and copy number variations (CNV) have been thought of as
heritable genetic events in cancer cells 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. 2013; Nathanson et al. 2014).
SUMMARY
[0005] As described herein, the inventors have found that the activity of KDM4A, and related
enzymes, promotes copy number gain at specific locations, particularly those that promote drug
resistance. Accordingly, provided herein are methods of preventing and/or reducing drug resistance
by administering inhibitors of KDM4A-like proteins, thereby preventing gene amplification of drug
resistance-related genes. The methods described herein are applicable to the treatment of, €.g. cancer
or pathogenic infections.
[0006] The inventors have further discovered that the enzymatic domain of KDM4A is
conserved, €.g. in bacteria. Accordingly, the methods of preventing and/or reducing drug resistance
are also applicable to the treatment of infections, ¢.g. bacterial or fungal infections.
[0007] In one aspect, described herein is a method of reducing and/or preventing the
development of drug resistance in a cell, the method comprising contacting the cell with an inhibitor
of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or
histones or histone-like proteins. In some embodiments, the cell is a prokaryotic cell. In some

embodiments, the drug resistance is antibiotic resistance. In some embodiments, the cell is a
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cukaryotic cell. In some embodiments, the cell is selected from the group consisting of: a yeast cell
and a mammalian cell. In some embodiments, the cell is a cancer cell. In some embodiments, the drug
resistance is chemotherapeutic resistance. In some embodiments, the cell is contacted with an
inhibitor of a KDM4A-like enzyme. In some embodiments, the KDM4A-like enzyme comprises a
cupin B barrel domain. In some embodiments, the KDM4A-like enzyme is selected from the group
consisting of KDM4A; KDMS5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family
(e.g., KDM2A, KDM2B, KDM3A, KDM3B, KDM4A, KDM4B, KDM4C, KDM5C, KDM6B, and
KDMY7); a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof. In some
embodiments, the inhibitor of a KDM4A-like enzyme is selected from the group consisting of: an
inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen levels; an inhibitor
of a KDM4A-targeting KMT (agonist or antagonists); an inhibitor of Tudor or PHD domain
interaction; succinate; and JIB-04 or additional drugs targeting the enzymatic domain. In some
embodiments, the cell is a cell determined to be experiencing hypoxic conditions. In some
embodiments, the prokaryotic cell comprises a gene encoding a KDM4A-like enzyme. In some
embodiments, the method further comprises the step of determining that the prokaryotic cell
comprises a gene encoding a KDM4A-like enzyme.

[0008] In one aspect, described herein is a method of treating an infection in a subject, the
method comprising administering inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme
that hydroxylates nucleic acids and/or histones or histone-like proteins. In one aspect, described
herein is a method of treating an infection in a subject, the method comprising administering: a) an
antibiotic and b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins. In some embodiments, the antibiotic is a DNA
damage inducing agent or an antibiotic used to treat an anacrobe infection. In some embodiments, the
infection is selected from the group consisting of: a fungal infection; a yeast infection; a eurkaryotic
infection; a prokaryotic infection; and a bacterial infection. In some embodiments, the infection
comprises an organism comprising a gene encoding a KDM4A-like enzyme. In some embodiments,
the method further comprises the step of determining that the infection comprises an organism
comprising a gene encoding a KDM4A-like enzyme. The inhibition of KDM4A-like enyzmes in the
infectious microbe can reduce resistance in these microbes to human.

[0009] In one aspect, described herein is a method of reducing and/or preventing the
development of drug resistance in a subject in need of treatment for cancer, the method comprising
administering a) a chemotherapeutic agent and b) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins. In
some embodiments, the chemotherapeutic agent is selected from the group consisting of DNA-
damaging agents (¢.g. doxorubicin); S-phase chemotherapeutics; mTOR inhibitors; protein synthesis

inhibitors; Braf inhibitors; PI3K inhibitors; Cdk inhibitors; Aurora B inhibitors; FLT3 inhibitors;
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PLK1/2/3 inhibitors; Eg5 inhibitors; B-tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt
inhibitors; IGF1R inhibitors; p33 inhibitors; hdm2 inhibitors; STAT3 inhibitors; VEGFR inhibitors;
angiogenesis inhibitors; proteasomal inhibitors; ubiquitin-targeting drugs; and bortezomib.

[0010] In one aspect, described herein is a method of reducing and/or preventing the
development of drug resistance in a subject in need of treatment with an angiogenesis inhibitor, the
method comprising administering: a) the angiogeneisis inhibitor and b) an inhibitor of a KDM4A-like
enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins. In one aspect, described herein is a method comprising administering: a) an angiogenesis
inhibitor and b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins to a subject in need of anti-angiogenic therapy.
The foregoing methods, combining the administration of an angiogenesis inhibitor and an inhibitor of
a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones
or histone-like proteins reduces and/or prevents drug resistance in the subject.

[0011] In some embodiments, the angiogenesis inhibitor is selected from the group consisting of:
bevacizumab; sorefenib; sunitinib; pazopanib; and everolimus. In some embodiments, the subject is
administered an inhibitor of a KDM4A-like enzyme. In some embodiments, the KDM4A-like enzyme
comprises a cupin 3 barrel domain. In some embodiments, the KDM4A-like enzyme is selected from
the group consisting of KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC
enzyme family (e.g., KDM2A, KDM2B, KDM3A, KDM3B, KDM4A, KDM4B, KDM4C, KDM5C,
KDMS6B, and KDM7); a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs
thereof. In some embodiments, the inhibitor of a KDM4A-like enzyme is selected from the group
consisting of: an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain interaction;
succinate; and JIB-04. In some embodiments, the inhibitor of KDM4A can be a nucleic acid
comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-137.

[0012] In one aspect, described herein is a method of detecting a drug-resistance promoting state
in a subject, the method comprising: detecting the presence of a copy-gained region in a sample of
cell-free DNA obtained from the subject. In some embodiments, the copy-gained region comprises the
1qi2h (hsat2), 1qi2h/21 (e.g., ANK) CEKSIR DHFR BCLY, Xpi3.] gene. In some embodiments, the
copy-gained region is a region of the genome that is subject to copy mumber variation in cancer cells.
In some embodiments, the copy-gained region 18 selected from the group consisting of: 1q12-
1925;1g12h; 1g21.2; and Xq31.1. In some embodiments, the copy-gained region comprises the 1g21-
23 locus. In some embodiments, the sample is a tissue sample, urine sample, or plasma sample. In
some embodiments, the presence of a copy-gained regions is detected by FISH, a cytological

approach, DNA sequencing, or PCR-based analysis. In some embodiments, the method further
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comprises the step of treating the subject with an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] Fig. 1 presents a summary of gene amplification phenomena.
[0014] Fig. 2 depicts a three-dimensional model of the beta-sheet coiling pattern of IMID2A.
[0015] Fig. 3 depicts an alignment of 13 hits from the beta-sheet coiling pattern search.
[0016] Fig. 4 depicts an alignment of the top 3 hits shown in Fig. 3.
[0017] Fig. 5 depicts a sequence alignment of the iron-containing structure proteins.
[0018] Fig. 6 depicts a distance tree of the proteins depicted in Fig. 5.
[0019] Fig. 7 depicts the results of an HMM profile search for the structurally aligned regions of
the iron containing structures.
[0020] Figs. 8A-8G demonstrate that hypoxia, but not other physiological stresses promote
transient site-specific copy gain. (Fig. 8A) Schematic detailing the approach used in the screen of
physiological stresses. RPE cells were exposed to the indicated stress for 24 hours prior to collection
for FISH and FACS analysis. (Fig. 8B) Hypoxia promotes site-specific copy gain of 1q12h and
1g21.2 by FISH analysis. (Fig. 8C) Hypoxia amplified regions are not contiguous. Table
summarizing co-amplification of 1q12h, and 1q21.2. 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. 8D)
Hypoxia induced copy gain of 1q12h is reversible. Quantification of FISH for 1q12h and Chr 8 after
24-72 hours of 21% O, (normoxia), 1% O, (hypoxia), or return to normoxia from 1% O, for 24 hours
(Rescue). T indicates significant difference from 1% O, for 72 hours by two-tailed Student’s t-test
(p<0.05). (Fig. 8E) Hypoxia-dependent copy gains are removed within four hours of return to
normoxia. Quantification of FISH probes for the indicated times after 48 hours of normoxia or
hypoxia treatment. 7 indicates significant difference from zero hour release from 1% O, by two-tailed
Student’s t-test (p<0.05). (Fig. 8F) Hypoxia-induced copy gains occur during S phase. Quantification
of FISH for 1q12h, 1q21.2 and 8c in RPE cells following HU arrest in normoxia or 1% O; (time 0) or
the indicated time after HU release. T indicates significant difference from Asynchronous (-) 1% O,
by two-tailed Student’s t-test (p<0.05). (Fig. 8G) 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 by two-tailed Student’s t-test (p<0.05).
[0021] Figs. 9A-9B demonstrate that hypoxia induces site-specific copy in primary human T
cells. (Fig. 9A) Schematic illustrating collection, isolation and stimulation of primary human T cells.
(Fig. 9B) Hypoxia induces site-specific copy gain only in stimulated primary human T cells. Error
bars represent the S.E.M. * indicates significant difference from normoxia by two-tailed Student’s t-

test (p<0.05).
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[0022] Figs. 10A-10J demonstrate that hypoxia induced site-specific copy gains are KDM4A-
dependent. (Fig. 10A) KDM4B-D are not required for copy gain in hypoxia. Quantification of FISH
for 1q12h and 8c in RPE cells depleted of KDM4B, C or D and maintained in normoxia or hypoxia.
Data presented are an average of two independent experiments, each performed with two independent
siRNAs. (Fig. 10B) Hypoxia-induced 1q12h and 1q21.2 copy gains require KDM4A. Quantification
of FISH for 1q12h, and 8¢ in RPE cells after 24 hours of normoxia or hypoxia and with or without
depletion of KDM4A. Data presented are an average of two independent siRNA. (Fig. 10C)
Genomic deletion of KDM4A4 using CRISPR/Cas9 abrogates hypoxia-driven copy gain.
Quantification of FISH for 1q12h and 8c in 293T CRISPR cell lines stably expressing either GFP or
GFP-KDMA4A, following 24 hours of normoxia or hypoxia. Data represents an average of two
independent experiments for two independently derived single cell clones of GFP (GFP8 and GFP14)
or GFP-KDM4A (WT19 and WT28). (Fig. 10D) Hypoxia stabilizes KDM4A protein levels. Western
blot indicates KDM4A protein levels after 24 and 48 hours of hypoxic treatment in RPE cells (left
panel), and in primary human T cells with or without stimulation (right panel). (Fig. 10E) Hypoxia
increases the half-life of KDM4A protein in RPE cells. (Top panel) Western blot of half-life
experiment demonstrates that KDM4A is stabilized in hypoxia following cycloheximide treatment.
(Bottom panel) Graphical representation of KDM4A half-life in RPE cells. Quantification of half-life
indicates a half-life of 1hr 49min £ 3min in normoxia and 4hr 56min + 37min in hypoxia. * indicates
significant difference from normoxia at the same time point by two-tailed Student’s t-test (p<0.05).
(Fig. 10F) Hypoxia abrogates the interaction of the SCF complex with KDM4A. KDM4A was
immunoprecipitated from RPE cells maintained in normoxia or hypoxia, and the interaction with
components of the SCF complex was analyzed by western blot. (Fig. 10G) KDM4A levels are
increased on chromatin during hypoxia (lane 5 and 6 respectively; 1% O,; Cyto = cytoplasm; NE =
nuclear extract; Chrom = chromatin fraction). (Fig. I0H) KDM4A demethylase activity is retained
after 24 hours in hypoxia. RPE cells expressing 3xHA-WT-KDM4A were maintained in normoxia or
hypoxia for 24 hours and H3K9 and H3K36 demethylation was assessed by immunofluorescence. The
graph represents an average of two independent experiments with demethylase activity in hypoxia
normalized to activity in normoxia. (Fig. 10I) Demethylase inhibition with JIB-04 blocks hypoxia-
dependent copy gain. Quantification of FISH for 1q12h and Chr 8 in RPE cells upon JIB-04
treatment. (Fig. 10J) Hypoxia-dependent copy gains can be suppressed by treatment with 2mM
succinate. In all panels: error bars indicate S.E.M., * indicates significant difference from normoxia
(Figs. 10B,10C), and significant difference from vehicle treated normoxia samples (Figs. 101, 10J) by
two-tailed Student’s t-test (p<0.05). 7 indicates significant difference from siCTRL (1% O,) (Fig.
10B) and significant difference from Vehicle (1% O,) (Figs. 101, 10J) by two-tailed Student’s t-test
(p<0.05).
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[0023] Figs. 11A-111 demonstrate that hypoxia induced copy gains are conserved in zebrafish.
(Fig. 11A) Schematic depicting homology of huKDM4A and zfKDM4A. Table depicts the H3K9 and
H3K36 demethylase activity of zebrafish KDM4A expressed in RPE cells as determine by
immunofluorescence. (Fig. 11B) Expression levels of zebrafish and human KDM4A proteins in RPE
cells expressing wild-type (WT) and catalytically mutant (HI85A) zebrafish KDM4A. (Fig. 11C)
Zcbrafish KDM4A promotes copy gain in human cells. Quantification of FISH for 1q12h, 1q21.2 and
8c for RPE cells expressing zfKDM4A or catalytically inactive, zEKDM4A CAT. (Fig. 11D)
Quantification of H3K9 and H3K36 demethylase activity by immunofluorescence in normoxia and
hypoxia for RPE cells ectopically expressing zebrafish KDM4A (zfKDM4A). (Fig. 11E) Hypoxia
stabilizes zZfKDM4A in RPE cells. (Fig. 11F) Schematic depicting syntenic region of 1g21.2 in
zebrafish used for FISH analysis. Green bars indicate the location of the human (stick figure) and
zebrafish (fish icon) probes used. (Fig. 11G) Hypoxia promotes copy gain of BCL9 in zebrafish AB.9
cells. Quantification of FISH for BCLY after 72 hours of normoxia or 1% O,. (Fig. 11H) Schematic
of IGBPI homologous region in zebrafish. Green bars indicate the location of the human (stick
figure) and zebrafish (fish icon) probes used. (Fig. 11I) Hypoxia does not induce copy gain of IGBP/
in zebrafish. Quantification of FISH for /GBP/ after 72 hours of normoxia or 1% O,. Error bars
represent the S.E.M. * indicates significant difference from control samples by two-tailed Student’s t-
test (p<0.05).

[0024] Figs. 12A-12] demonstrate that tumors with a hypoxic signature have copy gains of
regions observed in hypoxic cell culture. (Fig. 12A) TCGA Breast Cancer samples with a hypoxic
gene signature have a faster time to death. (Fig. 12B) TCGA Lung Adenocarcinoma samples with a
hypoxic gene signature have a faster time to death. (Fig. 12C) TCGA Breast Cancer samples with a
hypoxic gene signature have increased focal copy number variation. (Fig. 12D) TCGA Lung
Adenocarcinoma samples with a hypoxic gene signature have increased focal copy number variation.
(Fig. 12E) TCGA Breast Cancer samples with a hypoxic gene signature have an enrichment of copy
gain of 1p11.2 through 1q23.3. (Fig. 12F) TCGA Breast Cancer samples without a hypoxic gene
signature do not have enrichment of copy gain of 1p11.2 through 1g23.3. (Fig. 12G) Mean copy
number of hypoxic (red) and non-hypoxic (blue) breast cancer samples. (Fig. 12H) TCGA Lung
Adenocarcinoma samples with a hypoxic gene signature have enriched copy gain of 1p11.2 through
1923 .3. (Fig. 121) TCGA Lung Adenocarcinoma samples without a hypoxic gene signature do not
have enriched copy gain of 1p11.2 through 1¢23.3. (Fig. 12J) Mean copy number of hypoxic (red)
and non-hypoxic (blue) lung adenocarcinoma samples. For each co-amplification plot, blue shaded
regions indicate 1p11.2 through 1g23.3.

[0025] Figs. 13A-13D demonstrate that CKS/B exhibits site-specific copy gain and increased
expression in hypoxic cells. (Figs. 13A, 13B) CKS/B is copy-gained and overexpressed in hypoxic
breast cancer cell lines. Quantification of FISH (Fig. 13A) and CKS1B mRNA expression (Fig. 13B)
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in MDA-MB 231 cells maintained in hypoxia for 24-72 hours, or maintained in hypoxia for 48hrs
prior to return to normoxia for 24 hours (rescue). T indicates significant difference from 1% O, at 24
hours by two-tailed Student’s t-test (p<0.05). (Fig. 13C) Hypoxia-dependent CK.S/B copy gain
requires KDM4A. Quantification of FISH for 1q12h and 8¢ for MDA-MB-231 cells maintained in
normoxia or hypoxia, with or without siRNA depletion of KDM4A. + indicates significant difference
from 1% O, siCTRL by two-tailed Student’s t-test. (Fig. 13D) Hypoxia-dependent CKS1B transcript
induction requires KDM4A. Circled * indicates significant difference from siCTRL in hypoxia by
two-tailed Student’s t-test (p<<0.05). In all panels, * indicates significant difference from normoxia by
two-tailed Student’s t-test (p<0.05).

[0026] Fig. 14 depicts a model depicting how site-specific copy gains could explain intra-
tumoral heterogeneity.

[0027] Figs. 15A-15R demonstrate that treatment with chemical and metabolic stresses does not
promote copy gain. (Fig. 15A) Hypoxic conditions increase HIF 1o, and CAIX levels in RPE cells.
Western blot indicating protein levels of HIF 1o and CAIX in normoxia or following 24 hours in
hypoxia (1% O,). (Fig. 15B- Fig. 15F) Treatment with chemical and metabolic stresses does not
promote copy gain. Quantification of FISH for 1q12h, Chr 8, 1q23.3 and 1q21.2 after 24 hours of
ROS (H,0,) (Fig. 15B), 43°C heat shock (HS) (Fig. 15C), reduced serum (0.1% FBS) (Fig. 15D),
Tunicamycin (TU) (Fig. 15E), and glucose deprivation (Fig. 15F). (Fig. 15G- Fig. 15L) Cell cycle
analysis following 24 hours exposure to the indicated stresses. (Fig. 15M- Fig. 15R) Oxidants and
reducing reagents do not induce site-specific copy gains. Quantification of FISH for 1q12h and 8¢
(Fig. 15M- Fig. 150) and cell cycle analysis (Fig. 15P- Fig. 15R) in RPE cells following 24 hours of
treatment with 2mM DTT, 5mM N-acetyl Cysteine (NAC), and 1uM DMNQ. In all panels, error bars
represent the S.E.M. * indicates significant difference from control samples by two-tailed Student’s t-
test (p<0.05). * adjacent to bar graphs for cell cycle distribution indicate p<0.05 compared to control
samples for that cell cycle phase.

[0028] Figs. 16A-16S demonstrate that hypoxia promotes site-specific copy gains in diverse
cancer cell types. (Fig. 16A-16D) Hypoxia promotes site-specific gains in breast cancer cell lines.
Western blots depict the hypoxic response of MDA-MB 468 (Fig. 16A) and MDA-MB 231 (Fig. 16C)
cells following 24 hours of hypoxic exposure. Quantification of FISH indicates amplification of
Iq12h but not 8¢ in hypoxic MDA-MB 468 (Fig. 16B) and MDA-MB 231 (Fig. 16D) cells. (Fig. 16E-
16J) SK-N-AS neuroblastoma (Fig. 16E,16F), 293T kidney (Fig. 16G,16H), and MM. 1S multiple
myeloma (Fig. 161,16J) cells are hypoxic and exhibit copy gain of 1q12h following 24 hours of 1%
0,. (Fig. 16K-16M) Hypoxia promotes site-specific gain in renal cancer cells independent of
activated HIF1/2a (UMRC2 - lack VHL and have constitutively active HIF). (Fig. 16K) Western blot
indicating the hypoxic response of UMRC2 cells lacking (-) or expressing (+) VHL following 24
hours in hypoxia. (Fig. 16L.,16M) Quantification of FISH for 1q12h and 8¢ (Fig. 16L) or 1q23.3 and
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Iqtel (Fig. 16M) after 24 hours of normoxia or 1% O,. (Fig. 16N) Hypoxia-induced copy gains are
not dependent on HIF1a. Quantification of FISH for 1q12h and Chr 8 in RPE cells maintained in
either in normoxia or 1% O,, with or without depletion of HIF1a. (Fig. 160) Western blot
demonstrating abrogation of CAIX induction upon HIF1a depletion. (Fig. 16P) Hypoxia-driven copy
gains are not dependent on HIF2a. Quantification of FISH for 1q12h and Chr 8 in RPE cells
maintained in either in normoxia or 1% O,, with or without depletion of HIF2a. (Fig. 16Q) Western
blot demonstrating CAIX induction upon HIF2a depletion. (Fig. 16R) 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 10hr) cells
at normoxia or 1% O,. (Fig. 16S) A graph of the CsCl density gradient profile from the normoxia and
hypoxia triplicate samples used in the rereplication experiment. Positions of the light:light (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. * indicates significant difference from control samples by two-tailed
Student’s t-test (p<0.05).

[0029] Figs. 17A-17M demonstrate that hypoxia stabilizes KDM4A protein levels. (Fig.
17A,17B) Overexpression of KDM3A does not promote copy gain. Western blot depicting
overexpression of Halo-KDM3A for 24 or 72 hours (Fig. 17A), which is insufficient to promote copy
gain of 1q12h (Fig. 17B). (Fig. 17C-17F) Depletion of KDM4B-C does not impede hypoxia-mediated
copy gain. (Fig. 17C) siRNA-directed depletion of KDM4B,C or D in normoxic and hypoxic RPE
cells was verified by qRT-PCR analyses. (Fig. 17D-17F) Western blot confirming depletion of
KDM4B (Fig. 17D), KDM4C (Fig. 17E) and KDM4D (Fig. 17F) in RPE cells maintained in
normoxia and hypoxia. (Fig. 17G) Western blot depicting siRNA-mediated depletion of KDM4A
under normoxic and hypoxic conditions. (Fig. 17H) Cell cycle profile following siRNA depletion of
KDM4A in normoxia and hypoxia. (Fig. 171-17K) Genomic deletion of KDM4A4 using CRISPR/Cas9
abrogates KDM4A expression. (Fig. 17I) Western blot indicating relative KDM4A protein levels in
293T parental (293T) and 293T CRISPR cell lines expressing GFP-KDM4A (WT19 and WT28).
“’Endo” indicates endogenous KDM4A in parental 293T cells, while “GFP” indicates exogenous
GFP-KDM4A reintroduced in to WT19 and WT28. (Fig. 17J) A western blot demonstrating KDM4A
protein levels in 293T CRISPR cell lines stably expressing GFP and GFP-KDM4A upon normoxic
and hypoxic exposure. Lanes were spliced together from different regions of the same exposure of the
same blot. (Fig. 17K) Cell cycle profiles of 293T CRISPR GFP and GFP-KDM4A cell lines in
normoxia or hypoxia. (Fig. 17L) KDM4A transcript levels do not correlate with increased protein
observed in hypoxia. KDM4A mRNA levels were analyzed by qRT-PCR and normalized to B-actin.
(Fig. 17M) Hypoxia increases KDM4A protein levels in breast (MDA-MB-468 and MDA-MB-231),
neuroblastoma (SK-NAS and SK-N-DZ), and myeloma (MM. 1S) cell lines. For all panels, error bars
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represent the S.E.M. * indicates significant difference from control samples by two-tailed Student’s t-
test (p<0.05).

[0030] Figs. 18A-180 demonstrate that KDM4A protein levels are dynamic and correlate with
hypoxia treatment. (Fig. 18A) KDM4A levels are increased in hypoxia but return to baseline when
cells are returned to normoxia (Rescue). (Fig. 18B) KDM4A levels return to baseline within four
hours of return to normoxia. KDM4A levels were analyzed by western blot at the indicated times
after a 48 hour 1% O, treatment. (Fig. 18C) Western blot depicting KDM4A levels in asynchronous
(-) and HU arrested and released cells in hypoxic and normoxic conditions. (Fig. 18D) Hypoxia
increases the half-life of KDM4A in 293T cells. Quantification of half-life indicates a half-life of 1hr
51min £ 28min in normoxia and 6hr 13min + 10min in hypoxia. * indicates significant difference
from control samples at the same time point by two-tailed Student’s t-test (p<0.05). (Fig. 18E,18F)
KDMA4A ubiquitination is decreased in hypoxic conditions. (Fig. 18E) KDM4A was
immunoprecipitated from 293T cells maintained in normoxia or hypoxia using KDM4A-P006 (D4)
and KDM4A-P0O14 (D5) (Van Rechem et al. 2015). IPs were washed under denaturing conditions and
analyzed by western blotting. (Fig. 18F) Graphical representation of KDM4A ubiquitination in
normoxia and hypoxia. Quantification of ubiquitination indicates an approximately 2.2-fold reduction
in ubiquitination upon exposure to hypoxia. Data represents the average of seven independent
experiments. (Fig. 18G) KDM4A demethylase activity is retained following prolonged hypoxic
exposure. RPE cells expressing 3xHA-WT-KDM4A were maintained in normoxia or hypoxia for 48
hours and H3K9 and H3K36 demethylation was assessed by immunofluorescence. The graph
represents an average of two independent experiments with demethylase activity in hypoxia
normalized to activity in normoxia. (Fig. 18H) Western blot depicting that JIB-04 treatment does not
alter KDM4A protein levels upon hypoxia treatment. Lanes were spliced together from different
regions of the same exposure of the same blot. (Fig. 18I) Cell cycle analysis following JIB-04
treatment demonstrating no difference in cell cycle phases. (Fig. 18J-18M) Depletion of KDMSA and
KDMB6B does not rescue hypoxia-dependent copy gains. (Fig. 18J) Quantification of FISH for 1q12h
and 8c in RPE cells maintained in normoxia or hypoxia with or without depletion of KDM3A or
KDMB6B. Data represents the average of two independent experiments performed with two
independent siRNAs. (Fig. 18K) Western blot demonstrating siRNA depletion of KDMS5A and CAIX
induction in hypoxia. Lanes were spliced together from different regions of the same exposure of the
same blot. (Fig. 18L,18M) Quantification of siRNA-mediated depletion of KDM6B (Fig. 18L) and
induction of CAIX (Fig. 18M) in normoxic or hypoxic RPE cells using qRT-PCR. Expression was
normalized to B-actin and siCTRL in normoxia. (Fig. 18N) Western blot depicting that succinate does
not alter KDM4A protein levels upon hypoxia treatment. Lanes were spliced together from different
regions of the same exposure of the same blot. (Fig. 180) Cell cycle analysis following succinate

treatment demonstrating no difference in cell cycle phases. For all panels, error bars represent the
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S.E.M. and * indicates significant difference from control samples by two-tailed Student’s t-test
(p<0.05).

[0031] Figs. 19A-19E demonstrate that hypoxic tumor samples have copy gains of regions
amplified in hypoxic cell culture. (Fig. 19A) TCGA Breast Cancer samples with a hypoxic gene
signature have increased focal copy number gain. (Fig. 19B) TCGA Breast Cancer samples with a
hypoxic gene signature have increased focal copy number loss. (Fig. 19C) TCGA lung
adenocarcinoma samples with a hypoxic gene signature have increased focal copy number gain. (Fig.
19E) TCGA lung adenocarcinoma samples with a hypoxic gene signature have increased focal copy
number loss. (Fig. 19E) Western blot depicting siRNA-directed depletion of KDM4A in normoxia
and hypoxia.

[0032] Figs. 20A-20E depict graphs of experiments in which E. coli (Top10) were subjected to
hypoxia (1%) and normoxia and genomic DNA was isolated and sequenced. The data demonstrates
that altered DNA levels are occurring with hypoxic stress as observed with the KDM4-related regions
in mammalian cells.

[0033] Figs. 21A-21D demonstrate the regulation of KDM4A by miRNA. Fig. 21A depicts a
schematic of KDM4A 3"UTR. The length in base pairs and the positions of TARGETSCAN 6.2
predicted seed sequences are indicated. The seed sequences are indicated as are the mutations
performed to generate the mutant 3°-UTR (MT) in the schematic. Fig. 21B depicts western blot
analysis of KDM4A protein levels following treatment with the indicated miRNA mimics.
Representative western from one of two biological replicates. Fig. 21C depicts Western blot analysis
of KDMA4A protein levels following treatment with the indicated miRNA inhibitors (anti-miRs).
Representative western from one of two biological replicates. Fig. 21D depicts luciferase analysis of
KDM4A WT and KDM4A MT 3°-UTR response to miRNA mimics. Data were normalized to the co-
transfected P-galactosidase levels for relative light units. Data represent average of two biological
replicates assayed in technical triplicates. Error bars represent the S.E.M. * indicates significant
difference from CTRL by two-tailed Student’s t-test (p<0.05).

[0034] Figs. 22A-221. demonstrate regulation of KDM4A by miRNAs promotes copy gain. Fig.
22A depicts Western blot analysis of KDM4A levels in response to miRNA inhibitors in RPE cells.
Representative western from one of two biological replicates. Fig. 22B demonstrates that treatment of
RPE cells with the indicated anti-miRs does not affect cell cycle distribution. Representative cell
cycle distribution from one of two biological replicates. Fig. 22C depicts representative images of
FISH for 1q12h and 8c in anti-miR treated RPE cells. Note the increased number of 1q12h foci
(indicated by green chevrons), but not chromosome 8¢ foci (indicated by red chevrons) in the anti-
miR treated cells. Scale bars represent Sum. Fig. 22D demonstrates that treatment of RPE cells with
anti-miRs induces copy gain of 1q12-21. Quantification of FISH analysis. Data represent the average

of two biological replicates. Error bars represent the S.E.M. * indicates significant difference from
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CTRL by two-tailed Student’s t-test (p<<0.05). Fig. 22E depicts Western blot analysis of KDM4A
levels in response to miRNA inhibitors in MDA-MB-231 cells. Representative western from one of
two biological replicates. Fig. 22F demonstrates that steady state KDM4A transcript levels do not
change in response to miRNA inhibitors in MDA-MB-231 cells. Data represent the average of two
biological replicates. Error bars represent the S.E.M. * indicates significant difference from CTRL by
two-tailed Student’s t-test (p<<0.05). Fig. 22G depicts cell cycle distribution of MDA-MB-231 cells
treated with anti-mirs. Representative distribution from one of two biological replicates. Fig. 22H
demonstrates that treatment of MDA-MB-231 cells with anti-miRs induces copy gain of 1q12h.
Quantification of FISH analysis. Data represent the average of two biological replicates. Error bars
represent the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s t-test
(p<0.05). Fig. 221 depicts Western blot analysis of KDM4A levels in response to miRNA inhibitors
in SK-N-AS neuroblastoma cells. Representative western from one of two biological replicates. Fig.
22]J demonstrates that treatment of SK-N-AS cells with anti-miRs induces copy gain of 1q12h.
Quantification of FISH analysis. Data represent the average of two biological replicates. Error bars
represent the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s t-test
(p<0.05). Fig. 22K depicts Western blot analysis of KDM4A levels in response to miRNA inhibitors
in H2591 lung cancer cells. Representative western from one of two biological replicates. Fig. 22L
demonstrates that treatment of H2591 cells with anti-miRs induces copy gain of 1q12h.
Quantification of FISH analysis. Data represent the average of two biological replicates. Error bars
represent the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s t-test
(p<0.05).

[0035] Figs. 23A-23E demonstrate that microRNA-dependent regulation of KDM4A promotes
TSSG. Fig. 23A depicts a Western blot depicting KDM4A levels in asynchronous or hydroxyurea
(HU) arrested and released cells treated with miRNA inhibitors. Representative western from one of
two biological replicates. Fig. 23B demonstrates that copy gain induced by miRNA inhibitors is
transient. Quantification of FISH analysis from of asynchronous RPE cells (Asyn), or HU arrested
(HU 0) or HU released for four hours (HU 4). Data represent the average of two biological replicates.
Error bars represent the S.E.M. * indicates significant difference from untreated CTRL by two-tailed
Student’s t-test (p<0.05). Figs. 23C-23E demonstrate that treatment of RPE cells with the indicated
anti-miRs does not affect cell cycle distribution (Fig. 23C) or HU arrest (Fig. 23D) or HU release
(Fig. 23E). Representative cell cycle profiles from one of two biological replicates.

[0036] Figs. 24A-24C demonstrate that regulation of TSSG by miRNA is KDM4A-dependent.
Fig. 24A depicts a Western blot depicting KDM4A levels from combined anti-miR and KDM4A
depletion. Representative western from one of two biological replicates. Fig. 24B demonstrates that
treatment of RPE cells with the indicated anti-miRs and siRNAs does not affect cell cycle

distribution. Representative cell cycle distribution from one of two biological replicates. Fig. 24C
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demonstrates that TSSG induced by miRNA inhibitor treatment is KDM4A-dependent.
Quantification of FISH analysis. Data represent the average of two biological replicates. Error bars
represent the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s t-test
(p<0.05). t indicates significant difference from corresponding anti-miR treated with siCTRL by two-
tailed Student’s t-test (p<<0.05) but not significantly different from anti-miR CTRL/siCTRL.

[0037] Figs. 25A-25C demonstrate that increased MicroRNA expression can ablate hypoxia-
dependent TSSG. Fig. 25A depicts a Western blot depicting inhibition of hypoxia-dependent
KDM4A induction using miRNA mimics. Representative western from one of two biological
replicates. Fig. 25B demonstrates that cell cycle distribution of RPE cells treated with anti-mirs.
Representative cell cycle distribution from one of two biological replicates. Fig. 25C depicts
quantification of FISH analysis of TSSG in hypoxia-treated cells following miRNA mimic treatment.
Data represent the average of two biological replicates. Error bars represent the S.E.M. * indicates
significant difference from Normoxia CTRL by two-tailed Student’s t-test (p<0.05). ¥ indicates
significant difference from Hypoxia CTRL by two-tailed Student’s t-test (p<<0.05) but not
significantly different from the Normoxia CTRL.

[0038] Figs. 26 A-26D demonstrate that hsa-mir-23a loss in breast cancer correlates with 1q12-21
copy gain and CKS1B expression. Fig. 26A demonstrates that TCGA primary breast tumor samples
with loss of hsa-mir-23a have an enrichment for copy gain of 1p11.2 through 1q23.3 (shaded region).
Dashed line indicates genomic location of the indicated miRNA. Fig. 26B demonstrates that TCGA
primary breast tumor samples with loss of hsa-mir-137 have enrichment for copy gain of 1p11.2
through 1q23.3 (shaded region). Dashed line indicates genomic location of the indicated miRNA.
Figs. 26C-26D demonstrate that epression of the drug resistance oncogene CKS1B is increased in
tumors with loss of hsa-mir-23a (Fig. 26C) or gain of KDM4A (Fig. 26D). The wilcoxon p-value is
indicated in each box-plot.

[0039] Figs. 27A-27D demonstrate that rgulation of CKS1B copy number and expression by
miRNAs correlates with a reduced response to cisplatin. Fig. 27A demonstrates that treatment of
MDA-MB-231 cells with anti-miRs induces copy gain of CKS1B, but not the control region
CDKN2C. Quantification of FISH analysis. Data represent the average of two biological replicates.
Error bars represent the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s
t-test (p<0.05). Fig. 27B demonstrates that treatment of MDA-MB-231 cells with anti-miRs induces
expression of CKS1B. Data represent the average of two biological replicates. Error bars represent
the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s t-test (p<0.05). Fig.
27C demonstrates that treatment of MDA-MB-231 cells with anti-miRs reduced the response to 300
uM cisplatin. Cells were plated and transfected with the indicated anti-miRs. 24 hours later vehicle
(0.9% NaCl) or 300 uM cisplatin was added. Cell survival was measured 48 hours later by MTT

assay. Data represent the average of eight biological replicates measured in technical quadruplicate.
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Error bars represent the S.E.M. * indicates significant difference from CTRL by two-tailed Student’s
t-test (p<0.05). Fig. 27D depicts a Targetscan 7.0 UTR schematic depicting reduced read count at
KDM4A 3’-UTR, which would remove hsa-mir-137 seed sequence in some transcripts. Adapted
from TARGETSCAN 7.0.

DETAILED DESCRIPTION
[0040] In one aspect, described herein is a method of reducing and/or preventing the
development of drug resistance in a cell, the method comprising contacting the cell with an inhibitor
of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or
histones or histone-like proteins. In one aspect, described herein is a method of reducing and/or
preventing an increase in the expression, activity and/or copy number of a drug resistance gene, the
method comprising contacting the cell with an inhibitor of a KDM4A-like enzyme or an inhibitor of
an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins.
[0041] In some embodiments, the cell can be a prokaryotic cell, €.g. a bacterial cell. In some
embodiments the drug resistance can be antibiotic resistance. In some embodiments, the cell can be a
curkaryotic cell, e.g. a yeast, fungal, or mammalian cell. In some embodiments, the cell can be a
cancer cell. In some embodiments, the drug resistance can be chemotherapeutic resistance.
[0042] As used herein, “drug resistance” refers to a lack of sensitivity of a cell to a cytotoxic
and/or cytostatic agent or the lack of responsiveness of a disease to a treatment drug. Drug resistance
can be associated with and/or caused by, €.g., mutations in a drug target,
expression/overexpression/gene amplification of a drug transporter protein (e.g. MDR1, ABC
transporter proteins). Drug resistance can be resistance to a specific compound, class of compounds,
or resistance to multiple compounds and/or classes of compounds. Drug resistance can refer to, ¢.g.,
resistance of a cancer cell to a chemotherapeutic agent or resistance of a microbe to an antibiotic or
antifungal agent.
[0043] In some embodiments, the cell is a cell determined to be experiencing hypoxic conditions.
In some embodiments, the cell can be a cell (e.g. a prokaryotic cell) that comprises a gene encoding a
KDM4A-like enzyme. Non-limiting examples of prokaryotic cells that comprise a gene encoding a
KDMA4A-like enzyme are provided in Tables 1 and 2 herein. In some embodiments, the method
further comprises the step of determining that the prokaryotic cell comprises a gene encoding a
KDMA4A-like enzyme. One of skill in the art is familiar with methods of determining if a cell
comprises and/or expresses a particular gene and/or a gene with a particular domain or sequence, €.g.
RT-PCT, hybridization, Western blotting, etc. Genomic and proteome information is also readily
available in a number of databases.
[0044] As described herein, “KDM4A,” “Lysine-specific demethylase 4A,” or “IMID2A” 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
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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, ¢.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). The sequences of KDM family members are known in the art,
¢.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_001155102, SEQ ID NO: 12)(mRNA, NCBI Ref Seq:
NM 001161630, SEQ ID NO: 11).

[0045] As used herein, “KDM4A-like enzyme” refers to an enzyme with a cupin [3 barrel
domain. The cupin P barrel is a flattened beta-barrel structure with two sheets of five antiparallel beta
strands that form the walls of a zinc-binding cleft. In KDM4A, the B barrel forms an enzymatic
pocket that coordinates Fe(Ill) and alphaKG. The 3 barrel is located within the JmjC domain of
KDM4A. A Cupin protein is a protein comprises at least one cupin f barrel structure.

[0046] The cupin B barrel is further described, and can be searched for in other proteins, in the
Interpro database (see, ¢.g. IPR0O03347); Expasy Prosite (see, ¢.g. PDOC51183 and PRU00538); PDB
(see, ¢.g. IH2K); and SMART (see, ¢.g., SM00558). Non-limiting examples of KDM4A-like
enzymes can include KDM4A ; KDMS5A; KDM6B; KDM4B; KDM4C; a member of the JmjC
enzyme family (e.g., KDM2A, KDM2B, KDM3A, KDM3B, KDM4A, KDM4B, KDM4C, KDM5C,
KDM6B, and KDM7); a Cupin protein; the proteins listed in Tables 1 and 2 and/or homologs thereof;
and Uniprot Gene No FIC 02536. Further discussion of the cupin 3 barrel can also be found, ¢.g. in
Clissold and Pontig et al. TRENDS in Biochemical Sciences 2001 26:7-9; which is incorporated by
reference herein in its entirety.

[0047] As used herein, the term “inhibitor” refers to an agent which can decrease the expression
and/or activity of the targeted expression product (¢.g. mRNA 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, ¢.g. its ability to decrease the level and/or activity of KDM4A can be determined, ¢.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 mRNA and/or polypeptide are known to one of skill in the art, ¢.g.
RTPCR with primers can be used to determine the level of RNA and Western blotting with an
antibody (¢.g. an anti-KDM4A antibody, ¢.g. Cat No. ab105953; Abcam; Cambridge, MA) can be
used to determine the level of a polypeptide. The activity of, e.g. KDM4A can be determined using
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methods known in the art and described above herein. In some embodiments, the inhibitor of
KDM4A can be an inhibitory nucleic acid or an aptamer.

[0048] Non-limting examples of inhibitors of KDM4A-like enzymes can include an inhibitory
nucleic acid; an aptamer; a miRNA; antibody reagent; an antibody; a small molecule; Suv39H1; HP1;
increased oxygen levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD
domain interaction; succinate; and JIB-04 and derivatives thereof. In some embodiments, the
inhibitor can be an allosteric or enzymatic inhibitor, €.g., succinate. miRNAs can include, ¢.g.
miR23a, miR23b, miR200a, miR200b, miR200¢, and miR137a or variants thercof. In some
embodiments, the miRNA can be selected from the group consisting of miR23a (¢.g. NCBI Gene ID:
407010; SEQ ID NO: 21), miR23b (e.g. NCBI Gene ID: 407011; SEQ ID NO: 22), miR200a (¢.g.
NCBI Gene ID: 406983; SEQ ID NO: 23), miR200b (¢.g. NCBI Gene ID: 406984; SEQ ID NO: 24),
miR200c¢ (e.g. NCBI Gene ID: 406985; SEQ ID NO: 25), miR137a (¢.g. NCBI Gene ID: 406928;
SEQ ID NO: 26) or variants thercof. In some embodiments, the miRNA can be selected from the
group consisting of miR23a, miR23b, miR200b, miR200¢, miR137a or variants thercof. In some
embodiments, the KDM4A inhibitor can be the small molecule JIB-04 or derivatives thereof, 8-(1H-
pyrazol-3-yl)pyrido|3.4-d|pyrimidin-4(3H)-ones or derivatives thereof, 3-((furan-2-
vlmethyl)amino)pyridine-4-carboxylic acid or derivatives thereof, and 3-(((3-methylthiophen-2-
yl)methyl)amino)pyridine-4-carboxylic acid or derivatives thereof (for further details, see, e.g. Wang
et al. Nature Communciations 2013 4; Bavetsias et al. J. Med. Chem., 2016, 59 (4), pp 1388-1409;
and Westaway et al. Med. Chem., 2016, 59 (4), pp 1357-1369; each of which is incorporated by
reference herein in its entirety).

[0049] In some embodiments, the inhibitor of KDM4A can be a nucleic acid comprising the
sequence of hsa-mir-23a-3p (miRBase Accession No. MIMAT0000078), hsa-mir-23b-3p (miRBase
Accession No. MIMAT0000418) and/or hsa-mir-137 (miRBase Accession No. M10000454). In some
embodiments, the inhibitor of KDM4A can be a nucleic acid consistently essentially of the sequence
of hsa-mir-23a-3p (miRBase Accession No. MIMATO0000078), hsa-mir-23b-3p (miRBase Accession
No. MIMATO0000418) and/or hsa-mir-137 (miRBase Accession No. MI0000454). In some
embodiments, the inhibitor of KDM4A can be a nucleic acid consisting of the sequence of hsa-mir-
23a-3p (miRBase Accession No. MIMATO0000078), hsa-mir-23b-3p (miRBase Accession No.
MIMAT0000418) and/or hsa-mir-137 (miRBase Accession No. MI0000454).

[0050] As used herein, “KDM4A -targeting KMT” refers to a lysine (K) specific histone
methyltransferase (KMT) that targets at least one target shared by KDM4A, ¢.g., a target such that
KDM4A is recruited to the appropriate location to facilitate copy gains and/or drug resistance. Non-
limiting examples of KDM4A -targeting KMTs can include SETD1B (e.g., NCBI Gene ID: 23067);
KMTs for H3K4 and H4K20methylation (e.g., MLL1-4 (e.g., NCBI Gene ID: 4297, 9757, 8085, and
58508), SETD1A.B (KMT?2 family) (¢.g., NCBI Gene ID: 9739 and 23067); KMT5 (e.g., NCBI Gene

15



WO 2016/186949 PCT/US2016/032043

IDs: 387893, 51111, and 84787) and KMT3 (c.g., NCBI Gene IDs: 29072, 64324, 56950, 150572,
and 64754) families (¢.g., KMT3B (e.g., NCBI Gene ID: 64324)) or other enzymes that modify these
methylation states. Such enzymes are further described in, ¢.g., Black, et al. Mol Cell 2012 48:491-
507; which is incorporated by reference herein in its entirety.

[0051] As used herein, “an inhibitor of Tudor or PHD domain interaction™ refers to an agent that
inhibits the ability of Tudor and/or PHD domains to interact with target histones. Non-limiting
examples of such inhibitors can include histone mimetics, small molecules, or a polypeptide
comprising at least one PhD domain and one Tudor domain.

[0052] In some embodiments, a KDM4A inhibitor can inhibit KDM4A; KDMS5; and/or KDM6.
For example, JIB-04 can inhibit all three of KDM4A; KDMS5; and KDM6.

[0053] In some embodiments, the inhibitor of KDM4A can be a nucleic acid comprising the
sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-137.

[0054] Other enzymes that hydroxylate nucleic acids and/or histone or histone-like proteins are
known in the art, see, e.g. Shi et al. Mol Cell. 2007 Jan 12;25(1):1-14; which is incorporated by
reference herein in its entirety.

[0055] In one aspect, described herein is a method of treating an infection in a subject, the
method comprising administering an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme
that hydroxylates nucleic acids and/or histones or histone-like proteins. In some embodiments, the
inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids
and/or histones or histone-like proteins can prevent and/or reduce the emergence of drug resistance in
the pathogen. In some embodiments, the inhibitor of a KDM4A-like enzyme or an inhibitor of an
enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins can prevent and/or
reduce gain of receptors for cell entry (¢.g. as used by bacterial and/or viral pathogens to infect a cell).
In some embodiments, the inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins can prevent and/or reduce
rereplication of viral and/or pathogen genomes in host cells, e.g. host cells with increased KDMs or
KMTs. In some embodiments, the inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme
that hydroxylates nucleic acids and/or histones or histone-like proteins can inhibit translation of the
pathogen genes, e.g. by inhibiting KDMs and/or KMTs. In some embodiments, the method can
further comprise administering a pathogen translation inhibitor. In some embodiments, the inhibitor
of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or
histones or histone-like proteins can reduce and/or prevent mutation of the pathogen.

[0056] In one aspect, described herein is a method of treating an infection in a subject, the
method comprising administering: a) an antibiotic and b) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins. As

used herein, “antibiotic” refers to an agent that reduces or prevents microbial growth.
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[0057] In some embodiments, the antibiotic is a DNA damage inducing agent. Non-limiting
examples of DNA damage-inducing antibiotics can include quinolones (e.g. sparfloxacin,
ciprofloxacin, and norfloxacin), beta-lactams (¢.g. penams, cephalosporins, monobactams, and
carbapenens) and aminoglycosides (e.g. streptomyscin, kamamycin, tobramycin, gentamicin, and
neomycin). In some embodiments, the antibiotic can be an antibiotic used to treat an anacrobe
infection. Non-limiting examples of antibiotics used to treat anacrobic infections can include
clindamycin; metronidazole; carbapenems (eg, imipenem/cilastatin, meropenem, ertapenem), [3-
lactam/p-lactamase combinations (eg, piperacillin/tazobactam, ampicillin/sulbactam,
amoxicillin/clavulanate, ticarcillin/clavulanate), cefoxitin; cefotetan; tigecycline, and moxifloxacin.
[0058] In some embodiments, the infection can be a fungal infection; a yeast infection; a
curkaryotic infection; a prokaryotic infection; or a bacterial infection. In some embodiments, the
infection comprises an organism comprising a gene encoding a KDM4A-like enzyme. In some
embodiments, the method can further comprise the step of determining that the infection comprises an
organism comprising a gene encoding a KDM4A-like enzyme.

[0059] In one aspect, described herein is a method of reducing and/or preventing the
development of drug resistance in a subject in need of treatment for cancer, the method comprising
administering a) a chemotherapeutic agent and b) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins. In
some embodiments, the chemotherapeutic agent is selected from the group consisting of: DNA-
damaging agents (¢.g. anthracyclines, nitrogen mustards, nitrosoureas, tetrazines, aziridines, cisplatins
and derivatives, procarbazine, hexamethylmelamine, bleomycin, doxorubicin, and the like); 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; B-tubulin
inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R inhibitors; p53 inhibitors; hdm2
inhibitors; STAT3 inhibitors; VEGFR inhibitors; angiogenesis inhibitors; proteasomal inhibitors;
ubiquitin-targeting drugs; and bortezomib.

[0060] In one aspect, described herein is a method of reducing and/or preventing the
development of drug resistance in a subject in need of treatment with an angiogenesis inhibitor, the
method comprising administering: a) the angiogeneisis inhibitor and b) an inhibitor of a KDM4A-like
enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins. In one aspect, described herein is a method comprising administering: a) an angiogenesis
inhibitor and b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins to a subject in need of anti-angiogenic therapy.
In some embodiments, the angiogenesis inhibitor is selected from the group consisting of:
bevacizumab; itraconzaole; carboxyamidotriazole; TNP-470; CM101; IFN-q; IL-12; platelet factor-4;
suramin; SU5416; thrombospondin; VEGFR antagonists; cartilage-derived angiogenesis inhibitory
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factor; matrix metalloproteinase inhibitors; angiostatin; endostatin; 2-methoxyestradiol; tecogala;
tetrathiomolybdate; thalidomide; thrombospondin; prolactin; oV 3 inhibitors; linomide; tasquinimod;
ranibizumab; sorefenib; sunitinib; pazopanib; and everolimus. In some embodiments, a subject in
need of anti-angiogenic therapy can be a subject having or diagnosed as having cancer. In some
embodiments, a subject in need of anti-angiogenic therapy can be a subject having or diagnosed as
having macular degeneration.

[0061] In one aspects, the methods described herein relate to reducing and/or preventing the
development of drug resistance in a subject experiencing hypoxia, the method comprising
administering an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins to the subject. In some embodiments, the
hypoxia occurs in at least one tissue. In some embodiments, the hypoxia occurs in a tumor or cancer
cells. In some embodiments, the subject is a subject with cancer or in need of treatment for cancer.
[0062] 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, €.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.

[0063] In some embodiments, the methods described herein relate to treating a subject having or
diagnosed as having an infection with a composition or treatment described herein. Subjects having
an infection can be identified by a physician using current methods of diagnosing infections.
Symptoms and/or complications of infections which characterize these conditions and aid in diagnosis
are well known in the art and include but are not limited to, fever, microbial growth, impairment of
infection tissues and/or organs ctc. Tests that may aid in a diagnosis of, ¢.g. infection include, but are
not limited to, microbial culture of samples. Exposure to risk factors for infections can also aid in
determining if a subject is likely to have cancer or in making a diagnosis of infection.

[0064] The compositions and methods described herein can be administered to a subject having
or diagnosed as having cancer and/or infections. 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 disease. As used herein, "alleviating a symptom™ of a discase is
ameliorating any condition or symptom associated with the disease. As compared with an equivalent
untreated control, such reduction is by at least 5%, 10%, 20%, 40%, 50%, 60%, 80%, 90%, 95%, 99%

or more as measured by any standard technique. A variety of means for administering the
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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.

[0065] 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 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.

[0066] 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, ¢.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.

[0067] 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
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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) C;-
C), 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.

[0068] 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.

[0069] 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.

[0070] 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, acrosol sprays, or liquids, such as but not limited to, syrups, elixirs, solutions or suspensions
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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).

[0071] 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.

[0072] 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 2 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).

[0073] 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.
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[0074] 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 B1 ; 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.

[0075] The methods described herein can further comprise administering a second agent and/or
treatment to the subject, ¢.g. as part of a combinatorial therapy. In some embodiments, a second agent
and/or treatment can comprise dictary 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 CY TOXAN® cyclosphosphamide; alkyl sulfonates such
as busulfan, improsulfan and piposulfan; aziridines such as benzodopa, carboquone, meturedopa, and
uredopa; ethylenimines and methylamelamines including altretamine, tricthylenemelamine,
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 ranimnusting;
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, ADRIAMY CIN® 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,
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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;
ctoglucid; gallium nitrate; hydroxyurea; lentinan; lonidainine; maytansinoids such as maytansine and
ansamitocins; mitoguazone; mitoxantrone; mopidanmol; nitracrine; 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"-trichlorotricthylamine; trichothecenes (especially T-2 toxin,
verracurin A, roridin A and anguiding); 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-11)
(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.

[0076] 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.

[0077] 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/ke, 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.
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[0078] 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, ¢.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.

[0079] 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,
¢.g., 2-4 subdoses and administered over a period of time, €.g., at appropriate intervals through the
day or other appropriate schedule. In some embodiments, administration can be chronic, €.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.

[0080] 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.

[0081] The efficacy of a composition in, ¢.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
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parameter appropriate, ¢.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.¢., 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,
¢.g., preventing a worsening of symptoms (¢.g. pain or inflammation); or (2) relieving the severity of
the disease, ¢.g., causing regression of symptoms. An effective amount for the treatment of a discase
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, (¢.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, ¢.g. tumor growth.

[0082] 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.

[0083] As described herein, the levels of KDM4A-like enyzmes can regulate cellular processes
that contribute to the development of drug resistance. Accordingly, the propensity of a cell to develop
drug resistance (¢.g., the likelihood that the cell is undergoing processes that promote drug resistance
or is likely to undergo such processes in the presence of a drug) can be determined according to the
methods provided herein. In one aspect, described herein is a method of detecting a drug-resistance
promoting state in a subject, the method comprising: detecting the presence of a copy-gained region in
a sample of cell-free DNA obtained from the subject. In one aspect, described herein is a method of
detecting a drug-resistance promoting state in a subject, the method comprising: detecting the
presence of a copy-gained region in a sample of DNA obtained from the subject. In some
embodiments, the copy-gained region can be detected by DNA FISH, ¢.g., slides, tissue, and cell
DNA FISH.

[0084] As used herein, “copy-gained region” refers to a region of the genome that is subject to
preferential copy number increase, copy number variation and/or gene amplification in cancer cells as
opposed to healthy cells. In some embodiments, the copy-gained region comprises the /qi2h (hsat2),
1gi2h/21 (e.g., ANK {¢.g., NCBI Gene 1D No: 286)) CKSI8 {e.g., NCBI Gene D No: 1163), DHFR
{c.g., NCBI Gene ¥ No: 1719), BCLY (e.g., NCBI Gene 1D No: 607}, and/or Ap/3.7 gene. In some
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embodiments, the copy-gained region is selected from the group consisting of 1q12-1q25;1g12k;
1g21.2; and Xq31.1. In some embodiments, the copy-gained region comprises the 1g21-23 locus.
[0085] In some embodiments, the method further comprises the step of treating the subject with
an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids
and/or histones or histone-like proteins.

[0086] Techniques for the detection of DNA, ¢.g. DNA comprising a copy-gained region is known
by persons skilled in the art, and can include but not limited to, PCR procedures, quantitative PCR,
Northern blot analysis, differential gene expression, microarray based analysis, next-generation
sequencing; hybridization methods, etc.

[0087] In general, the PCR procedure describes a method of gene amplification which is
comprised of (1) sequence-specific hybridization of primers to specific genes or sequences within a
nucleic acid sample or library, (i1) subsequent amplification involving multiple rounds of annealing,
clongation, and denaturation using a thermostable DNA polymerase, and (iii) screening the PCR
products for a band 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.

[0088] In some embodiments, the level of DNA sequence in a sample can be measured by a
quantitative sequencing technology, €.g. a quantitative next-generation sequence technology.
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, €.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 (¢.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,
Ilumina 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, €.g. “Next
Generation Genome Sequencing” Ed. Michal Janitz, Wiley-VCH; “High-Throughput Next Generation
Sequencing” Eds. Kwon and Ricke, Humanna Press, 2011; and Sambrook et al., Molecular Cloning:
A Laboratory Manual (4 ed.), Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y ., USA

(2012); which are incorporated by reference herein in their entireties.

26



WO 2016/186949 PCT/US2016/032043

[0089] The nucleic acid sequences of the copy-gained regions and/or the genes contained therein
described herein have been assigned NCBI accession numbers for different species such as human,
mouse and rat. Accordingly, a skilled artisan can design an appropriate primer based on the known
sequence for detecting and/or measuring the level of a copy-gained region.

[0090] Nucleic acid 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; heat and alkaline
lysis procedures can be useful for obtaining nucleic acid molecules from urine; and proteinase K
extraction can be used to obtain nucleic acid from blood (Roiff, A et al. PCR: Clinical Diagnostics
and Research, Springer (1994)).

[0091] In some embodiments, the level of a copy-gained region in cell-free DNA 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.

[0092] The term “sample” or “test sample™ as used herein denotes a sample taken or isolated
from a biological organism, ¢.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, €.g. the sample can comprise cancerous
cells, cells from a tumor, and/or a tumor biopsy.

[0093] The test sample can be obtained by removing a sample from a subject, but can also be
accomplished by using previously isolated samples (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.

[0094] 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, ¢.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

27



WO 2016/186949 PCT/US2016/032043

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 cop-gained region as described
herein.

[0095] In some embodiments of any of the aspects, the sample obtained from a subject can be a
blood or serum sample. In some embodiments, the sample is a tissue sample, urine sample, or plasma
sample.

[0096] 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.

[0097] In some embodiments, measurement of the level of a target and/or detection of the level or
presence of a target, ¢.g. of an expression product (nucleic acid or polypeptide of one of the genes
described herein) or a mutation can comprise a transformation. As used herein, the term
“transforming” or “transformation” refers to changing an object or a substance, ¢.g., biological
sample, nucleic acid or protein, into another substance. The transformation can be physical, biological
or chemical. Exemplary physical transformation includes, but is not limited to, pre-treatment of a
biological sample, ¢.g., from whole blood to blood serum by differential centrifugation. A
biological/chemical transformation can involve the action of at least one enzyme and/or a chemical
reagent in a reaction. For example, a DNA sample can be digested into fragments by one or more
restriction enzymes, or an exogenous molecule can be attached to a fragmented DNA sample with a
ligase. In some embodiments, a DNA sample can undergo enzymatic replication, ¢.g., by polymerase
chain reaction (PCR).

[0098] Transformation, measurement, determining of the precence of, and/or detection of a target
molecule, ¢.g. a DNA sequence, a mRNA, or, a polypeptide can comprise contacting a sample
obtained from a subject with a reagent (e.g. a detection reagent) which is specific for the target, e.g., a
target-specific reagent. In some embodiments, the target-specific reagent is detectably labeled. In
some embodiments, the target-specific reagent is capable of generating a detectable signal. In some
embodiments, the target-specific reagent generates a detectable signal when the target molecule is

present.
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[0099] Methods to measure gene expression products are known to a skilled artisan. Such
methods to measure gene expression products, €.g., protein level, include ELISA (enzyme linked
immunosorbent assay), western blot, immunoprecipitation, and immunofluorescence using detection
reagents such as an antibody or protein binding agents. Alternatively, a peptide can be detected in a
subject by introducing into a subject a labeled anti-peptide antibody and other types of detection
agent. For example, the antibody can be labeled with a detectable marker whose presence and location
in the subject is detected by standard imaging techniques.

[00100] For example, antibodies for the various targets described herein are commercially
available and can be used for the purposes of the invention to measure protein expression levels, e.g.
anti- KDM4A (Cat. No. ab105953; Abcam, Cambridge MA). Alternatively, since the amino acid
sequences for the targets described herein are known and publically available at the NCBI website,
one of skill in the art can raise their own antibodies against these polypeptides of interest for the
purpose of the invention.

[00101] The amino acid sequences of the polypeptides described herein have been assigned NCBI
accession numbers for different species such as human, mouse and rat.

[00102] In some embodiments, immunohistochemistry (“IHC”) and immunocytochemistry
(“1CC”) techniques can be used. 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.
Immunochemistry is a family of techniques based on the use of an antibody, wherein the antibodies
are used to specifically target molecules inside or on the surface of cells. The antibody typically
contains a marker that will undergo a biochemical reaction, and thereby experience a change of color,
upon encountering the targeted molecules. In some instances, signal amplification can be integrated
into the particular protocol, wherein a secondary antibody, that includes the marker stain or marker
signal, follows the application of a primary specific antibody.

[00103] In some embodiments, the assay can be a Western blot analysis. Alternatively, proteins
can be separated by two-dimensional gel electrophoresis systems. Two-dimensional gel
electrophoresis is well known in the art and typically involves iso-electric focusing along a first
dimension followed by SDS-PAGE e¢lectrophoresis along a second dimension. These methods also
require a considerable amount of cellular material. The analysis of 2D SDS-PAGE gels can be
performed by determining the intensity of protein spots on the gel, or can be performed using immune
detection. In other embodiments, protein samples are analyzed by mass spectroscopy.

[00104] Immunological tests can be used with the methods and assays described herein and
include, for example, competitive and non-competitive assay systems using techniques such as
Western blots, radioimmunoassay (RIA), ELISA (enzyme linked immunosorbent assay), "sandwich"

immunoassays, immunoprecipitation assays, immunodiffusion assays, agglutination assays, ¢.g. latex
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agglutination, complement-fixation assays, immunoradiometric assays, fluorescent immunoassays,
¢.g. FIA (fluorescence-linked immunoassay), chemiluminescence immunoassays (CLIA),
electrochemiluminescence immunoassay (ECLIA, counting immunoassay (CIA), lateral flow tests or
immunoassay (LFIA), magnetic immunoassay (MIA), and protein A immunoassays. Methods for
performing such assays are known in the art, provided an appropriate antibody reagent is available. In
some embodiments, the immunoassay can be a quantitative or a semi-quantitative immunoassay.
[00105] An immunoassay is a biochemical test that measures the concentration of a substance in a
biological sample, typically a fluid sample such as urine, using the interaction of an antibody or
antibodies to its antigen. The assay takes advantage of the highly specific binding of an antibody with
its antigen. For the methods and assays described herein, specific binding of the target polypeptides
with respective proteins or protein fragments, or an isolated peptide, or a fusion protein described
herein occurs in the immunoassay to form a target protein/peptide complex. The complex is then
detected by a variety of methods known in the art. An immunoassay also often involves the use of a
detection antibody.

[00106]  Enzyme-linked immunosorbent assay, also called ELISA, enzyme immunoassay or EIA,
is a biochemical technique used mainly in immunology to detect the presence of an antibody or an
antigen in a sample. The ELISA has been used as a diagnostic tool in medicine and plant pathology,
as well as a quality control check in various industries.

[00107] In one embodiment, an ELISA involving at least one antibody with specificity for the
particular desired antigen (e.g., any of the targets as described herein) can also be performed. A
known amount of sample and/or antigen is immobilized on a solid support (usually a polystyrene
micro titer plate). Immobilization can be either non-specific (¢.g., by adsorption to the surface) or
specific (e.g. where another antibody immobilized on the surface is used to capture antigen or a
primary antibody). After the antigen is immobilized, the detection antibody is added, forming a
complex with the antigen. The detection antibody can be covalently linked to an enzyme, or can itself
be detected by a secondary antibody which is linked to an enzyme through bio-conjugation. Between
cach 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 quantity of antigen in the
sample. Older ELISAs utilize chromogenic substrates, though newer assays employ fluorogenic
substrates with much higher sensitivity.

[00108] In another embodiment, a competitive ELISA is used. Purified antibodies that are directed
against a target polypeptide or fragment thereof are coated on the solid phase of multi-well plate, i.¢.,
conjugated to a solid surface. A second batch of purified antibodies that are not conjugated on any
solid support is also needed. These non-conjugated purified antibodies are labeled for detection

purposes, for example, labeled with horseradish peroxidase to produce a detectable signal. A sample
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(c.g., a blood sample) from a subject is mixed with a known amount of desired antigen (¢.g., a known
volume or concentration of a sample comprising a target polypeptide) together with the horseradish
peroxidase labeled antibodies and the mixture is then are added to coated wells to form competitive
combination. After incubation, if the polypeptide level is high in the sample, a complex of labeled
antibody reagent-antigen will form. This complex is free in solution and can be washed away.
Washing the wells will remove the complex. Then the wells are incubated with TMB (3, 3", 5, 5'-
tetramethylbenzidene) color development substrate for localization of horseradish peroxidase-
conjugated antibodies in the wells. There will be no color change or little color change if the target
polypeptide level is high in the sample. If there is little or no target polypeptide present in the sample,
a different complex in formed, the complex of solid support bound antibody reagents-target
polypeptide. This complex is immobilized on the plate and is not washed away in the wash step.
Subsequent incubation with TMB will produce significant color change. Such a competitive ELSA
test is specific, sensitive, reproducible and easy to operate.

[00109] 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; and Oellerich, M.
1984, J. Clin. Chem. Clin. Biochem. 22:895-904. These references are hereby incorporated by
reference in their entirety.

[00110] In one embodiment, the levels of a polypeptide in a sample can be detected by a lateral
flow immunoassay test (LFIA), also known as the immunochromatographic assay, or strip test. LFIAs
are a simple device intended to detect the presence (or absence) of antigen, €.g. a polypeptide, in a
fluid sample. There are currently many LFIA tests 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
strip it encounters a colored reagent (generally comprising antibody specific for the test target
antigen) bound to microparticles which mixes with the sample and transits the substrate encountering
lines or zones which have been pretreated with another antibody or antigen. Depending upon the level
of target polypeptides present in the sample the colored reagent can be captured and 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, water, and/or homogenized tissue samples etc. Strip tests are also known as dip stick tests, the
name bearing from the literal action of "dipping" the test strip into a fluid sample to be tested. LFIA
strip tests 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
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first encounters colored particles which are labeled with antibodies raised to the target antigen. The
test line will also contain antibodies to the same target, although it may bind to a different epitope on
the antigen. 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. Competitive LFIAs are similar to competitive ELISA. The
sample first encounters colored particles which are labeled with the target antigen or an analogue. The
test line contains antibodies to the target/its analogue. Unlabelled antigen in the sample will block the
binding sites on the antibodies preventing uptake of the colored particles. The test line will show as a
colored band in negative samples. There are a number of variations on lateral flow technology. It is
also possible to apply multiple capture zones to create a multiplex test.

[00111] 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. Examples of
patents that describe the use of "dip stick" technology to detect soluble antigens via immunochemical
assays include, but are not limited to US Patent Nos. 4,444,880; 4,305,924 and 4,135,884; which are
incorporated by reference herein in their entireties. 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 teachings of this "dip stick" technology for the detection of polypeptides using antibody
reagents as described herein.

[00112] Other techniques can be used to detect the level of a polypeptide in a sample. One such
technique is the dot blot, and adaptation of Western blotting (Towbin et at., Proc. Nat. Acad. Sci.
76:4350 (1979)). In a Western blot, the polypeptide or fragment thereof can be dissociated with
detergents and heat, and separated on an SDS-PAGE gel before being transferred to a solid support,
such as a nitrocellulose or PVDF membrane. The membrane is incubated with an antibody reagent
specific for the target polypeptide or a fragment thereof. The membrane is then washed to remove
unbound proteins and proteins with non-specific binding. Detectably labeled enzyme-linked
secondary or detection antibodies can then be used to detect and assess the amount of polypeptide in
the sample tested. The intensity of the signal from the detectable label corresponds to the amount of
enzyme present, and therefore the amount of polypeptide. Levels can be quantified, for example by
densitometry.

[00113] In some embodiments, the level of a target can be measured, by way of non-limiting

example, by Western blot; immunoprecipitation; enzyme-linked immunosorbent assay (ELISA);
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radioimmunological assay (RIA); sandwich assay; fluorescence in situ hybridization (FISH);
immunohistological staining; radioimmunometric assay; immunofluoresence assay; mass
spectroscopy and/or immunoelectrophoresis assay.

[00114] In certain embodiments, the gene expression products as described herein can be instead
determined by determining the level of messenger RNA (mRNA) expression of the genes described
herein. Such molecules can be isolated, derived, or amplified from a biological sample, such as a
blood sample. Techniques for the detection of mRNA expression is known by persons skilled in the
art, and can include but not limited to, PCR procedures, RT-PCR, quantitative RT-PCR Northern blot
analysis, differential gene expression, RNAse protection assay, microarray based analysis, next-
generation sequencing; hybridization methods, etc.

[00115] In general, the PCR procedure describes a method of gene amplification which is
comprised of (1) sequence-specific hybridization of primers to specific genes or sequences within a
nucleic acid sample or library, (i1) subsequent amplification involving multiple rounds of annealing,
clongation, and denaturation using a thermostable DNA polymerase, and (iii) screening the PCR
products for a band 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,
mRNA level of gene expression products described herein 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.

[00116] In some embodiments, the level of an mRNA can be measured by a quantitative sequencing
technology, ¢.g. a quantitative next-generation sequence technology. 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, ¢.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 (¢.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, lllumina sequencing, lon 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,
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Wiley-VCH; “High-Throughput Next Generation Sequencing” Eds. Kwon and Ricke, Humanna
Press, 2011; and Sambrook et al., Molecular Cloning: A Laboratory Manual (4 ed.), Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y ., USA (2012); which are incorporated by
reference herein in their entireties.

[00117] The nucleic acid sequences of the genes described herein have been assigned NCBI accession
numbers for different species such as human, mouse and rat. For example, the human KDM4A
mRNA is known. Accordingly, a skilled artisan can design an appropriate primer based on the
known sequence for determining the mRNA level of the respective gene.

[00118] Nucleic acid 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; heat and alkaline lysis procedures can be useful for obtaining nucleic acid
molecules from urine; and proteinase K extraction can be used to obtain nucleic acid from blood
(Roiff, A et al. PCR: Clinical Diagnostics and Research, Springer (1994)).

[00119] In some embodiments, one or more of the reagents (¢.g. an antibody reagent and/or nucleic
acid probe) described herein can comprise a detectable label and/or comprise the ability to generate a
detectable signal (¢.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 reagents
(e.g. antibodies and nucleic acid probes) are well known in the art.

[00120] 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 reagent.
Alternatively, a detectable label can be linked such as by directly labeling a molecule that achieves
binding to the 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.

[00121] In other embodiments, the detection reagent is label with a fluorescent compound. When

the fluorescently labeled reagent is exposed to light of the proper wavelength, its presence can then be
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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, thodamine,
fluorescein isothiocyanate (FITC) and Oregon Green ', thodamine and derivatives (c.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'-dimethoxyfivorescein (JOE or J),

N.N,N' N'-tetramethyl-6carboxyrhodamine (TAMRA or T), 6-carboxy-X-rhodamine (ROX or R), 5-
carboxyrhodamine-6G (R6GS5 or G5), 6-carboxyrhodamine-6G (R6G6 or G6), and rhodamine 110;
cyanine dyes, ¢.g. Cy3, Cy5 and Cy7 dyes; coumarins, ¢.g umbelliferone; benzimide dyes, ¢.g.
Hoechst 33258, phenanthridine dyes, ¢.g. Texas Red; ethidium dyes; acridine dyes; carbazole dyes;
phenoxazine dyes; porphyrin dyes; polymethine dyes, ¢.g. cyanine dyes such as Cy3, Cy3, etc;
BODIPY dyes and quinoline dyes. In some embodiments, a detectable label can be a radiolabel
including, but not limited to *H, '*’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 (¢.g., polystyrene, polypropylene, and
latex) beads.

[00122] In some embodiments, detection reagents 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. €. 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, ¢. g. from DAKQ; Carpinteria, CA.
A reagent can also be detectably labeled using fluorescence emitting metals such as '**Eu, or others of
the lanthanide series. These metals can be attached to the reagent using such metal chelating groups as

diethylenetriaminepentaacetic acid (DTPA) or ethylenediaminetetraacetic acid (EDTA).
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[00123] A level which is less than a reference level can be a level which is less by at least about
10%, at least about 20%, at lecast about 50%, at lecast about 60%, at lecast about 80%, at least about
90%, or less than the reference level. In some embodiments, a level which is less than a reference
level can be a level which is statistically significantly less than the reference level.

[00124] A level which is more than a reference level can be a level which is greater by at least
about 10%, at least about 20%, at least about 50%, at least about 60%, at least about 80%, at least
about 90%, at least about 100%, at least about 200%, at least about 300%, at least about 500% or
more than the reference level. In some embodiments, a level which is more than a reference level can
be a level which is statistically significantly greater than the reference level.

[00125] In some embodiments, the reference can be a level of the target molecule in a population
of subjects who do not have or are not diagnosed as having, and/or do not exhibit signs or symptoms
of a condition or state described herein. In some embodiments, the reference can also be a level of
expression of the target molecule in a control sample, a pooled sample of control individuals or a
numeric value or range of values based on the same. In some embodiments, the reference can be the
level of a target molecule in a sample obtained from the same subject at an earlier point in time, €.g.,
the methods described herein can be used to determine if a subject’s state or condition (e.g., likelihood
of developing drug resistance) is changing over time.

[00126] In some embodiments, the level of expression products of no more than 200 other genes
is determined. In some embodiments, the level of expression products of no more than 100 other
genes is determined. In some embodiments, the level of expression products of no more than 20 other
genes is determined. In some embodiments, the level of expression products of no more than 10 other
genes is determined.

[00127] In some embodiments of the foregoing aspects, the expression level of a given gene can
be normalized relative to the expression level of one or more reference genes or reference proteins.
[00128] 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.

[00129] For convenience, certain terms employed herein, in the specification, examples and

appended claims are collected here.
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[00130] The terms “decrease”, “reduced”, “reduction”, or “inhibit” are all used herein to mean a

23 ¢

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.

[00131] 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.

[00132] 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, ¢.g., Rhesus. Rodents include mice, rats,
woodchucks, ferrets, rabbits and hamsters. Domestic and game animals include cows, horses, pigs,
deer, bison, buffalo, feline species, €.g., domestic cat, canine species, €.g., dog, fox, wolf, avian
species, ¢.g., chicken, emu, ostrich, and fish, e.g., trout, catfish and salmon. In some embodiments,
the subject is a mammal, ¢.g., a primate, ¢.g., a human. The terms, “individual,” “patient” and
“subject” are used interchangeably herein.

[00133] 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 or infection. A
subject can be male or female.

[00134] As used herein, “contacting" refers to any suitable means for delivering, or exposing, an

agent to at least one cell. Exemplary delivery methods include, but are not limited to, direct delivery
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to cell culture medium, perfusion, injection, or other delivery method well known to one skilled in the
art.

[00135] 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 infection) or one or more
complications related to such a condition, and optionally, have already undergone treatment for the
condition or the one or more complications related to the condition. Alternatively, a subject can also
be one who has not been previously diagnosed as having the condition or one or more complications
related to the conditin.  For example, a subject can be one who exhibits one or more risk factors for
the condition or one or more complications related to the condition or a subject who does not exhibit
risk factors.

[00136] 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.

[00137] As used herein, the term "antibiotic" refers to any compound known to one of ordinary
skill in the art that will inhibit or reduce the growth of, or kill, one or more microorganisms, including
bacterial species and fungal species. Many antibacterial compounds are relatively small molecules
with a molecular weight of less than 2000 atomic mass units. The term “antibiotic” includes semi-
synthetic modifications of various natural compounds, such as, for example, the beta-lactam
antibiotics, which include penicillins (produced by fungi in the genus Penicillium), the
cephalosporins, the monobactams, and the carbapenems. Accordingly, the term "antibiotic" includes,
but is not limited to, aminoglycosides (e.g., gentamicin, streptomycin, kanamycin), B-lactams (e.g.,
penicillins, cephalosporins, monobactams, and carbapenems), vancomycins, bacitracins, macrolides
(e.g., erythromycins), lincosamides (e.g., clindomycin), chloramphenicols, tetracyclines,
amphotericins, cefazolins, clindamycins, mupirocins, sulfonamides and trimethoprim, rifampicins,
metronidazoles, quinolones, novobiocins, polymyxins, gramicidins, or any salts or variants thereof.
The antibiotic used in addition to the aminoglycoside antibiotic various embodiments of the
therapeutic compositions and methods described herein will depend on the type of bacterial infection.
[00138] 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.
[00139] 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
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embodiments, gene copy number can include partial copies of a gene, ¢.g. less than the full coding
sequence.

[00140] 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.

[00141]  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
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hormone analogs, and miscellancous antincoplastic 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. At211, 1131, 1125, Y90, Re186,
Re188, Sm153, 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.

[00142] 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 (¢.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.

[00143] 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'),, 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.

[00144] 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.
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[00145] 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 antibodics (dAb) fragments (see, ¢.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.

[00146] 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, CDRI, FR2, CDR2,
FR3, CDR3, FR4.

[00147] 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 CH1 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 CH1 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
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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 1s 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.

[00148] 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.

[00149] 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 mRNA.

[00150] 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 ¢t al., Curr Med Chem. 2011;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, ¢.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).

[00151] 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,

1.e., 15-30 nucleotides in length, generally 19-24 nucleotides in length, which region is substantially
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complementary to at least part the targeted mRNA transcript. The use of these iRNAs enables the
targeted degradation of mRNA transcripts, resulting in decreased expression and/or activity of the
target.

[00152] 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 (¢.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.

[00153] In some embodiments, the iRNA can be a dsSRNA. 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 21 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
21 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.¢., 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.

[00154] 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. ef al. (Edrs.), John Wiley & Sons, Inc.,
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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, ¢tc.), (b) base
modifications, ¢.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.

[00155] 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
[00156] 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
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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; 5,166,315; 5,185,444
5,214,134; 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; 5,610,289; 5,618,704, 5,623,070,
5,663,312; 5,633,360, 5,677,437, and, 5,677,439, each of which is herein incorporated by reference.
[00157] 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; 5,714,331; and 5,719,262, cach of which is
herein incorporated by reference. Further teaching of PNA compounds can be found, for example, in
Nielsen ef al., Science, 1991, 254, 1497-1500.

[00158] Some embodiments featured in the invention include RNAs with phosphorothioate
backbones and oligonucleosides with heteroatom backbones, and in particular --CH,--NH--CH,--, --
CH,--N(CH;)--O--CH,--[known as a methylene (methylimino) or MMI backbone], --CH,--O--
N(CHj;)--CH,--, --CH,--N(CH3)--N(CH3;)--CH,-- and --N(CH;)--CH,--CH,--|wherein the native
phosphodiester backbone is represented as --O--P--O--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.

[00159] Modified RNAs can also contain one or more substituted sugar moieties. The iRNAs,
¢.g., dsRNAs, featured herein can include one of the following at the 2' position: OH; F; O-, S-, or N-
alkyl; O-, S-, or N-alkenyl; O-, S- or N-alkynyl; or O-alkyl-O-alkyl, wherein the alkyl, alkenyl and
alkynyl may be substituted or unsubstituted C; to Cyo alkyl or C; to C,¢ alkenyl and alkynyl.
Exemplary suitable modifications include O[(CH,),0] »CH;, O(CH,).,OCH;, O(CH;),NH,, O(CH,)
+CH;, O(CH,),ONH,, and O(CH,),ON|[(CH,),CH:)],, where n and m are from 1 to about 10. In other
embodiments, dSRNAs include one of the following at the 2' position: C, to C,y lower alkyl,
substituted lower alkyl, alkaryl, aralkyl, O-alkaryl or O-aralkyl, SH, SCH;, OCN, Cl, Br, CN, CF;,
OCF;, SOCH;, SO,CH;, ONO,, NO,, N;, 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
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improving the pharmacodynamic properties of an iRNA, and other substituents having similar
properties. In some embodiments, the modification includes a 2'-methoxyethoxy (2'-O--
CH,CH,0CH;, also known as 2'-O-(2-methoxyethyl) or 2'-MOE) (Martin ef al., Helv. Chim. Acta,
1995, 78:486-504) i.e., an alkoxy-alkoxy group. Another exemplary modification is 2'-
dimethylaminooxyethoxy, i.e., a O(CH,),ON(CHs), group, also known as 2'-DMAOE, as described in
examples herein below, and 2'-dimethylaminoethoxyethoxy (also known in the art as 2'-O-
dimethylaminoethoxyethyl or 2'-DMAEOQOE), i.e., 2'-O--CH,--O--CH,--N(CH,),, also described in
examples herein below.

[00160] Other modifications include 2'-methoxy (2'-OCHs;), 2'-aminopropoxy (2'-
OCH,CH,CH,NH,) 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. iIRNAs may also have sugar mimetics
such as cyclobutyl moicties 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
cach of which is herein incorporated by reference.

[00161] 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 ef 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
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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. S-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'-O-
methoxyethyl sugar modifications.

[00162] 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.
[00163] 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 Canc 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.

[00164] 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 ef /., Proc. Natl.
Acid. Sci. USA, 1989, 86: 6553-6556), cholic acid (Manoharan ef a/., Biorg. Med. Chem. Let., 1994,
4:1053-1060), a thioether, e.g., beryl-S-tritylthiol (Manoharan ez a/., Ann. N.Y. Acad. Sci., 1992,
660:306-309; Manoharan ef a/., Biorg. Med. Chem. Let., 1993, 3:2765-2770), a thiocholesterol
(Oberhauser ef al., Nucl. Acids Res., 1992, 20:533-538), an aliphatic chain, e.g., dodecandiol or
undecyl residues (Saison-Behmoaras ef a/., EMBO J, 1991, 10:1111-1118; Kabanov ef a/., FEBS
Lett., 1990, 259:327-330; Svinarchuk et a/., Biochimie, 1993, 75:49-54), a phospholipid, e.g., di-
hexadecyl-rac-glycerol or tricthyl-ammonium 1,2-di-O-hexadecyl-rac-glycero-3-phosphonate

(Manoharan ef a!., Tetrahedron Lett., 1995, 36:3651-3654; Shea er a/., Nucl. Acids Res., 1990,
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18:3777-3783), a polyamine or a polyethylene glycol chain (Manoharan ef a/., Nucleosides &
Nucleotides, 1995, 14:969-973), or adamantane acetic acid (Manoharan ef a!., Tetrahedron Lett.,
1995, 36:3651-3654), a palmityl moiety (Mishra ef a/., Biochim. Biophys. Acta, 1995, 1264:229-237),
or an octadecylamine or hexylamino-carbonyloxycholesterol moiety (Crooke ef al., J. Pharmacol.
Exp. Ther., 1996, 277:923-937).

[00165] In some embodiments, a nucleic acid encoding a polypeptide as described herein, or a
nucleic acid comprising a miRNA sequence as described herein is comprised by a vector. In some of
the aspects described herein, a nucleic acid sequence encoding a given polypeptide as described
herein, or any module thereof, is operably linked to a vector. The term "vector", as used herein, refers
to a nucleic acid construct designed for delivery to a host cell or for transfer between different host
cells. As used herein, a vector can be viral or non-viral. The term “vector” encompasses any genetic
clement that is capable of replication when associated with the proper control elements and that can
transfer gene sequences to cells. A vector can include, but is not limited to, a cloning vector, an
expression vector, a plasmid, phage, transposon, cosmid, chromosome, virus, virion, etc.

[00166] As used herein, the term "expression vector" refers to a vector that directs expression of
an RNA or polypeptide from sequences linked to transcriptional regulatory sequences on the vector.
The sequences expressed will often, but not necessarily, be heterologous to the cell. An expression
vector may comprise additional elements, for example, the expression vector may have two
replication systems, thus allowing it to be maintained in two organisms, for example in human cells
for expression and in a prokaryotic host for cloning and amplification. The term "expression” refers to
the cellular processes involved in producing RNA and proteins and as appropriate, secreting proteins,
including where applicable, but not limited to, for example, transcription, transcript processing,
translation and protein folding, modification and processing. "Expression products" include RNA
transcribed from a gene, and polypeptides obtained by translation of mRNA transcribed from a gene.
The term "gene" means the nucleic acid sequence which is transcribed (DNA) to RNA in vitro or in
vivo when operably linked to appropriate regulatory sequences. The gene may or may not include
regions preceding and following the coding region, e.g. 5™ untranslated (5’UTR) or "leader" sequences
and 3° UTR or "trailer" sequences, as well as intervening sequences (introns) between individual
coding segments (exons).

[00167] As used herein, the term “viral vector" refers to a nucleic acid vector construct that
includes at least one element of viral origin and has the capacity to be packaged into a viral vector
particle. The viral vector can contain the nucleic acid encoding encoding a polypeptide as described
herein in place of non-essential viral genes. The vector and/or particle may be utilized for the purpose
of transferring any nucleic acids into cells either in vifro or in vivo. Numerous forms of viral vectors

are known in the art.
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[00168] By “recombinant vector” is meant a vector that includes a heterologous nucleic acid
sequence, or “transgene” that is capable of expression in vivo. It should be understood that the vectors
described herein can, in some embodiments, be combined with other suitable compositions and
therapies. In some embodiments, the vector is episomal. The use of a suitable episomal vector
provides a means of maintaining the nucleotide of interest in the subject in high copy number extra
chromosomal DNA thereby eliminating potential effects of chromosomal integration.

[00169] In some embodiments of any of the aspects, a polypeptide, nucleic acid, or cell as
described herein can be engineered. As used herein, “engineered” refers to the aspect of having been
manipulated by the hand of man. For example, a polypeptide is considered to be “engineered" when at
least one aspect of the polypeptide, ¢.g., its sequence, has been manipulated by the hand of man to
differ from the aspect as it exists in nature. As is common practice and is understood by those in the
art, progeny of an engineered cell are typically still referred to as “engineered” even though the actual
manipulation was performed on a prior entity.

[00170] 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, ¢.g. infection or
cancer. The term “treating" includes reducing or alleviating at least one adverse effect or symptom of
a condition, disease or disorder. 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).

[00171] As used herein, the term “pharmaceutical composition™ refers to the active agent in
combination with a pharmaceutically acceptable carrier ¢.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.

[00172] 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
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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.
[00173] The term “statistically significant" or “significantly" refers to statistical significance and
generally means a two standard deviation (2SD) or greater difference.

[00174] 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%.

[00175] 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.

[00176] 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.

[00177] 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.

[00178] 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 "¢.g." is synonymous with the term "for example."
[00179] Unless otherwise defined herein, scientific and technical terms used in connection with
the present application shall have the meanings that are commonly understood by those of ordinary
skill in the art to which this disclosure belongs. It should be understood that this invention is not
limited to the particular methodology, protocols, and reagents, etc., described herein and as such can
vary. The terminology used herein is for the purpose of describing particular embodiments only, and
is not intended to limit the scope of the present invention, which is defined solely by the claims.
Definitions of common terms in immunology and molecular biology can be found in The Merck
Manual of Diagnosis and Therapy, 19th Edition, published by Merck Sharp & Dohme Corp., 2011
(ISBN 978-0-911910-19-3); Robert S. Porter ef al. (eds.), The Encyclopedia of Molecular Cell
Biology and Molecular Medicine, published by Blackwell Science Ltd., 1999-2012 (ISBN
9783527600908); and Robert A. Meyers (ed.), Molecular Biology and Biotechnology: a
Comprehensive Desk Reference, published by VCH Publishers, Inc., 1995 (ISBN 1-56081-569-8);
Immunology by Wemer Luttmann, published by Elsevier, 2006; Janeway's Immunobiology, Kenneth
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Murphy, Allan Mowat, Casey Weaver (eds.), Taylor & Francis Limited, 2014 (ISBN 0815345305,
9780815345305); Lewin's Genes X1, published by Jones & Bartlett Publishers, 2014 (ISBN-
1449659055); Michael Richard Green and Joseph Sambrook, Molecular Cloning: A Laboratory
Manual, 4™ ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y ., USA (2012) (ISBN
1936113414); Davis ef al., Basic Methods in Molecular Biology, Elsevier Science Publishing, Inc.,
New York, USA (2012) (ISBN 044460149X); Laboratory Methods in Enzymology: DNA, Jon Lorsch
(ed.) Elsevier, 2013 (ISBN 0124199542); Current Protocols in Molecular Biology (CPMB), Frederick
M. Ausubel (ed.), John Wiley and Sons, 2014 (ISBN 047150338X, 9780471503385), Current
Protocols in Protein Science (CPPS), John E. Coligan (ed.), John Wiley and Sons, Inc., 2005; and
Current Protocols in Immunology (CPI) (John E. Coligan, ADA M Kruisbeck, David H Margulies,
Ethan M Shevach, Warren Strobe, (eds.) John Wiley and Sons, Inc., 2003 (ISBN 0471142735,
9780471142737), the contents of which are all incorporated by reference herein in their entireties.
[00180] Other terms are defined herein within the description of the various aspects of the
invention.

[00181] 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.

[00182] 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.
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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.

[00183] 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.

[00184] The technology described herein is further illustrated by the following examples which in
no way should be construed as being further limiting.

[00185] Some embodiments of the technology described herein can be defined according to any of
the following numbered paragraphs:

1. A method of reducing and/or preventing the development of drug resistance in a cell, the
method comprising contacting the cell with an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins.

The method of paragraph 1, wherein the cell is a prokaryotic cell.
The method of paragraph 2, wherein the drug resistance is antibiotic resistance.

The method of paragraph 1, wherein the cell is a eukaryotic cell.

A

The method of paragraph 4, wherein the cell is selected from the group consisting of:
a yeast cell and a mammalian cell.
6. The method of paragraph 3, wherein the cell is a cancer cell.
7. The method of paragraph 4, wherein the drug resistance is chemotherapeutic resistance.
8. The method of any of paragraphs 1-7, wherein the cell is contacted with an inhibitor of a
KDM4A-like enzyme.
9. The method of any of paragraphs 1-8, wherein the KDM4A-like enzyme comprises a cupin fB
barrel domain.
10. The method of any of paragraphs 1-9, wherein the KDM4A-like enzyme is selected from the
group consisting of:
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a Cupin protein; and the proteins listed
in Tables 1 and 2 and/or homologs thereof.
11. The method of any of paragraphs 1-10, wherein the KDM4A-like enzyme is KDM4A.
12. The method of any of paragraphs 1-10, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain

interaction; succinate; and JIB-04.
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13. The method of any of paragraphs 1-11, wherein the cell is a cell determined to be
experiencing hypoxic conditions.

14. The method of any of paragraphs 1-12, wherein the prokaryotic cell comprises a gene
encoding a KDM4A-like enzyme.

15. The method of any of paragraphs 1-13, further comprising the step of determining that the

prokaryotic cell comprises a gene encoding a KDM4A-like enzyme.

16. A method of treating an infection in a subject, the method comprising administering inhibitor
of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids
and/or histones or histone-like proteins.

17. A method of treating an infection in a subject, the method comprising administering:

a) an antibiotic and
b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins.

18. The method of paragraph 16, wherein the antibiotic is a DNA damage inducing agent or an
antibiotic used to treat an anaerobe infection.

19. The method of any of paragraphs 16-17, wherein the infection is selected from the group
consisting of:

a fungal infection; a yeast infection; a eurkaryotic infection; a prokaryotic infection;
and a bacterial infection.

20. The method of any of paragraphs 16-18, wherein the infection comprises an organism
comprising a gene encoding a KDM4A-like enzyme.

21. The method of any of paragraphs 16-19, further comprising the step of determining that the

infection comprises an organism comprising a gene encoding a KDM4A-like enzyme.

22. A method of reducing and/or preventing the development of drug resistance in a subject in
need of treatment for cancer, the method comprising administering
a) achemotherapeutic agent and
b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins.
23. The method of paragraph 21, wherein the chemotherapeutic agent is selected from the group
consisting of:
DNA-damaging agents; 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; -

53



WO 2016/186949 PCT/US2016/032043

tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R
inhibitors; p53 inhibitors; hdm?2 inhibitors; STAT3 inhibitors; VEGFR
inhibitors; angiogenesis inhibitors; proteasomal inhibitors; ubiquitin-targeting

drugs; and bortezomib.

24. A method of reducing and/or preventing the development of drug resistance in a subject in
need of treatment with an angiogenesis inhibitor, the method comprising administering:
a. the angiogeneisis inhibitor and
b. an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins.
25. A method comprising administering:
a. an angiogenesis inhibitor and
b. an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins
to a subject in need of anti-angiogenic therapy.
26. The method of any of paragraphs 23-24, wherein the angiogenesis inhibitor is selected from
the group consisting of’
bevacizumab; sorefenib; sunitinib; pazopanib; and everolimus
27. The method of any of paragraphs 16-25, wherein the subject is administered an inhibitor of a
KDM4A-like enzyme.
28. The method of paragraph 26, wherein the KDM4A-like enzyme comprises a cupin 3 barrel
domain.
29. The method of any of paragraphs 26-27, wherein the KDM4A-like enzyme is selected from
the group consisting of’
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a Cupin protein; and the proteins listed
in Tables 1 and 2 and/or homologs thereof.
30. The method of any of paragraphs 26-28, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain

interaction; succinate; and JIB-04.
31. A method of detecting a drug-resistance promoting state in a subject, the method comprising:

detecting the presence of a copy-gained region in a sample of cell-free DNA obtained

from the subject.
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32. The method of paragraph 30, wherein the copy-gained region comprises the CKS/ B, DHER,
or BCLY gene.

33. The method of any of paragraphs 30-31, wherein the copy-gained region 13 a region of the
genome that is subject to copy number variation in cancer cells.

34. The method of any of paragraphs 30-32, wherein the copv-gained region is selected from the
group consisting of:

1q12-1925;iqi2h; 1g21.2; and Xq31.1;

35. The method of any of paragraphs 30-33, wherein the sample is a urine or plasma sample.

36. The method of paragraph 30-34, further comprising the step of treating the subject with an
inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic
acids and/or histones or histone-like proteins.

[00186] Some embodiments of the technology described herein can be defined according to any of
the following numbered paragraphs:

1. A method of reducing and/or preventing the development of drug resistance in a cell, the
method comprising contacting the cell with an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins.

The method of paragraph 1, wherein the cell is a prokaryotic cell.
The method of paragraph 2, wherein the drug resistance is antibiotic resistance.

The method of paragraph 1, wherein the cell is a eukaryotic cell.

A

The method of paragraph 4, wherein the cell is selected from the group consisting of:
a yeast cell and a mammalian cell.
6. The method of paragraph 3, wherein the cell is a cancer cell.
7. The method of paragraph 4, wherein the drug resistance is chemotherapeutic resistance.
8. The method of any of paragraphs 1-7, wherein the cell is contacted with an inhibitor of a
KDM4A-like enzyme.
9. The method of any of paragraphs 1-8, wherein the KDM4A-like enzyme comprises a cupin fB
barrel domain.
10. The method of any of paragraphs 1-9, wherein the KDM4A-like enzyme is selected from the
group consisting of:
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
11. The method of any of paragraphs 1-10, wherein the KDM4A-like enzyme is KDM4A.
12. The method of any of paragraphs 1-11, wherein the inhibitor of a KDM4A-like enzyme is

selected from the group consisting of:

55



WO 2016/186949 PCT/US2016/032043

an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
13. The method of any of paragraphs 1-11, wherein the inhibitior of a KDM4A-like enzyme is a
nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-137.
14. The method of any of paragraphs 1-13, wherein the cell is a cell determined to be
experiencing hypoxic conditions.
15. The method of any of paragraphs 1-14, wherein the prokaryotic cell comprises a gene
encoding a KDM4A-like enzyme.
16. The method of any of paragraphs 1-15, further comprising the step of determining that the

prokaryotic cell comprises a gene encoding a KDM4A-like enzyme.

17. A method of treating an infection in a subject, the method comprising administering inhibitor
of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids
and/or histones or histone-like proteins.

18. A method of treating an infection in a subject, the method comprising administering:

a) an antibiotic and
b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins.

19. The method of paragraph 18, wherein the antibiotic is a DNA damage inducing agent or an
antibiotic used to treat an anaerobe infection.

20. The method of any of paragraphs 17-19, wherein the infection is selected from the group
consisting of:

a fungal infection; a yeast infection; a eurkaryotic infection; a prokaryotic infection;
and a bacterial infection.

21. The method of any of paragraphs 17-20, wherein the infection comprises an organism
comprising a gene encoding a KDM4A-like enzyme.

22. The method of any of paragraphs 17-21, further comprising the step of determining that the

infection comprises an organism comprising a gene encoding a KDM4A-like enzyme.
23. A method of reducing and/or preventing the development of drug resistance in a subject in

need of treatment for cancer, the method comprising administering

a) achemotherapeutic agent and
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b) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins.
24. The method of paragraph 23, wherein the chemotherapeutic agent is selected from the group
consisting of:

DNA-damaging agents; 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; -
tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R
inhibitors; p53 inhibitors; hdm?2 inhibitors; STAT3 inhibitors; VEGFR
inhibitors; angiogenesis inhibitors; proteasomal inhibitors; ubiquitin-targeting

drugs; and bortezomib.

25. A method of reducing and/or preventing the development of drug resistance in a subject
experiencing hypoxia, the method comprising administering an inhibitor of a KDM4A-like
enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or

histone-like proteins to the subject.

26. A method of reducing and/or preventing the development of drug resistance in a subject in
need of treatment with an angiogenesis inhibitor, the method comprising administering:
a. the angiogeneisis inhibitor and
b. an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins.
27. A method comprising administering:
a. an angiogenesis inhibitor and
b. an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates
nucleic acids and/or histones or histone-like proteins
to a subject in need of anti-angiogenic therapy.
28. The method of any of paragraphs 26-27, wherein the angiogenesis inhibitor is selected from
the group consisting of’
bevacizumab; sorefenib; sunitinib; pazopanib; and everolimus.
29. The method of any of paragraphs 17-28, wherein the subject is administered an inhibitor of a
KDM4A-like enzyme.
30. The method of paragraph 29, wherein the KDM4A-like enzyme comprises a cupin 3 barrel
domain.
31. The method of any of paragraphs 29-30, wherein the KDM4A-like enzyme is selected from

the group consisting of’
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32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
The method of any of paragraphs 29-31, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
The method of any of paragraphs 29-32, wherein the inhibitior of a KDM4A-like enzyme is
a nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-
137.

A method of detecting a drug-resistance promoting state in a subject, the method comprising:
detecting the presence of a copy-gained region in a sample of cell-free DNA obtained
from the subject.

The method of paragraph 34, wherein the copy-gained region comprises the /g 2h (hsat2),

1gi12h/21 (e.g., ANK) CKS1B, DHFR BULS, or Xpi3.1 gene.

The method of any of paragraphs 34-33, wherein the copy-gained region is a region of the

genome that is subject to copy number variation in cancer cells,

The method of any of paragraphs 34-33, wherein the copy-gained region is selected from the

group consisting of!
1q12-1925;igi2h; 1g21.2; Xq31.1; and ig21-23 locus.

A method of detecting a drug-resistance promoting state in a subject, the method comprising:
detecting the presence of an increased level of hsa-mir-23a-3p, hsa-mir-23b-3p and/or
hsa-mir-137 in s sample obtained from the subject.

The method of any of paragraphs 34-38, wherein the sample is a tissue sample, urine sample,

or plasma sample.

The method of paragraph 34-39, further comprising the step of treating the subject with an

inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic

acids and/or histones or histone-like proteins.

A therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins for
reducing and/or preventing the development of drug resistance in a cell.

The inhibitor of paragraph 41, wherein the cell is a prokaryotic cell.
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43.
44.
45.
46.
47.
48.

49.

50.
51.

52.

33.

54.

35.

56.

57.

The inhibitor of paragraph 42, wherein the drug resistance is antibiotic resistance.
The inhibitor of paragraph 41, wherein the cell is a eukaryotic cell.
The inhibitor of paragraph 42, wherein the cell is selected from the group consisting of:
a yeast cell and a mammalian cell.
The inhibitor of paragraph 43, wherein the cell is a cancer cell.
The inhibitor of paragraph 44, wherein the drug resistance is chemotherapeutic resistance.
The inhibitor of any of paragraphs 41-47, wherein the KDM4A-like enzyme comprises a
cupin 3 barrel domain.
The inhibitor of any of paragraphs 41-49, wherein the KDM4A-like enzyme is selected from
the group consisting of’
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
The inhibitor of any of paragraphs 41-49, wherein the KDM4A-like enzyme is KDM4A.
The inhibitor of any of paragraphs 41-50, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
The inhibitor of any of paragraphs 41-50, wherein the inhibitior of a KDM4A-like enzyme is
a nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-
137.
The inhibitor of any of paragraphs 41-52, wherein the cell is a cell determined to be
experiencing hypoxic conditions.
The inhibitor of any of paragraphs 41-53, wherein the prokaryotic cell comprises a gene

encoding a KDM4A-like enzyme.

A therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins for
treating an infection in a subject.

A therapeutically effective amount of 1) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins and 2) an antibiotic for treating an infection in a subject.

The composition(s) of paragraph 56, wherein the antibiotic is a DNA damage inducing agent

or an antibiotic used to treat an anaerobe infection.
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38.

59.

60.

61.

62.

63.

64.

65.

66.

The composition(s) of any of paragraphs 55-57, wherein the infection is selected from the
group consisting of:
a fungal infection; a yeast infection; a eurkaryotic infection; a prokaryotic infection;
and a bacterial infection.
The composition(s) of any of paragraphs 55-58, wherein the infection comprises an

organism comprising a gene encoding a KDM4A-like enzyme.

A therapeutically effective amount of 1) an inhibitor of a KDM4A-like enzyme or an

inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like

proteins and 2) a chemotherapeutic agent for treating a cancer in a subject.

The composition(s) of paragraph 60, wherein the chemotherapeutic agent is selected from

the group consisting of’
DNA-damaging agents; 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; -
tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R
inhibitors; p53 inhibitors; hdm?2 inhibitors; STAT3 inhibitors; VEGFR
inhibitors; angiogenesis inhibitors; proteasomal inhibitors; ubiquitin-targeting

drugs; and bortezomib.

A therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins for

treating hypoxia in a subject.

A therapeutically effective amount of 1) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins and 2) an angiogenesis inhibitor for treating a subject in need of anti-angiogenic
therapy.
The composition(s) of paragraph 63, wherein the angiogenesis inhibitor is selected from the
group consisting of:

bevacizumab; sorefenib; sunitinib; pazopanib; and everolimus.
The composition(s) of any of paragraphs 55-64, wherein the KDM4A-like enzyme
comprises a cupin 3 barrel domain.
The composition(s) of any of paragraphs 55-65, wherein the KDM4A-like enzyme is

selected from the group consisting of:
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KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.

67. The composition(s) of any of paragraphs 55-66, wherein the inhibitor of a KDM4A -like

enzyme is selected from the group consisting of’
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.

68. The composition(s) of any of paragraphs 55-66, wherein the inhibitior of a KDM4A -like
enzyme is a nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or
hsa-mir-137.

EXAMPLES

EXAMPLE 1

[00187] Changes in copy number of chromosomes have been identified in lower organisms as
well as in certain tissues in mammals. Copy number variations mostly have harmful consequences for
the organism and underlie the development of diseases. Described herein are examples of copy
alterations from developmental biology and discussion of its role as a source of adaptive response in
normal tissues as well as in cancer. Since proper DNA replication and cell division is required for
maintaining genome stability, some of the underlying mechanisms resulting in genome instability and
rereplication and a new paradigm of generating transient site-specific copy gains (TSSGs) in the
genome are discussed. Also discusses are how site-specific genome alterations can serve as a source
of intra~tumoral heterogeneity and can influence therapeutic responses and patient outcome in cancer.
[00188] Introduction

[00189]  Maintaining the appropriate genetic composition is a fundamental basis of life. Any
alterations from the normal genome content can create imbalances in gene dosages' resulting in a
variety of diseases’. With recent major technological advances such as fluorescence in situ
hybridization (FISH), spectral karyotyping (SKY), comparative genome hybridization (CGH),
genome-scanning array technologies and single-cell sequencing approaches, changes in the structure
and number of chromosomes including sub-chromosomal alterations has been identified. Based on the
length of chromosomal changes, copy number alterations have been classified by different terms”.
Copy number could result from the insertion of new sequences (1bp-1kb in size), deletion of already
existing sequences, due to a larger sequence change (1kb-1Mb; copy number variation) and changes
with more than or equal to 1 Mb (referred to as microdeletions or microduplications). When a region
within a specific chromosome is changed (sub-chromosomal changes), it is referred to as segmental

aneuploidy. Changes resulting from specific chromosomal regions that are transiently amplified are
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referred to as transient site-specific copy gains (TSSGs). Majority of copy number changes are
harmful and can cause diseases either alone or in combination with other genetic or environmental
factors®. However, copy number changes are frequently observed during development and in lower as
well as higher organisms as normal physiological processes.

[00190] Described herein are examples emphasizing the biological as well as pathological
consequences of copy number variation especially in cancer. The recently identified role of a
chromatin regulator in generating transient site-specific copy gains and its major implications as well
as some of the critical questions in the field are discussed.

[00191] Copy Number Alterations During Development And Physiologic Processes.

[00192] Changes in chromosomal copy number and the associated gene amplifications/losses can
be observed during normal development in both lower as well as higher eukaryotes. Their presence
during normal biology indicates that copy number changes can have functional consequences under
selective pressure. Examples from developmental biology and their functional implications during
tissue homeostasis under selective conditions such as nutrient or metabolic stress, toxic challenges,
injury and replicative stress are provided.

[00193] Gene amplification is a fundamental mechanism for meeting increasing demands for
structural and growth requirements during tissue development and differentiation. There are several
examples from developmental biology showing gene amplifications in response to developmental
signals in lower eukaryotes (Fig. 1). Experiments during early 70s from electron microscopy studies
showed that ribosomal genes are amplified for the production of large amounts of ribosomes required
during early embryogenesis’. Ribosomal DNA (rDNA) amplifications were observed during oocyte
formation in amphibians Xenopus leavis, insects such as water beetles’, molluscs’ and teleost fish,
and in the macronuclear rDNA in Paramecium® as well as Tetrahymena’. Besides ribosomal DNA
amplifications, specific chromosomal regions in the salivary gland identified as “DNA puffs” are
amplified and expressed to form structural proteins required for cocoon formation in the salivary

glands in sciarid flies'*"!

. This amplification of the DNA puff gene occurs in response to the
hormone, ecdysone, required during larval development''. Another example of gene amplification
triggered by developmental signals can be observed during eggshell formation in Drosophila'®.
Eggshells require amplification of chorion genes in the follicle cells of the ovary and these genes are
expressed late in differentiation'>".

[00194]  Examples of copy number alterations are also reported in various tissues in mammals
under normal conditions. Using techniques such as spectral karyotyping (SKY), fluorescence in situ
hybridization (FISH) and single cell sequencing approaches, various groups have reported both small
as well as large-scale changes in chromosomal copy number in the tissues in mouse and humans,
particularly in neurons, liver and skin fibroblasts (Fig. 1). Around 33% of neuroblasts in the

embryonic mouse brain and 20% of neurons in the adult mouse cerebral cortex showed aneuploidy
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according to a study by Rehen et al."*. This reduction in ancuploidy in the adult brain was
hypothesized due to a programmed cell death mechanism of neuroblasts during brain development .
Westra et al.'® also identified between 15-20% ancuploidy in the neural progenitor cells of both mouse
as well as human cerebellum underscoring the notion that generation of copy number alterations is an
essential process in the development of central nervous system. A recent study identified high levels
of subchromosomal CNVs with deletion and duplication events in the frontal cortex neurons of
human brain and multiple alterations within a small set of neurons suggesting that CNVs might be
restricted to either individual cells or specific neural lincages'’. Besides neurons, chromosomal
changes have also been observed in skin as well as mammalian hepatocytes. Hepatocytes have
polyploidy chromosomal content and study by Duncan and colleagues suggest that around 50% of
normal adult diploid hepatocytes have changes in chromosomal numbers with either gains or losses
such that genetically diverse sets of cells are present'™"”_ENREF 17 A study by Knouse et al. found
that 2.7% of mouse keratinocytes are ancuploid and a much lower level of ancuploidy (under 5%)
exist for both liver and human neurons. These differences in the reported levels of aneuploidies could
result from the types of assays employed to follow copy alterations (i.e. FISH, SKY vs single cell
sequencing). Regardless, determining the biological impact of these events in the brain, liver or skin is
an important area to be explored in the future.

[00195]  Varying degrees of aneuploidy in brain, liver or skin indicate that alterations in copy
number can be a mechanism employed during tissue development. This genetic variation can help
achieve diversity in cell populations during tissue development so that effective responses can be
achieved. For example, copy variations can allow developing tissues to adapt to cellular and growth
requirements during tissue expansion and organ development. Another advantage for the observed
CNVs can be to help adapt to metabolic or toxic challenges as encountered especially by hepatocytes
(discussed in the following section). These examples indicate that biological selection and use of
CNYV is part of normal biology.

[00196] Copy Number Changes As An Adaptive Mechanism.

[00197] Many studies in bacteria, yeast and mammals have shown that copy number changes can
arise as a consequence of selection during adaptive experiments. This response can provide an
“increased fitness™ or survival advantage to the cells. Desribed herein is evidence for copy number
variations emerging with stress such as bacterial response to antibiotics, C. albicans response to anti-
fungal agents, budding yeast response to nutrient deprivation or replicative stress and human tissue
response to selective conditions.

[00198] Bacterial. Acquisition of antibiotic resistance can occur through the uptake of foreign
DNA harboring resistance genes through a mechanism called the bacterial competence pathway®’. A
recent study by Slager et al. demonstrated that different species of bacteria could increase the copy

number of genes involved in the competence pathway (com genes) in response to antibiotics causing
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replication stress”'. These genes are located closer to the origin of replication (OriC) and amplification
of genes occurs through multiple origin firing events at OriC, which increases their copy number as
well as transcription rates. These data illustrate the impact selective pressure can have on regions and
gene products.

[00199] Yeast. Gene rearrangements and copy number changes have been observed in Candida
albicans when passaged through a murine host””. It has been hypothesized that these changes in
ploidy could generate genctic and phenotypic diversity required for adaptation in the new host
environment. However, in the case of anti-fungal drug resistance, CNV was associated with adaptive
benefits. For example, fluconazole treatment in C. albicans results in the development of whole
chromosome gains and aneuploidy™. Selmecki et al. upon CGH analyses for the copy number in 70
azole-resistant and azole-sensitive strains found increased levels of aneuploidy in resistant strains
(50%) compared to fluconazole-sensitive strains (7.14%)** . Interestingly, trisomies of chromosome
5, including an isochromosome were associated with resistance. Isochromosomes are formed by the
attachment of two left arms of chromosome 5 in an inverted repeat sequence around a single
centromere. Gains of this isochromosome were associated with an increased expression of genes
involved in drug resistance”. Some of these genes encoded efflux pump proteins: an ABC and a
multi-drug resistance transporter (MDR)*®. Other genes were ERG1177 (a target of fluconazole) and
TAC]1 (a transcription factor that upregulates ABC transporter gene expression)””. Consistent with
gene amplification conferring selective advantage, budding yeast exposed to nutrient deprivation
results in amplifications of genes that benefits the cell”®. For example, glucose limitation in cultures
resulted in the amplification of genes encoding glucose transporters (HXT6 and HXT7), while
sulphate-limitation resulted in the amplifications of SULI1, a gene that encodes for a high affinity
sulphate transporter. Taken together, these examples in yeast illustrate how the genome can be
selectively modulated for the survival or growth of cells.

[00200] Mammals. Diet induced selective pressure also impacts copy number in mammals. For
example, copy number of the human salivary amylase gene AMY 1, which aids in the hydrolysis of
starch, is increased in certain populations that have a higher starch-content in their diets when
compared to low-starch consuming populations®. The increased copy number of AMY1 also
correlated with increases in the protein levels of salivary amylase. Hence, copy number variations
could be a source of diet-induced selection advantage. Increases or decreases in copy number of
certain genes can also predispose an individual to diseases. Susceptibility of individuals to HIV/AIDS
infection is increased in populations with a decreased copy number of the chemokine gene CCL3L/.
This chemokine serves as a ligand for HIV co-receptor CCRS and this inhibits viral entry by binding
to CCR5. HIV resistant individuals show duplications of CCL3L1 locus (17q21.1) with increased
CCL3L1 copies imparting resistance to HIV infections™ . These observations points to the benefits of

germline variation on the population. Copy number variation can serve as a mechanism to adapt to
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tissue injury. The best example to illustrate this point is the work from Duncan et al. in a chronic liver
injury model in mice. Fumaryl acctoacetate hydrolase (FAH) is an enzyme required in tyrosine
catabolism that catalyzes the conversion of fumaryl acetoacetotate (FAA) into fumarate and
acetoacetate. Deficiency of FAH causes hereditary tyrosinemia from the build up of FAA and toxic
metabolites that results in liver failure. Loss of enzymes involved in tyrosine catabolism upstream of
FAH (e.g., hydroxyphenyl pyruvate dioxygenase (HPD) which forms homogentisic acid, a precursor
to FAA) is found to be protective for this disease. Duncan et al. demonstrated that loss of
chromosome 16 with a complete functional loss of HGD (HGD resides in 16qB2) produces
hepatocytes that are resistant to tyrosinemia in a chronic liver injury model in mice’'. Importantly,
these injury resistant hepatocyte cells (characterized by the loss of chromosome 16) are already
present in the liver and these cells are selected for or undergo expansion when liver is exposed to
injury. However, it is not clear whether cells with chromosomal gains/losses are also selected during
tissue injury in humans. However, a recent discovery illustrates the ability of regions of the genome to
be site-specifically selected under physiological signals such as hypoxia in humans as well as
zebrafish cells. Hence, some of the above discussed examples of copy number changes from different
species could be a “compensatory mechanism” employed by organisms/cells to increase the survival
or fitness under selective environmental, nutritional or therapeutic pressures.

[00201] Copy number changes in Cancer. Besides the role of copy number changes observed
during development and in normal tissues as discussed in the previous section, copy number
alterations are often thought of as a pathological event. This section will discuss pathologically
associated copy alteration, with an underlying emphasis on the pathology being a consequence of a
defective biological process driving copy selection. In this section, the phenotypic consequences of
copy number changes in specific genes or chromosomal regions related to cancer are discussed. These
changes can affect either whole chromosomes and/or specific chromosomal regions causing
amplifications/deletions of smaller genomic fragments. For example, genome-wide analysis of copy
number changes in cancer has identified that 25% of the genome is affected by whole chromosome
alterations and 10% by short chromosomal changes (focal)’>. The focally amplified regions had
previously validated oncogenes (e.g., MYC, CCND1, EGFR, NKX2-1, KRAS), while focally deleted
regions contained tumor suppressor genes (ETV6, TMPRSS2-ERG). These analyses also revealed
that 10.5% of cancers have focal amplifications of 1g21.2 with MCL/ as a novel amplified target
gene. Another gene identified from the focally amplified region of 20q11.21 was BCL2LI”. Both
these genes are important for cell survival, hence their somatic amplifications in tumors could confer
survival advantage. In fact, Beroukhim et al. demonstrate that increased expression of these genes
protected tumor cells from chemotherapy.

[00202] Focal amplification in chromosome copy number harboring oncogenes can impact

tumorigenesis and drug resistance. In multiple myeloma, disease progression is characterized partly
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by the focal amplifications of a proximal region of chromosome 1q. Several studies have identified a
region of proximal 1q with a marked enrichment of genes showing an amplification/gain spanning a
region of 10-15Mb corresponding to a 1q12-23 amplicon in multiple myeloma (MM)_ENREF 43,
This region contains a large number of genes with amplifications or deregulated expression involved
in myeloma pathogenesis. Some of these genes include CKS1B, MUC1%, MCL1**, PDZK1”, IL-
6R*, BCL9"', and UBE2Q1*®, among others. The amplification of a drug resistant gene, CKS1B and
the proximal 1q21 region has been reported in about 40% of newly diagnosed multiple myeloma cases
and in 70% of patients with tumor relapse™*’. Interestingly, the increases of gains observed in
CKSIB are low (1-3 copies)**>. These focal amplifications of CKS1B are associated with poor
prognosis and reduced response to cisplatin therapy®'. Amplifications of PDZK1 gene within the
1q12-q22 region were observed in primary cases of MM and overexpression of this gene in cells
conferred resistance to melphalan, vincristine and cisplatin induced cell deaths®. Besides multiple
myeloma, gene amplifications are associated with drug resistance in several other tumors. For
example, ovarian cell lines that have amplifications of 1q12-21 chromosomal regions are found to be
more resistant to cisplatin treatment™**. An 11-13-fold higher copy number of region 7q21.12 was
detected in an acquired paclitaxel-resistant non-small cell lung cancer model (NCI-H460/PTX250)
compared with the parental cell line NCI-H460 using microarray-based comparative genomic
hybridization. Most of the genes within this region were also highly expressed including a multidrug
transporter gene MDR1/ABCB1*. These few examples highlight how distinct regions in the genome
are focally selected. The fact that multiple cell types select for regions such as 1q12-21 raise the
question that possibly there are mechanisms modulating selection of these regions.

[00203] Focal gains or losses of chromosomes can result in diversity within cells in a tumor
population (intratumoral heterogeneity). Copy number heterogeneity within tumors has become
apparent with genome wide sequencing analysis in melanoma®™ ENREF 69, medulloblastoma®’,
bladder cancer®™. Sequencing of five bladder tumors from patients with transitional cell carcinoma of
the urinary bladder showed genomic rearrangements and mutational heterogeneity within tumors®.
Whole exome sequencing of samples from eighteen patients with chronic lymphocytic leukemia
(CLL) by Landau and colleagues revealed the emergence of sub-clones within selected population of
cells treated with chemotherapy™. These populations of cells might be more fit than the pre-treatment
counterpart and could contribute to relapse after therapy. Thus, identifying the mutational landscape
before and after chemotherapy can not only identify mechanisms of tumor relapse but also help to
design effective therapeutic options for elimination of the dominant subclones arising after
chemotherapeutic selection pressures thereby decreasing the likelihood of tumor relapse.

[00204] Chromatin, rereplication and TSSG. There are several mechanisms implicated in

genome instability that would lead to changes in gene copy number and chromosome structure™'.
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Described herein is the role of chromatin in DNA replication and the recently identified mechanisms
of transient site-specific copy gains.

[00205] The eukaryotic genome is organized into a highly ordered structure called chromatin.
Chromatin is composed of nucleosomes that contain 147bp of DNA wrapped around a histone
octamer with 2 copies each of core histones H2A, H2B, H3 and H4. Histones are modified by a
number of post-translational modifications, which influences a range of DNA-templated processes
including transcription, replication and DNA repair > _ENREF 104

[00206] Chromatin and chromosomal architecture play fundamental roles in DNA replication.
Chromatin modifications such as acetylation and methylation of histones impact origin recognition
complex (ORC) recruitment and define replication timing. For example, the H4 histone
acetyltransferase Hbol (histone acetylase binding to ORC), which was initially identified as an
interactor of ORC, Cdt1 and MCM2>, is required for the pre-RC assembly in in Xenopus extracts’’.
The recruitment of a catalytically inactive Hbol to a mammalian origin of replication hinders the
loading of Mcm2-7 proteins™. In the case of origin firing, a local increase in histone acetylation
mediated by GenS histone acetyl transferase at a late-activating origin promotes origin firing
significantly earlier in S phase™. Similarly, targeting HAT or HDAC activity to a beta-globin locus
can also shift the time of replication from late to early and vice versa®.

[00207] Besides histone acetylation, other histone modifications such as methylation can also
influence DNA replication. Lysine methylation states define chromatin structures such as euchromatin
and heterochromatin and impact pre-RC formation and replication timing®"**. For example, the levels
of histone H4 Lys 20 mono-methylation (H4K20me1) are important for helicase loading and pre-RC
formation®. The lysine methyltransferase SET-domain containing protein 8 (Set8; also known as PR-
Set 7 and KMT5A) monomethylates H4K20. Set 8 promotes recruitment of pre-RC machinery (by
recruitment of ORC1, MCM2 and MCMS3) to a specific genomic locus by increasing H4K20mel at
replication origins®. After the onset of S phase, Set 8 is targeted for proteasomal degradation in a
PCNA-dependent manner that contributes to the loss of H4K20mel at origins and inhibition on
licensing, preventing rereplication® . Therefore, Set8 levels are critical for maintaining genome
stability, as the loss of Set8 function would result in S phase delay, chromosome decondensation,
increased DNA damage, DNA content and rereplication®” .

[00208]  Histone 3 lysine 9 methylation and heterochromatin formation and maintenance also have
important roles in regulating replication. For example, the deletion of yeast H3K9me3
methyltransferase (CLR4) and SWI6 [yeast HP1 (heterochromatin binding protein 1) homolog] result
in altered S phase progression and replication stress”””’. Mammalian HP1 proteins (HPlo/y) also
directly interact with components of the replication fork and are important for maintaining the late
replication of pericentric heterochromatin during S phase’'. Heterochromatin protein 1 (HP1) as well

as others can also influence replication initiation by directly binding to ORC and targeting it to
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specific regions’>”. It was shown in drosophila that HP1 had a dual role in affecting replication
timing of heterochromatic regions”. RNAi depletion of HP1 advanced the replication timing of
centromeric repeat regions; while, replication timing of other regions in pericentromeric
heterochromatin was delayed’*. These data provide a link between the chromatin microenvironment,
methylation states and replication initiation.

[00209] In addition to the readers and writers of lysine methylation, the lysine demethylases are
able to modulate replication timing and rereplication at selective regions of the genome, which
impacts the generation of TSSGs within the human genome. For example, the JmjC-domain
containing protein KDM4A (also called JIMJD2A) demethylates trimethylated histone H3 lysine 9 and
36 (H3K9/36me3) to a dimethylated state (K3K9/36 me2)”"®. KDM4A overexpression promoted
faster S-phase progression and altered replication timing at specific regions in the genome in a

catalytic-dependent manner””™

. The faster S phase and regulation of replication timing was conserved
from C. elegans to human cells and was the result of dysregulating specific HP1 members in the
genome (HPL-2 in C. elegans and HP1y in human cells)®. With regard to replication, this direct
antagonism between the reader and the eraser established the basis for highly selective regulation
within the genome especially replication timing control. Consistent with this intricate relationship
between demethylation and reading heterochromatin, KDM4A protein expression is finely tuned
throughout cell cycle by the Skpl-Cull-F-box ubiquitin ligase complexes _ENREF 127%. These
data illustrate another way in which the ubiquitin ligase complexes are able to modulate DNA
replication through regulating chromatin modulators such as KDM4A .

[00210] Consistent with chromatin modulation being important in regulating replication fidelity,
KDM4A was recently shown to promote TSSGs and rereplication within the human genome.
KDM4A was shown to promote S phase-dependent TSSGs upon overexpression’ . The regions that
underwent copy gains were dependent on the enzyme activity, the Tudor domains and cells being in S
phase. These requirements strongly supported the need to rereplicated regions. Consistent with this
notion, KDM4A purified with the majority of the replication machinery- licensing factors,
polymerase, etc. The ability of KDM4A to generate TSSGs was antagonized by Suv39H1 and HP1y,
which emphasize the regional regulation and importance of certain modulators in regulating the copy
number of specific regions. Furthermore, interference with the methylation of H3K9 or K36 also
generated the TSSGs as observed with KDM4A overexpression. These gains were not driven by
KDM4A levels but altered chromatin state. Taken together, these data identified the first enzyme
capable of generating transient site-specific copy gains and established that chromatin states are
involved in modulating the sensitivity to copy alterations at distinct regions in the genome.

[00211] The impact KDM4A had on cells in vitro was further verified in human tumors. In fact,
analyses of tumors from the cancer genome atlas database (TCGA) allowed the identification of

additional regions being regulated by KDM4A. KDM4A was shown to be amplified in ~20% of the
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tumors, which correlated with KDM4A RNA levels”. These analyses confirmed that KDM4A was in
fact significantly correlated with copy gains of distinct regions such as 1g21 (a frequently
amplified/gain region in cancer that associates with drug resistance and poor patient outcome- see
above section in review). These data are consistent with a previous study that demonstrated that 1p34
and 121 were frequently amplified in tumors’>. KDM4A resides on 1p34, and in turn, drives 1g21.
These relationships were confirmed in cell culture models across diverse cell types. Taken together,
these data illustrate that chromatin states are not just important in modulating DNA replication but
enabling certain regions to undergo site-specific selection for gains. These data also support a model
by which the cell uses these types of mechanisms to selectively gain regions for adaptive advantage.
Consistent with TSSGs providing a selective advantage, Black et al. recently demonstrated that
physiological stimulus such as hypoxia can also generate TSSGs in normal cells as well as human
tumors. These copy gains were KDM4A dependent and were generated with every round of DNA
replication. Importantly, hypoxia resulted in the amplification of a drug resistant oncogene CKS1B
that was blocked when cells were reverted to normoxia or upon KDM4A inhibition. Hence,
generation of transient copy gains and gene amplifications can be an adaptive cellular response of
cells to external stresses or stimuli.

[00212] These data also reiterate that the point in cell cycle would determine whether copy gains
are observed, which can contribute to the intra-tumor heterogeneity observed for copy number in
tumors. In fact, genome-wide analyses look across cells in a population and not at a single cell level.
Since the transient exposure was sufficient to promote gains of regions associated with drug resistance
and poor outcome in patients, other input signals could be involved in allowing these regions to
undergo TSSG. This notion is not unprecedented since chemotherapy has been shown to select for
TSSGs such as DHFR and EGFR amplifications.

[00213] Roles for TSSG and Future Perspective

[00214] TSSGs could be a mechanism employed by tumor cells for selective acquisition of drug
resistance by the amplification of specific genes. This phenomenon in cultured mammalian cells was
first reported in 1978 as a mechanism for the acquisition of drug resistance to the drug methotrexate®.
The drug methotrexate competitively inhibits the enzyme dihydrofolate reductase (DHFR), which
catalyzes the conversion of dihydrofolate to active tetrahydrofolate, required for the de novo synthesis
of thymidine. Cells developed resistance to methotrexate by overproduction of DHFR as a result of
selective gene amplification®”. These data highlight the possibility of mechanisms driving TSSGs that
could be used by tumor cells for protection. Gene amplification in tumor cells forms two common
structures: extrachromosomal double minutes (DM) and intra-chromosomal homogenously staining
regions (HSRs). Storlazzi et al. investigated these structures of MYCN amplifications using 8
neuroblastoma and 2 small cell carcinoma cell lines®’. The study provided evidence of generation of

HSRs from DMs by an episome model wherein DNA segments are excised from a chromosome, that
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are then circularized and amplified to form DM or HSRs. It is suggested that DMs are unstable and
can be eliminated after drug treatment™®*’, however HSRs are more stable®. A number of oncogenes
have been identified on extrachromosomal DNA, enabling the tumor cells to respond rapidly to drug
treatment®**. The reversion of malignant phenotype and cellular differentiation by the elimination of
DMs has been shown extensively in a variety of tumors and cancer cell lines®”'. This shows that
changes in copy number can be an effective strategy for quick adaptation to selective pressures in
tumor cells.
[00215] Transient changes in copy number can be another mechanism for generating intratumoral
heterogeneity in cells, which can contribute to cancer drug resistance. A recent study by Nathanson et
al. demonstrated that oncogenes maintained on extrachromosomal DNA are gained/lost in response to
drug treatment’”. Glioblastoma patients harbor a constitutively active oncogenic variant of epidermal
growth factor receptor (EGFR-VIII) formed by the in-frame deletion of exon2-7 in EGFR gene and is
present primarily on extrachromosomal DNA called double minute chromosomes. The presence of
EGFR-VIII makes tumor cells more sensitive to EGFR tyrosine kinase inhibitors (TKIs). In their
experiments, the continued treatment with an EGFR TKI (e.g., Erlotinib) resulted in a loss of EGFR-
vIII on extrachromosomal DNA, thus conferring resistance to the TKI. When the drug was withdrawn
for a short period of time, there was an increase in EGFR-vIII on extrachromosomal DNA and the
cells were sensitized again to erlotinib treatment. The authors suggest that instead of a continuous
therapeutic regimen, withdrawal of drugs during therapy might be a more effective mechanism to
restore the sensitivity of tumor cells to drugs.
[00216] Another important area of investigation is the understanding of how the rereplicated
regions are generated transiently or EGFR-vIII on extrachromosomal DNA in the above case is lost
with targeted therapies. An active surveillance mechanism involving degradation or clearance of these
extra DNA fragments could be a possibility.
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EXAMPLE 2
The three-dimensional structure of JMID2A (NP_055478.2), particularly 2GP5 (3), and

its peculiar beta-sheet coiling pattern is described herein (Fig. 2). As described herein, this I “barrel”

structure is evolutionarily conserved and over 250 known crystallized structures exist with this sort of

pattern. A list of all non-animal VAST hits (2) is provided in Table 1.

[00220] Table 1: Non-animal proteins comprising the beta-sheet or “barrel” coiling pattern of
JIMID2A.
Structure Organism Function Alignment Ligands Present | Exemplary
ID (PDB) Length NCBI Gene
ID
IVRB Bacillus subtilis putative 141 4 irons 937640
2CSG Salmonella enterica putative 140 Isocitric acid, 1252360
succinic acid, citric
acid, iron
2Q4A Arabidopis thaliana 117 4 sulfuric acids, 2 821690
irons
1087 Escherichia coli dioxygenase 105 3 taurines, 4 alpha- 945021
ketoglutaric acids,
4 irons
3DKQ Shewanalla baltica Putative 102 3 nickels, 6
mmidazoles, 6
glycerols
1010 Pseudomonas putida | dioxygenase 100 4 Sodiums, 4 alpha-
ketoglutaric acids
154C Haemophilus unknown 100 4 copper, acetic 951142
influenzae acid
20G6 Streptomyces Asparagines 99 Iron, 2 Chloride 1098670
coelicolor oxygenase ions
1SQ4 Pseudomonas putative 97 4 thiocyanic acids 878039
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aeruginosa
2R6S Lscherichia coli unknown 97 Iron, 3 sulfuric 948076
acids, N,N-bis(2-
hydroxyethyl)glyci
ne, 21 glycerols
3EAT Pseudomonas Tyrosine 95 Sodium ion 878457
aeruginosa derivative
synthesis
1J58 Bacillus subtilis Oxalate 93 2 manganese, 938620
decarboxylase magnesium ion,
formic acid
104T Thermotoga Putative 93 2 oxalic acids, 2 898196
maritima manganese
IDZR Salmonella enterica epimerase 92 4 sulfuric acids, 5 1253615
glycerols
2IXK Pseudomonas epimerase 92 2 dTDP-4-oxo-L- 879991
aeruginosa rhamnose
IQWR Bacillus subtilis isomerase 91 3 sulfuric acids, 2 936815
zincs, acetic acid,
formic acid
1JR7 Escherichia coli Oxidoreducta 90 Ferrous ion 948076
se
IDSI1 Streptomyces Clavaminate 89 alpha-ketoglutaric
clavuligerus Synthase acid, 2
CID445135s, 4
sulfuric acids, iron
2P17 Geobacillus unknown 89 Iron 3184214
kaustophilus
2BoU Sulfolobus tokodaii cpimerase 38 none 1460029
1E5R Streptomyces hydroxylase 87 none
1TQ5 Escherichia coli putative 38 6 cadmiums 947945
3ES4 Agrobacterium unknown 87 Chloride ion, 11 1135060
tumefacians cthylene glycols
INX4 Pectobacterium Carbapenem 85 3 alpha-
carotovorum Synthase ketoglutaric acids,
3 irons
1vI2 Thermotoga cupin 85 CID449048, 2 898018
maritima manganese
ISEF Enterococcus cupin 85 none 1201846
faecalis
2PFW Shewanella cupin 85 5 ethylene glycols
frigidimarina
1Y9Q Vibrio cholerae transcriptional 84 methionine, zinc 2613472
regulator
2D40 LEscherichia coli dioxygenase 34 4 irons 916734
ISFN Deinococcus unknown 83 none 1798812
radiodurans
1V70 Thermus antibiotic 82 Sodium ion 1444180
thermophilus synthesis
2BNN Streptomyces epoxidase 82 2 Zinc, 2
wedmorensis fosfomycin
2RG4 Oceanicola unknown 82 2 Trons
granulosus

78




WO 2016/186949 PCT/US2016/032043
3BCW Bordetella unknown 81 8 ethylene glycols, 2662434
bronchiseptica cupin acetic acid,
diethylene glycol
ILKN Thermotoga putative cupin 80 none 8986353
maritima
1Z2X5 Archeaglobus putative 71 Beta-L- 1483245
Sfulgidus isomerase fructofuranose, 2
cthylene glycols, 6
acetic acids,
glycerol
3FJS Ralstonia eutropha unknown 72 none 3613500
cupin
2B8M Methanocaldococcus | phosphoserine 80 3 sulfuric acids, 1451641
Jannaschii aminotransfer chloride ion, 3
ase cthylene glycols
3EO6 Clostridium difficile unknown 80 2 magnesium ions,
tromethamine
2Q1Z Rhodobacter transcriptional 79 4 zinc | 3720372
sphaeroides stress
response
20Z) Desulfitobacterium cupin 78 Glycerol 7260920
hafniense
IYLL Pseudomonas unknown 77 none 883033
aeruginosa
3BU7 Rugeria pomeroyi dioxygenase 76 4 irons 3196910
3DL3 Vibrio fischeri tellurite 72 none 3278998
resistance
2Q30 Desulfovibrio unknown 66 Sulfuric acid, 7 3757314
desulfuricans cthylene glycols
[00221] It was then found that only those structures containing iron as a ligand proved useful for

alignment. The other ligands tended to either shift or change the size of the barrel’s pocket. A more

detailed list of only the non-animal hits containing iron as a ligand (2) is provided in Table 2.

[00222] Table 2: Non-animal proteins comprising the beta-sheet or “barrel” coiling pattern of
JMJD2A and an iron ligand.
Structure Organism Function Alignment Ligands Present Exemplary
ID Length NCBI Gene
ID
IVRB Bacillus subtilis Putative- 141 4 irons 937640
Asparaginyl
Hydroxylase
2CSG Salmonella Putative- 140 Isocitric acid, succinic 1252360
enterica Oxidoreductase acid, citric acid, iron
2Q4A Arabidopis Oxidoreductase 117 4 sulfuric acids, 2 821690
thaliana irons
1087 Escherichia coli dioxygenase 105 3 taurines, 4 alpha- 945021
ketoglutaric acids, 4
irons
20G6 Streptomyces Asparagines 99 Iron, 2 Chloride ions 1098670
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coelicolor 0oXygenase
2R6S Escherichia coli unknown 97 Iron, 3 sulfuric acids, 948076
N,N-bis(2-
hydroxyethyl)glycine,
21 glycerols
IDSI1 Streptomyces Clavaminate 89 alpha-ketoglutaric
clavuligerus Synthase acid, 2 CID445135s, 4
sulfuric acids, iron
2P17 Geobacillus Pirin-related 39 Iron 3184214
kaustophilus
INX4 Pectobacterium Carbapenem 85 3 alpha-ketoglutaric
carotovorum Synthase acids, 3 irons
2D40 Escherichia coli dioxygenase 34 4 irons 916734
2RG4 Oceanicola unknown 82 2 Trons
granulosus
3BU7 Rugeria dioxygenase 76 4 irons 3196910
pomeroyi

[00223]  With these 13 hits, a structural alignment was first attempted. The resulting aligned
structure was obtained (2) (Fig. 3). This demonstrates that the barrel is fairly well conserved in the
iron-containing structures. More of the barrel was conserved when just using the top three hits (2)
(Fig. 4).

[00224] A sequence alignment was conducted for the iron-containing structure proteins to see if
the similarity to JIMID2A was purely through 3D structure or could be traced through primary amino
acid sequence as well (Fig. 5 and 6) The distance tree (Fig. 6) demonstrates that human JMJD2A is an
out-group to all of the other proteins. The other proteins included in Fig. 6 come from bacterial
sources and would share some significant phylogeny. It also demonstrated that the conserved
structural domains could not be identified through regular sequence alignments.

[00225] An HMM profile search for the structurally aligned regions of the iron containing
structures (4) was performed (Fig. 7). The results of the search demonstrate that many domains from
different proteins share these similar patterns (the redundant hits were excluded). 46 of the 49
sequences found have excellent e-values below 10e-20 aiding our search for relevant profiles.

[00226] The barrel structure of human JMJD2A does show conservation outside of the animal
kingdom. The proteins with similar structure come from many different bacterial and archea species
and serve a vast array of functions. However, the similarity between JMJD2A exists on a 3-
dimensional basis. The conserved domains found through the profile search and structural alignment
demonstrate that this peculiar beta-sheet barrel is highly conserved in at least the iron-containing
bacterial and archea proteins.

[00227] References

1. ClustalW at www.ch.embnet.org/software/Clustal W html.
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EXAMPLE 3: Hypoxia drives transient site-specific copy gain and drug resistant gene
expression

[00228] Copy number heterogeneity is a prominent feature within tumors. The molecular bases
for this heterogencity reraain poorly characterized. It 13 demonstrated herein that hypoxia induces
transient, stte-specific copy gams (TSS5Gs) in primary, non-transformed and transformed human cells.
Hypoxia-driven copy gains are not dependent on HIFla or HIF2a; however, they are dependent upon
the KDM4A histone demethylase and are blocked by inhibition of KDM4A with a small molecule or
the natural metabolite succinate. Furthermore, this response 15 conserved at a syrdenic region in
zebrafish cells. Regions with site-specific copy-gain are also enriched for amphifications in hypoxic
primary tumors. These tumors exhibited amplification and overexpression of the drug resistance gene
CKS1B, which were recapitudated in hypoxic breast cancer cells.  These reselts demonstrate that
bvpoxia provides a binlogical stimulus to create transient site-specific copy alterations that can result
n heterogeneity within tumors and cell populations. These findings have major mmplications in our
understanding of copy number heterogeneity and the emergence of drug resistance genes in caneer.
[00229] INTRODUCTION

[00230] Cancer is often characterized by copy gains or losses of chromosome arms, whole
chromosomes, and/or amplifications/deletions of smaller genomic fragments (Hook et al. 2007;
Stratton et al. 2009; Beroukhim et al. 2010). While it has long been understood that tumors within the
same pathological subtype have different mutational and copy number profiles (Burrell et al. 2013), it
has recently become apparent that intra-tumoral heterogeneity likely plays an important role in tumor
development, metastatic potential and acquired drug resistance (Gerlinger et al. 2012; Burrell et al.
2013; Junttila and de Sauvage 2013; Nathanson et al. 2014). Traditionally, somatic copy number
alterations (SCNA) and copy number variations (CNV) have been thought of as heritable genetic
events in cancer cells 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. 2013; Nathanson et al. 2014). For example, analysis of
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epidermal growth factor receptor (EGFR) mutations and amplifications in glioblastoma patients
revealed a transient extrachromosomal amplification of a specific EGFR isoform (Nathanson et al.
2014). In addition, amplification and overexpression of the H3K9/36 tri-demethylase
KDM4A/IMID2A caused rereplication and transient site-specific copy gains (T'SSGs). Furthermore,
impairing H3K9 or H3K36 methylation with lysine to methionine substitutions (KO9M or K36M)
resulted in site-specific gains (Black et al. 2013; Lewis et al. 2013).

[00231] 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,
that in turn, 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. Regions of SCNA often observed in tumors may be
prone to transient amplification (i.e., 1q12-1q21) and contribute to their observed copy gains in
tumors. This same notion could also explain why CNV of specific regions (e.g., 1q21) emerge in
other diseases such as autism and schizophrenia (Stefansson et al. 2008; Levinson et al. 2011).

[00232] Therefore, site-specific copy gains were systemically screened after cells were treated
with a panel of cellular stresses that occur during development and tumorigenesis. Surprisingly, only
one condition, hypoxia, promotes site-specific copy gain of regions frequently observed in tumors.
Hypoxia-dependent copy gain occurs at tumor-relevant oxygen levels (1% O,) in diverse cancer cell
lines and in primary T cells. Hypoxia-dependent site-specific copy gains are transient, require S
phase and undergo rereplication. It is demonstrated herein that copy gains were not dependent on
HIFla or HIF2a; however, the a-ketoglutarate-dependent lysine demethylase KDM4A was required
for the copy gains. Upon hypoxic exposure, KDM4A was stabilized through reduced association with
the SCF ubiquitin ligase complex, increased association with chromatin, and retained enzyme activity.
Finally, pretreatment of cells with succinate (a naturally occurring metabolite that inactivates a-
ketoglutarate-dependent enzymes) or a lysine demethylase (KDM) chemical inhibitor block hypoxia-
induced gains. These observations highlight the dynamics associated with copy gain and indicate that
enzyme levels, S phase status, cellular stresses and metabolic state can contribute to the copy number
heterogeneity observed in human tumors.

[00233] Consistent with hypoxia-induced copy gains being a biological response, it is
demonstrated that copy gain following hypoxia is conserved at a syntenic region in zebrafish cells,
while a non-syntenic region was not gained. In addition, primary breast and lung tumors with a
defined hypoxic gene signature are enriched for focal copy number changes in the same regions
generated in human and zebrafish cell culture. Most importantly, the present analyses of hypoxic
breast and lung tumors ideniificd increased copy mumber and expression of a drug resistance
oncogene CKS/H (Shaughnessy 20035}, |t is further demonstrated in breast cancer cells that CKS/E

exhibited site~specific copy gain and had increased expression upon hypoxic exposure. These results
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mdicate that hvpoxia can promaie site-specific copy gain and increased cxpression of drug resistance
genes such as CEY/B. These data uncover a mechanism that can account for both copy number and
expression heterogeneity observed in solid tumors and establish a molecalar basis for drug resistance
gene selection {Patel et al. 2014).

[00234] RESULTS

[00235] Hypoxia promotes site-specific copy gain, It was reasoned that tumor cells experience
various stresses that promote copy gains, which could ultimately contribute to the copy number
heterogeneity observed in tumors. Therefore, the impact that environmental conditions observed
during development and tumongenssis have on regions frequently gained in tumors and that are
susceptible to transient site-specific copy gains (TSSGs; i.e., 1q12-1g21; (Beroukhim et al. 2010;
Black et al. 2013; Tang and Amon 2013)) was monitoried. Specifically, copy gain was screened in
the nearly diploid, immortalized, bot non-transformed RPE cell bine (Jiang ot al. 1999; Black ¢t al.
2013} that was exposed to reactive oxvgen specigs {(ROS, H0,), ER stress {Tumicamycin, TU},
temperature stress (heat shock, 43 °C), metabolic stress (low serum, 0.1% FBS; no glucose), and
hypoia (1% 0. (Fig. 8A, Fig. 15A-15L). Cells were exposed to the indicated siresses {see
Experimental Procedures) and assayed for site~specific copy gain by fluorsscent in sity hybridization
(FI5H) and ccll cycle profiles after 24 hours (Fig. 8B, Fig. 13B-15L). Using this approach, only
hypoxia generated site-spectfic gains (Fig. 8B, while, other stresses were not drastically differcnt
from control conditions (Fig. 15D-13L). For example, 1q12h and 1921.2 copy gams were induced m
as little as 24 hours of hypoxic exposure; however, no changs was observed for other chromosomal
regions {e.g.. 1g23.3) (Fig. 8B} Since hypoxic exposure alters the redox state of the cell {Solaini ¢t al.
2010}, it was examined whether other redox modulators impacted copy gain. Cells exposed to other
reducing {DTT and N-Acetyl Cysteine) or oxadizing {BMNQ) agents did not induce site-specific copy
gain, indicating that the observed gaims are specific to hypoxia (Figure I3M-15R).  Spectral
karyotyping analysis of hypoxic cells did not show widespread genome mstability (data not shown),
which was consistent with the normal cell cycle profiles observed in hypoxia (Fig. 15G). Furthermore,
analysis of 1q12h and 1g21.2 m the same cells revealed that the gams m hypoxic conditions were
predonunantly mutnally exclusive (Fig. 8C), which further underscored the site-specific nature of the
gains. These results indicate that hvpoxia promoics site-specific copy gain.

[00236] To address whether copy gain was a prevalent response to hypoxia, a diverse panel of
cancer cell lines was analyzed, including: breast cancer (MDA-MB 468, MDA-MB 231,
neuroblastoma (5K-N-AS), multiple myeloma (MM.15}) and kidney cell lines (HEKZ293T and
UMRC?}) for copy gain of 1g12h by FISH following growth in hypoxia (Fig. 16A-16M). In cach cell
fine, copy gain of 1q1Zh was observed under hyvpoxic conditions, but no change in chromosome 3
centromere {8c¢). Furthermore, HIF1a or HIF2a depletion by two independent siRNAs did not prevent

copy gam in hypoxic RPE cells despite blocking induction of the hypoxia-inducible target gene CAIX
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{(Fig. 16N-16Q). Consistont with these observations, UMRC2 cells, which lack VHZ and have a
functionally stable HiFlo and HiF2¢ (Gamewro et al. 2013) resulting in hypoxia gene program
activation in normoxic conditions, do not gencrate copy gain without hypoxia (Fig. 16K-16M}.
Therefore, HiFlg and HIF2g stabilization was not sufficient to promote copy gain. Together, these
data strongly indicate that hypoxia~-dependent copy gains are a commnon respounsc that does not require
the HIF1/2q pathway.

[00237]  Hypoxia-induced copy gains require proliferation. Oxvgen levels change during
development and tumornigenesis (Vaupel 2004; Donwoodie 2009}, therefore, it was assessed whether
stie-specific copy gains are reversible upon retum to normal oxyegen levels (Fig. 8D}, FISH analvsis
for 1g12h copy gam revealed an increased percentage of celis with copy gain at 24, 48, and 72 hours
of growth in hypoxia; however, upon return to nommoxia, the namber of cells with extra copies of
1g12h retirned to basehine (Fig. 8D}, In fact, copy gain of 1giZh persists for the first two hours
following release from hypoxia but is lost by four hours after return to normoxia (Fig. 8E). These data
mdicate that hvpoxia-dependent copy gains are dynamic and reversibie,

[00238]  To demonstrate that hypoxia-dependent copy gains require prohiferation, cells were
arrested wsing hydroxvurea (HU}Y under hypoxic conditions (Fig. 16R). Cells arrested at G1/S m
hvpoxia did not exhibit copy gains (Fig. 8F). However, upon release from the arrest, hvpoxic celis
rapidly accumudated copy gain of both 1g12h and 19212, Ininguingly, these gams were lost prior to
the end of 8 phase, with loss of 1q21.2 copy gams occurring shghtly faster than 1q12h loss, mdicatmg
that mdividual regions exhibit site-specific copy gain with different kinetics. Furthermore, it was
demonstrated that these regions were rereplicated by performing quantitative PCR on DNA punified
from the heavyheavy (H-H) fraction from a CsCl density gradient (Fig. 8G, Fig 165). These results
demonsirate that hypoxia-induced copy gains occur during S phase and are reversible.

[00239] The next major question was whether a hypoxic signal could dnve site-specific copy
alterations in nop-immortalized or non-cancer cells. To address this question, D4+ T cells were
isodated by fluorescence-activated cell sorting (FACS) from buffy coat and peripheral blood of
healthy individuals (Fig. A} Foliowing isclation, T cells were allowed to recover 1o normoxia {(i.¢.,
21% O, which 1s “normoxaa’” for cell culture similar to the 13.2% O, observed i artental blood not
associated with hemoglobin {Carrean et al. 2011} for 24 hours in the presence of 1L.2 with or without
stimulation with anti-human CD3 and CD2Z8 antibodies. Following recovery, T cells were maintamed
in normoxia or transferred to hvpoxia for an additional 24 hours and analvzed by FISH for site-
specific copy gain. Only stimudated T cells grown i hypoxia for 24 hours exhibited copy gain of
1g12h and ig21.2, but not gain of 1g23.3 or 8¢ (Fig. 9B). These results demonstrate that primary
cells subjected to hvpoxic conditions promote site-specific copy gain in a prohiferation-dependent

mannet.
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[00240] KDM4A stabilization promotes hypoxia-induced copy gain. Since depletion of either
H3K9%me3 or H3K36me3 was sufficient to promote site-specific copy gain (Black et al. 2013}, it was
reasoned histone demethylases may mediate hypoxia-nduced copy gain.  JmjC-contaimng
demethylases use molecular oxygen as a cofactor for demethvlation, and thus hvpoxia has been
proposed to nactivate the FmyC-containing demcthvlases. However, previous reports have showns that
certam JmjC-containing lvsine demethylases that target H3K9 methylation are iranscriptionally
upregulated (KDM4B and KDBMA4C), or retam their activity (KDM3 A) upon hyvpoxic exposure {Kneg
et al. 2010; Lee et al. 20133, |t was tested whether KBM3A overexpression or siRNA depletion of
KDM4 enzymes with independent siRNAs dunng hvpoxia was responsible for site-specific gam.
KDM3A overexpression was not sufficient to promote site-specific copy gain (Fig. 17A17B). In
addition, depletion of KDM4B-D with two mdependent stRNAg did not block hypoxia-induced copy
gain, despite increased KDM4B/C expression in hypoxia (Fig. 10A, Fig. 17C-17F). However,
depletion of KDM4A blocked the bypoxia-dependent copy gain (Fig. 108, Fig. 17G), without altering
cell eyele distribution (Fig. 17H).

[00241] To demonstrate a genetic requirement for KDM4A, KDAM4A4 knockout 2937 cells were
generated using CRISPR/CasY. Either GFP or GFP-KDA44 (WT) were remtroduced and single cell
clones generated. GFP-KDM4A clones that had expression levels simifar to those of endogenous
KDM4A i parental 2937 celis were selected (Figure 171}, Tmportantly, the restored GFP-KDM4A
was induced under hvpoxic conditions {Figure 175} Two mdependent GFP clones Jacking
endogenous KDM4A} were anable to gencrate site-specific copy gamn in hypoxia, while both GFP-
KDM4A rescuc clones were able to generate site-specific copy gains {(Figure 16C), without altering
cell cycle distnbution (Figure 17K). These results demonstrate that KDM4A s necessary for the
generation of site-specific copy gain in response to hvpoxia.

[00242] In agrecment with previous reports, mcreased KDBM4A transcript was not observed upon
hypoxic exposure {(Fig. 17L) (Bever et al. 20083, However, KDM4A protein levels were increased
with as litile as 24 hours of exposure to hvpoxia o all ccll Hines tested (Fig. 10D, left panch; Fig. 17M}
as well as in the primary CD4+ T cells treated with hypoxia (Fig. 10D, right panel}. In fact, KDM4A
protein fevels were regulated in the same temporal fashion as the copy gains upon hypoxic exposure
and return to normoxia {Fig. 18A-C). Furthermore, hypoxia resulted in KBM4A protein stabilization
{e.g., increased half hife from 1 hr 49 mun to 4 brs 56 mun; Fig. 10E and Fig. 18D}, KDM4A proteins
levels are regulated by the SKP1-Cull-F-box (SCF} containing ubiquitin ligase complex (Tan et al.
2011, Van Rechem et all 2011, KDM4A mteracts with the SCF-ubiguitin hgase complex and 1s
ubiquitinated and degraded 1n a cell cyvcle-dependent manner. Therefore, it was reasoned that thig
complex may influence KDM4A obiguitination and protein stability during hvpoxia exposure.

Consistent with previous results and the increased half-life of KIDM4A 1n hypoxia, KDMA4A had a
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reduced association with the SCF complex and less ubiquitination under hypoxic conditions {Fig. 10F,
Figure 18, 18F) {Van Rechem et al. 201 1)

[00243] KDM4A overexprossion results in increased chromatin association throughout the
genome and is associated with rereplication of specific regions (Van Rechem et al. 2011; Black et al.
2013}, In agreement with thesc observations, hypoxia resulted in stabilized KIDM4A that also
mereased in the chromatin fraction (Fig. 10G). To determine whether KBM4A remained active under
hypoxic conditions, demethviation was assessed using standard  immunofluorescence  assavs
{(Wheistine et al. 2006}. Importantly, KBM4A retained enzymatic activity under hypoxic conditions.
Twenty-four hour exposure to hypoxic conditions resulted in a reduction but not a loss in H3KSme3
activity, while not affecting H3K36me3 demethviation (Fig. 10H). KDM4A romainmed active, with
modest reduction in demethvlase activity, even afler 48 hours in hypoxic conditions (Figure 18G).
These results demonstrate that KBM4A was stabilized, enriched on the chromatin and abie to retain
enzymatic activity under hypoxic conditions.

[00244] Small molecule inhibition of Hypoxia-induced copy gains. Based on these
observations, 1t was hvpothesized that KDM4A mhibition could serve as a tool to modulate the copy
number alterations observed in hypoxia. To test this hypothesis, cells were pre-treated with an
inhibitor of JmjC demethylases, JIB-04 (Wang et al. 2013; Van Rechem et al. 2015). JIB-04 is not a
selective inhibitor of KDM4A but inhibits the KDM4 family as well as KDM3A and KDM6B (Wang
etal. 2013). JIB-04 did not substantially alter KDBM4A protein levels or cell cvele protiles m hypoxia
{Fig. 18H 181} However, treatment with JIB-04 sigmficantly reduced hypoxia-dependent copv gain
of 1g12h (Fig. 101}. Since JIB-04 also targets KDMSA and KDM6B, these KPMs were depleted with
siRNAs under hypoxic conditions. Depletion of KDM3A or KDM6B was wmsufficient fo rescue
hypoxic indaction of site-specific copy gan (Figure 18]-18M).  Since depletion of KDM4B-D,
KDMSA or KDM6EB faled to rescue site-specific copy gain n hypoxia, JIB-04 18 likely suppressing
site-specific gain through KDM4A mhibition.

[00245] Since all JmyC-containing proteins can be mhubited by the natural metabolite succinaice
{(Smith et al. 2007; Black ot al. 2012), RPE cells were treated with succinate prior to growth
hypoxia. Succinate treatment did not alter KDM4A stabilization or cell cvcle progression {Fig.
18N,180) but was sufficient to abrogate bypoxia-dependent copy gam of 1g12h (Fig. 108y These
results establish that hypoxia-dependent copy gains are a biological rosponse that can be
pharmacologically regulated and emphasize the impact that metabolic state can have on copy suniber.
In addition, these data iHustrate how a metabolic change can counteract hypoxia-induced gaing, which
provides another basis for copy mumber heterogeneity within tumors (see Fig. 143,

[00246] Hypexia-induced copy gains are conserved. Based on the findings in primary and
cancer cells, it was hypothesized that hvpoxia-induced KDM4A stabilization and copy gains were an

evolutionarily conserved response. In order to test this possibility, zebrafish KDM4A was exammed.
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Wild tvpe zebrafish KDM4A (ZKDM4A-WT), which bas a similar architecture to human KDM4A
(huKDM4A; Fig. 11A), was able to demethyiate both H3K9me3 and H3K36me3 (Fig. 11A} In
addition, overexpression of the catalytically active zfKDM4A (fKMBP4A-WT) in human cclls was
sufficient to promote copy gain of regions regulated by homan KDM4A (heKDM4A) (Fig. 11B.11C).
Simular to huKDM4A, zZfKDM4A retaimed catalyiic activity in hypoxia, albeit with reduced activity
on H3K%me3, and was stabilized under hyvpoxic treatment (Fig. 1ID11E).

[00247] This prompted the evaluation of whether hypoxia promoted copy gain in zebrafish cells.
Zebrafish are cultured m water saturated with atmospheric oxygen levels (21%) and zebrafish cell
fines are considered to be hypoxic at or below 3% O, (Jopling et al. 2012}, Using the zebrafish cell
fine AB.9 (Paw and Zon 1999}, the ability of hypoxia to promote copy gain of a region syntenic to the
human BCLY gene on 1g21.2 (Fig. 11F) was assessed. This syntenic region was gammed in AB.9 cells
gpon hvposia exposere {(Fig. 11G}. However, a second homologous, but non-syntenic region to the
human /GBP! gene on zebrafish chromosome 5 {Fig. 1iH; region covered by the Xg13.1 probe m
human cells, green bar top of schematic) was not copy gained in response to growth in hvpoxia (Fig,
111, These data demonstrate that copy gaim 1s a conserved response to hypoxia.

[00248] Hypoxic tumors are enriched for hypoxia-induced copy gains. Since primary cells,
cultured cancer knes and zebrafish cells promote site-specific gain in response to hypoxia, it was
hypothesized that bypexic conditions within primary turnors may contribute to SCNA observed
tumors {Beroukhim et al. 2G10). By analvzing tumors, physiological hvpoxaa that 1s occurning within
the tumor 18 controlled for. This analysis will circumvent the issue of standard cell colture conditions
{21% O,; normoxia in vitre) and cstablish if the relationship cobserved i cufture is occuring in
twmors. Ultimately, this analvsis will perout 1 vive validation, and in tum, allow testing of newly
identified regions 1 cell culture models.

[00249]  To address the hypothesis, primary breast (BRCA} and lang (LUAD) tumors from the
TCGA were analyzed for SCNA in hyvpoxie compared to non-hypoxic tumors. To identify hypoxic
tumors, the hypoxia gene signature derived by Winder and colleagues {Winter et al. 2007) was utilized
to perform an unbiased consgnsus hicrarchical clustering of BRCA and LUAD (Network 2012) (data
not shown} (See data processing in Matenals and Methods).  As validation of this gene sct and
clusicring approach, 65 out of 38 basal BRCA samples reside in the hypoxic cluster. Basal breast
cancer has been previously demoustrated to be more hypoxic than other molecular subtypes of breast
cancer, which supporis the computational analyses (Perou 2010}, Furthermore, previous reporis have
deronsirated that hypoxia 1s a negative prognostic marker i multiple tumor types (Hockel et al.
1996; Eschmann et al. 2005, Wang ¢t al. 20143, The prosent analvses further substantiated these
chservations since hypoxic BRCA and LUAD samples had a sigoificantly higher risk {faster time to

death} 10 both BRCA (Fig. 124) and LUAD (Fig. 12B).
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[00250] It was next asked whether specific cviogenctic bands exhibit focal amplifications m
hypoxic BRCA and LUAD samples. In fact, BRCA and LUAD samples also had mercased number
of focal copy number events in hypoxic samples (Fig. 12C 12D, Fig. 18A-19E). A strong enrichment
of copy gamn of Ipll 2 through 1g23.3 (blue shaded region) was observed m hypoxic BRCA (Fig.
12E) and LUAD (Fig. 12H) that was not preserd in nov-hvpoxic samples (Fig. 12F-121). Taken
together, these data highlight that hypoxic conditions are associated with worse outcome and focal
SCNA m tumors and that regions with hypoxia-dependent copy gain 1 cell cultare are also focally
gained m hypoxic primary tumors m two different cancer tvpes. These data further emphasize the
relationship between hvpoxia and driving site-specific copy gain in viiro and in vive.

[00251]  Hypexia induces copy gain and expression of a drug resistant oncogene. To date, a
function for transient site-specific copy gains has vet to be assigned. Therefore, 1t was asked whether
hypoxic exposare served as a mechanism to promote gene amplification, and in turn, increase gene
expression. Analysis of both BRCA and LUAD identified seven genes that were amplified and had
altered expression i both tumor types {data not shown). Of particular interest was the drug resistance
oncogene CKS/5, which has low-level copy gains (1-3 copies) i several cancers (Shanghnessy
2005} This level of gam comesponds to comparable increased expression in tomors, which is
associated with drug resistance and worse outcome in patiends (Wang ot al. 2009, Shi et al. 2010,
Martin-Ezquerra et al. 2011 Khattar and Thottassery 2013). Since this target cmerged from our i
sifico analyses and has major implications in fumor drug response and patient outcome, it was
determined whether CESTE was copy-gained. Using the breast cancer ine MDA-MB-231, copy gain
was observed for CKS/R upon hypoxic exposure, which was reversed upon return to normoxia {Fig.
13A). The gain of CKSIH also correlated with an increase i transcription of CKS/B, which was
rescued upon refuming the cells to normoxia (Fig. 13B). It was further demonstrated that KDM4A
depletion was sufficient to block both the copy gain and transcriptional increase observed for CKS/B
under hyvpoxie conditions (Fig. 13C13D; Fig. 19E). Taken together, these resulty indicate that
hypoxia can promote site-specific copy gain and increased expression of drug resistance genes such as
CKS/B. These data uncover a mechamism that can account for both copy mumber and expression
heterogeneity observed in solid tumors (Patel et al. 2014).

[00252]  BISCUSSION

[00253] Described herein is a cellular mechanism of transient site-specific genomic copy gains
(TSSGs) in response to hypoxic stress; this mechanism does not require genetic manipulation or drug
treatment.  Cells exposed to tumor-relevant hypoxia (1% O,) (Rofstad 2000), 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 in primary human T cells. The generation of site-
specific copy gains was conserved across species, as a syntenic region in zebrafish cells was also

gained when exposed to hypoxia. Analysis of primary human tumors from TCGA demonstrated that
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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. Most importantly, it was demonstrated that
hypoxic tumors predicted amplification and expression for the drug resistant oncogene CKS/B, which
was confirmed in a human breast cancer cell line treated with hypoxia. These copy gains were the
result of KDM4A stabilization, which was reversible upon normoxia exposure. It was further
demonstrated that hypoxia-dependent copy gains are druggable, as pretreatment of cells with
succinate or a KDM chemical inhibitor blocked hypoxia-induced copy gains. Taken together, this
work uncovered a conserved response to hypoxia from zebrafish to man that generates site-specific
copy gains. These results also highlight how hypoxia can contribute to tumor heterogeneity and
indicate that KDM4A inhibitors can be utilized as co-therapeutics to suppress copy gains.

[00254] This study provides a mechanistic view of how fumors could acquire mtra-tumoral
heterogeneity and how variations in copy nomber could arise during tumor development. This work
afso indicates that imtra-tumoral heterogeneity could include not only stable, heritable SCNA from
different subclones, but also include transient heterogeneity ansing from environmental factors,
changes i cell cvele, metabolism or altered chromatin state.  Furthermore, the present results
underscore how non-genctic alterations i the tumor microenvironment, mncleding the availdlabbity of
oxygen or metabolites {7 e., succinate), can contribute to or limit intra-tumoral heterogeneity (Junttila
and de Sauwvage 2013} (Figure 14). These findings highlight the comserved impact that stress,
metabolic state and proliferative capacity can have on intra-tumor copy number vanation, which has
been documented across cancers (Gerlinger et al. 2012; Burrell et al. 2013; Junttila and de Sauvage
2013; Nathanson et al. 2014). ¥ is not vet clear if this environmental control of copy gain can be
twmonigenic under specific circurastances.  Without wishing to be bound by theory, mechanism
described may not be a transfornung event, but an adaptive response to stress, which could also serve
to modify oncogenic potential. The results indicate that cells control amplification of specific regions
of their genome 10 response to different stimuldi to facilitate stress response, survival and adaptation to
new or challenging environmental conditions.

[00255] Several KD3Ms have now been shown to be transcriptionally upregulated under bypoxic
conditions, including KDM4RB, KDM4C and KDM6B (Krieg et al. 2010; Lec et al. 2013; Guo et al.
2015}, Somilar results have been observed in RPE cells in response to hypoxia. However, it is
demonstrated herein that KDM4A regulation under hypoxic conditions is distinet from these other
JmiC KDMs as if s regulated pomartly at the protein level and not at the transeriptional level It is
also demonstraied that KBM4A remains active, albeit with reduced actvity under hypoxic conditions,
The fact that H3K%me3 1s more affected after 24 hours of hypoxia raises the possibility that hypoxia
could also affect substrate specificity.  This could be accomplished through posttransiational
modification of KDM4A or by altering association with a cofactor that may regulate activity. These

same postiranslational modifications could also be important for altening association of KDM4A with
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the SCF complex under hvpoxic conditions.  lIdentifving what modifications or alierations allow
dissociation of KDM4A from the SCF complex will be mmportant and could identify additional
pathways that if misregidated in cancer could promote TSSG.

[00256] It is also demonstrated herein that hypoxia mduces copy gain of a syntenic region 1o
buman 1g21.2 1 zebrafish cells. boportantly, this reveals that copy gains of related chromosomal
domains are conserved across species in response fo hypoxia. M is interesting to note that the
surrounding gene position and chromosome architecture 1s conserved between human ig21.2 and
zebrafish BCLY, mdicating a conserved syntenic structure.  In contrast, a zebrafish region
homologous to human Xqi3.1 {GBF/ locus, which was amplified in response to hypoxia in human
cells, was not amplified in zcbrafish cells.  This region did not have a comserved genic or
chromosomal archifecture and was thus non-syntenic.  This indicates that syntemic regions or
chromosome domains can wnfluence the ability for regions to undergo site-specific copy gaimns.

[00257] The fact that a conserved region amplifies i response to hypoxia in zebrafish and human
cells implics that the gamed regions may have a function in response to hypoxia.

[00258] Previous reports have highlighted the selection of regions during cancer progression and
development. For example, the DHFR gene is amplified upon methotrexate chemotherapy (Alt et al.
1978). In a similar fashion, £GFR amplification is lost upon chemotherapy but extrachromosomal
amplification reappears upon drug removal (Nathanson et al. 2014). In addition, several
developmentally regulated gene-specific amplifications have been documented, including: egg shell
gene amplification in Drosophila follicle cells, the amplification of genes important for saliva proteins
in Sciara, and rRNA gene amplification in Tetrahymena (Tower 2004). However, the molecular basis
for these phenomena has not yet been determined. In the case of cancer, it has been thought to be
random selection, while during development there are thoughts of a specialized process. The
appearance of these specific loci coupled to the findings described herein indicates that specific
regulatory factors are involved in the amplification of distinct regions within genome. Understanding
how cells specify these regions and regulate amplification provides fundamental insights into both
developmental and pathological processes.

[00259] Described herein is the conserved role of hypoxia on site-specific copy gains and
demonstrations that this process has a molecular basis. KDBM4A is identified herein as a key
enzymatic regulator of this response.

[00260] MATERIALS AND METHODS

[00261] 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. MM.1S cells were maintained in suspension in RPMI with 10% fetal bovine serum,
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1% penicillin/streptomycin, and L-glutamine. Zebrafish AB.9 cells (Paw and Zon 1999) were
purchased from ATCC and 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™ or Lipofectamine 3000™ transfection reagent in OPTI-MEM I media
(Gibco) for four hours or overnight. No selection was used in transient transfection experiments.
siRNA transfections were carried out using Roche X-tremeGENE 9™ siRNA reagent or
Lipofectamine 3000™ in OPTI-MEM I™ for four hours or overnight. Each siRNA experiment
represents the average of at least two different siRNAs for each target gene.

[00262] Hypoxic Conditions. Cells were plated onto culture dishes and allowed to adhere for 20-
24 hours in normoxia (5% CO,, 21% O,, and 74% N,). For hypoxic treatment, cells were maintained
in a HERA™ Cell 150 incubator (Thermo Scientific) flushed with 5% CO,, 1% O,, and balanced with
N, for the duration of the experiment. Incubator calibrations and verifications were carried out by
Bianchi Associates Calibrations/Verifications.

[00263] Drug Treatments and Synchronization. Cells were treated with the following chemical
and metabolic stresses for 24 hours at doses used in the literature: 2pug/ml Tunicamycin (TU, Abcam),
60uM H,0, (Thermo Fisher Scientific), reduced-serum DMEM (0.1% FBS), Glucose-free DMEM
(No Gluc, GIBCO), 2mM DTT (Sigma), 5SmM N-acetyl Cysteine (NAC, Sigma), and 1uM 23-
Dimethoxy-1,4-naphthoquinone (DMNQ, Sigma). For heat shock (HS) treatment, cells were
incubated at 43°C for 30 minutes and returned to 37°C for 24 hours prior to collection.

[00264] For G1/S synchronization, cells were treated with 2mM hydroxyurea (HU, Sigma) for 20
hours. 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 24 hours, and then treated again with JIB-04 and either
transferred to 1% O, or maintained in normoxia for an additional 24 hours. Succinate (Sigma, S9637)
was administered at a final concentration of 2mM and cells were either maintained in normoxia for 72
hours or maintained in normoxia for 48 hours prior to being transferred to 1% O, for 24 hours.

[00265] Fluorescent In Situ Hybridization (FISH), FISH was performed as described in
(Manning et al. 2010; Black et al. 2013). For RPE cells, copy gain was scored as any cell with 3 or
more distinct 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. For knockdown experiments, at
least two different siRNA were used for each target. Results are presented as the average from both
of the independent siRNAs.

[00266] Western Blots. Western blots were performed as in (Black et al. 2010).

[00267] Expression Plasmids and siRNAs. pCS2-3HA-huKDM4A and pCS2-3HA-zfKDM4A
WT and catalytic mutants were prepared by gateway transfer into pCS2-3HA. All clones were
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sequence verified. Silencer Select siRNAs were purchased from Life Technologies, as follows:
KDM4A (518636, s18637, s18635), KDM4B (522867, $229325), KDM4C (522989, s225929),
KDM4D (531266, s31267), KDMS5A (s11834, S11836), KDM6B (s23109, s23110), HIF1a (s6539,
$6541), HIF2a (s4698, s4700). Results for FISH with each siRNA (at least 2 independent siRNA per
target) were averaged together in all knockdown experiments presented.

[00268] RNA Extraction and Quantitative PCR. Cells for RNA isolation were collected by
scraping or trypsinization and washed twice with PBS. Cells were resuspended in Tri-Reagent
(Roche) and stored at -80°C until use. RNA was isolated using the miRNAeasy™ Plus kit with on-
column DNAse digestion (Qiagen) following the manufacturer’s instructions and quantified using a
Nanodrop 1000D™,  Single strand ¢cDNA was prepared using the Transcriptor First Strand cDNA
Synthesis Kit (Roche) with oligo dT primers. Expression levels were analyzed by quantitative real
time PCR in a Lightcycler 480™ with FastStart Universal SYBR Green™ Master (Roche) following
the manufacturers protocols. All samples were normalized by comparison to B-actin transcript and
hypoxia induction was verified with primers for CAIX. For CKS1B transcript analysis, we observed
transcript induction in hypoxia in all samples from untreated MDA-MB-231 cells (Fig. 13A).
However, transfection of MDA-MB-231 cells reduced the induction level of CKS1B (we considered
>1.15-fold induced, Fig. 13D) and resulted in induction in 16 of 24 replicates, siKDM4A depletion
resulted in reduced CKS1B transcript in 15 of 16 induced replicates. Replicates included three
different KDM4A siRNA. The data represent an average of all replicates that exhibited induction of
CKS1B in hypoxia (16 of 24). CKS1B was amplified (FISH) in all replicates and not amplified upon
KDM4A depletion.

[00269] Catalytic Activity of huKDM4A and zfKDM4A in Hypoxia. Assays for demethylase
activity were performed using immunofluorescence as described in (Whetstine et al. 2006). Briefly,
The indicated HA-tagged KDM4A constructs were transfected into RPE cells grown on coverslips in
6-well dishes using X-tremeGENE 9™ (Roche) or Lipofectamine 3000™ (Life Technologics) DNA
transfection reagent. Following 24 or 48 hours in hypoxia, H3K36me3 and H3K9me3 were assayed
by examining transfected cells (positive for HA staining; HA.11 Covance) following fixation
(Whetstine et al. 2006; Black et al. 2013). Approximately fifty highly transfected cells in each of two
biological replicates were scored for each condition. Data presented for normoxia is an average of the
two replicates. For hypoxia, data are presented as the percent of activity of the same construct under
normoxic conditions for each of two biological replicates, which were averaged together.

[00270] Human CD4+ T cell purification and in vitro culture, CD4+ T cells were isolated
from peripheral blood of healthy donors or buffy coats (Sanguine Biosciences) by flow cytometry.
[00271] Half-Life Determination. Protein turnover was assessed as outlined in (Van Rechem et
al. 2011). Briefly, cells maintained in normoxia and hypoxia were treated with 400uM Cycloheximide

(Sigma) for the indicated time, after which lysates were prepared and analyzed by western blot.
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[00272] Immunoprecipitation. Immunoprecipitations were carried out as in (Van Rechem et al.
2011) on cells grown in normoxia or hypoxia for 24 hours. KDM4A was immunoprecipitated from
whole-cell lysates using KDM4A-P006, KDM4A-P014, and KDM4A rabbit polyclonal antibody
(Black et al. 2010; Van Rechem et al. 2015). For ubiquitination determination, KDM4A IPs were
washed under denaturing conditions as in (Van Rechem et al. 2011). Ubiquitination of KDM4A was
quantitated using ImageJ™ and normalized to the amount of KDM4A 1Pd.
[00273] Cesium Chloride Gradient Centrifugation. CsCl density gradient centrifugation was
performed as in (Black et al. 2013).
[00274] Flow Cytometry and Cell Cycle Analysis. Asynchronously growing, or G1/S arrested
cells were prepared and fixed as in (Black et al. 2010). Cells were stained with 10uM EdU for 1 hour
prior to collection. Cell cycle was analyzed by PI staining or EAU 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 TI'™,
[00275] Cell Fractionation. Cytoplasmic, nuclear and chromatin fractions were prepared from
RPE cells as described in (Van Rechem et al. 2015).
[00276] Generation of KDM4A knockout 293T cells using CRISPR/Cas9. KDAM4A knockout
293T cells as previously described (Fu et al. 2014). Complete methods can be found in the
supplemental material. Genetic rescue lines were generated by reintroducing GFP or GI'P-KDM4A.
KDMA4A deficient cell lines expressing either GFP or GFP-KDM4A were generated using retroviral
infections of pMSCV-GFP or pMSCV-GFP-KDMA4A as described in (Black et al. 2013). Expression
of GFP or GFP-KDM4A  was confirmed by western blot and no detectable endogenous KDM4A was
observed. As clones were derived from 293T cells, clonal variability for chromosome numbers was
observed (i.e. chromosome 1). The independent clones presented had the vast majority of cells with
same number of copies of chromosome 1 (four per cell) and chromosome 8 (2 per cell). As such, 5
copies of 1q12h was considered a gain and 3 copies of 8c a gain in these populations. However, it
was not verified that the clones had similar numbers of all other chromosomes.
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[00278] MATERIALS AND METHODS

[00279] 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. MM.1S cells were maintained in suspension in RPMI with 10% fetal bovine serum,
1% penicillin/streptomycin, and L-glutamine. Zebrafish AB.9 cells (Paw and Zon 1999) were
purchased from ATCC and 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™ or Lipofectamine 3000™ transfection reagent in OPTI-MEM I media
(Gibco) for four hours or overnight. No selection was used in transient transfection experiments.
siRNA transfections were carried out using Roche X-tremeGENE 9™ siRNA reagent or
Lipofectamine 3000™ in OPTI-MEM 1 for four hours or ovemight. Each siRNA experiment
represents the average of at least two different siRNAs for each target gene.

[00280] Hypoxic Conditions. Cells were plated onto culture dishes and allowed to adhere for 20-
24 hours in normoxia (5% CO,, 21% O,, and 74% N,). For hypoxic treatment, cells were maintained
in a HERA™ Cell 150 incubator (Thermo Scientific) flushed with 5% CO», 1% O,, and balanced with
N, for the duration of the experiment. Incubator calibrations and verifications were carried out by
Bianchi Associates Calibrations/Verifications.

[00281] Drug Treatments and Synchronization. Cells were treated with the following chemical
and metabolic stresses for 24 hours at doses used in the literature: 2pug/ml Tunicamycin (TU, Abcam),
60uM H,0; (Thermo Fisher Scientific), reduced-serum DMEM (0.1% FBS), Glucose-free DMEM
(No Gluc, GIBCO), 2mM DTT (Sigma), SmM N-acetylcysteine (NAC, Sigma), and 1uM 23-
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Dimethoxy-1,4-naphthoquinone (DMNQ, Sigma). For heat shock (HS) treatment, cells were
incubated at 43°C for 30 minutes and returned to 37°C for 24 hours prior to collection.

[00282]  For G1/S synchronization, cells were treated with 2mM hydroxyurea (HU, Sigma) for 20
hours. 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 24 hours, and then treated again with JIB-04 and either
transferred to 1% O, or maintained in normoxia for an additional 24 hours. Succinate (Sigma, S9637)
was administered at a final concentration of 2mM and cells were either maintained in normoxia for 72
hours or maintained in normoxia for 48 hours prior to being transferred to 1% O, for 24 hours.

[00283] Fluorescent In Situ Hybridization (FISH). FISH was performed as described in
(Manning et al. 2010; Black et al. 2013). Probes for 1q12h, 1q telomere, chromosome 8 centromere
(alpha satellite), and X centromere (alpha satellite) were purchased from Rainbow Scientific. Probes
for Zebrafish BCL9 (CH73-15J19) and Zebrafish /GBPI (CH73-223D24) were purchased as BAC
clones from Children’s Hospital Oakland Research Institute (CHORI BacPac) clone repository.
Probes for 1g21.2 (BCLY) and 1q23.3 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 IX81™ 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 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 UMRC?2 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 7 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.
For knockdown experiments, at least two different siRNA were used for each target. Results are
presented as the average from both of the independent siRNAs.

[00284] Antibodies. Antibodies used were: KDM4A (Neuro mAB, 75-189), KDM4B (Santa
Cruz, sc-67192), KDM4C (Abcam, ab85454), KDM4D (Abcam, ab93694), KDM5A (Abcam,
ab70892), B-actin (Millipore), RFP (Abcam, ab62341), Halo (Promega), Actinin (Santa Cruz, sc-
17829), HA 12CAS5 (Roche), HIFloa (Santa Cruz, sc-10790), HIF2a (Cell Signaling, Clone D9E3),
CAIX (Abcam, ab108351), LDHI1 (Santa Cruz, sc-133123), Histone H3 (Abcam, ab1791), HA .11
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(Covance), KDM4A-P006 FAB (SGC), FBXL4 (Santa Cruz, sc-54489), FBXW2 (abcam ab83467),
Cull (Santa Cruz, sc-17775), Ubiquitin (Santa Cruz, sc-8017).

[00285] 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 [SOmM Tris pH 7.4, 150mM
NaCl, 0.25% Sodium Deoxycholate, 1% NP40, ImM 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 10 minutes. Lysates were subsequently
sonicated at 70% amplitude for 15 minutes in a QSonica Q700 sonicator and cleared of cell debris by
centrifuging at 12,000RPM for 15 minutes, before being analyzed by western blotting. For HIF1a
and HIF20 expression, adherent cells were washed twice with ice-cold PBS and scraped directly in
warmed 1x Laemmli buffer. Samples were sonicated at 70% amplitude for 15 minutes in a QSonica
Q700™ and boiled at 95 °C for 10 minutes immediately prior to western blotting.

[00286] Expression Plasmids and siRNAs. pCS2-3HA-huKDM4A and pCS2-3HA-zfKDM4A
WT and catalytic mutants were prepared by gateway transfer into pCS2-3HA. All clones were
sequence verified. Silencer Select siRNAs were purchased from Life Technologies, as follows:
KDM4A (518636, s18637, s18635), KDM4B (522867, $229325), KDM4C (522989, s225929),
KDM4D (531266, s31267), KDMS5A (s11834, S11836), KDM6B (s23109, s23110), HIF1a (s6539,
$6541), HIF2a (s4698, s4700). Results for FISH with each siRNA (at least 2 independent siRNA per
target) were averaged together in all knockdown experiments presented.

[00287] RNA Extraction and Quantitative PCR. Ceclls for RNA isolation were collected by
scraping or trypsinization and washed twice with PBS. Cells were resuspended in Tri-Reagent
(Roche) and stored at -80°C until use. RNA was isolated using the miRNAeasy™ Plus kit with on-
column DNAse digestion (Qiagen) following the manufacturer’s instructions and quantified using a
Nanodrop 1000D. Single strand ¢cDNA was prepared using the Transcriptor First Strand™ c¢DNA
Synthesis Kit (Roche) with oligo dT primers. Expression levels were analyzed by quantitative real
time PCR in a Lightcycler 480™ with FastStart Universal SYBR Green™ Master (Roche) following
the manufacturers protocols. All samples were normalized by comparison to B-actin transcript and
hypoxia induction was verified with primers for CAIX. For CKS1B transcript analysis, we observed
transcript induction in hypoxia in all samples from untreated MDA-MB-231 cells (Fig. 13A).
However, transfection of MDA-MB-231 cells reduced the induction level of CKS1B (we considered
>1.15-fold induced, Fig. 13D) and resulted in induction in 16 of 24 replicates, siKDM4A depletion
resulted in reduced CKS1B transcript in 15 of 16 induced replicates. Replicates included three
different KDM4A siRNA. The data represent an average of all replicates that exhibited induction of
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CKS1B in hypoxia (16 of 24). CKS/B was amplified (FISH) in all replicates and not amplified upon
KDM4A depletion. Primers available upon request.

[00288] Catalytic Activity of huKDM4A and zfKDM4A in Hypoxia. Assays for demethylase
activity were performed using immunofluorescence as described in (Whetstine et al. 2006). Briefly,
The indicated HA-tagged KDM4A constructs were transfected into RPE cells grown on coverslips in
6-well dishes using X-tremeGENE 9™ (Roche) or Lipofectamine 3000 (Life Technologies) DNA
transfection reagent. Following 24 or 48 hours in hypoxia, H3K36me3 and H3K9me3 were assayed
by examining transfected cells (positive for HA staining; HA.11 Covance) following fixation
(Whetstine et al. 2006; Black et al. 2013). Approximately fifty highly transfected cells in each of two
biological replicates were scored for each condition. Data presented for normoxia is an average of the
two replicates. For hypoxia, data are presented as the percent of activity of the same construct under
normoxic conditions for each of two biological replicates, which were averaged together.

[00289] 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
Ca’**/Mg*". 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
20x10° 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
10mM glucose and sorted by flow cytometry. Sorted cells (including CD4+ T cells) were collected in
SmL tubes containing ImL 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
RPMI medium (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
10ng/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 Sug/mL anti-human CD3 (Clone
HIT3a, Biolegend) and 3pg/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 10ng/mL rhIL-2, and anti-CD3/CD28 antibodies. Resting and stimulated
CD4+ T cells were allowed to recover for 24 hours in normoxia (21% O,), followed by an additional
24 hours in normoxia or in hypoxia (1% O,) prior to being collected.

[00290] Half-Life Determination. Protein turnover was assessed as outlined in (Van Rechem et
al. 2011). Briefly, cells maintained in normoxia and hypoxia were treated with 400uM Cycloheximide
(Sigma) for the indicated time, after which lysates were prepared and analyzed by western blot.
[00291] Immunoprecipitation. Immunoprecipitations were carried out as in (Van Rechem et al.

2011) on cells grown in normoxia or hypoxia for 24 hours. KDM4A was immunoprecipitated from
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whole-cell lysates using KDM4A-P006, KDM4A-P014, and KDM4A rabbit polyclonal antibody
(Black et al. 2010; Van Rechem et al. 2015). For ubiquitination determination, KDM4A IPs were
washed under denaturing conditions as in (Van Rechem et al. 2011). Ubiquitination of KDM4A was
quantitated using ImageJ and normalized to the amount of KDM4A 1P°d.

[00292] 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% O, 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 rereplication.

[00293] Flow Cytometry and Cell Cycle Analysis. Asynchronously growing, or G1/S arrested
cells were prepared and fixed as in (Black et al. 2010). Cells were stained with 10uM EdU for 1 hour
prior to collection. Cell cycle was analyzed by PI staining or EAU 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 TI'™,

[00294] Cell Fractionation. Cytoplasmic, nuclear and chromatin fractions were prepared from
RPE cells. Cell pellets were washed twice in ice cold PBS and resuspended in ice cold Buffer A
(10mM HEPES pH 7.9, 10mM KCI, 0.1M EDTA, 0.5M EGTA) and incubated on ice for 15 minutes.
Swollen cells were lysed by addition of NP-40 to 0.8% with 10 seconds of vortexing. Lysed cells
were centrifuged and the supernatant kept as cytoplasm. The nuclear pellet was resuspended in
Buffer C (10mM HEPES pH 7.9, 400mM NaCl, ImM EDTA, 5SmM EGTA), dounced to resuspend
the nuclei and incubated at 4°C for 30 minutes with rotation. Extracts were centrifuged and the
supernatant kept as nuclear extract. Chromatin pellets were resuspended in N-Buffer (20mM Trish
pH 7.5, 100mM KCI, 2mM MgCI2, 1mM CaCl2, 0.3M Sucrose, 0.1% Triton X-100, 3U per ml
micrococcal nuclease). Samples were sonicated for 10 minutes at 70% amplitude in a Q700™ cup
hormn (QSonica) and then incubated at room temperature for 15 minutes for MNase digestion.
Reactions were stopped by addition of 5SmM EGTA and centrifuged to clear. Supematant was kept as
chromatin extract.

[00295] Spectral Karyotyping. Two biological replicates of cells grown in normoxia or hypoxia
for 24 hours were analyzed by SKY.

[00296] Generation of KDM4A knockout 293T cells using CRISPR/Cas9. A KDM4A-
targeting CRISPR guide RNA (gRNA) was designed using the ZiFiT Targeter web server as
previously described (Fu et al 2014). This guide sequence targeted
(CTTTACTCAGTACAACATAC) at position 243-262 in KDM4A ¢cDNA. The gRNA was cloned
into the BsmBI-digested expression plasmid pMLM3636 as described (Fu et al. 2014).
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[00297] For generation of KDM4A knockout CRISPR cell lines, 293T cells were seeded onto 24-
well dishes and transfected with the Cas9 nuclease (pJDS246) and gRNA using Lipofectamine
3000™ (Fu et al. 2013). Forty-cight hours post-transfection, cells were collected and plated as single
cells in 96-well dishes. Twenty-cight days post-seeding, genomic DNA and whole cell lysates were
collected and clones exhibiting mutations in KDAM4A were identified using T7E1 assays and western
blotting (Fu et al. 2014). Homozygous deletion of KDM4A in the selected cell line was further
validated by sequencing of genomic loci.

[00298]  We generated genctic rescue lines by reintroducing GFP or GFP-KDM4A. KDM4A4
deficient cell lines expressing either GFP or GFP-KDM4A were generated using retroviral infections
of pMSCV-GFP or pMSCV-GFP-KDM4A as described in (Black et al. 2013). GFP-positive cells
were isolated by cell sorting on a FACS ARIA I[I™. Following recovery, GFP and GFP-KDMA4A cells
were replated as single cells. Independently derived, single-cell clonal lines were established.
Expression of GFP or GFP-KDM4A, was confirmed by western blot and no detectable endogenous
KDM4A was observed. As clones were derived from 293T cells, clonal variability for chromosome
numbers was observed (i.e. chromosome 1). The independent clones presented had the vast majority
of cells with same number of copies of chromosome 1 (four per cell) and chromosome 8 (2 per cell).
As such, we considered 5 copies of 1q12h a gain and 3 copies of 8¢ a gain in these populations.
However, we did not verify that the clones had similar numbers of all other chromosomes.

[00299] 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 20147 (doi:10.7909/C1H41PXV).

[00300] Copy Number Data: The segmented copy number data for 1007 BRCA samples and 493
LUAD samples was processed by GISITC2.0™ (Mermel et al. 2011) 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. 2011). 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.

[00301] RNA-seq Data: The mRNA expression levels for 18264 genes in 1019 BRCA samples
and 488 LUAD samples were annotated by the log;-normalized RSEM (RNASeq by Expectation
Maximization (Li and Dewey 2011)) 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 log, (Fold Changes) and utilized in the downstream analysis.
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[00302] Somatic Mutation Data: The MAF (Mutation Annotation Format) file for 976 BRCA
samples and 229 LUAD samples contained 73,729 and 92,133 somatic mutations, respectively.
[00303] BRCA subtype information: The subtype information for 504 BRCA samples based on
PAMS0 gene set was extracted from the supplemental data
(BRCA 547 PAMS50.SigClust. Subtypes.txt) of TCGA BRCA paper (Network 2012).

[00304] 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 (data not
shown) 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.

[00305]  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, we first computed the Spearman correlation coefficients between pairs of
samples using the median-centered log,-normalized RSEM values. We applied the consensus
hierarchical clustering R package ConsensusClusterPlus™ (Wilkerson and Hayes 2010), with 1-
Spearman correlation as a distance metric, and run over 1000 iterations of the “average linkage™
method and 80% resampling rate. We varied the number of clusters from K=2 to 8. We determined
the hypoxia cluster 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 and K=4 in LUAD (data not
shown). Details described below:

[00306] (1) TCGA Breast Cancers. The cluster membership of samples across K, where the most
hypoxia-related cluster at any given K (chosen based on the mean expression levels of the hypoxia-up
genes) was highlighted. At K=2 almost 60% samples belonged to the hypoxia cluster (black). 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
hypoxia-signature neutral cluster 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. We 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
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were significantly enriched in the hypoxia cluster, while most Luminal A/B (322 out of 341) and eight
Normal-like samples were in the non-hypoxia cluster.

[00307] (2) TCGA Lung Adenocarcinoma. Both clustering results at K=2 and 3 had a very similar
stratification of samples except for two outlier samples in K=3. 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 hypoxia-signature neutral 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 hypoxia-signature neutral cluster
(11%) all hypoxia signature genes were down-regulated , hence called the “hypoxia-signature neutral
cluster”. On the contrary, the hypoxia-signature discordant 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 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.

[00308] 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. 12A, p< 0.00011) and LUAD (Fig. 12B, p<0.0097) by the one-tailed
Wilcoxon rank-sum test.

[00309] 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) and/or losses (mean cytoband
focal copy < 0) per sample were compared between hypoxia and non-hypoxia samples for BRCA
(Figs. 12C, Fig.19A,19B) and for LUAD (Figs 12D, Fig. 19C,19D).

[00310] Detecting Chromosomal Regions Significantly Associated to Hypoxia. Since the
amplification of KDM4A can induce a site-specific copy gain at 1q21 (Black et al. 2013), samples
with a focal copy gain of the 1p34.1 cytoband (where KDAM4A 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, m1 — m0, and the variances of S1/nl +

S0/n0. Here m1 and mO are sample means, S1 and SO are sample variances, and nl and nO are the
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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.

[00311] References

Black JC, Allen A, Van Rechem C, Forbes E, Longworth M, Tschop K, Ringhart C, Quiton J, Walsh
R, Smallwood A et al. 2010. Conserved antagonism between IMJD2A/KDM4A and
HP1gamma during cell cycle progression. Mol Cell 40: 736-7438.

Black JC, Manning AL, Van Rechem C, Kim J, Ladd B, Cho J, Pineda CM, Murphy N, Daniels DL,
Montagna C et al. 2013. KDM4A lysine demethylase induces site-specific copy gain and
rereplication of regions amplified in tumors. Cel/ 154: 541-555.

FuY, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, Sander JD. 2013. High-frequency off-
target mutagenesis induced by CRISPR-Cas nucleases in human cells. Nat Biotechnol 31:
822-826.

FuY, Reyon D, Joung JK. 2014. Targeted genome editing in human cells using CRISPR/Cas
nucleases and truncated guide RNAs. Methods Enzymol 546: 21-45.

Li B, Dewey CN. 2011. RSEM: accurate transcript quantification from RNA-Seq data with or without
a reference genome. BMC Bioinformatics 12: 323.

Manning AL, Longworth MS, Dyson NJ. 2010. Loss of pRB causes centromere dysfunction and
chromosomal instability. Genes Dev 24: 1364-1376.

Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G. 2011. GISTIC2.0
facilitates sensitive and confident localization of the targets of focal somatic copy-number
alteration in human cancers. Genome Biol 12: R41.

Network TCGA. 2012. Comprehensive molecular portraits of human breast tumours. Nature 490: 61-
70.

Paw BH, Zon LI. 1999. Primary fibroblast cell culture. Methods Cell Biol 59: 39-43.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy
SL, Golub TR, Lander ES et al. 2005. Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102:
15545-15550.

Van Rechem C, Black JC, Abbas T, Allen A, Rinchart CA, Yuan GC, Dutta A, Whetstine JR. 2011.
The SKP1-Cul1-F-box and leucine-rich repeat protein 4 (SCF-FbxL4) ubiquitin ligase
regulates lysine demethylase 4A (KDM4A)/Jumonji domain-containing 2A (JMJD2A)
protein. J Biol Chem 286: 30462-30470.

Van Rechem C, Black JC, Boukhali M, Aryee MJ, Graslund S, Haas W, Benes CH, Whetstine JR.
2015. Lysine Demethylase KDM4A Associates with Translation Machinery and Regulates

Protein Synthesis. Cancer Discov.

105



WO 2016/186949 PCT/US2016/032043

Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z, Spooner E, Li E, Zhang G,
Colaiacovo M et al. 2006. Reversal of histone lysine trimethylation by the JMID2 family of
histone demethylases. Ce// 125: 467-481.

Wilkerson MD, Hayes DN. 2010. ConsensusClusterPlus: a class discovery tool with confidence
assessments and item tracking. Bioinformatics 26: 1572-1573.

Winter SC, Buffa FM, Silva P, Miller C, Valentine HR, Turley H, Shah KA, Cox GJ, Corbridge RJ,
Homer JJ et al. 2007. Relation of a hypoxia metagene derived from head and neck cancer to

prognosis of multiple cancers. Cancer Res 67: 3441-3449.

[00312] EXAMPLE 4
[00313] E. coli (Top10) were subjected to hypoxia (1%) and normoxia and genomic DNA was
isolated and sequenced (Figs. 20A-20E). The data demonstrates that altered DNA levels are

occurring with hypoxic stress as observed with the KDM4-related regions in mammalian cells.

[00314] EXAMPLE 5: Regulation of Transient Site-specific Copy Gain by MicroRNA
[00315] Intra-tumor copy number heterogeneity is commonly observed in cancer, however the
molecular mechanisms that contribute to heterogeneity remain poorly understood. Upregulation of
the histone demethylase KDM4A promotes transient site-specific copy gain (TSSG) in cells;
therefore, uncovering how KDM4A levels are controlled is important to understanding the regulation
of copy number heterogeneity. It is demonstrated herein that KDM4A is regulated by hsa-mir-23a-
3p, hsa-mir-23b-3p and hsa-mir-137. Altering expression of these miRNAs regulates KDM4A-
dependent TSSG. miRNA inhibition promoted copy gains and increased expression of the drug
resistant oncogene CKS/B, which was further substantiated in primary breast tumors. Consistent with
increased CKS1B expression, miRNA inhibition reduced breast cancer cell sensitivity to cisplatin. Our
data identify these miRNAs as regulators of TSSG and copy gains of a drug resistance gene.

[00316] Genomic instability is a hallmark of cancer and contributes to drug resistance (1). Both
adult and pediatric cancers have recurrent gains and losses of chromosomal regions, but little is
known regarding the molecular mechanisms causing either transient or permanent copy number
changes at specific sites within the genome. Such copy number gains, when contributing to increased
expression of oncogenes, have been shown to impact cellular behavior and/or correlate with poor
outcome and reduced chemotherapeutic response (2-5). For instance, tumors with worse outcome and
reduced response to therapeutics often harbor chromosome 1q12-25 cytogenetic gains; however, the
genes that contribute to this phenotype may vary depending on tumor type even though the same

cytogenetic region is gained (2-10).
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[00317] Overexpression of the lysine demethylase KDM4A/JMID2A and the modulation of
epigenetic states (i.¢., histone 3 lysine 9 and 36 methylation) results in transient site-specific copy
gains (TSSGs) through rereplication in the human genome (11-14). TSSGs are copy
gain/amplification events that are reversible, occur during cell cycle, but are not permanently
integrated into the genome (11-14). Moreover, TSSG is not just a cancer specific event, but can be
regulated by physiologic stimuli. For example, hypoxia also promotes TSSGs through stabilization of
KDM4A protein levels (11,13).

[00318] KDM4A protein levels are regulated, during cell cycle and in hypoxic exposure, by the
SKP1-Cull-F-box ubiquitin ligase complex and at least three F-box proteins (11,15-18). However, it
is likely that other mechanisms exist to modulate KDM4A protein levels, which will play an
important role in regulating TSSG in 1q12-21. Possible candidates for regulating KDM4A are
microRNAs (miRNAs). MicroRNAs are short (19-22 nucleotides) non-coding RNAs, which in
complex with the RNA-induced silencing complex (RISC) target the 3 -untranslated region (3°-UTR)
through binding to specific complementary seed sequences (19). Transcripts targeted by
RISC/miRNA are then translationally repressed or degraded (19).

[00319] It is demonstrated herein that KDM4A is regulated by hsa-mir-23a/b-3p (hereafter hsa-
mir-23a/b) and hsa-mir-137. Addition of miRNA mimics to cells resulted in decreased KDM4A
protein expression, while inhibition of the endogenous miRNA resulted in increased KDM4A protein
levels. Addition of the KDM4A 3°-UTR to luciferase rendered it responsive to these miRNA, which
was blocked by mutation of the hsa-mir-23a/b and hsa-mir-137 seed sequences. Interestingly,
upregulation of KDM4A through depletion of these miRNA promotes TSSG of 1q12-21.
Reciprocally, treatment with hsa-mir-23a/b or hsa-mir-137 mimics was sufficient to abrogate
KDM4A-dependent TSSGs in response to hypoxia.

[00320] Consistent with these observations, miRNA inhibitors were used in MDA-MB-231 breast
cancer cells to promote gain of 1q12-21 as well as the amplification and increased expression of
CKS1B, which is a drug resistant oncogene (4,20-23). Furthermore, analysis of primary breast tumors
(BRCA) in The Cancer Genome Atlas (TCGA) revealed that deletion of hsa-mir-23a correlates with
increased copy number of 1q12-21 in primary tumors and associates with copy gain and increased
expression of the drug resistant oncogene CKS/B. Consistent with these observations, miRNA
inhibitors reduced breast cancer cell response to cisplatin. The present results implicate miRNA
regulation as a modulator of TSSGs and indicate that miRNA therapy could be used to reduce
KDM4A-driven copy number heterogeneity and potentially affect drug resistance.

[00321] Experimental Procedures

[00322] Cell Culture and Transfections—hTERT-RPE-1 (called RPE throughout manuscript) and
MDA-MB-231, 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)
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with 10% fetal bovine serum, 1% penicillin/streptomycin, and L-glutamine. H2591 cells were
maintained in RPMI (Gibco) with 10% fetal bovine serum, 1% penicillin/streptomycin, and L-
glutamine. Transient transfection experiments with miRNA mimics or inhibitors were performed
using Roche X-tremeGENE™ siRNA reagent in OPTI-MEM I media overnight (approximately 12
hours). Media was changed to DMEM (or DMEM/F12 or RPMI as appropriate) following the
overnight incubation and cells were collected at 72 hours following transfection. Each miRNA
experiment represents the average of at least two different transfections for each miRNA mimic or
inhibitor. Transient transfection experiments with KDM4A siRNA were co-transfected with the
miRNA using Roche X-tremeGENE™ siRNA reagent in OPTI-MEM I media overnight. Silencer
Select™ siRNA for KDM4A was purchased from Life Technologies (s18636).

[00323]  Hypoxic Conditions—Cells were plated onto culture dishes and allowed to adhere for 20-
24 hours in normoxia (5% CO,, 21% O,, and 74% N,). For hypoxic treatment, cells were maintained
in a HERA Cell 150 incubator (Thermo Scientific) flushed with 5% CO,, 1% O,, and balanced with
N, for the duration of the experiment. Incubator calibrations and verifications were carried out by
Bianchi Associates Calibrations/Verifications.

[00324]  Fluorescent In Situ Hybridization (FISH)—FISH was performed as described in (12).
Probes for 1q12h, chromosome 8 centromere (alpha satellite) and CKS/B were purchased from
Rainbow Scientific through Oxford Gene Technologies. Probes for 1q21.2 (BCLY) and 1q23.3 were
purchased from Agilent (SureFISH™). Images of multiple planes of fields of nuclei were acquired on
an Olympus IX81™ Spinning Disk Microscope using a 40X objective and analyzed using Slidebook
5.0™ goftware. We used a conservative scoring metric 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 MDA-MB-231 cells, copy
gain was scored for any cell with 7 or more foci for 1q12h and CKS/B and 5 or more for 8c or
CDKN2C. For SK-N-AS cells copy gain was scored for any cell with 4 or more foci for 1q12h 3 or
more for 8¢. . For H2591 cells copy gain was scored for any cell with 5 or more foci for 1q12h 4 or
more for 8¢. Approximately 100 cells for each replicate were scored for all experiments. All FISH
experiments include at least 2 biological replicates.

[00325]  Antibodies—Antibodies used were: KDM4A (Neuro mAB, 75-189), B-actin (Millipore),
Actinin (Santa Cruz, sc-17829), CAIX (Abcam, ab108351).

[00326] Western Blots—Western blots were performed as in (15). Samples for western analysis
were from the same collections used for FISH, FACS and RNA analyses. Quantitation was
performed using ImageJ™ gel analysis with area under the curve. KDM4A levels were normalized to
Actin or Actinin levels (as indicated in each figure) and then a ratio to the appropriate control sample

was calculated. Data are thus presented as a fold change relative to the control.
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[00327]  Expression plasmids and luciferase assays—The WT and MT KDM4A 3°-UTR were
cloned into pMIR as the 3°-UTR to luciferase. The pMIR-3’-UTR constructs and a -galactosidase
construct for normalization were co-transfected with the indicated miRNA mimics for 48 hours using
Roche xTremeGene™ siRNA transfection reagent (Roche) in OPTI-mem I media (Life
Technologies). Cells were collected by scraping and lysates were prepared following the Dual-
Ligh™¢ system instructions (Life Technologies). The dual luciferase and Beta-galactosidase assays
were performed using the Dual-Light™ system following the manufacturer’s instructions (Life
Technologies). Measurements for two biological replicates were taken in triplicate and averaged.
[00328] miRNA mimics and inhibitors—The miRNA mimics and inhibitors were purchased from
Life Technologies. The mimics used were MirVana pre-miRNA23a (MC10644), MirVana pre-
miRNA23b (MC10711), MirVana pre-miRNA137 (MC10513), MirVana pre-miRNA200b
(MC10492), and MirVana pre-miRNA200¢ (MC11714) and MirVana Control (4464058). The
inhibitors used were MiRVana anti-miRNA23a (MH10644), MiRVana anti-miRNA23b (MH10711),
MiRVana anti-miRNA137 (MH10513), MiRVana anti-miRNA200b (MH10492), MiRVana anti-
miRNA200¢c (MH11714), and MirVana Control (4464076).

[00329] Cisplatin sensitivity by MTT assay—5000 MDA-MB-231 cells were plated overnight in
cach well of a 96 well plate. Cells were transfected with miRNA inhibitors using Roche X-
tremeGENE™ siRNA reagent in OPTI-MEM I media overnight (approximately 12 hours). Media
was changed to DMEM following the overnight incubation and cells were allowed to recover for eight
hours. Cisplatin (abcam ab 141398) was resuspended in 0.9% NaCl right before use. Cisplatin was
added following the eight hour recovery to a final concentration of 300 uM. Cells were processed
using Cell Proliferation Kit I MTT (Roche) 48 hours after addition of cisplatin following the
manufacturer’s instructions. Each experiment consisted of four technical replicate wells that were
averaged together and then taken as a ratio to the no cisplatin sample. The data presented are the
average of eight biological replicates.

[00330]  RNA Extraction and Quantitative PCR—RNA extraction, cDNA synthesis and
quantitative PCR were conducted as in (11). Expression levels were analyzed by quantitative real time
PCR in a Lightcycler 480 with FastStart Universal SYBR™ Green Master (Roche) following the
manufacturer’s protocols. All samples were normalized by comparison to B-actin transcript levels.
[00331] TCGA Data Set and Copy Number Determination—The copy number and mRNA
expression for TCGA Breast Cancer (BRCA) were download from Broad GDAC (Genome Data
Analysis Center) Firchose analysis run of 2014 07 15 (doi:10.7908/C1TQ60P0). 1,030 common
samples from two data platforms were used in this analysis. The somatic copy number alterations
(SCNAs) for 23,246 genes and 928 microRNAs were annotated by GISTIC2.0 (24-26). The copy
number change in each gene/miRNA 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
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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.

[00332]  Determination of Cytoband Copy Number and Correlation with microRNA loss—In
addition to the copy number annotation for each gene, the mean focal copy number for 807 cytobands
including the 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 ¢ach cytoband were removed by only considering GISTIC annotated focal copy
numbers that are smaller than a chromosome arm or entire chromosome. Detecting chromosomal
regions significantly co-amplified with microRNA copy loss or deletion was performed by

approximating a null distribution of mean cytoband copy differences by a normal function
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mean sample-specific variances with each group, and ¥2 and #12 are the number of samples in
microRNA copy-neutral (GISTIC annotation = 0) and microRNA copy-loss (GISTIC annotation = -1
or -2) 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 QQ plot of those p-values is used
to show that many genes follow the null hypothesis and their associated p-values behave

appropriately.

[00333] Results

[00334] KDM4A is regulated by miRNAs—KDMA4A is an important regulator of TSSGs (11-14).
Uncovering how KDM4A protein levels are regulated is crucial to understanding how TSSGs can be
regulated. KDM4A levels are largely regulated post-transcriptionally (11,12,15-18), suggesting that
miRNAs may be ideal candidates to contribute to this regulation. To address this hypothesis, we
analyzed the TARGETSCAN database for miRNAs that could target KDM4A. TARGETSCANG.2
identified three conserved miRNA seed sequences in the KDAM4A 3°-UTR (Fig. 21A) for hsa-mir-
23a/b-3p (hereafter hsa-mir-23a/b), hsa-mir-137, and hsa-mir200b/c (27,28). To determine whether
these miRNA could indeed regulate KDM4A, we treated the immortalized but non-transformed
human retinal pigment epithelial cell line (RPE cells) with miRNA mimics (Fig. 21B). KDM4A

protein levels were downregulated when cells were exposed to hsa-mir-23a/b and hsa-mir-137, but
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had minimal change when exposed to increased hsa-mir200b/c. Moreover, KDM4A protein levels
increased when cells were treated with inhibitors of hsa-mir-23a/b and hsa-mir-137, but not with hsa-
mir200b/c (Fig. 21C). These results are consistent with hsa-mir-23a/b and hsa-mir-137 regulating
KDM4A in human cells.

[00335] In order to determine if the KDAM4A 3°-UTR was the direct target of hsa-mir-23a/b and
hsa-mir-137, we cloned the KDM4A 3°-UTR downstream of the luciferase cDNA. The miRNA seed
sequences were left intact (WT UTR), or carried a series of point mutations removing the seed
sequences for hsa-mir-23a/b, hsa-mir-137 and hsa-mir 200b/c (MT UTR; Fig. 21A). These constructs
were then introduced into RPE cells in conjunction with mimics to hsa-mir-23a/b, hsa-mir-137, hsa-
mir200b/c or a control miRNA mimic. Cells treated with hsa-mir-23a/b or hsa-mir-137 miRNA
reduced luciferase expressions when luciferase was fused with the WT 3°-UTR, but not when attached
to the mutated 3°-UTR (MT; Fig. 21D). Overexpression of hsa-mir200b/c did not induce significant
change in luciferase expression. Taken together, these data demonstrate that KDM4A is a direct
target for regulation by hsa-mir-23a/b and hsa-mir-137 in RPE cells.

[00336]  Regulation of TSSGs by miRNA—Increased expression of KDM4A is sufficient to
promote TSSGs (11,12). TSSGs are characterized by cells with at least one additional copy of
specific genomic loci that occur during S phase (11-14). The ability of miRNAs to regulate KDM4A
protein levels suggested that decreasing hsa-mir-23a/b or hsa-mir-137 expression would be sufficient
to increase KDM4A levels and thus promote TSSGs. Therefore, we introduced hsa-mir-23a/b or hsa-
mir-137 inhibitors (anti-miRs) into RPE cells for 72 hours and assessed copy number by fluorescent
in situ hybridization (DNA-FISH). The anti-miRs were sufficient to induce increased expression of
KDM4A (Fig. 22A) without altering cell cycle distribution (Fig. 22B). We then determined the
percentage of cells in the population that had at least one additional copy of the regions known to
undergo TSSGs (7.e. 1q12h and 1q21.2) as well as control regions (i.e. 1q23.3 and chromosome 8
centromere) by DNA-FISH. Inhibition of hsa-mir-23a/b or hsa-mir-137 was sufficient to promote
copy gain of 1q12h and 1g21.2, but did not alter the copy number of 1g23.3 or chromosome 8
centromere (Fig. 22C-22D). We confirmed these findings in MDA-MB-231 breast cancer cells. As
in RPE cells, introduction of the anti-miRs resulted in increased KDM4A protein levels (Fig. 22E)
without altering steady-state KDAM4A transcript levels or cell cycle (Fig. 22F-22G). MicroRNA
inhibition increased copy number of 1q12h (Fig. 22H), but not the chromosome 8 centromere.
Treatment with microRNA inhibitors in neruoblastoma (SK-N-AS cells; Fig 221-22J) and lung cancer
cells (H2591; Fig. 22K-22L) also increased KDM4A protein levels and promoted copy gain of 1q12h
but not chromosome 8 centromere.

[00337] TSSGs are characterized by their transient appearance during S phase (11-14). Therefore,
we tested whether the observed copy gains were S phase-dependent and by definition TSSGs. RPE

cells were transfected with hsa-mir-23a/b or hsa-mir-137 anti-miRs prior to arrest with hydroxyurea
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(HU) for 20 hrs or arrested and released from HU for four hours. TSSG at 1q12h was assessed by
DNA FISH (Fig. 23A-23E). Early S arrest with HU blocked the ability of the miRNA inhibitors to
induce copy gain (Fig. 23B). However, once cells were released into S phase, hsa-mir-23a/b or hsa-
mir-137 anti-miRs promoted copy gain (Fig. 23B). These results demonstrate that inhibition of
miRNAs promotes TSSG.

[00338] To determine whether the hsa-mir-23a/b or hsa-mir-137 anti-miRs caused TSSG through
KDM4A, we co-depleted KDM4A using siRNAs with the KDM4A-targeting anti-miRs. Depletion of
KDM4A by siRNA reduced KDM4A levels in the miRNA inhibitor treated cells (Fig. 24A). Cell
cycle distribution was unaffected (Fig. 24B), while the reduction in KDM4A levels prevented
induction of TSSG by the miRNA inhibitors (Fig. 24C). These results demonstrate that inhibition of
hsa-mir-23a/b or hsa-mir-137 promotes TSSG in a KDM4A-dependent manner.

[00339] Hypoxia can induce TSSGs by stabilizing KDM4A protein levels (11). Since KDM4A
protein levels respond to miRNAs, it was hypothesized that miRNA mimics would deplete KDM4A
during hypoxia and prevent hypoxia-induced TSSGs. To test this hypothesis, we transfected RPE
cells with miRNA mimics to hsa-mir-23a/b or hsa-mir-137 for 48 hours prior to moving the cells to
hypoxia for 24 hours. Introduction of the miRNA mimics was sufficient to blunt the increased
expression of KDM4A in hypoxia (Fig. 25A), but did not alter the cell cycle distribution of the treated
cells (Fig. 25B). Consistent with the reduction in KDM4A levels, miRNA mimics were sufficient to
abrogate hypoxia-dependent TSSG in RPE cells (Fig. 25C). Our results indicate that increasing hsa-
mir-23a/b or hsa-mir-137 levels is effective in reducing hypoxia-induced or KDM4A-dependent
TSSG.

[00340]  Loss of hsa-mir-23a associates with increased CKS1B expression in primary breast
tumors—We further substantiated our in vitro findings by analyzing primary breast tumors (BRCA) in
The Cancer Genome Atlas (TCGA). Specifically, we evaluated tumors that presented a loss of each
miRNA alone and did not present another miRNA loss or KDM4A amplification or KDM4A loss.
Using these criteria, we observed a significant gain for the 1p11.2-1¢22 region in tumors presenting a
loss for hsa-mir-23a (Fig. 26A). Tumors with loss of the other miRNAs showed a modest
significance for this region (hsa-mir-137; Fig. 26B) or no significance (hsa-mir-23b; data not shown).
Breast tumors and breast cancer cells are able to generate copy gain and increased expression of the
drug resistant oncogene CKS/B (located at 1g21.3 inside the amplified region of tumors with has-mir-
23a loss) upon hypoxic exposure (11). We asked if BRCA tumors with hsa-mir-23a loss had increased
CKS1B expression. We observed that loss of hsa-mir-23a had increased CKS/B that was comparable
to the increase in expression observed for samples with KDM4A4 amplification (Fig. 26C-26D). Loss
of hsa-mir-23b or hsa-mir-137 resulted in a comparable trend for increased CKS/B expression, but

was not significant (data not shown).
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[00341]  MicroRNAs regulate copy number and expression of the drug resistant oncogene
CKS1B—Copy gain and increased expression of CKS/B is associated with poor patient outcome and
drug resistant cancer (4,20-23). Understanding mechanisms that can increase CKS/B levels has
important clinical implications. Since CKS/B copy gain and increased expression in hypoxia were
KDM4A-dependent, we hypothesized that hsa-mir-23a/b and hsa-mir-137 would promote gain and
increased expression for CKS/B. In order to directly test this hypothesis, we transfected breast cancer
cells (MDA-MB-231) with miRNA inhibitors for hsa-mir-23a, hsa-mir-23b or hsa-mir-137 and
assessed copy gain and gene expression. All miRNA inhibitors resulted in increased KDM4A protein
levels (Fig 22D), while not altering the cell cycle profile (Fig. 22F). CKS/B was gained when cells
were treated with hsa-mir-23a/b or hsa-mir-137 anti-miRs and had increased mRNA levels (Fig. 27A-
27B), which was consistent with our recent findings in hypoxia (11). Since increased copy number
and expression of CKS/B has been linked to cisplatin resistance (20,23,29,30), we hypothesized that
the anti-miR induction would promote resistance to cisplatin in breast cancer cells. Indeed, prior
treatment with inhibitors to hsa-mir-23a/b or hsa-mir-137 resulted in decreased sensitivity to cisplatin
(Fig. 27C). Taken together, our data demonstrate that miRNAs modulate CKS/B gains and
expression in vitro and show an association in vivo, which provides another mechanism for increased
levels of this oncogene that contribute to resistance to cisplatin and other drugs in cancer.

[00342] Discussion

[00343] The results presented herein demonstrate that miRNAs can impact copy number
heterogeneity through the regulation of TSSGs by directly regulating a chromatin modifying enzyme.
Taken together, these findings illustrate the impact that miRNAs have on transient genome stability
through chromatin modulation, which opens a new perspective on how non-coding RNAs can be
involved in modulating tumor heterogeneity and promoting phenotypes such as drug resistance.
[00344] Our data indicates that extrinsic and intrinsic factors can modulate the composition of
miRNAs within single cells or a population of cells to control the frequency of TSSGs. Alternatively,
cells can alter the 3°-UTR length of key TSSG modulators, and in turn, increase heterogeneity that
may impact phenotypes such as drug resistance. It remains possible that altered 3°-UTR length could
be important in regulating KDM4A protein levels within tumors since amplification, altered stability
and miRNAs are instrumental in regulating KDM4A levels (12,15,17,18). Consistent with this idea,
TARGETSCANY7.0 indicates that the KDM4A4 3°-UTR can use an alternative polyadenylation site that
would eliminate the hsa-mir-137 site from the 3°-UTR (Fig. 27D) (31). Loss of the miRNA site from
the 3°-UTR could result in increased KDM4A  and in turn, promote TSSGs. Alternatively, cells could
select for differential 3°-UTR usage, which is frequently observed in cancer cells (32,33). Differential
use of 3°-UTRs without miRNA binding sites could also increase KDM4A levels and promote TSSG

and copy number heterogeneity.
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[00345] MicroRNAs are often misregulated in cancer and hsa-mir-23a/b and hsa-mir-137 are no
exception (34-41). For example, reduced expression of hsa-mir-137 and hsa-mir-23b has been
implicated in cisplatin resistance in solid malignancies (34,37). Consistent with these previous
observations, we observed copy gain and upregulation of CKS/B, which is a cell cycle regulator that
has been linked to and promotes cisplatin and other drug resistance in myeloma, breast cancer and
non-small-cell lung cancer (20,23,29,30). Therefore, tumors carrying the loss of hsa-mir-23a/b and
hsa-mir-137 or the mis-regulation of miRNAs could mediate changes in cisplatin response by
regulating KDM4A protein levels, promoting transient site-specific copy gains and heterogeneous
overexpression of CKS/B. For these reasons, it may be beneficial to consider using hsa-mir-23a/b and
hsa-mir-137 mimics or KDM4A anti-sense RNA strategies to reduce KDM4A protein levels in tumors
that have lost these miRNAs or gained KDM4A4. In fact, miRNA mimics and inhibitors are gaining
traction in their use as therapies for metabolic disease and cancer (42,43). As new regulators of
TSSGs are identified, it will be important to evaluate how they are regulated and consider miRNAs as
a potential way to modulate their activity.

[00346] The present data underscores how changes in miRNA abundance can influence how
tumors acquire intra-tumoral copy-number heterogeneity. The copy number changes we describe in
cell culture models are transient. We observed correlations for these gains in primary tumors. Most
of the miRNA loss events we observed were in the GISTIC (-1) category reflecting low level loss (as
opposed, for example, to homozygous deletions) often caused by whole-chromosome or chromosome
arm loss. This suggests miRNA loss events are not providing strong fitness advantage to the cells, but
perhaps promote heterogeneity and plasticity that may serve as the basis of future selection. The
observed intra-tumoral heterogeneity is likely the result of both permanent and transient
heterogeneity. Uncovering how inappropriately amplified regions are lost will help identify pathways
that may be mis-regulated in cancer leading to the accumulation and perhaps also inheritance of
specific genomic regions. Without wishing to be bound by theory, we hypothesize that other defects
in cancer cells could then promote incorporation of the TSSGs, and in turn, potentially have a
permanent contribution to drug resistance.

[00347]  This study highlights the important link between chromatin modulation, miRNA levels,
heterogeneous and transient site-specific copy-number gains and potential phenotypes such as drug
resistance. These findings also reiterate the importance in mapping the pathways and enzymes that are
contributing to TSSGs and how the transient overexpression of genes may have a lasting effect on the

cancer, even if present only transiently in a subset of the cells (such as potentiating drug resistance).
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What is claimed herein is:

L.

A

9.

10.

1.
12.

13.

14.

15.

16.

A method of reducing and/or preventing the development of drug resistance in a cell, the
method comprising contacting the cell with an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins.

The method of claim 1, wherein the cell is a prokaryotic cell.

The method of claim 2, wherein the drug resistance is antibiotic resistance.

The method of claim 1, wherein the cell is a eukaryotic cell.

The method of claim 4, wherein the cell is selected from the group consisting of:

a yeast cell and a mammalian cell.

The method of claim 3, wherein the cell is a cancer cell.

The method of claim 4, wherein the drug resistance is chemotherapeutic resistance.

The method of any of claims 1-7, wherein the cell is contacted with an inhibitor of a
KDM4A-like enzyme.

The method of any of claims 1-8, wherein the KDM4A-like enzyme comprises a cupin B
barrel domain.

The method of any of claims 1-9, wherein the KDM4A-like enzyme is selected from the
group consisting of:
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
The method of any of claims 1-10, wherein the KDM4A-like enzyme is KDM4A.
The method of any of claims 1-11, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
The method of any of claims 1-11, wherein the inhibitior of a KDM4A-like enzyme is a
nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-137.
The method of any of claims 1-13, wherein the cell is a cell determined to be experiencing
hypoxic conditions.
The method of any of claims 1-14, wherein the prokaryotic cell comprises a gene encoding a
KDM4A-like enzyme.
The method of any of claims 1-15, further comprising the step of determining that the

prokaryotic cell comprises a gene encoding a KDM4A-like enzyme.
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17.

18.

19.

20.

21.

22.

23.

24.

A method of treating an infection in a subject, the method comprising administering inhibitor
of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids
and/or histones or histone-like proteins.
A method of treating an infection in a subject, the method comprising administering:
¢) an antibiotic and
d) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins.
The method of claim 18, wherein the antibiotic is a DNA damage inducing agent or an
antibiotic used to treat an anaerobe infection.
The method of any of claims 17-19, wherein the infection is selected from the group
consisting of:
a fungal infection; a yeast infection; a eurkaryotic infection; a prokaryotic infection;
and a bacterial infection.
The method of any of claims 17-20, wherein the infection comprises an organism comprising
a gene encoding a KDM4A-like enzyme.
The method of any of claims 17-21, further comprising the step of determining that the

infection comprises an organism comprising a gene encoding a KDM4A-like enzyme.

A method of reducing and/or preventing the development of drug resistance in a subject in
need of treatment for cancer, the method comprising administering
¢) achemotherapeutic agent and
d) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that
hydroxylates nucleic acids and/or histones or histone-like proteins.
The method of claim 23, wherein the chemotherapeutic agent is selected from the group
consisting of:
DNA-damaging agents; 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; -
tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R
inhibitors; p53 inhibitors; hdm?2 inhibitors; STAT3 inhibitors; VEGFR
inhibitors; angiogenesis inhibitors; proteasomal inhibitors; ubiquitin-targeting

drugs; and bortezomib.
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25.

26.

27.

28.

29.

30.

31.

32.

33.

A method of reducing and/or preventing the development of drug resistance in a subject
experiencing hypoxia, the method comprising administering an inhibitor of a KDM4A-like
enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or

histone-like proteins to the subject.

A method of reducing and/or preventing the development of drug resistance in a subject in
need of treatment with an angiogenesis inhibitor, the method comprising administering:

a. the angiogeneisis inhibitor and

b. an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates

nucleic acids and/or histones or histone-like proteins.

A method comprising administering:

a. an angiogenesis inhibitor and

b. an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates

nucleic acids and/or histones or histone-like proteins

to a subject in need of anti-angiogenic therapy.

The method of any of claims 26-27, wherein the angiogenesis inhibitor is selected from the
group consisting of:
bevacizumab; sorefenib; sunitinib; pazopanib; and everolimus.
The method of any of claims 17-28, wherein the subject is administered an inhibitor of a
KDM4A-like enzyme.
The method of claim 29, wherein the KDM4A-like enzyme comprises a cupin [ barrel
domain.
The method of any of claims 29-30, wherein the KDM4A-like enzyme is selected from the
group consisting of:
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
The method of any of claims 29-31, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
The method of any of claims 29-32, wherein the inhibitior of a KDM4A-like enzyme is a

nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-137.
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34.

35.

36.

37.

38.

39.

40.

4].

42.
43.
44.
45.

46.

47.

48.

49.

A method of detecting a drug-resistance promoting state in a subject, the method comprising:
detecting the presence of a copy-gained region in a sample of cell-free DNA obtained
from the subject.

The method of claim 34, wherein the copy-gained region comprises the /g/2h (hsat2),

1q12h/21 (e.g., ANK) CKSIR, DHEFR BCL2, or Xpl3.] gene.

The method of any of claims 34-35, wherein the copy-gained region is a region of the

genome that 18 subject to copy number variation in cancer celis.

The method of any of claims 34-35, wherein the copy-gained region is selected from the

group consisting of’
1q12-1925;1g12h; 1g21.2; Xq31.1; and ig2i-23 locus.

A method of detecting a drug-resistance promoting state in a subject, the method comprising:
detecting the presence of an increased level of hsa-mir-23a-3p, hsa-mir-23b-3p and/or
hsa-mir-137 in s sample obtained from the subject.

The method of any of claims 34-38, wherein the sample is a tissue sample, urine sample, or

plasma sample.

The method of claim 34-39, further comprising the step of treating the subject with an

inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic

acids and/or histones or histone-like proteins.

A therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins for
reducing and/or preventing the development of drug resistance in a cell.
The inhibitor of claim 41, wherein the cell is a prokaryotic cell.
The inhibitor of claim 42, wherein the drug resistance is antibiotic resistance.
The inhibitor of claim 41, wherein the cell is a eukaryotic cell.
The inhibitor of claim 42, wherein the cell is selected from the group consisting of:
a yeast cell and a mammalian cell.

The inhibitor of claim 43, wherein the cell is a cancer cell.
The inhibitor of claim 44, wherein the drug resistance is chemotherapeutic resistance.
The inhibitor of any of claims 41-47, wherein the KDM4A-like enzyme comprises a cupin 3
barrel domain.
The inhibitor of any of claims 41-49, wherein the KDM4A-like enzyme is selected from the
group consisting of:

KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;

a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
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50.
51.

52.

33.

54.

35.

56.

57.

38.

59.

60.

61.

The inhibitor of any of claims 41-49, wherein the KDM4A-like enzyme is KDM4A.
The inhibitor of any of claims 41-50, wherein the inhibitor of a KDM4A-like enzyme is
selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
The inhibitor of any of claims 41-50, wherein the inhibitior of a KDM4A-like enzyme is a
nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-137.
The inhibitor of any of claims 41-52, wherein the cell is a cell determined to be experiencing
hypoxic conditions.
The inhibitor of any of claims 41-53, wherein the prokaryotic cell comprises a gene encoding

a KDM4A-like enzyme.

A therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins for
treating an infection in a subject.
A therapeutically effective amount of 1) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins and 2) an antibiotic for treating an infection in a subject.
The composition(s) of claim 56, wherein the antibiotic is a DNA damage inducing agent or
an antibiotic used to treat an anaerobe infection.
The composition(s) of any of claims 55-57, wherein the infection is selected from the group
consisting of:
a fungal infection; a yeast infection; a eurkaryotic infection; a prokaryotic infection;
and a bacterial infection.
The composition(s) of any of claims 55-58, wherein the infection comprises an organism

comprising a gene encoding a KDM4A-like enzyme.

A therapeutically effective amount of 1) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins and 2) a chemotherapeutic agent for treating a cancer in a subject.

The composition(s) of claim 60, wherein the chemotherapeutic agent is selected from the

group consisting of:
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62.

63.

64.

65.

66.

67.

DNA-damaging agents; 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; -
tubulin inhibitors; BMP inhibitors; HDAC inhibitors; Akt inhibitors; IGF1R
inhibitors; p53 inhibitors; hdm?2 inhibitors; STAT3 inhibitors; VEGFR
inhibitors; angiogenesis inhibitors; proteasomal inhibitors; ubiquitin-targeting

drugs; and bortezomib.

A therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor
of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins for

treating hypoxia in a subject.

A therapeutically effective amount of 1) an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like
proteins and 2) an angiogenesis inhibitor for treating a subject in need of anti-angiogenic
therapy.
The composition(s) of claim 63, wherein the angiogenesis inhibitor is selected from the
group consisting of:
bevacizumab; sorefenib; sunitinib; pazopanib; and everolimus.
The composition(s) of any of claims 55-64, wherein the KDM4A-like enzyme comprises a
cupin 3 barrel domain.
The composition(s) of any of claims 55-65, wherein the KDM4A-like enzyme is selected
from the group consisting of:
KDM4A; KDM5A; KDM6B; KDM4B; KDM4C; a member of the JmjC enzyme family;
a Cupin protein; and the proteins listed in Tables 1 and 2 and/or homologs thereof.
The composition(s) of any of claims 55-66, wherein the inhibitor of a KDM4A-like enzyme
is selected from the group consisting of:
an inhibitory nucleic acid; an aptamer; a miRNA; Suv39H1; HP1; increased oxygen
levels; an inhibitor of a KDM4A-targeting KMT; an inhibitor of Tudor or PHD domain
interaction; succinate; JIB-04; a 8-(1H-pyrazol-3-yl)pyrido|3,4-d]pyrimidin-4(3H)-one;
3-((furan-2-ylmethyl)amino)pyridine-4-carboxylic acid; and 3-(((3-methylthiophen-2-
vyl)methyl)amino)pyridine-4-carboxylic acid.
The composition(s) of any of claims 55-66, wherein the inhibitior of a KDM4A-like enzyme
is a nucleic acid comprising the sequence of hsa-mir-23a-3p, hsa-mir-23b-3p and/or hsa-mir-

137.
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Domains (matches) producing significant alignments
seqt E-value Domain E-value seqft

per sequence Score per domain

NPSA gnl|sp|P75791 (YBIU ECOLI) Uncharacterized protein yb...
388 1.4e-93 327.3 1.4e-93

NPSA gnl|sp|075164 (JHD3A HUMAN) JmjC domain-containing hi...
342 4.6e-89 312. 4.6e-89

NPSA gnl|sp|Q5RD88 (JHD3A PONAB) JmjC domain-containing hi...
342 4.6e-89 312. 4.6e-89

NPSA gnl|sp|Q8BW72 (JHD3A MOUSE) JmjC domain-containing hi...
342 2.le-86 303. 2.le-86

NPSA gnl|sp|Q9LIGO (Y3136 ARATH) Clavaminate synthase-like...
330 1.5e-85 300. 1.5e-85

NPSA gnl|sp|Q92425 (ASNO STRCO) L-asparagine oxygenase OS=...
328 2.le-82 290. 2.1le-82

NPSA gnl|sp|B7M9A2 (CSID ECO8A) Protein csiD OS=Escherichi...
325 2.9%9e-80 283. 2.9e-80

NPSA gnl|sp|A8A3EQ (CSID ECOHS) Protein csiD OS=Escherichi...
325 2.9%9e-80 283. 2.9e-80

NPSA gnl|sp|B1IVJ9 (CSID ECOLC) Protein csiD OS=Escherichi...
325 2.9%9e-80 283. 2.9e-80

NPSA gnl|sp|B7LT11 (CSID ESCF3) Protein csiD OS=Escherichi...
325 7.5e-80 281. 7.5e-80

NPSA gnl|sp|B2U084 (CSID SHIB3) Protein csiD OS=shigella b...
325 9.4e-80 281. 9.4e-80

NPSA gnl|sp|B7N6P3 (CSID ECOLU) Protein csiD OS=Escherichi...
325 1.1le-79 281. 1.1le-79

NPSA gnl|sp|B7NSEQ (CSID ECO7I) Protein csiD OS=Escherichi...
325 1.5e-79 280. 1.5e-79

NPSA gnl|sp|B1LPD2 (CSID ECOSM) Protein csiD OS=Escherichi...
325 1.5e-79 280. 1.5e-79

NPSA gnl|sp|A7Z090 (CSID EC0O24) Protein csiD OS=Escherichi...
325 3.1le-79 279. 3.1le-79

NPSA gnl|sp|B1XBW5S (CSID ECODH) Protein csiD OS=Escherichi...
325 8.3e-79 278. 8.3e-79

NPSA gnl|sp|P76621 (CSID ECOLI) Protein csiD OS=Escherichi...
325 8.3e-79 278. 8.3e-79

NPSA gnl|sp|Q8FES6 (CSID ECOL6) Protein csiD OS=Escherichi...
325 le-78 277. le-78

NPSA gnl|sp|B7MJSO (CSID EC045) Protein csiD OS=Escherichi...
325 1.9e-78 277. 1.9e-78

Fig. 7
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Domains (matches) producing significant alignments
seqt E-value Domain E-value

per sequence
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Domains (matches) producing significant alignments
seqt E-value Domain E-value seqft

per sequence Score per domain

NPSA gnl |sp|RA8ANLDS (CSID CITK8) Protein csiD OS=Citrobacte...
325 le-54 198.2 le-54

NPSA gnl|sp|Q8VCD7 (JHD3C MOUSE) JmjC domain-containing hi... 1
344 5.6e-53 192.4 5.6e-53

NPSA gnl|sp|Q05582 (CASZ STRCL) Clavaminate synthase 2 0S=... 2
321 1.9e-51 187.3 1.9e-51

NPSA gnl|sp|Q3U2K5 (JHD3D MOUSE) JmjC domain-containing hi... 1
343 9.2e-40 148.5 9.2e-40

NPSA gnl|sp|Q6B0OI6 (JHD3D HUMAN) JmjC domain-containing hi... 1
343 8.2e-35 132.1 8.2e-35

NPSA gnl|sp|BOKUT6 (CSID PSEPG) Protein csiD OS=Pseudomona.. . 1
325 1.9e-26 104.3 1.9e-26

NPSA gnl|sp|Q88IUQ0 (CSID PSEPK) Protein csiD OS=Pseudomona.. . 1
325 2.7e=-25 100.4 2.7e=-25

NPSA gnl|sp|A5W454 (CSID PSEPl) Protein csiD OS=Pseudomona.. . 1
325 3.7e-25 100.0 3.7e-25

NPSA gnl|sp|Q9V333 (JHD3A DROME) Probable JmjC domain-cont... 1
349 6.4e-19 79.3 6.4e-19

NPSA gnl|sp|Q9VeL0 (JHD3B DROME) Probable JmjC domain-cont... 1
340 2e-16 71.0 2e-16

NPSA gnl|sp|Q9U297 (JHD2 CAEEL) JmjC domain-containing his... 57
425 0.37 -24.0 0.37
Total number of displayed sequences : 49

Total number of selected sequences
(E-value per domain lesser or equal to 1le-06, 1 residue(s) in
alignment region 1 ... 405) : 48

Fig. 7 (cont.)
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 16/32043

Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c¢ of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

carried out on the basis of a sequence listing:

a. D forming part of the international application as filed:
D in the form of an Annex C/ST.25 text file.
D on paper or in the form of an image file.

b. D furnished together with the intemational application under PCT Rule 13¢er.1(a) for the purposes of international search

only in the form of an Annex C/ST.25 text file.

C. ‘ZI furnished subsequent to the international filing date for the purposes of international search only:

in the form of an Annex C/ST .25 text file (Rule 13zer.1(a)).

I___] on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 713).

2. }v In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

X

3. Additional comments:
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

N\
3. M Claims Nos.: 9-16, 21, 22, 29-33, 39, 40, 49-54, 59, 66-68
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-8, 17-20 and 23-28, directed to a method of reducing and/or preventing the development of drug resistance in a cell or
subject, or a method of treating an infection in a subject.

Group |l claims 34-38, directed to a method of detecting a drug-resistance promoting state in a subject.

Group lIl, claims 41-48, 55-58 and 60-65, directed to a therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an
inhibitor of an enzyme that hydroxylates nucteic acids and/or histones or histone-like proteins.

................. See extra sheet

1. |:| As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fecs were paid, spccifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
1reastricteé% t% éhzeainvention first mentioned in the claims; it is covered by claims Nos.:
-8, 17-20, 23-

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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INTERNATIONAL SEARCH REPORT International application No.
PCT/US 16/32043

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61K 38/00, C12N 15/11 (2016.01)
CPC - A61K 38/00
According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched éclassiﬁcation system followed by classification symbols)
IPC(8) - A61K 38/00, C12N 15/11 (2016.01)

CPC - A61K 38/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC - 514/19.3, 514/44A, 514/13.3

Keyword limited, search terms below

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatBase, Google Scholar, Google Patents. kdmda, kdm4a-like, kdmdc, kdm4b, kdmSa, kdméb, JMJc, cupin, inhibitor, antibiotic,
antibacterial, antimicrobial, chemotherapy, resistance, nucleic acid hydroxylase, drug resistance, bacterial infection, anti angiogenic,
cancer, angiogenis, hypoxic, hypoxia, bevacizumab, sorefenib, sunitinib, pazopanib, evero

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2014/144850 A1 (GENENTECH INC.) 18 September 2014 (18.09.2014) Claim 18, page 2 1, 4-7, 8/(1,4-7), 23, 24
- In 1-5, page 14 In 31-32, page 26 In 18 - page 27 In 15, page 32 In 1-3, page 38 In 4, page 81 In

Y 11-13. 2,3,8/(2,3)

X WO 2014/197835 A2 (THE GENERAL HOSPITAL CORPORATION) 11 December 2014 25

(11.12.2014) para [00350], [0012] | e

Y 26-28

Y US 2013/0323835 A1 (MCDONALD et al.) 05 December 2013 (05.12.2013) para [0007]; [0045]; | 2, 3, 8/(2,3), 17-20

{0072]; [0075); [0076]; [0090]; Tables 1, 2.

Y WO 2014/086790 A1 (ISTITUTO EUROPEO DI ONCOLOGIA S.R.L) 12 June 2014 17-20
(12.06.2014) page 5 para 3, page 36, para 2, para 3, para 4.

Y US 2014/0065133 A1 (VIRGINIA COMMONWEALTH UNIVERSITY) 06 March 2014 26-28
(06.03.2014) para {0004], [0006]

D Further documents are listed in the continuation of Box C. D
*  Special categories of cited documents: “T” later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international  “X™ document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L” document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited ‘l° estabh(zl; the pfl_:b(l;)cauon date of another citation or other wy document of particular relevance; the claimed invention cannot be
special reason (as specitie . L considered to involve an inventive step when the document is
“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than  «g» gocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
19 September 2016 0 7 0 CT 2016

Name and mailing address of the ISA/US Authorized officer:

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W. Young

P.O. l.30).( 1450, Alexandria, Virginia 22313-1450 PCT Holpdesk: §74-272-4300

Facsimile No. 571-273-8300 PCT OSP: 571-272-7774
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Continuation of Box Ill: Observations where Unity of Invention is Lacking

The inventions listed as Groups |, Il and Ill do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features

Group | has the spacial technical feature of a method of reducing and/or preventing the development of drug resistance in a cell or
subject, or a method of treating an infection in a subject, comprising administering a therapeutic agent, that is not required by Groups !
orlll.

Group Il has the special technical feature of detecting the presence of a copy-gained region (an increased level of hsa-mir-23a-3p, hsa-
mir-23b-3p and/or hsa-mir-137) in a sample of cell-free DNA obtained from the subject, that is not required by Groups | or Il

Group Il has the special technical feature of a therapeutically effective amount of an inhibitor of a KDM4A-like enzyme or an inhibitor of
an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins, that is not required by Groups | or |l

Common technical features:

Groups I-ll share the common technical feature of a drug-resistance (promoting) state in a subject. Groups | and lll further share the
common technical feature of 1) an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or
histones or histone-like proteins for reducing and/or preventing the development of drug resistance in a cell; and administration of said
inhibitor in combination with 2) an antibiotic for treating an infection in a subject; 2) a chemotherapeutic agent for treating a cancer ina
subject; for treating hypoxia in a subject; or with 2) an angiogenesis inhibitor for treating a subject in need of anti-angiogenic

therapy.

However, these shared technical features do not represent a contribution over prior art, because these shared technical features are
made obvious by WO 2014/144850 A1 to Genentech Inc. (hereinafter Genentech), in view of WO 2014/086790 A1 to Istituto Europeo Di
Oncologia S.R.L. (hereinafter IEO), WO 2014/197835 A2 to The General Hospital Corporation (hereinafter MGH), and US
2014/0065139 A1 to Virginia Commonwealth University (hereinafter VCU).

Regarding Claim 1, Genentech discloses a method of reducing and/or preventing the development of drug resistance in a cell, the
method comprising contacting the cell with an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic
acids and/or histones or histone-like proteins (page 81 In 11-13 "Similarly, using the active small molecule KDM5 antagonist, CPI-382 in
combination with erlotinib was capable of reducing the development of drug tolerant persisters in PC9 cells while the inactive contro!
molecule CPI-383 had no significant effect, (see Figure 16)"; Note - KDM5 is a KDM4A-like enzymes, see instant specification para
[0011)]).

Regarding Claim 23, Genetech discloses a method of reducing and/or preventing the development of drug resistance in a subject in
need of treatment for cancer, the method comprising administering ¢) a chemotherapeutic agent and d) an inhibitor of a KDM4A-like
enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins (page 2 In 1-5 "Provided
herein are methods of using antagonists of KDMS5, for example, for treating cancer and/or preventing drug resistance in an individual.
For example, a method of treating cancer in an individual comprising administering to the individual an antagonist of KDM5 alone or in
combination with a cancer therapy agent.”; Claim 18 "...the cancer therapy agent is chemotherapy.").

Regarding claim 18, IEO discloses a method of treating an infection in a subject, the method comprising administering: an antibiotic and
an inhibitor of a KDM4A-like enzyme or an inhibitor of an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins
(p. 5, para 3 'According to the present invention there are provided compounds, endowed with a potent KDM1A (LSD1 ) inhibitory
activity'; p. 36, para 2 'The compounds of the invention are also useful in the prevention or treatment of infections, including, but not
limited to, infections caused by protozoa, fungi, phytotoxic agents, viruses and parasites, for example HIV or herpes virus infections’; p.
36, para 3-4 The compounds of formula (1) can also be used in combination with additional agents...antibiotics'; Note - KDM1 are
KDM4A-like enzymes, see instant specification para [0011]).

----------------------- See continuation on next extra sheet
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Continuation of Box Ill: Observations where Unity of Invention is Lacking

Regarding Claim 25, MGH discloses a method comprising administering an inhibitor of a KDM4A-like enzyme or an inhibitor of an
enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins to a subject (para [0012], [0091] "a method of treating
cancer, the method comprising administering an inhibitor of KDM4A."), but does not specifically disclose the method reduces and/or
prevents the development of drug resistance in a subject experiencing hypoxia. However, MGH discloses that KDM4A causes copy
number gain of specific locations, resulting in drug resistance and that hypoxia stabilizes KDM4A levels, and that blocking KDM4A
prevents hypoxia induced copy number gain (para [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.”). Therefore one of
ordinary skill in the art would have known that drug resistance may occur in hypoxic individuals because of stabilization of KDM4A, and
that an inhibitor of KDMA could have been used to prevent copy number gain and consequently, drug resistance in hypoxic individuals.

Regarding Claims 26 and 27, MGH discloses a method comprising administering an inhibitor of a KDM4A-like enzyme or an inhibitor of
an enzyme that hydroxylates nucleic acids and/or histones or histone-like proteins to a subject (para [0012], [0091] "a method of treating
cancer, the method comprising administering an inhibitor of KDM4A."), but does not specifically disclose that the method reduces and/or
prevents the development of drug resistance in a subject in need of treatment with an angiogenesis inhibitor, the method comprising
administering the angiogeneisis inhibitor in addition to KDM4A inhibitor. VCU discloses the use of angiogenesis inhibitors to treat cancer
(para [0004] "Tumor growth requires the development of a network of neovasculature to supply oxygen and nutrients and to remove
toxic metabolites... Targeting tumor vasculature has evolved into a useful strategy to develop new cancer therapeutics...Two approaches
are currently used to target tumor vessels. One is to prevent the angiogenic process by blocking angiogenic factors or their receptors in
order to prevent new vessel formation. This type of therapy is represented by bevacizumab, a monoclonal antibody against vascular
endothelial growth factor (VEGF), and sorafenib or sunitinib, small molecular inhibitors of VEGF receptor tyrosine kinase"). VCU further
discloses that hypoxia is induced by anti-angiogenic treatments which can result in resistance to therapy (para [0006] "With both anti-
angiogenic agents and vascular disrupting agents, the central theme of these tumor vessel targeting agents is to deprive tumor cells of
vascular support so that the tumor develops hypoxia and then undergoes necrosis. Development of hypoxia in a tumor is thus the key
requirement to induce tumor cell death. However, hypoxia in tumors is not sufficient to induce cell death because hypoxic tumor celis
develop a variety of hypoxia responses...These compensatory mechanisms can thus result in drug resistance against anti-angiogenic
agents"). Since hypoxia induces KDMA4 and consequently drug resistance as taught by General Hospital and the use of anti-angiogenic
treatment results in hypoxia which can cause drug resistance as taught by VCU, one of ordinary skill in the art would have been
motivated to use an inhibitor of KDMA4 in conjunction with an anti-angiogenic inhibitor to treat cancer, since the combination would have
been more effective than using the anti-angiogenic inhibitor alone.

As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.

Therefore, Groups [-I!l lack unity of invention under PCT Rule 13.
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