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The present invention provides methods of treating, preventing or delaying the onset of bone marrow failure in Fanconi Anemia
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COMPOSITIONS AND METHODS OF TREATING FANCONI ANEMIA

FIELD OF THE INVENTION
[0002] The present invention relates generally to treating, preventing, or delaying the

onset of bone marrow failure associated Fanconi Anemia.

BACKGROUND OF THE INVENTION
[0005] Fanconi Anemia (FA) is an autosomal recessive DNA repair disorder
characterized by congenital abnormalities, cancer predisposition, and progressive bone
marrow failure (BMF). FA is caused by biallelic mutations in one of sixteen FANC genes,
the products of which cooperate in the FA/BRCA DNA repair pathway. Although the
precise biochemical functions of the FA/BRCA pathway remain unclear, the pathway
promotes homologous recombination (HR) repair. The FA/BRCA pathway also regulates
cytokinesis, and pathway disruption results in increased binucleate bone marrow cells and
apoptosis. FA cells are also uniquely hypersensitive to oxidative stress and apoptotic
cytokines, such as IFNy and TNFa.
[0006] BMF of FA patients is attributable to impaired stem cell pool. FA patients
develop progressive bone marrow failure during childhood, and frequently require an
allogeneic or unrelated donor bone marrow transplant. All blood lineages are deficient in

FA patients suggests that the FA pathway regulates the function of hematopoietic stem and
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progenitor cells (HSPCs). CD34" cells of FA patients, which are a human stem
cell/progenitor cell enriched population, were not only lower in the number, but also
exhibited compromised clonogenicity. Similarly, mice with Fanc mutations also displayed
reduced numbers of hematopoietic stem cells (HSCs) with impaired reconstitution ability.
In addition, the FA pathway also controls hematopoietic development. Knockdown of
FANCA and FANCD2 in human embryonic stem cells impaired embryonic hematopoiesis
which could be rescued by FA gene complementation. Therefore, these studies link FA
pathway with stem cell function.

[0007] The mechanism of bone marrow failure in FA remains elusive. A need exist for
a better understanding of the mechanism of BMF in FA as well as therapies to treat BMF

other than bone marrow transplant.

SUMMARY OF THE INVENTION
[0008] The invention provides methods of treating, preventing or delaying the onset of
bone marrow failure in a patient having Fanconi Anemia (FA) by administering to the
patient a compound that inhibits the expression or activity of TGFp.
[0009] Also include in the invention is a method of administering to a patient that has
been prepared to receive a bone marrow transplant a compound that inhibits the expression
or activity of TGF[.
[00010] Further included in the invention are methods of expanding hematopoietic
stem/progenitor cells by contacting a population of hematopoietic stem/progenitor cells with
a compound that inhibits the expression or activity of TGFS.
[00011] The compound is a nucleic acid, an antibody or a small molecule. The nucleic
acid is for example an sShRNA, siRNA or an sgRNA specific for TGF} SMAD?2, or
SMAD3.The antibody is specific for TGFf or TGFfiR1. The he small molecule is for
example, a DNA dependent protein kinase inhibitor, a SMAD3 inhibitor, a TGFR1
inhibitor or a MEK 1/2 mhibitor.
[00012] The composition is administered before the patient is prepared for a bone
marrow transplant, after the patient receives a bone marrow transplant or after the patient is

prepared for a bone marrow transplant but prior to the bone marrow transplant.



[00013]  Altematively the composition is administered when the patient is having medical
crisis, such as an infection. The infection is viral or bacterial. Optionally the method
further includes administering androgen therapy or erythropoietin.

[00014]  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 pertains. Although methods and materials similar or equivalent to those described
herein can be used in the practice of the present invention, suitable methods and materials
arc described below. In cases of conflict, the present specification, including definitions,
will control. In addition, the materials, methods, and examples described herein are
illustrative only and are not intended to be limiting.

[00015]  Other features and advantages of the invention will be apparent from and

encompassed by the following detailed description and claims.

BRIEF DESCRIPTIONS OF THE DRAWINGS
[00016]  Figure 1. TGFP pathway disruption enhances FA cellular growth.
A) RIGER P value analysis to identify top candidate genes.
B) Clonogenic survival of GM6914 (FA-A fibroblasts) and FANCA-corrected GM6914
cells after shRNA mediated knockdown of SMAD3. Cells were treated with increasing
doses of MMC and plated for 10-12 days. The average of two experiments is presented;
error bars represent s.e.m. Immunoblot in the right panel shows SMAD3 silencing
efficiency.
C) MMC sensitivity of EUFA316 (FA-G fibroblasts) and FANCG-corrected EUFA316
cells incubated with or without SMAD?3 inhibitor SIS3.
D) MMC sensitivity of EUFA316 (FA-G fibroblasts) and FANCG-corrected EUFA316
cells incubated with or without TGFp inhibitor SD208.
E) Acetaldehyde sensitivity of EUFA316 (FA-G fibroblasts) and FANCG-corrected
EUFA316 cells incubated with or without TGFp inhibitor SD208.
F) Acetaldehyde sensitivity of EUFA316 (FA-G fibroblasts) cells after ssRNA mediated
knockdown SMAD3 and TP53.

Date Regue/Date Received 2022-06-01
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G) The expression of p53 and p21 was analyzed by immunoblot in GM6914 cells treated
with TGF inhibitors SD208 or shRNA-mediated knockdown of SMAD3 and treated with
MMC.

[00017] Figure 2. Characterization of FA murine pritnary bone marrow stromal
fibroblast.

A) Survival of Fancd2+/+ or Fancd2-/- stromal cells in the presence of MMC. Data are
shown in triplicate. Error bars represent s.e.m.

B) Enhanced expression level of Tgfbl in Fancd2-/- stromal cells. (Left panel) Active
mouse TgfB1 serum levels in the culture supernatant of Fancd2+/+ or Fancd2-/- stromal
cells were evaluated by ELISA. (Right panel) qRT-PCR analysis of Tgfbl mRNA
expression. Data are shown the average of three independent experiments. Error bars
represent s.e.m.

C) Immunoblots of phosphorylated Erk1/2 in stromal cells treated with Tgf]3 for the
indicated time. TgfP induced higher level of p-Erk1/2 in Fancd2-/- stromal cells (Lane 7-12)
compared to Fancd2+/+ stromal cells (Lane 1-6). Knockout of Tgfbrl, mediated by
CRISPR-sgRNA in Fancd2-/- stromal cells, markedly reduced phosphorylation of Erk1/2
(Lane 13-18).

D) Immunoblot of phosphorylated Erk1/2 and Smad2 in Fancd2+/+ and Fancd2-/- stromal
cells treated with TGFp inhibitor for 4h.

[00018] Figure 3. Blocking non-canonical TGFpB-ERK pathway enhances FA
cellular growth.

A) Mek-inhibitor treatment (Mek-i, PD0325901) reduces p-Erk1/2 expression in FA
(Fancd2-/-) BM stromal cells. Fancd2+/+ stromal cells shown as a control.

B) Colony forming capacity of Fancd2-/- BM Stromal cells is improved by treatment with
1uM Mek-i.

C) Immunoblot analysis showing deletion of Tgfbrl, Smad3 and p53 in murine Fancd2+/+
and Fancd2-/- stromal cells

D) Survival of Fancd2-/- stromal cells with deletion of Tgfbrl, Smad3 or p53 in presence of
MMC. Error bars represent s.e.m.

[00019] Figure 4. Inhibition of the canonical TGFB pathway in primary murine

hematopoietic cells promotes proliferation of HSPC.
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A) Immunoblot of p-Smad2 and p21 in the indicated murine Fancd2-/- whole bone marrow
cells.

B) qRT-PCR analysis showing the expression level of TgfP1 and Smad3 in LSK and Lin+
cell populations from Fancd2+/+ and Fancd2-/- mice.

C) Schematic experimental design of lentivirus shRNA transduction of Lin- BM cells from
Fancd2+/+ and Fancd2-/- mice.

D) Representative plot of LSK cells analyzed by flow cytometry after 5 days in vitro culture
in stem cell culture medium.

E) Quantification of the percentage of transduced (GFP+) and non-transduced (GFP-) LSK
cells after 5 days in vitro culture in stem cell culture medium. Data shown are the average of
three independent experiments. Error bar represent s.e.m.

[00020] Figure 5. TGFp gene expression in primary bone marrow cells from FA
patients.

A) Microarray analysis of slected genes in FA patients and in healthy subject controls.

B-E) In vitro assays using selected FA patient’s isolated cells to determine the number of
CFU-GM (Colony Forming Unit-granulocyte, monocyte) following administration of the
described short hairpin constructs (i.e. shcontrol, shSMAD3, and shTP53).

F) Schematic depicting clonogenic assays using CD34+ human cord blood cells.

G) FANCD?2 and SMAD3 gene expression assay following exposure to either shControl or
either shF ANCD2 or shSMAD?3, respectively.

H) Graph depicting colony number following exposure to shControl, sShFANCD?2, or
shFANCD2+SMAD3.

I) Graph depicting Colony Forming Unit (CFU) in cells that have shControl, shFANCD?2, or
shFANCD2 +SMAD3, in either an untreated condition or treated MMC.

[00021] Figure 6. Inhibition of the TGFB pathway in FA cells modulates DNA repair
activity.

A) Comet tail assay. GM6914 cells with knockdown SMAD3 by shRNA or GM6914 cells
corrected with FANCA were treated with 1pM MMC for 8h following washing out and
recovery for 24h and 48h. The lengths of comet tail of 30-50 cells in each group were

measured. Data are representative of two independent experiments.
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B) Homologous recombination assay was measured in U208 cells with DR-GFP reporter.
SMAD3 knockdown significantly increases HR efficiency. The representative of three
independent experiments is presented; error bar represent s.e.m.

C) NHEJ assay showing inhibition of the TGF pathway by small molecule inhibitors
results in decreased NHEJ activity

(D and E) Representative images (D) and quantification (E) of RADS51 foci in MMC treated
shControl or shSMAD3 GM6914 cells, and FANCA corrected GM6914 cells. Cells were
treated with 1uM MMC. After 6h, cells were washed twice, and recovered for 24h. 100
cells were counted for RADS1 foci.

F) Immunoblot of DNA damage response signaling including p-ATM, p-TP53 and p-DNA-
PK and p21 in FA cells. GM6914 cells with knockdown SMAD?3 and TP53 by shRNA or
GM6914 cells corrected with FANCA were treated with 1pM MMC for 8h following
washing out and recovery for 24 and 48 hours.

[00022] Figure 7. Identification of IC90 concentration of MMC on GM6914 and
validation of genome wide RNAI screening for MMC resistance.

A) Identification of IC90 concentration of MMC on GM6914. Cells were treated with
different doses of MMC for 7 days, and cell viability was measured using CellTiterGlo
reagent. The IC90 of MMC is 19nM for GM6914.

B) Reassessment of MMC sensitivity of cells after virus infection and MMC treatment.
Cells were transduced with 6 pools of shRNA retrovirus libraries, and selected with
puromycin for 48h. Cells were then treated with MMC for 7 days, and resistant cells were
harvested to re-assess their MMC sensitivity by treated with MMC for 3 days. Data shown
represented cells transduced by pool#3, 5 and 6.

C) FANCA deficient fibroblast cells (GM6914) were evaluated for MMC sensitivity after
shRNA mediated knockdown of SMAD3 and TP53. Survival was measured after 3 days
exposure 1o indicated concentrations of MMC. Data shown are representative of two
independent experiments. Error bars represent s.e.m.

D) FANCD?2 deficient fibroblast cells (PD20) were evaluated for MMC sensitivity after
RNAIi mediated knockdown of SMAD3 and TP53. Survival was measured after 3 days
exposure to indicated concentrations of MMC. Data shown are representative of two

independent experiments. Error bars represent s.e.m.
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E) Acetaldehyde sensitivity assay for EUFA316 cells. Survival was measured after 3 days
exposure to indicated concentrations of acetaldehyde. Data shown are representative of two
independent experiments. Error bars represent s.e.m

[00023] Figure 8. Characterization of FA bone marrow stromal cells

A) Fancd2-/- stromal cells display higher level of radial chromosomes after MMC treatment
compared that of Fancd2+/+ stromal cells.

B) Fancd2-/- stromal cells shows defective growth ability compared to Fancd2-+/+ stromal
cells. Data is shown in triplicate. Error bars represent SEM.

C) Fancd2-/- BM Stromal cells showed compromised colony forming capacity compared to
Fancd2+/+ stromal cells, which can be partially restored by hFANCD2.

D) Immunoblot analysis of primary BM stromal cell lines generated from FA patients
compared to non-FA control stromal cells. Sub-types of each FA patient are indicated. FA-
C: DF1653.B; FA-A#1: DF1238.B; FA-A#2: DF117.B; FA-A#3: FHCC-P5; FA-A#4:
FHCC-73; FA-D2#1: FHCC-42E; FA-D2#2: FHCC196A.

E) Immunoblot showing the expression levels of p-Erk1/2, p-P38 and p-JNK in murine
Fancd2+/+ and Fancd2-/- stromal cells.

[00024] Figure 9. Inhibition of Mek-Erk pathway partially improved the colony
forming ability of Fancd2-/- stromal cells. Representative image of colonies of
Fancd2+/+ and Fancd2-/- cells incubated with or without 1 pM Mek inhibitor.

[00025] Figure 10. Inhibition of the canonical TGFp pathway in primary murine
hematopoietic cells promotes the proliferation of HSPCs

A) Representative immunoblot showing knockdown of Smad3 in murine 37T3 cells.

B) Assessment of HSPCs by flow cytometry after 2 days in vitro culture. Data shown are
the average of three independent experiments. Error bar represent s.e.m.

[00026] Figure 11. Expression profiling of TGFB pathway genes in bone marrow
cells of FA patients and clonogenic assay scheme

A) Gene set enrichment analysis (GSEA) displays the expression profiling of TGF
pathway genes in bone marrow cells from FA patients and healthy control.

B) Schematic of clonogenic assay of human FA CD34+ cells

Figure 12. Inhibition of the TGFp pathway in FA cells promotes DNA repair activity
A) Representative micrograph showing decreased comet tail length with increased MMC

concentration.
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B) Quantification of comet tail length displayed negative correlation with MMC
concentration. The lengths of comet tail of at least 30 cells in each group were measured.
Data shown in here is a representative of two independent experiments.

C) Analysis of HR siRNA screening data showing as siRNA mediated knockdown of the
majority of genes of TGFP pathway enhanced HR efficiency.

D). Representative immunoblot showing inhibition of TGF[ pathway by its inhibitors
SD208 and SIS3 blocks phosphorylation of DNA-PK in U20S cells.

E) Western immublotting analysis displayed that TGFp treatment activates the activity of
DNA-PK in U20S cells.

[00027] Figure 13. Inhibition of TGFp signaling with a small molecule kinase
inhibitor (Galunisertib, .Y2157299) rescues physiological stress-induced bone marrow
failure in mice.

A) Wild-type or Fancd2-deficient mice were exposed to the physiologic stress, pIpC. Mice
were pretreated in vivo with either no TgfP inhibitor, the neutralizing antibody to Tgfp 1, 2,
3, or the TgfP receptor kinase inhibitor, Galunisertib. Long-term HSCs (LT-HSCs) were
isolated and subjected to functional tests.

B) The neutralizing antibody to TgfP 1, 2, 3 or the kinase inhibitor rescued the pIpC-
induced DNA damage in the LT-HSCs as measured by the comet assay.

C) The neutralizing antibody to Tgfp 1, 2, 3 or the kinase inhibitor rescued the pIpC-
induced DNA damage, as measured by gamma H2AX foci.

[00028] Figure 14. Inhibition of the TGF-f§ Pathway Rescues the Functional Defects
of HSPCs from FA Mice.

(A) gRT-PCR analysis showing the mRNA expression levels of 7gfbl, Smad3, Cdknla,
Cdknlc Foxp3 and Atg5 in LSK populations from bone marrow of WT and Fancd2-/- mice.
(B) Quantification of the percentage of transduced (GFP+) and non-transduced (GFP-) LSK
cells after 5 days in vitro culture. Bone marrow Lin- cells from WT and Fancd2-/- mice
were transduced with lentiviruses encoding shSmad3-GFP or shControl-GFP and cultured
in triplicates for 5 days. GFP+ and GFP- LSK cells were analyzed by flow cytometry. Data
shown are the average of three independent experiments. (C) Depletion of Smad3 promotes
the engraftment ability of Fancd2-/- cells. Equal numbers of transduced Lin-GFP+ cells
(20,000, CD45.2 cells) were transplanted into lethally irradiated recipients (CD45.1) along
with 1x105 helper cells (CD45.1). Percentages of donor-derived cells (GFP+CD45.2+) in

8
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peripheral blood of recipients were analyzed at 4 and 16 weeks post bone marrow
transplantation (n=5 recipient mice per group).

[00029] Figure 15. HSPCs from Fancd2-/- mice display hyperactive TGFp activity
and inhibition of TGFp signaling promotes their proliferation.

[00030] (A) Expression of phospho-Smad2/3 proteins in HSPCs from WT and Fancd2-/-
mice as detected by flow cytometric analysis. (B) Quantification of mean fluorescence
intensity (MFI) of phospho-Smad2/3 staining by flow cytometric analysis shown in (A) in
HSPCs from WT and Fancd2-/~ mice. (C) Fancd2-/- HSPCs are more sensitive to TGF-1
than WT HSPCs. Sorted Lin- cells from WT or Fancd2-/- mice were exposed to TGF-
B1.After 5 days in culture, LSK cells were analyzed by flow cytometry and quantified. Data
are shown after normalizing to untreated WT group. (D) Representative immunoblots of the
lysates from mouse fibroblast cells showing reduced phosphorylation of Smad2 by
treatment with TGF-[ inhibitors (TGF-beta 1,2,3 Ab and SD208). (E) TGF-beta 1,2,3 Ab
and SD208 rescues inhibitory effect of TGF-31 on bone marrow Lin- cell growth. Sorted
Lin- cells from WT and Fancd2-/- mice were exposed to TGF-B1 (1ng/mL) with or without
TGF-beta 1,2,3 Ab (10pug/mL) or SD208 (10uM), and viable cells were counted after 5 days
in culture. Data shown are after normalizing to untreated WT group. Error bars represent
mean + s.e.m. (F) Clonogenic assay of WT and Fancd2-/~ HSPCs treated with TGF-B1,
TGF-beta 1, 2, 3 Ab or SD208. Equal number of sorted LSK cells from WT and Fancd2-/~
mice were cultured in methycellulose medium containing TGF-31 (1ng/mL), TGF-beta 1, 2,
3Ab (10ug/mL), or SD208 (10uM) in triplicate. Hematopoietic colonies were counted after
7-10 days in culture. Error bars represent mean + s.e.m. (G) Schematic of the experimental
design for lentivirus shRNA transduction of Lin- bone marrow (BM) cells from WT and
Fancd2-/- mice. (H) Representative immunoblots of the lysates from murine 3T3 cells
showing knockdown efficiency of shRNA targeting mouse Smad3. (I) Representative
FACS plots of LSK cells analyzed by flow cytometry for GFP expression after 5 days in
vitro culture in stem cell culture medium. GFP+ or GFP- cells gated for LSK population are
shown. (J) Representative FACS plots showing percentage of transduced donor derived
cells in the peripheral blood samples of recipient mice at 4 and 16 weeks after bone marrow
transplantation. The average percentages in each group were shown. (K) GM6914 (FA-A)
cells exhibit higher TGFJ activity, compared to the FANCA corrected cells. GM6914 cells

were transfected with TGFB1-responsive luciferase promoter containing plasmid along with

9



CA 02976806 2017-08-15

WO 2016/138300 PCT/US2016/019625

FANCA plasmid or empty vector and after 48 hrs. Luciferase activity was measured. (L)
Binding of FANCD2 to SMADI1 promoter (region -2108 to -1950 bp) upon DNA damage
as detected by ChIP assay using anti-FANCD?2 antibody in corrected GM6914 (+FANCA)
but not GM6914 (+Vector) fibroblast cells. Cells were exposed to MMC (1uM) for 8 hrs
before using them in ChIP assays with an anti-FANCD2 antibody or IgG control antibody,
followed by real-time PCR. ChIP data are represented as enrichment fold of FANCD?2
binding to the region after normalization with IgG.

[00031] Figure 16. TGF-p Pathway Blockade Rescues the Function of Primary
HSPCs from Patients with FA.

[00032] (A) Hierarchial clustering and heat-map of the expression of TGF-p pathway
genes in human FA and non-FA bone marrow samples using gene set enrichment analysis.
(B-F) Colony forming assays using primary CD34+ bone marrow cells from five FA
patients. Cells were transduced with lentiviruses encoding shControl, shTP53 or sh§ MAD3
followed by selection for puromycin resistance and then plated in methycellulose cultures or
the cells were directly plated in methycellulose cultures containing GC1008 for colony
growth. The hematopoietic colonies were counted after 10 days in culture. (G-I) Colony
forming assays using FA-like CD34+ cells from human cord blood. As shown in the
schematic (G), FA-like CD34+ cells were generated by transducing human cord blood
CD34+ cells with lentivirus encoding shFANCD?2. After selection for puromycin resistance,
cells were transduced with lentivirus encoding shSMAD3-GFP and GFP+ cells were sorted
by FACS and subjected to clonogenic assay in triplicates. gqRT-PCR analysis (H) shows
significant reduction of FANCD2 and SMAD3 expression in cells. Hematopoietic colonies
were counted after 10-14 days in culture (I). (J) Colony forming assay of FA-like CD34+
cells with GC1008 treatment. Hematopoietic colonies were counted after 10-14 days in
culture. (K) In vivo xenograftment assay. Transduced human cord blood CD34+ cells with
shFANCD?2 or shControl were selected with puromycin and transplanted into sub-lethally
irradiated NSG mice. Recipient mice were treated with GC1008 at 3 doses per week for 2
weeks. Human cells were analyzed in the peripheral blood at 2 weeks post transplantation.
Data shown are combined from two independent experiments (n= 4-5 recipient mice).

(L, M) GC1008 rescues MMC-induced DNA damage in primary FA-like HSPCs.
Representative images (L) and quantification (M) of YH2AX foci in cord blood CD34+

cells transduced with lentivirus encoding shFANCD?2 or shControl. Puromycin resistant
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cord blood CD34+ cells transduced with lentivirus were exposed to MMC (100 ng/ml) for 2
hrs and allowed to recover for 24 hrs in presence of GC1008. Cells were then analyzed for
YH2AX foci by immunofluorescence. Thirty to hundred cells with more than 5 foci were
counted for each sample. Error bars represent mean + s.e.m. See also Figure 18.

[00033] Figure 17. TGF-p pathway Inhibition Increases HR and Decreases NHEJ
activities in FA Cells.

(A, B) TGF-p3 pathway inhibition affects the choice of HR versus NHEJ pathways in
repairing individual DNA breakpoints in FA cells. GM6914 cells (FA-A cells) or FANCA
corrected GM6914 cells with shControl or shASMAD3 were used to generate traffic light
reporter system, and then were infected with GFP-donor template and I-Scel lentivirus to
generate DN A breakpoints. Quantification analysis of HR and NHE] repair events is shown.
(B) The ratio of HR to NHEJ activity based on the data in (A). (C) SD208 mediated TGF-3
pathway inhibition increases HR events and decreases NHEJ events. Quantification of HR
and NHEJ repair events in GM6914 cells exposed to SD-208 for 72 hrs as detected by
traffic light reporter assay described in (A). (D) SMAD3 knockdown significantly increases
HR efficiency. HR assay was measured in U20S cells with DR-GFP reporter after
transduction with lentivirus encoding indicated shRNAs. The representative of three
independent experiments is presented. (E) NHEJ reporter assay showing decreased NHEJ
activity in U20S cells after inhibition of the TGF-3 pathway by small molecule inhibitors.
(F, G) TGF-p pathway inhibition promotes HR activity in FA cells. Representative images
(F) and quantification (G) of RADS51 foci in MMC treated GM6914 (FA-A) cells or
FANCA corrected GM6914 cells with shRNA-mediated knockdown of SMAD3. Cells were
exposed to 1uM MMUC for 6h, and allowed to recover for 24h and 48h. RADS51 foci were
then identified. One hundred cells were scored for RADS51 foci. Error bars represent mean +
s.e.m. See also Figure 19.

[00034] Figure 18. Inhibition of TGF-§ Pathway Rescues Impaired Function of
HSPCs from Patients with FA.

[00035] (A) Gene set enrichment analysis (GSEA) displays the expression profiling of
TGF-p pathway genes in bone marrow cells from FA patients and healthy control. (Dataset:
GSE16334). (B) Schematic of the clonogenic assay of primary CD34+ cells from FA
patients. (C) Clonogenic survival of FA-like CD34+ cells exposed to MMC. Cells were
cultured in methylcellulose medium post MMC treatment (2h at 100ng/mL) and
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hematopoietic colonies were counted after 10 days in culture. Colony numbers in each
MMC treated group were normalized to untreated control of each group respectively. Error
bars represent mean + s.e.m. (D) Colony forming assay of FA-like CD34+ cells. Human
cord blood CD34+ cells expressing control shRNA or shFANCD?2 were treated with
GC1008 (10ug/mL). for clonogenic assay in triplicates. Hematopoietic colonies were
counted after 10-14 days in culture. Error bars represent mean + s.e.m. (E) In vivo xenograft
assay. Human cord blood CD34+ cells were transduced with lentivirus encoding
shFANCD?2 or shControl. After selection with puromycin, cells were transplanted into sub-
lethally irradiated NSG mice. Recipient mice were treated with GC1008 at 3 doses per week
for 2 weeks. Human cells were analyzed in the peripheral blood by flow cytometry at 8
weeks post transplantation. Data shown are combined from two independent experiments
(n= 4-5 recipient mice). (F, G) GC1008 treatment promotes DNA repair in FA-like

[00036] HSPCs. Human cord blood CD34+ cells expressing control shRNA or
shFANCD?2 were treated with MMC (100 ng/mL) for 2h, and then allowed to recover for
24h. Representative images (F) and quantification (G) of 53BP1 foci are shown.

[00037] Figure 19. Inhibition of TGF- Pathway Increases HR Activity and
Decreases NHEJ Activity in FA Cells.

[00038] (A) Schematic of traffic light reporter assay. Endonuclease I-Scel induces
double strand break (DSB) in the restriction site. If the DSB is repaired by HR using
truncated GFP template, the full eGFP gets reconstituted and cells are GFP-positive; if the
DSB is repaired by NHEJ, 2bp frameshift leads to 724 and mCherry sequences in frame,
and cells are mCherry-positive. (B) HR and NHEJ repair analyzed by traffic light reporter
(TLR) system. GM6914 (FA-A cells) or FANCA corrected GM6914 cells with shControl or
shSMAD3 were infected with lentivirus encoding TLR-BFP reporter and were then infected
with and I-Scel only encoding lentivirus to generate DNA breakpoints. HR and NHEJ repair
events (GFP or mCherry positive cells) were quantified by flow cytometry. (C)
Immunoblots with the indicated antibodies of the lysates from GM6914 (FA-A) cells or
FANCA-corrected GM6914 cells with shRNA-mediated knockdown of SMAD3. Cells
were exposed to 1uM MMC for 8h and allowed to recover for 24 and 48 hours. (D)
Analysis of siRNA screening data showing that siRNA mediated knockdown of the
majority of the TGF- pathway genes enhances HR efficiency. [siRNA screening database

was used from Adamson et al., A genome-wide homologous recombination screen

12



CA 02976806 2017-08-15

WO 2016/138300 PCT/US2016/019625

identifies the RNA-binding protein RBMX as a component of the DN A-~damage response.
Nature Cell Biology, 14: 318-328 (2012)].

DETAILED DESCRIPTION OF THE INVENTION
[00039] The invention is based in part upon the surprising discovery that inhibition of
the TGF B signaling pathway will rescue the growth of bone marrow cells in patients with
Fanconi Anemia (FA).
[00040] More specifically, it was discovered that blocking the transforming growth
factor B (TGF) pathway, by either genetic deletion or pharmacologic inhibition,
significantly enhanced FA cellular growth and improved cellular survival in the presence of
DNA interstrand crosslinking agents.
[00041] Blocking the TGF-J pathway improves the survival of FA cells and rescues the
proliferative and functional defects of HSPCs derived from FA mice and FA patients.
Inhibition of TGF-P signaling in FA HSPCs results in elevated homologous recombination
(HR) repair with a concomitant decrease in non-homologous end-joining (NHEJ),
accounting for the improvement in cellular growth.
[00042] In humans, three isoforms of TGFB, TGFB1, TGFp2 and TGFB3, are known to
exist. (Swiss Prot accession numbers PO01137, P08112 and P10600 (respectively)). In their
biologically active state, these three isoforms are 25 kDa homodimers comprising two 112
amino acid monomers joined by an inter-chain disulfide bridge. TGFp1 differs from
TGFB2 by 27 amino acids, and from TGF[33 by 22 amino acids. The differences are mainly
conservative amino acid changes. The three-dimensional structure of TGF[ has been
determined by X-ray crystallography and the receptor binding regions have been defined.
Both human TGFBs and mouse TGFs are similar, The human TGFB1 has one amino acid
difference from a mouse TGFB1. Human TGF[2 has only a three amino acid difference
from mouse TGFB2, and human and mice TGFf3 are identical.
[00043] Bone marrow stromal cells derived from Fancd2-deficient mouse exhibited
hyperactive noncanonical TGFB-Erk pathway, and inhibition of this pathway also restored
resistance to genotoxic agents. Moreover, inhibition of the canonical TGF-Smad pathway
rescued the proliferation defect of hematopoietic stem/progenitor cells (HSPCs) from
Fancd2-deficient mice and human FA patients. Mechanistically, hyperactive TGFf3

signaling in FA cells resulted in elevated non-homologous end joining (NHEJ) activity and
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reduced homologous recombination (HR) repair. The activation of HR repair by TGFf3
inhibition accounts, at least in part, for the improvement in cellular growth. Taken together,
inhibition of the TGF[} signaling pathway will provide a therapeutic strategy in the clinical
treatment of FA patients with bone marrow failure.

[00044]  Despite the elucidation of the FA/BRCA pathway >, the pathophysiological
mechanism of BMF in FA has remained elusive. Research has been hampered by the fact
that FA pathway-deficient mice do not spontaneously develop bone marrow failure'.
Recent studies have demonstrated that HSPCs from FA patients and FA mice have a
hyperactive p53/p21 axis, resulting, at least in part, in the increased BMF’. The
hyperactivation of p53/p21 appears to result from unresolved DNA replication stress,
endogenous DNA damage, and other cellular stresses. The progressive impairment of HSPC
by p53-mediated cell cycle arrest and apoptosis also accounts for the observed delay in
onset of BMF in FA patients.

[00045]  Here, we describe a novel mechanism for BMF in FA patients and mouse
models — namely, the hyperactivation of the TGFJ} pathway in FA HSPCs and stromal bone
marrow fibroblasts. Using an unbiased shRNA screen, we initially identified hyperactive
components of the TGF[} signaling pathway, which suppress the growth of FA patient-
derived cell lines. Inhibition of TGFp pathway, in HSPCs and in primary bone marrow
stromal cells, partially rescued the growth and crosslinker hypersensitivity of these cells.
Knockdown of TGF[ pathway signaling proteins, such as SMAD3 of the canonical
pathway, and MEK and pERK1/2 of the non-canonical pathway, led to enhanced FA
cellular growth. Additionally, FA cells display hypersensitivity to many inflammatory
cytokines’®. Elevated TGFB1 level, secreted by bone marrow stromal cells and
hematopoietic cells, suppresses HSPCs in FA bone marrows, and subsequently leads to
bone marrow failure. Recent studies demonstrated that a dysfunctional bone marrow niches
can lead to the development of hematopoietic malignancies****, and TGFB1 released from
bone marrow stromal cells can promote the clonal evolution myeloid leukemias*’. Our data
further establish the role of bone marrow microenvironment in the pathogenesis of BMF of
FA through hyperactivation of TGFp} pathway. The mechanism by which TGF[} pathway is
activated in F A remains unknown. Previous studies demonstrated that FA pathway is

involved in the regulation of cytokine generation. For instance, FANCC has been implicated
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IFNy signaling through interacting with HSP70 and STAT1***”. Whether TGFp production
is regulated by the FA pathway will require further investigation.

[00046] TGFp Inhibitors

[00047] Accordingly, the invention provides methods of treating, preventing or delaying
the onset of bone marrow failure in Fanconi Anemia patients by administering to a subject
in need thereof a TGFp inhibitor.

[00048] A TGFB inhibitor inhibitor is a compound that decreases expression or activity
of TGFP inhibitor. A decrease in TGFp inhibitor activity is defined by a reduction of a
biological function of TGFp inhibitor. A TGFJ inhibitor can neutralize TGF, interfere
with binding of TGF to its receptor or inhibits a component of the TGFp signaling
pathway such as SMAD3, MEK or pERK1/2.

[00049] The TGFp inhibitor can be a small molecule. A "small molecule" as used
herein, is meant to refer to a composition that has a molecular weight in the range of less
than about 5 kD to 50 daltons, for example less than about 4 kD, less than about 3.5 kD, less
than about 3 kD, less than about 2.5 kD, less than about 2 kD, less than about 1.5 kD, less
than about 1 kD, less than 750 daltons, less than 500 daltons, less than about 450 daltons,
less than about 400 daltons, less than about 350 daltons, less than 300 daltons, less than 250
daltons, less than about 200 daltons, Iess than about 150 daltons, less than about 100
daltons. Small molecules can be, e.g., nucleic acids, peptides, polypeptides,
peptidomimetics, carbohydrates, lipids or other organic or inorganic molecules. For
example, the small molecule TGF [ inhibitor is a DNA dependent protein kinase inhibitor, a
SMAD3 inhibitor, a TGFBR1 inhibitor or a MEK1/2 inhibitor.

[00050] A DNA dependent protein kinase inhibitor includes for example, Compound
401, DMNB, KU 0060648, NU 7026, NU 7441, or PI 103 hydrochloride.

[00051] A SMAD3 inhibitor includes for example SIS3 or naringenin.

[00052] A TGFBR1 inhibitor includes for example, Galunisertib, YR-290, SB431542
SB525334, SD208, LY2109761, SB431542, SB525334, SB505124, GW788388,
LY364947, LY2109761, RepSox, or EW-7197. Preferably the TGFBR1 inhibitor is
Galunisertib

[00053] A MEK1/2 inhibitor includes for example, U0126, PD98059, PD0325901,
PD184352, PD318088, S1.327, AZD8330, U0126-EtOH, PD318088, Trametinib,
Pimasertib, AZD8330, or Binimetinib .
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[00054] The TGFf inhibitor is an antibody or fragment thereof specific to TGF or
TGFBR1. Methods for designing and producing specific antibodies are well-known in the
art.

[00055] The TGFp inhibitor is for example an antisense TGFp nucleic acid, a TGF§ -
specific short-interfering RNA, or a TGFB-specific ribozyme. Alternatively, the TGFf
inhibitor is for example an antisense SMAD?3 nucleic acid, a SMAD3 -specific short-
interfering RNA, or a SMAD3-specific ribozyme. By the term "siRNA" is meant a double
stranded RNA molecule which prevents translation of a target mRNA. Standard techniques
of introducing siRNA into a cell are used, including those in which DNA is a template from
which an siRNA is transcribed. The siRNA includes a sense TGFB or SMAD3 nucleic acid
sequence, an anti-sense TGFpB or SMAD?3 nucleic acid sequence or both. Optionally, the
siRNA is constructed such that a single transcript has both the sense and complementary
antisense sequences from the target gene, e.g., a hairpin (shRNA). Optionally, the siRNA is
constructed as a short guided RNA (sgRNA).Examples of siRNAs shRNAs and sgRNA are
disclosed in the examples herein.

[00056] Binding of the siRNA to a TGFB or SMAD?3transcript in the target cell results in
a reduction in TGFP or SMAD?3 production by the cell. The length of the oligonucleotide is
at least 10 nucleotides and may be as long as the naturally-occurring TGFp or SMAD3
transcript. Preferably, the oligonucleotide is 19-25 nucleotides in length. Most preferably,
the oligonucleotide is less than 75, 50, 25 nucleotides in length.

[00057] Therapeutic Methods

[00058] Bone marrow failure is treated, prevented or delayed, by administering to a
subject having Fanconi Anemia a TGF inhibitor. In other aspects, the TGF inhibitor is
administered to a subject that is to receive a bone marrow transplant.

[00059] Treatment is efficacious if the treatment leads to clinical benefit such as, an
increase in bone marrow stems cells and/or bone marrow stromal fibroblast cells in the
patient. When treatment is applied prophylactically, “efficacious™ means that the treatment
retards or prevents bone marrow failure or alleviates a clinical symptom of bone marrow
failure such as decreasing blood count. Efficaciousness is determined in association with
any known method for diagnosing or treating bone marrow failure.

[00060] The TGFp inhibitor is administered before the patient is prepared for a bone

marrow transplant, after a bone marrow transplant or both. Alternatively, the compound is
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administered after the patient is prepared for a bone marrow transplant but before the bone
marrow transplant. By prepared for a bone marrow transplant is meant that the paint has
had undergone a conditioning regimen such a chemotherapy, total body irradiation, or both
to weaken or destroy the unhealthy bone marrow.

[00061] In other embodiments the TGFf} inhibitor is administered to subject during a
medical crisis such as a bacterial or viral infection.

[00062] Therapeutic Administration

[00063] The invention includes administering to a subject composition comprising a
TGFp inhibitor.

[00064] An effective amount of a therapeutic compound is preferably from about 0.1
mg/kg to about 150 mg/kg. Effective doses vary, as recognized by those skilled in the art,
depending on route of administration, excipient usage, and coadministration with other
therapeutic treatments including use of other therapeutic agents for treating, preventing or
alleviating bone marrow failure such as androgen therapy or erythropoietin.

[00065] A therapeutic regimen is carried out by identifying a mammal, e.g., a human
patient suffering from Fanconi Anemia by standard methods.

[00066] Doses may be administered once, or more than once. In some embodiments, it is
preferred that the therapeutic compound is administered once a week, twice a week, three
times a week, four times a week, five times a week, six times a week, or seven times a week
for a predetermined duration of time, most preferably 3 times per week although less
frequent dosing may be preferred if targeting the blood compartment as in Fanconia
Anemia. The predetermined duration of time may be 1 week, 2 weeks, 3 weeks, 4 weeks, 5
weeks, 6 weeks, 7 weeks, 2 months, 3 months, 4 months, 5 months, 6 months, 7 months, 8
months, 9 months, 10 months, 11 months, or up to 1 year, preferably for 1 to two months.
In some cases, chronic administration may be desired, especially in the treatment of a
condition lasting more than three months like Fanconia Anemia. The terms “chronic
administration” or “administered chronically” mean prolonged drug administration for a
duration of greater than three months.

[00067] The predetermined duration of time may be 1 week, 2 weeks, 3 weeks, 4 weeks,
5 weeks, 6 weeks, 7 weeks, 2 months, 3 months, 4 months, 5 months, 6 months, 7 months, 8

months, 9 months, 10 months, 11 months, or up to 1 year.
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[00068] The pharmaceutical compound is administered to such an individual using
methods known in the art. Preferably, the compound is administered orally, rectally,
nasally, topically or parenterally, e.g., subcutaneously, intraperitoneally, intramuscularly,
and intravenously. Preferably the compound is administered intravenously. The inhibitors
are optionally formulated as a component of a cocktail of therapeutic drugs. Examples of
formulations suitable for parenteral administration include aqueous solutions of the active
agent in an isotonic saline solution, a 5% glucose solution, or another standard
pharmaceutically acceptable excipient. Standard solubilizing agents such as PVP or
cyclodextrins are also utilized as pharmaceutical excipients for delivery of the therapeutic
compounds.

[00069]  The therapeutic compounds described herein are formulated into compositions
for other routes of administration utilizing conventional methods. For example, the
therapeutic compounds are formulated in a capsule or a tablet for oral administration.
Capsules may contain any standard pharmaceutically acceptable materials such as gelatin or
cellulose. Tablets may be formulated in accordance with conventional procedures by
compressing mixtures of a therapeutic compound with a solid carrier and a lubricant.
Examples of solid carriers include starch and sugar bentonite. The compound is
administered in the form of a hard shell tablet or a capsule containing a binder, e.g., lactose
or mannitol, conventional filler, and a tableting agent. Other formulations include an
ointment, suppository, paste, spray, patch, cream, gel, resorbable sponge, or foam. Such
formulations are produced using methods well known in the art.

[00070] Therapeutic compounds are effective upon direct contact of the compound with
the affected tissue. Accordingly, the compound is administered topically. Altematively,
the therapeutic compounds are administered systemically. For example, the compounds are
administered by inhalation. The compounds are delivered in the form of an aerosol spray
from pressured container or dispenser which contains a suitable propellant, e.g., a gas such
as carbon dioxide, or a nebulizer.

[00071]  Additionally, compounds are administered by implanting (either directly into an
organ or subcutaneously) a solid or resorbable matrix which slowly releases the compound
into adjacent and surrounding tissues of the subject.

[00072] Definitions
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[00073] The term “TGFB” or “transforming growth factor-beta" refers to the family of
molecules described that have either the full-length, native amino acid sequence of any of the
humans TGF isoforms.

[00074] A “TGFp antibody’” refers to an antibody or antigen binding fragment thereof
that binds to any of the isoforms of TGFp, preferably binding to either TGFB1, TGF[32, or
TGFB3, or to any combination thereof.

[00075]  The term "polypeptide" refers, in one embodiment, to a protein or, in another
embodiment, to protein fragment or fragments or, in another embodiment, a string of amino
acids. In one embodiment, reference to "peptide" or "polypeptide" when in reference to any
polypeptide of this invention, is meant to include native peptides (either degradation
products, synthetically synthesized peptides or recombinant peptides) and peptidomimetics
(typically, synthetically synthesized peptides), such as peptoids and semipeptoids which are
peptide analogs, which may have, for example, modifications rendering the peptides more
stable while in a body or more capable of penetrating into cells. Such modifications include,
but are not limited to N terminal, C terminal or peptide bond modification, including, but
not limited to, backbone modifications, and residue modification, each of which represents
an additional embodiment of the invention. Methods for preparing peptidomimetic
compounds are well known in the art and are specified, for example, in Quantitative Drug
Design, C.A. Ramsden Gd., Chapter 17.2, F. Choplin Pergamon Press (1992).

[00076] As used interchangeably herein, the terms "oligonucleotides", "polynucleotides",
and "nucleic acids" include RNA, DNA, or RNA/DNA hybrid sequences of more than one
nucleotide in either single chain or duplex form. The term "nucleotide" as used herein as an
adjective to describe molecules comprising RNA, DNA, or RNA/DNA hybrid sequences of
any length in single-stranded or duplex form. The term "nucleotide" is also used herein as a
noun to refer to individual nucleotides or varieties of nucleotides, meaning a molecule, or
individual unit in a larger nucleic acid molecule, comprising a purine or pyrimidine, a ribose
or deoxyribose sugar moiety, and a phosphate group, or phosphodiester linkage in the case
of nucleotides within an oligonucleotide or polynucleotide. Although the term "nucleotide"
is also used herein to encompass "modified nucleotides" which comprise at least one
modifications (a) an alternative linking group, (b) an analogous form of purine, (c) an

analogous form of pyrimidine, or (d) an analogous sugar, all as described herein.
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[00077] The term "homology", when in reference to any nucleic acid sequence indicates
a percentage of nucleotides in a candidate sequence that are identical with the nucleotides of
a corresponding native nucleic acid sequence. Homology may be determined by computer
algorithm for sequence alignment, by methods well described in the art. For example,
computer algorithm analysis of nucleic acid or amino acid sequence homology may include
the utilization of any number of software packages available, such as, for example, the
BLAST, DOMAIN, BEAUTY (BLAST Enhanced Alignment Utility), GENPEPT and
TREMBL packages.

[00078] As used herein, the term "substantial sequence identity" or "substantial
homology" is used to indicate that a sequence exhibits substantial structural or functional
equivalence with another sequence. Any structural or functional differences between
sequences having substantial sequence identity or substantial homology will be de minimus;
that is, they will not affect the ability of the sequence to function as indicated in the desired
application. Differences may be due to inherent variations in codon usage among different
species, for example. Structural differences are considered de minimus if there is a
significant amount of sequence overlap or similarity between two or more different
sequences or if the different sequences exhibit similar physical characteristics even if the
sequences differ in length or structure. Such characteristics include, for example, the ability
to hybridize under defined conditions, or in the case of proteins, immunological
crossreactivity, similar enzymatic activity, etc. The skilled practitioner can readily
determine each of these characteristics by art known methods.

[00079] Additionally, two nucleotide sequences are "substantially complementary” if the
sequences have at least about 70 percent or greater, more preferably 80 percent or greater,
even more preferably about 90 percent or greater, and most preferably about 95 percent or
greater sequence similarity between them. Two amino acid sequences are substantially
homologous if they have at least 50%, preferably at least 70%, more preferably at least
80%, even more preferably at least 90%, and most preferably at least 95% similarity
between the active, or functionally relevant, portions of the polypeptides.

[00080] To determine the percent identity of two sequences, the sequences are aligned
for optimal comparison purposes (e.g., gaps can be introduced in one or both of a first and a
second amino acid or nucleic acid sequence for optimal alignment and non-homologous

sequences can be disregarded for comparison purposes). In a preferred embodiment, at least
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30%, 40%, 50%, 60%, 70%, 80%, or 90% or more of the length of a reference sequence is
aligned for comparison purposes. The amino acid residues or nucleotides at corresponding
amino acid positions or nucleotide positions are then compared. When a position in the first
sequence is occupied by the same amino acid residue or nucleotide as the corresponding
position in the second sequence, then the molecules are identical at that position (as used
herein amino acid or nucleic acid "identity" is equivalent to amino acid or nucleic acid
"homology"). The percent identity between the two sequences is a function of the number of
identical positions shared by the sequences, taking into account the number of gaps, and the
length of each gap, which need to be introduced for optimal alignment of the two
sequences.

[00081] The comparison of sequences and determination of percent identity and
similarity between two sequences can be accomplished using a mathematical algorithm.
(Computational Molecular Biology, Lesk, A. M., ed., Oxford University Press, New York,
1988; Biocomputing: Informatics and Genome Projects, Smith, D. W, ed., Academic Press,
New York, 1993; Computer Analysis of Sequence Data, Part 1, Griffin, A. M., and Griffin,
H. G., eds., Humana Press, New Jersey, 1994; Sequence Analysis in Molecular Biology,
von Heinje, G., Academic Press, 1987; and Sequence Analysis Primer, Gribskov, M. and
Devereux, J., eds., M Stockton Press, New York, 1991).

[00082] "Treatment" is an intervention performed with the intention of preventing the
development or altering the pathology or symptoms of a disorder. Accordingly, "treatment"
refers to both therapeutic treatment and prophylactic or preventative measures. Those in
need of treatment include those already with the disorder as well as those in which the
disorder is to be prevented. As used herein, "ameliorated" or "treatment"” refers to a
symptom which is approaches a normalized value (for example a value obtained in a
healthy patient or individual), e.g., is less than 50% different from a normalized value,
preferably is less than about 25% different from a normalized value, more preferably, is less
than 10% different from a normalized value, and still more preferably, is not significantly
different from a normalized value as determined using routine statistical tests.

[00083] Thus, treating may include suppressing, inhibiting, preventing, treating, delaying
the onset of or a combination thereof. Treating refers inter alia to increasing time to
sustained progression, expediting remission, inducing remission, augmenting remission,

speeding recovery, increasing efficacy of or decreasing resistance to alternative
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therapeutics, or a combination thereof. "Suppressing" or "inhibiting", refers inter alia to
delaying the onset of symptoms, preventing relapse to a disease, decreasing the number or
frequency of relapse episodes, increasing latency between symptomatic episodes, reducing
the severity of symptoms, reducing the severity of an acute episode, reducing the number of
symptoms, reducing the incidence of disease-related symptoms, reducing the latency of
symptoms, ameliorating symptoms, reducing secondary symptoms, reducing secondary
infections, prolonging patient survival, or a combination thereof. The symptoms are
primary, while in another embodiment, symptoms are secondary. "Primary" refers to a
symptom that is a direct result of the proliferative disorder, while, secondary refers to a
symptom that is derived from or consequent to a primary cause. Symptoms may be any
manifestation of a disease or pathological condition.

[00084] As used herein, "an ameliorated symptom" or "treated symptom" refers to a
symptom which approaches a normalized value, e.g., is less than 50% different from a
normalized value, preferably is less than about 25% different from a normalized value,
more preferably, is less than 10% different from a normalized value, and still more
preferably, is not significantly different from a normalized value as determined using
routine statistical tests.

[00085] As used herein, a "pharmaceutically acceptable" component is one that is
suitable for use with humans and/or animals without undue adverse side effects (such as
toxicity, irritation, and allergic response) commensurate with a reasonable benefit/risk ratio.
[00086] As used herein, the term "safe and effective amount" or "therapeutic amount"
refers to the quantity of a component which is sufficient to yield a desired therapeutic
response without undue adverse side effects (such as toxicity, irritation, or allergic
response) commensurate with a reasonable benefit/risk ratio when used in the manner of
this invention. By "therapeutically effective amount” is meant an amount of a compound of
the present invention effective to yield the desired therapeutic response. The specific safe
and effective amount or therapeutically effective amount will vary with such factors as the
particular condition being treated, the physical condition of the patient, the type of mammal
or animal being treated, the duration of the treatment, the nature of concurrent therapy (if
any), and the specific formulations employed and the structure of the compounds or its

derivatives.
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[00087] The terms "patient” “subject” or "individual" are used interchangeably herein,
and refers to a mammalian subject to be treated, with human patients being preferred. In
some cases, the methods of the invention find use in experimental animals, in veterinary
application, and in the development of animal models for disease, including, but not limited
to, rodents including mice, rats, and hamsters; and primates.

[00088] By the term "modulate,” it is meant that any of the mentioned activities, are, e.g.,
increased, enhanced, increased, augmented, agonized (acts as an agonist), promoted,
decreased, reduced, suppressed blocked, or antagonized (acts as an antagonist). Modulation
can increase activity more than 1-fold, 2-fold, 3-fold, 5-fold, 10-fold, 100-fold, etc., over
baseline values. Modulation can also decrease its activity below baseline values, for
example, 1-fold, 2-fold, 3-fold, 5-fold, 10-fold, 100-fold, etc.

[00089] As used herein, "molecule"” is used generically to encompass any vector,
antibody, protein, drug and the like which are used in therapy and can be detected in a
patient by the methods of the invention. For example, multiple different types of nucleic
acid delivery vectors encoding different types of genes which may act together to promote a
therapeutic effect, or to increase the efficacy or selectivity of gene transfer and/or gene
expression in a cell. The nucleic acid delivery vector may be provided as naked nucleic
acids or in a delivery vehicle associated with one or more molecules for facilitating entry of
anucleic acid into a cell. Suitable delivery vehicles include, but are not limited to:
liposomal formulations, polypeptides; polysaccharides; lipopolysaccharides, viral
formulations (e.g., including viruses, viral particles, artificial viral envelopes and the like),

cell delivery vehicles, and the like.

EXAMPLES
[00090] EXAMPLE 1: GENERAL METHODS
[00091] Whole genome pooled shRNA screen
[00092] The screen was performed essentially as previously described (Luo J. et al, 2009
Cell). The Hannon-Elledge whole genome pooled shRNA library consists of six viral pools
each containing approximately 13,000 different MSCV-PM retroviral shRNA particles
targeting human genes. For each pool, three replicates of at least 1.3x10” GM6914 cells
were incubated with an equivalent number of retroviral colony-forming units in media

containing 8 ug/ml polybrene (Sigma-Aldrich, St. Louis, MO), for a 1000-fold
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representation of each shRNA sequence at a multiplicity-of-infection (MOI) of 1.
Puromycin (2 pg/ml) was added to the cells 24 hours post transduction and maintained for
48 hours for selection of stable integrants. Cells were treated with MMC 19 nM for 7 days,
and surviving cells were washed and cultured for 2 additional weeks. Genomic DNA was
extracted from cells harvested both before and after MMC treatment. Half-hairpin shRNA-
containing sequences were amplified by PCR. An equal amount of input genomic DNA for
each sample was used. For each sample, we performed 8 separate 100 uL reactions, and
then combined the resulting amplicons. Primer sequences to recover half-hairpin shRNA in
the first PCR reaction are:

[00093] JH353F 5= TAGTGAAGCCACAGATGTA -3' (SEQ ID NO:1)

[00094] HHR2L 35—~ ATGTATCAAAGAGATAGCAAGGTATTCAG -3° (SEQ ID
NO: 2)

[00095] Two more PCR reactions were performed to attach Illumina adaptors and
barcodes. Primer sequences are as follows:

[00096] IndexSeqPrimer(ISP)-shRNAloop:
5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtagtgaagccacagatgta—3' (SEQ
ID NO: 3)

[00097] P7-IndexingPrimer:
5’-CAAGCAGAAGACGGCATACGAGAT[xxxxxxX|GTGACTGGAGTTCAGAC
GTGT-3' (SEQ ID NO: 4)

[00098]  P5-HHR2L: 5°—
AATGATACGGCGACCACCGAatgtatcaaagagatagcaaggtattcag —3' (SEQ ID NO: 5)
[00099] Resulting amplicons were gel extracted, quantified, mixed and sequenced using
INlumina HiSeq2000.

[000100] Data processing and initial analysis

[000101] To align the sequences with the reference shRNA sequence library, bowtie was
used with the following parameters:

[000102] Dbowtie -p 2 --best --nomaqround --norc¢ --trim3 28 -k 1 -n 0 -v 2 -a <path to the
base-name of the reference files> $i <output filename>

[000103] To collate and count the hairpins, grep and awk was used. To normalize the
values, the R package DESeq was used to perform TMM normalization. To compare the

abundances of shRNA integrants pre and post MMC treatment, the log2 fold change of the
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mean of the replicates was determined for each hairpin. To rank genes, RIGER was used
using the pre-scored option.

[000104] Animals

[000105] We generated Fancd2”" mice as previously described'2. C57BL/6J-CD45.1, and
C57BL/6J-CD45.2 mice were obtained from mice were purchased from The Jackson
Laboratory. All mice were in C57BL/6J background, and were bred and maintained in a
temperature- and humidity-controlled environment and given unrestricted access to 6%
chow dict and acidified water. We treated WT and Fancd2”~ mice with 0.3mg/kg MMC to
induce bone marrow failure. Animal experiments were performed following the approved
protocol of the Animal Care and Use Committee at the Dana Farber Cancer Institute™.
[000106] Cell culture and protein techniques

[000107] Human 293T, U208, and FA cells, including GM6914, PD20, DF1653.B,
DF1238.B, DF117.B, FHCC-P5, FHCC-73, FHCC-42E, and FHCC196A, were cultured in
Dulbecco’s Modified Eagle’s Medium (Life Technologies™) supplemented with 10% fetal
calf serum (FBS). Human FA cells EUFA316 were grown in RPMI1640 (Life
Technologies) supplemented with 10% fetal calf seram. Fancd2*’* and Fancd2” bone
marrow stromal cells were established by culturing whole bone marrow in DMEM with
10% FBS. Fancd2™ stromal cells were complemented with human FANCD2 by retroviral
transduction of FANCD2 cDNA in pMMP-PURO vector, followed by selection in
puromycin. Whole cell extracts were prepared by lysing cells in radioimmunoprecipitation
assay buffer (50 mmol/L Tris, pH 7.3, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-
100, 0.5% Na-deoxycholate, and 0.1% SDS) with complete protease inhibitor, NaVO4, and
NaF.

[000108] Antibodies and reagents

[000109] The following antibodies were used for western blotting: p-ERK1/2 (Santa
Cruz), p-SMAD2/3 (Cell Signaling), SMAD3 (Cell Signaling), TGF-pR1 (Santa Cruz), p53
(Cell Signaling), p21 (Santa Cruz), p-p38 (Cell Signaling), p38 (Cell Signaling), p-JINK1/2
(Cell Signaling), p-JNK1/2 (Cell Signaling), RAD51 (Santa Cruz), p-DNA-PK (abcam)
Vinculin (Santa Cruz), Tubulin (Cell Signaling). DNA-PK inhibitor NU7026 and SMAD?3
inhibitor SIS3 were purchased from EMD Millipore™, and TGF-BR1 inhibitor LY364947,
SD208, MEK1/2-inhibitor PD0325901 were from Sigma™. Recombinant human TGFp1,
SCF, TPO, IGF, and bFGF were from ProPeptide, and Mouse TGFB1 from R&D.
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[000110] shRNA and CRISPR Construction

[000111] Lentiviral shRNA vector pLKO.1 were obtained from RNAi Core facility of
Dana Farber Cancer Institute. Sequences of SMAD3 and 7P53 shRNA were as follows:
shRNA-SMAD3: 5’- CTGTGTGAGTTCGCCTTCAAT-3’ (SEQ ID NO: 6): shARNA-TP53:
5’- CGGCGCACAGAGGAAGAGAAT-3’ (SEQ ID NO: 7).

[000112] CRISPRs were designed using on-line tools provided by the Zhang laboratory
and then cloned into pLenti-CRISPR/Cas9 vector (Addgene) following Zhang’s protocol.
The target sequences were as follows: Smad3: GTTCACGTTCTGCGTGGTGA (SEQ ID
NO: 8); p53: AGGAGCTCCTGACACTCGGA (SEQ ID NO: 9); Tgfbrl:
ATGAGGAGCTGCGGACGACG (SEQ ID NO: 10).

[000113] Lentivirus production and transduction.

[000114] To produce lentivirus, HEK293T cells were seeded at ~50% confluence 24 hours
before transfection. Transfection was performed using LTX and plus reagent (Life
Technologies). Virus was harvested 48 hours post transfection, and filtered through a
0.45um low protein binding membrane (Millipore). To transduce human FA cells and bone
marrow stromal cells, an MOI of about 0.5 was used. To transduce bone marrow cells from
WT and Fancd2”" mice, Lin™ cells were isolated using EasySep™ stem cell enrichment kit
(StemCell Technology™) and transduced with lentivirus at MOI of 8-10.

[000115] Hematopoietic stem/progenitor cell culture and flow cytometry analysis.
[000116] For mouse hematopoietic stem/progenitor cell culture, Lin cells were cultured in
vitro in StemSpan™ SFEM media with 10ng/mL SCF, 20ng/mL IGF-2, 20ng/mL TPO,
10ng/mL heparin, and 10ng/mL o-FGF. Half media was changed every three days. For
human cord blood cells, CD34" cells were isolated using CD34 microbead kit (Miltenyi
Biotec™). Cells were cultured in StemSpan SFEM media with 100ng/mL hSCF, 100ng/mL
FLT3 ligand, 10ng/mL TPO, 10ng/mL IL-6.

[000117] To perform flow cytometry analysis, Lin™ cells were collected at day 2 and 5 post
transduction and suspended in staining medium (PBS with 2% heat-inactivated calf serum),
and incubated with PE-conjugated c-Kit and APC-conjugated Sca-1 antibodies were added
to the cells for 30 min at 4°C in the dark. Stem cell population (GFP*Lin"c-Kit"Sca-1") was

analyzed by FACS. All these antibodies were purchased from eBioscience.

26

Date Regue/Date Received 2022-06-01



[000118] Functional cell-based assays

[000119] For survival assays, cells were seeded at a density of 1x10° cells per well in 96-
well plates. After 72 hours of culture in indicated concentrations of MMC or post exposure
of acetaldehyde, viability was assessed using CellTiterGlo reagent (Promega™). In order to
assess clonogenicity, cells were seeded at a low density (500-1000 cells per well) in 6-well
plates and allowed to form colonies. The cells were then fixed in methanol/20% acetic acid
and stained with 1% crystal violet. Colony formation was assessed by solubilizing crystal
violet stain with methanol and quantifying UV absorbance for each condition.

[000120] ELISA

[000121] Cell culture supernatant were harvested, and the TGFp1 level was assessed using
TGF-p1 Multispecies ELISA Kit (Invitrogen) following the manual procedure.

[000122] Immunofluorescence

[000123] Cells were grown on coverslip for 24 hours before treated with MMC. Cells
were fixed with 4% (w/v) paraformaldehyde for 10min at room temperature, washed three
times with PBS, followed by extraction with 0.3% Triton X-10™ for 10min on ice. The
incubation with the primary antibody (anti-RAD51, Santa Cruz) was done at 37°C.

[000124] Comet Assay

[000125] To evaluate MMC induced DNA cross-link damage and repair, a modified
alkaline Comet assay was performed®”->®. Briefly, cells were seeded into 6-well plates at
20% confluence and treated with MMC for 6 hours, and washed and release for 24 and 48
hours. Cells were collected, placed on slide coated with agarose, and lysed according to
manufacturer’s protocol of Trevigen's Comet Assay Kit (Trevigen). After lysis, the slides
were irradiated to induce strand breaks with 5Gy y-radiation. Electrophoresis was
conducted, and comets were visualized using an Axio Imager Z1 fluorescence microscope
with an AxioCam™ MRm CCD camera (Zeiss, Thormwood, NY).

[000126] Real time RT-PCR

Total RNA was isolated using the RNeasy Mini kit (Qiagen™, CA). cDNA was synthesized
using High-Capacity cDNA Reverse Transcription Kit (Life Technologies). All real time
PCR reactions were done using Vii A 7 PCR machine. 20uL reaction system was composed
of 10uL SYBR Green, 2.5uL. 20uM primer mixture, 10ng cDNA and nuclease-free water.
All experiments were performed in triplicate. Gapdh was the internal control. The primer
sequences were shown as follows: Tgfbl sense: CAGCTCCTCATCGTGTTGGTG (SEQ
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ID NO: 11); 7gfb ! antisense: GCACATACAAATGGCCTGTCTC (SEQ ID NO: 12);
Smad3 sense: CACGCAGAACGTGAACACC (SEQ ID NO: 13); Smad3 antisense:
GGCAGTAGATAACGTGAGGGA (SEQ ID NO: 14); Gapdh sense:
TGGATTTGGACGCATTGGTC (SEQ ID NO: 15); Gapdh antisense:
TTTGCACTGGTACGTGTTGAT (SEQ ID NO: 16).

[000127] Murine Bone Marrow Transplantation

[000128] Donor cells (CD45.2") were transplanted into lethally irradiated (10 Gy dose)
recipient (congenic B6-CD45.1" mice) along with 1x10°cells competitive bone marrow cells
from congenic B6-CD45.1" mice. Peripheral blood from recipient mice was analyzed for
donor cell engraftment as described (Parmar et al., 2010).

[000129] Colony-forming Unit-spleen (CFU-S) Assay

[000130] Recipient mice (wild-type, 8-12 weeks old) were irradiated with a split dose of
1100 rad (550 rad each, 4 hours apart) before transplantation. Forty thousand bone marrow
cells from donor mice were transplanted into each recipient mouse. Ten to 12 days post-
transplantation, spleens were harvested and fixed with Bouin fixative solution.

[000131] Inr Vivo Xenograft Assay

[000132] Human cord blood derived CD34" cells were transduced with lentivirus
encoding shFANCD?2 or shControl as described (Ceccaldi et al., 2012). While cells were
selected with 2ug/mlL puromycin, cells were also treated with 10ug/mL GC1008. After 48h
treatment, 2x10° cells were transplanted into sub-lethally irradiated (2.5Gy) NSG mice. The
recipient mice were treated with 10mg/kg GC1008 at 3 doses per week for two weeks. Two
and eight weeks after transplantation, human cells in peripheral blood (PB) were analyzed
using anti-human CD45 antibody (eBioscience, 17-0459-42) by flow cytometry.

[000133] TGF-p Pathway Activity Using Luciferase Reporter Assay

[000134] 293T cells were transiently transfected with a TGF- responsive luciferase
promoter (CAGA-luc) plasmid (kindlyprovided by H.Y. Lin, Massachusetts General
Hospital) along with FANCD?2 or control vector. Cells were harvested at 48h after
transfection and luciferase activity was determined using the Dual-Lucifease Reporter
Assay system (Promega).

[000135] Traffic Light Reporter (TLR) Assay

[000136] Genome engineering experiments were performed as previously described

(Certo et al., 2011). Briefly, single copy of TLR cell lines including #’ANCA-/- fibroblast
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cells (GM6914) and FANCA corrected GM6914 with or without shSMAD3 were generated
by transducing cells with TLR-BFP reporter lentivirus, typically yielding ~5% transduction
based on fluorescence. Two days after transduction, transduced cells (BFP+) were sorted by
FACS. To generate double strand break, cells were seeded at 2x105 cells per well in 6-well
plate 24h before transduction, and cells were transduced with lentivirus containing /-Scel
alone or /-Scel plus GFP donor template. For SD208 treatment, cells were treated with
10puM SD208 after 3-4h post-transduction. All transductions were carried out in

[000137] the presence of 8 ug/mL polybrene. Twenty-four hours after transduction,
medium was changed. Genome engineering events were analyzed by flow cytometry at 72
hours after transduction. NHE]J is represented bymCherry fluorescence, and HR by GFP
fluorescence.

[000138] Drug Sensitivity Assays

[000139] For survival assays, cells were seeded at a density of 1x103 cells per well in 96-
well plates. After 3-6 days of culture in indicated concentrations of MMC or post exposure
of acetaldehyde, viability was assessed using CellTiterGlo reagent (Promega). In order to
assess clonogenicity, cells were seeded at a low density (500-1000 cells per well) in 6-well
plates and allowed to form colonies. The cells were then fixed in methanol/20% acetic acid
and stained with 1% crystal violet. Colonies were counted after crystal violet staining.
[000140] Chromatin Immunoprecipitation (ChIP) Assay

[000141] The ChIP assay was performed as described previously (Park et al., 2013).
Briefly, 10x106 cells were treated with MMC (1uM) for 8 hours. Cells were chemically
crosslinked with 1% formaldehyde for 15 min at room temperature. Cells were rinsed twice
with 1x PBS and harvested in Farnham lysis buffer (5mM PIPES pH8.0, 85mM KCl, 0.5%
NP-40, and protease inhibitor cocktail). After washing, cells were resuspended in sonication
buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor
cocktail), and sonicated with10x30 seconds pulses, 5 min in total, 18-21 Watts of power.
After sonication, 5% samples were used as input. Sonicated samples were further divided in
half, and incubated overnight with 100 uL. of Dynal Protein G magnetic beads that had been
preincubated with anti-FANCD2 (Novus Biologicals, NB100-316) or IgG control antibody.
Beads were washed 5x with LiCl wash buffer (100mM Tris pH 7.5, 500mM LiCl, 1% NP-
40, 1% sodium deoxycholate), and 1x TE buffer containing 50mM NaCl. Bound complexes

were eluted from the beads by heating at 65°C for 1 hour (vortexing every Smin).
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Crosslinking was reversed by incubating samples at 65°C for overnight. DNA was purified
and then analyzed by real-time PCR using SMAD1 promoter primers (primer #1: 5’
AAGGCAGGAGAATTGCTTGA-3’, 5’-CCTTCACCTTCTGCCATGAT-3"; primer#2: 5°-
CAAGGGAGGGTTTCAACAG-3’, 5°- TGAGCACTTACTGGTCAATTCG-3%).

[000142] Statistics

[000143] Two-tailed P values for statistical analysis were obtained using Student’s 7-test.
[000144] EXAMPLE 2: TGFB PATHWAY BLOCKADE ENHANCES FA CELL SURVIVAL IN
THE PRESENCE OF GENOTOXIC AGENTS

[000145] Initially, we performed a whole genome-wide shRNA screen in FANCA-
deficient human fibroblasts in order to identify genes whose knockdown would rescue the
FA phenotype. Specifically, shRNAs were identified that enhance the colony growth of a
patient-derived FANCA™ cell line in the presence of the crosslinking agent, mitomy cin C
(MMC). The shRNA library consisted of six pools, each containing approximately 13,000
different MSCV-PM retroviral sShRNA sequences targeting human genes »°. Transduced
cells were selected in puromycin and exposed to a concentration of MMC that killed 90% of
the parental FA cells (Figure 7A and B). shRNA inserts were PCR-amplified from MMC-
selected cells using primers with barcodes, and next generation sequencing was used for
decoding shRNA hairpins. The relative abundance of shRNAs between untreated cells and
surviving cells post MMC treatment was compared. Cells bearing shRNAs that conferred
resistance were enriched from the treated population.

[000146] Interestingly, multiple targets of the TGFB pathway were among the top hits
after RIGER analysis of the data (Figure 1A). Multiple shRNA oligos directed against p53
were also enriched in surviving cells from the treated population, consistent with our
previous studies indicating that p53 knockdown can rescue FA hematopoietic defects °. We
next validated our primary screening data through knocking down SMAD3 in the same FA
cells used in the screen. shRNA knockdown of SMAD3 significantly enhanced survival of
FA cells in the presence of MMC (Figure 1B, and Figure 7C). The effect of TGFf pathway
on genotoxin-induced growth suppression was further validated using other FA cell lines
and known TGFp pathway inhibitors (Figure 1C and D, and Figure 7D). siRNA-mediated
knockdown of SMAD3 and pharmacologic inhibition of the TGF[} pathway with small

molecules, such as SD208 % and S1S3%, improved FA cells survival in the presence of
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MMC (Figure 1C and D, and Figure 7D), but do not significantly alter cytotoxicity of
corrected FA cells.

[000147] Recent studies indicated that DNA damaged by an endogenous crosslinking
agent, acetaldehyde, requires the FA pathway for repair **. We identified an FA patient-
derived lymphoblast line, EUFA316, is hypersensitive to acetaldehyde (Figure 7E). Both
pharmacologic inhibition by SD208 and genetic deletion by shRNA-mediated knockdown
of the TGF[} pathway significantly promoted survival of these cells in the presence of
acetaldehyde (Figure 1E and F). Since elevated p53 reduces the growth and upregulates
apoptosis in FA cells °, we also tested whether TGFp pathway knockdown results in a
secondary decline in the cellular levels of p53 or p21 (a p53 target protein). Knockdown of
the TGFf pathway by shRNA or by small molecule inhibitors resulted in reduced
expression of p53 and p21 (Figure 1G). Together, these data revealed that TGF] pathway
plays an important role in the growth inhibition of FA cells induced by genotoxic agents,
and inhibition of this pathway can rescue the survival of FA cells.

[000148] EXAMPLE 3: BONE MARROW STROMAL CELLS EXHIBIT A HYPERACTIVE NON-
CANONICAL TGFB-ERK PATHWAY

[000149] Previous studies have suggested that bone marrow stromal fibroblasts, from
human FA patients and FA pathway-deficient mouse models, are hypersensitive to
genotoxic stress and have impaired growth ** '*. In order to examine the role of the bone
marrow stromal cells in FA pathogenesis, we established primary bone marrow stromal
cells from the Fancd2”” mouse (Figure 2) **. As expected, Fancd2”" stromal cells exhibited
MMC hypersensitivity, MMC-induced chromosome radials, and a growth and clonogenic
defect (Figure 2A and Figure 8 A-C). Interestingly, multiple independent FA stromal cell
populations, from FA patients or from FA mouse models exhibited elevated levels of
pERK1/2, but not p-p38 and pJnk1/2 (Figure 8D and E).

[000150] Previous studies have indicated that hyperactivity of the non-canonical TGFf3
pathway can increase pERK levels through activation of the upstream kinase, MEK**. We
therefore hypothesized that primary FA stromal cells secrete a TGF} or TGF-related
cytokine that promotes TGF[} pathway activity via an autocrine mechanism. To evaluate
TGFB activation in FA-deficient stromal cells, TGFf expression in conditioned media from
FA lines was examined by ELISA. FA murine stromal cells showed elevated serum level of
mTGFB1, correlating with their heightened 7gfbl mRNA levels (Figure 2B). Importantly,
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mTGFB1 exposure further activated pErk1/2 in FA stromal cells (Figure 2C). To further
explore the possibility that TGFp is responsible for elevated ERK activation in FA stromal
cells, we targeted TGF[} pathway by either CRISPR-Cas9-sgRNA mediated deletion of
Tgfbr1 or small molecule inhibitors. Interestingly, both knockdown of 7gfbr/ and treatment
with a small molecule inhibitor of TGFp significantly reduced pErk levels (Figure 2C and
D). Together, these data indicate that the hyperactive TGFp pathway activates pErk in FA
stromal cells through the non-canonical signaling pathway.

[000151] EXAMPLE 4: INHIBITION OF THE NON-CANONICAL TGFB PATHWAY ENHANCES
FA CELLULAR GROWTH

[000152] The MEK inhibitor, PD0325901 blocks MEK-induced phosphorylation of
pERK1/2*!. We reasoned that this inhibitor might rescue the phenotypes of FA-deficient
stromal cells. To test this hypothesis, mouse stromal cells were exposed to the inhibitor and
analyzed for pErk expression. Treatment with PD0325901 resulted in the inhibition of
Erk1/2 phosphorylation, and significantly increased the clonogenicity of Fancd2” stromal
cells (Figure 3A and B, and Figure 9). Since Fancd2” stromal cells are sensitive to MMC
(Figure 2A), we assessed whether deletion of TGFp pathway could rescue their MMC
sensitivity. We deleted Tgfbrl in Fancd2” stromal cells using the CRISPR-Cas9 system. As
control, we also knocked down p53 (Figure 3C). As expected, deletion of Tgfbr1 in Fancd2”
" stromal cells caused MMC resistance similar to the resistance observed following p53
deletion (Figure 3D). CRISPR-Cas9-mediated knockdown of Smad3 in Fancd2™ stromal
cells did not rescue MMC sensitivity, indicating that the canonical TGFB-SMAD pathway is
less relevant to the growth defect of FA stromal cells. Taken together, these findings
demonstrate that targeting the non-canonical TGFB-Erk pathway in FA bone marrow
stromal cells can reduce genotoxic stress-mediated growth inhibition.

[000153] EXAMPLE 5: INHIBITION OF THE CANONICAL TGFB PATHWAY PROMOTES THE
PROLIFERATION OF PRIMARY MURINE HEMATOPOIETIC STEM AND PROGENITOR CELL
[000154] We next tested for the expression of TGFP pathway transcripts in early
hematopoietic stem and progenitor cells (Figure 4). Whole bone marrow cells were isolated
from wild type (WT) and Fancd2”" mice, and exposed to a range of concentrations of MMC.
Genotoxic stress strongly activated TGFB-SMAD pathway, resulting higher pSmad2
expression in the Fancd2™ cells following MMC treatment (Figure 4A). Quantitative RT-
PCR on hematopoietic stem/progenitor cell enriched Lin"Sca-1"¢c-Kit" (LSK) population and
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Lin" cells from either WT or Fancd2”" mice was performed. Elevated mRNA expression of
both 7gfB! and Smad3 mRNA transcripts in the LSK population from the Fancd2” mice
was observed, as well as higher expression of 7gfB! alone in Fancd2™” Lin" cells (Figure
4B). pErk activation was not detected in the Fancd2”~ hematopoietic cells (Figure 10A).
Bone marrow HSPCs from Fancd2-/- mice exhibit growth defects when cultured in

vitro'®t?

. We therefore transduced Lin- cells, from either WT or Fancd2™” mice, with a
GFP-lentiviral shRNA targeting Smad3 (Figure 4C and Figure 10B). GFP-positive cells
were analyzed after 2 and 5 days in culture for the percentage of LSK cells in the
population. Interestingly, Smad3 knockdown strongly promoted LSK expansion in the
Fancd2”" population (Figure 4D-E, Figure 10C). Together, these data demonstrate that
TGFp expression is elevated in murine Fancd2”" HSPCs due to genotoxic stress, and
inhibition of the canonical TGFB-Smad pathway can restore their proliferation defects.
[000155] EXAMPLE 7: THE TGFB PATHWAY IS HYPERACTIVE IN PRIMARY BONE
MARROW CELLS OF FA PATIENTS AND TGFB PATHWAY INHIBITION RESTORES
CLONOGENIC CAPABILITY OF HUMAN FA CD34" CELLS.

[000156] To confirm that FA patients have constitutive activation of the TGF [} pathway in
the HSPCs in vivo, we evaluated gene expression in fresh bone marrow samples of FA
patients versus healthy donors (Figure 6A and Figure 11A). Consistent with our shRNA
screen, FA bone marrow cells demonstrated increased mRNA expression of TGFJ} pathway
components. We further examined whether blocking TGF pathway restores the function of
FA hematopoietic stem/progenitor cells by measuring the clonogenic ability of CD34-+
progenitor cells from FA patients. Interestingly, we found knockdown of SMAD3
significantly rescues hematopoietic progenitor clonogenic defects of primary FA bone
marrow, which is comparable to those of p53 knockdown cells (Figure 6B and Figure 11B).
Together, our data indicate that TGFP pathway inhibition restores the function of human FA
CD34" cells.

[000157] EXAMPLE 8: INHIBITION OF THE TGFB PATHWAY IN FA CELLS PROMOTES
DNA REPAIR ACTIVITY

[000158] Recent studies suggest that TGFp signaling affects cellular activity of DNA
repair. First, Kirshner et al >* demonstrated that hyperactivation of TGFp signaling activates
the DNA damage response, resulting in upregulation of activated (phosphorylated) ATM,
Chk2, and p53. Second, hyperactivation of the TGF pathway may activate the NHEJ DNA
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repair pathway. Other studies indicate that FA cells have elevated pATM and NHEJ **3*,
perhaps resulting from hyperactive TGFJ signaling. Third, TGFp signaling can suppress
homologous recombination DNA repair. Accordingly, TGFp inhibition can activate HR
repair and enhance reprogramming of inducible pluripotent stem cells (iP$ cells) . Since
TGFp inhibitors rescue FA cell growth, we hypothesized that the mechanism entails cellular
alterations in DNA repair. To test this hypothesis, we initially set up a modified crosslink
comet assay to assess the level of MMC induced DNA damage in FANCA-deficient

fibroblasts. In this assay’ ">

, the length of comet tail was negatively correlation with
MMC doses (Figure 12A and B). Interestingly, through this assay, SMAD3 knockdown
partially rescued crosslink repair, almost to the level of wild-type FANCA complementation
(Figure 7A).

[000159] We next tested whether inhibition of the TGF pathway in FA cells can rescue
HR accounting for the improvement in FA cellular growth. DR-GFP assay is a well known
assay for HR repair’’. Knockdown of SMAD?3 resulted in increased HR activity (Figure 7B
and Figure 12C), supporting this hypothesis. To extend these studies, we used another
template reporter assay which measures the cellular activity of competing DNA repair
pathway, NHEJ *°. Interestingly, knockdown of the TGFpB pathway with the small molecule
inhibitors, SD208 or SIS3, decreased NHEJ (Figure 7C).

[000160] To further implicate the TGF [} pathway in DNA repair modulation, we examined
the formation of RADS51 foci. FANCA-deficient cells exposed to shSMAD?3 or corrected
with FANCA, displayed much higher level of RADS51 foci after MMC treatment (Figure 7D
and E), compared to parental FA cells. In contrast to the increased level of RADS51 foci in
parental FA cells, after recovery for 24h and 48h, RADS51 foci quickly decreased in
SMAD3 knockdown cells and FANCA corrected cells, implying that DNA damage is
reducing during recovery in these cells. These data indicate that inhibition of TGF pathway
increases homologous recombination activity.

[000161] To further elucidate the molecular mechanism, we focused on DNA damage
response signaling. As expected, MMC strongly activated DNA damage response signaling
in FA cells, including increased phosphorylation of ATM and p53. Hyperactivation of these
signaling events was observed at 48h, indicating the persistence of damaged DNA in these
cells. However, DNA damage response signaling significantly diminished in SMAD3-
depleted FA cells or corrected FA cells after 48h post MMC treatment. Deletion of SMAD3
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caused a decrease in phosphorylation of DNA-PK (82056) in FA cells after MMC treatment
(Figure 7F). Treatment with TGFJ} inhibitors SD208 and SIS3 gave similar results, and
TGFB1 activated phosphorylation of DNA-PK(Figure 12D and E). These data are consistent
with previous studies indicating that NHEJ factors inhibit the processing of DSBs by
blocking the recruitment of HR factors, resulting in MMC hypersensitivity*"**. Taken
together, inhibition of TGFf pathway promotes the repair of DNA damage of FA cells and
partially rescues genotoxic agent-induced DNA interstrand crosslinks.

[000162] Example 9: TGF-p Pathway Inhibition Rescues the Functional Defects of
HSCs from FA Mice

[000163] As FA mice exhibit HSPC defects, the possible suppressive function of the TGF-
B pathway in bone marrow HSPCs of FA mice was next examined. Elevated expression
levels of both 7gfb1 and Smad3 were observed in Fancd2”” HSPCs [Lin"Sca-1"c-Kit" (LSK)
population] (Figure 14A). Elevated pSmad2/3 protein levels were also observed in Fancd2
“ HSPCs (Figure 15A and 15B). Moreover, enhanced mRNA expression of TGF-B
pathway target genes, including Cdknla, Cdiknlic, Foxp3, and Atg5, was also observed in
Fancd2” HSPCs (Figure 14A), implying that the TGF-B pathway is upregulated in FA
HSPCs. Fancd2” bone marrow HSPCs were more sensitive to TGF-B1 than wild-type
HSPCs (Figure 15C). Therefore, we hypothesized that inhibition of this pathway might
rescue the defect of FA HSPCs. Colony forming assays showed that the clonogenic ability
of FancdZ~ HSPCs was inhibited by TGF-B1; blockade of the TGF-B signaling by a
neutralizing antibody against mouse TGF-[3 (Brenet et al., 2013) or SD208 markedly
enhanced the clonogenic ability (Figure 15D-15F). Further, genetic knockdown of Smad3
promoted the in vitro expansion of HSPCs and in vivo engraftment of Lin™ cells from bone
marrow of Fancd2”” mice (Figure 14B, 14C, and 15G-151J). Taken together, inhibition of
the TGF-P pathway can rescue the functional defects of Fancd2”” HSPCs.

[000164] Hyperactive TGF-B pathway signaling in Fancd2~ HSPCs prompted us to assess
whether the F A pathway components directly transcriptionally regulate the expression of
TGF-3 pathway genes. We first confirmed that mutation in FA genes results in hyperactive
TGF-B activity. We transfected a TGF-J luciferase reporter vector containing SMAD
binding element, into FA cells or corrected FA cells. Interestingly, increased TGF-3
luciferase activity was observed in FA-A cells compared to FANCA-corrected cells (Figure

15K). Conversely, overexpression of FANCD2 in 293T cells significantly reduced the
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TGF-P luciferase reporter activity (Figure 14D). Using chromatin immunoprecipitation
(ChIP) assays, we previously showed that activated FANCD?2 increases the transcriptional
activity of the TAp63 gene (Park et al., 2013). A genome-wide ChIP sequencing (ChIP-seq)
analysis, using FANCD?2 antibody, demonstrated that FANCD2 also binds to SMAD gene
promoters (Park et al., 2013). ChIP confirmed that FANCD2 can directly bind to the
promoter region of a SMAD gene, suggesting that FANCD?2 decreases the transcriptional
activity of SMAD genes. Interestingly, FANCD2 bound to the promoter of SMADI1 in 293T
cells (Figure 14E). The binding of FANCD?2 to the promoter of SMAD1 was observed in
corrected FA cells, but not in the parental FA cells (EUFA316 and GM6914), suggesting
that a functional FA pathway is required for the FANCD2-mediated transcriptional decrease
of the TGF[]} pathway gene (Figure 14F and 15L). Collectively, these results demonstrate
that disruption of the FA pathway causes transcriptional changes, resulting in hyperactive
TGF-p signaling.

[000165] EXAMPLE 10 TGF-B PATHWAY INHIBITION RESTORES THE FUNCTION OF
HSPCs DERIVED FROM HUMANS WITH FA

[000166] We next extended our studies in HSPCs derived from patients with FA. Primary
human FA bone marrow cells demonstrated increased mRNA expression of multiple TGF-3
pathway components (Figure 16A and 18A). TGF-J pathway inhibition, by knockdown of
SMAD?3 or by exposure to anti-human TGF-3 neutralizing antibody GC1008, rescued the
clonogenic defects of primary HSPCs from bone marrow of FA patients, although to a
lesser extent than the rescue observed following p53 knockdown (Figure 16B-16F and
18B). Variable response to TGF- pathway inhibition in primary human FA patient HSPCs
may result from differences in the age, gender, intrinsic genetic differences, the levels of
SMAD3/p53 in HSPCs, or the severity of the pre-existing bone marrow failure. Depletion
of SMADS3 in FA-like primary HSPCs established by FANCD2 knockdown in human cord
blood CD34" cells, also rescued their clonogenicity, and partially restored MMC resistance
(Figure 16G-~161 and 18C). Inhibition of TGF-p signaling by GC1008 also recapitulated
this phenotype by markedly rescuing the clonogenic capacity of FA-like HSPCs (Figure
16J and 18D). Further, since the very low CD34" cell numbers in FA patients did not allow
efficient xenograft assays for analysis of clonogenicity in vivo, we performed a surrogate in
vivo xenograft assay using FA-like CD34" cells. Strikingly, GC1008 treatment in vivo
enhanced the engraftment of primary FA-like CD34" cells (Figure 16K and 18E). In
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addition, we observed a higher frequency of FA-like HSPCs with YH2AX and 53BP1 foci
upon MMC exposure, compared to the control HSPCs (Figure 16L., 16M, 18F and 18G).
Exposure to GC1008 significantly reduced the number of FA-like HSPCs with YH2AX and
53BP1 foci (Figure 16L, 16M, 18F and 18G), suggesting that TGF-pB pathway inhibition
improves DNA repair in these primary human FA-like HSPCs. Together, our data indicate
that the TGF-f signaling is increased in human FA HSPCs and that blockade of this
pathway partially restores their function.

[000167] Example 11: TGF-§ Pathway Inhibition Increases HR and Decreases NHEJ
in FA Cells

[000168] To directly confirm that inhibition of TGF-B pathway modulates HR or NHEJ
activity, we engineered an individual DNA breakpoint in FA (GM6914) cells and employed
the traffic light reporter (TLR) system which quantifies both HR and NHEJ activities (Certo
et al., 2011). In the TLR assay, double strand break (DSB) generated by [-Scel
endonuclease can be repaired by either HR or NHEJ pathway when the donor repair
template is provided, however, the DSB can be repaired by NHEJ only when the repair
template is missing (Figure 19A). NHEJ and not HR activity was observed in FA cells
when the donor repair template was missing (Figure 19B), validating the assay. As
predicted, FA (GM6914) cells exhibited fewer HR events compared to the FA-A-corrected
(GM6914+FANCA) cells (Figure 17A). Interestingly, TGF- pathway inhibition, by
knockdown of SMAD3, in FA cells resulted in increased HR events with a concomitant
decrease in NHEJ events (Figure 17A and 17B). Inhibition of TGF-} pathway by the small
molecule inhibitor SD208 also resulted in increased HR activity in FA cells (Figure 17C).
Similar findings were revealed when different reporter systems were used to quantify the
HR and NHEJ activities individually (Figure 17D and 17E). Consistently, knockdown of
SMAD?3 in FA cells resulted in decreased phosphorylation of DNA-PK, a marker of NHEJ
(Figure 19C). Additionally, damage-induced RADS1 foci resolved more quickly in
SMAD3-depleted FA cells (Figure 17F and 17G), implying that HR-mediated DNA repair
is more efficient in these cells. Analysis of the genome-wide siRNNA screening data
(Adamson et al., 2012) revealed that siRNA-mediated knockdown of several TGF-f§
pathway genes enhanced HR activity (Figure 19D). Taken together, these data indicate that
TGF-p pathway inhibition promotes DNA repair by directly increasing HR activity in FA

cells.
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We Claim:

1. A compound that inhibits activity of transforming growth factor beta (TGF[)
for use in treating, preventing, or delaying the onset of bone marrow failure in a
patient having Fanconi Anemia (FA), wherein the compound is an antibody specific

for TGFB or transforming growth factor beta receptor 1 (TGFBR1).

2. The compound for use of claim 1, wherein the compound is for administration
before a bone marrow transplant.

3. The compound for use of claim 1, wherein the compound is for administration

after a bone marrow transplant.

4, The compound for use of claim 1, wherein the compound is for administration
when the patient is having an infection.

5. The compound for use of claim 4, wherein the infection is viral or bacterial.

6. The compound for use of any one of claims 1 to 4, wherein the compound is
for administration in conjunction with androgen therapy or erythropoietin.

7. The compound for use of any one of claims 1 to 6, wherein the compound is
for administration at a dose of 0.1 mg/kg to 150 mg/kg per weight of the patient.

8. The compound for use of any one of claims 1 to 7, wherein the compound is

formulated for subcutaneous or intravenous administration.

9. The compound for use of claim 1, wherein the patient does not receive a bone

marrow transplant.
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10. The compound for use of any one of claims 1 to 9, wherein the compound is

for chronic administration.

11. Use of a compound comprising an antibody specific for transforming growth
factor beta (TGFB) or transforming growth factor beta receptor 1 (TGFBR1), which
inhibits activity of TGFB, for treating, preventing, or delaying the onset of bone

marrow failure in a patient having Fanconi Anemia (FA).

12. The use of claim 11, wherein the compound is for administration before a bone

marrow transplant.

13. The use of claim 11, wherein the compound is for administration after a bone

marrow transplant.

14. The use of claim 11, wherein the compound is for administration when the
patient is having an infection.

15. The use of claim 14, wherein the infection is viral or bacterial.

16. The use of any one of claims 11 to 15, wherein the compound is for

administration in conjunction with androgen therapy or erythropoietin.

17. The use of any one of claims 11 to 16, wherein the compound is for
administration at a dose of 0.1 mg/kg to 150 mg/kg per weight of the patient.

18. The use of any one of claims 11 to 17, wherein the compound is formulated

for subcutaneous or intravenous administration.

19. The use of claim 11, wherein the patient does not receive a bone marrow

transplant.
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20. The use of any one of claims 11 to 21, wherein the compound is for chronic

administration.
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Figure 11
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Figure 13
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