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Background: Deletion of the chromatin remodeler chromodomain helicase DNA-binding protein 1 (CHDT) is a common
genomic alteration found in human prostate cancers (PCas). CHD1 loss represents a distinct PCa subtype characterized by SPOP
mutation and higher genomic instability. However, the role of CHD1 in PCa development in vivo and its clinical utility remain

unclear.

Patients and methods: To study the role of CHD1 in PCa development and its loss in clinical management, we generated a
genetically engineered mouse model with prostate-specific deletion of murine Chd1 as well as isogenic CHD1 wild-type and
homozygous deleted human benign and PCa lines. We also developed patient-derived organoid cultures and screened patients

with metastatic PCa for CHDT loss.

Results: We demonstrate that CHDT loss sensitizes cells to DNA damage and causes a synthetic lethal response to DNA
damaging therapy in vitro, in vivo, ex vivo, in patient-derived organoid cultures and in a patient with metastatic PCa.
Mechanistically, CHD1 regulates 53BP1 stability and CHD1 loss leads to decreased error-free homologous recombination (HR)

repair, which is compensated by increased error-prone non-homologous end joining (NHEJ) repair for DNA double-strand break
(DSB) repair.

Conclusions: Our study provides the first in vivo and in patient evidence supporting the role of CHD1 in DSB repair and in
response to DNA damaging therapy. We uncover mechanistic insights that CHD1 modulates the choice between HR and NHEJ
DSB repair and suggest that CHDT loss may contribute to the genomic instability seen in this subset of PCas.
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Introduction

Genomic profiling of human localized and metastatic prostate
cancers (PCas) identified chromodomain helicase DNA-binding
protein 1 (CHDI) as a homozygously deleted putative tumor
suppressor gene [1, 2, 4-6]. CHDI deficient PCas comprise a
genetic subtype that typically presents mutations in the SPOP
gene but lacks TMPRSS-ERG translocations and PTEN deletions,
the most common genomic alteration found in human PCas [7].

Furthermore, the CHDI-loss or SPOP-mutant/ CHDI-loss sub-
type is characterized by increased genomic instability and high
levels of chromosomal rearrangements, suggesting a potential
defect in DNA damage repair [2, 8, 9]. Indeed, a recent in vitro
study has linked CHD1 function with DNA double-strand break
repair [10].

CHD1 is an evolutionarily highly conserved chromatin remod-
eler containing a chromodomain, a SNF2-related ATPase/heli-
case domain and a C-terminal DNA-binding domain [11].
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CHDI1 regulates chromatin assembly [11, 12] and active
transcription by binding to H3K4me3 and elongation factors
[13—15]. Loss of CHDI1 leads to increased heterochromatin for-
mation in murine embryonic stem cells (mESCs) [16] and
embryonic lethality [17].

Recent studies indicate that DNA repair genes, including
BRCA2, ATM, CDK12, FANCA and RAD5IC, are frequently
inactivated in primary and metastatic castration resistant PCas
(mCRPC) [7, 18, 19]. Although some of these genetic defects sen-
sitize mCRPC to Poly-ADP-ribose (PARP) inhibitor treatment,
these genomic aberrations do not explain all responders [19],
suggesting that other unidentified molecular and genetic events
may control the responsiveness of some PCas to DNA damage
related treatment.

So far, there are no genetically engineered in vivo models bear-
ing prostate-specific deletion of CHDI. Furthermore, the existing
in vitro models with stable CHDI deletion were either not
prostate-derived or did not reflect the genetic characteristics of
the CHDL1 loss subtype [1]. To study the role of CHD1 in PCa
development, we generated a murine Chdl prostate conditional
knockout model, human prostate CHDI knockout cell lines as
well as human PCa-derived organoids with and without CHDI
deletion. Here we show that in preclinical models closely reflect-
ing the genetic background of this disease subtype, CHD1 func-
tions by orchestrating DSB repair independent of AR activity.
Loss of CHDI sensitizes prostatic epithelial cells to DNA damag-
ing treatments, including irradiation and drugs such as carbopla-
tin and PARP inhibitors. Mechanistically, loss of CHDI stabilizes
53BP1, increases error-prone NHE] activity and decreases error-
free HR DSB repair. Therefore, CHD1 status may be used to strat-
ify human PCa for effective treatments.

Methods

Mouse strains

All studies were carried out under the regulation of the division of
Laboratory Animal Medicine at the University of California at Los
Angeles (UCLA). Methods concerning in vivo experiments are provided
in supplementary experimental procedures, available at Annals of
Oncology online.

Vectors, cell lines, antibodies, and in vitro assays

Details of cell lines, antibodies, and in vitro assays are provided in supple-
mentary experimental procedures, available at Annals of Oncology online.

Human PCa metastasis biopsies and assays on
patient-derived tissue
Details on human PCa metastasis biopsies and assays on patient-derived

tissue are provided in supplementary experimental procedures, available
at Annals of Oncology online.

Histology and IHC

Details of THC on mouse prostates and 22Rv1 xenografts procedures are
provided in supplementary experimental procedures, available at Annals
of Oncology online.
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HPRT-DRGFP assays

HR and NHEJ assays were carried out as described previously [27, 54].
Details for generation of HPRT-DRGFP clones and measuring repair
proficiency are described in supplementary experimental procedures,
available at Annals of Oncology online.

Statistical analysis

The results are represented as means of at least three independent experi-
ments [standard error of the mean (SEM) are indicated by errors bars].
Details on statistical analysis are provided in supplementary experimental
procedures, available at Annals of Oncology online.

Results

Pb-cre";Chd1""* mice do not develop PCa

To determine the impact of CHDI deletions on PCa develop-
ment, we deleted Chdl in murine prostate epithelial cells in vivo
by crossing Chd1™"* conditional knockout females [17, 20] with
probasin (Pb)-Cre transgenic males [21]. Pb-Cre";Chd1*" and
Pb-Cre";Chd1*" mice were born with normal Mendelian distri-
butions (data not shown). Pb-Cre";Chd 1™t prostates showed
hyperplasia and prostatic intraepithelial neoplasia (PIN) lesions
while Pb-Cre";Chd1™" prostates were comparable to that of Pb-
Cre~ wild-type (WT) control mice (Figure 1A; supplementary
Figure S1, available at Annals of Oncology online and data not
shown). We therefore focused our analysis on the Pb-
Cre";Chd1™™" prostate (Chdl-null hereafter).

Previous in vitro studies have implied that CHD1 controls cell
invasion [2, 5]. However, homozygous deletion of Chdl in vivo
showed no invasive adenocarcinoma in mice up to 1 year of age,
as evidenced by well-maintained smooth muscle actin staining
around acini (SMA; Figure 1B). In addition, ChdIl-null mouse
prostates showed no significant differences in cell proliferation
and cell survival (Figure 1A, middle and lower panels).

In order to relate the data from our mouse model study with
human PCa [7], we also generated isogenic CHDI knockout
clones in 22Rvl and RWPE cells using the CRISPR/Cas9
approach. RWPE is a benign prostate epithelial line, while
22Rvl1 is one of few human advanced PCa lines WT for PTEN
with functional p53, which are known to regulate the DNA dam-
age response (DDR) [22]. 22Rv1 cells are also TMPRSS2-ERG
fusion negative and express AR, which best mimics the genetic
background found in advanced human PCas with CHDI loss
[7].

CHDI loss was confirmed by western blot and immunohisto-
chemistry (IHC) analyses (CHDI '~ hereafter) (Figure 1C).
Similar to the in vivo mouse model, CHDI loss did not change
cell cycle profile (Figure 1D) or in vivo xenograft tumor forma-
tion and growth (Figure 1E). These data suggest that CHD1 loss
does not drive PCa in an otherwise unaltered genetic
background.

Loss of CHD1 leads to increased sensitivity to
ionizing radiation

Since CHDI loss is associated with genomic instability and a
major increase in intrachromosomal rearrangements in human
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Figure 1. Loss of CHD1 induces prostatic intraepithelial neoplasia in mice. (A) Knockout of Chd1 leads to PIN lesions. Representative IHC sec-
tion images of hematoxylin and eosin (top), ki67 (middle), and cleaved caspase 3 (bottom) in the anterior lobe of Pb-Cre™;Chd1* and Pb-
Cre™;Chd1™* 8-week old mice (see also supplementary Figure S1, available at Annals of Oncology online). (B) Representative IHC sections of
smooth muscle actin (SMA) in the anterior lobe of Pb-Cre™;Chd1“", Pb-Cre™;Chd1"", and Pb-Cre* Pten”*20-week old mice. (C) (Left) Western
blot analyzing CHD1 levels in wild-type (WT), empty vector, and CHD1 ™/~ isogenic 22Rv1 cells. (Right) Representative IHC section images of
CHD1 staining in 22Rv1 xenograft tumors. (D) Cell cycle distribution of isogenic 22Rv1 cells with and without CHD1. Propidium iodide-based
quantification of the percentage of WT and CHD1~/~ isogenic 22Rv1 cells in G1, S, or G2/M phases of the cell cycle. Mean®SEM (n=3). (E)
The growth of isogenic 22Rv1 xenograft tumors with (blue line) or without (green line) CHD1. Survival was determined when the xenograft
tumor reached 1000 mm?, the maximal size allowance per institution guideline (n=3).

PCas [2, 8, 9], we tested the potential function of CHD1 in DDR
in vivo. We treated WT and ChdI null mice between 12 and
16 weeks of age with a single dose of 10 Gy of ionizing radiation
(IR) and collected the prostates 24 h after IR [23]. Compared with
WT prostates, ChdI-null prostates were more sensitive to IR as
evidenced by increased YH2AX-positivity (Figure 2A, lower panel
and quantified in graph on right).

To study the molecular mechanisms underlying the CHD1-
regulated DDR, we needed experimental systems which minimize
potentially confounding variables such as genomic alterations in

DDR genes, which are frequently found in PCa cell lines [24].
Given CHD1’s ubiquitous expression pattern, isogenic mouse ES
cell lines (mESCs) [16, 20] offer a clean genetic system for our
mechanistic studies. Similar to our isogenic CHDI WT and
CHDI™'~ 22Rvl and RWPE human PCa cell lines, Chdl~'~
mESCs have a cell cycle profile comparable to that of WT mESCs
(supplementary Figure S2A, available at Anmnals of Oncology
online), but are more sensitive to IR at all doses tested (0.5-6 Gy;
Figure 2B), suggesting a conserved role for CHD1 in regulating
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Figure 2. Loss of CHD1 leads to increased sensitivity to ionizing radiation. (A) (Left panel) Representative images of the anterior lobe of 16-
week old mice that were treated with 10 Gy of whole body irradiation and collected 24 h later. Upper panels, H&E; lower, IHC for yH2AX;
inserts, higher power images. Bar=100 mM. (Right panel) Quantification of yH2AX-positive cells per x20 view field in the anterior lobes of
WT and Chd1-null mice and 16 weeks of age. Mean=SEM (n=10). (B) Clonogenic survival of Chd1** and Chd1™'~ mESCs treated with the
indicated doses of ionizing radiation. Mean=SEM (n=4). (C) Representative images from neutral comet assay of WT and Chd1-null mESCs,
treated with 5Gy of irradiation and collected at the indicated time points. Quantified in supplementary Figure S2B, available at Annals of
Oncology online. (D) Representative images of yH2AX foci of Chd1™* and Chd1~'~ mESCs treated with 5Gy IR and collected at the indicated
times. Bar=20 um. (E) Quantification of yH2AX foci/nucleus in Chd1™* and Chd1™'~ mESCs treated with 5Gy of IR and analyzed at the indi-
cated time points. More than 100 cells were analyzed per time point for each of 3 independent experiments. Mean=SEM (n=3). (F) Western
blot shows the levels of yH2AX (Ser 139), P-P53 (Ser15), cleaved PARP and P-H3 (Ser10) in Chd1** and Chd1~/~ mESCs treated with 5 Gy of
IR and analyzed at the indicated times.

DSB repair response. Neutral comet analysis showed that Chdl™'~
mESCs have higher basal levels of DNA damage and increased
comet tail length 1 and 4 h after irradiation (Figure 2C and supple-
mentary Figure S2B, available at Annals of Oncology online). We
further quantified YH2AX foci formation to monitor DSB forma-
tion and resolution after IR and found that Chdl~'~ mESCs have
higher YH2AX foci formation and slower resolution (Figure 2D

and quantified in E), confirming the data from the comet assay.
Western blot analysis showed that ATM-dependent phosphoryla-
tion of histone H2A and p53 at serine 139 (YH2AX) and serine 15
(p53), respectively, were also increased in Chdl™'~ mESCs (Figure
2F) and failed to decrease 6 h post-irradiation, suggesting slower
repair kinetics in Chdl~'~ mESCs (Figure 2F). Similarly, Chd1~'~
mESCs showed higher levels of the apoptotic response marker
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cleaved PARP with delayed reappearance of the mitosis marker
phospho-H3 (Figure 2F). Together these results suggest that
CHDL1 plays an important role in DSB recognition and repair.

Loss of CHD1 leads to defect in error-free but
increased error-prone DSB repair

Homologous recombination (HR) and non-homologous end
joining (NHE]) are the two major DSB repair mechanisms in
response to DSB [25]. A recent published work by Kari et al. dem-
onstrated in vitro that CHDI loss specifically affects HR-
mediated DNA repair but not NHE]J [10]. Since some of the
major conclusions from this report were based on PC3 and VCaP
cells, which are PTEN/p53 null and TMPRSS2-ERG fusion posi-
tive, respectively, we investigated the nature of CHD1-mediated
DSB repair in our isogenic systems, which lack these alterations.

We first generated HDRGFP-Chd1"" and HDRGFP-Chd1 ™'~
lines by knocking-in the previously described HDRGFP construct
[26] into the endogenous Hprt locus in Chdl™’" and Chdl™~'~
mESCs. This system enabled us to quantitatively compare the
proficiency of these cells to repair DSBs by HR [27]. HR deficient
HDRGFP-Brcal '~ mESCs were used as a control. HDRGFP-
Chdl™"~ cells showed an at least threefold reduction in HR com-
petence compared with HDRGFP-Chd1™"" WT cells (Figure 3A;
an average of five independent clones were quantified in Figure
3B). Consistent with this finding, we also observed S-G2/M
blockage after IR (supplementary Figure S3A, available at Annals
of Oncology online). We examined RAD51 and BRCA1 foci, spe-
cific markers for HR repair [25] in CHDI-null 22Rv1 and RWPE
cells and found decreased BRCA1 and RAD51 recruitment to
DSBs after irradiation (Figure 3C; supplementary Figure S3B and
C, available at Annals of Oncology online). Therefore our results,
based on three independent isogenic cell lines further demon-
strate the important role of CHD1 in modulating HR-mediated
DSB repair.

However, when quantifying total DDR as well as NHE] repair
proficiency using the well-established HDRGFP reporter assay
[27], we found that NHE] repair was significantly increased in
HDRGFP-Chd1™'~ cells compared with HDRGFP-Chd1 eells,
whereas the total repair competence in all clones was similar
(Figure 3D). Increased NHE] in Chd1 ~/~ mESCs could be further
confirmed using 53BP1 foci quantification, a commonly used
indicator for NHE] repair (Figure 3F; supplementary Figure S3D,
available at Annals of Oncology online). Consistently, CHD1 loss
in 22Rv1 and RWPE cells also led to increased 53BP1 foci (Figure
3E; supplementary Figure S3B and E, available at Annals of
Oncology online). These results demonstrate that loss of CHD1
impairs the proficiency of HR repair, which is compensated by
error-prone NHE] repair.

CHD1 regulates DDR independent of AR signaling
pathway

Previous studies demonstrated that inhibition of AR signaling
sensitizes PCa cells to IR [28-30]. Mechanistically, AR signaling
regulates the expression of genes related to DDR and promotes
classical NHE] repair [28-30]. Since CHD1 loss could impair
AR-dependent transcription in vitro [1, 31], it could also affect
AR-regulated DNA repair gene expression, leading to altered

NHE] repair pathway. We therefore studied the impact of CHD1
loss on AR signaling in our preclinical models and publicly avail-
able PCa datasets [4].

We first investigated whether AR transcriptional activity is
altered by CHD1 loss in 22Rv1 cells by calculating their AR activ-
ity scores, which is based on the expression of established AR tar-
get genes [7, 32-34]. As shown in Figure 4A, there was no
difference between WT and CHDI-deleted 22Rv1 cells. Similar
results were also obtained when comparing the expression levels
of these AR target genes in WT and ChdI-null prostates (Figure
4B; supplementary Figure S4A, available at Annals of Oncology
online). We also analyzed the expression levels of AR-regulated
DNA repair genes, such as PRKDC (encoding for DNAPKGcs),
XRCC2, XRCC3 and XRCC4 [28, 29] and found no significant
differences between WT and CHDI-null human PCa patients [4],
PCa cell lines, and our murine model (Figure 4C and D; supple-
mentary Figure S4B, available at Annals of Oncology online).

To further evaluate whether CHD1 regulates AR function, we
castrated WT and ChdI-null animals at 6 weeks-of-age and eval-
uated prostate involution by H&E staining, Ki67 (for androgen-
independent growth) and YH2AX (for castration-induced DDR)
IHC analyses 3 days and 1, 2, 4 and 8 weeks post-castration (sup-
plementary Figure 4C, available at Annals of Oncology online)
[35-37]. We did not observe any significant differences in the
kinetics/extent of prostatic involution when we compared WT
and Chdl-null castrated prostates at these time points, nor in the
number of Ki67 positive cells (supplementary Figure S4C, avail-
able at Annals of Oncology online and data not shown), indicating
that CHD1 loss does not influence AR-dependent cell prolifera-
tion, which is very different from our previous studies of the
Pten-null PCa model [36, 37]. Both WT and Chd1 null prostates
have comparable AR levels before castration (Figure 4E) and
responded similarly to castration-induced DNA damage as evi-
denced by the numbers of YH2AX positive cells (Figure 4F and
data not shown). These in vivo results further support the notion
that CHD1 does not play a major role in regulating AR pathway
or AR-targeted DDR genes.

CHD1 complexes with NHEJ components

To understand how CHD1 regulates HR-mediated DSB repair,
we investigated CHD1 interacting proteins. Gel filtration analysis
indicated that endogenous CHDI is in a high molecular weight
complex (~1100 kDa; Figure 5A), overlapping with several NHE]
components, such as 53BP1, RIF1 and Ku70 (Figure 5A). RAD51,
on the other hand, was more evenly distributed (Figure 5A), indi-
cating that it may not be in the same complex. To confirm the
physical association of endogenous CHD1 with NHEJ compo-
nents, we also conducted immunoprecipitation and western blot
analyses on 22Rvl human PCa cells and mESCs. As shown in
Figure 5B, CHD1 physically associates with multiple endogenous
NHE] components, including 53BP1, RIF1 and KU70, but not
RAD51 (Figure 5B; supplementary Figure S5A, available at
Annals of Oncology online).

To further investigate the impact of CHD1 loss on NHE] com-
ponents, we focused on 53BP1. 53BP1 is a major DDR protein
and its levels are critical for DSB pathway choice, as higher levels
of 53BP1 inhibit end resection of breaks, thus preventing HR
[38]. Compared with WT 22Rv1 cells, CHDI1~'~ 22Rvl cells have
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Figure 3. CHDI1 regulates DSB repair pathway choices. (A) Representative FACS analysis of HDRGFP-Chd 1", HDRGFP-Chd1~/~, and
HDRGFP-Brcal~'~ mESCs 96 h after electroporation of I-Scel plasmid. Triangular gates represent GFP-positive cells that have repaired I-Scel
mediated DSBs with HR. (B) HR repair proficiency in HDRGFP clones derived from Chd1™* and Chd1~'~ mESCs. Mean=SEM (n=5). *P<0.05.
(C) BRCAT1 (left), and RADS51 (right) foci formation and resolution after irradiation-mediated DNA double-strand break induction (5 Gy) in iso-
genic 22Rv1 cells with or without CHD1. Mean=SEM (n=3) (see also supplementary Figure S3B, available at Annals of Oncology online). (D)
NHEJ and total repair proficiency in HPRT-DRGFP clones derived from Chd1™* and Chd1~/~ mESCs. Mean=SEM (n=5). *P<0.05. (E) 53BP1
foci formation and resolution after irradiation-mediated DNA double-strand break induction (5 Gy) in isogenic 22Rv1 cells with or without
CHD1. Mean=SEM (n=3) (see also supplementary Figure S3B, available at Annals of Oncology online). (F) Representative images of P-53BP1
foci in Chd1™" and Chd1™'~ mESCs treated with 5Gy ionizing radiation and collected at the indicated times. Scale bar represents 20 pm
(see also supplementary Figure S3D, available at Annals of Oncology online).
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27 AR-regulated genes defined in LnCaP cells after DHT stimulation (HNPC signature) [34] and castrate-resistant PCa patients based on 21 AR-
regulated genes defined in 171 metastatic prostate tumors (CRPC signature) [35]. Mean=SEM (B) RNA expression levels of AR target genes in
prostate derived from 10-week old WT (n=6) or Pb-Cret:Chd1¥" (n=5) mice. Mean+SEM (C) No significant difference in the expression of
DDR genes under AR control. Data from Grasso et al. [4]. Relative expression levels are presented as mean=SEM. (D) No significant difference
in the expression of DDR genes under AR control. Data from 22Rv1 cells with or without knockout of CHDT (n=3). Relative expression levels
are quantified as FPKM and presented as mean+SEM (see also Figure S4B). (E) Representative IHC images of androgen receptor (AR) in the
anterior lobe of age-matched, uncastrated WT (top) and ChdT-null (bottom) mice at 8 weeks of age. (F) Representative IHC images of yH2AX
in the anterior lobe of age-matched WT (top) and ChdI-null (bottom) mice 3 days post-castration (CXN). (Right graph) Quantification of
yH2AX-positive cells per x20 view-field in the anterior lobes of 3-day post-castrated WT and Chd1-null mice (n=6).

Volume 28 | Issue 7 | 2017 doi:10.1093/annonc/mdx165 | 1501



Annals of Oncology

A B Input IP
1100 KDa
23456 7 8 9 10 11 12 13 1415 IgG CHD1
CHD1 & UT IR UT IR UT IR
-~ CHD1 — —
53BP1 == — —
53BP1 T e——
RIF1 B . TR — - |
Ku7o| ¥ 0% RIFT) S w
RAD51 - - - KU70| w— a— e 4
GRS N
RADST | st il
C D S
£
(0]
53BP1| = S| 5 25 PostlR(h)  nt 5 1 2 6 12 24
Q.
207 Chdlstatus —/— +/+ —— +/+ —/— +/+ —— +/+ —/— +/+ —— +/+ —/— +/+
% 1.0 4
G
GAPDH| = = | 2051
% 0.0 -
X [T /
$ ,( $ 0)<\
S &
E F
-= CHD1 wildtype
_ 80~ RAD51 foci - CHD-/-
o
£ -« CHD1 wildtype, si53BP1
2 60 - -4+ CHD17", i53BP1
<
o
[To]
A
£
=
3
o
3
ey
2
Time post IR
G CHX H CHX Z-FY-CHO MG-132
15 _ 10 - 15 _ 20
7 . 3 3 10 3 15
2 104 2 05 805 © 10
% o 3 s 05
o 7 S S S S 3 S S S S
B @6@) *}Q‘ +b~2‘ ébe O\Q‘ OQ;?‘ q,‘ff@ q/,j‘ q;o*?‘
© & & & & X S & N N
N VO W© A NINC AN
0- b3 & < A\
v %
B Chd1+*
== Chd1~- B Chd1*/* 53BP1 B Chd17~53BP1 Bl Chd1+P53 [ Chd1”- P53

Figure 5. CHD1 interacts with components of NHEJ and stabilizes 53BP1. (A) Protein lysates from Chd1™+

mESCs were run through a gel fil-

tration column. Fractions were collected and immunoblotted with anti-CHD1, 53BP1, RIF1, KU70 and RAD51 antibodies. Fractions 7-9 repre-

sent complexes of ~11

00kDa. (B) Proteins from Chd1" ™ mESCs were immunoprecipitated with anti-CHD1 antibody and immunoblotted

with anti-53BP1, KU70, and RAD51 antibodies (see also supplementary Figure S5A, available at Annals of Oncology online). (C) (Left) Western
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increased 53BP1 protein levels in vitro and in vivo (Figure 5C;
supplementary Figure S5B, available at Annals of Oncology
online); this was replicated in mESCs where Chd1™’~ mESCs
have significantly increased total 53BP1 (T-53BP1) with or with-
out irradiation, but virtually no difference in RAD51 protein in
the same setting (Figure 5D; supplementary Figure S5C, available
at Annals of Oncology online). Total 53BP1 levels were also signifi-
cantly increased in the in vivo ChdI-null mouse model (supple-
mentary Figure S5D, available at Annals of Oncology online). On
the other hand, 53BP1 mRNA levels were not changed in either
our pre-clinical models or human PCa (supplementary Figure
S5E, available at Annals of Oncology online), suggesting that
CHD1 may modulate 53BP1 protein levels.

CHD1 regulates 53BP1 stability

To investigate whether the role of CHD1 in DSB pathway choice
are mediated through 53BP1, we depleted 53BP1 in CHDI1 '~
22Rvl cells (supplementary Figure S5F, available at Annals of
Oncology online). We show that 53BP1 knockdown can revert the
HR deficiency seen in CHDI '~ 22Rv1 cells but have no obvious
effect on HR-competent WT 22Rv1 cells (Figure 5E). This is con-
sistent with previous studies showing that even a 50% reduction
of 53BP1 expression could significantly rescue HR deficiency in
BRCAI™'™ cells [39].

53BP1 protein levels are regulated by post-translational mech-
anisms, i.e. degradation via either ubiquitin/proteasome- or cath-
epsin-L endosome/lysosome-mediated pathways [40-43]. To
analyse whether 53BP1 protein stability is altered due to loss of
CHDI, we treated mESCs with cycloheximide (CHX, 50 pig/ml,
15 min) before IR to block new protein synthesis (Figure 5F, top
panel). We then calculated 53BP1 half-life based on western blot
and densitometry. This analysis indicates that loss of CHD1 in
mESCs leads to a fourfold increase of 53BP1 half-life (from 2 to
8h) (Figure 5G). Furthermore, 53BP1 degradation was effectively
blocked by either MG132 or Z-FY-CHO treatment, the protea-
some and cathepsin-L inhibitors, respectively, similar to previous
reports (Figure 5H; supplementary Figure S5G, available at
Annals of Oncology online) [40—43], while the TP53 control was
more strongly regulated by the ubiquitin/proteasome-mediated
pathway (Figure 5H; supplementary Figure S5G, available at
Annals of Oncology online). Taken together, our analyses demon-
strate that CHD1 forms a complex with NHE] components and
negatively regulates 53BP1 stability and half-life, thereby modu-
lating DSB repair choices.

Loss of CHD1 leads to hypersensitivity to PARP
inhibition and DNA damaging agents

Tumors with defective HR repair, such as those with BRCA1
mutations, are sensitive to PARP inhibitors [44]. We treated WT
and Chdl™'~ mESCs with the PARP inhibitor olaparib, or the
DNA cross-linking agents mitomycin C and carboplatin and
found that Chd1~'~ mESCs were more sensitive to all three drugs
as single agents when compared with WT cells, although not as
sensitive as Brcal-null mESCs (Figure 6A; supplementary Figure
S6A, available at Annals of Oncology online).

To further confirm the hypersensitivity of Chd1 deficient cells
to olaparib and carboplatin in vivo, we inoculated equal num-
bers of isogenic Chdl WT and null mESCs into the bilateral
flanks of the NSG mice (Figure 6B). When tumors became pal-
pable, we treated the animals with olaparib (100 mg/kg) or car-
boplatin (50 mg/kg) for 2weeks. While WT and Chdl™’~
mESC-derived tumors grew at similar rates in the absence of
any treatment, Chdl~'~ mESC-derived tumors were more sen-
sitive to both olaparib and carboplatin (Figure 6B). Taken
together our study demonstrates that similar to BRCA1, CHD1
loss sensitizes cells to olaparib and carboplatin treatment
in vitro and in vivo.

mCRPC with homozygous CHD1 loss is sensitive to
olaparib and carboplatin ex vivo and in vivo

To investigate the relevance of our findings in the clinical setting,
we generated organoids from mCRPC biopsies [6]. Patient-
derived mCRPC organoids with homozygous deletion of CHDI,
which was confirmed by digital droplet PCR, IHC (Figure 7A; sup-
plementary Figure S7A, available at Annals of Oncology online) and
FISH (supplementary Figure S7B, available at Annals of Oncology
online), were more sensitive to olaparib compared with those
organoids with normal CHD1 copy number (Figure 7B).

One of the patients, from whom CHD1 loss mCRPC organo-
ids were derived (V5272), had rapidly progressing disease,
fatigue, worsening performance status and liver function and
rapidly rising LDH and ALP levels (supplementary Figure S7C,
available at Annals of Oncology online). CT scanning revealed
extensive liver and thoracic lymph-nodes metastasis (Figure
7D, left and middle panels). He also had a rapidly increasing
circulating tumor cell count (CTC, supplementary Figure S7D,
available at Annals of Oncology online) and PSA (supplemen-
tary Figure S7E, available at Annals of Oncology online) when
his biopsy was taken for organoid culture. The patient had pre-
viously received castration, radical prostate radiotherapy

blot analysis of 53BP1 protein level in isogenic 22Rv1 cells with and without CHDT deletion. (Right) Densitometry of western blots to quantify
53BP1 level; n=3. Mean=SEM (D) Western blot analysis of P-53BP1, T-53BP1, and RAD51 levels in WT and Chd7-null mESCs treated with 5Gy
of irradiation and collected at the indicated time points (see also supplementary Figure S5C, available at Annals of Oncology online). (E)
Quantification of HR activity in 22Rv1 cells with or without CHDT based on RAD51 recruitment to DNA DSBs. Isogenic 22Rv1 cells were
treated with control siRNA or siRNA targeting 53BP1; n=3. Mean=£SEM (F) Western blot analysis of total 53BP1 and f-actin protein levels in
Chd1** and Chd 1™/~ mESCs treated with 50 pg/ml of cycloheximide (CHX, top panel) or 10 pM Mg-132 (bottom panel) for various amounts
of time after 5 Gy irradiation and continuous drug treatment. (G) 53BP1 half-life was measured by western blot densitometry. WT and Chd -
null mESCs were treated with 5 Gy of irradiation 15 min after pre-treatment with 50 pg/ml cycloheximide (CHX). Mean=SEM (n=3, *P<0.05).
(H) Quantification or total 53BP1 and P53 levels in WT and Chd1-null mESCs treated with 50 pg/ml cycloheximide (CHX), 10 uM ZY-F-CHO, or
10 uM MG-132 and analyzed 1h and 6 h after continuous treatment. 53BP1 levels were normalized to vinculin and P53 levels were normal-
ized to f-actin (see also supplementary Figure S5G, available at Annals of Oncology online).
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Figure 6. CHD1 loss leads to hypersensitivity to PARP inhibition and DNA damaging agents. (A) CHD1 loss leads to hypersensitivity to DNA

damage agents in vitro. Cell viability, as determined by MTT assay, of Chd1™™ and Chd1™

’“mESCs after 48 h of continuous treatment of ola-

parib (left), mitomycin C (MMC) (middle), and carboplatin (right). IC50 was determined from the non-linear fit of normalized response curves
(variable slope) (n=3) (see also supplementary Figure S6, available at Annals of Oncology online). (B) CHD1 loss leads to hypersensitivity to ola-
parib and carboplatin in vivo. Equal numbers of Chd1™* and Chd1™/~ mESCs were implanted on to the bilateral flanks of nude mice. When
tumors became palpable, mice were left untreated (Left) or treated with 100 mg/kg olaparib (middle) or 50 mg/kg carboplatin (right) twice
daily for 2 weeks. Relative tumor volumes are presented with growth kinetics of untreated controls shown on the left (n=5; *P<0.05,

**P<0.01).

(74Gy), abiraterone and docetaxel (Figure 7C). Since he was
too unwell to be treated on a PARPI clinical trial, he received
i.v. carboplatin treatment (700 mg, AUC 6, 3 weekly). After
two carboplatin doses, his symptoms had fully resolved, his CT
scan indicated a major response, his CTC count had decreased
from 1157 to 30 cells in 7.5ml of blood, and his PSA had
dropped from 1300 to 806 pg/L (Figure 7D, right panels; sup-
plementary Figure S7C, D, and E, available at Annals of
Oncology online). His liver enzymes, ALP and LDH also nor-
malized (supplementary Figure S7C, available at Annals of
Oncology online). After 4 cycles of carboplatin, the patient con-
tinued to respond in lymph nodes and had a mixed response in
the liver metastasis. However, the patient was discontinued
due to progressing of the bone disease and clinical deteriora-
tion. These clinical data support our preclinical evidence and
suggest that CHDI status may be a predictive biomarker for

DNA damaging agents such as carboplatin or PARPi for
mCRPC.

Discussion

By generating a murine Chdl prostate conditional knockout
model, isogenic human prostate and PCa CHDI WT and deleted
lines, as well as human PCa-derived organoids with and without
CHDI deletion, we evaluated the function of CHD1 in vitro and
invivoin: (i) DNA damage repair in a genetic background reflect-
ing this subtype of PCa, and (ii) during PCa development. Our
results indicate that: (i) homozygous deletion of ChdI causes PIN
lesions without a significant impact on cell proliferation and sur-
vival; (ii) CHD1 is involved in modulating the stability of 53BP1;
(iii) CHD1 loss results in increased NHE] activity and decreased
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Figure 7. Metastatic CRPCs with homozygous loss of CHDIT are sensitive to carboplatin and olaparib in vivo and ex vivo. (A) IHC analysis
shows no CHD1 expression in tumors except blood vessels (boxed area) and stromal cells (see also supplementary Figure S7A and B, available
at Annals of Oncology online). (B) mCRPC patient-derived organoids are sensitive to olaparib. Organoids from patients with homozygous loss
of CHDT (V5272 and V5372) show increased sensitivity to PARP inhibition. Copy number status was determined by digital droplet PCR.
HOMDEL, homozygous deletion of CHDT; WT, wild-type. IC50, half maximal inhibitory concentration. (C) Clinical history of the patient repre-
sented as timeline. Arrows indicate clinical events. (D) Axial and coronal contrast enhanced CT images during disease progression (first and
second columns) and after two and four cycles of carboplatin (third and fourth columns) showing significant reduction (37%) in the extent of
the supraclavicular (yellow circles and white arrows), precarinal (¥) and subcarinal (red circles) lymphadenopathy.

HR which can be reversed by 53BP1 knockdown; (iv) CHD1 defi-
cient cells are hypersensitive to DNA damage by radiation, carbo-
platin and mitomycin C, as well as PARPi treatment. We also
report for the first time clinical evidence that advanced PCa with
CHD1 loss is sensitive to carboplatin therapy, further validating
these data. Overall, our study provides a rationale to evaluate
whether CHD1 status predicts treatment outcome in prospective
clinical trials of DNA damaging agents such as carboplatin or
PARPi.

In contrast to our previous studies of the Pten prostate
conditional deletion model, which produces highly invasive
adenocarcinomas [36], homozygous deletion of Chdl causes
only low-grade PIN lesions (Figure 1A and B; supplementary
Figure S1B, available at Annals of Oncology online). Similarly, we

did not observe significant growth differences in vitro and in vivo
in isogenic CHDI-WT and CHD1 ™'~ 22Rv1 human PCa cell lines
(Figure 1D and E), similar to a recent report [45]. Our data sug-
gest that loss of CHD1 alone is not sufficient to cause aggressive
adenocarcinoma. Therefore CHDI is a new addition to the list of
tumor suppressor genes associated with human PCas, such p53,
Rb, Brca2 and NKX3.1, whose loss alone in mice does not cause
an aggressive phenotype but only hyperplasia and PIN lesions
[46-50]. Similar to the role of CHD1 in DNA damage repair,
which we are describing here (Figure 2), many of these tumor
suppressors also fulfill a critical role in the DDR.

Our results provide a mechanistic explanation for the increased
genomic instability observed in PCas with homozygous deletion
of CHDI (2, 3, 8]. We demonstrate that CHD1 loss suppresses
error-free HR DSB repair while promoting error-prone NHE]
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(Figure 3). Thus CHDI1 may function as a molecular switch
between HR and NHE]. Loss of CHD1 sensitizes cells to olaparib,
carboplatin and mitomycin C (Figure 6), very similar to BRCA1
deleted cells. However, CHD1 may regulate HR upstream of
BRCAL1 by (i) recruiting CtIP to sites of DSB as demonstrated in
the previous report [10] and/or (ii) modulating the stability of
53BP1 and enhancing NHE] as shown in our study (Figure 5).

Genetic studies in mice have indicated the importance of
NHE] components in maintaining genomic stability [51].
However, next generation sequencing studies of human PCas
have so far not identified alterations in components of canonical
NHE] [4, 7]. On the other hand, several genes that are frequently
altered in PCa are required for maintaining genomic stability,
particularly via deregulation of DSB repair. For example, we have
shown that SPOP mutations are associated with increased
genomic instability in PCa by inhibiting HR and promoting
NHE] [8], similar to what we have reported here. Although a
molecular link between SPOP mutation and CHD1 loss in NHE]
has not yet been established, it is possible that in patients with
combined CHDI homozygous deletion and SPOP mutations, an
additive effect of these alterations may further sensitize cells to
carboplatin or olaparib. Further studies are now needed to
answer this question functionally and clinically.

Previous studies indicated that CHD1 regulates AR transcrip-
tional signaling by mediating the binding of AR to its target pro-
moters [1, 31], while other studies found that antagonizing AR
signaling by ADT sensitizes cells to IR by inhibiting NHE] with-
out impacting HR DSB repair [28-30, 52]. This would suggest
that loss of CHD1 sensitizes cancer cells to IR by reducing AR sig-
naling, consequently decreasing NHE] repair. However, in our
models, loss of CHD1 does not affect AR transcriptional output,
although our studies could not rule out paracrine AR signaling
from stromal prostate cells (Figure 4) [53]. The fact that loss of
CHDI promotes NHE]J and suppresses HR without affecting AR
function or AR target expression suggests that AR blockage might
further sensitize this PCa subtype to radiotherapy.

The protein stability of DNA-repair proteins is tightly con-
trolled to ensure timely and spatially restricted activity. 53BP1
protein half-life ranges from 0.5 to 2h in the context of DNA
damage induction [42]. We show here that CHD1 contributes to
the regulation of 53BP1 stability (Figure 5) although the exact
mechanism remains to be resolved. Based on our analyses and
those published, both ubiquitin/proteasome and endosome/lyso-
some pathways are likely to play roles.

In summary, we report that the loss of CHD1 leads to changes
in DDR. Using functional genetic approaches, we report that
CHDI loss decreases HR-mediated DSB repair and increases
error-prone NHE] activity. Importantly, CHD1 loss is associated
with an increased sensitivity to PARP inhibition and anti-cancer
drugs that induce DNA intercross-strand links including carbo-
platin. These observations may provide a mechanistic explana-
tion for the high number of chromosomal rearrangements
observed in PCas with CHDI homozygous deletion. Our data
provide a rationale for treating patients bearing tumors with
CHDI1 deletion in prospective clinical trials of PARP inhibitors or
DNA damaging agents such as carboplatin to evaluate their
potential clinical benefit in this subclass of PCa.
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