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INTRODUCTION: Epithelial ovarian cancer (EOC) is the deadliest gynecological disease and annually 
accounts for over 140,000 deaths worldwide. High grade serous (HGSOC) comprises about 70% of EOC cases. 
An emerging therapeutic strategy for HGSOC, poly(ADP) ribose polymerase inhibitors (PARPi) effectively 
targets homologous recombination (HR) deficient cancers (e.g. BRCA1/2-mutated). Several trials have 
demonstrated that PARPi response is not entirely dependent on BRCA1/2 status indicating the need for additional 
predictive biomarkers. Analyses of HGSOC tumors in The Cancer Genome Atlas (TCGA) revealed a tendency 
toward mutual exclusivity between CLDN4 overexpression and BRCA1/2 mutation and downregulation, 
indicating low CLDN4 could potentially predict PARPi response. Claudin-4 (CLDN4) is expressed in 
approximately 70% of all human EOC tumors and is highly upregulated in carboplatin/paclitaxel resistant ovarian 
tumor cells. A stable D-amino acid claudin mimic peptide, CMP, was designed to disrupt Claudin-4-protein 
interactions and was shown to significantly reduce overall tumor burden in a mouse model of HGSOC ovarian 
cancer. The objectives of this DoD Pilot Award are to establish claudin-4 as novel biomarker that better predicts 
PARPi response and investigate a therapeutic strategy to sensitizing ovarian tumors to PARPi.  This DoD funded 
research will elucidate the relationship between claudin-4 expression and PARPi sensitivity.  The work is 
anticipated to lay critical foundation to establish the use of claudin-4 as a biomarker and/or therapeutic target in 
combination with PARP inhibitors to target non-BRCA1/2-mutated HGSOC tumors.  The proposed work directly 
addresses several of the DOD OCRP key priorities.  If successful, these findings will have an immediate and 
long-term impact on EOC patients. 

KEYWORDS: PARP inhibitors, high grade serous ovarian cancer, claudin-4, 

Overall Project Summary: 

Entirety of the DOD Pilot Award Work can be found in Yamamoto TM, Webb PG, Baumgartner HK, 
Neville M, Behbakht K, Bitler BG. (2021). Loss of Claudin-4 reduces DNA damage repair and increase 
sensitivity to PARP inhibitors. In review at Molecular Cancer Therapeutics. Attached as an appendix. 

What were the major goals of the project? 

§ Determine the sensitivity of cell lines and tumor tissue to PARPi.

§ Percentage completed: 100%

§ Determine the effect of claudin-4 on development/reversal of PARPi resistance.

§ Percentage completed: 100%

§ Determine the effect of claudin-4 on DNA repair.

§ Percentage completed: 100%

§ Determine the effect of CMP co-treatment on PARPi response in vivo.

§ Percentage completed: 100%

§ Characterize claudin-4 expression and PARPi sensitivity of patient tumor samples.

§ Percentage completed: 100%

What was accomplished under these goals? 

§ Determine the sensitivity of cell lines and tumor tissue to PARPi.

Previously reported, HGSOC cells lines were authenticated through the University of Arizona 
TCGA core facility via small tandem repeat analysis. We established Claudin-4 expression in OVCAR8, 
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OVCAR10, 
OVCAR4, 
OVCAR3, 
and 
OVCA429. 
We 
determined 
the half 
maximal 
inhibitory 
concentration 
(IC50) of 
olaparib and 
rucaparib in 
these four 
HGSOC cell 
lines. We 
found that 
Claudin-4 
expressing 
lines had a 
lower half 
maximal 
inhibitory 
concentration 
(IC50) to 
olaparib compared to cells with low claudin-4 expression. In contrast, response to rucaparib was varied 
and did not correlate with claudin-4 status (Figure 1). 

§ Determine the effect of claudin-4 on development/reversal of PARPi resistance.

The major 
findings for this task 
are that modulation of 
Claudin-4 
resensitized HSGOC 
cells to PARP 
inhibition. 
Interestingly, the 
effect is cell line 
dependent in which 
knocking Claudin-4 
down sensitizes 
OVCAR3 cells but 
overexpressing it in 
OVCAR8 cells 
sensitizes cells to 
olaparib. Specific cell 
line attributes that 
contribute to PARP 
inhibitor response are further interrogated in the next task.  Given claudin-4 expression is present in 

Figure 1. The relationship between Claudin-4 and PARP inhibitor response. A) Immunoblot 
against Claudin-4 in HGSOC cell lines. B) Olaparib and rucaparib (dotted lines) dose response in 
indicated HGSOC cell lines. C) Knockdown of Claudin-4 (CLDN4) in OVCAR3 cells, mRNA (Internal 
Control = 18S) and protein (Loading Control = b-actin). D) Olaparib and rucaparib (E) dose response 
in shCLDN4 cells. F) Cell death of OVCAR3 shCTRL and shCLDN4 cells with SyTox assay over time. 
**p<0.01, ***p<0.001. G) Dose response of rucaparib with control peptide (Ctrl. Pep.) or with CMP 
(Cld4 Pep., 400µM). H) Immunoblot of Claudin-4 in OVCAR8 Claudin-4 overexpressing cells. I) 
Olaparib dose response in OVCAR8 cells with or without Claudin-4 overexpression. Error bars = 
S.E.M. Statistical Test, multicomparison ANOVA with Tukey (C), Two-way ANOVA (F). **p<0.01, 
***p<0.001 

Figure 2. Assessing claudin-4 expression in HGSOC cell lines and confirming OVCAR3 
results. A) Protein isolated from 13 HGSOC cells was immunoblotted for claudin-4. Loading 
control, GAPDH. B) Olaparib dose response in OVCA429 and SNU251 claudin-4 expressing 
cells. C) OVCA429 cells transduced with shControl and shCLDN4 immunoblotted for 
claudin-4. Loading control, GAPDH. D) Olaparib dose response in OVCA429 shCtrl and 
shCLDN4. E) Rucaparib dose response in OVCA429 shCtrl and shCLDN4. Error bars, SEM. 
Statistical test, non-linear regression. 
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greater than 70% of HGSOC 
tumors, we focused on knocking 
down claudin-4 in additional 
HGSOC claudin-4 expressing cell 
lines. We screened 13 HGSOC cell 
lines and observed OVCAR2, 
SNU251, and OVCA429 cells had 
high claudin-4 expression (Figure 
2A). We determined olaparib 
response in SNU251 and 
OVCA429 cells (Figure 2B). 
Then, we confirmed the OVCAR3 
data and observed that loss of 
claudin-4 in OVCA429 cells 
reduced the IC50 of olaparib and 
rucaparib (Figure 2C-E). 

§ Determine the effect of claudin-
4 on DNA repair. 

To assess whether 
Claudin-4 is involved in DNA 
repair processes we propose to 
examine functional DNA repair 
process, expression of DNA 
repair enzymes, replication stress, 
and markers of DNA damage. 
Previously reported, to assess 
Claudin-4 contribution to DNA 
damage repair, we used OVCAR3 
shControl and shCLDN4 (#1 and 
#2) cells. The loss of claudin-4 
expression did not significantly 
alter homology-directed repair 
activity. However, the loss of 
claudin-4 significantly inhibited 
NHEJ repair activity (Figure 3A-
B). Consistently, loss of claudin-4 
did not impact gammaH2Ax 
induction, but significantly 
inhibited 53BP1 foci formation 
following treatment with olaparib 
(Figure 3C-E). Considering 
claudin-4’s novel role in DNA repair, in TCGA human HGSOC tumors we examined the mutation count 
based on claudin-4 expression. We observed that both the mRNA and protein expression of claudin-4 
correlated to mutation count, with lower claudin-4 expression correlating to higher mutational count 
(Figure 3F). 

While PARPi response is largely dependent on DNA damage response, since the start of this DOD Pilot 
award replication stress has become and accepted mechanism of PARPi action [1-4]. Therefore, in 
addition to DNA damage (yH2Ax) we also examined replication stress using phosphor-Serine 8 

Figure 3. Claudin-4 knockdown inhibits non-homologous end joining 
and reduces 53BP1 foci formation. A) Homology-directed DNA repair 
activity measured in OVCAR3 shCtrl and shCLDN4 (#1 and #2) cells 
transfected without I-SceI and with I-SceI. B) Non-homologous end-joining 
DNA repair activity measured in OVCAR3 shCtrl and shCLDN4 (#1 and 
#2) cells transfected without I-SceI and with I-SceI. C) OVCAR3 shCtrl and 
shCLDN4 (#1 and #2) cells treated with control [not shown] or 375 nM 
olaparib used for immunofluorescence against gH2ax (green) and XRCC1 
(red). Nuclei stained using DAPI (blue). D) OVCAR3 shCtrl and shCLDN4 
(#1 and #2) cells treated with vehicle control or 375 nM olaparib used for 
immunofluorescence against gH2ax (green) and 53BP1 (red). Nuclei stained 
using DAPI (blue). E) Same as E, quantification of 53BP1 foci per nuclei 
from five field of views. F)  Low (2-69, n=95) and high (70-1899, n=107) 
mutation count from TCGA ovarian cancer tumors (x-axis) compared to 
claudin-4 mRNA expression (y-axis). Claudin-4 protein expression 
(CPTAC) versus Mutation count (y-axis) from 82 HGSOC TCGA tumors. 
Experimental performed at minimum in triplicate. Error bars, SEM. 
Statistical Test, one way ANOVA with multicomparison correction (A, B, 
E, F) or unpaired t-test (F) or Spearman Correlation (F). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Replication Protein A (phosphor-RPA) 
following olaparib treatment via yH2Ax in 
OVCAR3 shControl and OVCAR3 
shCLDN4 (#1 and #2). In a similar 
experiment, we performed a time course (0 to 
11 hrs) in shControl and shCLND4 #2 cells 
that were irradiated to induce DNA damage. 
In contrast to the 72 hour time course, we 
observed that phosphor-RPA remained 
elevated in the claudin-4 knockdown cells 
compared to the shCtrl cells. Similarly, the 
induction of gammaH2Ax levels were 
blunted in the shCLDN4 cells compared to 
shCtrl cells, especially at the 8, 10, and 11 
hour time points (Figure 4). Taken together, these data 
suggest that claudin-4 contributes to DNA damage 
response. Loss of claudin-4 inhibits NHEJ, attenuates 
yH2Ax expression, and promotes replication stress – all of 
which are likely to contribute to PARPi response. 

Using an unbiased approach, we assessed 
differential response of 126 FDA approved 
chemotherapeutic agents in OVCAR3 shCtrl and shCLDN4 
cells. Consistent with our data showing that loss of claudin-
4 increased the sensitivity of HGSOC cells to DNA 
damaging agents, we observed that claudin-4 loss increased 
the sensitivity of DNA damaging agents (e.g., alkylating 
agents) (Figure 5). These data will be incorporated into the 
manuscript in preparation. 

Determine the effect of CMP co-treatment on PARPi 
response with in vivo. 

Novel and rationale combinatorial therapeutics strategies are needed to improve ovarian cancer 
outcomes. We previously demonstrated that targeting Claudin-4 with a mimetic peptide (CMP) 
significantly inhibited tumor 
progression [5]. Based on the 
reverse phase protein array 
knockdown of Claudin-4 
correlates to the loss of several 
DNA repair proteins 
suggesting that treatment with 
CMP could promote a 
BRCAness phenotype and 
increase tumor sensitivity to 
olaparib. Our previous annual 
report described that CMP in 
combination with olaparib 
induced apoptosis. To confirm 
the in vitro findings of claudin-
4 knockdown increasing PARP 

Figure 6. Claudin-4 knockdown tumors are more responsive to PARPi. 
OVCAR3 GFP/Luciferase cells were transduced with shCtrl (n=7) or shCLDN4 
(n=5). Cells were injected IP into NSG mice and allowed to establish for 4 weeks. 
Mice were randomized using a random number generator and treated for 21 days 
with daily olaparib (50 mg/kg). Tumor progression was monitored via in vivo 
imaging. A) Representative images of tumor bearing mice at day 22. White arrows = 
GFP positive tumors. B) Tumor growth shown as % change. Error bars, SEM. 
Statistical test, unpaired t-test with Welch’s correction.  *p=0.014. F-test, p<0.0001.

Figure 4. Claudin-4 regulation of DNA damage repair and 
replication stress. shCtrl or shCLDN4 (#2) OVCAR3 cells 
irradiated (5 Gy) and protein was collected at indicated time 
points. Protein used for immunoblot for for gammaH2Ax, 
pRPA ser8, and Claudin-4. Loading control, beta-actin. 

Figure 5. Claudin-4 knockdown cells are 
more responsive to DNA damaging 
agents. OVCAR3 shControl and shCLDN4 
#1 were plated in a 96 well format and 
treated with 1 uM of 126-FDA approved 
chemotherapies. Cells were incubated for 72 
hrs, fixed for crystal violet, and absorbance 
was measured as a surrogate for cell 
viability. Red Dots = Alkylating agents. 
Dotted lines -/+ 25% error.  
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inhibitor 
sensitivity, we 
compared the anti-
tumor response of 
olaparib in 
OVCAR3 shCtrl 
versus shClaudin-4 
tumors. In an 
immune-
compromised 
model we found 
that claudin-4 
knockdown 
OVCAR3-derived 
tumors were more 
responsive to 
olaparib compared 
to claudin-4 
expressing tumors 
(Figure 6A-B). 
Importantly, 
knocking down 
claudin-4 followed 
by olaparib 
treatment resulted 
in tumor regression 
(Figure 6B). 

§ Characterize
claudin-4 
expression and 
PARPi sensitivity 
of patient tumor 
samples. 

To assess 
the impact of 
combining CMP 
with olaparib we 
utilized ex vivo cultures of primary tumors samples. To date, we have examined CMP and olaparib 
treatment in ten primary tumors. Primary tumors were obtained within one hour from the operating room 
and uniformly sectioned on a Krumdieck Tissue Slicer (Figure 7A). Tumor sections were treated with 
control, olaparib [1 µM], CMP [400 µM], or in combination for 72 hrs.  Sections were fixed, embedded, 
sectioned, and used for IHC analysis against claudin-4, an apoptosis marker (Cleaved caspase 3, CC3) 
and proliferation marker (Ki67) (Figure 7A). During the course of the no-cost extension, we were able 
to conduct four additional ex vivo studies. Figure 4 represents the final figure that will be incorporated 
into the manuscript under preparation. 

Figure 7. Olaparib and inhibition of claudin-4 inhibit proliferation of primary ovarian 
cancer tumors. A) Workflow of the ex vivo experiments using primary tumor tissue. Primary 
tumors were classified as claudin-4 null/low or claudin-4 high based on immunofluorescence (IF, 
claudin-4, green and nuclei, DAPI). IHC against Ki67 was completed in all the tumors, tumors 
were de-identified, and a histology score (H-score) was calculated based on intensity of Ki67 
signal and percentage of tumor cells from at least three fields of view. B) Representative H-score 
and claudin-4 IF for claudin-4 null/low expressing ovarian cancer tumors. C) Representative H-
score and claudin-4 IF for claudin-4 high expressing ovarian cancer tumors. D) Representative 
Ki67 images of claudin-4 null/low and high expressing ovarian cancer tumors (Scale bar, 50 
microns). E) Normalized Ki67 H-score based control (Ctrl) treated tumors for all the claudin-4 
null/low (N=5) and high (N=7) expressing serous ovarian tumors. Three fields from each tumor 
were analyzed and each tumor is represented by three matched colored spots. Error bars, SEM. 
Statistical test, one way ANOVA with multicomparison correction. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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We observed 
that tumors without 
claudin-4 expression 
had an improved anti-
proliferative response 
compared to HGSOC 
tumors that expressed 
high levels of claudin-
4. CMP and olaparib
treatment reduced 
Ki67 expression in 
most of the HGSOC 
tumors, with a more 
robust response 
observed in the 
claudin-4 expressing 
tumors (Figure 7B-
E). Previously 
reported, using the 
tissue microarray 
(TMA) constructed 
during the first year 
of this DOD award, 
we examined overall 
survival in patients 
with genetic testing 
that confirmed no 
BRCA-mutations that 
had low or high 
claudin-4 expression. 
We observed that 
high claudin-4 
expression conveyed 
a worse overall 
survival (Hazard 
Ratio: 3.056, 95% CI 
0.88-10.59) (Figure 
8A-B). Taken 
together with the in 
vivo tumor models, targeting claudin-4 in combination with olaparib had anti-proliferative effects. 
Further, there is an indication that combining olaparib with CMP in BRCA-wildtype tumors could be 
effective at inducing apoptosis. 

Previously reported, we performed several unbiased approaches to determine claudin-4’s 
interactome (BioID), transcriptome (TCGA and RNA-seq), and signaling (Reverse phase protein array). 
In all of these datasets, we observed that claudin-4 is significantly associated with mitotic spindle 
assembly (Figure 8C). Suggestive of aberrant mitotic progression, in TCGA tumors, the loss claudin-4 
is significantly correlated to fewer copy number changes (Figure 8D). These data suggest that claudin-
4’s potentially contributes to mitotic spindle assembly and mitotic progression. A consequence of 
aberrant mitotic progression is increasing DNA damage and the generation of micronuclei, both of 
which can activate the cGAS/STING pathway and anti-tumor immunity. We confirmed that the loss of 

Figure 4. Evaluating Claudin-4 on a high grade serous carcinoma tissue microarray. A) 
A tissue microarray of primary ovarian cancer tumors was used for immuno-histochemistry 
(IHC) against Claudin-4. B) Kaplan-Meier curve of patients that had known BRCA-wildtype 
tumors with no claudin-4 vs. high claudin-4 expression. C) OVCAR3 shCtrl and shCLDN4 
cells used for RNA-seq/RPPA. Significant (adj. p<0.5) “hits” were enriched for mitotic 
spindle assembly. OVCAR8/OVCAR3 cells transduced with claudin-4 biotin ligase (BioID) 
and claudin-4 interacting proteins enriched for mitotic spindle assembly. In EOC TCGA 
tumors, high claudin-4 expression correlated to genes associated with mitotic spindle 
assembly. D) From TCGA data, frequency of copy number changes in CLDN4 low (y-axis) 
and CLDN4 high (x-axis) tumors. E) OVCAR3 shCtrl and shCLDN4 were treated with 625 
nM of olaparib. RNA was extracted and CCL5 and IFNB expression measured with qPCR. 
Internal control, GAPDH. F) Same as C, with OVCAR8 Ctrl and Claudin-4 overexpressing 
(CLDN4 OE) were treated with olaparib. G) Overall survival Kaplan-Meier curve of patients 
based on claudin-4 (CLDN4), STING (TMEM173) and CD8 levels. Statistical tests, 
hypergeometric distribution (C), multicomparison ANOVA, Tukey correction (E-F). *p<0.05, 
**p<0.01. Error bars= S.E.M. 
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claudin-4 exacerbated PARPi-induced cGAS/STING activation measured through known target genes, 
IFNB and CCL5 (Figure 8E). Conversely, restoring claudin-4 expression blunted cGAS/STING 
activation (Figure 8F). Next, we evaluated claudin-4 and STING (TMEM173) expression in HGSOC 
tumors with or without CD8+ T cell infiltration. Strikingly, loss claudin-4 and high TMEM173 
expression in tumors with CD8+ T cell conveys a dramatic positive prognosis, with no median survival 
calculable! (Figure 8G). We have potentially uncovered a novel function of claudin-4 in regulating 
cGAS/STING activation and anti-tumor immunity.We have potentially uncovered a novel function of 
claudin-4 in regulating cGAS/STING activation and anti-tumor immunity. This is the subject of the 
TEAL Expansion Award. 

 Conclusions 

In conclusion, during the first two years of the DoD Pilot Award we have made substantial 
progress in characterizing the relationship between Claudin-4 and PARP inhibitor response. We have 
discovered novel links to DNA damage response, replication stress, and PARP inhibitor sensitivity. We 
currently have a publication under review at Molecular Cancer Therapeutics. Further, we have 
developed a TEAL Expansion award and was awarded the expansion award to follow-up on the 
contribution of claudin-4 in mitotic progression and cGAS/STING activation. 

o What opportunities for training and professional development has the project provided?

§ Nothing to report

o How were the results disseminated to communities of interest?

§ Nothing to report

o What do you plan to do during the next reporting period to accomplish the goals?

§ Nothing to report. We are on track and continue to utilize the statement of work to gauge our progress
and time to project completion. 

IMPACT: 

o What was the impact on the development of the principal discipline(s) of the project?

§ The findings from the ex vivo experiments and TMA will have a significant impact on the field of
HGSOC response to PARP inhibitors, specifically we expect to make an impact in the fields of 
replication stress, DNA damage repair, cell cycle regulation, and Wnt/beta-catenin regulation. 
Furthermore, our data suggests that elevated Claudin-4 expression would be a good prognostic 
indicator in the context of PARP inhibitor response.  The no-cost extension year of the DoD Pilot 
award proved to be confirmatory of our results and have allowed us to expand our findings into a 
mouse model and additional primary tumors. 

o What was the impact on other disciplines?

§ We have started to collaborate with Dr. Julie Lang. Dr. Lang is an expert in humanized mouse models
and she is a co-investigator on the TEAL expansion. She will be instrumental in extending our 
findings into immune intact models. 

o What was the impact on technology transfer?

§ Nothing to report

o What was the impact on society beyond science and technology?
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§ Nothing to report

CHANGES/PROBLEMS: 

o Changes in approach and reasons for change

§ Nothing to report

o Actual or anticipated problems or delays and actions or plans to resolve them

§ An unanticipated problem was the COVID19 pandemic and the resulting temporary shutdown of both
clinical research and animal research projects. During the no-cost extension we did not experience any 
additional problems. 

o Changes that had a significant impact on expenditures

§ Nothing to report

o Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents 

§ Nothing to report

o Significant changes in use or care of human subjects

§ Nothing to report

o Significant changes in use or care of vertebrate animals.

§ Nothing to report

o Significant changes in use of biohazards and/or select agents

§ Nothing to report

PRODUCTS: 

o Publications, conference papers, and presentations

§ Journal publications for entire award period:

1. Wheeler LJ, Watson ZL, Qamar L, Yamamoto TM, Post MD, Berning AA, Spillman MA, Behbakht K, and Bitler
BG (2018). CBX2 identified as driver of anoikis escape and dissemination in high grade serous ovarian cancer.
Oncogenesis. Nov 26;7(11):92. PMID: 30478317. Cited by 32. Acknowledgement of federal support – YES

2. Watson L and Bitler BG (2019). Type I protein arginine methyltransferases overexpression promotes
transformation and potentiates Her2/Neu-driven tumorigenesis. Invited Commentary. Cancer Research. 2019 Jan
1;79(1):3-4. PMID: 30602621. Cited by 1.

3. Breed C, Hicks D, Webb P, Galimanis C, Bitler BG, Behbakht K, and Baumgartner H (2019). Ovarian Tumor
Cell Expression of Claudin-4 Reduces Apoptotic Response to Paclitaxel.  Molecular Cancer Research
Mar;17(3):741-750. PMID: 30606772. Cited by 6. Acknowledgement of federal support – YES
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4. Dahl E, Buj R, Leon K, Newell J, Bitler BG, Snyder N, and Aird KM (2019). Targeting IDH1 as a pro-senescent 
therapy in high-grade serous ovarian cancer. Molecular Cancer Research. ePub May 20. PMID: 31110157. Cited 
by 9. Acknowledgement of federal support – YES 

5. Yamamoto TM, McMellen A, Watson ZL, Aguilera J, Ferguson R, Nurmemmedov E, Thakar T, Moldovan GL,
Kim H, Cittelly DM, Wilson H, Behbakht K, Sikora MJ, and Bitler BG (2019). Targeting Wnt Signaling To
Overcome PARP Inhibitor Resistance. Molecular Carcinogenesis. ePub Jun 10. PMID: 31219654. Cited by 5.
Acknowledgement of federal support – YES

6. Ramzan AA, Bitler BG, Hicks D, Barner K, Qamar L, Behbakht K, Powell T, Jansson T, Wilson H (2019).
Adiponectin receptor agonist AdipoRon induces apoptotic cell death and suppresses proliferation in human 
ovarian cancer cells. Mol. Cell Biochem. ePub Jul 10. PMID: 31292831. Cited by 10. 

7. Wheeler LJ, Watson ZL, Qamar L, Yamamoto TM, Sawyer BT, Sullivan KD, Khanal S, Joshi M, Ferchaud-
Roucher V, Smith H, Vanderlinden LA, Brubaker SW, Kim H, Espinosa JM, Richer JK, and Bitler BG (2019).
Multi-omic approaches identify metabolic and autophagy regulators important in ovarian cancer dissemination.
iScience. ePub Aug 6. PMID: 31437751. Cited by 14. Acknowledgement of federal support – YES
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ABSTRACT 25 

High-grade serous ovarian cancer is the deadliest gynecologic malignancy due to the 26 

development of resistant disease. Claudin-4 is classically defined as a tight junction protein and 27 

is associated with female cancers. Claudin-4 is aberrantly expressed in nearly 70% of all 28 

ovarian cancer tumors and conveys a worse overall prognosis. Elevated claudin-4 expression 29 

correlates to increased DNA repair activity and resistance to DNA damaging agents. Poly(ADP) 30 

polymerase (PARP) inhibitors are emerging as an effective therapeutic option for patients with 31 

ovarian cancer and function by promoting DNA damage. The study examines the relationship 32 

between claudin-4 expression and response to PARP inhibitors. The study uses both genetic 33 

and pharmacologic inhibition of claudin-4 in in vitro and ex vivo models of ovarian cancer to 34 

examine DNA repair markers and functional activity. Genetic inhibition of claudin-4 results in the 35 

downregulation of several DNA damage repair effectors, including 53BP1 and XRCC1. Also, 36 

claudin-4 knockdown does not change homology-directed repair but inhibits non-homologous 37 

end-joining and reduces 53BP1 foci formation. In 15 primary ovarian cancer tumors, higher 38 

claudin-4 expression significantly correlated to a dampened PARP inhibitor-mediated anti-39 

proliferation response. Further, claudin-4 inhibition in high claudin-4 tumors sensitized tumor 40 

sections to PARP inhibition. These data highlight that claudin-4 expression in ovarian cancer 41 

tumors could potentially serve as both a marker of PARP inhibitor response and a therapeutic 42 

target to improve PARP inhibitor response. 43 



INTRODUCTION 44 

High grade serous ovarian carcinoma (HGSOC) is the most common epithelial derived 45 

ovarian cancer and is the deadliest. Several factors contribute to HGSOC-related deaths 46 

including inadequate early detection, diagnosis at advanced stage disease, and the 47 

development of acquired therapy resistance. In the last six years, the development of poly(ADP) 48 

ribose polymerase (PARP) inhibitors (PARPi) has led to a significant shift in the clinical care of 49 

patients with ovarian cancer. 50 

PARPi exploit deficiencies in DNA damage repair pathways. Approximately, 50% of 51 

ovarian cancers have some degree of Homologous Recombination (HR) DNA repair deficiency 52 

(HRD); these deficiencies are most common in tumors with mutations in BRCA1/2 [1]. BRCA1/2 53 

proteins are directly involved in HR DNA repair and DNA damage repair capacity is an important 54 

biomarker of PARPi responsiveness. PARPi prevent single-strand DNA break repair and in the 55 

context of HR repair deficiencies, PARPi facilitate the accumulation of replication induced DNA 56 

double strand breaks (DSBs). These effects culminate in catastrophic mitotic failure and cell 57 

death. Clinical trials for olaparib and niraparib have demonstrated that the PARPi response can 58 

occur in tumors without mutations in BRCA1/2 genes [2, 3]. For instance, niraparib significantly 59 

extended progression-free survival in patients without germline BRCA1/2 mutations compared 60 

to placebo, 9.3 versus 3.9 months, respectively (hazard ratio, 0.45; 95% confidence interval, 61 

0.34 to 0.61) [4]. In HGSOC patients, the major clinical challenges in the use of PARPi include: 62 

(1) identification of patients likely to respond, (2) sensitizing non-BRCA1/2 mutated HGSOC63 

tumors to PARPi, and (3) addressing resistance to PARPi. 64 

Claudin-4 (CLDN4) is expressed in approximately 70% of all human HGSOC tumors. It 65 

is highly expressed in ovarian tumor cells that: 1) are more resistant to cisplatin/carboplatin and 66 

paclitaxel [5, 6] 2) have increased migratory potential [7, 8] and 3) display stem-like properties [6, 9]. 67 

Previously, we reported that the loss of claudin-4 expression led to aberrant cell cycle 68 

progression and G2/M arrest [10]. We previously designed a small claudin mimic peptide (CMP) 69 



that interferes with the DFYNP sequence in the second extracellular loop of claudin-4 [11].  CMP 70 

is used in the D-amino acid conformation to increase peptide stability. The peptide disrupts 71 

claudin-4 activity; further CMP increased tumor cell response to a potent apoptotic inducer, 72 

staurosporine, and inhibited tumor cell migration [7]. 73 

Patients with HGSOC tumors expressing claudin-4 protein have poorer survival 74 

compared to patients with tumors lacking claudin-4 [12]. Analyses of HGSOC tumors in The 75 

Cancer Genome Atlas (TCGA) revealed a tendency toward mutual exclusion of CLDN4 76 

amplification/overexpression and BRCA1/2 mutation/downregulation [1], suggesting that claudin-77 

4 may serve as potential marker of PARP inhibitor response. Notably, in breast cancer, the 78 

“claudin-low” subtype is often more responsive to PARP inhibitors [13]. For this reason, we have 79 

assessed the role of claudin-4 in PARP inhibitor response in models of HGSOC. 80 

In particular, here we have extended our previous claudin-4 experiments to examine its 81 

effect on the PARPi response as well as to define claudin-4-mediated mechanisms of DNA 82 

repair. We discovered that in HGSOC cells without BRCA-mutations or HRD loss that knocking 83 

down claudin-4 expression increased PARPi sensitivity. Comparing the transcriptome of 84 

claudin-4 high and low expressing tumors, in claudin-4 high tumors we found enrichments for 85 

DNA repair, DNA replication, and cell cycle regulatory pathways. Examination of Dependency 86 

Mapping [14] across multiple cancer types revealed that increased CLDN4 expression correlated 87 

with a blunted response to three different PARPi (olaparib, rucaparib, niraparib). Examining a 88 

reverse phase protein array of claudin-4 knockdown HGSOC cells, we observed significant 89 

down regulation of several DNA repair proteins (e.g., XRCC1 and 53BP1). Further, claudin-4 90 

knockdown did not inhibit HR repair, but did significantly attenuate non-homologous end joining 91 

(NHEJ) DNA repair. In ex vivo models of primary ovarian cancer tumors, combined claudin-4 92 

inhibition via CMP and PARP inhibition promoted an anti-proliferation and apoptotic response. 93 

Thus, targeting claudin-4 expression in combination with PARPi in HGSOC tumors represents a 94 

novel therapeutic strategy. 95 



96 



METHODS 97 

Cell culture:  Human-derived OVCAR3, OVCAR4, OVCAR8, OVCAR10, and OVCA429 were 98 

obtained from The Gynecologic Tumor and Fluid Bank at the University of Colorado. Cells were 99 

cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific, Grand Island, NY, USA) plus 100 

10% heat-inactivated fetal bovine serum (Access Cell Culture, Vista, CA, USA) and 1% 101 

penicillin/streptomycin (Gibco, Thermo Fisher Scientific) at 37°C and 5% CO2.  293FT cells 102 

were obtained by the University of Colorado Functional Genomic shared resource. All cell lines 103 

were authenticated at the beginning of this study by short tandem repeat profiling at the 104 

University of Arizona.  Cells are monthly tested for mycoplasma (LookOut, Sigma # MP0035-105 

1KT) and were tested as recently as July 20th, 2021. 106 

107 

Immunoblot analysis:  To analyze levels of claudin-4 protein expression, tumor cells were 108 

scraped from culture plates in the presence of lysis buffer (30 mM Tris HCl pH7.4, 150 mM 109 

NaCl, 1% TritonX-100, 10% glycerol, 2 mM EDTA, 0.57 mM PMSF, 1X cOmpleteTM Protease 110 

Inhibitor Cocktail), placed on a shaker for 10 minutes and spun at 13,000 rpm for 10 minutes. 111 

Protein was separated by SDS-PAGE and transferred to PVDF membrane using the TransBlot 112 

Turbo (BioRad). Membranes were blocked with Intercept Blocking Buffer (LI-COR, #927-60001) 113 

for 1 hour at room temperature. Mouse anti-human claudin-4 (ThermoFisher #32-9400, 1:500),, 114 

rabbit anti-human β-actin (1:10,000; Abcam, Cambridge, MA, USA), or mouse anti-GAPDH 115 

(1:2500, Invitrogen, #MA5-15738) primary antibody incubation was performed overnight at 4 °C. 116 

Membranes were washed 3 times for 5 minutes each in TBST (50 mM Tris pH 7.5, 150 mM 117 

NaCl, 0.1% Tween-20), followed by secondary antibodies for one hour at room temperature. 118 

Membranes were washed again 3 times for 5 minutes each in TBST. For fluorescent detection, 119 

bands were visualized using the LI-COR Odyssey Imaging System. 120 

121 



Reverse-transcriptase quantitative PCR (RT-qPCR): RNA was isolated from cells using the 122 

RNeasy Plus Mini Kit (Qiagen). mRNA expression was determined using SYBR green Luna 123 

One Step RT-qPCR Kit (New England BioLabs) on a C1000 Touch (Bio-Rad) or QuantStudio 6 124 

(Applied Biosystems) thermocycler. Expression was quantified by the ΔΔCt method using 125 

target-specific and control primers. β-2-microglobulin (B2M) used as an internal control. Primer 126 

sequences: B2M Fwd 5’-GGCATTCCTGAAGCTGACA-3, Rev 5’-127 

CTTCAATGTCGGATGGATGAAAC-3’, CLDN4 Fwd 5’-GCCTTACTCCGCCAAGTATT-3’, Rev 128 

5- AGGGAAGAACAAAGCAGAGAG-3’ [15].129 

130 

Immunofluorescence:  After treatment, cells were washed with phosphate buffered saline (PBS; 131 

Gibco, Thermo Fisher Scientific) and fixed with 10% phosphate buffered formalin (Fisher 132 

Scientific, Pittsburg, PA, USA) at room temperature (RT) for 15 minutes. Cells were washed 133 

twice with PBS before cell membrane permeabilization with 0.5% Triton X-100 (IBI Scientific, 134 

Peosta, IA, USA) for 5 minutes and washed again with PBS.  Cells were treated with blocking 135 

buffer (2% bovine serum albumin; Sigma-Aldrich) for 1 hour before application of primary 136 

antibody to claudin-4 (ThermoFisher #32-9400, 1:100), XRCC1 (Cell Signaling #2735, 1:100) 137 

53BP1 (Cell Signaling #4937, 1:100) and gH2ax (EMDMillipore #05-636, 1:400) overnight at 138 

4°C.  Cells were then washed with PBS five times before application of secondary antibody 139 

Alexa Fluor 488-conjugated donkey anti-mouse secondary antibody (Invitrogen #A21202, 140 

1:1000) or CY3 conjugated donkey anti-rabbit secondary antibody (1:100; Jackson 141 

ImmunoResearch Laboratories, West Grove, PA, USA); 5 µg/ml 4’,6-diamidina-2-phenylindole 142 

(DAPI; Sigma) was applied for 45 minutes at room temperature followed by five washings with 143 

PBS.  After removal of PBS, o-phenylenediamine dihydrochloride (20 mg/ml; OPDA) in 1M Tris, 144 

pH 8.5 was added to the slides to preserve fluorescence and coverslip mounted. Imaging was 145 

performed in the Advanced Light Microscopy Core in the NeuroTechnology Center at University 146 

of Colorado Anschutz Medical Campus using the 3I Marianas inverted spinning disk confocal 147 



microscope. Images were analyzed using SlideBook software (Intelligent Imaging Innovations, 148 

Inc., Denver, CO, USA) [10]. 149 

150 
151 

Lentiviral shRNA knockdown:  Lentiviral knockdown was completed as described [10]. Briefly, 152 

lentivirus was packaged as previously described in [16]. Using 293FT cells using 3rd generation 153 

packaging plasmids (Virapower, Invitrogen) with polyethyleneimene (PEI) transfection in a 1:3 154 

DNA:PEI ratio. Culture supernatant was harvested at 48-72 h post-transfection and processed 155 

through 0.45 µM filters. Viruses encoded a puromycin resistance gene. Transduced OVCAR3 156 

and OVCA429 cells were selected in 1 µg/mL puromycin. Claudin-4 shRNA (TRC#: 157 

TRCN0000116627 or TRCN0000116628) or control shRNA (SHC001, pLK0.1-puro Empty 158 

Vector) lentiviral suspension (Sigma-Aldrich MISSION® shRNA, University of Colorado 159 

Functional Genomics Facility, Aurora, CO, USA) was added to the cells and incubated overnight 160 

at 37°C.  Fresh medium was added to remove lentivirus and cells were allowed to recover for 24 161 

hours before being treated with 0.5 µg/ml puromycin for selection and expansion of transduced 162 

cells.  Western blot analysis was performed to confirm loss of claudin-4 expression. 163 

164 

Colony formation assay: As previously described in [15]. Olaparib (#S1060) and Rucaparib 165 

(#S4948) were obtained from SelleckChem. Cell lines were seeded in 24-well plates and treated 166 

with increasing doses of olaparib. Media and PARP inhibitor were changed every three days for 167 

12 days or until control wells were confluent, whichever occurred first. Colonies were washed 168 

twice with PBS, then incubated in fixative (10% methanol/10% acetic acid in PBS). Fixed 169 

colonies were stained with 0.4% crystal violet in PBS. After imaging, crystal violet was dissolved 170 

in fixative and absorbance was measured at 570 nm using a Molecular Devices SpectraMax 171 

M2e plate reader. 172 

173 



Ovarian cancer dataset analysis: Publicly available cancer databases: Ovarian cancer single 174 

cell RNA-sequencing [17] accessed April 9th, 2021 via http://blueprint.lambrechtslab.org/; 175 

Claudin-4 expression correlation with cisplatin, olaparib, rucaparib, and niraparib sensitivity was 176 

accessed on March 22nd 2021 via https://depmap.org/portal/  [14, 18]. Claudin-4 low and high 177 

(based on median RNA expression) RNA-sequencing and mutational count analyses from The 178 

Cancer Genome Atlas Ovarian Serous Cystadenocarcinoma Firehose Legacy accessed on 179 

Dec. 20th 2020 via https://cbioportal.org [1, 19, 20]. 180 

181 

Two-plasmid functional DNA repair assay: Two-plasmid functional assays were performed to 182 

assess distal non-homologous end joining (NHEJ) and homology directed repair (HDR) [21]. Cells 183 

were transfected with pimEJ5GFP (NHEJ) or pDRGFP (HDR). Cells were transfected with I-SceI, 184 

which introduces DNA double-strand breaks in the plasmids. After 72 hours, cells were collected 185 

and examined via a flow cytometer to quantify GFP positive cells. pimEJ5GFP was a gift from 186 

Jeremy Stark (Addgene # 44026). pDRGFP and pCBASceI were gifts from Maria Jasin (Addgene 187 

# 26475/26477). 188 

189 

Immunofluorescence: Cells grown on Type I collagen (Sigma) coated glass slides were fixed 190 

with 10% phosphate buffered formalin (Sigma) at room temperature (RT) for 15 min.  Cells were 191 

washed twice with phosphate buffered saline (PBS), permeabilized with 0.5% Triton X-100 192 

(Sigma) for 5 minutes at RT, washed twice with PBS, and blocked with 2% bovine serum 193 

albumin (Sigma) for 1 hour at RT before application of primary antibody to claudin-4 194 

(ThermoFisher #32-9400, 1:100), XRCC1 (Cell Signaling #2735, 1:100), 53BP1 (Cell Signaling 195 

#4937, 1:100) and yH2ax (EMDMillipore #05-636, 1:400) overnight at 4°C.  Cells were washed 196 

with PBS five times before application of secondary antibodies conjugated to a fluorescent 197 

probe (1:100, Jackson ImmunoResearch) and 5 µg/ml 4’,6-diamidina-2-phenylindole (DAPI, 198 



Sigma) for 45 minutes at RT followed by five washes with PBS.  OPDA (20 mg/ml, o-199 

phenylenediamine dihydrochloride (Sigma) in 1M Tris, pH 8.5 and 10% glycerol was applied to 200 

slides for preservation of fluorescence and coverslip mounted.  Imaging was performed in the 201 

Advanced Light Microscopy Core part of NeuroTechnology Center at University of Colorado 202 

Anschutz Medical Campus using the 3I Marianas inverted spinning disk confocal microscope. 203 

Images were analyzed using SlideBook software (Intelligent Imaging Innovations Inc., Denver, 204 

CO, USA). 205 

206 

Ex vivo culture. Primary ovarian cancer tumor samples were obtained from the Gynecologic and 207 

Tumor Fluid Bank at the University of Colorado (COMIRB #07-935). Tumors were sectioned at 208 

300 micron thickness using a Krumdieck Tissue Slicer. Claudin-mimetic peptide CMP (NH2-209 

GDGYNPG-OH, D-amino acid conformation) was obtained from the University of Colorado 210 

Protein and Peptide Chemistry Core [11]. Tumor sections were cultured with vehicle control, 211 

olaparib (1 μM), CMP (400 μM) or in combination olaparib/CMP (1 μM/400 μM, respectively) for 212 

72 hours. Following a 72-hour incubation, tissue sections were fixed in 10% buffered formalin, 213 

paraffin embedded and sectioned. Tumor sections were analyzed by immunohistochemistry. 214 

215 

Immunohistochemistry: Paraffin embedded sections were dewaxed in xylene twice for 5 min 216 

and rehydrated in graded alcohols at 100%, 90%, 70%, and 30% for 3 min each and then in 217 

PBS for 5 min. Antigen retrieval was performed using Antigen Unmasking Solution #H-3300, 218 

Vector Laboratories, Burlingame, CA, placing the slides in the solution for 10 rounds of heating 219 

to boiling for 10 seconds followed by cooling for 45 seconds. Sections were treated with 0.2% 220 

glycine in PBS for 30 min, rinsed twice with PBS, and then blocked with 10% normal donkey 221 

serum and 0.1 mg/ml saponin in PBS for 60 min. Sections were incubated at 4 C overnight with 222 



antibody to claudin-4 (ThermoFisher #32-9400, 1:100). Sections were rinsed five times in PBS 223 

and then incubated with Alexa Fluor 488 conjugated donkey anti mouse secondary antibody 224 

(Jackson Immunoresearch #715-545-150, 1:100) and 5 µg/ml 4’,6-diamidina-2-phenylindole 225 

(DAPI, Sigma) for 45 minutes at RT followed by five washes with PBS.  OPDA (20 mg/ml, o-226 

phenylenediamine dihydrochloride (Sigma) in 1M Tris, pH 8.5 and 10% glycerol) was applied to 227 

slides for preservation of fluorescence and coverslip mounted. Ki67 (Thermo Scientific, cat. # 228 

RM-9106) and cleaved caspase 3 (Cell Signaling, cat. # 9661) were completed by the 229 

Histopathology Shared Resource as described in [22]. Tumor sections were also stained for the 230 

Mullerïan marker, PAX8 (Proteintech #10336-1-AP  1:100). Treatment groups were de-identified 231 

and an H-scores were calculated for each tumor section as previously described [23]. Imaging 232 

was performed in the Advanced Light Microscopy Core part of NeuroTechnology Center at 233 

University of Colorado Anschutz Medical Campus using the 3I Marianas inverted spinning disk 234 

confocal microscope.  Images were analyzed using SlideBook software (Intelligent Imaging 235 

Innovations Inc., Denver, CO, USA) 236 

237 

Statistics:  Graphs and statistical analysis were completed in Prism GraphPad (v9). Data are 238 

presented as mean ± standard error of the mean (s.e.m.). An unpaired Student t test was used 239 

for statistical comparison between control and treatment groups. Dose response curves were 240 

calculated using non-linear regression via the log(inhibitor) vs. response equation. A one-way 241 

ANOVA was used to determine variance among multiple gestational groups, with a Benjamini-242 

Hochberg Multiple Comparison post-test to determine significance between individual groups.  A 243 

p value of < 0.05 was considered significant. 244 

245 

246 



247 

RESULTS 248 

Claudin-4 expression is correlated with cell cycle regulation and DNA repair in high 249 

grade serous epithelial ovarian tumors. Based on the combined molecular score of claudin-250 

4/CLDN4 across a variety of epithelial cancers, the molecule is often associated with female 251 

cancers, specifically ovarian cancer (Figure S1A). Further, elevated claudin-4 expression 252 

portends poor prognosis in three of six primary ovarian cancer tumor datasets (Figure S1B). For 253 

this reason, to begin to identify the role of claudin-4 in HGSOC tumors, TCGA tumors were 254 

stratified to “high” or “low” claudin-4 expression based on median expression (Figure 1A). 255 

Comparing the transcriptome of the tumors based on claudin-4 expression we identified 1,582 256 

differentially expressed transcripts (FDR<0.05, Figure 1B and Table S1). Comparing these 257 

1,582 genes to the Reactome [24] gene sets, there was a significant enrichment of genes 258 

involved in cell cycle, DNA repair and DNA replication pathways (Red dots, Figure 1C), 259 

including RNA Polymerase II Subunit J (POLR2J), BRCA1 Interacting Protein C-Terminal 260 

Helicase 1 (BRIP1), Nucleoporin 160 (NUP160) and Protein Kinase, DNA-Activated, Catalytic 261 

Subunit (PRKDC) (Figure 1D). These data are consistent with previous reports that loss of 262 

claudin-4 expression promotes cell cycle arrest [10]; however, a claudin-4 connection to DNA 263 

damage response had not been established. 264 

DNA damaging agents are standard of care treatments for HGSOC, including platinum--265 

based chemotherapies and Poly(ADP) Ribose Polymerase inhibitors (PARPi). Using 266 

Dependency Mapping (DepMap) [18], we examined the correlations of claudin-4 mRNA 267 

expression with sensitivity to cisplatin and three FDA-approved PARPi: olaparib, rucaparib, and 268 

niraparib. Examining over 400 different cell lines, there was a significant positive correlation 269 

between claudin-4 mRNA expression and decreased sensitivity (Area under the curve, AUC) to 270 

cisplatin, olaparib, niraparib, and rucaparib (Figure 1E). Specifically, the higher expression of 271 

claudin-4 mRNA significantly correlated to drug sensitivity AUC. Thus, cells with low claudin-4 272 



expression have increased sensitivity to DNA damaging agents. These data are consistent with 273 

the TCGA RNA-seq analysis and suggest a novel and previously undefined claudin-4/DNA 274 

repair axis. 275 

276 

Loss of claudin-4 expression increases sensitivity to PARPi 277 

To more directly establish the role of claudin-4 in conveying sensitivity to anti-cancer 278 

therapies we examined claudin-4 protein expression in 13 HGSOC cell lines (Figure 2A and 279 

S2A). We detailed the BRCA-status of each of the cell lines (Table S2). Appreciating a need to 280 

improve options for patients without BRCA-mutations the cell lines examined are BRCA1/2-281 

wildtype, essential in considering sensitivity to PARPi. In the four HGSOC cell lines shown in Fig 282 

2A, we measured PARPi sensitivity using either olaparib or rucaparib (Figure 2B-E and S2B). 283 

We observed that the 50% inhibitory concentration (IC50) of olaparib did not correlate with 284 

claudin-4 expression. In contrast, the IC50 of rucaparib aligned with the DepMap data showing 285 

the lower claudin-4 expressing cells had increased sensitivity. As nearly 70% of HGSOC tumors 286 

express claudin-4, we next wanted to determine if loss of claudin-4 expression improved 287 

response to PARPi. Using a control shRNA or two independent small-hairpin RNAs (shRNA) 288 

specific for CLDN4, we knocked down both claudin-4 mRNA and protein expression in both 289 

OVCAR3 and OVCA429 cell lines (Figure 2F and S2C). Next, the shControl and claudin-4 290 

knockdown cells were examined for olaparib and rucaparib response. The loss of claudin-4 291 

significantly reduced the IC50 of both olaparib and rucaparib compared to the shControl cells 292 

(Figure 2G-H and S2D-E). As olaparib is more widely used compared to rucaparib, we used 293 

olaparib for the remaining experiments. These data directly demonstrate that reducing claudin-4 294 

expression increases sensitivity to PARPi. 295 

296 

Mechanism by which loss of Claudin-4 expression increases sensitivity to PARPi 297 



To define the mechanism of claudin-4 mediated PARPi response, we examined via 298 

RPPA the signaling pathways effected by claudin-4 downregulation. Using the OVCAR3 299 

shControl compared to the shCLDN4 cells, we observed differential expression of multiple 300 

proteins encompassing the pathways, DNA damage response, receptor tyrosine kinase 301 

signaling, and transcription factor expression (Figure 3A). Specifically, we observed loss of 302 

claudin-4 with two different shRNA constructs significantly reduced the protein expression of 303 

XRCC1 and 53BP1 (Figure 3B-C). X-Ray Repair Cross Complementing 1 (XRCC1) directly 304 

interacts with PARP to promote single-strand DNA damage repair and XRCC1 knockdown 305 

increases sensitivity to olaparib [25]. Tumor Protein P53 Binding Protein (TP53BP1/53BP1) is 306 

recruited to site of DNA damage via histone modifications (e.g., phosphorylation, methylation, 307 

ubiquitination) and promotes non-homologous end-joining (NHEJ) and antagonizes HR repair. 308 

Using the DepMap database of ovarian cancer cells line, while claudin-4 mRNA expression did 309 

not correlate with 53BP1 protein expression in HGSOC cell lines, it did with XRCC1 protein 310 

expression (Figure 3D-E). Interestingly, using untargeted mass spectrometry data in 12 ovarian 311 

cancer [26], we examined the correlation between claudin-4 and XRCC1 or 53BP1 protein 312 

expression, there was only a positive correlation between claudin-4 and 53BP1 (Figure S3A-B). 313 

Consistently, we performed an unbiased screen of 126 FDA approved anti-cancer therapies 314 

(NCI Approved Oncology Drug Panel). In shCLND4 compared to shCtrl cells, most of the agents 315 

that demonstrated increased sensitivity in shCLND4 cells were DNA damaging agents 316 

measured by colony formation (Figure 3F). These findings are consistent with previous reports 317 

demonstrating claudin-4 correlates to DNA damaging agent resistance such as cisplatin [12] and 318 

paclitaxel [10]. However, little is known regarding claudin-4 and the response to PARPi, although 319 

they are currently approved for the HGSOC upfront maintenance therapy.  Single-cell 320 

sequencing of HGSOC tumors [17] showed that claudin-4, TP53BP1, and XRCC1 expression 321 

were largely restricted to PAX8-positive tumor cells (Figure 3G), highlighting that loss of claudin-322 

4 would likely impact the DNA repair capacity of the tumor compartment. While there is 323 



variability between the claudin-4 knockdown, these data demonstrate that modulation of 324 

claudin-4 expression in tumor cells is correlated to DNA damage response effectors, including 325 

XRCC1 and 53BP1.  326 

327 

Loss of claudin-4 attenuates XRCC1and 53BP1 foci formation and blunts the DNA 328 

damage repair response 329 

Knockdown of claudin-4 resulted in the downregulation of DNA repair effectors, including 330 

53BP1 and XRCC1. Thus, using the I-SceI-based functional DNA repair assays [21] we 331 

measured the DNA repair activity in cells that have claudin-4 knocked down. While shCLDN4#1 332 

did not show altered homology-directed DNA repair compared to shCtrl, shCLDN4#2 did reduce 333 

repair activity, although not significantly (Figure 4A). In contrast, in both shCLDN4 #1 and #2 334 

cells we observed a significant 2-fold decrease in GFP positive cells following DNA damage 335 

induction via I-SceI transfection indicating that loss of claudin-4 inhibited canonical NHEJ-336 

mediated DNA repair (Figure 4B). This finding is consistent with the loss of 53BP1 expression in 337 

claudin-4 knockdown cells. 338 

To confirm that the loss of claudin-4 blunted 53BP1 and NHEJ DNA damage repair, we 339 

next used immunofluorescence to evaluate XRCC1, 53BP1, and gH2ax foci formation in 340 

claudin-4 knockdown HGSOC cells following PARPi treatment. Consistent with the RPPA data 341 

we observed a decrease in XRCC1 protein expression (Figure 4C). Olaparib treatment induced 342 

variable gH2ax foci formation in shCtrl and shCLDN4 cells (Figure 4C). Consistent with the 343 

functional DNA repair assays, olaparib induced 53BP1 foci formation in shCtrl cells, but 53BP1 344 

foci formation was significantly blunted following claudin-4 knockdown (Figure 4D-E), 345 

suggesting a decrease in NHEJ DNA repair. These data clearly demonstrate a relationship 346 

between claudin-4 expression and DNA repair capacity. To further establish this relationship, we 347 

examined mutational burden in ovarian cancer tumors. In ovarian cancer tumors profiled in 348 



TCGA, lower claudin-4 mRNA and protein expression significantly correlated to elevated 349 

mutational burden (Figure 4F). These data suggest that down regulation of claudin-4 directly 350 

inhibits DNA repair and claudin-4 loss appears to be more detrimental to NHEJ activity. 351 

352 

Treating ovarian cancer tumors in combination with claudin-4 inhibitory peptide and 353 

olaparib 354 

We next assessed the apoptotic and proliferation capacity of primary ovarian cancer 355 

tumors treated with CMP and/or olaparib. Primary ovarian cancer tumors were uniformly 356 

sectioned and treated for 72 hrs (Figure 5A). Tumor sections were analyzed for Ki67 357 

(proliferation), cleaved caspase 3 (CC3), claudin-4, and PAX8. Through the collaboration with 358 

the Gynecologic Tumor and Fluid Bank, we sectioned and examined the response of CMP 359 

and/or olaparib in 15 primary ovarian cancer tumors (10 HGSOC, 2 high grade carcinosarcoma 360 

[HGCS], 1 low grade SOC, 1 mucinous, and 1 granulosa cell tumor) (Table S3). In the non-361 

HGSOC tumors, we observed a varied effect of CMP and olaparib treatment on proliferation and 362 

apoptosis (Figure S4A). Expression of the Mullerïan marker PAX8 express was completed to 363 

ensure histological analysis within the HGSOC tumor compartments (Figure S4B). In the 364 

HGSOC tumors, we observed three HRD positive, one HRD negative and eight HRD unknown 365 

tumors. There were six BRCA-wildtype and six tumors with unknown BRCA-status (Table S3). 366 

In the serous and carcinosarcoma tumors, we determined claudin-4 expression via 367 

immunofluorescence (Figure 5B-C and S4B). We noted varied apoptotic effects within CMP, 368 

olaparib, and CMP/olaparib (Figure S4C-D). In contrast, within the HGSOC tumors, we 369 

consistently observed that olaparib and/or CMP significantly inhibited proliferation as shown by 370 

a significant decrease in Ki67 (Figure 5B-D and S4E-F). Consistent with the in vitro data, 371 

claudin-4 null/low tumors had consistently and significantly lower Ki67 compared to control 372 

(p<0.0001). In contrast, claudin-4 high tumors exhibited a variable and non-significant anti-373 

proliferative response to olaparib compared to the control tumors (Figure 5E). However, 374 



CMP/olaparib combination significantly inhibited proliferation independent of claudin-4 375 

expression, suggesting claudin-4 inhibition may be promoting a “BRCAness” state in improving 376 

olaparib response. These data generated from primary ovarian cancer tumors demonstrate that 377 

low claudin-4 expression correlates to olaparib sensitivity. Also, combining claudin-4 inhibition 378 

and olaparib is potentially a novel combinatory approach to treating patients that are insensitive 379 

to olaparib. 380 

381 



DISCUSSION 382 

Beyond BRCA and HRD-status there are limited molecular markers that correspond to 383 

response to standard of care DNA damaging agents, such as platinum-based chemotherapies 384 

and PARP inhibitors. Claudin-4 is classically depicted as a tight junction protein, is expressed in 385 

70% of all ovarian cancers, and may serve as additional predictive marker in therapeutic 386 

response. In this report, we observed that lower claudin-4 expression correlated to improved 387 

response to DNA damaging agents, including PARP inhibitors. Also, knocking down claudin-4 388 

decreased functional non-homologous mediated DNA repair activity and modulated the 389 

expression and foci formation capacity of DNA repair effectors. Notably, in a panel of primary 390 

ovarian cancer tumors, low claudin-4 expressing tumors had an improved anti-proliferative 391 

response to olaparib and in high claudin-4 expressing tumors the combination of claudin-4 392 

inhibition and olaparib promoted a robust anti-proliferative response. 393 

PARP inhibitors represent a breakthrough in cancer care and while initially approved for 394 

ovarian cancer, they are now FDA-approved for metastatic breast, pancreatic, and castration-395 

resistant prostate cancer [27]. Germline BRCA-mutations and homologous recombination 396 

deficiency (HRD) status remain the most widely used molecular markers that predict PARP 397 

inhibitor response. However, there remains a paucity of targeted therapeutics for patients 398 

without BRCA-mutations and/or are HR proficient.  For this reason, there is significant interest in 399 

promoting a “BRCAness” like state in HR proficient tumors to improve PARP inhibitor response. 400 

Knockdown of claudin-4 led to the downregulation of several DNA repair factors, including 401 

53BP1 and XRCC1 and inhibition of NHEJ repair. Previous reports have shown 53BP1 loss 402 

leads to PARP inhibitor resistance, but the resistant phenotype was dependent on the status of 403 

BRCA and HRD [28, 29]. With respect to XRCC1, in an ovarian cancer model loss of XRCC1 404 

induced a synthetic lethality with olaparib [30]. While we report here a direct link between loss of 405 

claudin-4 expression and DNA damage repair activity, there is evidence of this link within the 406 



ovarian cancer TCGA dataset: low expressing claudin-4 tumors more often have an elevated 407 

mutational count. These studies suggest that a claudin-4 mediated decrease of both XRCC1 408 

and 53BP1 could be promoting DNA repair-deficiency or BRCAness, enhancing the response to 409 

DNA damaging agents. 410 

Leveraging ex vivo culture of primary human ovarian cancer tumors we demonstrated 411 

that tumors with high claudin-4 were more resistant to olaparib compared to tumors with low 412 

claudin-4. Excitingly, while we the number of tumors examined was limiting, claudin-4 inhibition 413 

via CMP in ovarian cancer tumors with high claudin-4 increased the sensitivity to olaparib. 414 

Several studies have suggested the potential of targeting claudin-4 to inhibit ovarian cancer 415 

progression [7, 10, 31], and while CMP has both in vitro and in vivo efficacy [7, 10] the necessary 416 

dose is not physiologically possible. Claudin-4 expression is mainly confined to transformed 417 

epithelial cells [10, 31]; it therefore offers a targeted approach to inhibiting cancer progression with 418 

minimal off-target effects. Thus, future work will investigate combining CMP’s claudin-4-419 

specificity [7, 11] with the targeted protein degrader technology, proteolysis-targeting chimeras 420 

(PROTAC). 421 

In conclusion, claudin-4 expression is directly related to the DNA damage response and 422 

conveys decreased sensitivity to the standard of care for ovarian cancer, including PARP 423 

inhibitors. In the context of BRCA-wildtype and HR-proficient ovarian cancer, claudin-4 424 

expression may serve as predictor of therapeutic response and offer a molecular marker-based 425 

rationale for combining claudin-4 inhibition with DNA damaging agents. 426 

427 

428 
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FIGURE LEGENDS 584 

585 

Figure 1:  Elevated claudin-4 expression correlates to DNA repair and response to DNA 586 

damaging agents. A) Patient tumors within the TCGA (Firehose Legacy) were stratified based 587 

on the median expression of CLDN4 expression (Low, N=154 and High, N=153). B) Volcano 588 

plot of 1582 differentially regulated genes between low CLDN4 expressing tumors and high 589 

CLDN4 expressing tumor. C) Reactome pathway analysis of 1582 genes. D) Representative 590 

genes from Reactome DNA repair, replication and cycle pathways. E) Drug sensitivity of DNA 591 

damaging agents based on CLDN4 expression. Error bars, SEM. Statistical test, unpaired t-test 592 

with Benjamini-Hochberg multicomparison correction, ***p<0.001, ****p<0.0001. 593 



594 

Figure 2:  PARP inhibitor response in HGSOC cell lines with varying Claudin-4 595 

expression. A) Claudin-4 protein expression was measured via immunoblot in a panel of 596 

HGSOC cell lines. Loading control, b-actin. Olaparib and rucaparib dose response measured 597 

via colony formation in OVCAR8 (B), OVCAR10 (C), OVCAR4 (D), and OVCAR3 (E).  F) 598 

OVCAR3 cells transduced with shControl (shCtrl) or shCLDN4 (#1 and #2). Claudin-4 mRNA 599 

and protein levels were measured via qRT-PCR (Internal control, B2M) and immunoblot 600 

(Loading control, b-actin). G) Olaparib dose response in shCtrl and shCLDN4 cells. H) 601 

Rucaparib dose response in shCtrl and shCLDN4 cells. Experiments performed at least in 602 

triplicate. Error bars, SEM. Statistical test, one-way ANOVA with multicomparison correction, 603 

***p<0.001, ****p<0.0001. 604 

605 



606 

Figure 3:  Loss of claudin-4 downregulate DNA repair response effectors. A) Protein 607 

isolated from OVCAR3 shCtrl (n=3) and shCLDN4#1 (n=3) cells and used for Reverse Phase 608 

Protein Array. Heatmap of the protein differentially regulated (p<0.05, FDR<15%). Arrows – 609 

DNA repair effectors. B) Protein expression of 53BP1 in OVCAR3 shCtrl, shCLDN4#1, and 610 

shCLDN4#2 cells. C) Protein expression of XRCC1 in OVCAR3 shCtrl, shCLDN4#1, and 611 



shCLDN4#2 cells. D) Claudin-4 mRNA expression (x-axis) and 53BP1 protein expression (y-612 

axis) of 46 ovarian cancer cell lines. E) Claudin-4 mRNA expression (x-axis) and XRCC1 protein 613 

expression (y-axis) of 46 ovarian cancer cell lines. F) Cell viability screen of FDA-approved 614 

oncology drugs comparing OVCAR3 shCtrl (x-axis) and shCLDN4 (y-axis). Dotted lines 615 

represent – 2 standard deviations. Red- therapies known to induce DNA damage. G) Single cell 616 

sequencing from 5 HGSOC tumors, PAX8 (black, tumor cells), claudin-4 (red), 53BP1 (green), 617 

and XRCC1 (blue). Statistical test, one way ANOVA with multicomparison correction. *p<0.05, 618 

**p<0.01, ***p<0.001. 619 

620 



621 

Figure 4. Claudin-4 knockdown inhibits non-homologous end joining and reduces 53BP1 622 

foci formation. A) Homology-directed DNA repair activity measured in OVCAR3 shCtrl and 623 

shCLDN4 (#1 and #2) cells transfected without I-SceI and with I-SceI. B) Non-homologous end-624 



joining DNA repair activity measured in OVCAR3 shCtrl and shCLDN4 (#1 and #2) cells 625 

transfected without I-SceI and with I-SceI. C) OVCAR3 shCtrl and shCLDN4 (#1 and #2) cells 626 

treated with control [not shown] or 375 nM olaparib used for immunofluorescence against gH2ax 627 

(green) and XRCC1 (red). Nuclei stained using DAPI (blue). D) OVCAR3 shCtrl and shCLDN4 628 

(#1 and #2) cells treated with vehicle control or 375 nM olaparib used for immunofluorescence 629 

against gH2ax (green) and 53BP1 (red). Nuclei stained using DAPI (blue). E) Same as E, 630 

quantification of 53BP1 foci per nuclei from five field of views. F)  Low (2-69, n=95) and high 631 

(70-1899, n=107) mutation count from TCGA ovarian cancer tumors (x-axis) compared to 632 

claudin-4 mRNA expression (y-axis). Claudin-4 protein expression (CPTAC) versus Mutation 633 

count (y-axis) from 82 HGSOC TCGA tumors. Experimental performed at minimum in triplicate. 634 

Error bars, SEM. Statistical Test, one way ANOVA with multicomparison correction (A, B, E, F) 635 

or unpaired t-test (F) or Spearman Correlation (F). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 636 

637 



638 

Figure 5:  Olaparib and inhibition of claudin-4 inhibit proliferation of primary ovarian 639 

cancer tumors. A) Workflow of the ex vivo experiments using primary tumor tissue. Primary 640 

tumors were classified as claudin-4 null/low or claudin-4 high based on immunofluorescence (IF, 641 

claudin-4, green and nuclei, DAPI). IHC against Ki67 was completed in all the tumors, tumors 642 

were de-identified, and a histology score (H-score) was calculated based on intensity of Ki67 643 

signal and percentage of tumor cells from at least three fields of view. B) Representative H-644 

score and claudin-4 IF for claudin-4 null/low expressing ovarian cancer tumors. C) 645 

Representative H-score and claudin-4 IF for claudin-4 high expressing ovarian cancer tumors. 646 

D) Representative Ki67 images of claudin-4 null/low and high expressing ovarian cancer tumors647 

(Scale bar, 50 microns). E) Normalized Ki67 H-score based control (Ctrl) treated tumors for all 648 

the claudin-4 null/low (N=5) and high (N=7) expressing serous ovarian tumors. Three fields from 649 



each tumor were analyzed and each tumor is represented by three matched colored spots. 650 

Error bars, SEM. Statistical test, one way ANOVA with multicomparison correction. *p<0.05, 651 

**p<0.01, ***p<0.001, ****p<0.0001.  652 




