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Abstract. During cancer development, the interplay between the nucleus and the cell cycle leads
to a state of genomic instability, often accompanied by observable morphological aberrations.
These aberrations can be controlled by tumor cells to evade cell death, either by preventing or
eliminating genomic instability. In epithelial ovarian cancer (EOC), overexpression of the
multifunctional protein claudin-4 is a key contributor to therapy resistance through mechanisms
associated with genomic instability. However, the molecular mechanisms underlying claudin-4
overexpression in EOC remain poorly understood. Here, we altered claudin-4 expression and
employed a unique claudin-4 targeting peptide (CMP) to manipulate the function of claudin-4.
We found that claudin-4 facilitates genome maintenance by linking the nuclear envelope and
cytoskeleton dynamics with cell cycle progression. Claudin-4 caused nuclei congtriction by
excluding lamin B1 and promoting perinuclear F-actin accumulation, associated with remodeling
nuclear architecture, thus altering nuclear envelope dynamics. Consequently, cell cycle
modifications due to claudin-4 overexpression resulted in fewer cells entering the S-phase and
reduced genomic instability. Importantly, disrupting biological interactions of claudin-4 using
CMP and forskolin altered oxidative stress cellular response and increased the efficacy of PARP
inhibitor treatment. Our data indicate that claudin-4 protects tumor genome integrity by
remodeling the crosstalk between the nuclel and the cell cycle, leading to resistance to genomic
instability formation and the effects of genomic instability-inducing agents.
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INTRODUCTION.

Cdl cycle dysregulation is a fundamental hallmark of cancer that drives both altered cell
proliferation and genomic instability, making it a critical therapeutic target.(1) The cell cycle
plays a vital role in nuclear physiology, precisely coordinating nuclear envelope and
cytoskeleton dynamics. This regulation ensures proper nuclear remodeling and safeguards
genomic integrity throughout each phase of cel progression.(2-6) In addition, the physical
connection of the nucleus with cell-to-cell junctions is a major component of the interplay
between the cell cycle and nuclear physiology. This interplay occurs through the nuclear
envelope, a membrane network composed of lamin proteins and surrounded by the LINC
(Linkers of the nucleoskeleton to the cytoskel eton) complex, which binds to the cytoskeleton via
actin, microtubules, and intermediate filaments.(3,6-11) Mechanistically, the connection between
the nucleus and cell-to-cell junctions regulates both morphology and cell cycle progression
through mechanotransduction, regulation of nuclear positioning and shape, spatial organization
of tissues, and modulation of cell cycle checkpoints.(2,12-14) Moreover, significant alterations
in nuclear morphology that are closdly linked to genome instability have been observed during
cancer development, (15,16) and tumor cells can maintain optimal tumor growth by either

preventing or eliminating this hallmark of cancer (17-19)

Claudin-4 is aberrantly overexpressed in most epithelial ovarian carcinomas (EOC) (19-23) and
is associated with resistance to therapy (23,24) and poor patient survival. This phenomenon is
closdly related to the regulation of genomic instability.(19,23) Claudin-4 is involved in many
cellular functions, including cell proliferation (25) and DNA damage repair,(23) but it has been
traditionally described as a cell-to-cell junction protein.(26,27). Recent research has shown that
claudin-4 forms a functional axis with the amino acid transporters SLC1A5 and LATL, playing a
crucia role in controlling micronuclel, markers of genomic instability, through autophagy.(19)
This indicates that claudin-4 actively participates in mitigating genomic instability after it
arises.(19,23) Additionally, several studies underscore the potential clinical significance of
claudin-4 in the treatment and prognosis of ovarian cancer.(19,20,23,26,28) However, the precise
molecular mechanisms by which claudin-4 regulates genomic instability remain largely

unexplored.
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94 In this study we aimed to determine the influence of claudin-4 on cell cycle progression and

95 nuclear architecture as well as how its regulation may lead to changes in genomic instability and

96 therapy resistance in ovarian cancer cells. We targeted claudin-4 using a claudin mimic peptde

97 (CMP) (DFYNP; 5 amino acids) (19,20,29). We aimed to disrupt interactions with claudin-4’'s

98 partner proteins and induce its mis-localization. (19,20,29,30) Additionally, we modulated

99 claudin-4 expression in various EOC cdlls in vitro, including its overexpression in OVCARS8
100 cels and downregulation in OVCAR3 and OVCA429 cells, as reported previously.(19) We
101  report a previously unknown “dual regulatory role’ of claudin-4 in nuclear architecture and cell
102  cycle progression, contributing to the crosstalk between nuclear physiology and the cell cycle.
103  Furthermore, the dual role of claudin-4 was associated with ovarian tumor cell resistance to
104  genome instability formation and to the effects of genomic instability-inducing agents, such as
105 the PARP inhibitor olaparib.(31,32)

106
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107 METHODS

108 Cel lines. Human derived cels, OVCA429 (RRID:CVCL_3936), OVCAR3
109 (RRID:CVCL_DH37), and OVCARS8 (RRID:CVCL_1629), collected from the Gynecologic
110  Tissue and Fuid Bank, were cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific,
111  Cat. #11875) plus 10% heat-inactivated fetal bovine serum (Phoenix Scientific, Cat. # PS-100,
112 Lot # 20055-01-01) and 1% penicillin/streptomycin (Corning, Cat. #30-002-Cl) at 37°C and 5%
113 CO2. HEK293-FT (RRID:CVCL_6911) were cultured similarly but in DMEM medium (Gibco,
114  Thermo Fisher Scientific, Cat. #11995040).

115

116  Vectors, lentivirus production and transduction. 293FT cells were transfected using
117  lipocomplexes (Lipofectamine 2000, ThermoFisher, cat: 11668-019) containing the viral
118 packaging system of second generation (psPAX2, RRID:Addgene 12260; pMD2.G,
119 RRID:Addgene 12259) as well as the lentiviral construct of interest (pLenti-Lifeact-tdTomato,
120 RRID:Addgene 64048; pLenti-HIFR, RRID:Addgene 192946), respectively. Supernatant of
121  transfected 293 FT cells was collected, filtered (0.45 um), used, or stored (-80°C). Also, GFP-
122  tubulin (EGFP-Tubulin-6, RRID:Addgene 56450) was cloned to the pCDH-CMV-MCS-EF1-
123  Puro (EGFP-Tubulin- pCDH-CMV-MCS-EF1-Puro) vector using common cloning techniques
124  (enzymatic restriction, Nhel/BamHI; ligation, Plasmid sequencing) and viral particles were
125  generated asindicated above.

126

127  Cell cycle analysis by flow cytometry. 2x10° cells were seeded onto 6 well-plates (2mL RMPI
128  complete medium). The next day, cells were washed (sterile PBS 1x) and media was changed
129 (2mL RPMI complete medium). After 24h and 48h incubation, cells were washed (PBS 1X),
130 detached (trypsin 0.25mM), and centrifuged (1500 rpm/5min). Cell pellets were resuspended in
131 cold PBS 1X and centrifuged (1500 rpm/5min). Then, PBS was discarded, and cells were fixed
132  using cold ethanol 70% (ethanol, milliQ water, v/v) for 30min at 4°C, then centrifuged (1500
133  rpm/Smin/4°C). Afterwards, cells were washed twice with cold PBS 1X, and the PBS was
134 discarded after centrifugation (1500 rpm/5min/4°C). Cells were treated with RNAse A
135  (50uL/100pM) for 30min at room temperature (RT) and then stained with propidium iodide
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136  300uL (50uM). Analysis was carried out in the Cancer Center Flow Cytometry Shared Resource
137 (RRID: SCR_022035), University of Colorado Anschutz Medical Campus.

138  Colony formation assay. 3x10* ovarian tumor cells were seeded onto 24 well-plates (1mL
139  RPMI complete medium) and the next day, cells were washed with PBS 1X. Individual treatment
140  (olaparib) or combination was applied (combination, combo: forskolin, fsk, 5uM; CMP, 400uM;
141  olaparib, 600nM) in ImL RPMI complete medium. Ovarian tumor cells were allowed to grow in
142  the presence of individual or combination treatment for 7 days. OV CA429 cells received one
143  dose of individual treatment due to more resistance to olaparib (at day O; olaparib concentration:
144 120nM to 30puM), and OVCAR3/OVCARS cells received two doses of individual treatment due
145  to less resistance to olaparib (at day O and day 4; olaparib concentration: 120nM to 1920nM).
146  After 7 days of treatment cells were washed with PBS 1X and fixed (PSX 1X containing 10%
147  acetic acid and 10% methanol) for 10 min and stained (using PBS 1X with 0.4% crystal violet
148  and 20% ethanol for 10 min). To estimate the number of surviving cells, the cells were destained
149  with PSX 1X containing 10% acetic acid and 10% methanol, and absorbance was read at 570
150 nm.

151

152  Immunoblot. To analyze the protein expression levels of lamin B1, lamin A/C, LAT1, and Hif-1
153  alpha, tumor cells were scraped from culture plates in the presence of lysis buffer (30 mM Tris
154  HCI pH7.4, 150 mM NaCl, 1% TritonX-100, 10% glycerol, 2 mM EDTA, 0.57 mM PMSF, 1X
155 cOmplete™ Protease Inhibitor Cocktail), placed on a shaker for 10 minutes and spun at 13,000
156  rpm for 10 minutes. Protein was separated by SDS-PAGE and transferred to PV DF membrane
157  using the TransBlot Turbo (BioRad). Membranes were blocked with Intercept Blocking Buffer
158 (LI-COR, #927-60001) for 2 hours at RT. Rabbit anti-lamin B1 (Proteintech Cat# 12987-1-AP,
159 RRID:AB_2136290, 1:3600), mouse anti-lamin A/C (Cell signaling Cat# 4777,
160 RRID:AB_10545756, 1: 1000), rabbit anti-LAT1 (Cel signding Cat# 5347,
161 RRID:AB_10695104, 1: 1000), rabbit anti-hif-1 alpha (Proteintech Cat# 20960-1-AP,
162 RRID:AB_10732601; 1. 1000), rabbit anti-GAPDH (Sigma Cat# HPA040067,
163 RRID:AB_10965903, 1: 1000), mouse anti-p-actin (Abcam Cat# ab8226, RRID:AB_306371, 1:
164  5,000), primary antibody incubation was performed overnight at 4 °C. Membranes were washed
165 3 times for 5 minutes each in TBST (50 mM Tris pH 7.5, 150 RT temperature, followed by
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166  secondary antibodies for 2h at RT. Membranes were washed again 5 times for 5 min each in
167 TBST. For fluorescent detection, bands were visualized using the LI-COR Odyssey Imaging
168  System. CMP was synthesized as previously reported.(29)

169

170  Immunofluorescence. Cells were fixed with paraformaldehyde at 4% (PBS 1X) for 10 minutes,
171 followed by permeabilization (30 minutes, 0.1% Triton X-100, PBS 1X). Blocking was carried
172  out by 2h incubation with BSA at 5% (PBS 1X, RT, shaking). Primary antibodies (as cited
173  above, lamin B1, 1: 800; lamin A/C, 1. 100; LAT1, 1: 100; hif-1 alpha, 1: 100) were incubated
174 (BSA at 2%, PBS 1X) overnight at 4°C/shaking. Secondary antibodies (AlexaFluor546 anti-
175 mouse, ThermoFisher, cat: A-11030, at 2 pg/mL; AlexaFluor647 anti-rabbit, ThermoFisher, cat:
176  A32733, a 2 ug/mL) were incubated 2h/shaking at RT (BSA at 2%, PBS 1X). Nuclel were
177  stained with DAPI at 1 pg/mL (PBS 1X) for 10 minutes. All microscopy acquisition was carried
178  out in the Neurotechnology Center, University of Colorado Anschutz Medical Campus.

179

180  Live-cell imaging. 2x10° cells were seeded onto glass bottom dishes (35mm, No 1.5; MatTek,
181 Cat. # P35G-1.5-14-C) and cultured in 2mL RMPI complete medium without phenol red
182  (ThermoFisher, Cat. # 11835030). Nuclei were stained using Hoechst 1uM (ThermoFisher,
183  62249). All microscopy acquisition (FV 1000, Olympus) was carried out in the Neurotechnology
184  Center, University of Colorado Anschutz Medical Campus.

185

186 Measurement of reactive oxygen species (ROS). 2x10° cells were seeded onto 6 well-plates,
187 and the following day, cells were washed with 1X sterile PBS and treated (combo: olaparib
188  600nM, forskalin, fsk, 5uM, and CMP 400 uM for 2h). TBHP was used as a positive control
189  (250uM, 2h; al 2mL complete RPMI medium). To measure ROS, we used the DCFDA /
190 H2DCFDA - Cdlular ROS Assay Kit (Abcam, cat# ab113851). Cells were stained for ROS
191 using DCFDA at 10uM (ImL RPMI medium final volume) for 40 minutes/37°C. Cells were put
192  onice and then analyzed via flow cytometry. All analyses were carried out in the Cancer Center

193  Fow Cytometry Shared Resource, University of Colorado Anschutz Medical Campus.

194
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195 Statistical Considerations. Imagel (NIH) and Prism software (v9.0) were used for microscopy
196 and statistical data analysis, respectively. At least 3 independent experiments were conducted for
197 most experiments. Unpaired t-tests and Mann—Whitney tests; Kruskal-Wallis test and one-way
198  ANOVA with Dunn's or Tukey's multiple comparisons test were employed, based on normality

199  datadistributions and number of variables. The level of significance was p<[10.05.

200

201 Data Availability Statement: All datais provided within the manuscript and supplemental

202  information.
203
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219 RESULTS

220 Claudin-4 enables ovarian tumor cells to modify the entry to and exit from cell cycle

221  phases.

222  Tumor heterogeneity is prevalent in cancer, even among tumors of the same type.(33) This
223  heterogeneity is strongly linked to genomic instability and is associated with varying gene
224  expression profiles and biological functions, particularly those related to the cell cycle. This
225 variability is aso evident in cell lines derived from tumors.(34,35) Given the association of
226  claudin-4 with both the cell cycle(28) and genomic instability (19,23) in ovarian tumor cells, we
227 evauated cel cycle progression in different epithelial ovarian cancer cells (EOCs, OVCARS,
228 OVCA429, and OVCAR3). These cels were evaluated a 2 time points (24h and 48h post
229  plating), followed by evaluation of the cell cycle. Assessment of these parental ovarian tumor
230 cdlsindicated that al cell types were capable of transitioning through the cell cycle phases. GO-
231 Gl Sphase, and G2-M. However, the cells tended to remain in the GO-G1 phase for extended
232  periods, leading to diminished progression into the S and G2-M phases (See Supplementary
233  Figure l1a) and leading to heterogeneous distributions of cells across the different cell cycle
234  phases, with an increase in the proportion of cells in the GO-G1 phase over time (See
235  Supplementary Figure 1b). This behavior may be linked to decreased nutrient availability over
236  time, as suggested by previous studies.(19,36) Supporting this, we evaluated the cell cycle under
237  reduced nutrient conditions in OVCARS cells, which have the fastest doubling time among the
238  cancer cell lines studied. Our analysis revealed that ovarian tumor cells cultured under reduced
239 nutrient conditions exhibited significantly reduced cell cycle progression (See Supplementary
240  Figure 1c). Subsequently, we evaluated the effect of claudin-4 overexpression (in OVCARS
241  cdls, which do not express claudin-4) and downregulation (in OVCA429 and OVCARS cdlls,
242  which do express claudin-4), as we previously reported,(19) on cell cycle progression. These
243 manipulations led to modifications in the cell cycle progression when compared to wild-type
244 (WT) cells. Claudin-4 overexpression was associated with a significant reduction in cells present
245 in the S-phase (Figure 1a). At the same time, its downregulation resulted in significantly more
246  cels present in the G2-M and fewer in the GO-G1 phases in OVCA429 cells (Figure 1b).
247  Although it was not gtatistically significant, a similar pattern was observed in OVCAR3 cdlls at
248  24h (Figure 1c). A previous report also noted a higher number of cellsin the G2-M phase during
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249  the downregulation of claudin-4 in OVCARS3 cdlls, which were synchronized by starvation at
250 6h.(28) Overdl, our results show that claudin-4 significantly influences the progression of
251 ovarian tumor cells through the cell cycle. Specifically, claudin-4 expression appears to arrest
252  some ovarian tumor cellsin the GO-G1 phase, resulting in fewer cells transitioning to the S-phase
253  (Figure 1a). Thisfinding is further supported by the observation that claudin-4 downregulation
254  in OVCA429 cdlls leads to an increase in the number of cellsin the G2-M phase and a decrease
255 in the GO-G1 phase (Figure 1b). These findings suggest that claudin-4 is crucial for precisdy
256 controlling cell cycle phase transitions. Together, these responses suggest that claudin-4
257 overexpression enhances control over the cel cycle in ovarian cancer cells by slowing
258  progression through the S-phase and ensuring proper entry and exit from the G2-M phase toward
259 the GO0-G1 phase (Figure 1d), potentially mitigating factors that could lead to genomic
260 instability.

261

262  Claudin-4 remodels the nuclear architecture by influencing both the nuclear lamina and

263 theactin-cytoskeleton dynamics.

264  Genomic ingability is intimately tied to nuclear dynamics during the cell cycle. Nuclear
265 remodeling can give riseto significant morphological and cell cycle changes, which are common
266  characteristics of cancer development and indicate genomic ingtability. (10,11,37,38) To further
267  explore the role of claudin-4 in the cell cycle, we tested the effects of claudin mimic peptide
268 (CMP) on ovarian cancer cells. The cells were then stained via immunofluorescence to mark the
269  main components of the nuclear lamina (lamin B1 and lamin A/C) (39) and with phalloidin to
270 label the actin-cytoskeleton, as previously reported.(40) We found significant remodeling of the
271  nuclear architecture characterized by changes in the nuclear lamina and the actin-cytoskeleton.
272  Specifically, claudin-4 overexpression led to reduced accumulation of lamin B1 in the nucleus
273  (Figure 2a), while its downregulation significantly increased lamin B1 nuclear localization
274  (Figure 2b, c). Notably, claudin-4 is known to be localized in the nucleus of ovarian tumor
275  cdls,(26) where we observed an inverse relationship with lamin B1 (Figur e 2a-c). Given that no
276  dignificant changes were detected in the expression levels of lamin B1 or lamin A/C (See
277  Supplementary Figure 1b-d), it appears that claudin-4 primarily affects the localization of lamin
278 B1.(39) Targeting claudin-4 via CMP treatment affected the nuclear lamina as well, causing

10
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279  dignificant changes in the nuclear localization of both lamin B1 and lamin A/C (Figure 2a-c). In
280 OVCARS8 WT cells, treatment with CMP led to an increased nuclear localization of lamin A/C
281 but not lamin B1. However, this CMP effect on Lamin A/C was reversed in claudin-4
282  overexpressing cells (Figure 2a), indicating a specific role of claudin-4 in modulating the CMP-
283 induced changes in lamin A/C distribution. Additionally, in OVCA429 WT cells, which
284  naturaly express claudin-4, CMP treatment was associated with a decreased accumulation of
285 lamin B1l. In contrast, we observed an increase in both lamin B1 and lamin A/C levels in
286 OVCAR3 WT cells. Thus, the effect of CMP on nuclear lamina components (lamin B1 and
287 lamin A/C) varied among different ovarian cancer cdll lines. This variation suggests that the
288  proteinsinteracting with claudin-4 in these cells may differ, potentially influencing CMP's ability
289 to target claudin-4's role in the nuclear lamina. (19,26,29) Our data indicate that claudin-4
290 expression and function play a dominant role in the modification of nuclear lamina components.
291 (Figure?2)

292  Polymeric actin (F-actin) was also affected during claudin-4 modulation, particularly in the
293  perinuclear region and the cytoplasmic fibers (See Supplementary Figure 2). F-actin was more
294  localized in the perinuclear region during claudin-4 overexpression (Figure 2d) and exhibited
295 the opposite effect during its downregulation, especially in OVCA429 cdlls (Figure 2e, f).
296  Additionaly, al ovarian tumor cells treated with CMP demonstrated a pattern of reduced
297  perinuclear F-actin localization, implying that both expression and proper claudin-4 localization
298 arerequired perinuclear F-actin positioning. We observed a positive correlation between claudin-
299 4 expression and perinuclear F-actin accumulation (Figure 2d-f). This, along with the observed
300 inverse relationship between claudin-4 and lamin Bl (Figure 2a-c), suggest a competitive
301  excluson mechanism,(41,42) where claudin-4 regulates lamin B1 dynamics. Overall, our results
302 indicate that claudin-4 remodels nuclear architecture by changing the dynamics of lamin B1 and
303  perinuclear F-actin (Figure 2g), which could provide an advantage for tumor cells. In addition,
304  when claudin-4 was downregulated, we detected significantly lower concentrations of F-actin at
305 the cell-to-cell junctions (junctiona actin) (Figure 3, a-b). However, CMP treatment did not
306  affect this accumulation, indicating that maintenance of junctional F-actin is independent of
307 claudin-4 inhibition compared to perinuclear F-actin. We hypothesized that claudin-4's
308 regulation of perinuclear F-actin is more dominant than its regulation of junctional F-actin. To

309 explore this hypothesis, we generated ovarian tumor cells expressing LifeAct (a marker of F-

11
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310 actin). As previousy reported, we performed time-lapse confocal imaging and kymographs to
311  capture the tempora motion of junctional F-actin.(40,42) Upon downregulation of claudin-4, the
312  cdlular connections between ovarian tumor cells exhibited increased mobility and progressively
313  became more irregular. This shift underscores significant alterations in the plasticity of cell-to-
314  cdl interactions. (Figure 3c, d, Supplementary video 1 and 2). This observation aligns with
315 results detected in fixed cells (Figure 3a, b) and strongly suggests that claudin-4 participates in
316 the pladticity of cell-to-cell interactions, potentially regulating the connections between tumor

317  celsto promote survival in malignant ascites.(42,43)

318 Cdl-to-cell junctions are known to be physically connected with the nuclear lamina and
319 peinuclear F-actin through the cytoskeleton,(6,44) which influences the positioning of the
320 nucleus for proper cell cycle progression.(6,44,45) Given that CMP treatment affected the
321 nuclear lamina and perinuclear F-actin, we hypothesized that the mobility of the nucleus could
322 aso be affected by claudin-4 manipulation. We evaluated nuclear mobility during CMP
323 treatment in living OVCA429 WT cells and observed that CMP (sequence: DEYNP)
324  dgnificantly reduced nuclear mobility compared to a control peptide (sequence: DGYNP) (See
325  Supplementary Figure 3a). This effect underscores the importance of the conserved sequence
326 targeted by CMP (20,29) for disrupting claudin-4’s association with nuclear structures like the
327 nuclear lamina and perinuclear F-actin. The reduced nuclear mobility might result from
328  decreased cytoskeletal connections to the nucleus. (3,6,44) Supporting this concept, confocal live
329 cdl imaging of ovarian tumor cells expressing LifeAct and GFP-tubulin revealed that claudin-4
330 downregulation in OVCA429 cdlls altered F-actin levels and microtubule network formation
331  (See Supplementary Figure 3b, ¢). This finding is consistent with earlier reports showing that
332 claudin-4 influences tubulin polymerization,(28) reinforcing its close association with the
333  cytoskeleton in ovarian tumor cells. Claudin-4 may influence the polymerization of actin and
334  tubulin, which is crucial for regulating nuclear connectivity (See Supplementary Figure 3d). The
335 data highlight a crucia claudin-4-mediated interplay between the cell cycle and nuclear
336  architecture, possibly impacting the mitotic capabilities of ovarian tumor cells.(46,47)
337  Specifically, ovarian tumor cells that overexpress claudin-4 may experience delays in nuclear
338 remodeling, prolonging the transition to the S-phase of the cell cycle, and resulting in fewer cells

339  progressing to the S-phase, potentially reducing the likelihood of genetic instability.(48,49)
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340
341

342  Overexpression of claudin-4 leads to constriction in nuclear size, which is associated with a

343  reduction in genomic instability.

344  To further explore the association of claudin-4 with genomic instability, we analyzed human
345  ovarian tumors in The Cancer Genome Atlas. We correlated levels of claudin-4 expression with
346  chromosomal copy number alterations as an indicator of genomic instability. Ovarian tumors
347  with high claudin-4 expression showed greater than 2-fold reduction in genomic instability
348  compared to tumors with low claudin-4 expression (2.32% [95% CI 2.28-2.36] vs. 5.00% [95%
349 Cl 4.93-5.08], P<0.0001) (Figure 4a), consistent with previous reports indicating an association
350 between claudin-4 expression and decreased genetic mutations.(23) Also, claudin-4 has been
351 previoudly identified as a key regulator of micronuclel through autophagy,(19) further

352 confirming itsrole as aregulator of genetic instability.

353 Nuclear size and chromosomal amplifications are positively correlated in ovarian cancer
354  cdls.(15,16,50-53) Therefore, we investigated the connection between claudin-4 expression and
355 nuclear size by morphological characterization of nuclei from ovarian tumor cells stained with
356 DAPI during claudin-4 disruption. We found that the nuclear size was decreased in claudin-4
357 overexpressing cells, and this phenotype was reversed by CMP treatment (Figure 4b).
358 Conversely, nuclear size expanded when claudin-4 was downregulated (Figure 4c, d). However,
359 CMP only increased nuclear size in OVCAA429 cdls, while in OVCARS cdlls, the reverse effect
360 occurred. Although it is clear that claudin-4 plays a role in regulating nuclear size and that CMP
361 can moderate its effects, this finding highlights the intertumoral diversity of ovarian tumor
362 cdls.(19,54) It is possible that claudin-4-interacting proteins in the plasma membranes of
363 OVCA429 and OVCARS3 differ, leading to differences in CMP targeting effects. (19)
364  Additionally, the varying levels of perinuclear F-actin observed in OVCA429 and OVCAR3
365 cdls during CMP treatment further highlight these differences (Figure 2e, f). The nucleus is
366 typicaly larger in G2-M than in S or G1-GO phases.(55) We observed a correlation between
367 claudin-4 modulation's impact on nuclear size and its influence on cell cycle progression.
368 Claudin-4 overexpression and its downregulation correlated with nuclei constriction and
369 expansion, respectively (Figure 4b-d), which aligns with a reduced number of cells observed in
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370 the S-phase during claudin-4 overexpression (Figure 1a). Conversely, more cells were noted in
371 the G2-M phase during claudin-4 downregulation (Figure 1b). Thus, in our in vitro models,
372 more claudin-4 expression leads to a slowed progression through the cell cycle, possibly
373 dlowing repair of DNA damage or increased regulation of chromosomal separation (Figure
374  4a).(23) These findings potentially underscore the clinically significant effect of claudin-4 in

375  ovarian tumors (23) through control of the cell cycle and maintenance of genome integrity.
376

377 Enhancing the efficacy of a PARP inhibitor by disrupting claudin-4-functional effects in

378 ovarian tumor cdls.

379  Our results suggest that claudin-4 protects ovarian tumors by modifying the interplay between
380 the nuclear structure and the cell cycle through its close association with the cytoskeleton,
381 ultimately reducing genomic instability (Figure 4a). High expression of claudin-4 predicts poor
382 patient survival related to the development of therapy resistance (See Supplementary Figure 4a).
383 To better understand the role of claudin-4 in therapy resistance, we evaluated the effect of
384  claudin-4 modulation (overexpression and downregulation) during PARP inhibitor (olaparib)
385 treatment. This treatment is known for inducing catastrophic genomic instability in BRCA-
386  deficient tumors such as ovarian and breast cancer, (31,32) but it induces tumor cell death
387  regardless of such mutations.(56-60) We reasoned that the reduction of genomic instability and
388 dlowing of mitosis by claudin-4 may interfere with olaparib effects on ovarian tumor cells. We
389 evaluated the resistance of different ovarian tumor cell lines (OVCARS cells, BRCAL/2 no
390 ateration; OVCA429 cells, BRCAL/2 no available data; OVCAR3 cells, BRCA1 no alteration,
391 BRCA2 deep deletion)(19,54) by measuring colony formation over 7 days in the presence of
392  varying doses of olaparib, finding that the cancer cells showed varying degrees of resistance to
393 olaparib. OVCARS3 cells were the most sengtive to the higher concentrations used (15000nM to
394  30000nM), followed by OVCARS (See Supplementary Figure 4b, c¢), and then OVCA429 cells
395 (Figure5). Due to high sendtivity of OVCARS8 and especially OVCARS3 to olaparib, we used
396 lower concentrations of olaparib for these cells than OVCA429 cells to evaluate the effect of
397 targeting claudin-4 on resistance to this PARP inhibitor. The overexpression of claudin-4 in
398 OVCARS cdls (ovarian cancer subtype: low-grade serous ovarian carcinoma, LGSOC)(54) did
399 not increase resistance to olaparib (Figure 5a). Similarly, claudin-4 downregulation in
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400 OVCA429 cdls (ovarian cancer subtype: mucinous ovarian carcinoma, MOC)(54) was not
401 linked to reduced resistance to olaparib (Figure 5b). Although the observation that OVCA429
402  cells treated with olaparib suggests increased resistance in claudin-4 KD cells compared to WT
403 cdls, it is also linked to a significant increase of OVCA429 claudin-4 KD cells in the G2-M
404  phase of the cell cycle. (Figure 1d). Conversely, claudin-4 downregulation in OVCARS3 cells
405  (ovarian cancer subtype: high-grade serous ovarian carcinoma, HGSOC) significantly decreased
406  resistance to olaparib at lower doses (120nM and 240nM) (Figure 5c), consistent with prior
407  findings.(23) This suggests that targeting claudin-4 could reduce the minimum concentration of
408  olaparib required to inhibit HGSOC tumor growth.

409  Furthermore, we recently reported that claudin-4 forms a functional link with LAT1, an amino
410 acid transporter, to regulate a form of genomic instability, micronuclei, via autophagy.(19) Thus,
411 to leverage both claudin-4’s regulation of the actin cytoskeleton and LAT1 activity, we next
412 evaluated with the use of forskolin (FSK), a compound that both modifies actin
413  polymerization(61-63) and increases the expression of LAT1.(64) FSK also functions to increase
414  levels of CAMP through the activation of adenyl cyclase.(65) Critically, FSK has been reported
415 to have anti-ovarian tumor activity by improving the efficacy of a PARP inhibitor.(60)
416  Consequently, we evaluated the effect of this compound on claudin-4’s functional influence in
417  ovarian cancer cdls. First, we confirmed the anti-tumor activity of FSK in OVCA429 WT cells
418  (See Supplementary Figure 4d). Subsequently, we measured the protein expression level of
419 LAT1 in ovarian cancer cells treated with FSK and confirmed that FSK upregulates the
420 expression of LAT1(Figure 5d-f). This suggests that the reported link between claudin-4 and
421  LAT1 could be altered due to the effect of FSK.(19) Also, we observed increased expression of
422  lamin B1 during the same treatment in OVCAR8 WT and OVCA429 WT cdls (Figure 5d-f,
423  bottom). Thus, FSK treatment altered the expression of proteins functionally associated with
424  claudin-4, such as LAT1(19) and lamin B1 (Figure 2). Next, we performed the same experiment
425  as before, with the addition of a combined olaparib/FSK treatment. This combination treatment
426 resulted in a more significant decrease in ovarian cancer cell survival than olaparib only,
427  especialy in OVCARS8 and OVCA429 cdlls (Figure 5g-i), suggesting that FSK enhances the
428  efficacy of olaparib treatment. However, this enhancement of olaparib efficacy was not observed
429 in OVCARS3 cdlls (Figure 5i). The muted effect of the combined treatment on OVCARS cells

430 may be dueto the amplification of KRAS, unlike the other ovarian cancer cells.(54) Intracellular
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431 levels of CAMP are increased by FSK treatment,(65) which interact with MAPK signaling.(66)
432 KRAS is a master regulator of MAPK signaling,(67) and can lead to sustained MAPK
433  signaling,(68,69) which may oppose the effects of FSK, causing the treatment to be ineffective in
434 OVCAR3cdlls.

435 In OVCARS claudin-4 overexpressing cells, the efficacy of olaparib/FSK was reduced compared
436 to WT cdls (Figure 5g), suggesting that claudin-4 overexpression may increase resistance to
437  olaparib/FSK therapy. Therefore, we performed an experiment that included a triple combination
438  of olaparib, FSK, and CMP in the colony formation assay. We confirmed that the combination of
439 FSK and CMP maintain anti-proliferation activity before applying the combination treatment to
440  al ovarian cancer cells (See Supplementary Figure 4e). Importantly, all ovarian cancer cells
441  treated with the triple combination therapy exhibited significantly reduced survival at the lowest
442  concentration of olaparib used (120nM) compared to the vehicle control. Notably, the
443  combination therapy of olaparib, FSK, and CMP led to a substantial decrease in cancer cell
444  survival in OVCAR8 WT and OVCA429 WT and KD cells compared to the olaparib/FSK
445  treatment alone (Figurej, k). Conversaly, in OV CARS cdlls, the tripartite combination treatment
446  did not further decrease cancer cell survival compared to olaparib/FSK or olaparib alone (Figure
447  5l). These results highlight how claudin-4’s influence on nuclear architecture and the cell cycle
448  contributes to resistance to olaparib. Thus, claudin-4 could represent a meaningful therapeutic

449  target to decrease olaparib resistance and promote ovarian cancer cell death.

450 To gain further insight into the molecular mechanisms by which disrupting claudin-4
451  functionality leads to increased ovarian cancer cell death in response to olaparib, potentially
452 involving dterations in LAT1 and lamin B1, we assessed the expression of these proteins at
453  various time points during claudin-4 modulation (both overexpression and downregulation) and
454  triple treatment (olaparib/FSK/CMP). We observed consistent increases in the amino acid
455  trangporter LAT1 expression across all ovarian cancer cells tested over time. Notably, in
456 response to the triple treatment, LAT1 expression showed increases during claudin-4
457  overexpression in OVCARS cdls, while it exhibited the most pronounced decreases during
458  claudin-4 downregulation in OVCA429 and OVCARS cdls (Figure 6a-c). These findings
459  suggest an association between claudin-4 and LATL1 in olaparib resistance in ovarian cancer

460 cdls. Although lamin B1 expression was not consistent over time and showed more variations
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461  (See Supplementary Figure 5a-c), its intracellular distribution exhibited clear differences due to
462  our tripartite treatment. For example, this treatment led to the formation of nuclear lamina blebs
463 in OVCARS8 and OVCARS3 cdls, while in OVCA429 cdlls, it correlated with a reduced
464  accumulation of cytoplasmic puncta, both of which were enriched with lamin Bl (See
465  Supplementary Figure 5d-i). Thus, it appears that the combination treatment (olaparib/FSK
466 /CMP) disrupts LAT1 expression and the intracellular distribution of lamin B1, which correlates

467  with decreased survival of ovarian cancer cdlls.
468

469  Perturbing oxidative stressresponse hasthe potential to further reduce claudin-4-mediated

470 olaparib resstancein ovarian tumor cell.

471 In the célls treated with the triple combination, we observed a significant increase in reactive
472  oxygen species (ROS) generation and hypoxia-inducible factor-1 o (hif-1 alpha) expression
473  (Figure 7a, b) (See Supplementary Figure 6a-c). These findings indicate an upregulation of
474  hypoxiarelated elements,(70,71) suggesting an oxidative stress response to counteract the
475  treatment effects.(72,73) Hypoxia, common in tumors and prolonged cell cultures,(32,74,75)
476  alows tumor cells to adapt to low-oxygen environments,(72,73) contributing to therapy
477  resistance.(76,77) This condition triggers hif-1 alpha, a key oxygen sensor,(70) and ROS
478  production, (71) leading to an oxidative stress response.(78,79) Hif-1 apha and ROS are
479  interrelated in this stress response,(80) and tumor cells induce ROS production in response to
480 PARP inhibitors.(60,81) Interestingly, proteins associated with claudin-4’'s functional effects,
481 such aslamin Bl (Figure 2) and LAT1(19) participate in cellular oxidative stress responses.(82-
482  84).

483  Notably, claudin-4 overexpression correlated with significantly more ROS production (Figure
484  Ta, left) but not hif-1 alpha (Figure 7b, left), implying that claudin-4 overexpressing cells may
485 have elevated basal ROS levels, potentially diminishing therapy efficacy(85) due to a protective
486  effect of perinuclear F-actin (Figure 2d).(86,87) Supporting this, during claudin-4
487  downregulation, the positive relationship between claudin-4 overexpression and increased ROS
488  generation was lost in OVCA429 cells (Figure 7a, middle). Unlike OVCARS8 overexpressing
489  claudin-4 (Figure 7a, left), the ROS response to treatment was significantly higher in OVCA429
490 claudin-4 KD cells (Figure 7a, middle), which also exhibited reduced levels of perinuclear F-
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491  actin (Figure 2e). In contrast, claudin-4 downregulation in OVCAR3 cells led to increased ROS
492  production (Figure 7a, right), with no changes in hif-1 alpha expression (Figure 7b, right) and
493  dtable perinuclear F-actin (Figure 2f). Although hif-1 alpha remained largely unaffected by
494  claudin-4 overexpression or downregulation (Figure 7b), a significant increase was observed in
495  hif-1 alphalevelsfollowing treatment in OVCA429 WT cells. This suggests potential differences
496 in hif-1 alpha-mediated oxidative stress response between OVCA429 WT and OVCAR3 WT
497  cdls (Figure 7b, middle and right). Variations in ROS production between OVCA429 and
498 OVCARS3 cdls may be due to KRAS amplification in OVCAR3 cedlls, (19,54) which can
499  enhance ROS generation in tumor cells.(88) Thus, the effect of our tripartite combination on
500 inducing ROS could be masked by KRAS amplification.

501  Since claudin-4 modulation did not show significant changes in hif-1 alpha expression (Figure
502 7b, at 4h), weinvestigated its intracellular distribution using immunofluorescence. We observed
503 notable changes in hif-1 alpha localization linked to claudin-4 modulation and extended
504  treatment duration. Specifically, claudin-4 overexpression led to increased nuclear accumulation
505 of hif-1 apha, (Figure 7c, d) and higher protein levels at later time points (See Supplementary
506 Figure 6d). Treatment further altered hif-1 alpha distribution and upregulated its expression in
507 OVCARS cdls (Figure 7c, d; See Supplementary Figure 6d). Claudin-4 downregulation in
508 OVCAA429 led to reduced hif-1 alpha levels (Figure 7e, f and Supplementary Figure 6e), while
509 in OVCARS cdls, it resulted in increased hif-1 apha levels (Figure 7g, h and Supplementary
510 Figure 6f). Notably, claudin-4 downregulation in OVCA429 cdls caused hif-1 apha to
511 accumulate at the plasma membrane, an effect that was enhanced by treatment (Figure 7e, f) and
512  partialy mirrored in OVCARS3 cells (Figure 7h). These findings underscore a link between
513 claudin-4 and hif-1 alpha, indicating that oxygen regulation and related factors, such as ROS,(60)
514 play arole in claudin-4-mediated resistance to olaparib. They also suggest that targeting the
515 oxidative stress response could enhance olaparib efficacy by disrupting claudin-4’s functional

516  effectsin ovarian cancer cdls.

517
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518 DISCUSSION.

519 In this study, we found that claudin-4 protects ovarian cancer cells by remodeling nuclear
520 architecture and slowing cell cycle progression. This mechanism enables cancer cells to resist
521  both the development of genomic instability and the effects of genomic instability-inducing
522  agents like the PARP inhibitor olaparib. Therefore, targeting claudin-4 could reduce the dosage
523  of olaparib required to induce cell death in ovarian cancer cells, thereby decreasing therapy

524  resistance, possibly increasing patient survival.

525 Claudin-4 played a crucial role in regulating the dynamics of both nuclear lamina and the actin-
526  cytoskeleton (Figure 2). Notably, claudin-4's impact on nuclear architecture and the
527  cytoskeleton was associated with nuclear constriction, suggesting that claudin-4 overexpression
528  generates mechanical forces that shape the nucleus and prevent its enlargement (Figure 4).
529  (3,44,89) This nuclear constriction may explain why cells overexpressing claudin-4 are more
530 likely to be arrested in the GO-G1 phase and have more control over proceeding to the S-phase
531  (Figurela). Thissuggests that claudin-4 may act as a brake, delaying the entry of ovarian cancer
532 cdls into the S-phase (Figure 1d). In contrast, cells with claudin-4 downregulation are more
533 likely to be found in the G2-M phase (Figure 1b). Supporting this concept, lamin B1 has been
534 reported to regulate the entry into the S-phase,(90) and our data indicated that claudin-4
535 modulation affected the nuclear localization of this protein. Specifically, claudin-4 caused the
536  displacement of lamin B1 from the nucleus and promoted the stabilization of F-actin at the
537 perinuclear and cell-to-cell regions (Figure 3). This phenotype could be linked to a reported
538 excluson mechanism mediated by fascin and actinin, which compete to bundle F-actin in
539 different actin networks.(41,42) Overall, these results highlight claudin-4’s role in modulating
540 the interplay between nuclear physiology and cell cycle progression, which may help reduce
541  genomic instability formation. For example, claudin-4-induced reductions in genomic instability
542  (Figure 4) contribute to therapy resistance, (23) which correlates with poor patient survival (See
543  Supplementary Figure 4a). To investigate this mechanism further, we used the PARP inhibitor
544  olaparib, an agent known to induce genomic instability as a mechanism to promote tumor cell
545  death.(31,32) We observed that downregulation of claudin-4 was associated with a significant
546  reduction in the concentration of olaparib required to inhibit the growth of OVCARS cells
547  (Figure 5c), but not OVCA429 cdls (Figure 5b). These differences underscore the
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548 heterogeneity among ovarian cancer cells and emphasize the importance of claudin-4 in
549  modulating the response to PARP inhibitors in high-grade serous ovarian carcinoma (HGSOC),
550 the most prevalent subtype of ovarian cancer, which accounts for over 75% of all ovarian cancer
551  cases.(19,23,54) Importantly, targeting claudin-4’s functional effects in ovarian cancer cdls
552  using CMP and FSK—rpotentially involving alterations in LAT1 and lamin B1 (Figure 6a-c)
553  (See Supplementary Figure 5d-i)—in combination with olaparib, led to greater reductions in all

554  ovarian cancer cell survival tested at the lowest concentrations of olaparib (Figure 5j-1).

555 As ovarian cancer cells were cultured for 7 days in the colony formation assay, we speculated
556  that hypoxia may play a role in claudin-4-mediated resistance to olaparib. This hypothesis is
557  supported by the close link between claudin-4 and hif-1 alpha in regulating hypoxia through a
558 feedback mechanism that may affect autophagy,(91) and a similar association between LAT1
559 and hif-1 alpha under these conditions.(92,93). Our evaluation of claudin-4's role in therapy
560 resistance revealed that its effect was associated with previously reported biological interactions,
561 including LAT1(19) (Figure 5d-f), hif-1 alpha(91) (Figure 7b-h), (91) and lamin B1 (Figure
562  5d-f, bottom), in potential cellular processes such as autophagy, hypoxia, and nuclear lamina
563 remodeling, respectively. This is particularly evidenced with evaluation of an oxidative stress
564 response (Figure 7) during the triple combination treatment. This treatment resulted in
565  significant increase of ROS and hif-1 alphain all ovarian cancer cells (Figure 7), suggesting that
566 ovarian cancer cells generate an oxidative stress response to counteract olaparib
567  treatment,(60,81) potentially through changes in the metabolism of mitochondria.(94) Since an
568  excessive oxidative stress response can lead to cell death(95) and the nuclear lamina can protect
569 against ROS,(84) these data suggest that the claudin-4's role in remodeling the nuclear
570 architecture (Figure 2) may help protect tumor cells during excessive oxidative stress response
571  during olaparib treatment. Consequently, modulating the oxidative stress response could further
572  potentiate the combined olaparib/FSK/CMP in reducing ovarian cancer cell survival. For
573 instance, previous studies have shown that FSK and metformin can decrease oxidative stress,
574  (96) which could interfere with the response of ovarian tumor cells to the tripartite treatment
575 (Figure 7). Additionally, the combination of metformin with olaparib inhibits proliferation of
576  ovarian cancer cells.(97) Our results highlight the potential of this tripartite treatment strategy to

577  reduce therapy resistance in vivo.
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870 FIGURE LEGENDS.

871 Figure 1. Cell cycle progresson during claudin-4 modulation. Ovarian tumor cells were
872  cultured and stained for propidium iodide (Pl) at 24h and 48h, and cell cycle progression was
873 evaluated viaflow cytometry. (a) Representative histograms of cell cycle phases during claudin-
874 4 overexpression; right, percentages of cells at each cell cycle stage. Effect of claudin-4
875 downregulation in OVCA429 (b) and OVCARS (c). (d) Modd illustrating that claudin-4
876  overexpression reduces the proportion of tumor cells in the S-phase of the cell cycle, while its
877  downregulation results in an accumulation of cells in the G2-M phase and a decrease in the GO-
878 Gl phase. (4 independent experiments; Two-tailed Unpaired t test; significance p<0.05). Graphs

879  show mean and SEM (standard error of the mean).
880

881 Figure 2. Claudin-4 modifies the nuclear architecture of ovarian tumor cells. The
882  association of claudin-4 with the actin cytoskeleton was evaluated in fixed and living cells.
883  Ovarian tumor cells were treated with CMP (400uM) for 48 h and were stained via
884  immunofluorescence to mark lamin B1 and lamin A/C, while the actin-cytoskeleton was stained
885  with phalloidin. We then carried out a morphometric characterization. (a). Top, selected confocal
886  images (maximum projections) corresponding to OVCARS cells overexpressing claudin-4 and
887  claudin-4 downregulation in OVCA429 cells (bottom) (b). Results of similar experiments in
888 OVCAR3 claudin-4 KD cdlls (c), showing the nuclear lamina components (lamin B1, and lamin
889  A/C), bottom, with corresponding quantification of nuclear accumulation of the nuclear lamina
890 components (yellow arrowheads highlight comparison of lamin B1 during claudin-4
891  overexpression and downregulation) under different conditions (three independent experiments,
892  Kruskal-Wallis test with Dunn's multiple comparisons, p<0.05). (d), (e), and (f), top, show
893  reconstructions of perinuclear F-actin and genomic DNA (from confocal z-stacks), and, bottom,
894  corresponding quantification in OVCAR8, OVCA429, and OVCARS3 cdls, respectively.
895 Additionally, a drawing highlights the remodeling effect of claudin-4 in the nuclear architecture
896 (n= OVCARS, 1711 cdls, OVCA429, 2630 cedls, OVCAR3, 2365 cdlls, Two-tailed Mann
897  Whitney test, Kruskal-Wallis test with Dunn's multiple comparisons). Graphs show mean and
898 SEM, scale bar 5um.
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900 Figure 3. Disruption of claudin-4 impacts dynamics of junctional actin. Ovarian tumor cells
901 were treated with CMP (400uM) for 48h and stained to mark the actin-cytoskeleton.
902  Additionally, ovarian tumor cells expressing LifeAct (amarker of F-actin) were used to visualize
903 actin dynamics in living cdls. (a) and (b), left, quantification of junctional F-actin from
904  reconstructions (from confocal z-stacks); right, confocal images (maximum projection) and
905 zoom, followed by reconstruction of selected regions of interest, ROIs (at junctional F-actin)
906 from OVCA429 cdls and OVCARS3 cels (bottom), respectively (n= OVCA429, 783 cdlls;
907 OVCARS3, 825 cdls, Kruska-Wallis test with Dunn's multiple comparisons). (¢) and (d),
908 kymographs illustrating the movement of junctional F-actin (vertical brown arrow) over time
909 (horizontal blue arrow), generated from different regions of interest (ROISs) during confocal live-
910 cell imaging of transduced OV CA429 cdlls (n=142) with LifeAct to mark F-actin (without any
911  stimuli and cultured for 24h) and OVCARS3 cédlls (bottom) (n=116), respectively (Two-tailed
912  Mann Whitney test) (3 independent experiments; significance, p<0.05). Graphs show mean and
913 SEM.

914

915 Figure 4. Claudin-4’s association genomic instability correlates with nuclei constriction.
916 The association of claudin-4 with genomic ingtability was analyzed in human tumors (TCGA)
917 andinwvitro by treating cells with CMP (400puM) for 48h followed by single cell analysis of fixed
918 cells(stained with DAPI to mark DNA). (a), correlation of genomic instability (indicated as % of
919  atered chromosomic copy numbers) in human ovarian tumors associated with levels of claudin-4
920 expression. (b), top, confocal images showing (maximum projections) genomic instability
921 (indicated as nuclel size, bottom: corresponding quantification) associated with claudin-4
922  overexpression or downregulation (knockdown, KD) in OVCA429 (c) and OVCARS3 (d). (n=
923 OVCARS, 1711 cdls, OVCA429, 2630 cells, Two-tailed Mann Whitney test, Kruskal-Wallis
924  test with Dunn's multiple comparisons). (3 independent experiments; significance, p<0.05.

925  Graphs show mean and SEM, scale bar 5pum.
926

927  Figureb. Targeting ovarian tumor cells during claudin-4 expression via forskolin and CMP
928  to overcome resistance against olaparib. Survival of ovarian tumor cells was analyzed using
929 the 7 day colony formation assay and two cycles of treatment (at day 0 and day 3) for OVCARS
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930 and OVCARS cdlls, and one treatment for OVCA429 (at day 0). (a), percentage of tumor cell
931  survival during olaparib treatment and claudin-4 overexpression, and similar information during
932 claudin-4 downregulation in OVCA429 cedlls (b) and OVCARS cells (¢). Immunoblotting for
933 LAT1 and lamin B1 during forskolin treatment (5uM/ 48h) during claudin-4 overexpression in
934 OVCARS cdls (d, and bottom), and similar information during claudin-4 downregulation in
935 OVCA429 cdls (e, and bottom) and OVCAR3 cells (f, and bottom). (g), percentage of tumor
936  cell survival during olaparib treatment vs olaparib + FSK (5uM) and claudin-4 overexpression,
937 and similar information during claudin-4 downregulation in OVCA429 cdls (h) and OVCARS3
938 cdls (i). (j), percentage of tumor cell survival during olaparib + FSK (5uM) vs olaparib + FSK
939  (5uM) + CMP (400uM) and claudin-4 overexpression, and similar information during claudin-4
940 downregulation in OV CA429 cells (k) and OVCAR3 cdls (1). (3 independent experiments; Two-
941  way ANOVA,; significance p<0.05). Graphs show mean and SEM.

942

943  Figure 6. Effect of the combination treatment with olaparib, forskolin, and CMP on LAT1
944  expression. Ovarian tumor cells were treated with a tripartite combination of olaparib (600nM),
945  fsk (5uM), and CMP (400uM) for different time points. Subsequently, cell lysates were obtained
946  to carry out immunoblotting for LAT1. (a), (b), and (c) show LAT1 protein expression at
947  different time pointsin OVCARS, OVCA429, and OVCARS cdlls, respectively. On theright are
948  graphs showing corresponding quantification of LAT1 from (a), (b), and (c), relative to loding

949  control.
950

951 Figure 7. Cellular stressresponse evaluation in ovarian tumor cells treated with olaparib,
952  forskolin, and CMP. Ovarian tumor cells were treated with a tripartite combination of olaparib
953 (600nM), fsk (5uM), and CMP (400uM) for 4h to analyze reactive oxygen species (ROS) as
954  well as areporter gene for hif-1 alpha via flow cytometry. The same cells were treated similarly
955 for 96h and then stained using immunofluorescence to mark lamin B1. ROS generation is
956 indicated as normalization relative median of OVCAR8 WT, OVCA429 WT, and OVCAR3 WT
957  cells without treatment (a) (2 independent experiments;, Unpair t-test, red rectangle; One-way
958 ANOVA and Tukey’'s multiple comparison test, p<0.05). Reported hif-1 alpha is indicated as
959 normalization relative median of OVCAR8 WT, OVCA429 WT, and OVCAR3 WT cdls
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without treatment (b) (3 independent experiments; Unpair t-test; One-way ANOV A and Tukey’s
multiple comparison test, p<0.05). (¢) and (d) are confocal images showing hif-1 alpha during
claudin-4 overexpression in OVCARS cells treated or not as indicated above at 96h. (e) and (f)
are confocal images showing hif-1 alpha during claudin-4 downregulation in OVCA429 cells
treated or not as indicated above at 96h. (g) and (h) are confocal images showing hif-1 apha
during claudin-4 downregulation in OVCARS cells treated or not as indicated above at 96h.
Graphs shown median with 95% confidence interval (CI). Scale bar 10um.
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Graphical abstract: Claudin-4 plays a crucial role in remodeling the cytoskeleton, particularly
influencing nuclear architecture. This remodeling appears to act as a regulatory mechanism,
limiting the progression of ovarian cancer cells into the S-phase and correlating with reduced
genomic ingability in ovarian tumors. Moreover, since olaparib treatment triggered a cellular
oxidative responsg, it is likely that this claudin-4-mediated remodeling contributes to resistance

against the effects of the PARP inhibitor.
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SUPPLEMENTARY FIGURES.

Supplementary Figure 1. (a) Graphs show WT ovarian tumor cells in different phases of the
cell cycle (green symbol at 24h; red symbol at 48h) which change over time. (b) Drawing
highlighting heterogeneity of ovarian tumor cells, indicated as localization in different phases of
cell cycle (references: URL 1-3). Also, it highlights differences in doubling time among different
ovarian tumor cells. (¢) Quantification of cell cycle progression by flow cytometry of propidium
iodide-stained OVCAR8 WT cells during standard (RPMI, 10% FBYS) culture conditions or
starvation (RPMI, 1% FBS). (d) immunablotting for lamin B1 and lamin A/C and corresponding
guantification (e, lamin B1; f, lamin A/C) reative to loading control (4 independent
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experiments), respectively. (One-way ANOV A and Tukey's multiple comparisons test; p<0.5).
Graphs show mean and SEM, scale bar 5pum.
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Supplementary Figure 2. épithelial ovarian cancer cells were treated with CMP (400uM) for
48h. Subsequently, cells were stained with dapi (nuclei) and phalloidin (F-actin) to carry out a
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morphometric characterization. (a), (b), and (c) show representative confocal images of
OVCARS8, OVCA429, and OVCARS3 cdlls, respectively. Scale bar 10pum.
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Supplementary Figure 3. Live cell imaging evaluation of ovarian tumor cells. (a) shows
selected confocal images (xyt/30min/37°C) of nucleus at different time points (cells treated with
CMP or a control peptide; 400uM for 24h), which were overlaid to highlight the nuclear
mobility; right, quantification of nuclear mobility (n= no stimuli, 44 cells; control peptide, 44
cells; CMP, 41 cdls; 4 independent experiments; Kruskal-Wallis test and Dunn’s multiple
comparison test, p<0.5). (b) shows representative confocal images of living cells expressing
LifeAct-tdTomato (marker of F-actin) without any stimuli. (c) shows representative confocal
images of living cells (xyt; maximum projections) of cells expressing GFP-tubulin without any
stimuli. (d) presents a modd that highlights our findings on the role of claudin-4 in the
remodeling of the nucleus and cytoskeleton. Nuclear remodeling was linked to alterations in
lamin B1 localization, resulting in changes to the nuclear lamina, along with the accumulation of
perinuclear F-actin. Cytoskeletal remodeling involved changes in actin fibers, the microtubule
network, and junctional F-actin, which supports cell-to-cell junctions, potentially impacting
nucleus positioning, cell cycle, and cell morphology. Graph shows mean and SEM, scale bar
20pm.
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Supplementary Figure 4. (a) shows a Kaplan-Meier curve based on claudin-4 expression in
human ovarian tumors (Kaplan-Meier Plotter) highlighting the association of higher claudin-4
expression with reduced patient survival. (b) and (c) show survival of ovarian tumor cells treated
with olaparib during overexpression (OVCARS cedlls) and downregulation (OVCARS cells). (d)
and (e), show percentages of ovarian tumor cell survival during various concentrations of fsk and
a comparison with a combination of fsk at 5uM with various concentrations of CMP,
respectively. Graphs show mean and SEM.


https://doi.org/10.1101/2024.09.04.611120
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.04.611120; this version posted September 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Figure 5. (a), (b), and (c) show lamin B1 protein expression during a tripartite
combination treatment of olaparib (600nM), fsk (5uM), and CMP (400uM) at different time
points in OVCARS, OVCA429, and OVCARS cdlls, respectively. (d) to (i) are confocal images
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of ovarian tumor cells showing the intracellular distribution of lamin B1 during the same
treatment at 96h for OVCARS, OV CA429, and OV CAR3, respectively. Scale bar 10um.
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Supplementary Figure 6. (a), (b), and (c) are histograms confirming reactive oxygen species
(ROS) generation by OVCARS8, OVCA429, and OVCARS cedlls, respectively, using TBHP at
250uM as a positive control. (d), (e), and (f) show hif-1 alpha protein expression during a
tripartite combination treatment of olaparib (600nM), fsk (5uM), and CMP (400uM) at 96h of
treatment in OVCARS8, OV CA429, and OVCARS3 cells, respectively.
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