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TTK activates ATR through RPA2
phosphorylation to promote olaparib
resistance in ovarian cancer

Check for updates

Gonghua Qi1,2, Hanlin Ma1,2, Jingying Chen1,2, Panpan Gai3 & Kai Teng 4

Resistance to poly(ADP‒ribose) polymerase inhibitors (PARPis) remains a significant challenge in
ovarian cancer (OC) treatment. TTK protein kinase (TTK) has been implicated in cisplatin resistance in
OC, but its role in PARPi resistance remains unclear. In this research, we found that TTK inhibition
overcome olaparib resistance in HR-proficient OC cells, whereas TTK promotes olaparib resistance in
HR-deficient OC cells. Mechanistically, TTK directly interacts with RPA2, facilitating phosphorylation
of its S33 residue to activate the ATR signaling pathway. Knocking down RPA2 increased olaparib
sensitivity in OC cells. Additionally, TTK-mediated resistance to olaparib through the RPA2/ATR
signaling pathway was confirmed via both in vitro and in vivo models. In conclusion, TTK inhibition
overcomes olaparib resistance in HR-proficient OC cells, in part by suppressing RPA2-S33
phosphorylation and attenuating ATR signaling. TTK inhibitors offer a promising strategy to increase
the therapeutic efficacy of PARPis in OC patients.

Ovarian cancer (OC), with a 5-year overall survival rate of ~30%, represents
the gynecologic cancer subtype with the highest mortality1,2. Poly (ADP‒
ribose) polymerase (PARP) inhibitors (PARPis), particularly olaparib, have
significantly improve progression-free survival (PFS) in OC patients and
have been recommended asmaintenance therapies for patientswho achieve
a sustained complete response (CR) or partial response (PR) following
platinum-based chemotherapy3. However, PARPis resistance has been
reported, and several mechanisms underlying this resistance have been
identified. These include decreased PARP trapping, restoration of homo-
logous recombination (HR), protectionof stalled replication forks, reversion
ofmutations inBRCAgenes, restorationofADP-ribosylation (PARylation),
and loss of 53BP14–7. Despite thesefindings, the exactmechanisms of PARPi
resistance remain unclear. Therefore, further investigations of these resis-
tance mechanisms and the development of new strategies or drug combi-
nations to overcome PARPi resistance are crucial.

TTK protein kinase (TTK), also known as monopolar spindle 1
(Mps1), is a dual-specificity protein kinase capable of phosphorylating
tyrosine, serine, and threonine residues. It plays a critical role as a mitotic
checkpoint protein, regulating cell proliferation, the cell cycle, and theDNA
damage response8–10. Additionally, TTK has been implicated in promoting
the tumorigenesis of various cancers11–18. As a result, several TTK-specific
inhibitors have been developed and evaluated in clinical trials, including
CFI-402257 (NCT03568422), BAY1161909 (NCT02138812), BAY1217389

(NCT02366949), and BOS172722 (NCT03328494)19–22. TTK inhibition has
also been shown to enhance the effectiveness of chemotherapy and radio-
therapy in different cancer types14,23–26. Our previous study demonstrated
that TTK is highly expressed in OC and that its upregulation contributes to
cisplatin resistance in OC27. However, the role of TTK in resistance to
PARPis in OC remains unclear.

Replication protein A2 (RPA2) is a subunit of the heterotrimeric
replication protein A (RPA) complex, which is composed of three subunits:
RPA1, RPA2, and RPA328. RPA plays a vital role in DNA metabolism,
including DNA replication, recombination, and the DNA damage
response29. In response to DNAdamage, RPA2 undergoes phosphorylation
of several amino acid residues within its N-terminal domain, which is
referred to as RPA2 hyperphosphorylation30–34. Nine potential phosphor-
ylation siteshavebeen identified,with threonine21, serine4, 8, and33, along
with at least one phosphoserine at residues 11–13, being involved in the
DNA damage response.

In response to theDNAdamage response, especiallyHR (homologous
recombination)-mediated repair, RPA2 activates ataxia telangiectasia and
Rad3-related protein (ATR) kinase. This activation facilitates the recruit-
ment of RAD51, or RPA2 directly interacts with RAD51 to enhance repair
processes35. RPA has also been linked to cisplatin resistance in OC36. Cis-
platin induces thephosphorylationofRPA2 inheadandneck squamous cell
carcinoma cells, and higher levels of RPA2 phosphorylation correlate with
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reduced cisplatin sensitivity37. However, the role of RPA2 in regulating
resistance to PARPis remains unclear and warrants further investigation to
understand whether and how RPA2 contributes to this form of
resistance in OC.

In this study, we found that TTK inhibition overcomes olaparib
resistance in HR-proficient OC cells, in part by suppressing RPA2-S33
phosphorylation and attenuating ATR signaling. TTK inhibitors offer a
promising strategy to increase the therapeutic efficacy of PARPis in OC
patients.

Results
TTK promotes olaparib resistance in OC cells
To investigate the role of TTK in the sensitivity of OC cells to olaparib, we
utilized HR-proficient OC cell lines (OVCAR838,39 and OV9039,40), HR-
deficient UWB1.289 cells41–43, and olaparib-resistant SKOV3 (SKOV3/
OLA) cells44,45. The SKOV3/OLA cells were established by gradually
exposing parental SKOV3 cells40 to increasing concentrations of olaparib in
our laboratory44,45. Firstly, we transfected OVCAR8, OV90, and SK/OLA
cells with TTK shRNA to knock down TTK expression (Fig. 1A and Sup-
plementary Fig. 1A). Additionally, TTK was overexpressed in OVCAR8,
OV90, and UWB1.289 cells (Fig. 1B and Supplementary Fig. 1B). TTK-
knockdownOVCAR8, OV90, and SK/OLA cells were treated with gradient
concentrations of olaparib. MTT assays revealed that TTK knockdown
sensitized these cells to olaparib treatment (Fig. 1C). Colony survival assays
confirmed these findings (Fig. 1D and Supplementary Fig. 1C, D). Con-
versely, cells overexpressing TTK presented increased resistance to olaparib
(Fig. 1E, F and Supplementary Figs. 1E and 2).

In conclusion, these results reveal that inhibition of TTK enhances
sensitivity to olaparib in HR-proficient OC cells, whereas TTK over-
expression promotes olaparib resistance in HR-deficient OC cells.

TTK inhibitors enhance the effect of olaparib in OC cells
We further investigated the impact of TTK inhibitors on olaparib sensitivity
in OC cells using two different TTK inhibitors: CFI402257 (referred to as
CFI) and BAY1161909 (referred to as B909). The IC50 values for both
inhibitors were first determined using the MTT assay. In OVCAR8 and
OV90 cells, the IC50 values of CFI were 528.84 nM (Fig. 2A and Supple-
mentary Fig. 3A) and 1011 nM27, respectively. The IC50 values of B909were
217.31 nM and 358.34 nM in OVCAR8 and OV90 cells, respectively
(Fig. 2B and Supplementary Fig. 3B). BothMTT and colony survival assays
demonstrated that CFI and B909 enhanced the efficacy of olaparib in OC
cells (Fig. 2C–F and Supplementary Fig. 3C, D).

These results suggest that TTK inhibitors can potentiate the ther-
apeutic effect of olaparib in OC cells.

TTK directly interacts with RPA2
To investigate the mechanism through which TTK promotes resistance
to olaparib in OC, we performed MS analysis. The results revealed that
RPA2 was significantly enriched among the pull-down proteins (Fig. 3A
and Supplementary Data 1). To confirm the endogenous interaction
between TTK and RPA2, Co-IP assays were conducted in OVCAR8 and
OV90 cells using control IgG, anti-TTK, or anti-RPA2 antibodies. The
results demonstrated that TTK interacts with RPA2 endogenously
(Fig. 3B, C). Furthermore, immunofluorescence staining revealed that
both TTK and RPA2 are localized in the nucleus of OC cells (Fig. 3D). A
proximity ligation assay (PLA) further confirmed the interaction between
TTK and RPA2, with the red dots indicating protein interactions in
OVCAR8 and OV90 cells. At the same time, TTK antibody or RPA2
antibody alone was used as negative control (Fig. 3E). Additionally, when
exogenous pMyc-RPA2 and Flag-TTK plasmids were co-transfected into
HEK293T cells for 48 h, Co-IP assays confirmed the binding of TTK and
RPA2 exogenously (Fig. 3F, G). Moreover, under CFI treatment, the
interaction between TTK and RPA2 was weakened (Fig.3H and Sup-
plementary Fig. 4A). In contrast, an increased interaction occurred with
olaparib treatment (Fig.3I and Supplementary Fig. 4B), which was

impaired when the cells were treated with CFI (Fig.3J and Supplemen-
tary Fig. 4C).

In conclusion, thesefindings provide strong evidence thatTTKdirectly
interacts with RPA2 in OC cells.

TTK phosphorylates RPA2 at the S33 residue
ThephosphorylationofRPA2, particularly at the Ser33 (S33), Ser4, and Ser8
(S4/8) residues, is known to play a key role in HR. To explore whether TTK
canphosphorylateRPA2,we assessed the phosphorylation levels of RPA2 at
specific residues. We observed that RPA2 phosphorylation at S33
(pRPA2(S33)) was significantly reduced in TTK knockdown cells (Fig. 4A
and Supplementary Fig. 5A) and upon CFI treatment (Fig. 4B and Sup-
plementary Fig. 5B). However, neither TTK knockdown nor inhibitor
treatment affected the phosphorylation level of RPA2 at Ser4/8 (pRPA2(S4/
8)) (Fig. 4A, B and Supplementary Fig. 5A, B). Exogenous overexpression of
TTK led to an increase in the pRPA2(S33) levels in endogenous RPA2 but
had no effect on the pRPA2(S4/8) levels in OVCAR8 and OV90 cells
(Fig. 4C and Supplementary Fig. 5C). Similarly, the pRPA2(S33) levels of
exogenous RPA2 in 293T cells were increased following the transfection of
Flag-TTK (Supplementary Fig. 5D). These results suggest that TTK can
indeed phosphorylate RPA2 at Ser33. Moreover, an in vitro kinase assay
demonstrated that TTK induced the phosphorylation of RPA2 at S33
(Fig. 4D). Furthermore, olaparib treatment increased the level of
pRPA2(S33), but this increase was attenuated by eitherTTK knockdown or
CFI treatment (Fig. 4E, F, and Supplementary Fig. 5E, F), indicating that
TTK plays a key role in the olaparib-induced phosphorylation of RPA2 at
S33. To validate the importance of S33 phosphorylation, we constructed a
S33Amutant ofRPA2, inwhich the serine residuewas replacedwith alanine,
rendering it phosphorylation deficient. Our results revealed that serine
phosphorylation (p-Ser) increased after olaparib treatment in wild-type
(WT) RPA2 but not in the S33A mutant cells, indicating that the mutated
RPA2 S33A cannot be phosphorylated (Fig. 4G).

In conclusion, these findings suggest that the S33 residue of RPA2 is a
critical phosphorylation site for TTK.

RPA2 silencing enhances olaparib sensitivity in OC cells
To investigate whether RPA2 is associated with olaparib resistance in OC,
we silenced RPA2 expression in OVCAR8 and OV90 cells (Fig. 5A and
Supplementary Fig. 6A). MTT and colony survival assays revealed that
RPA2 knockdown increased the sensitivity of OVCAR8 and OV90 cells to
olaparib (Fig. 5B, C and Supplementary Fig. 6B, C). Immunofluorescence
analysis revealed that, compared with control treatment, RPA2 silencing
resulted in an increase in thenumberofγH2AXfoci in thenucleus following
olaparib treatment (Fig. 5D and Supplementary Fig. 6D). To investigate the
impact of RPA2 silencing on homologous recombination (HR) activity, we
co-stained RAD51 and PCNA, a S-phase marker. The results revealed that
RPA2 silencing led to a reduction in RAD51 foci in PCNA-positive S-phase
cells, particularly after olaparib treatment (Fig. 5E and Supplementary
Fig. 6E). Furthermore, the alkaline comet assay demonstrated that the
combination of olaparib and RPA2 knockdown significantly increased the
tail moment relative to that of the olaparib-only treatment group (Fig. 5F
and Supplementary Fig. 6F). These findings suggest that RPA2 silencing
enhances the sensitivity of OC cells to olaparib.

TTK regulates olaparib resistance through phosphorylating
RPA2 at the S33 residue
Wefurther explored the role ofRPA2 in olaparib resistance inducedbyTTK
in OC cells. OVCAR8 and OV90 cells were transfected with PCMV, TTK,
shRPA2 1# or a combination of TTK and shRPA2 1# for 48 h (Fig. 6A and
Supplementary Fig. 7A).MTT and colony survival assays showed that TTK
overexpression conferred olaparib resistance, while RPA2 silencing
increased the sensitivity of OC cells to olaparib. Furthermore, RPA2
knockdown partially reversed the olaparib resistance induced by TTK
overexpression (Fig. 6B–D and Supplementary Fig. 7B). Immuno-
fluorescence analysis demonstrated that TTK overexpression decreased the
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Fig. 1 | TTK promotes olaparib resistance inOC cells. AOVCAR8, OV90, and SK/
OLA cells were stably transfected with PLKO.NC or TTK shRNA (shTTK1 and
shTTK2). TTK protein levels were assessed by Western blot. B OVCAR8, OV90, and
UWB1.289 cells were stably transfected with PCMV or PCMV-TTK plasmids. TTK
protein levels were determined by Western blot. C, D OVCAR8, OV90, and SK/OLA
cells stably transfected with PLKO.NC or TTK shRNA (shTTK1 and shTTK2) were
treated with increasing concentrations of olaparib (0, 25, 50, and 100 μM for OVCAR8
and OV90 cells; 0, 25, 50, 100, 200, and 400 μM for SK/OLA cells). The effects of TTK

on olaparib sensitivity were measured byMTT assay (C) and colony survival assay (D).
Data are mean ± SD, n = 3, one-way ANOVA. a: p relative to TTK knockdown alone;
b: p relative to olaparib treatment alone. E, F OVCAR8, OV90, and UWB1.289 cells
stably transfected with PCMV or PCMV-TTK plasmids were treated with varying
concentrations of olaparib. The effects of TTK on olaparib sensitivity were evaluated by
MTT assay (E) and colony survival assay (F). Data are mean ± SD, n = 3, one-way
ANOVA. a: p relative to TTK overexpression alone; b: p relative to olaparib treatment
alone. (Data are mean ± SD, one-way ANOVA, *P < 0.05, **P < 0.01, n = 3).
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Fig. 2 | TTK inhibitors enhance the effect of olaparib in OC cells. A The IC50 of
CFI402257 (CFI) in OVCAR8 cells (IC50 = 528.84 nM, 96 h). Data are mean ± SD,
n = 3. B The IC50 of BAY1161909 (B909) in OVCAR8 cells (IC50 = 217.31 nM, 96 h)
and OV90 cells (IC50 = 358.34 nM, 96 h). Data are mean ± SD, n = 3. C,DMTT, and
colony survival assays were performed to assess the efficacy of the combined
treatment of CFI and olaparib (OLA) in OVCAR8 and OV90 cells. Data are

mean ± SD, n = 3, one-way ANOVA. a: p relative to CFI treatment alone; b: p
relative to olaparib treatment alone. The effect of B909 on olaparib sensitivity was
evaluated using the MTT assay (E) and colony survival assay (F). Data are
mean ± SD, n = 3, one-way ANOVA. a: p relative to B909 treatment alone; b: p
relative to olaparib treatment alone. (Data are mean ± SD, *P < 0.05, **P < 0.01,
***P < 0.001, n = 3).
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number of γH2AX foci, while RPA2 silencing increased γH2AX foci in the
nucleus, especially following olaparib treatment. Furthermore, RPA2
silencing partially reversed the γH2AX foci formation reduced by TTK
overexpression (Fig. 6E and Supplementary Fig. 7C). Co-staining of RAD51
and PCNA revealed that TTK overexpression enhanced RAD51 foci for-
mation in the nuclei of PCNA-positive S-phase cells. Conversely, RPA2

silencing reduced RAD51 foci in these cells, particularly after olaparib
treatment. Additionally, RPA2 silencing partially reversed the RAD51 foci
formation induced by TTK overexpression (Fig. 6F and Supplementary
Fig. 7D). The comet tail assay revealed that TTK overexpression alleviated
DNA damage, while RPA2 knockdown induced DNA damage. Addition-
ally, RPA2 knockdown partially reversed the DNA damage reduction
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caused by TTK overexpression (Fig. 6G and Supplementary Fig. 7E). To
assess whether TTK-induced phosphorylation of RPA2 at the S33 con-
tributes to TTK-mediated olaparib resistance in OC cells, we treated cells
with CFI for 24 h, followed by transfection with either wild-type ormutant
RPA2 plasmids. The response to olaparib was then evaluated. As shown in
Supplementary Fig. 8A–D, cells transfected with wild-type RPA2 and the
RPA2 S33E mutant presented increased cell viability compared to CFI
treatment alone, whereas the RPA2 S33A mutant did not.

Together, these results suggest that TTK inhibition can overcome
olaparib resistance in HR-proficient OC cells, in part by inhibiting RPA2-
S33 phosphorylation.

TTK activates the ATR signaling pathway through RPA2
The phosphorylation of RPA2 at S33 has been established as a marker for
ATR activation. After we verified that TTKphosphorylates RPA2 at S33, we
aimed to determine whether TTK activates the ATR signaling pathway
through RPA2. First, OVCAR8 andOV90 cells were transfected with either
PLKO.NC (control) or RPA2 shRNA. After RPA2 knockdown, the level of
phosphorylated ATR (pATR) was reduced (Fig. 7A and Supplementary
Fig. 9A).As shown inFig. 7B andSupplementary Fig. 9B,ATRwas activated
to a greater extent in cells transfected with wild-type RPA2 than in those
transfected with the RPA2 S33Amutant. In addition, TTK knockdown and
CFI treatment reduced the pATR level in OC cells (Fig. 7C, D and Sup-
plementary Fig. 9C, D), whereas TTK overexpression increased the phos-
phorylation of ATR (Fig. 7E and Supplementary Fig. 9E). Olaparib
treatment further enhanced ATR activation (Fig. 7E and Supplementary
Fig. 9E). TransfectingRPA2 into cells treatedwithCFI reversed the decrease
in ATR activity caused by TTK inhibition (Fig. 7F and Supplementary
Fig. 9F). To explore whether TTK promotes olaparib resistance through the
RPA2/ATR signaling pathway, OVCAR8 and OV90 cells transfected with
shTTK2 and RPA2 were treated with VE-821, an ATR inhibitor. MTT and
colony survival assays revealed thatTTKknockdown increased sensitivity to
olaparib and that RPA2 overexpression reversed the effects of TTK
knockdown. Moreover, blocking ATR with VE-821 counteracted the pro-
tective effect of RPA2 overexpression (Fig. 7G, H, and Supplementary
Figs. 9G and 10A).

In conclusion, these results suggest that TTK inhibition can overcome
olaparib resistance inHR-proficient OC cells, in part by suppressing RPA2-
S33 phosphorylation and attenuating ATR signaling.

TTK facilitates olaparib resistance in vivo
Weused amousemodel to investigate whether TTK contributes to olaparib
resistance in vivo. OVCAR8 cells were subcutaneously injected into the left
armpit of 5-week-old female mice. Once the tumor volume reached
~100mm³, themicewere randomly divided into four groups: Control (Ctr),
CFI, Olaparib (OLA), and CFI combined with Olaparib (CFI+OLA). The
indicateddrugswere administered for 2weeks.As shown inFig. 8A–C, both
CFI and olaparib treatment alone inhibited tumor growth, but the combi-
nation of CFI and olaparib resulted in more pronounced inhibition. Wes-
tern blot analysis revealed that CFI treatment decreased the levels of
pRPA2(S33) andpATR.However, olaparib treatment increased the levels of
pRPA2(S33) and pATR, with the increase being attenuated by CFI in the
mouse model (Fig. 8D, E). Furthermore, CFI and olaparib treatment alone
decreased the Ki67 level, but increased the cleaved caspase 3 level. The

combination of CFI and olaparib resulted in more significant changes in
Ki67 andcleaved caspase 3 levels (Fig. 8D,E).These results suggest thatTTK
inhibition can overcome olaparib resistance in vivo, likely by suppressing
RPA2-S33 phosphorylation and attenuating ATR signaling.

Discussion
TTKhasbeen identified as anoncogene, and its inhibitionhas been explored
as a potential targeted therapy for various cancers23–27. In basal-like breast
cancer, TTK inhibition enhances sensitivity to radiotherapy by impairing
HR capability23. Similarly, both genetic and pharmacological suppression of
TTK induce G2/M cell cycle arrest, increase DNA damage, and promote
apoptosis and necrosis through p21-mediated pathways in vitro, thereby
improving radiotherapy sensitivity in liver cancer cells24. In glioma, TTK
inhibition enhances radiotherapy sensitivity by reducing the HR and non-
homologous end joining (NHEJ) repair capacity26. Moreover, our previous
study demonstrated that TTK-specific siRNAs and inhibitors increase the
toxicity of cisplatin in OC cells27. In the present study, we show that TTK
inhibition overcomes olaparib resistance inHR-proficientOCcells, whereas
TTK promotes olaparib resistance in HR-deficient OC cells.

TTK is a dual-specificity protein kinase that plays a crucial role as a
mitotic checkpoint protein, regulating cell proliferation, the cell cycle, and
the DNA damage response8–10. TTK is activated and phosphorylates CHK2
at Thr68, thereby activating CHK246. In turn, CHK2 can phosphorylate and
stabilize TTK following DNA damage47. These interactions suggest a
potential cross-talk between the spindle assembly checkpoint and the DNA
damage checkpoint, with TTK being proposed as a DNA damage sensor in
mitotic cells46. We observed that olaparib treatment increased TTK levels,
likely due to replication stress and DNA damage induced by olaparib.
Moreover, the induction of TTK during olaparib treatment may represent
an adaptive resistance mechanism, although the precise mechanism
requires further investigation. Additionally, TTK phosphorylates MDM2,
promoting H2B ubiquitination and chromatin decompaction, which
enhances oxidative DNA damage repair through the ATR-CHK1 signaling
pathway48. In this study, we identified RPA2 as a novel substrate of TTK,
with TTK directly interacting with RPA2 to promote its phosphoryla-
tion at S33.

Phosphorylated RPA2 plays a significant role in cell cycle regulation
and the DNA damage response (DDR). RPA binds to single-strand DNA
(ssDNA) and forms an essential structure (RPA-ssDNA) for activating
ATR kinase49,50. Once activated, ATR phosphorylates multiple substrates
to prevent further DNA replication origin activation, stabilize stalled
replication forks, and activate cell-cycle checkpoints51. Additionally,
RPA2 and ATR are key players in HR repair. During HR-mediated
repair, RPA2 activates ATR and recruits RAD51 or directly interacts with
RAD5133. For example, following hydroxyurea (HU) treatment, cells with
an RPA2-(7xA) phospho-mutant formed fewer RAD51 foci and exhib-
ited reduced HR capacity28. Furthermore, cells expressing RPA2 S8D/
S33D presented significantly lower HR efficiency than did cells expres-
sing wt-RPA252,53. In addition, ATR enhances HR and RAD51
functions54. In our study, we demonstrated that RPA2 is involved in the
regulation of olaparib resistance in OC, with TTK playing a role in
promoting this resistance, partly through RPA2. Specifically, silencing
RPA2 resulted in increased γH2AX expression and decreased RAD51
accumulation. Conversely, TTK overexpression significantly reduced

Fig. 3 | TTK directly interacts with RPA2. A The MS-based analysis of TTK
targeted genes. B, C Co-IP assay was performed to demonstrate the endogenous
interaction between TTK and RPA2 in OVCAR8 and OV90 cells.
D Immunofluorescence staining showed the intracellular localization of TTK
(green) andRPA2 (red). The nucleus was stainedwithDAPI (blue). Scale bar: 10 μm.
E TTK and RPA2 interaction detected by Duo-link PLA in OVCAR8 and OV90
cells. TTK antibody or RPA2 antibody alone was used as negative control. Scale bar:
5 μm. Data aremean ± SD, n = 3, one-way ANOVA, **P < 0.01. F,GHEK293T cells
were co-transfected with pMyc-RPA2 and Flag-TTK vectors for 48 h. Co-IP assays
verified the exogenous interaction between pMyc-RPA2 and Flag-TTK. FAnti-Myc

antibody was used for Co-IP, and anti-Flag antibody detected Flag-TTK expression
in the immunoprecipitated proteins. G Anti-Flag antibody was used for Co-IP, and
anti-Myc antibody detected pMyc-RPA2 expression in the immunoprecipitated
proteins. H OVCAR8 cells were treated with CFI for 24 h, and Co-IP assays were
performed to detect the effect of CFI on the interaction between TTK and RPA2.
I OVCAR8 cells were treated with olaparib for 24 h, and Co-IP assays were per-
formed to evaluate the effect of olaparib on the interaction between TTK and RPA2.
JOVCAR8 and OV90 cells were treated with olaparib alone or in combination with
CFI for 24 h. Co-IP assays were conducted to detect the interaction between TTK
and RPA2. (Data are mean ± SD, **P < 0.01, n = 3).
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Fig. 4 | TTK phosphorylates RPA2 at the S33 residue. AOVCAR8 and OV90 cells
were transfected with PLKO.NC or TTK shRNA (shTTK1 and shTTK2). Western
blotting was performed to detect the levels of TTK, phosphorylation on RPA2 S33
(pRPA2 S33), S4 and S8 (pRPA2 S4/8), RPA2, and β-actin. B OVCAR8 and OV90
cells were treated with CFI for 48 h. Western blotting was used to assess the levels of
TTK, pRPA2 S33, pRPA2 S4/8, RPA2, and β-actin.COVCAR8 andOV90 cells were
transfected with or without Flag-TTK. Western blotting was performed to evaluate
the levels of TTK, pRPA2 S33, pRPA2 S4/8, RPA2, and β-actin.D In vitro translated
pMyc-RPA2 was incubated with TTK and ATP, and the pRPA2 S33 level was

detected by IP assay. EOVCAR8 andOV90 cells were transfected withNC or shTTK
for 24 h, followed by treatment with olaparib for 24 h. Western blotting was per-
formed to detect the levels of TTK, pRPA2 S33, RPA2, and β-actin. FOVCAR8 and
OV90 cells were treated with CFI, olaparib alone, or a combination of CFI and
olaparib for 48 h.Western blottingwas conducted to assess the levels of TTK, pRPA2
S33, RPA2, and β-actin.GWild-type ormutant RPA2was transfected into OVCAR8
cells, and the cells were treated with olaparib for 24 h before a co-
immunoprecipitation (Co-IP) assay was performed. The serine phosphorylation of
RPA2 was then detected. (n = 3).
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Fig. 5 | RPA2 silencing enhances olaparib sensitivity in ovarian cancer cells.
OVCAR8 and OV90 cells were stably transfected with PLKO.NC or RPA2 shRNA
(shRPA2 1# and shRPA2 2#). A The protein levels of RPA2 in OVCAR8 and OV90
cells were detected byWestern blotting. BMTT assays were performed to assess the
effect ofRPA2 knockdownon the sensitivity of olaparib inOVCAR8 andOV90 cells.
Data are mean ± SD, n = 3, Student’s t-test, **P < 0.01. C The colony survival assay

was conducted to evaluate the influence of RPA2 on olaparib sensitivity.
D Immunofluorescence was used to evaluate the number of γH2AX foci (Scale bar:
10 μm). E Representative images of costaining for PCNA (red) and RAD51 (green)
foci (Scale bar: 10 μm). FThe alkaline comet assay was performed to detect the DNA
damage levels (Scale bar: 10 μm). (Data are mean ± SD, **P < 0.01, n = 3, Scale
bar: 10 μm.).
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Fig. 6 | TTK regulates olaparib resistance through RPA2. OVCAR8 and OV90
cells were transfected with PCMV, TTK, shRPA2 1# or TTK combined with shRPA2
1# for 48 h.AWestern blot analysis was performed to detect the levels of TTK, RPA2,
and β-actin. B MTT assays were performed to detect the relative cell viability after
olaparib treatment. Data are mean ± SD, n = 3, one-way ANOVA. C,D The colony
survival assay was conducted to assess the colony formation ability under olaparib

treatment. Data are mean ± SD, n = 3, Student’s t-test. E Immunofluorescence was
used to evaluate the number of γH2AX, Scale bar: 10 μm. FRepresentative images of
costaining for PCNA (red) and RAD51 (green) foci, Scale bar: 10 μm.GThe alkaline
comet assay was performed to detect the DNA damage induced by olaparib treat-
ment, Scale bar: 10 μm. (Data are mean ± SD, *P < 0.05, **P < 0.01, Scale bar:
10 μm, n = 3).
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γH2AX expression and increased the number of RAD51 foci following
olaparib treatment. These changes were reversed by RPA2 knockdown,
indicating that the DNA repair function of TTK and RPA2 is partly
dependent on HR. Additionally, we showed that TTK activates the ATR
signaling pathway in OC through RPA2. However, it remains unclear
whether TTK inhibition primarily acts by potentiating replication stress,

suppressing HR, or both. To fully understand these mechanisms, future
studies should examine replication fork dynamics and HR efficiency.
Furthermore, it should be confirmed whether TTK inhibition and the
subsequent abrogation of ATR activity during Olaparib-mediated repli-
cation stress led to the uncontrolled firing of origins, excessive accu-
mulation of ssDNA, DSBs, and collapsed replication forks.
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Our study demonstrates that TTK inhibition effectively overcomes
olaparib resistance in HR-proficient OC cells. Mechanistically, TTK inter-
acts directlywithRPA2 topromote its phosphorylationat S33,which in turn
activates the ATR signaling pathway. On the basis of these findings, com-
bining TTK inhibitors with olaparib as treatment for OC can lead to
increased efficacy. This approach could particularly benefit OC patients
with high TTK expression or resistance to olaparib alone.

Materials and methods
Cell lines and cell culture
OVCAR8 cells were obtained from the M.D. Anderson Cancer Center’s
Characterized Cell Line Core. OV90 and UWB1.289 cells were purchased
from the American Type Culture Collection (ATCC,Manassas, VA, USA),
while olaparib-resistant SKOV3 (SKOV3/OLA) cells were established by
gradually exposing parental SKOV3 cells to increasing concentrations of
olaparib in our laboratory.HEK293Tcellswere purchased from theChinese
Academy of Sciences (Shanghai, China).

OV90 and HEK293T cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 15% fetal bovine serum
(FBS). OVCAR8 cells were maintained in RPMI-1640 medium with 10%
FBS. SKOV3/OLA cells were cultured inDMEMwith 10%FBS.UWB1.289
cells were grown in a 50:50mixture of RPMI-1640 andMammary Epithelial
Growth Medium (MEGM), supplemented with 5% FBS. All cultures were
incubated at 37 °C in a humidified atmosphere with 5% CO2. All cells were
absence of mycoplasma contamination and routinely tested using Short
Tandem Repeat (STR) profiling.

Cell culture reagents
Olaparib (S1060), CFI402257(S7552), and BAY1161909 (S8214) were
obtained from Selleck Chemicals (Houston, TX, USA).

Stable cell lines establishment
The TTK overexpression plasmid and corresponding control vectors were
obtained from GeneChem (Shanghai, China). Knockdown plasmids were
constructed by inserting the indicated sequences into PLKO.NC plasmid,
which served as the control. Lentivirus was generated co-transfecting
HEK293T cells with the psPAX2, pMD2.G, and PCMV/TTK (PLKO.NC/
shTTK or shRPA2) plasmids. OVCAR8, OV90, UWB1.289, and SK/OLA
cells, at appropriate confluence, were treated with the corresponding len-
tivirus for 24 h and subsequently selected with 2 μg/ml puromycin (Merck
Millipore, USA) for 1 week.

The sequences of the short hairpin RNAs (shRNA) were as follows:
shTTK1: 5′-AATGAACAAAGTGAGAGACAT-3′
shTTK2: 5′-GCACAATTTGAACTGTCACAA-3′.
shRPA2 1# (TRCN0000231924) and shRPA2 2# (TRCN0000005990)

were sourced from Sigma -Aldrich.

Cell viability assay
To assess the relative toxicity of olaparib in different groups, stable cell lines
were constructed as described above. Gradient concentrations of olaparib
were then added to the correspondingwells of a 96-well plate. Eachwell was
seeded with 3000 cells from each group 24 h prior to treatment with ola-
parib. After 48 h, 20 μLMTT solutionwas added to eachwell and incubated

for an additional 4 h. Following incubation, 100 μL of DMSO was added to
each well to dissolve the formazan crystals. The relative absorbance at
490 nm was measured using a Varioskan Flash microplate reader (Thermo
Scientific).

Colony survival assay
Ovarian cancer cells stably overexpressing or knocking downTTK orRPA2,
along with their corresponding control cells, were seeded at 1000 cells per
well in 6-well plates. The medium was replaced every 3 days until the
colonies grew to ~50 cells. Then, gradient concentrations of olaparib were
added, and the cells were cultured for an additional 48 h. After treatment,
the plates were fixed with methanol and stained with 1% crystal violet.
Images of the stained colonies were captured for further analysis.

Protein extraction and Western blotting
Cells were lysed by RIPA (Beyotime, P0013B, China), following with cen-
trifuging at 4 °C for 10min, and the supernatants were collected. The pro-
tein concentration was quantified with BCA Protein Assay kit (Merck
Millipore, USA). Equivalent amounts of proteins were loaded onto gels and
separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE), followed by transfer to PVDFmembranes (MerckMillipore,
Burlington, MA, USA). PVDF membranes were incubated with specific
primary antibodies at 4 °C overnight, followed by the addition of the
appropriate secondary antibodies.After a 1-h incubationwith the secondary
antibodies, an enhanced chemiluminescence detection kit (ECL ORT2655,
PerkinElmer, Waltham, MA, USA) was used to visualize the signal, which
was captured with a GE Amersham Imager 600 (GE). The primary anti-
bodies used in the analysis were as follows: TTK (1:1000; abcam; ab11108),
RPA2(1:1000; proteintech; 10412-1-AP), pRPA2 S4/8 (1:1000; abcam;
ab243866), pRPA2 S33 (1:1000; abcam; ab211877), β-actin (1:5000;
Sigma–Aldrich; A5441), pATR S428 (1:1000; CST; 2853 T), ATR (1:1000;
Selleck; F0773), Flag-tag (1:1000; CST; 8146 s), Myc-tag (1:1000; pro-
teintech; 60003-2-Ig).

Co-Immunoprecipitation (CO-IP)
Total protein was extracted using Western and IP Lysis Buffer (Beyotime;
P0013) and then centrifuged at 4 °C for 15min. The supernatant (800 μL)
was transferred to a new 1.5mL tube and incubated overnight at 4 °C with
the indicated primary antibodies or control (IgG).

On the following day, 40 μL of protein A/G Magnetic Beads for IP
(B23202, Selleck) was added to themixture and incubated for another 1 h at
4 °Cwith gentle rotation. The beads were thenwashed three times with cold
PBS containing PMSF (1:100). After washing, the beads were resuspended
in 25 μL of 3 × SDS loading buffer and boiled for 5min in a metal bath.
Finally, Western blot analysis was performed as described earlier.

Mass spectrometry (MS) assay
Atotal of 1 × 107OVCAR8cellswere lysedwithWestern and IPLysis Buffer
(Beyotime; P0013) and centrifuged at 4 °C for 15min. The cell supernatant
was then incubated with anti-IgG or anti-TTK antibody (ab11108, Abcam)
at 4 °C overnight.

On the following day, the proteins were collected as described in the
CO-IP part and separated on SDS-PAGE gels. The gels were then stained

Fig. 7 | TTK activate the ATR signaling pathway through RPA2. AOVCAR8 and
OV90 cells were transfected with PLKO.NC or RPA2 shRNA (shRPA2 1# and
shRPA2 2#).Western blot assays were conducted to detect the levels of RPA2, pATR,
ATR, and β-actin. B OVCAR8 and OV90 cells were transfected with pcDNA3.1,
pcDNA3.1-RPA2, and pcDNA3.1-RPA2 S33A plasmids for 48 h. Western blot ana-
lysis was used to measure the protein levels of RPA2, pATR, ATR, and β-actin.
C OVCAR8 and OV90 cells were transfected with PLKO.NC or TTK shRNA
(shTTK1 and shTTK2). Western blot assays were performed to assess the levels of
TTK, pATR, ATR, and β-actin. D OVCAR8 and OV90 cells were treated with CFI
for 48 h, then the levels of TTK, pATR,ATR, and β-actinwere evaluated.EOVCAR8
and OV90 cells transfected with PCMV-TTK were treated with or without olaparib.

Western blot assays were used to detect the protein levels of TTK, pRPA2 S33, RPA2,
pATR, ATR, and β-actin. FOVCAR8 andOV90 cells were treated with CFI for 24 h,
followed by transfection with pcDNA3.1 or pcDNA3.1-RPA2. The protein levels of
TTK, pRPA2 S33, RPA2, pATR, ATR, and β-actin were assessed. G, H OVCAR8,
and OV90 cells were transfected with shTTK2 and RPA2 for 48 h, followed by
treatment with or without VE-821 (an ATR inhibitor) for 24 h. Afterward, olaparib
was added for 72 h.MTT and colony survival assays were performed to demonstrate
that TTK inhibition overcame olaparib resistance in HR-proficient OC cells, partly
through the RPA2/ATR axis. Data are mean ± SD, n = 3, one-way ANOVA. (Data
are mean ± SD, *P < 0.05, **P < 0.01, n = 3).
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Fig. 8 | TTK facilitates olaparib resistance in vivo. OVCAR8 cells were sub-
cutaneously injected into the left armpit of each 5-week-old female mouse. The
mice were randomly divided into four subgroups (Control, CFI, OLA, and
CFI+OLA) when the tumor volumes reached ~100 mm3, and the indicated
drugs were administered for 2 weeks. A Photographs of tumors from each
group. B Tumor weights in each group. Data are mean ± SD, n = 6, one-way

ANOVA. C Body weight of the mice in each group. Data are mean ± SD, n = 6,
one-way ANOVA. D, E The protein levels of TTK, pRPA2 S33, RPA2, pATR,
ATR, Ki67, cleaved caspase 3, pro-caspase 3, and β-actin were measured in
tumor tissues from each group. Data are mean ± SD, n = 6, one-way ANOVA.
(Data are mean ± SD, #P＞0.05, *P < 0.05, **P < 0.01, ***P < 0.001, n = 6).
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withCoomassie Brilliant Blue.Afterward, the gel bandswere sent for Liquid
chromatography-tandem MS (LC-MS/MS) analysis. The LC-MS/MS ana-
lysis was performed by Applied Protein Technology (Shanghai, China).

Immunofluorescence assay and Duolink proximity-ligation
assays (PLA)
Cells were seeded onto glass coverslips within 24-well plates for 24 h.
Afterward, they were fixed with 4% paraformaldehyde for a quarter of an
hour and blocked with normal goat serum for half an hour.

For immunofluorescence assay, the cells were incubated with γH2AX
(1:100, Abcam; ab26350) alone or RAD51 (1:100, Abcam; ab133534) along
with PCNA (1:100, proteintech;10205-2-AP) overnight at 4 °C. On the
following day, the cells were gently rinsed with PBS for three times and
incubated with the corresponding secondary antibodies for 1 h at 37 °C in
the dark. Finally, the cells were stained with DAPI (1:1000) for 5min at
room temperature to label the nuclei. Images were captured using a Zeiss
LSM 780 (Carl Zeiss, Jena, Germany).

For PLA assay, TTK (1:100, abcam; ab11108) and RPA2(1:100; pro-
teintech; 10412-1-AP) antibodieswere added overnight at 4 °C.While, TTK
antibody or RPA2 antibody alone was used as negative control. Then,
Duolink® experiments were performed according to the manufacturer’s
protocol (navinci, NC.MR.100.RED).

In vitro phosphorylation assay
Flag-TTK, pMyc-RPA2, and the corresponding control proteins were
synthesized by the TNT T7 Quick Coupled Transcription/Translation
System (Promega, Madison, Wisconsin, USA) according to the manu-
facturer’s instructions. The synthesized proteins were incubated in 10×
kinase buffer at 4 °C overnight. The following day, pMyc-RPA2 was mixed
with 100 μMATPand incubated separatelywith Flag-TTKor the control in
10× kinase buffer at 30 °C for 1 h. After the incubation, an anti-Myc tag
antibody was added to the sample, mixed with 500 μL of 1× kinase buffer,
and incubated at 4 °C for 1 h. Protein A/GMagnetic Beads for IP (B23202,
Selleck) were then added, and themixture was rotated at room temperature
for 1 h. The proteins were collected as described in the CO-IP section and
detected by western blot.

Alkaline comet assay
Cells were harvested and resuspended in cold 1×PBS at a concentration of
1 × 105 cells/mL. The cell suspension was mixed with molten CometAssay
LMAgarose (at 37 °C) at a 1:10 (v/v) ratio, and 50 μL of the mixture was
immediately pipetted onto CometSlide™. The slide was incubated at 4 °C in
the dark for 10min to allow solidification. Following this, the slide was
immersed in Lysis Solution at 4 °C for 30min, then treated with Alkaline
Unwinding Solution for 20min at room temperature. The slide was placed
in an electrophoresis tray, immersed in Alkaline Electrophoresis Solution,
and electrophoresis was carried out at 21 V for 30min. After electrophor-
esis, the slide was washed with deionized water and 70% ethanol, then
stained with SYBR® Gold. The slide was visualized using a fluorescence
microscope. Finally, the imageswere analyzedwithOpenComet on ImageJ.

Tumor formation assay in nude mice
All animal experiments were conducted with approval from the Shandong
University Animal Care and Use Committee. We have complied with all
relevant ethical regulations for animal use.

OVCAR8 cells (about 5 × 106) were subcutaneously injected into the
left armpit of each female athymic BALB/c nude mouse. Tumor volumes
were observed and measured every other day using the formula:
volume = length × width2 × 0.5. Once the tumor volume reached
~100mm³, the mice were randomly assigned to four subgroups (Control,
CFI, OLA, and CFI+OLA). CFI-402257 was given at the dose of 6mg/kg
via oral gavage, while olaparib was administered at a dose of 50mg/kg via
intraperitoneal injection. The drugs were given either alone or in combi-
nation, once daily, for 14 days. Following the treatment period, the tumors
were harvested, photographed, and analyzed.

Statistics and reproducibility
All experiments were repeated independently at least three times. The
sample size (n) is indicated in the figure legends. The data are presented as
means ± SD. The significance between two groups was analyzed using
Student’s t-test, while one-way ANOVA was applied for comparisons
among more than two groups, using SPSS v22.0 (SPSS, Inc., Chicago, IL,
USA). A p value of <0.05 was considered statistically significant, with the
following designations: #p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
Data and graphics were processed using GraphPad Prism 8.00 (GraphPad
Software, La Jolla, CA, USA) and Adobe Photoshop CC 2019 (Adobe, San
Jose, CA, USA).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the article
and its Supplementary Information files. Uncropped WB images can be
found in the Supplementary Fig. 11 within the Supplementary Information.
TheMS-based analysis of TTKbinds proteins is provided as Supplementary
Data 1. The source data behind the graphs in the paper are provided in
SupplementaryData 2. Additional data andmaterials are available from the
corresponding author upon reasonable request.
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