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Background: Endometrial cancer (EC) is one of the most prevalent gynecologic cancers, which poses a serious threat to women’s
health worldwide. Olaparib, the first FDA-approved PARP inhibitor for the treatment of BRCA-mutated breast, ovarian and pancreatic
cancers, triggers apoptosis of cancer cells through synthetic lethality by inhibiting PARP1/2 enzymatic activity and BRCA1/
2-dependent homologous recombination (HR) repair deficiency. However, the synergistic lethal effects between Olaparib and
inhibitors of other DNA damage response proteins, such as ATM, PTEN and RADS51, are still unknown.

Aim: Exploring the synergistic lethal effect between Olaparib and KU-55933 on EC.

Methods: The GEPIA database was used to test EC patient survival rate. CCKS8 was used for cell viability assays. Western blot was
used for examining gene levels. The wound healing assay was used to detect cell migration ability. Flow cytometry was used for
detecting the apoptosis rate. All experimental conditions were repeated independently in triplicate and analyzed in three separate
experiments.

Results: In this study, we discovered that the frequency of ATM alterations in endometrial cancer reaches nearly 20% and that there is
a positive correlation between ATM alterations and prognosis. Furthermore, we discovered that endometrial cells with low expression
levels of ATM are sensitive to Olaparib. Treatment with KU-55933, a specific inhibitor of ATM, significantly enhanced the sensitivity
of endometrial cancer cells to Olaparib, as evidenced by colony formation, cell migration and apoptosis assay. Further analysis
revealed that KU-55933 potentiates Olaparib-induced cell apoptosis by inhibiting ATM phosphorylation.

Conclusion: Our study demonstrates that inhibiting ATM could enhance the sensitivity of endometrial cancer to Olaparib, thereby
providing a potential alternative treatment for the clinical treatment of endometrial cancer.
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Background

Endometrial cancer (EC) is a type of epithelial malignant tumors occurring in the endometrium." It is one of the most prevalent
gynecologic cancers, which poses a serious threat to women’s health and lines the fourth after mammary glands cancer, lung
cancer and rectum cancer.>> EC can be classified basically into two types based on Bokhman’s classification complemented
with detailed genetic, biochemical and histopathological studies. Type I EC represents high expression of estrogen and
progesterone receptors, low histological differentiation and presenting as an early-stage disease. Type II EC represents
a highly aggressive and invasive cancer with lower expression of estrogen and progesterone receptors than type I, commonly
presenting as an advanced-stage disease.* ® Compared to other malignancies, endometrial cancer often presents with early
clinical symptoms, leading to early diagnosis in most cases.” After systemic therapy, most endometrial cancer patients have
a good prognosis and a low recurrence rate. However, if the cancer does recur, the prognosis is often poor.' Surgical excision is
an effective therapeutic means for early EC. But for recurrent EC, chemotherapy is the preferred option.® Paclitaxel combined
with carboplatin is more effective and better tolerated than triple therapy with doxorubicin and cisplatin for patients at the time
of first recurrence.” In addition to the above-mentioned chemotherapeutic agents, topotecan and docetaxel have also shown

activity in recurrent endometrial cancer, although response rates have been disappointingly low.'?
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A complex network of proteins is involved in DNA damage response (DDR) via detecting and repairing DNA
damages. DDR sensor proteins identify damaged DNA area and control the subsequent cellular responses. For double-
strand breaks (DSBs), the Ku70/Ku80 protein heterodimer and MRN complex (MRE11-RAD50-NBS1) are the pre-
dominant sensors. Ku7/Ku80 binds DNA DSBs within seconds of them being generated and serves as a platform for the
subsequent recruitment of classical non-homologous end-joining (NHEJ) proteins. The MRN complex plays key roles in
triggering activation of the DNA-damage signaling kinase Ataxia-telangiectasia mutated (ATM), the initiation of DNA
end-resection and promotion of repair by HR. Chromatin context, transcriptional status, cell cycle stage and extent of
end-resection are all factors that contribute to the selection of DNA repair, either by HR or NHEJ.!' Poly(ADP-ribose)
polymerase (PARP) is an important sensor for DNA single-strand breaks (SSBs). Seventeen PARP family members have
been identified in human cells, of which PARP-1 has a predominant role in DNA repair. PARP1 is best known for its role
in DNA base excision repair (BER) and repair of DNA single-strand breaks (SSBs),'? although it also has a less well-
defined role in DNA double-strand break (DSB) repair by alternative non-homologous end-joining (alt-NHEJ).

Olaparib, also named by the chemical name of 4-[3-(4-cyclopropylcarbonylpiperazin-1-carbonyl)-4-fluorobenzyl]-
2H-phthalazin-1-one, is the Federal Drug Agency (FDA) approved PARP (Poly ADP-ribose polymerase)-inhibitor for
clinical use in BRCA1/2 mutated ovarian cancer.'® It mainly acts as a competitive inhibitor of NAD+ at the catalytic site
of PARP1 and PARP2.'* PARP enzymes are responsible for DNA single-strand break (SSBs) repair.'> By inhibiting

PARP, olaparib disrupts SSBs repair and induces synthetic lethality in cells that have mutations in BRCA1/2.'¢""?

BRCA1/2 are involved in homologous recombination (HR), which is critical for double-stranded DNA break repair.*®-*'
The BRCA1/2 genes play a crucial role in ensuring the proper assembly and disassembly of HR proteins at the site of
DNA damage. Mutations in these genes can lead to defective HR, which increases the risk of cancer development, and
also increases the sensitivity to genotoxic agents including ionizing radiation and chemotherapeutic drugs that damage
DNA such as platinum agents and PARP inhibitors.?* Olaparib can inhibit PARP catalytic activity, and trap PARP1 and
PARP2 on DNA lesions that block replication machinery and prevent fork protection, fork reversal, and fork restart.”®
This results in double-strand breaks (DSBs) that need to be repaired by HR.>*** As this damage can only be accurately
repaired by HR, cancer cells that are deficient in BRCA1/2 or other HR genes will be more sensitive to Olaparib.'”*
Although Olaparib is currently the only clinically approved treatment for patients with BRCA1/2 mutations, recent
studies have repeatedly shown that cells with defects in other HR genes, including ATM (Ataxia-telangiectasia mutated),
PTEN and RAD51, are also sensitive to Olaparib.?®?’

ATM kinase belongs to a family of serine/threonine phosphatidylinositol 3-kinase-like-protein-kinases (PIKK) and
plays a vital role in cellular DNA damage response.”®* In the resting state, ATM mainly resides in the nucleus as an
inactive dimer and transfers to chromatin to undergo auto-phosphorylation and dissociate into active monomers in
response to DNA double-strand breaks.>*>' Once activated, ATM phosphorylates downstream effector proteins, includ-
ing P53, CHK2, H2AX, among others, to regulate cell cycle and death.?’

Due to its critical role in DSB repair, similar to BRCA1/2, ATM is a promising therapeutic target for cancer treatment.
Zhang et al reported that a patient with gallbladder carcinoma harboring an ATM-inactivating mutation responded well to
Olaparib, with a progression-free survival of 13 months.*® Another study suggests that ATM inhibition could enhance the
effects of Olaparib in the cell lines of lung, gastric and breast cancer. Moreover, the efficacy of Olaparib was significantly
improved in two patient-derived triple-negative breast cancer (TNBC) xenograft models.”” These findings indicate that
combining ATM inhibition and Olaparib can effectively enhance tumor killing and overcome acquired resistance.

In this study, we investigated the therapeutic potential of combining ATM inhibition with Olaparib in endometrial
cancer cell lines. Specifically, we examined the effects of ATM inhibitor KU-55933, both alone and in combination with
Olaparib, in Ishikawa and Hec-108 cell lines. Our results demonstrated that KU-55933 not only inhibits colony formation
and cell migration but also promotes apoptosis induced by Olaparib. These findings provide valuable insights that could
be used to guide more comprehensive in vitro and in vivo follow-up studies, with the ultimate goal of informing the
design of clinical trials focused on enhancing the therapeutic index and improving clinical outcomes for patients with

endometrial cancer.
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Methods

Cell Lines and Reagents

This study used six human endometrial cancer cell lines, Ishikawa (type I), Hec-1B (type 1I), AN3CA (type I), KLE (type
II) and RL952 (type I) which were purchased from Procell Life Science & Technology Co., Ltd., and Hec-108 (type 1)
was obtained from Shanghai Huiying biological technology Co., Ltd. Ishikawa and Hec-108 were cultured in DMEM
(SH30243.01, Hyclone), while others were maintained in DMEM/F12 (SH30023.01, Hyclone). Both were supplemented
with 10% FBS (FB15015, Clark) and 1% penicillin/streptomycin (100 U/mL). Cell cultures were incubated at 37 °C in
a humidified incubator under 5% CO2.

Olaparib (HY-10162) and ATM inhibitor, KU55933 (HY-12016), were purchased from MedChemExpress, dissolved
in 50 mM stocks in DMSO and stored at —20 °C. The antibodies used in this study, including ATM (92356), Phospho-
ATM (5883), PARP (9532), Caspase-3 (9662), cleaved Caspase-3 (9664), b-actin (3700) and horseradish peroxidase
(HRP)-linked anti-mouse (7076)/rabbit (7074) IgG, were all purchased from Cell Signaling Technology.

ATM Expression and Prognostic of Endometrial Cancer Analysis
The GEPIA database (http://gepia.cancer-pku.cn/index.html) was used to analyze the transcription level of the ATM gene in

various human cancers and its association with prognostic endometrial cancer by retrieving expression levels of ATM mRNA
(log2-transformed) in human cancers vs normal tissues for statistical comparison. The cBioPortal database (http:/www.
cbioportal.org/) was used to evaluate the frequency of changes in ATM mutations in endometrial cancer. Moreover, we also
analyzed the prognostic value of ATM in endometrial cancer through cBioPortal.

Drug Treatment and Cell Viability Assays

For measurement of sensitivity to Olaparib, cells were seeded in six-well plates at a concentration of 10* per well and
treated with various concentrations of drug after 24 hr. Medium and drug were replaced every 3 days. After 10 days, Cell
Counting Kit-8 (CCKS8, C0039 and Beyotime) working solution was added into the well and incubated for 4 hr. For
measurement of sensitivity to KU-55933, cells were treated with various concentrations of drug for 72 hr. The incubation
time of Olaparib single treatment for sensitivity detection was in accordance with the reports of Aki Miyasaka et al.*
The incubation time of KU-55933 and the combination treatment with Olaparib was according to the reports of lan
Hickson et al.>* CCKS tetrazolium salt is reduced by cellular dehydrogenases to an orange formazan product that is
soluble in tissue culture medium. The absorbance at 460nm was measured using a microplate spectrometer. Each
condition is performed in three replicated wells, and the data represent three independent experiments.

Western Blot Analysis

Equal amounts of cell lysate were loaded onto SDS-PAGE electrophoresis and transferred onto a PVDF membrane
(BSPO161, Pall). The membrane was subsequently exposed to primary antibodies against ATM (92356), Phospho-
ATM (5883), PARP (9532), Caspase-3 (9662), cleaved Caspase-3 (9664), and b-actin. Next, the membranes were
incubated with corresponding secondary antibodies, and the bands were detected using enhanced chemiluminescence
(1810212, Clinx).

Colony Formation Assay

Triplicate wells of 6-well plates were seeded with 600 Ishikawa or Hec-108 cells and maintained in a complete medium
with Olaparib/KU-55933 alone or in combination for 72 hr. After that, treated cultures were incubated for additional 2
weeks in a drug-free medium to allow colony formation. Cells were washed with cold PBS and fixed at room temperature
for 30 min with a 4% neutral paraformaldehyde solution. Cell colonies were stained with 0.5% (w/v) crystal violet for 30
min, and visible colonies (=50 cells) were then counted. GraphPad Prism 5.0 was used for statistical analyses of the

quantitative data.
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Cell Migration Assay

For the cell migration assay, 1x10° / cells of Ishikawa or Hec-108 were seeded in each well of 6-well plates. Once the
cells reached 100% confluence, sterile pipette tips were used to scratch the wound uniformly. The culture medium was
then replaced with a serum-free medium with KU-55933 or/and Olaparib. The cell migration ability was assessed at 0,
24, 48, and 72 hr using a light microscope to capture images. Each experiment was conducted in triplicate.

Flow Cytometry Detection of Apoptosis

To detect cell apoptosis, the FITC Annexin V apoptosis detection kit I (556547, BD Biosciences) was used. Ishikawa and
Hec-108 cells were cultured to 30-50% confluence and then treated with Olaparib (50 uM) alone or in combination with
KU-55933 (10 uM) for 24 hr. The cells were then harvested, washed with cold PBS and stained with PI and FITC-
Annexin V. Apoptosis was detected by CytoFLEX (Beckman Coulter) and analyzed by CytExpert software.

Statistical Analysis
Data were expressed as the means = standard deviations of three independent experiments. The significance of
differences between the two samples was analyzed using Student’s #-test. P<0.05 was considered to denote

a statistically significant difference. The synergistic effect was calculated by SynergyFinder (https://synergyfinder.
1.34

fimm.fi/) using Bliss mode

Results

Endometrial Cancer Cells Exhibit Low Expression and High Mutation Frequency of
ATM

To investigate the role of ATM in human cancers, we utilized the GEPIA database to analyze the transcription level of ATM
genes in various cancer tissues compared to normal. As shown in Figure 1A, ATM transcription was downregulated in all
five gynaecological tumors including breast invasive carcinoma (BRCA), cervical and endocervical cancers (CESC),
ovarian serous cystadenocarcinoma (OV), uterine corpus endometrial carcinoma (UCEC) and uterine carcinosarcoma
(UCS). In addition to BRCA, the expression level of ATM in the other four gynecological tumors was significantly inhibited
(Figure 1B). Then, we further evaluated the alteration of ATM in various human cancers through the cBioPortal database.
The results showed that the mutation frequency of ATM in UCEC was much higher than that in other cancers and reached
nearly 20% (Figure 1C). Although the expression level of ATM had nothing to do with prognosis (Figure 1D), further
analysis showed that the alteration of ATM was significantly associated with disease-specific survival (DSS), disease-free
survival (DFS), progress-free survival (PFS) and overall survival (OS) (Figure 1E-H). Specifically, ATM alteration is
related to improved survival of patients with uterine endometrioid carcinoma, but not uterine serous carcinoma or uterine
papillary sarcoma (Figure S1 and S2). Furthermore, mutation and deep deletion are the main ATM alteration in patients with
endometrioid carcinoma, but four ATM alteration types exist in patients with uterine serous carcinoma or uterine papillary
sarcoma (Figure S3A). Meanwhile, the mRNA level was not different between patients in these two groups (Figure S3B)
and the genome alteration did not change the ATM mRNA level (Figure S3C). These results indicate that ATM may be
a potential therapeutic target for endometrial cancer.

Endometrial Cells with Low Expression Levels of ATM are Sensitive to Olaparib
HR-based synergistic lethal effect is the main mechanism of tumor killing by Olaparib. However, as an important
regulator of HR, the mutation frequency of ATM in endometrial cancer is highest among all analyzed tumor types in
Figure 1C. Therefore, we conducted a CCK8 assay to test the sensitivity of six endometrial cancer cell lines to Olaparib.
Although the sensitivity varied, Olaparib was capable of killing all six cell lines (Figure 2A). To investigate whether the
sensitivity was relevant to ATM, we detected the expression level of ATM in six cell lines using Western blot.
Interestingly, the two most sensitive cell lines, KLE and RL952, expressed the lowest ATM, while the least sensitive
cells, Ishikawa and Hec-108, showed the highest ATM (Figure 2B). These findings suggest that ATM negatively
regulated the sensitivity of endometrial cancer cells to Olaparib.
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detected by Western blot.

KU-55933 Potentiates the Effects of Olaparib

To assess the biological function of ATM in endometrial cancer cells, we utilized KU-55933, a specific inhibitor of ATM,
to interfere with its expression. The sensitivity to KU-55933 of these six cell lines was examined by CCKS assay to
determine the dose for combination treatment (Figure S4). As shown in Figure 3A and B, the sensitivity of Ishikawa and
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Hec-108 cells to Olaparib was significantly improved by treatment with KU-55933. Furthermore, combination treatment
with Olaparib and KU-55933 resulted in a significant reduction in clone size and number compared to treatment with
KU-55933 or Olaparib alone in Ishikawa and Hec-108 cells (Figure 3C and D). In addition, KU-55933 also markedly
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boosted Olaparib to inhibit the migration capabilities of Ishikawa and Hec-108 cells (Figure 3E-H). These results
demonstrate that Olaparib in combination with KU-55933 may be an effective treatment means for endometrial cancer
with high-level ATM.

KU-55933 Promotes the Cell Death Induced by Olaparib by Inhibiting the
Phosphorylation of ATM

To investigate the potential of combining Olaparib and KU-55933 in endometrial cancer treatment, we detected the
apoptosis-inducing ability of these drugs in Ishikawa and Hec-108 cells using PI and Annexin V double staining.
Although KU-55933 or Olaparib individual could induce about 20% and 50% cell apoptosis, respectively, the two-drug
combination treatment could dramatically elevate the apoptosis rate to over 80% (Figure 4A and B). However, the
underlying molecular mechanism is unknown. Since ATM activation depends on its phosphorylation modification, we
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Figure 4 KU-55933 promotes cell death induced by Olaparib by inhibiting the phosphorylation of ATM. (A and B) Apoptosis induced by Ku-55933 (10 uM) and Olaparib
(50 uM) alone or together was detected by flow cytometry (A), the percentages of stained cells (PI+/Annexin V-+ PI-/Annexin V++ Pl+/Annexin V+) were shown (B). Data
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detected the phosphorylation level of ATM in cells that were treated with KU-55933 and Olaparib alone or together. The
results showed that KU-55933 significantly inhibit the phosphorylation of ATM induced by Olaparib (Figure 4C).
Simultaneously, the cleavage of caspase-3 was heavily increased in cells treated with KU-55933 and Olaparib
(Figure 4C). During caspase-dependent apoptosis, PARP1 is cleaved by caspases 3 and 7. We observed that KU-
55933 treatment could increase the cleavage of PARP1. However, the combination of KU-55933 and Olaparib did not
increase the level of cleavage of PARP1. These findings suggest that KU-55933 promoted the apoptosis of Ishikawa and
Hec-108 cells induced by Olaparib by inhibiting the phosphorylation of ATM.

Discussion

Endometrial cancer is one of the most common gynecological cancers worldwide. With risk factors including advanced
age, obesity and prolonged unopposed estrogen exposure, the incidence of endometrial cancer is rising.>> >’ As most
patients are diagnosed with early-stage disease, surgical removal of the uterus and adnexa is generally the treatment of
choice.*® Chemotherapy, locoregional radiotherapy, or a combination of both is usually used as an adjuvant treatment
based on the risk of locoregional recurrence or metastasis. However, even getting the optimal surgical and adjuvant
treatment, 7~15% of early-stage (I-II) patients have recurring disease.”®>’ Despite significant progress in endometrial
cancer treatment in recent years, the challenges in curing this disease have not been fully addressed.

Pharmacological inhibition of compensatory DDR pathway components, such as PARP, in cells with functional
genetic defects in an HR-related gene can induce irreversible genomic instability, mitotic catastrophe and cell death.*
Although BRCA1/2 play key roles in HR repair, the relationship between other tumor suppressor genes and HR repair is
still controversial. Previous studies have demonstrated that ATM has the potential to be a therapeutic target for mantle
134142 and colorectal cancer® based on synthetic lethality with PARP inhibitors. In fact, PARP inhibition
has been granted as a “breakthrough therapy designation” for prostate cancer carrying ATM mutations.** In this study, we

cell lymphoma

found that ATM expression was significantly downregulated in endometrial cancer (Figure 1A and B). What was
intriguing was that the downregulated ATM did not affect the prognosis (Figure 1D), and the ATM mRNA level was
similar in Type I and Type II EC tumors (Figure S3B). As previous studies have reported that the most common causes of
homologous recombination deficiency (HRD) are BRCA mutations,*> we then analyze the mutation of ATM in various
human cancers, and the results showed that the alteration frequency of ATM gene reached nearly 20% in endometrial
cancer, much more than that of prostate cancer (about 7%) (Figure 1C). Patients with Type I EC have a higher ATM
mutation rate (22.81%), but patients with Type II EC have increased amplification, deep deletion and structural variation
rate in ATM coding region, suggesting that Type II ECs carry more complex genomic variations (Figure S3A). More
importantly, this mutation is closely related to the good prognosis (Figure 1E—H). This promoted us to study the potential
of inhibiting ATM to kill endometrial cancer.

Olaparib is the first FDA-approved PARP inhibitor for patients with advanced ovarian, breast and pancreatic cancer,
particularly those with BRCA1/2 deficiencies. However, the sensitivity of endometrial cancer to Olaparib is still unknown.
Through CCKS assays and Western blot analysis of six endometrial cancer cell lines, we found that the sensitivity of the cells
to Olaparib had a reverse correlation with the expression level of ATM (Figure 2A and B). This sensitivity was strengthened by
the ATM inhibitor, KU-55933, treatment (Figure 3A and B). Further studies indicated that ATM inhibitor and PARP inhibitor
together could inhibit colony formation and cell migration more significantly than those induced by KU-55933 or Olaparib
alone (Figure 3C-H). PI and Annexin V double staining assay also demonstrated that the two inhibitors combination could
immediately kill the endometrial cancer cells effectively (Figure 4A and B).

There are still limits of this study: (1) We identified the downregulation of ATM in ECs, but the factors that contribute to ATM
downregulation remain unclear. ATM expressions are regulated by various factors at both transcriptional and post-transcriptional
levels.*® ATM level can even be regulated by virus coded miRNAs.*” Therefore, the mechanism of ATM dysregulation in ECs
may be complex and needs to be further investigated; (2) The functional study of this research was processed using Ishikawa and
Hec-108 cells. These two cell lines are both Type I EC cells, and whether the synergistic function of Olaparib and KU-55933 still
work in type II ECs remains unclear; (3) Increased cell death would expect increased cleaved PARP. However, this does not occur
in the presence of Olaparib. Similar results were reported by Ruoxi Hong et al in MCF7 cells.** The binding of Olaparib to
PARPI1 may inhibit the binding between PARP1 and caspases, and the cleavage of PARP1, which needs to be further confirmed.
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In summary, our study has proven that ATM inhibitors could be a potential means to enhance the sensitivity of
endometrial cancer to Olaparib. Furthermore, we provide a new idea and alternative for the clinical treatment of
endometrial cancer. Of course, there are still some limitations in our research. First is that the underlying molecular
mechanism of endometrial cancer cell apoptosis induced by ATM inhibitor and PARP inhibitor combination is still not
clear. Given that ATM is involved in multiple functions in DNA repair and checkpoints, the mechanisms responsible for
the cytotoxicity associated with ATM inhibitors are much more complex.*' We have validated that KU-55933 improves
the sensitivity of endometrial cancer cells to Olaparib by inhibiting the phosphorylation of ATM, but we are not sure if
there are other mechanisms. Second, we just analyze the therapeutic efficacy of ATM inhibitor and PARP inhibitor
combination at the cellular level. Many more animal trials will be needed before it can be tested on people.

Conclusions
KU-55933, as the specific inhibitor of ATM, significantly improves the sensitivity of endometrial cancer cells to Olaparib
by promoting cell apoptosis induced by Olaparib by inhibiting the phosphorylation of ATM.
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