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IGFBP3 promotes resistance
to Olaparib via modulating
EGFR signaling in advanced prostate cancer

Amy R. Leslie,1 ShuNing,1 CameronM. Armstrong,1 Leandro S. D’Abronzo,1 Masuda Sharifi,1 Zachary A. Schaaf,1

Wei Lou,1 Chengfei Liu,1,2 Christopher P. Evans,1,2 Alan P. Lombard,1,3 and Allen C. Gao1,2,4,5,*
SUMMARY

Olaparib is a pioneering PARP inhibitor (PARPi) approved for treating castration-resistant prostate cancer
(CRPC) tumors harboring DNA repair defects, but clinical resistance has been documented. To study ac-
quired resistance, we developed Olaparib-resistant (OlapR) cell lines through chronic Olaparib treatment
of LNCaP and C4-2B cell lines. Here, we found that IGFBP3 is highly expressed in acquired (OlapR) and
intrinsic (Rv1) models of Olaparib resistance. We show that IGFBP3 expression promotes Olaparib resis-
tance by enhancing DNA repair capacity through activation of EGFR and DNA-PKcs. IGFBP3 depletion en-
hances efficacy ofOlaparib by promotingDNAdamage accumulation and subsequently, cell death in resis-
tant models. Mechanistically, we show that silencing IGFBP3 or EGFR expression reduces cell viability and
resensitizes OlapR cells to Olaparib treatment. Inhibition of EGFR by Gefitinib suppressed growth of
OlapR cells and improved Olaparib sensitivity, thereby phenocopying IGFBP3 inhibition. Collectively,
our results highlight IGFBP3 and EGFR as critical mediators of Olaparib resistance.

INTRODUCTION

The progression of therapeutic resistance continues to be one of the biggest challenges in prostate cancers.1 The androgen receptor (AR)

signaling pathway is crucial for all stages of prostate cancer.2,3 Androgen deprivation therapy (ADT) is the golden standard for treating pros-

tate cancer.4 Many patients will respond to ADT, but eventually the incurable disease will tolerate drug therapeutics.5,6 Tumors acquire mu-

tations that allow thesemalicious cancer cells to overcome anticancer therapy through diverse escapemechanisms, thus evolving into castra-

tion-resistant prostate cancer (CRPC).7 The next-generation anti-androgen therapies (NGATs) were developed to treat CRPC, which has

greatly improved patient survivability.8–10 Alas, CRPC patients eventually relapse as the tumors prevail against AR-targeted therapies.11–13

Poly(ADP-ribose) polymerase inhibitors (PARPi) are a revolutionary class of targeted therapeutics that weaponizes the tumor cell’s homol-

ogous recombination (HR) defects by disrupting PARP’s function to repair DNA breaks.14,15 This approach selectively kills tumor cells with HR

defects while sparing the patient’s nonmalignant cells, in a process termed synthetic lethality.16 The landmark battles of 2005 discovered that

epithelial cancers lacking germline BRCA1, BRCA2, and ATM struggle to repair double-strand DNA breaks (DSBs) due to the cancer cell’s

inability to perform homology-directed DNA repair, thus are vulnerable to DNA damage.17–19 Members of the poly(ADP-ribose) polymerase

(PARP) family have a highly conservedADP-ribosyl transferase (ART) domain and are involved inmany cellular pathways that regulate genomic

DNA integrity.20 PARP1 and PARP2 are the only DNA-dependent PARPs required to facilitate the repair of both single-strand and double-

strand breaks through their conserved Tyr-Gly-Arg (WGR) domain.21 Thus, PARPi’s will induce DNA damage and trigger cell death in tumor

cells which lack adequate capacity to repair DNA damage.

Metastatic CRPC can develop genomic mutations that interfere with DNA repair.22–24 The BRCA genes are the most frequently mutated

DNA damage response (DDR) gene in prostate cancer and are responsible for genomic integrity maintenance through HR pathway.17,25 Pa-

tients with metastatic CRPC are prone to higher incidences of germline mutations in DRR genes compared to primary prostate cancer, thus

genomic integrity is compromised.26–29 Metastatic prostate cancer afflicted with DDR genomic aberrations have a favorable response to

PARP inhibitors due to this HR vulnerability caused by the destabilized genome.23 The phase III PROfound trial granted the PARP inhibitor,

Olaparib, breakthrough therapy designationwhich prompted the Food andDrugAdministration (FDA) to approveOlaparib for the treatment

of metastatic CRPC (mCRPC).22 About 20% of mCRPC patients have mutations in HR genes such as BRCA1, BRCA2, and ATM.30,31 However,

the drugs used to treat mCRPC patients carrying HRmutations impose selective pressure which leads to the formation of PARPi resistance.32
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Despite the clinical effectiveness of PARPi’s, resistance in advanced stages of prostate cancer has been observed in which tumor cells

restore their HR repair (HRR) capacity.33,34 The mechanisms underlying the development of resistance are largely unknown. Reversion muta-

tions are one scenario in which clinically documented PARPi resistant tumors regain BRCA1 or BRCA2 functions and are no longer deficient in

HR genes.35,36We have previously developedOlaparib-resistant (OlapR) prostate cancer cells and characterized their response toOlaparib to

elucidate the underlyingmechanisms of PARPi resistance.37 TheOlapR cells are highly resistant towardOlaparib, and in fact, show cross-resis-

tance toward several PARPi’s including but not limited to Rucaparib, Talazoparib, andNiraparib. It was discovered, that unlike their sensitized

counterparts, the OlapR cells fail to arrest the G2/M checkpoint and display a blunted response to Olaparib. Interestingly, the OlapR models

exhibit increasedDNAdamage which suggests that themechanism of resistance stems fromDSB repair pathways.37 Repairing DSBs requires

the phosphorylation of histoneH2AX at serine 139, forminggH2AX, which initiates the recruitment of theDNAdamage response (DDR).38 The

activation of gH2AX serves as a checkpoint for HR and NHEJ repair pathways.39 The HR pathway represents a high-fidelity repair process,

while the NHEJ pathway is intrinsically mutagenic.40 During the cell cycle, HR is restricted to S/G2 phase following DNA replication whereas

NHEJ has free reign.41 Biochemical analysis of post-translational modifications reveals increased gH2AX in the OlapR cells which suggests

that the mechanism behind PARPi resistance depends on their ability to endure persistent DNA damage.

Previous studies have found that the overexpression of IGFBP3 is a strong predicator of prostate cancer progression, tumor recurrence,

and poor patient survival.42 IGFBP3 plays a major role in the DDR. Specifically, IGFBP3 plays an active role in the NHEJ repair pathway.43 Dur-

ing NHEJ, the catalytic subunit of DNAPK (DNAPKcs) along with the Ku70/80 heterodimer is necessary for repairing DSBs.44 It has been

demonstrated that exogenous DNA damage induces autophosphorylation of DNAPKcs at serine 2056 in breast cancer models.45 Further-

more, IGFBP3was found to potentiate epidermal growth factor (EGF) signaling to stimulate EGF receptor (EGFR) activation, whichmodulates

NHEJ DSB repair by forming a complex with DNAPKcs.45–47

In this study, we found that IGFBP3 is overexpressed in OlapR cells. We examined the effects of IGFBP3 on Olaparib resistance and DNA

damage. We uncovered DNA repair response strategies employed to re-sensitize PARPi resistant tumors and thus, circumvent drug resis-

tance mediated by overexpression of IGFBP3 and activation of EGFR signaling. We showed that IGFBP3 and EGFR are highly upregulated

in the OlapR models. IGFBP3 depletion in OlapR cells reduces the phosphorylation of DNAPKcs. With IGFBP3 knockdown, the resistant

models increase DNA damage and exhibit Olaparib sensitivity. Treatment with a combination of PARP and EGFR inhibitors resulted in syn-

ergistic growth inhibition of OlapR cells, implicating IGFBP3-EGFR signaling as a mediator of resistance to PARP1-targeting agents. These

findings propose that upregulation of IGFBP3 promotes Olaparib resistance by enhancing the formation of the IGFBP3/EGFR/DNAPKcs pro-

tein complex in response to DNA damage, thus overcoming the effects of Olaparib. Our results suggest that combining PARPi’s with other

DDR target inhibitors like Gefitinib may have therapeutic advantages in certain CRPC subtypes and warrants further investigation.
RESULTS

IGFBP3 is highly expressed in models of Olaparib resistance

In our previous studies, we have generated twoOlaparib-resistant (OlapR) cell sublines named LN-OlapR and 2B-OlapR from LNCaP and C4-

2B cells, respectively.37 The OlapR models are far less sensitizing to Olaparib than the parental cells.37 Olaparib significantly inhibits the pro-

liferation of LNCaP andC4-2B parental cells but has little effect on their resistant derivatives (Figures S1A and S1B). LNCaP is representative of

castration-sensitive prostate cancer cells while C4-2B is representative of CRPC cells. LNCaP and C4-2B cell lines are excellent preclinical

models to study CRPC progression.48 LNCaP has BRCA2 mutations while C4-2B cells are derived from LNCaP-derived, castration-resistant

C4-2 cells.49 LNCaP cells feature other HR mutations in RAD51B, RAD54L, ATM, and FANCA, which supports the argument that extreme HR

vulnerability contributes to Olaparib sensitivity.24,50,51 Thus, providing the rationale that LNCaP and C4-2B would exhibit Olaparib sensitivity.

To understand potentialmechanisms underlying resistance toOlaparib, we employed transcriptomics to analyze alterations in pathways in

OlapR resistant models. RNA-seq analyses in OlapR models identified 455 upregulated genes conserved between LN-OlapR and 2B-OlapR

(Figure 1A). Specifically, the transcriptomics profiling revealed that IGFBP3 is highly expressed in the resistant cells (Figures 1B, S1C, and S1D)

and validated the increased IGFBP3mRNA levels by qPCR (Figure 1C). IGFBP3 has been identified as a biomarker for treatment resistance in

advanced stages of prostate cancer.42,47,52 In addition, IGFBP3 overexpression is strongly associated with clinical tumor aggressiveness, pros-

tate cancer recurrence after ADT, and poor prognosis.42,47,53 IGFBP3 is significantly upregulated in high Gleason score prostate cancer pa-

tients in TCGA and DKFZ datasets (Figure 1D).

To assess IGFBP3 expression levels in OlapR cells, we performed western blot analyses. The results show that IGFBP3 expression is signif-

icantly increased at the protein level in LN-OlapR and 2B-OlapR cells (Figure 1E). IGFBP3 contains both a 27 amino acid signal peptide at the

N-terminus and a nuclear localization signal at the C-terminus, which allows for IGFBP3 extracellular secretion and nuclear transportation,

respectively.54 This secretory signal peptide sequence allows for the extracellularly secretion of IGFBP3.55 To assess the secretion of

IGFBP3 in the OlapR models, we measured the concentration of IGFBP3 in the culture medium supernatant using an ELISA assay. We found

that IGFBP3 secretion is increased in the resistant models compared to the parental cells (Figure 1F). Collectively, our findings support that

high levels of IGFBP3 are indicative of Olaparib resistance.

Olaparib inducesDNAdamage and ensuing apoptosis in cancer cells harboringDNA repair defects.23Olaparib-treated LNCaP andC4-2B

cells exhibit increased gH2AX (Figure 1G), but the OlapR cells have no increase in gH2AX levels when treated with Olaparib.37 In LNCaP and

C4-2B cells treated with Olaparib, there is an increase in IGFBP3 mRNA and protein levels which coincides with the increased gH2AX thus

revealing the connection between IGFBP3 and DSB repair pathways (Figures 1G and 1H). This finding is consistent with OlapR models,

LN-OlapR and 2B-OlapR, having significantly higher levels of gH2AX compared to their parental counterparts, LNCaP and C4-2B, by western
2 iScience 27, 108984, February 16, 2024
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Figure 1. IGFBP3 is highly expressed in Olaparib-resistant LN-OlapR and 2B-OlapR cell line models

(A) Venn diagrams of RNA-sequencing analysis of LN-OlapR and 2B-OlapR depicting the upregulated genes (minimum 2-fold change).

(B) The mRNA expression levels of IGFBP3 in LN-OlapR and 2B-OlapR cells were determined by RNAseq (read count).

(C) Relative mRNA expression levels of IGFBP3 in LN-OlapR and 2B-OlapR cells were determined by qPCR.

(D) In two cBioPortal databases (DKFZ and TCGA), IGFBP3 gene expression levels were determined in tumor samples of different Gleason scores.

(E) The protein expression of IGFBP3 and gH2AX in parental cells, OlapR cells was determined by western blot analysis. Tubulin served as a loading control.

(F) The secretion of IGFBP3 was determined by ELISA between OlapR and parental cell line.

(G) The protein expression of c-PARP and gH2AX in LNCaP and C4-2B cells treated with 5mMOlaparib or vehicle control for two days was determined by western

blot analysis. Tubulin served as a loading control.

(H) Relative mRNA expression levels of IGFBP3 in LNCaP and C4-2B cells treated with 5mMOlaparib or vehicle control for 48 h were determined by qPCR. p value

less than 0.05 was considered significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Statistical analysis was performed using Student’s t test and one-

way ANOVA.
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blot analysis (Figure 1E). The high levels of gH2AX confirm the presence of DNAdamage in the resistant models and indicate activation of the

DSB repair pathways, which includes HR and NHEJ. Thus, Olaparib treatment recruits IGFBP3 to respond to DNA damage in the sensitive

setting. These results suggest that IGFBP3 overexpression augments DSB repair to promote Olaparib resistance.

IGFBP3 inhibition reduces cell growth and enhances Olaparib sensitivity

To test whether IGFBP3 affects Olaparib resistance in OlapR models, we performed cell growth assays using small interfering RNA (siRNA)-

mediated IGFBP3 knockdown. We found that silencing IGFBP3 decreases IGFBP3 mRNA and protein levels in OlapR cells using qPCR and

western blots (Figures 2A and 2B). Our biochemical assays revealed that IGFBP3 depletion significantly increases gH2AX and cleaved-PARP

protein levels in theOlapRmodels (Figure 2B). This data suggests that the knockdown of IGFBP3 inducesDNAdamage and apoptosis. OlapR

cells treated with IGFBP3 knockdown drastically reduce cell viability (Figure 2C). We next evaluated the effect of siRNA-induced depletion of

IGFBP3 onOlaparib sensitivity in the resistant cells (Figures 2D and S2). The cell growth assay suggests that IGFBP3 knockdown enhances the

efficiency of Olaparib in the resistant models (Figure 2D), which is accompanied with increased gH2AX and cleaved-PARP expression (Fig-

ure 2E). Together, these results demonstrate that IGFBP3 knockdown aids in Olaparib sensitivity in the resistant setting.

EGFR-DNAPKcs signaling is overexpressed in OlapR cells

IGFBP3 has been shown to be involved in DNA repair pathways.43 IGFBP3 enhances growth factor signaling, leading to ligand-triggered

EGFR dimerization. This results in the phosphorylation of EGFR, causing its relocation to the nucleus. Subsequently, this initiates the auto-

phosphorylation of the DNAPKcs at the Ser2056 site, an essential step for DNA double-strand break repair through the NHEJ pathway.44–47

EGFR is a member of the DRR, meaning that DNA damage recruits EGFR, which in turn causes EGFR to mediate its downstream signaling

pathways to contribute to DNA repair capacity.56,57 Using western blot analyses, we found that EGFR phosphorylation levels are increased in

both OlapR models (Figure 3A). Additional studies demonstrate that adding recombinant IGFBP3 to 2B-OlapR cells enhances EGFR phos-

phorylation (Figure S3A), and inhibiting IGFBP3 decreases EGFR phosphorylation but adding EGF ligand elicits EGFR phosphorylation
iScience 27, 108984, February 16, 2024 3
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Figure 2. IGFBP3 inhibition induces DNA damage and sensitizes resistant cells to Olaparib treatment

(A) RelativemRNA expression levels of IGFBP3 in LN-OlapR and 2B-OlapR cells after transfectionwith siRNA targeting IGFBP3 for 48 hwere determined by qPCR.

(B) The protein expression of IGFBP3, c-PARP, and gH2AX in LN-OlapR and 2B-OlapR cells treated with siIGFBP3 for 48 h was determined by western blot

analysis. Tubulin served as a loading control.

(C) The cell growth of LN-OlapR and 2B-OlapR cells treated with siIGFBP3 for 48 h was determined by CCK-8.

(D) The cell growth of LN-OlapR and 2B-OlapR cells transiently transfected with IGFBP3 siRNA and then treated with Olaparib for 72 h was determined by CCK-8.

(E) The protein expression of IGFBP3, c-PARP, and gH2AX in LN-OlapR and 2B-OlapR cells transiently transfected with IGFBP3 siRNA and then treated with

Olaparib for 72 h was determined by western blot analysis. Tubulin served as a loading control. p value less than 0.05 was considered significant (*, p < 0.05;

**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Statistical analysis was performed using Student’s t test and one-way ANOVA.
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(Figure S3B). Furthermore, the levels of DNAPKcs phosphorylation are also upregulated in the OlapR models (Figure 3B). We also found that

siRNA mediates depletion of EGFR and decreases cell viability of the 2B-OlapR cells (Figure 3C). These findings suggest that the interaction

between both IGFBP3 and EGFR is required for Olaparib resistance by promoting DNA repair mediated by DNAPKcs activation in the resis-

tant setting. EGFR is highly expressed and activated in many cancers and is correlated with poor prognosis.58 In prostate cancer, EGFR over-

expression is associated with prostate cancer metastasis.59 Data analysis indicates that EGFR and DNAPKcs are significantly upregulated in

patients with high Gleason score prostate cancer, respectively (Figures 3D and 3E) (Figure S4).
EGFR inhibition suppresses OlapR cell growth and enhances Olaparib sensitivity

Targeting the function of IGFBP3 may serve as a therapeutic model for sensitizing resistant cells to Olaparib. However, a problem is that

IGFBP3 does not have a small molecule inhibitor available. Having demonstrated that inhibition of EGFR by siRNA suppressed growth in

2B-OlapR cells, we decided to target EGFR using pharmacological inhibitors to test if the combination enhancesOlaparib sensitivity and phe-

nocopies IGFBP3 inhibition. Using cell growth assays, we demonstrated that treating the OlapR models with the small molecule inhibitor,

Gefitinib, targeting EGFR signaling significantly inhibited the growth of OlapR cells (Figures S5A and S5B). Gefitinib inhibited the growth

of both OlapR cells in a dose-dependent manner with the IC50 values for LN-OlapR = 20.77mmol/L and 2B-OlapR = 17.13mmol/L, respectively

(Figure 4A). Using clonogenic assays, we demonstrated that treating Olaparib-sensitive, castration-resistant C4-2B cells and Olaparib-resis-

tant, castration-resistant 2B-OlapR cells with 20mM Gefitinib decreased cell survival (Figures S5C and S5D). Inhibition of EGFR by Gefitinib

decreased phosphorylated EGFR protein levels (Figure 4B).

Since IGFBP3 inhibition re-sensitizes the resistant models to Olaparib inhibition, will EGFR inhibition also re-sensitize the OlapR cells to

Olaparib treatment? We next test if Gefitinib can improve Olaparib efficacy within the OlapRmodels. Using cell growth assays, we found that

the combination of Olaparib and Gefitinib synergistically inhibited cell growth of the OlapR cells (Figure 4C), indicating that treating the

OlapR cells with Olaparib and Gefitinib resensitizes the resistant cells to Olaparib with the combination drug index (CDI) values were less

than 0.7 which indicates synergism between the two drugs.60 In line with the cell growth assay results, the colony formation assays support
4 iScience 27, 108984, February 16, 2024
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Figure 3. EGFR/DNAPKcs-mediated DSB NHEJ signaling upregulated in Olaparib-resistant prostate cancer

(A) The protein expression of phospho-EGF receptor (Tyr1068) and IGFBP3 in parental cells, OlapR cells was determined by western blot analysis. Tubulin served

as a loading control.

(B) The protein expression of phospho-DNA-PKcs (Ser2056) and IGFBP3 in parental cells, OlapR cells was determined bywestern blot analysis. Tubulin served as a

loading control.

(C) The cell growth of 2B-OlapR cells transfected with EGFR siRNA for 3 days and 5 days was determined by CCK-8.

(D) In the cBioPortal database (SUC2/PCF Dream Team, PNAS 2019), EGFR gene expression levels were determined in tumor samples of different Gleason

scores.

(E) In the cBioPortal database (Broad/Cornell, Nat Genetics 2012), PRKDC (DNA-PKcs) gene expression levels were determined in tumor samples of different

Gleason scores.

(F) In the cBioPortal database (MSK, Science 2022), PRKDC (DNA-PKcs) gene expression levels were determined in organoid derived cancer types, prostate

adenocarcinoma and prostate. p value less than 0.05 was considered significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Statistical analysis

was performed using Student’s t test.
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the combination of Olaparib and Gefitinib which showed dramatic inhibition of cell survival in the OlapRmodels (Figure S6). Lastly, we tested

the drug combination in spheroids derived from the 2B-OlapR cell lines which models the unique 3D architecture of tumors. We found that

Olaparib and Gefitinib significantly inhibit the 2B-OlapR spheroid cell viability (Figure 4D). The Isobologram analysis also showed that com-

bination of Olaparib and Gefitinib synergistically inhibited cell growth in 2B-OlapR cells61 (Figure 5). These experiments reveal that Gefitinib

alters Olaparib sensitivity and phenocopies IGFBP3 inhibition.

IGFBP3 is overexpressed in Rv1 cells

Acquired and intrinsic are forms of therapeutic resistance.62 LN-OlapR and 2B-OlapR cell lines serve as models of acquired Olaparib resis-

tance.37 Rv1 is a castration-resistant, AR-positive humanprostate cancer cell line.63 Despite harboring BRCA2mutations, suggesting potential

sensitivity to PARPi, Rv1 cells demonstrate strong resistance to Olaparib (Figure 6A). This positions the Rv1 cell line as a model for intrinsic

Olaparib resistance.49 We test if IGFBP3 overexpression is associated with the intrinsic Olaparib resistance in Rv1 cells. IGFBP3 is significantly

upregulated in Rv1 cells compared to LNCaP and C4-2B cells, respectively (Figure 6B). The Rv1 cells have increased protein levels in P-EGFR

and gH2AX compared to LNCaP andC4-2B cells (Figure 6C). Similar to theOlapRmodels, Rv1 cells also exhibit increased P-DNAPKcs expres-

sion (Figure 6D). These experiments support that high levels of IGFBP3 are indicative of Olaparib resistance, both acquirable and intrinsically.

We next tested if IGFBP3 is necessary for intrinsic Olaparib resistance in Rv1 cells. Using a cell growth assay, we found that IGFBP3 inhi-

bition decreases Rv1 cell proliferation (Figure S7A).We confirmed the depletion of IGFBP3 RNAandprotein levels in the Rv1 cells (Figures S7B

and S7C). As Rv1 cells express high levels of P-EGFR, we examined the effect of increasing doses of Gefitinib on cell growth. Gefitinib inhibits

Rv1 cell growth with the IC50 value = 13.63 mmol/L (Figures 6E and S7D). Lastly, we treated the Rv1 cells with the Olaparib/Gefitinib combi-

nation and found that it synergistically decreases the cell growth and cell survival (Figures 6F and S7E). These results indicate that targeting

IGFBP3 and EGFR will impact both acquired and intrinsic Olaparib resistance.
iScience 27, 108984, February 16, 2024 5
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Figure 4. EGFR inhibition and Gefitinib inhibits OlapR cell growth and enhances Olaparib sensitivity

(A) The IC50 values of LN-OlapR and 2B-OlapR treated with Gefitinib via cell growth were determined by CCK-8.

(B) The protein expression of phospho-EGF receptor (Tyr1068) in LN-OlapR and 2B-OlapR cells treated with 20mMGefitinib for 48 h was determined by western

blot analysis. Tubulin served as a loading control.

(C) The cell growth of LN-OlapR and 2B-OlapR treated with 10mMOlaparib and 20mMGefitinib for 72 h was determined by CCK-8. The combination drug index

(CDI) of Olaparib and Gefitinib in LN-OlapR and 2B-OlapR was calculated.

(D) The cell viability of 2B-OlapR derived spheroids treated with 15mMOlaparib and 25mMGefitinib were determined by Cell Titer Glo. p value less than 0.05 was

considered significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Statistical analysis was performed using Student’s t test.
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DISCUSSION

In this study, we identified a potential mechanism of resistance to the PARP inhibitor Olaparib that involves overexpression of IGFBP3 and

activation of EGFR-DNAPKcs pathway in advanced prostate cancer. We found that IGFBP3 is significantly overexpressed in two Olaparib-

resistant cell models (LN-OlapR and 2B-OlapR), linked to both acquired and intrinsic resistance. IGFBP3 inhibition via small interfering

RNA decreased cell viability and increased sensitivity to Olaparib. We also found that IGFBP3 activates the EGFR-DNAPKcs axis, which is

critical for DNA double-strand break repair. We further demonstrate that inhibiting EGFR using Gefitinib decreased cell growth and restored

Olaparib sensitivity in the resistant models. Our results indicate that IGFBP3 overexpression and EGFR-DNAPKcs pathway activation play a

key role in Olaparib resistance. Targeting IGFBP3 and EGFR could potentially enhance Olaparib’s effectiveness in prostate cancer treatment.

The Olaparib-resistant (OlapR) sublines, LN-OlapR and 2B-OlapR, display significantly reduced sensitivity to Olaparib compared to their

parental LNCaP and C4-2B cells. LNCaP and C4-2B cells harboring homologous recombination (HR) mutations were anticipated to exhibit

Olaparib sensitivity, hence the development of resistance warranted investigation. Our exploration into the OlapR resistance mechanisms

via transcriptomics revealed that IGFBP3wasmarkedly overexpressed in resistantOlapR cells. Prior studies indicated that IGFBP3 overexpres-

sion was linkedwith clinical tumor aggressiveness, cancer recurrence post-ADT, and poor prognosis.42,43,47 This correlation was also validated

in high Gleason score prostate cancer patients.64 Further analyses demonstrated elevated IGFBP3 protein levels in the resistant cell models.

The ability of IGFBP3 to be secreted extracellularly, due to its unique structure containing a signal peptide sequence, was also observed in the

OlapR models.

To investigate the necessity of IGFBP3 in Olaparib resistance, we knocked down IGFBP3 expression via siRNA and observed a reduction in

bothmRNA and protein levels of IGFBP3 inOlaparib-resistant (OlapR) cells.We found that IGFBP3 depletion triggered an elevation in gH2AX

and cleaved-PARP protein levels in OlapRmodels, signifying the induction of DNAdamage and apoptosis. IGFBP3 knockdown caused a sub-

stantial reduction in the viability of OlapR cells. Furthermore, the cell growth assays demonstrated that IGFBP3 knockdown enhanced the

efficacy of Olaparib in the resistant models, an effect that was accompanied by increased gH2AX and cleaved-PARP expression. These results

offer compelling evidence that IGFBP3 plays a pivotal role in facilitating Olaparib resistance.
6 iScience 27, 108984, February 16, 2024



Figure 5. Gefitinib synergizes with Olaparib in the Olaparib-resistant CRPC, 2B-OlapR, cell line

(A) 2B-OlapR cells were treated with Olaparib (Ola) or Gefitinib (Gef) alone or combination at doses as indicated. The cell number was counted 2 days following

the treatment and expressed as percentage to the control.

(B and C) Dose-response curves for the combination of Gefitinib and Olaparib. Data plotted as the concentration of Gefitinib vs. inhibition of cell viability, in the

presence of increasing doses of Olaparib (B) and as the concentrations of Olaparib in the presence of increasing doses of Gefitinib (C).

(D) Isobologram analysis. The blue line represents the isobole derived from actual Olaparib-Gefitinib combinations that produce 50% inhibition. The diagonal,

dotted line indicates additivity, and the data points below the line of additivity indicate synergy, data points above denote antagonism.
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IGFBP3’s overexpression appears to have a pronounced effect on DNA double-strand break (DSB) repair pathways. Whereas Olaparib

induced DNA damage and subsequent apoptosis in LNCaP and C4-2B cells, this was not seen in the OlapR cells (Figure 1G). Intriguingly,

IGFBP3 mRNA levels and gH2AX levels were seen to increase in conjunction in Olaparib-treated LNCaP and C4-2B cells, suggesting a po-

tential link between IGFBP3 and DSB repair. This connection was further reinforced by the observation that OlapR models had significantly

higher levels of gH2AX, suggesting that IGFBP3 overexpression enhances DSB repair, thereby promoting Olaparib resistance.

IGFBP3 has been identified as an activator of ligand-induced dimerization of EGFR.65,66 Once dimerization occurs, EGFR becomes phos-

phorylated and translocates to the nucleus, where it triggers the autophosphorylation of DNAPKcs at the Ser2056 site, a critical step for the

repair of double-strand breaks (DSBs) via non-homologous end-joining (NHEJ). We observed an increase in the phosphorylation levels of

EGFR in both of our Olaparib-resistant OlapR cells. Concurrently, we detected an upregulation in the phosphorylation levels of DNAPKcs

in OlapR cells. Furthermore, depletion of EGFR through siRNA resulted in a significant decrease in cell viability of 2B-OlapR cells and a sub-

stantial reduction in proliferation. These findings support the notion that the IGFBP3-EGFR interaction is crucial for promoting DNA repair

mediated by DNAPKcs activation, thereby contributing to Olaparib resistance. Notably, EGFR is often highly expressed and activated in

many cancers and is associated with poor prognosis. Specifically in the context of prostate cancer, EGFR overexpression has been linked

to metastasis.67 In patients with high Gleason score prostate cancer, upregulation of both EGFR and DNAPKcs has been identified (Fig-

ure 3D-F). Collectively, these data highlight the importance of the IGFBP3-EGFR-DNAPKcs signaling pathway in OlapR cells and suggest

that targeting this pathway might present a novel therapeutic strategy for overcoming Olaparib resistance in prostate cancer.

With IGFBP3-EGFR-DNAPKcs identified as a key pathway toOlaparib resistance but currently lacking a small molecule inhibitor to IGFBP3,

our attention was drawn to EGFR. Our studies had demonstrated the suppression of cell growth in 2B-OlapR cells through siRNA-mediated

EGFR inhibition, leading us to further explore the use of pharmacological inhibitors to enhance Olaparib sensitivity. We found that treatment

of OlapRmodels with the EGFR-targeting small molecule inhibitor, Gefitinib, resulted in significant growth inhibition of OlapR cells. Gefitinib

suppressed the growth of OlapR cells in a dose-dependent manner, with IC50 values of 20.77mmol/L and 17.13mmol/L for LN-OlapR and 2B-

OlapR cells, respectively. Considering the effect of IGFBP3 inhibition on re-sensitizing resistant models to Olaparib, we then investigated if

similar results could be achieved with EGFR inhibition. Cell growth assays revealed that the combination of Olaparib and Gefitinib

synergistically inhibited cell growth of OlapR cells, pointing to the possibility of using this drug combination to overcomeOlaparib resistance.

Further support for this strategy was provided by the Isobologram analysis, which demonstrated the synergistic cell growth inhibition by the
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Figure 6. IGFBP3 and EGFR are overexpressed in the intrinsic Olaparib-resistant Rv1 cell line

(A) The cell growth of Rv1 cells versus LNCaP and C4-2B cells treated with increasing doses of Olaparib for 72 h demonstrate robust resistance to Olaparib was

determined by CCK-8.

(B) Relative mRNA expression levels of IGFBP3 in Rv1 cells were determined by qPCR.

(C) The protein expression of IGFBP3, Phospho-EGF receptor (Tyr1068), and gH2AX in Rv1 cells was determined by western blot analysis. Tubulin served as a

loading control.

(D) The protein expression of phospho-DNA-PKcs (Ser2056) in Rv1 cells was determined by western blot analysis. Tubulin served as a loading control.

(E) The IC50 value of Rv1 cells treated with Gefitinib via cell growth were determined by CCK-8.

(F) The cell growth of Rv1 treated with 10 mMOlaparib and 10 mMGefitinib for 72 h was determined by CCK-8. The combination drug index (CDI) of Olaparib and

Gefitinib in Rv1 was calculated. p value less than 0.05 was considered significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Statistical analysis was

performed using Student’s t test.
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Olaparib-Gefitinib combination in 2B-OlapR cells. Finally, we examined the efficacy of this drug combination on 2B-OlapR cell-derived spher-

oids, which mimic the 3D architecture of tumors. Notably, the combination of Olaparib and Gefitinib significantly inhibited the viability of

these spheroid cells. In conclusion, our results indicate that Gefitinib can alter Olaparib sensitivity, thereby phenocopying the effects of

IGFBP3 inhibition, and presents a potential therapeutic strategy for overcoming Olaparib resistance in prostate cancer.

Our study on the OlapR models, specifically LN-OlapR and 2B-OlapR, offered insights into the mechanisms of acquired Olaparib resis-

tance. To complement this understanding, we further evaluated the Rv1 cell line, a castration-resistant, AR-positive human prostate cancer

model, to understand the intricacies of intrinsic Olaparib resistance. Rv1 cells demonstrated robust resistance toward Olaparib, underlining

their utility as an intrinsic resistancemodel. Our data revealed a significant upregulation of IGFBP3 in Rv1 cells compared to LNCaP andC4-2B

cells, echoing our earlier observations in OlapR models and supporting the potential involvement of IGFBP3 in intrinsic Olaparib resistance.

The protein expression levels of P-EGFR, gH2AX, and IGFBP3 were elevated in Rv1 cells, as was the expression of P-DNAPKcs, reaffirming the

role of the IGFBP3-EGFR-DNAPKcs pathway in PARPi resistance. Inhibition of IGFBP3 via siRNA knockdown resulted in a decrease in Rv1 cell

proliferation and resensitized Rv1 cells to Olaparib treatment, concomitant with reduced IGFBP3 RNA and protein levels. Given the high

levels of P-EGFR observed in Rv1 cells, we subsequently assessed the impact of EGFR inhibition via Gefitinib on Rv1 cell growth. We found

that Gefitinib efficiently inhibited Rv1 cell growth, with an IC50 of 13.63mmol/L, and enhancedOlaparib activity. These findings further demon-

strate that overexpression of IGFBP3 and EGFR serves as key mechanisms in both acquired and intrinsic Olaparib resistance.

In summary, we demonstrated that IGFBP3 is highly expressed in models of Olaparib resistance, both in acquired (LN-OlapR and 2B-

OlapR cell lines) and intrinsic (Rv1 cells) resistance models. IGFBP3 inhibition led to decreased cell growth and increasedOlaparib sensitivity,

signifying its crucial role in maintaining Olaparib resistance. We also found that EGFR-DNAPKcs signaling, which is known to be potentiated

by IGFBP3, was overexpressed in Olaparib resistant cells. Pharmacological inhibition of EGFR using Gefitinib resulted in decreased cell

growth and improved Olaparib sensitivity, thereby phenocopying IGFBP3 inhibition. These findings highlight IGFBP3 and EGFR as critical
8 iScience 27, 108984, February 16, 2024
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mediators of Olaparib resistance and suggest that targeting thesemolecules could be a promising strategy to overcomeOlaparib resistance

in advanced stages of prostate cancer.

Limitations of the study

We demonstrated that Olaparib plus IGFBP3 inhibition enhanced DNA damage and activated apoptosis; however, additional work is

required to determine whether DNA damaged-induced cell death could result from combining IGFBP3 inhibition with other PARPi family

members (Rucaparib, Talazoparib, orNiraparib). This study is limited to prostate cancer cells. The effect of IGFBP3 under various physiological

conditions and cancer types will require further investigation. In addition, an effective and safe IGFBP3 inhibitor needs to be developed to

translate these findings into clinics. We addressed most of our questions using in vitro experiments, but more physiological studies using

animal models will be the next step in this line of research.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IGFBP3 Santa Cruz Biotechnology Cat# SC-365936, RRID: AB_10917037

Phospho-Histone H2A.X (Ser139) Cell Signaling Technology Cat#: 9718, RRID: AB_2118009

Cleaved PARP Cell Signaling Technology Cat#: 9541, RRID: AB_331426

Phospho-DNA-PKcs (Ser2056) Cell Signaling Technology Cat#: 68716, RRID: AB_2939025

Phospho-EGF Receptor (Tyr1068) Cell Signaling Technology Cat#: 2234, RRID: AB_331701

EGF Receptor Cell Signaling Technology Cat#: 4267, RRID: AB_2246311

DNA-PKcs Cell Signaling Technology Cat#: 4602, RRID: AB_10692482

Alpha Tubulin Santa Cruz Biotechnology Cat#: sc-5286, AB_628411

Anti-Rabbit ThermoFisher Scientific Cat#: NC0161557, RRID: AB_218567

Anti-Mouse ThermoFisher Scientific Cat#: NC9575145, RRID: AB_218457

Chemicals, peptides, and recombinant proteins

Olaparib (AZD2281) Selleck Chemicals Cat#: S1060, CAS: 763113-22-0

Gefitinib MedChemExpress Cat#: HY-50895, CAS: 184475-35-2

DMSO Corning Cat#: 25-950-CQC

Negative Control DsiRNA Integrated DNA Technologies Cat#: 51-01-14-04

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher Scientific Cat#: 13778150

Opti-MEM Gibco Cat#: 31985088

TRIzol ThermoFisher Scientific Cat#: 15596018

RNase-free DNase ThermoFisher Scientific Cat#: FEREN0521

ImProm-II Reverse Transcriptase Promega Cat#: PR-A3802

SsoFast EvaGreen Supermix BioRad Cat#: 1725205

Halt Protease Inhibitor Cocktail (100X) ThermoFisher Scientific Cat#: 78430

Immobilon Crescendo Western HRP substrate Millipore Cat#: WBLUR0500

Recombinant Human IGFBP-3 R&D systems Cat#: 675-B3

Recombinant Human Epidermal Growth Factor (EGF) Gibco Cat#: PHG0313

Crystal Violet ThermoFisher Scientific Cat#: C581-25

BIOFLOAT 96-well ultra-low attachment plate faCellitate Cat#: F202003

RPMI 1640 Corning Cat#: MT10040CV

Fetal Bovine Serum (FBS) Corning Cat#: 35-010-CV

Penicillin-Streptomycin Solution (100x) Corning Cat#: 30-002-CI

Dulbecco’s Phosphate-Buffered Saline (DPBS) (1x) Corning Cat#: 21-031-CV

0.5% Trypsin-EDTA (10x) Gibco Cat#: 15-400-054

Critical commercial assays

Mycoplasma PCR Detection Kit Applied Biological Materials Cat#: G238

Pierce Bradford Plus Protein Assay Kits ThermoFisher Scientific Cat#: 23236

Cell Counting Kit-8 (CCK-8) Dojindo Molecular Technologies Cat#: CK04

Cell Titer-Glo 2.0 Cell Viability Assay Promega Cat#: G9242

NEB Next Ultra Directional RNA Library Prep Kit New England BioLabs Cat#: E7420

Human IGFBP-3 ELISA Kit Sigma-Aldrich Cat#: RAB0235

Human EGFR [pY1068] ELISA Kit Invitrogen Cat#: KHR9081

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNAseq Data This paper GSE249514

Prostate Cancer (DKFZ, Cancer Cell 2018) cBioPortal http://www.cbioportal.org

Prostate Adenocarcinoma (TCGA, Cell 2015) cBioPortal http://www.cbioportal.org

Metastatic Prostate Adenocarcinoma

(SU2C/PCF Dream Team, PNAS 2019)

cBioPortal http://www.cbioportal.org

Prostate Adenocarcinoma

(Broad/Cornell, Nat Genet 2012)

cBioPortal http://www.cbioportal.org

Experimental models: Cell lines

LNCaP ATCC CRL-1740

C4-2B ATCC CRL-3315

22Rv1 ATCC CRL-2505

LN-OlapR Lombard et al. N/A

2B-OlapR Lombard et al. N/A

Oligonucleotides

IGFBP3 DsiRNA Integrated DNA Technologies Cat#: hs.Ri.IGFBP3.13.1

Sequence: 50-rArArUrGrGrUrArArAr

CrUrUrGrArGrCrArUrCrUrUrUrUCA-30

EGFR DsiRNA Integrated DNA Technologies Cat#: hs.Ri.EGFR.13.3

Sequence

50-rCrGrGrArArUrArGrGrUrArUrUrGr

GrUrGrArArUrUrUrAAA-30

IGFBP3 qPCR Primer Integrated DNA Technologies 50- ATGCAGCGGGCGCGAC

30- CTACTTGCTCTGCATGCTGTAGCA

Actin qPCR Primer Integrated DNA Technologies 50-CCCAGCCATGTACGTTGCTA

30-AGGGCATACC- CCTCGTAGATG

Software and algorithms

cBioPortal cBioPortal http://www.cbioportal.org

GraphPad Prism 10.0 GraphPad https://www.graphpad.com/

Gene Set Enrichment Analysis (GSEA) 4.1.0 UC San Diego and Broad Institute https://www.gsea-msigdb.org/gsea/index.jsp

ImageJ National Institutes of Health (NIH) https://imagej.nih.gov/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Allen Gao

(acgao@ucdavis.edu).

Materials availability

This study did not generate any unique reagents.
Data and code availability

� RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. This paper analyzes existing, pub-

licly available data. Accession numbers are listed in the key resources table. All the data reported in this study will be shared by the lead

contact upon request.
� This study does not report any original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
iScience 27, 108984, February 16, 2024 13

mailto:acgao@ucdavis.edu
http://www.cbioportal.org
http://www.cbioportal.org
http://www.cbioportal.org
http://www.cbioportal.org
http://www.cbioportal.org
https://www.graphpad.com/
https://www.gsea-msigdb.org/gsea/index.jsp
https://imagej.nih.gov/


ll
OPEN ACCESS

iScience
Article
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cell lines and culture conditions

Human PC cell lines LNCaP, C4-2B, and 22Rv1were obtained fromAmerican TypeCultureCollection (ATCC,Manassas, VA, USA). All cell lines

were derived frommale donors. ATCC uses short tandem repeat profiling for testing and authentication of cell lines. LNCaP, C4-2B, and Rv1

cells weremaintained in RPMI 1640 (Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Corning, NY, USA), 100 IU penicillin

(Corning, NY, USA), and 0.1 mg/mL streptomycin. Olaparib-resistant LN-OlapR and 2B-OlapR cells were derived from LNCaP andC4-2B cells

respectively through chronic exposure to increasing doses of Olaparib (Selleck Chemicals, Houston, TX, USA) for over 1 year as described

previously.37 Both OlapR cell lines are maintained in complete RPMI 1640 supplemented with 5 mmol/L Olaparib. LNCaP and C4-2B cells

were cultured alongside OlapR derivative cell lines as appropriate controls. All cell lines are routinely tested for mycoplasma using Myco-

plasma PCR Detection Kit purchased from Applied Biological Materials (Richmond, CA). All experiments with these cell lines and their

derivatives were conducted within 6 months of receipt or resuscitation after cryopreservation. Cell cultures were maintained at 37�C in a hu-

midified incubator with 5% carbon dioxide. Olaparib (Cat#: S1060, CAS: 763113-22-0) was purchased from Selleck Chemicals (Houston, TX,

USA). Gefitinib (Cat#: HY-50895, CAS: 184475-35-2) was purchased from MedChemExpress (Monmouth Junction, NJ, USA).

METHOD DETAILS

Transcriptomics

RNA samples were submitted to the UCDavis Comprehensive Cancer Center’s Genomics Shared Resource (GSR) for RNA-sequencing (RNA-

seq) analysis. Stranded mRNA-Sequencing libraries were prepared from 100 ng total RNA using Next Ultra Directional RNA Library Prep Kit

(Cat#: E7420) purchased fromNew England BioLabs (Ipswich, MA, USA) according to themanufacturer’s standard protocol, and as previously

described. Subsequently, libraries were combined for multiplex sequencing on an Illumina HiSeq 4000 System (2 3 150 bp, paired-end,

R20 3 106 reads per sample). Demultiplexed raw sequence data (FASTQ) were analyzed with a HISAT-StringTie-Cufflinks pipeline for

read mapping to the human reference genome assembly (Dec. 2013, GRCh38/hg38), followed by transcript assembly and quantification

of expression values as read counts. Principal component analysis (PCA) was conducted on the read counts gene-level data for all genes/tran-

scripts passing filter (Filtered on Expression > 0.1) in the raw data (GEO accession number: GSE249514).

Bioinformatics and data analysis

Clinical datasets were analyzed using the cBioPortal for Cancer Genomics (http://www.cbioportal.org/).64 The levels of IGFBP3, EGFR, and

PRKDC mRNA in both normal prostate and PCa tissues were evaluated by analyzing multiple PCa mRNA datasets obtained from cBioPortal

database. Further analysis was performed by dividing the patients into two groups based on Gleason Scores levels.

Cell growth assay

Cells were seeded at a density of 25,000 cells per well in twenty-four well plates in complete RPMI-1640 (Corning, NY, USA) media without any

selection agent. After 24 h, cells were subjected to indicated treatments. RNAi was performed using Dicer-Substrate siRNAs (DsiRNA) pur-

chased from IntegratedDNATechnologies (Coralville, IA, USA) andOpti-MEM (Cat#: 31985088) fromGibco (Billings,MT, USA). The following

DsiRNAs were used: Negative Control (NC) (Cat#: 51-01-14-04), IGFBP3 (Cat#: hs.Ri.IGFBP3.13.1), and EGFR (Cat#: hs.Ri.EGFR.13.1). Trans-

fection of DsiRNAs was done using Lipofectamine RNAiMAX Transfection Reagent (Cat#: 13778150) purchased from ThermoFisher Scientific

(Milton Park, UK) according to the manufacturer’s protocol with 25 or 50 nmol/L DsiRNA. For experiments combining RNAi with drug, trans-

fection of DsiRNA was performed 24 h after plating and drug was administered as indicated the following day. To determine synergism, the

coefficient of drug interaction (CDI) and combination index (CI) is calculated as follows: CDI = AB/(A 3 B).60 The CDIs were analyzed to deter-

mine the synergism of the two drugs in combination (A CDI value < 1, = 1, or >1 indicates that the drugs are synergistic, additive, or antag-

onistic respectively). Cell count was determined using Cell Counting Kit-8 (Cat#: CK04) purchased from Dojindo Molecular Technologies

(Rockville, MD, USA). Data are displayed as percentage of control cell growth. Alternatively, total cells were counted via Beckman Coulter

Particle Counter (Brea, CA, USA) 72 h after treatment. Microscopy was performed using a Keyence BZ-X810 imaging system. All conditions

were performed either in triplicate or quadruplicate.

Drug synergy

Cells were plated at a density of 2000 cells per well in ninety-six well plates in complete RPMI-1640 (Corning, NY, USA) media without any

selection agent. After 24 h, cells were subjected to indicated treatments. To further define drug synergy and evaluate drug interactions,

an Isobologram is a graph of lines of constant effect thatmeasures the drug effect of each dosage point using isoboles, which are lines joining

the points of equal measured effect.61 Cell viability was determined using Cell Titer-Glo 2.0 Cell Viability Assay (Cat#: G9242) from Promega

(Madison, WI, USA). All conditions were performed either in triplicate.

Clonogenic assay

For the colony formation assay, cells were seeded at a density of 1000 cells per well in six-well plates. Subsequently, cells were treated as

indicated and allowed to grow for 14 days. The colonies were rinsed with PBS before being fixed and stained with 4% paraformaldehyde
14 iScience 27, 108984, February 16, 2024
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and 0.1% crystal violet (Cat#: C581-25) for 30 min. The colonies were quantified using ImageJ software (National Institutes of Health). All con-

ditions were performed in triplicate.
RNA isolation and RT-qPCR

Total RNA was harvested using TRIzol reagent (Cat#: 15596018) purchased from ThermoFisher Scientific (Milton Park, UK) and RNA was di-

gestedwith RNase-freeDNase 1 (Cat#: FEREN0521) purchased fromThermoFisher Scientific (Milton Park, UK). The cDNAwas prepared using

ImProm-II reverse transcriptase (Cat#: PR-A3802) purchased from Promega (Madison, WI, USA). The cDNAs were subjected to quantitative

PCR (qPCR) using SsoFast EvaGreen Supermix (Cat#: 1725205) purchased from Bio-Rad (Hercules, CA, USA) according to the manufacturer’s

instructions. Triplicates of samples were run on default settings of Bio-Rad CFX96 Real-Time PCR Detection System. Cq values of genes of

interest were normalized to housekeeping geneACTIN expression. The primer sequences are listed in the key resources table. All conditions

were performed triplicate.
Preparation of whole-cell lysates

Cells were harvested, washed with PBS, and lysed in RIPA buffer supplemented with 5 mmol/L EDTA, 1 mmol/L NaV, 10 mmol/L NaF, and 1X

Halt Protease Inhibitor Cocktail (Cat#: 78430) purchased from ThermoFisher Scientific (Milton Park, UK). Protein concentration was deter-

mined Pierce Bradford Plus Protein Assay Kit (Cat#: 23236) purchased from ThermoFisher Scientific (Milton Park, UK).
Immunoblotting

Protein extracts were resolved by SDS-PAGE and indicated primary antibodies were used. IGFBP3 (SC-365936) and Alpha Tubulin (SC-5286)

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phospho-Histone H2A.X (Ser139) (Cat#: 9718), Cleaved PARP (Cat#:

9541), Phospho-DNA-PKcs (Ser2056) (Cat#: 68716), Phospho-EGF Receptor (Tyr1068) (Cat#: 2234), EGF Receptor (Cat#: 4267), and DNA-PKcs

(Cat#: 4602) were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-Rabbit (Cat#: NC0161557) and Anti-Mouse (Cat#:

NC9575145) were purchased from ThermoFisher Scientific (Milton Park, UK). Alpha Tubulin was used as a control to monitor the amounts

of samples applied. Proteins were visualizedwith Immobilon CrescendoWestern HRP substrate (Cat#:WBLUR0500) purchased fromMillipore

(Burlington, MA, USA) using a Bio-Rad ChemiDoc MP Imaging System. All conditions were performed triplicate.
Enzyme-linked immunosorbent assay

The Human IGFBP3 Enzyme-Linked Immunosorbent Assay (ELISA) kit (Cat#: RAB0235) is an in vitro enzyme-linked immunosorbent assay for

the quantitative measurement of human IGFBP-3 in serum, plasma, cell culture supernatants and urine purchased from Sigma-Aldrich. Cul-

ture supernatants were harvested and analyzed for IGFBP3 production by ELISA sandwich assay procedure. Samples and standards were as-

sayed in duplicate according to themanufacturer’s protocol. The EGFR (Phospho) [pY1068] Human ELISA Kit (Cat#: KHR9081) is a solid-phase

sandwich ELISA designed to detect and quantify the level of EGFR (Phospho) [pY1068]) in fresh or frozen human cell lysates. Fresh cell lysates

were harvested and analyzed for EGFR (Phospho) [pY1068]) production following the manufacturer’s protocol. Samples and standards were

assayed in duplicate according to the manufacturer’s protocol. All conditions were performed triplicate.
QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitated data are displayed as a percentage of controlmeanG standard deviation. Data analysis was performed usingGraphPad Prism

10.0 software. Statistical analyses were performed using the unpaired two-sided Student’s t test, one-way or two-way ANOVAwith a post hoc

Tukey’s honest significant difference (HSD) test when comparing at least three conditions. p-values of less than 0.05 were considered as sta-

tistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). All experiments were repeated at least three times.
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