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Abstract

Effective targeted therapies for small-cell lung cancer (SCLC), the most aggressive form of lung 

cancer, remain urgently needed. Here we report evidence of preclinical efficacy evoked by 

targeting the overexpressed cell-cycle checkpoint kinase CHK1 in SCLC. Our studies employed 

RNAi-mediated attenuation or pharmacologic blockade with the novel second-generation CHK1 

inhibitor prexasertib (LY2606368), currently in clinical trials. In SCLC models in vitro and in 
vivo, LY2606368 exhibited strong single-agent efficacy, augmented the effects of cisplatin or the 

PARP inhibitor olaparib, and improved the response of platinum-resistant models. Proteomic 

analysis identified CHK1 and MYC as top predictive biomarkers of LY2606368 sensitivity, 

suggesting that CHK1 inhibition may be especially effective in SCLC with MYC amplification or 

MYC protein overexpression. Our findings provide a preclinical proof of concept supporting the 

initiation of a clinical efficacy trial in patients with platinum-sensitive or platinum-resistant 

relapsed SCLC.

Introduction

Small-cell lung cancer (SCLC) is the most lethal form of lung cancer. The 5-year overall 

survival rate is less than 5%, and this has not changed substantially in the past three decades. 

The standard of care for advanced SCLC is cisplatin-based doublet chemotherapy, which 

causes an initial tumor regression in most patients. However, chemotherapy resistance 

rapidly develops (1, 2), and the only approved second-line therapy (topotecan) produces 

responses in fewer than 20% of patients (reviewed in ref. 3). This aggressive cancer is 

characterized by the near-ubiquitous inactivation of TP53 and RB1 and, in a subset of SCLC 

tumors (~16% in patients and 38% in mouse models), mutually exclusive amplification of 

MYC family members (CMYC, MYCN, and MYCL; refs. 4–9). Over the past few years, 

identification of EGFR mutations, ALK fusions, and other gene alterations has significantly 

advanced the therapeutic options for non–small cell lung cancer (NSCLC; refs. 10–12). 

However, despite a high overall mutation rate in SCLC, there are currently no targeted drugs 

with proven clinical benefit for this disease. Hence, there is an urgent need to identify new, 

viable therapeutic targets.

In a previous study, we found that frequent loss of RB1 in SCLC with resulting loss of E2F1 

repression is associated with increased expression of several key mediators of DNA damage 

repair (DDR), including PARP1 (13) and the checkpoint kinase 1 (CHK1) protein (13). 

PARP is a promising new target for SCLC that is now being tested in clinical trials (13, 14). 

Studies in other cancer types have shown the efficacy of PARP inhibitors in combination 

with inhibitors of CHK1 and other DDR proteins (15, 16). CHK1 is an essential serine 

threonine protein kinase that, in cells with aberrant TP53, becomes the primary mediator of 

DNA damage–dependent cell-cycle arrest (17–20). Studies in triple-negative breast cancers 

and head and neck cancers (in which TP53 mutations often occur) have demonstrated that 

CHK1 inhibitors can augment the effects of DNA-damaging treatments (17–20). More 
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recently, a high-throughput small-molecule drug screen also identified CHK1 as a candidate 

therapeutic target in SCLC (21).

In this study, we further investigated the therapeutic potential of CHK1 inhibition (through 

genetic knockdown and pharmacologic inhibition with LY2606368) in a comprehensive 

panel of SCLC cell lines, syngeneic models, and a genetically engineered mouse model 

(GEMM), as monotherapy and in combination with cisplatin. The CHK1 inhibitor used in 

the study, prexasertib (henceforth referred to as LY2606368), is an ATP-competitive protein 

kinase inhibitor that showed selectivity to CHK1 inhibition over 224 protein kinases tested 

biochemically (21). LY2606368 also recently completed phase I testing, which demonstrated 

tolerability as well as single-agent clinical activity in a subset of solid tumors (primarily 

advanced, metastatic squamous cancers, which are also TP53-mutant cancers; ref. 22). We 

also sought to determine whether the addition of LY2606368 would enhance the activity of 

the PARP inhibitor olaparib in SCLC models (13). We show here the efficacy of CHK1 

inhibition (alone and with chemotherapy or PARP inhibition) in platinum-sensitive and -

resistant SCLC models and apply high-throughput proteomic analysis to identify candidate 

predictive biomarkers of CHK1 inhibitor response in SCLC.

Materials and Methods

Cell lines and characterization

Cell lines (35 human-derived SCLC, one patient-derived xenograft (PDX)-derived SCLC, 

three NSCLC, and one large-cell neuroendocrine carcinoma) were provided by Dr. John 

Minna (The University of Texas Southwestern Medical Center, Dallas, TX) or obtained from 

ATCC (between the years 2011 and 2015). The GEMM-derived SCLC cell lines were 

established from mouse tumors with a ROSA26R reporter and conditional deletion of Trp53, 
p130, and Rb1 (23, 24) and obtained in 2015. Complete cell line information is provided in 

the Supplementary Materials and Methods and in Supplementary Table S1.

All cell lines were tested and authenticated by short tandem repeat profiling (DNA 

fingerprinting; ref. 25) within 6 months of the study and routinely tested for Mycoplasma 
species before any experiments were performed. For details, see Supplementary Materials 

and Methods.

Chemical compounds

LY2603618 was obtained from Selleckchem. LY2606368 and olaparib were manufactured 

by MD Anderson’s Institute for Applied Chemical Science. All compounds were dissolved 

in DMSO for in vitro treatments.

Mice

For the syngeneic mouse model, 6-week-old female athymic nude mice (Envigo) were used. 

These animals were maintained in accordance with the Institutional Animal Care and Use 

Committee (IACUC) of The University of Texas MD Anderson Cancer Center (Houston, 

TX) and the NIH Guide for the Care and Use of Laboratory Animals.
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The spontaneous GEMM mice were maintained according to practices prescribed by the 

NIH at the Stanford Research Animal Facility, which is accredited by the Association for the 

Assessment and Accreditation of Laboratory Animal Care. The Trp53, Rb1, Rbl2 (p53/Rb/

p130) conditional knockout mouse model induced by intratracheal administration of Ad-

CMV-Cre for SCLC has been described previously (24, 26). Refer to Supplementary 

Materials and Methods for details on tumor development and dosing schedule.

Treatment schedule of SCLC in vivo models

Mice with mouse SCLC tumors received one of the following treatments: (i) vehicle; (ii) 

cisplatin (4 mg/kg daily) once per week; (iii) high-dose LY2606368 (10 mg/kg twice daily) 

3 consecutive days per week (weekly dose = 60 mg/kg); (iv) low-dose LY2606368 (16 

mg/kg twice daily) once per week (weekly dose = 32 mg/kg); or (v) combination of cisplatin 

(4 mg/kg daily) and LY2606368 (16 mg/kg twice daily) once per week.

Mice with human SCLC (H69/CR) tumors received one of the following treatments: (i) 

vehicle; (ii) cisplatin (8 mg/kg) once per week; (iii) LY2606368 (10 mg/kg twice daily) 

twice per week; or (iv) combination of cisplatin (8 mg/kg) and LY2606368 (10 mg/kg twice 

daily, days 1 and 2 of each 7-day cycle).

For the PARP inhibitor experiments, mice received one of the following treatments: (i) 

vehicle; (ii) olaparib (100 mg/kg daily) 5 times per week; (iii) LY2606368 (10 mg/kg twice 

daily) twice per week; or (iv) combination of olaparib and LY2606368.

Once tumor volume reached 1,500 mm3 or the tumors developed ulceration, mice were 

euthanized and tumor tissues were isolated. Tumors were snap-frozen in liquid nitrogen for 

protein isolation or fixed in 4% paraformaldehyde in PBS at 4°C and processed for paraffin 

histologic analysis. Sections of paraffin-embedded tissues (4 μm) were stained with 

hematoxylin and eosin.

Development of spontaneous SCLC tumors and dosing schedule

Mice were maintained according to practices prescribed by the NIH at the Stanford Research 

Animal Facility, which is accredited by the Association for the Assessment and 

Accreditation of Laboratory Animal Care. The p53/Rb/p130 triple-knockout mouse model 

for SCLC has been previously described (24, 26). The mice were bred onto a mixed genetic 

background composed of C57BL/6, 129/SvJ, and 129/SvOla. Tumors were induced in 

young adult mice by intratracheal instillation of 4 × 107 plaque-forming units of adenovirus-

expressing Cre recombinase (Ad-Cre; Baylor College of Medicine, Houston, TX).

Treatment was initiated 4 months after Ad-Cre delivery, at a time when infected mice had 

developed more than 50 independent lesions (24). Each randomized cohort had 4 males and 

3 females. The CHK1 inhibitor, LY2606368(10 mg/kg) was injected subcutaneously at the 

nape of the neck every 12 hours for three days in a row, for three weeks (i.e., 10 mg/kg, 

twice daily, days 1–3 of a 7-day cycle, for three cycles). Control mice were injected with 

vehicle. On the fourth week, mice were injected two more times and euthanized three hours 

after the last injection. The lungs were fixed in formaldehyde overnight before processing in 
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paraffin and sectioning. Tumor size, number of tumors, and overall tumor burden were 

measured using ImageJ software.

Calculation of drug parameters

For single-agent analysis, we estimated IC50 values by using the software program 

drexplorer, which fitted multiple dose–response models and selected the best model using 

the residual standard error (27). For drug combination analysis, we used MacSynergy II 

(http://www.uab.edu/medicine/peds/macsynergy) to calculate metrics, including synergistic 

volume, antagonistic volume, overall volume, and extra kill percentage (28).

In drug combination analysis of cisplatin and LY2606368, the Bliss independence model 

was used to estimate additive effect (http://onlinelibrary.wiley.com/doi/10.1111/j.

1744-7348.1939.tb06990.x/

abstract;jsessionid=E87F2639E0C805EA671F6922AFA74C8D.f01t03).

Statistical analysis

We used Spearman rank correlation to assess the association between IC50 values and 

individual reverse-phase protein analysis (RPPA) protein markers, the ANOVA to assess the 

association between IC50 values and cMYC status. We used the R software program to 

perform all statistical analyses (29).

Other methods

The details of other methods, including targeted CHK1 knockdown, cell viability assay, 

RNA isolation, reverse transcription, PCR, Western blot analysis, RPPA, mice models, 

tumor engraftment and monitoring, in vivo drug dosing schedule, and immunofluorescence, 

are given in the Supplementary Materials and Methods.

Results

CHEK1 (CHK1) is overexpressed in SCLC patient tumors

To confirm that CHK1 is overexpressed in human tumors, we analyzed mRNA expression 

levels in 68 SCLC tumors. Compared with normal lung specimens (n = 26), SCLC 

specimens had 4.21-fold higher CHK1 expression (P < 0.0001; Fig. 1A). We then performed 

mRNA profiling of 11 human-derived and 3 GEMM-derived SCLC cell lines and 3 NSCLC 

cell lines as an independent confirmation of CHK1 gene expression in SCLC. Consistent 

with our previous proteomic analysis (13), the SCLC cell lines had a median of 4.5-fold 

higher (range, 2- to 7-fold) CHK1 expression than NSCLC cell lines (P = 0.001; 

Supplementary Fig. S1A and S1B). Furthermore, expression levels of CHK1 mRNA and 

CHK1 protein were highly correlated in the SCLC cell lines (n = 54; r = 0.605; P < 0.0001; 

Supplementary Fig. S1C).

CHEK1 (CHK1) knockdown is sufficient to inhibit SCLC cell viability

Given the overexpression of CHK1 in SCLC cell lines and tumors, we first tested whether 

CHK1 knockdown was sufficient to affect SCLC growth. CHK1 was knocked down using 

three independent shRNAs in four SCLC cell lines. The efficiency of the knockdown was 
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confirmed by mRNA (Fig. 1B) and immunoblot analysis of total and phospho-CHK1 

(Ser296; Fig. 1C). The targeted knockdown of CHK1 significantly abrogated cell 

proliferation in human SCLC cell lines (P < 0.05; Fig. 1D).

Next, we aimed to assess the effect of targeted CHK1 knockdown on DNA damage in the 

hSCLC cell lines. Analysis of CHK1 knockdown using the two most efficient shRNA 

constructs for each cell line detected higher levels of phospho-H2AX (γH2AX) in the 

CHK1-knockdown cells compared with control cells transduced with scrambled shRNA 

(Fig. 1E). These results demonstrate that reducing expression of CHK1 promotes DNA 

double-strand breaks in SCLC cells in vitro.

Human and murine SCLC cells are highly sensitive to CHK1 inhibition

We then investigated the potency of a selective second-generation CHK1 inhibitor, 

LY2606368 (30), in a comprehensive panel of SCLC cell lines, including 35 that were 

human-derived, three that were murine-derived, and one that was derived from a PDX (13). 

These included models with characteristic genetic alterations such as loss of TP53 (100% of 

samples tested) and RB1 (75% of samples tested) and MYC family amplifications (in about 

30% of samples; Supplementary Table S1). We also included three NSCLC cell lines and 

one large-cell neuroendocrine carcinoma cell line, derived from a high-grade neuroendocrine 

cancer with a molecular profile similar to that of SCLC (13).

Most of the SCLC cell lines were sensitive to CHK1 inhibition at a concentration (300 

nmol/L) achievable at the clinically recommended phase II dose (based on patient 

pharmacokinetic testing from the recent phase 1 study; ref. 22). Specifically, the 

antiproliferation half-maximal inhibitory concentration (IC50) of LY2606368 was <100 

nmol/L in half of the human SCLC cell lines, two of the three murine SCLC cell lines, and 

the PDX-derived and large-cell neuroendocrine carcinoma cell lines. In contrast, most 

NSCLC cell lines were resistant to LY2606368 (IC50 > 0.8 μmol/L; Fig. 1F). Similar to what 

we observed with LY2606368, human SCLC cells were sensitive to a second CHK1 

inhibitor, LY2603618, in a subset of SCLC cell lines (n = 11; 50% of cells had IC50 <6 

μmol/L; Supplementary Fig. S1D). Similar to LY2606368, NSCLC cell lines were found to 

be resistant to the second CHK1 inhibitor, LY2603618 (IC50 >10 μmol/L). Thus, single-

agent CHK1 inhibition has activity in a large majority of SCLC cell lines.

LY2606368 potentiates the cytotoxic effect of cisplatin and leads to DNA double-strand 
breakage and apoptosis

On the basis of prior data suggesting that CHK1 targeting can potentiate the effect of DNA-

damaging chemotherapies, we next investigated whether CHK1 inhibition enhances the 

activity of the most commonly used chemotherapeutic agent for SCLC, cisplatin, in a panel 

of 35 human SCLC lines. Cell lines were treated with multiple doses of cisplatin 24 hours 

before treatment with LY2606368, and cell viability was measured 120 hours after treatment 

with LY2606368. Even at a non–growth-inhibitory dose (1 nmol/L), LY2606368 potentiated 

the cytotoxic effect of cisplatin in majority of the SCLC lines (Fig. 2A; Supplementary Fig. 

S2A and S2B). The combination of cisplatin and LY2606368 was also synergistic at higher, 
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more clinically relevant doses of cisplatin (range, 0.1–10 μmol/L) when combined with 

LY2606368 (Supplementary Fig. S2C).

In SCLC cell lines H82, H69, and H524, treatment with LY2606368 (24 hours) induced 

DNA double-strand breaks, as indicated by elevated γH2AX levels (Fig. 2B). There was less 

induction of γH2AX in H69 cells compared with the other cell lines in response to shRNA-

mediated targeted knockdown of CHK1 (Fig. 1E) and single-agent LY2606368 treatment, 

which is consistent with this cell line being relatively less sensitive to LY2606368. Single-

agent cisplatin induced a modest increase in γH2AX levels that was potentiated in presence 

of LY2606368. However, γH2AX levels appreciably increased when a subtherapeutic dose 

of cisplatin (0.1 μmol/L) was combined with LY2606368 (10 nmol/L), and this increase was 

greater than that caused by either drug alone (Fig. 2B). We also observed increased 

expression of the mitotic marker phospho-histone H3 (PH3) following treatment with 

LY2606368, with or without cisplatin, in the SCLC cell lines (Fig. 2B). The results indicate 

that single-agent CHK1 targeting induces DNA damage without abrogating the mitotic 

potential of the cells. Hence, the cells undergo cell cycle with damaged DNA, which 

subsequently leads to apoptosis.

An apoptosis assay using Annexin V–propidium iodide staining showed that CHK1 
knockdown induced apoptosis in all three cell lines tested (Fig. 2C). This was further 

enhanced by the addition of a subtherapeutic dose of cisplatin (0.1 μmol/L), as evidenced by 

increased apoptosis in these cells 48 hours after treatment with cisplatin (Fig. 2D).

Given the pivotal role of CHK1 in the G2–M phase of the cell cycle, we then investigated the 

effect of pharmacologic inhibition of CHK1 (with or without cisplatin) on the cell-cycle 

progression. Cell-cycle analysis by flow cytometry in SCLC cell lines (n = 12) showed 

increased accumulation of cells at the sub-G1 phase following treatment with single-agent 

LY2606368 (10 nmol/L) for 24 hours. Moreover, CHK1 targeting significantly potentiated 

the effect of subtherapeutic doses of cisplatin (0.1 μmol/L) in 80% of SCLC cell lines (P < 

0.001; Fig. 2E). Furthermore, non–growth-inhibitory doses of LY2606368 (10 nmol/L) in 

combination with cisplatin (0.1 μmol/L) for 48 hours caused greater apoptosis in SCLC cells 

than did cisplatin alone (P < 0.05; Fig. 2F).

Taken together, these results suggest that single-agent targeting of CHK1 can increase DNA 

damage, transient cell-cycle arrest, and eventually apoptosis in most SCLC cell lines tested 

and potentiates the effect of cisplatin, the most common chemotherapeutic drug used in the 

treatment of SCLC.

CHK1 inhibition, alone or in combination with cisplatin, causes significant tumor 
regression in a syngeneic model of SCLC

We next investigated the antitumor efficacy of LY2606368 as a single agent and in 

combination with cisplatin in a syngeneic flank tumor model generated from subcutaneous 

injection of cells (TKO.mTmG) derived from a GEMM with conditional loss of Trp53, 
p130, and Rb1 in the neuroendocrine cells of the lung (23, 24). These mice develop tumors 

that closely resemble human SCLC (Supplementary Fig. S3A; ref. 26). The TKO.mTmG 

cells expressed high levels of CHK1 and were sensitive to LY2606368 in vitro (IC50 < 30 
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nmol/L). Tumor-bearing mice (n = 9 per group) were treated with LY2606368, cisplatin, or 

vehicle.

Within 1 week of the start of treatment with LY2606368, remarkable tumor regression was 

observed (Fig. 3A; Supplementary Fig. S3B). Of the 9 mice treated with LY2606368 (10 

mg/kg, twice daily, days 1–3 of a 7-day cycle; i.e., 60 mg/kg per week), 6 had a complete 

response (100% reduction) and the other 3 had >75% reduction in tumor volume. The 

tumor–control ratio at day 12 was 0.02 (P < 0.001). Mice treated with a lower dose of 

LY2606368 (16 mg/kg, twice daily, day 1 of a 7-day cycle; i.e., 32 mg/kg per week) had 

stable disease for up to 30 days, with a tumor–control ratio of 0.16 (P < 0.001; Fig. 3A; 

Supplementary Fig. S3B). In contrast, all vehicle-treated mice (n = 9) experienced rapid 

tumor progression and were removed from the experiment because of excessive tumor 

volume within two weeks (Fig. 3A and B; Supplementary Fig. S3B), and mice treated with 

cisplatin alone (4 mg/kg per week) died owing to tumor burden within the first three weeks 

(Fig. 3A and B; Supplementary Fig. S3B).

Consistent with these findings, overall survival rates of the LY2606368-treated groups were 

significantly higher than those of the vehicle- and cisplatin-treated groups (P < 0.001; Fig. 

3B; Supplementary Table S2). There was no weight loss in any of the treatment groups 

throughout the course of this experiment (up to 90 days; Supplementary Fig. S3C). In 

summary, treatment with single-agent LY2606368 (high dose) caused significant tumor 

regression in a murine model of SCLC, and this was sustainable for up to 90 days.

In the group of mice treated with the combination of cisplatin and LY2606368, we used a 

lower dose of LY2606368 (32 mg/kg per week), given the risk of overlapping toxicities with 

cisplatin. This combination was well tolerated and produced significantly more tumor 

regression than cisplatin alone (P < 0.001; Fig. 3A) but was less potent than the higher dose 

of single-agent LY2606368.

To determine the effect of treatment with LY2606368 on DNA damage and apoptosis, we 

then performed immunofluorescence and immunoblot analysis of tumors from the vehicle 

and LY2606368 (high dose) treatment groups following 3 days of treatment. Consistent with 

the remarkable tumor regressions, we found that tumors from the LY2606368 (single agent) 

and combination-treated animals showed reduced levels of phospho-CHK1 (Ser296) and 

higher levels of γH2AX (marker of DNA damage), PH3 (a marker of mitosis), and cleaved 

caspase-3 (apoptosis marker) compared with vehicle-treated animals (Fig. 3C). 

Immunofluorescence further confirmed elevated γH2AX (Fig. 3D, left) and PH3 (Fig. 3D, 

right) in the tumors of mice treated with LY2606368, either as a single agent or combined 

with cisplatin. Together, these findings indicate that treatment with LY2606368 significantly 

augments the DNA damage and apoptosis caused by cisplatin in SCLC cells in this allograft 

model.

LY2606368 reduces tumor growth in mice with aggressive spontaneous SCLC

To investigate the effects of LY2606368 in SCLC tumors growing in the endogenous lung 

microenvironment, we used a GEMM of SCLC, in which conditional deletion of Trp53, 
Rb1, and p130 tumor-suppressor genes in adult neuroendocrine lung epithelial cells leads to 
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the development of tumors that closely resemble human SCLC (24, 26). On the basis of 

prior experience with these models, we treated Trp53/Rb1/p130–knockout tumor-bearing 

mice (n = 7 per group) with LY2606368 (10 mg/kg, twice daily, days 1–3 of a 7-day cycle; 

i.e., 60 mg/kg per week for 3 weeks) or vehicle control starting four months after 

administration with Ad-CMV-Cre, when all mice had more than 50 SCLC lesions growing 

in their lungs (24). Tumor burden was quantified after three weeks of treatment (Fig. 4A). 

Upon sectioning, tumors in LY2606368-treated mice occupied a significantly smaller 

fraction of the total lung area (Fig. 4B and C) and were smaller (Fig. 4D) and fewer in 

number (Fig. 4E; P < 0.001 for all) compared with tumors in vehicle-treated mice. As 

expected, LY2606368 treatment also appreciably increased markers of DNA damage and 

apoptosis (γH2AX, PH3, and cleaved caspase-3) compared with vehicle-treated animals 

(Fig. 4F).

Platinum-resistant models of SCLC are sensitive to CHK1 inhibitor LY2606368

Although most SCLC initially responds to platinum-based therapy, nearly all cases become 

resistant to platinum-based therapy within a few months, at which point the disease typically 

does not respond to further therapy. Given the clinical need for active drugs for platinum-

resistant SCLC, we next investigated the efficacy of CHK1 inhibition in a SCLC model of 

acquired chemoresistance in vitro and in vivo. For these experiments, we used human SCLC 

H69 cells (chemo-sensitive; cisplatin IC50 < 1 μmol/L) that had been previously treated with 

increasing doses of cisplatin until cells developed resistance to cisplatin [H69/CR (cisplatin 

resistant); cisplatin IC50 > 10 μmol/L; Supplementary Fig. S4A; ref. 31)]. Notably, treatment 

with single-agent LY2606368 significantly decreased cell viability and combined 

synergistically with cisplatin in both H69 (combination index = 0.22; fraction affected = 0.5) 

and H69/CR (combination index = 0.02; fraction affected = 0.5) models in vitro 
(Supplementary Fig. S4B and S4C), thus demonstrating that LY2606368 appreciably 

augments the cytotoxic effect of cisplatin even in a platinum-resistant human SCLC model 

in vitro.

After confirming that the chemoresistant phenotype was maintained in xenograft models 

(Fig. 5A and B), we investigated the effect of LY2606368 (with or without cisplatin) in the 

H69/CR xenograft mice. After two weeks of treatment, vehicle-treated mice had rapid tumor 

progression and died of tumor burden by day 15 (Fig. 5C and D). Similarly and as expected, 

cisplatin-treated mice (8 mg/kg, once per week) also had rapid disease progression with all 

mice dying due to tumor burden by day 21 (Fig. 5C and D). In contrast, single-agent 

LY2606368 (10 mg/kg, 2/7 = 40 mg/week) delayed tumor growth relative to cisplatin alone 

(Fig. 5C). This effect on tumor growth and survival was even greater when LY2606368 was 

combined with cisplatin, even though single-agent cisplatin had no significant activity. 

Specifically, the tumor–control ratio at day 15 was 0.88 for cisplatin (P < 0.01), 0.2 for 

single-agent LY2606368 (P < 0.001), and 0.06 for the combination group (P < 0.001). The 

survival rate of the LY2606368 + cisplatin-treated mice was also higher than vehicle-treated 

and single agent-treated mice (P = 0.02; Fig. 5D). The combination doses were well 

tolerated with no observed toxicity. In this model, we used a lower dose of LY2606368 (40 

mg/kg/week) than in the spontaneous or syngeneic model (60 mg/kg/week) to avoid toxicity 

with a higher dose of cisplatin (8 mg/kg/week). To determine the effect of LY2606368 
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treatment on DNA damage and apoptosis in platinum-resistant models, we compared pre-

versus post-LY2606368–treated H69/CR cell lines by Western blot analysis. We observed an 

increased in markers of DNA damage (γH2AX, RAD51) and apoptosis (cleaved PARP and 

cleaved caspase-3) 24 hours after treatment (Supplementary Fig. S4D). These in vitro 
findings were confirmed by RPPA in LY2606368-treated H69/CR xenograft tumors. Similar 

to the in vitro findings, we observed increased expression of γH2AX (P < 0.0001, FC = 

3.66) and other DNA repair or apoptosis proteins in LY2606368-treated animals 

(Supplementary Fig. S4E).

To better understand signaling pathways that may mediate platinum resistance in H69/CR 

cells and how these pathways are affected by LY2606368, we compared the protein 

expression profile of H69 (parental) and H69/CR using a RPPA. Of the 195 total or 

phosphorylated proteins quantified, pS6 S240/244 (P < 0.0001; FC = 5.15) and pS6 

S235/236 (P < 0.0001; FC = 5.32) were the top two markers expressed at higher levels in the 

cisplatin-resistant H69/CR model than in the H69 (parental) model (Fig. 5F). This is in 

agreement with our earlier observations, in which we have shown that phosphorylation of 

the mTOR pathway and pS6 (a downstream target) is associated with resistance to DDR 

inhibitors targeting PARP (32) and that a strong positive correlation exists between PARP 

inhibitor sensitivity and cisplatin sensitivity (33).

Given this observation, we then investigated the effect of CHK1 inhibition on phospho-pS6 

levels in the platinum-sensitive and platinum-resistant models. Western blot analysis of H69 

and H69/CR cells confirmed higher protein expression of pS6 S240/244 and pS6 S235/236 

prior to treatment in H69/CR cells than in H69 cells, and this was significantly abrogated 24 

hours after treatment with LY2606368 (Fig. 5G). Immunoblot analysis of lysates of tumors 

from the mice treated with LY2606368 (single agent) or vehicle collected on day 3 of 

treatment (from the animal study as shown in Fig. 5C and D) also showed reduced levels of 

pS6 S235/236 and pS6 S240/244 in tumor lysates from mice treated with LY2606368 (Fig. 

5H). We also observed significant increase in the basal expression of total p90RSK and 

phospho p90RSK_Thr359 in both H69/CR cell line and tumors (Supplementary Fig. S4F). 

Given the role of p90RSK as a regulator of the cell cycle and mTOR pathway and that 

p90RSK is a secondary target of LY2606368, we investigated the effect of LY2606368 on 

p90RSK in H69/CR models and found that treatment inhibited phospho p90RSK_Thr359 in 
vivo (Supplementary Fig. S4G) and in vitro (Supplementary Fig. S4H).

Taken together, these results suggest that the antitumor effect of LY2606368 in the H69/CR 

model may be mediated through the regulation of the p90RSK/mTOR pathway.

CHK1 and PARP inhibitor combination decrease viability and cause tumor regression in 
SCLC models

We have previously shown that another important DNA repair protein, PARP1, is also 

overexpressed in SCLC, and that PARP inhibition is active in SCLC models (13, 33). 

However, some SCLC cells have primary resistance to single-agent PARP inhibition in vitro 
(Supplementary Fig. S5A). We predicted that combinations of PARP inhibitors and CHK1 

inhibitors, by preventing DNA repair while simultaneously abrogating the G2 cell-cycle 

checkpoint, may enhance the effect of PARP inhibition. To test this, we treated nine cell 
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lines with LY2606368, olaparib (a PARP inhibitor approved by the FDA for the treatment of 

ovarian cancer), or both. We found that the addition of LY2606368 to olaparib decreased 

proliferation in SCLC cell lines with primary resistance to PARP targeting (Supplementary 

Fig. S5B).

To further investigate the combination treatment in vivo, we used the syngeneic GEMM-

derived triple-knockout SCLC model (TKO.mTmG; ref. 26). Tumor-bearing mice were 

treated with olaparib (100 mg/kg, five times weekly), LY2606368 (10 mg/kg, twice daily, 

days 1 and 2 of a 7-day cycle), or the combination of the drugs for three cycles and then 

followed off treatment. Mice treated with olaparib (100 mg/kg, days 1–5 of a 7-day cycle, 

intraperitoneally; n = 10) had progressive disease with no tumor regression and no survival 

benefit as compared with vehicle (Fig. 6A and B). Given the potential for overlapping 

hematologic toxicities between CHK1 and PARP inhibitors, a moderately reduced dose of 

LY2606368 was used for this experiment (compared with the higher single-agent dose of 

LY2606368 used in the earlier experiments using this model).

Animals were treated for 21 days and then monitored off treatment. All 10 mice treated with 

LY2606368 (10 mg/kg, twice daily, days 1 and 2 of each 7-day cycle) had delayed tumor 

progression and survived significantly longer than those treated with vehicle or single-agent 

olaparib (Fig. 6A and B). Mice (n = 10) treated with the combination of olaparib and 

LY2606368 had the greatest delay in tumor growth of all the arms and survived three times 

longer than vehicle- or olaparib-treated mice (Fig. 6A and B). Specifically, the tumor–

control ratio at day 18 was 0.73 for single-agent olaparib (P = 0.01), 0.42 for single-agent 

LY2606368 (P < 0.001), and 0.16 for LY2606368 + olaparib (P < 0.001), demonstrating the 

efficacy of the combination. On the basis of these results, we conclude that even with a 

relatively short duration of treatment, the addition of LY2606368 improves response to 

olaparib and prolongs survival in this mouse model. The single-agent and combination doses 

were well tolerated with no observed toxicity.

Interestingly, using RPPA, we found that phosphorylation (activation) of proteins in the 

AKT/mTOR pathway AKT_T308, mTOR_S2448, pS6_S240/244, and pS6_S235/236 (P < 

0.001) were increased in olaparib-treated groups (Fig. 6C), consistent with prior findings by 

our group in other SCLC models that mTOR pathway activation is an adaptive response 

promoting PARP inhibitor resistance (32). However, LY2606368 treatment as a single agent 

and in combination with olaparib abrogated the activation of AKT/mTOR pathway. Thus, 

LY2606368 may potentiate the antitumor response of olaparib by abrogating the activation 

of the AKT/mTOR pathway.

cMYC overexpression predicts sensitivity to CHK1 inhibition in SCLC

Although LY2606368 inhibited SCLC growth in most SCLC models, we identified a subset 

of SCLC cell lines with relatively greater resistance to CHK1 inhibition. Proteomic profiles 

(by RPPA) of the SCLC cell lines most sensitive to LY2606368 (IC50 < 100 nmol/L; n = 6) 

and those that were the least sensitive (IC50 > 1 μmol/L; n = 5) were compared by t test. This 

analysis revealed significantly increased expression of cMYC protein (P = 0.002; FC = 5.39) 

as one of the top five markers associated with LY2606368 sensitivity (Figures 7A, 7B, and 

7C). This observation was further strengthened by the finding that cMYC expression was 
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also the top marker associated with sensitivity to a second CHK1 inhibitor, LY2603618 (P < 

0.0001; Figs. 7D and E). In the full panel of cell lines in which we had tested LY2606368, 

Spearman correlation between RPPA markers and IC50 across all human SCLC cell lines (n 
= 29; as a continuous variable) also identified cMYC expression as a top marker of 

sensitivity to LY2606368 (P = 0.08) and LY2603618 (P = 0.009; Figures S6A and S6B).

These findings were further validated using MYC mRNA expression data from cell lines 

treated with LY2606368 and LY2603618 in a recently published National Cancer Institute 

drug screen (34). Specifically, response of 63 cell lines to the CHK1 inhibitors was 

compared between MYC-high and MYC-low cell lines (determined by bimodal distribution 

of MYC mRNA) (35, 36). Consistent with our proteomic findings, MYC-high cells were 

significantly more sensitive to both LY2606368 (P = 0.03) and LY2603618 (P = 0.006; Fig. 

7F).

Increased expression of CHK1 (P < 0.03; FC = 1.66), and phospho-CHK1_S296 (P < 0.05; 

FC = 1.47) were also among the top markers of LY2606368 sensitivity (Fig. 7A, B, and G). 

PCNA and 14-3-3β, two important proteins implicated in cell-cycle regulation (37, 38), were 

also associated with sensitivity in both dichotomized (P < 0.05; Fig. 7A and B; and 

Supplementary Fig. S7A) and continuous (P < 0.05; Supplementary Figs. S6A and S7B) 

IC50 correlations of LY2606368 and LY2603618 (Fig. 7D).

Although cMYC and CHK1 protein levels were elevated in MYC-amplified SCLC cell lines 

(P = 0.009 for cMYC and P = 0.02 for CHK1), a substantial subset of cell lines without 

MYC amplification also had levels of cMYC and CHK1 similar to those of MYC-amplified 

lines (Fig. 7H and I; Supplementary Table S1). Using a bimodal analysis (36), we found 

elevated MYC expression in 35.9%, as compared with MYC amplification in only 18% cell 

lines (Supplementary Fig. S8A). Similarly, in SCLC patient tumors (n = 81), MYC 
overexpression (mRNA) was almost 3 times more common than MYC amplifications (19% 

of tumors with over-expression as compared with 7% with amplification; Supplementary 

Fig. S8B). This finding suggests that MYC expression levels may identify a substantially 

larger population of SCLC patients who may benefit from CHK1 targeting as compared with 

MYC amplification alone.

Interestingly, LY2606368 treatment reduced total levels of cMYC protein in sensitive cell 

lines after 24 and 72 hours of LY2606368 treatment (P < 0.0001; Fig. 7J), while there was 

no significant change in cMYC protein (P = 0.6) or MYC mRNA posttreatment in 

LY2606368-resistant models (data not shown). To investigate the role of high cMYC 

expression in promoting sensitivity to CHK1 inhibition, we next performed siRNA-mediated 

knockdown of MYC in cell lines sensitive to LY2606368 (Fig. 7K). Knockdown of MYC in 

four SCLC cell lines—H524 and H446 (high cMYC expression and MYC-amplified) and 

H146 and H847 (high cMYC expression and not MYC-amplified)—induced resistance to 

CHK1 inhibition in these cells (Fig. 7L). To further test the functional role of MYC 

expression in LY2606368 sensitivity, we overexpressed MYC in three SCLC cell lines 

(H889, H2029, H2330) with low MYC expression and higher IC50 to LY2606368 (>1 

μmol/L; Supplementary Fig. S8C). Overexpression of MYC sensitized all three cell lines to 
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LY2606368 (P < 0.05; Supplementary Fig. S8D). Thus, cMYC expression level is directly 

linked to CHK1 inhibitor sensitivity in SCLC models.

Discussion

Given the critical role of CHK1 in G2 checkpoint regulation, especially in cancer types in 

which G1 regulation is impaired owing to TP53 loss (17–19, 39), in the current study we 

investigated the role of CHK1 targeting in SCLC using a large number of molecularly 

characterized cell lines and animal models. We confirmed that CHK1 is overexpressed in 

SCLC patient tumors and studied the effect of targeted CHK1 knockdown and 

pharmacologic inhibition in vitro and in vivo. We found that a second-generation CHK1 

inhibitor, LY2606368, had remarkable single-agent activity, enhanced the cytotoxic potential 

of clinically relevant dose of cisplatin (including in platinum-resistant models), and, when 

combined with the FDA-approved PARP inhibitor olaparib, led to tumor regression and 

prolonged survival. Given the clinical importance of predictive biomarkers for targeted 

therapeutics, we then identified candidate protein biomarkers of CHK1 inhibitor response, 

and here, we propose for the first time that cMYC protein overexpression is a predictor of 

CHK1 inhibitor sensitivity in SCLC models. Together, these data indicate that CHK1 is a 

promising therapeutic target for SCLC, especially in the subset of tumors with cMYC 

protein overexpression.

The current study shows that genetic knockdown of CHK1 is sufficient to decrease viability 

and increase apoptosis in SCLC cells, a finding that is in agreement with a previous study 

showing that siRNA knockdown of CHK1 caused >50% growth inhibition in neuroblastoma 

cells, another high-grade neuroendocrine cancer (32). Although a prior study showed that 

CHK1 targeting could enhance the cytotoxicity of cisplatin in a small number of SCLC cell 

lines (40), the current study significantly expands upon this work and reports additional 

novel findings. First, by leveraging a large panel of molecularly profiled cell lines, we 

identify for the first time biomarker-defined SCLC subsets with enhanced vulnerability to 

CHK1 inhibition. Furthermore, we used LY2606368, the first clinically viable CHK1 

inhibitor to date, which has recently completed phase I testing (22) and is now being tested 

in ongoing clinical trials for multiple cancer types. Finally, the current study shows for the 

first time the remarkable effect of single-agent CHK1 targeting in a spontaneous GEMM 

model and syngeneic in vivo model, as well as the effects of CHK1–PARP combinations in 

SCLC. In this study, we have used multiple doses of LY2606368 (60 mg/kg/week for single 

agent and 40 mg/kg/week for combination with PARP inhibitor) to achieve optimal 

responses with the single-agent treatment and limit toxicities that were anticipated with 

combination therapy. The monotherapy dose of 60 mg/kg/week led to a durable response is 

translatable to patients based on recent phase I clinical trial results (22).

Although platinum-based chemotherapy is the mainstay of treatment for patients with 

SCLC, the disease eventually becomes resistant to cisplatin and carboplatin (often within a 

matter of months), at which point other available chemotherapies such as topotecan have 

limited benefit. Therefore, identifying targeted therapies with activity in platinum-resistant 

SCLC represents an important goal for the field and one with immediate clinical 

implications. In contrast to previous findings that platinum resistance predicts resistance to 
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PARP inhibitors (another DDR inhibitor) in SCLC and other cancer types (33), we found 

that H69/CR cells (a model of acquired platinum resistance; ref. 31) were sensitive to 

LY2606368 both in vitro and in vivo. Moreover, treatment with LY2606368 significantly 

enhanced the cytotoxic potential of cisplatin in this model. Activity of LY2606368 in the 

setting of platinum resistance may be due to its downregulation of phospho-pS6, a 

downstream target of AKT/mTOR pathways that we found to be overexpressed in H69/CR 

cells and that we previously reported is associated with PARP inhibitor resistance (32). 

Given that the mTOR inhibitor everolimus was recently approved by the FDA for the 

treatment of lung neuroendocrine tumors, this finding may have important implications 

beyond the current study in terms of the role of this pathway in drug resistance in SCLC.

Our group previously identified PARP as a novel therapeutic target for SCLC, and several 

clinical trials with PARP inhibitors are ongoing (13). As with other targeted drugs, 

understanding combinations that can enhance PARP inhibitor efficacy or delay resistance 

will be important to maximize the potential therapeutic impact of PARP inhibitors. Prior 

studies have demonstrated that inhibitors of PARP1 interact with CHK1 inhibitors to cause 

DNA damage and cell death in various cancers (15, 41), but the combination of PARP 

inhibition with CHK1 inhibition has not yet been explored in SCLC. Using a panel of nine 

cell lines and a syngeneic xenograft model, we found that the combination of LY2606368 

with the FDA-approved PARP inhibitor olaparib was synergistic (in 40%) or additive (in 

60%) in SCLC cell lines, including those with primary resistance to single-agent olaparib. In 
vivo, the combination of LY2606368 with olaparib resulted in significantly greater tumor 

regression and prolonged survival compared with either single-agent alone. RPPA analysis 

demonstrated that PARP inhibition and platinum resistance are both associated with 

activation the mTOR pathway, but that, LY2606368 downregulates AKT/mTOR pathway 

activation. We propose that CHK1 targeting reverses PARP inhibitor resistance, at least in 

part, through modulation of the AKT/mTOR pathway. Further studies are needed to fully 

define the pathway by which PARP1 and CHK1 inhibitors interact to lead to cell death in 

SCLC.

The identification of molecularly defined subsets of lung cancer patients with different 

sensitivities to a targeted therapy has substantial implications for clinical development. We 

found that high cMYC protein expression was the top marker of sensitivity to LY2606368 

and LY2603618. cMYC protein overexpression was observed in both MYC-amplified and 

nonamplified cell lines. This finding is consistent with SCLC patient tumor profiles 

published by George and colleagues (5), in which MYC over-expression (mRNA) was 

observed three times more often than MYC amplification in patient tumors. This suggests 

that cMYC overexpression (which can be determined by IHC) has the potential to identify 

an even larger subset of SCLC patients, beyond those with MYC amplification alone, who 

may benefit from CHK1 targeting. Our finding is consistent with previous studies in which 

CHK1 inhibitors (UCN-01 or SB-218078) were particularly active in MYC-driven 

lymphoma and pancreatic cancers with an inactivated TP53 background (42). Other studies 

have shown that MYC overexpression increases CHK1 expression, thereby enhancing the 

DNA repair capacity (43). This finding was confirmed in our SCLC models where the MYC 
mRNA expression correlated with higher protein expression of CHK1 (P = 0.01) in SCLC 

cell lines thus showing enhanced DNA repair capacity in these models. Cancers 
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overexpressing MYC become “addicted” to CHK1, and concurrent inactivation of TP53 

makes cells completely dependent on CHK1 for genomic integrity (43, 44). Thus, CHK1 

inhibition may be especially effective in MYC-driven cancer cells such as SCLC, pushing 

them to DNA damage and cell death. Taken together, these data suggest that in SCLC, 

higher cMYC expression may lead to increased CHK1 (target) expression and promote 

therapeutic vulnerability to CHK1 inhibitors, but further investigation of the mechanism 

through which cMYC regulates CHK1 is warranted.

There is an urgent clinical need for effective therapeutic targets for SCLC. In the current 

study, we provide compelling preclinical evidence of significant efficacy of a CHK1 

inhibitor as monotherapy and in combination with chemotherapy or olaparib in SCLC 

models, including those with acquired cisplatin resistance. Given that platinum resistance 

ultimately develops in nearly all patients with SCLC and is associated with resistance to 

other available chemotherapies, the finding that LY2606368 has activity in a platinum-

resistant model has important clinical implications. Combination therapies may inhibit 

development of drug resistance to PARP inhibitors, which are now in clinical trials for the 

treatment of SCLC, and in the current study, we show for the first time that targeting CHK1 

may help overcome de novo resistance to PARP inhibitors in this disease. Finally, we 

describe a candidate biomarker, MYC overexpression, which predicts sensitivity to CHK1 

targeting and could be translated into the clinic to identify a biomarker-defined patient 

population that may get relatively greater benefit from CHK1 inhibitors. These findings 

support the further investigation of CHK1 targeting and related biomarkers in SCLC. 

Toward this goal, the first clinical trial of LY2606368 for patients with SCLC 

(NCT02735980) will explore the translational application of these preclinical findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CHK1 is overexpressed in SCLC, and CHK1 inhibition abrogates the proliferation of 

genotypically and phenotypically distinct SCLC cell lines. A, RNA sequencing analysis 

showing the gene expression profile of CHK1 in 68 SCLC and 26 normal lung tissue 

samples. SCLC tumors had significantly higher (P < 0.0001) CHK1 gene expression levels 

than normal lung tissue, with a fold change (FC) of 4.21. P <0.0001 was obtained by 

ANOVA. B, shRNA-mediated knockdown of CHK1 in a subset of human SCLC cell lines. 

Three separate shRNAs (sh#1, sh#2, and sh#3) targeting CHK1 were applied to each of the 

cell lines H82, H69, H524, and DMS79. Parental cells (no shRNA; WT) and scramble 

shRNA cells (SCR) were used as controls in each case. The knockdown efficiency was 

measured by quantitative real-time PCR analysis of the target gene. GAPDH was used as the 

reference in this analysis. Data represent mean ± SEM (error bars) of three independent 

experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. C, Western blot analysis confirming 

the knockdown efficiency of total and phosphorylated (Ser296) CHK1 in total protein 

lysates from the parental (WT), scramble (SCR), and CHK1-knockdown cell lines. Actin 

was used as the loading control. D, Proliferation assay results, including parental (WT), 

scramble (SCR), and CHK1-knockdown cell lines, demonstrating the effect of CHK1 

inhibition on the proliferation of SCLC cells. Data represent the mean ± SEM (error bars) of 

three independent experiments. ***, P < 0.001. E, Western blot analysis showing elevated 

phospho-H2AX (γH2AX) levels in the total protein lysates of the scramble (SCR) SCLC 

cell line and two shRNA-transfected SCLC cell lines. The CHK1-knockdown cells showed 

higher levels of H2AX than the scramble control cells. Actin was used as the loading 

control. F, Cell viability in response to treatment with LY2606368 in a panel of human 
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SCLC (hSCLC) cell lines (blue bars), GEMM-derived SCLC cell lines (green bars), a PDX-

derived cell line (yellow bar), a large-cell neuroendocrine carcinoma (LCNEC) cell line 

(black bar), and NSCLC cell lines (red bars). The genetic profile information and mean half-

maximal inhibitory concentration (IC50) values for each cell line are presented in 

Supplementary Table S1 and Supplementary Table S3.
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Figure 2. 
LY2606368 enhances the cytotoxic potential of cisplatin in SCLC cell lines. A, Matrix dot 

plots showing the percentage of greater inhibition of viability (extra kill) achieved by the 

combination of cisplatin and LY2606368 at various doses compared with that achieved with 

either drug alone in representative SCLC cell lines. The colors of the dots represent the 

percentages of efficacy of the combinations, and the sizes of the dots indicate the statistical 

significance. B, Western blot analysis of total protein lysates collected 24 hours after 

treatment with LY2606368, revealing elevation of phospho-H2AX (γH2AX) and phospho-

histone 3 (PH3) expression in three human SCLC lines—H82, H69, and H524—treated with 

10 nmol/L LY2606368 with or without 0.1 μmol/L cisplatin. Actin was used as the loading 

control. C, Results of a flow cytometry assay using Annexin V–propidium iodide staining, 
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showing apoptosis in cell lines H82, H69, and H524 transfected with shRNA against CHK1 
(CHK1 KD) or with scrambled shRNA. Data are derived from two independent experiments 

conducted in triplicate (error bars, SEM). The P values were calculated using the Student t 
test. *, P < 0.05; **, P < 0.01. D, Apoptosis in H82, H69, and H524 cells treated with 

shRNAs targeting CHK1 (CHK1 KD) or scramble shRNA (SCR), treated with 0.1 μmol/L 

cisplatin. Apoptosis was evaluated using flow cytometry with Annexin V–propidium iodide 

staining after 48 hours. Data are derived from two independent experiments conducted in 

triplicate (error bars, SEM). The P values were calculated using the Student t test. *, P < 

0.05; **, P < 0.01. E, Cell-cycle analysis in SCLC cell lines (n = 12) treated with cisplatin 

(0.1 μmol/L), LY2606368 (10 nmol/L), or both. Cell-cycle analysis was done by propidium 

iodide/RNAse flow cytometry 24 hours after treatment with LY2606368; the data shown 

represent averages of the two independent experiments conducted in triplicate in 12 cell 

lines. Error bars, SEM. F, Apoptosis in H82, H69, and H524 cells treated with cisplatin (0.1 

μmol/L), LY2606368 (10 nmol/L), or both. Apoptosis was evaluated by a flow cytometry 

assay with Annexin V–propidium iodide staining 48 hours after treatment with LY2606368. 

Data are derived from two independent experiments conducted in triplicate. Error bars, 

SEM. The P values were calculated using the Student t test. *, P < 0.05; **, P < 0.01; ***, P < 

0.001.
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Figure 3. 
LY2606368, with or without cisplatin, causes significant tumor regression and increases 

survival in a syngeneic model of SCLC. A, Tumor volume changes [means ± SEM (error 

bars)] in mice treated with vehicle (control), LY2606368 [high dose: 10 mg/kg, twice daily 

(BID), days 1–3 of each 7-day cycle; low dose: 16 mg/kg, twice daily, day 1 of each 7-day 

cycle), cisplatin (4 mg/kg, once per week), or LY2606368 (low dose) plus cisplatin (n = 9 

mice per group). The P values were calculated using the Student t test. B, Survival of mice 

treated with vehicle (control), LY2606368 (high or low dose), cisplatin, or LY2606368 + 

cisplatin. The P value was established by the Mantel–Cox test. *, P < 0.05; **, P < 0.01; ***, 

P < 0.001. C, Western blot analysis of phospho-CHK1 (Ser296), total CHK1, phospho-

H2AX (γH2AX), and cleaved caspase-3 in lysates of resected tumors at treatment day 3 

from the vehicle, cisplatin, LY2606368 (16 mg/kg, twice daily, 1/7), and combination 

[cisplatin (4 mg/kg, 1/7) + LY2606368 (16 mg/kg, twice daily, 1/7)] treatment groups. Three 

animals were included per group. Actin was used as the loading control. D, 
Immunofluorescence of paraffin-embedded tissue sections from resected TKO; mTmG 

tumors in treatment groups vehicle, cisplatin (4 mg/kg, 1/7), LY2606368 (10 mg/kg, twice 

daily, 3/7), and combination [cisplatin (4 mg/kg, 1/7)+ LY2606368 (16 mg/kg, twice daily, 

1/7)] probed for γH2AX and phospho-histone H3 (PH3). Synaptophysin was used for 

cytoplasmic staining control and DAPI was used for nuclear staining control.

Sen et al. Page 23

Cancer Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
LY2606368 causes tumor regression in a spontaneous genetically engineered mouse model 

of SCLC. A, Schematic representation of the treatment schedule in Trp53/Rb1/p130-

knockout mice that develop SCLC. Mice (n = 7 per group) were treated with vehicle or 

LY2606368 (10 mg/kg, twice daily, days 1–3 of each 7-day cycle). B, Representative images 

(hematoxylin and eosin staining) of tumor burden in Trp53/Rb1/p130-knockout mice treated 

with vehicle control or LY2606368. Scale bars are indicated. C, Quantification of tumor 

burden as a percentage of lung area in Trp53/Rb1/p130-knockout mice treated with vehicle 

control or LY2606368 (n = 7 mice per group, one random lung section quantified per 

mouse). Per Mann–Whitney test, P = 0.006. D, Quantification of tumor size in Trp53/Rb1/

p130-knockout mice treated with vehicle control or LY2606368 (n = 7 mice per group, one 

random lung section quantified per mouse). Per Mann–Whitney t test, P = 0.001. E, 
Quantification of tumors in Trp53/Rb1/p130-knockout mice treated with vehicle control or 

LY2606368 (n = 7 mice per group, one random lung section quantified per mouse). Per 

Mann–Whitney t test, P = 0.0023. *, P < 0.05; **, P < 0.01; ***, P < 0.001. F, Immunoblot 

analysis of phospho-H2AX (H2AX), cleaved caspase-3, and PH3 in lysates of resected 

tumors at treatment day 7 from the vehicle, LY2606368 treatment groups. Three animals 

were included per group. Actin was used as the loading control.
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Figure 5. 
Therapeutic targeting of CHK1 overcomes acquired cisplatin resistance in SCLC. A and B, 
Tumor volume changes (mean ± SEM; error bars) in mice treated with vehicle (control) or 

cisplatin in flank xenograft models of parental H69 cells (A), or cisplatin-resistant H69 cells 

(H69/CR; B). The P values were calculated using the Student t test. C, Tumor volume 

changes (mean ± SEM) in mice treated with vehicle (control), cisplatin (8 mg/kg once per 

week), LY2606368 [10 mg/kg, twice daily (BID), twice weekly], or the combination of 

cisplatin and LY2606368. The P values were calculated using the Student t test. D, Survival 

of mice treated with vehicle, LY2606368, or cisplatin. The P values were derived by the 

Sen et al. Page 25

Cancer Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mantel–Cox test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. E, Box plots of RPPA markers 

differentially expressed in H69 and H69/CR cells, as determined by t test. The analysis 

showed significantly higher expression of pS6 S240/244 and pS6 S235/236 in the cisplatin-

resistant cells compared with cisplatin-sensitive cells. FC, fold change. F, Immunoblot 

analysis of H69 and H69/CR cells before and after treatment with LY2606368 (24 hours; 

100 nmol/L). The basal expression level of pS6 S240/244 and pS6 S235/236 was lower in 

nontreated H69 cells than in nontreated H69/CR cells, and this was further abrogated by 

treatment with LY2606368. Actin was used as a loading control. G, Western blot analysis of 

tumor lysates from H69 and H69/CR tumors with or without treatment with LY2606368. 

The basal expression level of pS6 S240/244 and pS6 S235/236 was lower in H69 vehicle 

tumors compared with H69/CR vehicle tumors, and this was further abrogated by treatment 

with LY2606368. Actin was used as a loading control.
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Figure 6. 
CHK1 targeting augments the effect of PARP inhibitors in SCLC models. A, Tumor volume 

changes (mean ± SEM) in mice treated with vehicle (control), LY2606368 [10 mg/kg, twice 

daily (BID), days 1 and 2 of each 7-day cycle], olaparib (100 mg/kg, five times weekly), or 

LY2606368 + olaparib (n = 10 mice per group). The P values were calculated using the 

Student t test. B, Survival of mice treated with vehicle (control), LY2606368, olaparib, or 

LY2606368 + olaparib. The P value was established by the Mantel–Cox test. C, RPPA 

analysis corresponding to the indicated AKT/mTOR pathway and DNA damage markers in 

SCLC in vivo tumor samples treated with vehicle, olaparib (100 mg/kg, 5/7), LY2606368 

(10 mg/kg, twice daily, 2/7), or combination and collected at the end of the first treatment 

cycle (false discovery rate < 0.05).
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Figure 7. 
cMYC expression predicts sensitivity to CHK1 inhibition in SCLC. A, Spearman correlation 

of differential expression of 195 RPPA markers and dichotomized half-maximal inhibitory 

concentration (IC50; most resistant cells, n = 5; most sensitive cells, n = 6; from 

Supplementary Table S1) of LY2606368. The top markers of sensitivity are marked with 

arrows. B, Heatmap of RPPA markers that were significantly correlated with sensitivity to 

LY2606368 in human SCLC cell lines (P < 0.05). In the top index, cell lines with relatively 

low LY2606368 and LY2603618 IC50 values are marked in green and those with relatively 

high IC50 values are marked in red. The cell lines are grouped according to their MYC status 

and marked as having no MYC amplification (gray), MYCN amplification (red), MYCL 

Sen et al. Page 28

Cancer Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amplification (blue), MYC amplification (green), or unknown (white). The overexpressed 

markers are shown in red, and markers with reduced expression are shown in blue. C, Box 

plot of cMYC protein correlated with dichotomized IC50 of LY2606368 as determined by t 
test. The top markers of sensitivity to CHK1 inhibitors were total cMYC, CHK1, pCHK1, 

PCNA, and 14-3-3β. D, Heatmap of RPPA markers that were significantly correlated with 

sensitivity to LY2603618 in human SCLC cell lines (P < 0.05). In the top index, cell lines 

with relatively low LY2603618 IC50 values are marked in green and those with relatively 

high IC50 values are marked in red. The color indexing was similar to that of Fig. 7B. E, 
Box plot of cMYC protein correlated with dichotomized IC50 of LY2603618 as determined 

by t test. F, Comparison (t test) of the IC50 of two CHK1 inhibitors, LY2606368 and 

LY2603618, with MYC mRNA expression, divided into MYC-high and MYC-low groups 

on the basis of bimodal distribution of MYC mRNA in 63 human SCLC cell lines. The IC50 

values of the CHK1 inhibitors LY2606368 (P = 0.03) and LY2603618 (P = 0.006) are lower 

in the MYC-high group. t test analysis also shows higher level of CHK1 and pCHK1 

(Ser296) in cell lines sensitive to LY2606368 (Fig. 7G). H, cMYC protein expression across 

different MYC amplification subtypes, determined by ANOVA, demonstrating high 

expression of cMYC in both MYC-amplified and nonamplified cells, with the highest 

expression in the MYC-amplified subset (P = 0.009). I, Comparison (t test) of MYC-

amplified (MYC, MYCL, and MYCN) and nonamplified SCLC cells revealing greater 

expression of the target, CHK1, in the MYC-amplified cells. J, RPPA analysis comparing 

cMYC expression between nontreated and cells treated with LY2606368 for 24 and 72 hours 

shows decreased expression of cMYC after CHK1 inhibitor treatment. K, Western blot 

analysis confirming shRNA-mediated knockdown of MYC in four human SCLC cell lines: 

H446 and H524 (high cMYC expression and MYC-amplified) and H146 and H847 (high 

cMYC expression and not MYC-amplified). L, Cell viability assay, including scramble 

(SCR) and MYC-knockdown (KD) cell lines, demonstrating the effect of MYC inhibition on 

the viability of SCLC cells after treatment with LY2606368. Data represent the mean ± SEM 

(error bars) of three independent experiments.
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