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Abstract

Inhibition of ribonucleotide reductase (RNR), the rate-limiting enzyme in the synthesis of 

deoxyribonucleotides, causes DNA replication stress and activates the ATR-CHK1 pathway. 

Notably, a number of different cancers, including Ewing sarcoma tumors, are sensitive to the 

combination of RNR and ATR-CHK1 inhibitors. However, multiple, overlapping mechanisms are 

reported to underlie the toxicity of ATR-CHK1 inhibitors, both as single-agents and in 

combination with RNR inhibitors, toward cancer cells. Here, we identified a feedback loop in 

Ewing sarcoma cells in which inhibition of the ATR-CHK1 pathway depletes RRM2, the small 

subunit of RNR, and exacerbates the DNA replication stress and DNA damage caused by RNR 

inhibitors. Mechanistically, we identified that the inhibition of ATR-CHK1 activates CDK2, which 

targets RRM2 for degradation via the proteasome. Similarly, activation of CDK2 by inhibition or 

knockdown of the WEE1 kinase also depletes RRM2 and causes DNA damage and apoptosis. 

Moreover, we show that the concurrent inhibition of ATR and WEE1 has a synergistic effect in 

Ewing sarcoma cells. Overall, our results provide novel insight into the response to DNA 

replication stress, as well as a rationale for targeting the ATR, CHK1, and WEE1 pathways, in 

Ewing sarcoma tumors.

INTRODUCTION

Ewing sarcoma is a bone and soft tissue sarcoma that is caused by a chromosomal 

translocation that fuses the EWSR1 gene to members of the ETS family of transcription 

factors, most frequently FLI1 (1). The EWS-FLI1 oncogene is an attractive therapeutic 

target in Ewing sarcoma tumors because it is required for tumorigenesis and specific for 

tumor cells (1). Directly targeting EWS-FLI1, though, has proven to be challenging and the 

standard treatment for Ewing sarcoma, which has changed very little in the past two 

decades, consists of dose-intensified, cytotoxic chemotherapy in combination with surgery 

and radiation (2). However, an alternative approach to directly inhibiting EWS-FLI1 

function is to target unique vulnerabilities incurred by the oncogene. For example, Ewing 
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sarcoma cells exhibit elevated levels of endogenous DNA replication stress and are sensitive 

to inhibitors of ribonucleotide reductase (RNR), the rate limiting enzyme in the synthesis of 

deoxyribonucleotides (3–5). Ewing sarcoma cells are also dependent on the ataxia 

telangiectasia and rad3-related protein (ATR) and checkpoint kinase 1 (CHK1) pathway, 

which plays a key role in orchestrating the cellular response to DNA replication stress, for 

survival (3,4,6).

Ewing sarcoma tumors are sensitive in vitro and in vivo to ATR and CHK1 inhibitors, both 

as single agents and in combination with other drugs (3,4,6–10). Notably, ATR-CHK1 

inhibitors are also reported to sensitize a range of other tumor types to DNA-damaging 

agents and, in some cases, elicit single agent cytotoxicity (11). For example, Lowery et al. 

recently showed that the CHK1 inhibitor prexasertib has antitumor effects as both a 

monotherapy and in combination with chemotherapy in multiple preclinical models of 

pediatric cancers, including malignant rhabdoid tumors, rhabdomyosarcoma, neuroblastoma, 

and osteosarcoma (8). The ATR-CHK1 pathway, when activated by DNA replication stress, 

orchestrates a multifaceted response that arrests cell cycle progression, suppresses origin 

firing, stabilizes replication forks, and promotes fork repair and restart (12). However, ATR 

and CHK1 also have critical and unique functions outside of S phase and the response to 

DNA replication stress. For example, ATR and/or CHK1 regulate chromosome segregation, 

the S/G2 checkpoint, the G2/M transition, double-strand DNA break repair, and the response 

to osmotic and mechanical stress (13–17). Consequently, the effects of inhibiting ATR or 

CHK1 are variable and multiple mechanisms are reported to underlie the selective toxicity of 

ATR-CHK1 inhibitors toward cancer cells (18).

In the current study, we identified that the inhibition of the ATR-CHK1 pathway in Ewing 

sarcoma cells experiencing DNA replication stress leads to the aberrant activation of CDK2 

and cell death. Similarly, activation of CDK2 by inhibiting the WEE1 kinase with 

AZD1775, or knockdown of WEE1 with siRNA, also causes DNA damage and apoptosis. 

Moreover, from a mechanistic standpoint, we show that active CDK2 targets ribonucleotide 

reductase M2 (RRM2), the small subunit of ribonucleotide reductase (RNR), for 

degradation. Notably, RRM2 is required for DNA replication and DNA damage repair. Thus, 

we describe a novel feedback loop in Ewing sarcoma cells in which the inhibition of the 

ATR-CHK1 or WEE1 pathways during DNA replication stress, due to inhibition of RRM2 

or other causes, leads to the aberrant activation of CDK2, degradation of RRM2, enhanced 

DNA replication stress, increased DNA damage, and apoptosis.

MATERIALS AND METHODS

Cell lines and culture

Cell lines were maintained at 37° C in a 5% CO2 atmosphere. The A673, TC32, TC71, and 

EW8 cell lines were kindly provided by Dr. Kimberly Stegmaier (Dana-Farber Cancer 

Institute, Boston, MA). The BJ-tert, HEK-293T, RPE-tert, and U2OS cell lines were 

obtained from ATCC. Cells were cultured as previously described(6,10). Cell lines were 

authenticated by DNA fingerprinting using the short tandem repeat (STR) method and used 

within 5–10 passages of thawing.
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Chemical compounds

Chemical compounds were purchased from Selleckchem (LY2603618), ThermoFisher 

Scientific (puromycin, doxycycline, and geneticin), and MedChemExpress (AZD1775, 

AZD6738, RO-3306, roscovitine, VX-970, NSC663284, and GDC-0575).

Thymidine double block

Cells were treated for 18 h overnight with thymidine (2 mM). The thymidine was then 

removed by washing the cells with pre-warmed 1x PBS. Fresh medium was then added and 

the cells were incubated for 9 h in a tissue culture incubator at 37 °C. The cells were then 

treated with a second round of thymidine (2 mM) for another 18 h at 37 °C.

Cell cycle analysis

Cell cycle analysis was performed in duplicate using the Click-iT EdU-488 kit for flow 

cytometry (ThermoFisher Scientific). Cells were labeled with EdU for two hours and 

analysis was performed according to the manufacturer’s instructions. Flow cytometry was 

performed on a Becton Dickinson LSR II instrument.

Cell cycle analysis with EdU-647 labeling

The doxycycline-inducible shRRM1 and shRRM2 cells, which express green fluorescent 

protein, were labeled with EdU-647 using the Click-iT EdU-647 kit for flow cytometry 

(ThermoFisher Scientific). Cells were labeled with EdU-647 for two hours and analysis was 

performed on a Becton Dickinson FACS Aria instrument. DNA content was measured using 

the Hoescht stain.

Cell viability

Cell proliferation was measured using the resazurin (AlamarBlue) fluorescence and Cell-

Titer-Glo luminescence assays as previously described (6,10). Drug synergy testing was 

performed by treating cells for 72 h with drug combinations of up to 1000 nM AZD6738 

and 500 nM AZD1775. Survival was assayed by Cell-Titer-Glo and each experiment was 

repeated at least two times. The data were analyzed using SynergyFinder (https://

synergyfinder.fimm.fi) (19). For the dose response experiment, approximately 5 × 104 cells 

were plated per well of a 96-well plate in the presence or absence of doxycycline. Cells were 

treated with a range of AZD1775 concentrations for 72 hours. Fluorescence readings were 

obtained after adding the AlamarBlue reagent (Sigma) using a FLUOstar Omega microplate 

reader (BMG Labtech). IC50 values were then calculated using log-transformed and 

normalized data (GraphPad Prism 8.01).

siRNA transfection

Cells (1.5–3 × 105) were plated one day prior to transfection in six-well plates. Cells were 

transfected with siRNA using Lipofectamine RNAiMax (Thermo Fisher Scientific) as 

previously described (5,6,10). siCHK1, siCDC25A, siCDK1, siCDK2, and siWEE1 were 

SMARTpool ON-TARGETplus reagents (GE Dharmacon). siRRM2 (siRRM2_R2B) was 

described previously (5). siControl was purchased from Cell Signaling Technology (#6568).
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Doxycycline-inducible shRRM1 and shRRM2

shERWOOD UltramiR Lentiviral Inducible shRNA plasmids targeting RRM1 

(TLHSU2300–6240) and RRM2 (TLHSU2300–6241) were obtained from Transomic 

Technologies (Huntsville, AL). Lentivirus was produced by transfecting HEK-293T cells 

with the shRNA plasmid and packaging plasmids (psPAX2 and pMD2.G) according to the 

FuGENE 6 (Roche) protocol. For the lentiviral transduction, Ewing sarcoma cells were 

incubated with 2 mL of virus and 6 mg/mL of polybrene (Sigma-Aldrich) for 12–16 hours. 

Cells were selected in 1 μg/mL puromycin 48 hours after transduction.

Doxycycline-inducible CDK1-AF and CDK2-AF

Plasmids were synthesized by VectorBuilder (Shenandoah, TX). The full-length CDK1 and 

CDK2 cDNAs, modified to convert Thr13 and Tyr14 to Ala13 and Phe14, were synthesized 

and inserted into lentiviral vectors downstream of the TRE3G doxycycline-inducible 

promoter (20). N-terminal FLAG and V5 tags were added to CDK1 and CDK2, respectively. 

The pLVX-EF1a-Tet3G vector (Clontech) was used to expresses the Tet-On 3G 

transactivator protein from the human EF1 alpha promoter. Lentivirus was prepared as 

described above. EW8 cells were sequentially infected and selected with geneticin 500 

μg/mL (pLVX-EF1a-Tet3G) and puromycin 1 μg/mL (CDK1-AF and CDK2-AF).

Doxycycline-inducible TO-FLAG-RRM2-T33A

The full length RRM2 cDNA, with a Threonine-33 to Alanine-33 mutation and a FLAG-tag, 

was obtained as a gene block (IDT; Coralville, IA) and inserted into the Lenti-X-Tet-One 

vector (Clontech). After verification by sequencing, the plasmid was used to make lentivirus, 

as described above.

Immunoblotting

Immunoblots were performed as previously described (10). Protein loading for the 

immunoblots was normalized using cell number. Antibodies to the following proteins were 

used in the immunoblots: phospho-Histone-139 H2A.X (Cell Signaling, #9718, 1:1000), 

phospho-Chk1–345 ( Cell Signaling, #2348, 1:1000), Chk1 (Cell Signaling, #2360, 1:1000), 

PARP (Cell Signaling, #9532, 1:1000), cleaved caspase-3 (Cell Signaling, #9664, 1:1000), 

RRM1 (Cell Signaling, #8637, 1:1000), RRM2 (Santa Cruz, #398294, 1:500), Actin (Cell 

Signaling, #4970, 1:1000), CDK1 (Cell Signaling, #9116, 1:1000), CDK2 (Millipore, #05–

596, 1:1000), P-CDK1/2 (Cell Signaling, #4539, 1:1000), Lamin A/C (Cell Signaling, 

#2032, 1:1000), P-Lamin A/C (Ser22) (Cell Signaling, #13448, 1:1000), WEE1 (Cell 

Signaling, #13084, 1:1000), V5 (Abcam, ab9116, 1:2000), FLAG (Sigma, F1804, 1:1000), 

and tubulin (Proteintech, 66031–1, 1:2000).

Phos-tag Gel Electrophoresis

Protein lysates were collected using RIPA buffer (Sigma, #R0276) containing cOmplete 

EDTA-free protease inhibitor cocktail (Sigma, #11873580001). An aliquot of lysate was 

removed from the sample and treated, according to the manufacturer’s instructions, with 

lambda phosphatase (Lambda PP; New England BioLabs, #P0753S) to serve as a positive 

control. Electrophoresis was then performed using precast Supersep Phos-tag 12.5% gels 
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(Fisher Scientific) at 90V for 1.5 h. Gels were then washed three times in transfer buffer 

containing EDTA followed by one wash in transfer buffer without EDTA. Proteins were then 

transferred to polyvinylidene difluoride membranes at 100V for 1 h. Antibodies are 

described above. A sample of the protein lysate was also evaluated using standard 

polyacrylamide gel electrophoresis, which does not separate the unphosphorylated and 

phosphorylated CDK1 and CDK2 proteins, to ensure that the levels of total CDK1 and 

CDK2 were unchanged by the drug treatment.

γH2AX flow cytometry

Cells (3 × 105 cells/well) were plated in a 6-well plate and allowed to adhere overnight. The 

cells were then treated with drugs, or vehicle, as described. Cells were labeled with EdU-488 

for 2 h using the Click-iT EdU-488 kit for flow cytometry (ThermoFisher Scientific). Flow 

cytometry for γH2AX and EdU-488 were then performed as previously described (10).

Caspase-3/7 Activation

Caspase-3/7 activation was measured using the Casp-Glo 3/7 Luminescence assay 

(Promega), according to the manufacturer’s instructions. The fold increase in caspase-3/7 

activity was calculated by comparing drug to vehicle (DMSO) treated cells.

RT-qPCR

Total RNA was extracted using RNAeaasy kit following the manufacturer’s instructions. 1 

μg of total RNA was reverse-transcribed into first-strand cDNA using random hexamer 

primers and the SuperScript III Reverse Transcriptase (Invitrogen). RT-qPCR was performed 

on the ViiA 7 Real-Time PCR System (Life Technologies) using SYBR Select Master Mix 

(Life Technologies). RT-qPCR was performed for RRM1 (5’-

GCCAGGATCGCTGTCTCTAAC-3’), RRM2 (5’-CACGGAGCCGAAAACTAAAGC-3’), 

and WEE1 (5’-AACAAGGATCTCCAGTCCACA-3’). Reactions were performed in 

triplicate and gene expression was normalized to actin.

Statistical Analysis

Student’s t-test was used to calculate P-values for the comparison of two groups and 

analyses for more than two groups were conducted with a one-way analysis of variance 

(ANOVA) followed by Dunnett’s multiple comparisons test. Statistical analyses were 

conducted using GraphPad Prism 8.01.

RESULTS

Inhibition of the ATR-CHK1 pathway in Ewing sarcoma cells in S phase causes DNA 
damage and apoptosis

In order to delineate the cell-cycle dependent effects of inhibition of the ATR-CHK1 

pathway in Ewing sarcoma, we synchronized cells at the G1/S border using a double 

thymidine block. We chose to synchronize the cells using thymidine, as opposed to other 

methods, because a thymidine double block 1) arrests cells at the G1/S border and 2) causes 

DNA replication stress and DNA damage by inhibiting ribonucleotide reductase (RNR) (21–

Koppenhafer et al. Page 5

Mol Cancer Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23). Based on our previous work demonstrating synergy between ATR-CHK1 inhibitors and 

drugs that cause DNA replication stress, we hypothesized that the induction of DNA damage 

and/or replication stress by thymidine would recapitulate, in part, the effects of gemcitabine 

and other inhibitors of RNR (6). Figures 1A and 1B show that the treatment of multiple 

Ewing sarcoma cells lines with a double thymidine block causes accumulation of cells at the 

G1/S border. Removal of the thymidine after the double block then results in the orderly 

progression of cells through S phase (Figure 1C and Supplementary Figure 1A). Next, to 

determine whether ATR-CHK1 signaling is required for cell survival in early S phase, we 

released Ewing sarcoma cells from a double thymidine double block in the presence of two 

different CHK1 inhibitors (LY2603618 and GDC-0575), an ATR inhibitor (AZD6738), or 

vehicle (24–26). The ATR and CHK1 inhibitors were removed after a 4 h incubation, while 

the cells were still in S phase (Figure 1C). Cell growth was then quantified 24 h after drug 

removal using Cell-Titer-Glo. Figure 1D shows that treatment with the ATR and CHK1 

inhibitors significantly reduced cell growth after release from the thymidine block. However, 

in contrast to these thymidine-treated cells, the treatment of unsynchronized cells with 

CHK1 or ATR inhibitors for 4 h had a minimal impact on cell growth (Supplementary 

Figure 1B).

Figures 1E and 1F show that inhibition of ATR or CHK1 in cells released from a thymidine 

double block results in phosphorylation of H2AX (γH2AX), a marker of DNA damage, and 

cleavage of PARP, a marker of apoptosis. In addition, we also observed that thymidine, even 

in the absence of an ATR or CHK1 inhibitor, induced phosphorylation of H2AX in Ewing 

sarcoma cells, consistent with reports of thymidine causing replication stress and DNA 

damage in other cell types (21–23). In particular, the TC71 cells were more sensitive than 

the EW8 cells to thymidine as a single agent. However, the phosphorylation of H2AX was 

enhanced when the thymidine double block was followed by treatment with an ATR or 

CHK1 inhibitor. Similar results were obtained with the TC32 cell line (Supplementary 

Figure 1C). Flow cytometry was also used to quantify the phosphorylation of H2AX in EW8 

cells (Figure 1G), as well as the additional Ewing sarcoma cell lines (TC71 and TC32) 

(Supplementary Figure 1D). We also treated unsynchronized cells with a CHK1 inhibitor for 

4 h and pulse-labeled the cells with EdU. Figure 1H shows that a CHK1 inhibitor, even in 

the absence of thymidine treatment or a DNA replication stress inducer, caused DNA 

damage (γH2AX) in cells with active DNA replication. The effect of the CHK1 inhibitor as 

a single agent, however, was diminished relative to the combination of thymidine, which 

causes replication stress, and the CHK1 inhibitor. Finally, to ensure that the effects of the 

ATR and CHK1 inhibitors were on-target we used a siRNA, validated in our previous work, 

to knockdown CHK1 in cells treated with a double thymidine block (5). Similar to the 

results using the small-molecule inhibitors, Figure 1I shows that siCHK1, but not siControl, 

caused phosphorylation of H2AX and cleavage of PARP.

Inhibition of the ATR-CHK1 pathway in Ewing sarcoma cells in S phase activates CDK1/2

CDK1 and CDK2 are critical mediators of cell cycle progression that are regulated by the 

ATR-CHK1-CDC25A pathway (27,28). In the setting of DNA replication stress, ATR-

CHK1 negatively regulates CDC25A, which de-phosphorylates and activates CDK1/2, to 

restrain cell cycle progression and promote DNA damage repair. Figure 2A shows that the 
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release of Ewing sarcoma cells from a thymidine double block in the presence of a CHK1 

inhibitor results in an increase in the unphosphorylated, or activated, forms of CDK1 and/or 

CDK2. Notably, the phosphorylation-specific antibody for CDK1 is not specific for CDK1 

and also detects the phosphorylated form of CDK2 (29). In contrast, the treatment of several 

non-Ewing sarcoma cell lines, including BJ-tert, RPE-tert, and U2OS, with a thymidine 

block followed by a CHK1 inhibitor did not alter the phosphorylation of CDK1/2 

(Supplementary Figure 2A). Next, EW8 and TC71 cells were released from a thymidine 

double block in the presence of a CHK1 inhibitor (LY2603618), the CDK1/2 inhibitor 

RO-3306, or the combination of LY2603618 and RO-3306 (30). In a similar experiment, 

EW8 cells were also pulse-labeled with EdU and fixed for flow cytometry for γH2AX. 

Figures 2B and 2C show that inhibition of CDK1/2 with RO-3306 reduced both the cleavage 

of PARP and the phosphorylation of H2AX, respectively. Treatment with RO-3306 also 

blocked morphologic changes suggestive of apoptosis and cell death (Supplementary Figure 

2B). Similar results were obtained with the TC32 cell line (Supplementary Figure 2C). 

Roscovitine, an additional inhibitor of CDK1/2, also reduced the cleavage of PARP and 

phosphorylation of H2AX caused by the CHK1 inhibitor (Figure 2D) (31). Next, we used 

siRNA to knockdown CDK1, CDK2, and the combination of CDK1 and CDK2. 

Supplementary Figure 2D shows that the knockdown of CDK1 and CDK2 did not impair the 

entry of cells into S phase at 24 h after siRNA transfection (29). However, Figure 2E shows 

that the knockdown of CDK1 and CDK2 decreased the phosphorylation of H2AX in cells 

released from a thymidine double block in the presence of a CHK1 inhibitor. Figure 2F 

shows that the siRNA-mediated knockdown of CDC25A, which is regulated by ATR-CHK1 

and de-phosphorylates CDK1/2, blocked the activation of CDK1/2 and significantly reduced 

the phosphorylation of H2AX caused by treatment of the cells with a CHK1 inhibitor. 

Similarly, treatment of EW8 cells with NSC663284, an inhibitor of CDC25A, also reduced 

phosphorylation of H2AX and cleavage of PARP (Figure 2G). Finally, as phospho-CDK1 

and phospho-CDK2 antibodies are cross-reactive and not specific to phospho-CDK1 or 

phospho-CDK2, we used phos-tag polyacrylamide electrophoresis to discern activation of 

CDK1 versus CDK2 (29). Figures 2H and 2I show that treatment of EW8 cells with 

LY2603618 after release from a thymidine block increased the unphosphorylated, or 

activated, forms of both CDK1 and CDK2. Of note, a sample of the protein lysate was also 

evaluated using standard polyacrylamide gel electrophoresis to ensure that the levels of total 

CDK1 and CDK2 were unaltered by the drug treatment.

Inhibition of CHK1 in Ewing sarcoma cells with shRNA-mediated knockdown of RRM1 or 
RRM2 activates CDK1/2 and causes apoptosis

Thymidine causes DNA replication stress and, as shown above, increased the DNA damage 

and apoptosis caused by ATR and CHK1 inhibitors (21–23). To complement the thymidine 

studies, we also used a genetic approach to partially reduce the levels of the RRM1 and 

RRM2 subunits of ribonucleotide reductase (RNR), the rate-limiting enzyme in the synthesis 

of deoxyribonucleotides (dNTPs), and impair DNA replication. In a previous publication, 

we showed that the knockdown of RRM1 or RRM2 using potent siRNAs caused replication 

stress, activation of ATR-CHK1 signaling, apoptosis, and cell death in Ewing sarcoma cells 

(5). However, in the current work, we used doxycycline-inducible shRNA to more modestly 

reduce the levels of RRM1 or RRM2 (Figure 3A). Figure 3B shows that this partial 
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knockdown of RRM1 or RRM2 increased the percentage of cells in S phase, but did not 

arrest the cells. Reducing RRM1 and RRM2 levels also caused a mild increase in the 

phosphorylation of H2AX, but no significant cleavage of PARP (Figure 3C). However, 

treatment of these knockdown cells with CHK1 inhibitors for 4 h caused an increase in 

phosphorylation of H2AX, cleavage of PARP, and a significant reduction in cell viability 

compared to the parental cells (Figure 3C–E and Supplementary Figure 3A–B). Next, we 

treated the shRRM1 and shRRM2 knockdown cells with a CHK1 inhibitor and assessed, by 

immunoblotting, for activation of CDK1/2. Figure 3F shows that treatment of the cells with 

a CHK1 inhibitor, in the presence of doxycycline and knockdown of RRM1 or RRM2, 

caused activation of CDK1/2, as well as cleavage of PARP and caspase-3. However, 

treatment of these cells lines with a CDK1/2 inhibitor, RO-3306, in combination with the 

CHK1 inhibitor reduced the phosphorylation of H2AX and decreased cleavage of PARP and 

caspase-3, similar to the results obtained using a thymidine block (Figure 3G–H). Figures 3I 

and 3J show that knockdown of CHK1 in the EW8-shRRM2 and EW8-shRRM1 cells using 

siRNA caused phosphorylation of H2AX, cleavage of PARP, and cleavage of caspase-3. We 

also generated an additional cell line with doxycycline-inducible shRNA knockdown of 

RRM1. Supplementary Figures 3C–E show that the treatment of TC71-shRRM1 cells with a 

CHK1 inhibitor resulted in cleavage of PARP, phosphorylation of H2AX, and activation of 

CDK1/2, similar to the results obtained with the EW8 cells.

Inhibition of WEE1 kinase with AZD1775 activates CDK1/2 and causes apoptosis in Ewing 
sarcoma cells

The WEE1 kinase phosphorylates and inactivates CDK1/2 (32). Figure 4A shows that 

treatment of EW8 and TC71 cells with the WEE1 kinase inhibitor AZD1775 caused a dose-

dependent activation, or decreased phosphorylation, of CDK1/2. Similarly, knockdown of 

WEE1 using siRNA caused activation of CDK1/2 (Figure 4B). In addition, treatment with 

AZD1775 also caused cleavage of PARP, cleavage of caspase-3, activation of caspase 3/7 as 

assessed using a luminescence assay, and phosphorylation of H2AX (Figure 4C–D). 

However, the phosphorylation of H2AX induced by AZD1775 was blocked by concurrent 

treatment of the cells with the CDK1/2 inhibitor RO-3306 (Figure 4E). Next, we treated 

Ewing sarcoma cells with AZD1775 and then pulse-labeled the cells with EdU to identify 

cells with active DNA replication. Figure 4F shows that the DNA damage induced by 

AZD1775, as assessed by staining for γH2AX, occurred in cells with active DNA 

replication.

We then treated Ewing sarcoma cells with low doses of AZD1775 and a CHK1 inhibitor, 

LY2603618. Figure 4G demonstrates that the combination of the drugs, but neither drug as a 

single agent (at low concentrations), caused activation of CDK1/2, cleavage of PARP, and 

phosphorylation of H2AX. The combination of the drugs did not alter the cell cycle, though 

(Supplementary Figure 4A–B). Furthermore, as shown in Figure 4H, the addition of the 

CDK1/2 inhibitor RO-3306 to the combination of the WEE1 and CHK1 inhibitors 

significantly reduced phosphorylation of H2AX. Inhibition of ATR in combination with 

inhibition of WEE1 also caused cleavage of PARP and phosphorylation of H2AX (Figure 

4I). Next, BJ-tert cells and multiple Ewing sarcoma cell lines were incubated with different 

concentrations of inhibitors of WEE1 (AZD1775) and ATR (AZD6738) for 72 h before 
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quantifying the surviving cells with Cell-Titer-Glo. Figure 4J shows that the drug 

combination did not cause synergistic toxicity (Loewe Score 0.62) with the BJ-tert cells, 

consistent with reports that this drug combination is selective for cancer cells and causes 

minimal systemic toxicity in vivo (33). In contrast, the combination of AZD1775 and 

AZD6738 was highly synergistic with multiple Ewing sarcoma cell lines, as shown in a 

representative Loewe synergy matrix plot (Loewe Score 46.9) (Figure 4K) and summarized 

for multiple cell lines (Table 1) (Supplementary Figure 4C–E) (19). AZD1775 also showed 

synergy (Loewe Score 44.9) with an additional ATR inhibitor, VX-970, in TC71 cells 

(Supplementary Figure 5) (34). Finally, the combination of AZD1775 and AZD6738 

activated CDK1/2 in the A673 and EW8, but not BJ-tert, cells (Figure 4L).

CDK2 activation in Ewing sarcoma cells causes RRM2 degradation, DNA damage, and 
apoptosis

In a previous publication, and Supplementary Figure 6A, we showed that knockdown or 

inhibition of RRM2 caused apoptosis in Ewing sarcoma cells (5). RRM2, which is required 

for DNA replication and the repair of DNA damage, is phosphorylated on Threonine-33 by 

CDK1/2 in G2 phase after completion of DNA synthesis and, thereby, targeted for ubiquitin-

mediated proteolysis (35,36). Figure 5A shows that treatment of four Ewing sarcoma cell 

lines with AZD1775 caused a reduction in RRM2 protein levels. Similar results were 

obtained with three non-Ewing sarcoma cell lines, suggesting the effect of AZD1775 on 

RRM2 is not specific to Ewing sarcoma cells (Figure 5B) (36). Using a genetic approach, 

we also reduced WEE1 levels with siRNA, which activates CDK1/2 (Figure 4B), and 

identified a comparable reduction in RRM2 levels (Figure 5C). Next, we treated Ewing 

sarcoma cells with AZD1775 in combination with the CDK1/2 inhibitor RO-3306. As 

shown in Figure 5D, inhibition of CDK1/2 with RO-3306 blocked the reduction in RRM2 

levels. We then used siRNA to reduce the levels of WEE1 and assessed whether inhibition of 

the proteasome with MG132 would rescue RRM2 levels. Figure 5E shows that MG132 

increased the levels of RRM2 in EW8 and TC71 cells after knockdown of WEE1. Similar 

results were obtained when AZD1775 was combined with MG132 in A673, EW8, TC71, 

and RPE cells (Figure 5F). In addition, we did not observe a significant effect of siWEE1 or 

AZD1775 on RRM2 mRNA levels, as assessed using qPCR (Supplementary Figure 6B–E). 

Next, we expressed a doxycycline-inducible FLAG-RRM2 transgene (TO-FLAG-RRM2-

T33A) with a T33A mutation, which was previously shown to be resistant to the ubiquitin-

mediated-proteolysis caused by inhibition of WEE1, in a Ewing sarcoma cell line (36). 

Figure 5G shows that FLAG-RRM2-T33A, compared to the endogenous RRM2 protein, is 

resistant to the degradation caused by knockdown of WEE1. Furthermore, the doxycycline-

inducible expression of FLAG-RRM2-T33A also significantly reduced the sensitivity of 

cells to the WEE1 inhibitor AZD1775 (IC50 178 nM versus 357 nM) (Figure 5H).

Earlier studies did not distinguish whether CDK1 or CDK2 regulates RRM2 degradation 

(36). In addition, phos-tag gel electrophoresis (Figures 2H and 2I) showed activation of both 

CDK1 and CDK2 in Ewing sarcoma cells. Consequently, in order to identify the functional 

consequences of activation of CDK1 or CDK2, we generated constitutively active mutants of 

CDK1 and CDK2 which substitute alanine for threonine at position 14 and phenylalanine for 

tyrosine at position 15 (20,37–39). The FLAG-CDK1-AF and V5-CDK2-AF constructs 
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were cloned into doxycycline-inducible vectors and expression of the tagged proteins in 

EW8 cells were observed when cells were treated with doxycycline (Figure 5I). Notably, 

expression of constitutively active CDK2-AF, but not CDK1-AF, caused a reduction in the 

level of the RRM2 protein (Figure 5I). Figures 5J and 5K show that the inducible expression 

of CDK2-AF also significantly reduced cell viability and increased markers of apoptosis. In 

addition, expression of CDK2-AF, but not CDK1-AF (Supplementary Figure 7A–B), 

reduced DNA replication, as expected based on the reduction of levels of RRM2, and 

increased phosphorylation of H2AX (Figure 5L–M). Despite the lack of effect of CDK1-AF 

on RRM2 levels or cell viability, we did observe increased phosphorylation of the CDK1 

target lamin A/C, demonstrating that CDK1-AF is functional (Supplementary Figure 7C).

DISCUSSION

Ewing sarcoma cells exhibit elevated levels of endogenous DNA replication stress, which 

may, in part, explain the sensitivity of this cancer to RNR, ATR, and CHK1 inhibitors (3,4). 

Notably, both haploinsufficiency of EWSR1 and the EWS-FLI1 oncogene are reported to 

contribute to DNA replication stress and DNA damage in Ewing sarcoma tumors. For 

example, Gorthi et al. recently showed that depletion of EWSR1 increased the formation of 

R-loops, which are DNA-RNA hybrids that impair the progression of the DNA replication 

machinery, and activated ATR in Ewing sarcoma tumors (3). In other work, depletion of 

EWSR1 was also reported to impact the splicing of genes involved in DNA repair and 

genotoxic stress signaling, which suggests the role of EWSR1 in replication stress may be 

multifactorial (40). Similarly, the EWS-FLI oncogene is reported to regulate multiple 

aspects of the cellular response to genotoxic stress, as reviewed by Ghosal et al. (41). For 

example, SLFN11 is a direct transcriptional target of EWS-FLI1 and overexpression of 

SLFN11 sensitizes cancer cells to a wide range of DNA-targeted therapies by blocking 

replication fork progression (42,43). In addition, Stewart et al. showed that Ewing sarcoma 

cells are defective in DNA damage repair and downregulate multiple repair genes, including 

BRCA1, GEN1, and ATM (44). Furthermore, germline sequencing of patients with Ewing 

sarcoma tumors has identified a significant enrichment for mutations in genes involved in 

DNA damage repair (45). Overall, these studies suggest that the etiology of the elevated 

levels of endogenous DNA replication stress in Ewing sarcoma cells may involve multiple 

mechanisms.

Similarly, a number of different mechanisms have been reported to underlie the toxicity of 

ATR-CHK1 inhibitors, both as single agents and in combination with other drugs, toward 

cancer cells (11–13,18). These different mechanisms are likely related, in part, to the diverse 

functions and the multiple downstream targets of the ATR and CHK1 kinases. In this work, 

we identified that inhibition of the ATR-CHK1 and WEE1 pathways in Ewing sarcoma cells 

causes activation of CDK1 and CDK2. In addition, inhibition or siRNA-mediated 

knockdown of CDK1/2 reduced DNA damage and apoptosis. Furthermore, using expression 

of constitutively active CDK1 and CDK2 mutants, we also identified that the aberrant 

activation of CDK2 leads to the degradation of RRM2 and, thereby, generates a feedback 

loop which exacerbates DNA replication stress, increases DNA damage, and induces 

apoptosis (Figure 6). However, although overexpression of constitutively active CDK1 did 

not deplete RRM2 or induce DNA damage in Ewing sarcoma cells, we did note that 
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knockdown of CDK1 with siRNA modestly reduced DNA damage in the setting of 

replication stress (Figure 2G) and, therefore, we cannot fully rule out a contribution from 

CDK1 in mediating the effects of inhibition of the ATR-CHK1 pathway.

The classical view is that CDK2 regulates entry into S phase and the initiation of DNA 

replication, while entry into M phase requires the activity of CDK1 (27,46). However, there 

is significant functional overlap between these two kinases and the aberrant activation of 

both CDK1 and CDK2 have been reported to cause DNA damage and toxicity. For example, 

Szmyd et al. showed that the monoallelic expression of CDK1-AF is embryonic lethal in 

mice and causes an S phase arrest with associated phosphorylation of H2AX and activation 

of the DNA damage checkpoint (47). Similarly, Hughes et al. showed that expression of 

CDK2-AF in HCT116 cells caused premature entry into S phase, abnormal DNA 

replication, and sensitivity to replication stress (48). Additional reports have also shown that 

CHK1 inhibitors, as single agents or in combination with gemcitabine, cause CDK2-

dependent toxicity (49,50). On the other hand, Garcia et al. showed that the expression of 

the combination of CDK1-AF and CDK2-AF, but neither construct alone, enhanced the 

DNA damage and apoptosis caused by cytarabine in leukemia cells (51). Overall, these 

studies suggest that activation of CDK1 and CDK2, as well as the downstream impact of 

active CDK1 and CDK2, is likely to depend on multiple factors, including tumor type, the 

phase of the cell cycle, and the presence of replication stress.

Notably, from a mechanistic standpoint, we identified that the activation of CDK2 promotes 

the ubiquitin-mediated proteolysis of RRM2, which is the small subunit of ribonucleotide 

reductase (RNR). RNR catalyzes the rate-limiting step in the synthesis of 

deoxyribonucleotides from ribonucleotides and inhibition of RRM2, or the RRM1 subunit of 

RNR, depletes nucleotides and causes DNA replication stress and DNA damage (52). The 

levels of RRM2 peak during S phase and RRM2 is normally degraded during G2 phase (35). 

However, in Ewing sarcoma cells, we identified that the aberrant activation of CDK2, caused 

by inhibiting ATR, CHK1, or WEE1, leads to the proteolysis of RRM2. Notably, inhibition 

or knockdown of RRM2 causes DNA replication stress, DNA damage, and apoptosis in 

Ewing sarcoma tumors (5,6). Consequently, inhibition of the ATR-CHK1 pathway, or the 

WEE1 kinase, in Ewing sarcoma cells experiencing replication stress generates a feedback 

loop that depletes RRM2, exacerbates replication stress, and increases DNA damage. 

Finally, although we identified RRM2 as one target of active CDK2, we also note that CDK2 

phosphorylates numerous substrates and we expect that the toxicity caused by the aberrant 

activation of CDK2 in Ewing sarcoma cells is dependent on multiple downstream targets 

and not solely RRM2 (53,54).

We also found that the inhibition of CHK1 and WEE1 are not equivalent, which is consistent 

with reports in the literature (33,55–61). For example, the WEE1 inhibitor AZD1775 was 

able to activate CDK1/2 in both Ewing and non-Ewing sarcoma lines (Figure 5A–B). In 

contrast, inhibition of CHK1 activated CDK1/2 in the Ewing sarcoma cell lines, but not the 

control cell lines that we tested (Figure 2A and Supplementary Figure 2A). We hypothesize 

that this reflects the distinct substrates and functions of the ATR, CHK1, and WEE1 kinases. 

Notably, although ATR, CHK1, and WEE1 all function in the DNA replication stress 

pathway, the functions of these kinases are non-redundant and, in some cases, dependent on 
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cell type (33,55–61). For example, WEE1 directly phosphorylates CDK1/2 while CHK1 

indirectly regulates phosphorylation of CDK1/2 via the phosphatase CDC25A (Figure 2F 

and 2G). Consequently, we hypothesize that this direct versus indirect regulation may 

contribute to the difference between the inhibitors. In addition, WEE1 inhibitors block the 

phosphorylation of both cyclin-bound and cyclin-unbound CDK2 (62–64). In contrast, 

CDC25A can dephosphorylate CDK2 only when CDK2 is bound to a cyclin (62–64). 

Furthermore, both WEE1 and CHK1 inhibitors cause DNA replication stress via regulation 

of origin licensing and differences in the degree of replication stress caused by these drugs 

could impact the activation of CDK2 (18,65). Consequently, defining the distinct roles and 

functions of ATR, CHK1, and WEE1 inhibitors in Ewing sarcoma tumors will be a focus of 

future investigation.

In summary, we identified a novel feedback loop in Ewing sarcoma cells in which the 

inhibition of the ATR-CHK1 pathway, or the WEE1 kinase, during DNA replication stress 

leads to the aberrant activation of CDK2, degradation of RRM2, enhanced DNA replication 

stress, increased DNA damage, and apoptosis. In other tumor types, inhibition of CHK1 has 

also been reported to activate CDK2, but it is unclear whether this also results in depletion of 

RRM2 and exacerbation of DNA replication stress as the downstream impact of active 

CDK2 appears variable between tumor types (49,63). However, in future work, we plan to 

investigate this feedback loop in other cell types, as well as identify additional downstream 

targets of active CDK2. Overall, our work provides novel mechanistic insight into the causes 

and consequences of DNA replication stress and generates further support for targeting the 

RNR, ATR-CHK1, and WEE1 pathways in Ewing sarcoma tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implication

Targeting the ATR, CHK1, and WEE1 kinases in Ewing sarcoma cells activates CDK2 

and increases DNA replication stress by promoting the proteasome-mediated degradation 

of RRM2.
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Figure 1. 
Inhibition of the ATR-CHK1 pathway in Ewing sarcoma cells in S phase causes DNA 

damage and apoptosis. (A) Representative cell cycle analysis (EdU and propidium iodide) 

plot for Ewing sarcoma cells (EW8) synchronized at the G1/S border using a thymidine 

double block. (B) Summary of cell cycle analysis for four additional Ewing sarcoma cell 

lines that were subjected to a thymidine double block. (C) EW8 cells were arrested at the 

G1/S border using a thymidine double block and then released into S phase. Cell cycle 

analysis with EdU and propidium iodide was performed at the indicated time points after 
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release from the block. Results are representative of two independent experiments. (D) EW8 

and TC71 cells were released from a thymidine double block in the presence of LY2603618 

(1 μM), GDC-0575 (1 μM), AZD6738 (1 μM), or DMSO for 4 h. Drugs were then removed 

and cell viability was quantified 24 h later using Cell-Titer-Glo. (E, F) EW8 (E) and TC71 

(F) cells were released from a thymidine double block in the presence of drugs, as described 

in (D), for 4 h. Cell lysates were then collected for immunoblotting. (G) EW8 cells were 

released from a thymidine double block in the presence of LY2603618 or DMSO for 4 h. 

Cells were then labeled with EdU and fixed for flow cytometry for γH2AX. Results are 

representative of two independent experiments. (H) Unsynchronized EW8 cells were treated 

with LY2603618 or DMSO for 4 h, pulse-labeled with EdU, and fixed for flow cytometry 

for γH2AX. Results are representative of three independent experiments. (I) EW8 cells were 

released from a thymidine double block 24 h after transfection with siRNA targeting CHK1. 

Cellular lysates were collected 4 h after the cells were released from the block. **** 

indicates P < 0.0001.
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Figure 2. 
Inhibition of the ATR-CHK1 pathway in Ewing sarcoma cells in S phase activates CDK1/2. 

(A) Multiple Ewing sarcoma cell lines were released from a thymidine double block in the 

presence of LY2603618 (1 μM) or DMSO. Cellular lysates were harvested 4 h after release 

from the block and probed for CDK1/2 phosphorylation by immunoblotting. (B) EW8 and 

TC71 cells were released from a thymidine double block in the presence of LY2603618 (1 

μM), RO-3306 (10 μM), or the combination of LY2603618 and RO-3306. Cellular lysates 

were collected for immunoblotting 4 h after release from the block. (C) EW8 cells were 
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released from a thymidine double block in the presence of LY2603618 (1 μM), RO-3306 (10 

μM), or the combination of LY2603618 and RO-3306 for 4 h. Cells were then labeled with 

EdU and fixed for flow cytometry for γH2AX. Results are representative of two 

independent experiments. (D) EW8 cells were released from a thymidine double block in the 

presence of LY2603618 (1 μM), Roscovitine (10 μM), or the combination of LY2603618 

and Roscovitine. Cellular lysates were collected for immunoblotting 4 h after release from 

the block. (E) EW8 cells were released from a thymidine double block 24 h after 

transfection with siRNA targeting CDK1, CDK2, or CDK1 and CDK2. Cellular lysates were 

collected 4 h after the cells were released from the block in the presence of LY2603618 and 

probed for CDK1, CDK2, and γH2AX. (F) EW8 cells were released from a thymidine 

double block 24 h after transfection with siRNA targeting CDC25A. Cellular lysates were 

collected 4 h after the cells were released from the block in the presence of LY2603618 and 

probed for CDC25A, CDK1, P-CDK1/2, and gH2AX. (G) EW8 cells were released from a 

thymidine double block in the presence of LY2603618 (1 μM), NSC663284 (10 μM), or the 

combination of LY2603618 and NSC663284. Cellular lysates were collected for 

immunoblotting 4 h after release from the block. (H, I) EW8 cells were released from a 

thymidine double block in the presence of LY2603618 and then cellular lysates were 

collected 4 h after release. Electrophoresis was performed using phos-tag gels and the gels 

were probed with CDK1 (H) and CDK2 (I) antibodies. As a control, an aliquot of protein 

lysate was treated with lambda phosphatase. The same lysates were also evaluated using 

standard polyacrylamide gel electrophoresis, which does not separate the unphosphorylated 

and phosphorylated CDK1 and CDK2 proteins, to ensure that the levels of total CDK1 and 

CDK2 are not altered by drug treatment.
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Figure 3. 
Inhibition of CHK1 in Ewing sarcoma cells with shRNA-mediated knockdown of RRM1 or 

RRM2 activates CDK1/2 and causes apoptosis. (A) EW8 cell lines with doxycycline-

inducible, shRNA-mediated knockdown of RRM1 and RRM2 were treated with doxycycline 

or vehicle for 48 h. Cellular lysates were then collected for immunoblotting for RRM1 and 

RRM2. (B) The EW8-shRRM1 and EW8-shRRM2 cell lines were treated with doxycycline 

or vehicle for 48 h, fixed, and subjected to cell cycle analysis using EdU and Hoechst. 

Results are representative of two independent experiments. (C) EW8-shRRM1 and EW8-
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shRRM2 cells were treated with doxycycline or vehicle for 24 h and then treated with 

LY2603618 (1 μm) for 4 h. Cellular lysates were then collected for immunoblotting for 

cleaved and total PARP and γH2AX. (D, E) The EW8-shRRM1 (D) and EW8-shRRM2 (E) 

cell lines were treated with doxycycline, LY2603618, or GDC-0575 as described in (C). 

LY2603618 and GDC-0575 were removed after 4 h and cell growth was quantified 48 h later 

using Cell-Titer-Glo. (F) The EW8-shRRM1 and EW8-shRRM2 cell lines were treated with 

doxycycline and LY2603618 as described in (C). LY2603618 was removed after 4 h and 

cellular lysates were then collected for immunoblotting. (G, H) EW8-shRRM1 (G) and 

EW8-shRRM2 (H) cells, grown in the presence of doxycycline or vehicle, were treated with 

LY2603618, RO-3306, or the combination of LY2603618 and RO-3306 for 4 h. Cellular 

lysates were then collected for immunoblotting for cleaved and total PARP, γH2AX, and 

cleaved caspase-3. (I) EW8-shRRM2 cells, grown in the presence of doxycycline or vehicle, 

were transfected with siRNA targeting CHK1. Cellular lysates were collected for 

immunoblotting 24 h after transfection. (J) EW8-shRRM1 cells, grown in the presence of 

doxycycline or vehicle, were treated with LY2603618 for 4 h. Cellular lysates were then 

harvested for immunoblotting 24 h after transfection. **** indicates P < 0.0001.
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Figure 4. 
Inhibition of WEE1 kinase with AZD1775 activates CDK1/2 and causes apoptosis in Ewing 

sarcoma cells. (A) EW8 and TC71 cells were treated with different doses of AZD1775 (0–

1000 nM) for 6 h. Cellular lysates were then harvested for immunoblotting for CDK1 and P-

CDK1/2. (B) EW8 and TC71 were transfected with siRNA targeting WEE1. Cellular lysates 

were harvested 24 h after transfection and immunoblotting was performed for CDK1 and P-

CDK1/2. (C) EW8 and TC71 were treated with AZD1775 (500 nM) for 18 h. Cellular 

lysates were then collected for immunoblotting for cleaved and total PARP, γH2AX, CDK1, 
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P-CDK1/2, and cleaved caspase-3. (D) EW8, TC71, and A673 cells were treated with 

AZD1775 (500 nM) for 18 h and then caspase-3/7 activation was quantified using Casp-Glo 

3/7 Luminescence assay. (E) EW8 cells were treated with AZD1775 (500 nM), RO-3306 (10 

μM), or the combination of AZD1775 and RO-3306 for 6 h. Cellular lysates were then 

collected for immunoblotting for γH2AX, CDK1, and P-CDK1/2. (F) EW8 and TC71 cells 

were treated with AZD1775 (500 nM) for 6 h. Cells were then labeled with EdU and fixed 

for flow cytometry for γH2AX. Results are representative of two independent experiments. 

(G) EW8 and TC71 cells were treated with AZD1775 (100 nM), LY2603618 (100 nM), or 

the combination of AZD1775 and LY2603618 for 18 h. Cellular lysates were then collected 

for immunoblotting for gH2AX, CDK1, P-CDK1/2, and cleaved and total PARP. (H) EW8 

and TC71 cells were treated for 6 h with AZD1775 (100 nM), LY2603618 (100 nM), 

RO-3306 (10 μM) or the combination of AZD1775 and LY2603618 with RO-3306. Cellular 

lysates were then collected for immunoblotting for γH2AX. (I) A673, EW8, and TC71 cells 

were treated with AZD1775 (100 nM), the ATR inhibitor AZD6738 (100 nM), or the 

combination of AZD1775 and AZD6738 for 18 h. Cellular lysates were then collected for 

immunoblotting for cleaved and total PARP and γH2AX. (J, K) BJ-tert (J) and A673 (K) 

cells were treated for 72 h with a combination of up to 1000 nM AZD6738 and 500 nM 

AZD1775. Survival was assayed by Cell-Titer-Glo and each experiment was repeated 2 

times. Color bars indicate % inhibition normalized to untreated cells. Loewe matrix plots for 

drug cooperativity are also shown. (L) A673, EW8, and BJ-tert cells were treated with 

AZD1775 (100 nM), AZD6738 (100 nM), and the combination of AZD1775 (100 nM) and 

AZD6738 (100 nM). Cellular lysates were collected for immunoblotting 24 h after the drugs 

were added.
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Figure 5. 
CDK2 activation in Ewing sarcoma cells promotes RRM2 degradation. (A) Four Ewing 

sarcoma cell lines were treated with AZD1775 (500 nM) for 8 h. Cellular lysates were then 

harvested for immunoblotting for RRM1 and RRM2. (B) Three non-Ewing sarcoma cell 

lines were treated with AZD1775 as described in (A). (C) EW8 and TC71 cells were 

transfected with siRNA targeting WEE1. Cellular lysates were then collected 24 h after 

transfection for immunoblotting for WEE1 and RRM2. (D) EW8 and TC71 cells were 

treated with AZD1775 (500 nM), RO-3306 (10 μM), or the combination of AZD1775 and 
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RO-3306 for 6 h. Cellular lysates were then harvested for immunoblotting for RRM2. (E) 

EW8 and TC71 cells were transfected with siWEE1 or siControl. MG132 (1 μM) was added 

24 h after transfection. Cellular lysates were collected at 24 and 30 h after transfection for 

immunoblotting for RRM2 and WEE1. (F) A673, EW8, TC71, and RPE-tert cells were 

treated with AZD1775 (500 nM), MG132 (1 μM), or the combination of AZD1775 (500 

nM) and MG132 (1 μM) for 6 h. Lysates were then collected for immunoblotting. (G) TO-

FLAG-RRM2-T33A cells were treated with doxycycline in combination with siControl or 

siWEE1 for 24 h. Cellular lysates were then collected for immunoblotting. (H) Dose 

response curves for TO-FLAG-RRM2-T33A cells treated with different concentrations of 

AZD1775 in the presence or absence of doxycycline. Cell viability was assessed 72 h after 

drug addition using the AlamarBlue assay. Error bars represent the mean ± SD of three 

technical replicates. The results are representative of two independent experiments. (I) 

FLAG-CDK1-AF and V5-CDK2-AF cell lines were treated with doxycycline for 24 h and 

then cellular lysates were harvested for immunoblotting for FLAG, V5, RRM1, and RRM2. 

(J) FLAG-CDK1-AF and V5-CDK2-AF cell lines were treated with doxycycline for 72 h 

and then cell growth was quantified by Cell-Titer-Glo. (K) FLAG-CDK1-AF and V5-CDK2-

AF cell lines were treated with doxycycline for 24 h and then cellular lysates were harvested 

for immunoblotting for cleaved PARP, cleaved caspase-3, and γH2AX. (L) Cell cycle 

analysis (EdU and propidium iodide) plot for V5-CDK2-AF cells treated with doxycycline 

for 24 h. Results are representative of two independent experiments. (M) V5-CDK2-AF cells 

were treated with doxycycline for 24 h and then pulse-labeled with EdU and fixed for flow 

cytometry for γH2AX. Results are representative of two independent experiments.**** 

indicates P < 0.0001.
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Figure 6. 
Proposed mechanism for the regulation of RRM2 levels by the ATR-CHK1 and WEE1 

pathways in Ewing sarcoma cells. Inhibition of the ATR-CHK1 and WEE1 pathways in 

Ewing sarcoma cells experiencing DNA replication stress, caused by inhibition of RRM1, 

RRM2, or other mechanisms, leads to the aberrant activation of CDK2. Active CDK2, in 

turn, phosphorylates and targets RRM2 for degradation via the proteasome. This reduction 

in the level of the RRM2 protein caused by activation of CDK2 generates a feedback loop 

which exacerbates DNA replication stress, increases DNA damage, and induces apoptosis.
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Table 1.

Average synergy scores for drug combinations calculated using the Loewe Additivity and Bliss Independence 

methods.

Cell Line Drug 1 Drug 2 Loewe Synergy Score Bliss Synergy Score

BJ-tert AZD1775 AZD6738 0.6 0.4

EW8 AZD1775 AZD6738 34.8 10.8

TC71 AZD1775 AZD6738 21.3 6.8

TC32 AZD1775 AZD6738 27.7 9.1

A673 AZD1775 AZD6738 46.9 11.7

Mol Cancer Res. Author manuscript; available in PMC 2020 July 01.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell lines and culture
	Chemical compounds
	Thymidine double block
	Cell cycle analysis
	Cell cycle analysis with EdU-647 labeling
	Cell viability
	siRNA transfection
	Doxycycline-inducible shRRM1 and shRRM2
	Doxycycline-inducible CDK1-AF and CDK2-AF
	Doxycycline-inducible TO-FLAG-RRM2-T33A
	Immunoblotting
	Phos-tag Gel Electrophoresis
	γH2AX flow cytometry
	Caspase-3/7 Activation
	RT-qPCR
	Statistical Analysis

	RESULTS
	Inhibition of the ATR-CHK1 pathway in Ewing sarcoma cells in S phase causes DNA damage and apoptosis
	Inhibition of the ATR-CHK1 pathway in Ewing sarcoma cells in S phase activates CDK1/2
	Inhibition of CHK1 in Ewing sarcoma cells with shRNA-mediated knockdown of RRM1 or RRM2 activates CDK1/2 and causes apoptosis
	Inhibition of WEE1 kinase with AZD1775 activates CDK1/2 and causes apoptosis in Ewing sarcoma cells
	CDK2 activation in Ewing sarcoma cells causes RRM2 degradation, DNA damage, and apoptosis

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

