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Abstract

Ribonucleotide reductase (RNR), which is a heterodimeric tetramer composed of RRM1 and
RRMZ2 subunits, is the rate-limiting enzyme in the synthesis of deoxyribonucleoside triphosphates
(dNTPs) and essential for both DNA replication and the repair of DNA damage. The activity of
RNR is coordinated with the cell cycle and regulated by fluctuations in the level of the RRM2
subunit. Multiple cancer types, including Ewing sarcoma tumors, are sensitive to inhibitors of
RNR or a reduction in the levels of either the RRM1 or RRM2 subunits of RNR. Here, we show
that the expression of the RRM2 protein is dependent on active protein synthesis and that 4E-BP1,
a repressor of cap-dependent protein translation, specifically regulates the level of the RRM2
protein. Furthermore, inhibition of mMTORC1/2, but not mTORC1, activates 4E-BP1, inhibits
protein synthesis, and reduces the level of the RRM2 protein in multiple sarcoma cell lines. This
effect of mMTORCL/2 inhibitors on protein synthesis and RRM2 levels was rescued in cell lines
with the CRISPR/Cas9-mediated knockout of 4E-BP1. In addition, the inducible expression of a
mutant 4E-BP1 protein that cannot be phosphorylated by mTOR blocked protein synthesis and
inhibited the growth of Ewing sarcoma cells /n vitroand /n vivoin a xenograft. Overall, these
results provide insight into the multifaceted regulation of RRM2 protein levels and identify a
regulatory link between protein translation and DNA replication.

INTRODUCTION

Ribonucleotide reductase (RNR) is the rate-limiting enzyme in the synthesis of
deoxyribonucleosides (ANTPs) and the molecular target of multiple chemotherapy drugs,
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including gemcitabine, clofarabine, hydroxyurea, and iron chelators (1-3). RNR is a
heterodimeric tetramer composed of RRM1 and RRM2 subunits and is essential for both
DNA replication and the repair of DNA damage (3,4). Consequently, RNR inhibitors, which
target either the active site of the RRM1 subunit or the dinuclear iron site of the RRM2
subunit, impair DNA replication in cancer cells and also synergize with a wide range of
drugs that cause DNA damage (1). Notably, in previous work, we showed that Ewing
sarcoma tumors are sensitive to inhibitors of RNR, or knockdown of RRM1 or RRM2 (5,6).

The activity of RNR is tightly regulated in cells and fluctuates during the cell cycle to
coordinate dNTP production with DNA replication. The level of the RRM1 subunit of RNR
is constant throughout the cell cycle, but the level of RRM2 fluctuates during the cell cycle
and, thereby, coordinates cell-cycle progression with the balance between dNTP production
and DNA replication (3,7). Although the RRMZ2 gene is a well-described target of the E2F1
transcription factor, additional transcriptional and non-transcriptional mechanisms are also
reported to regulate the level of RRM2 protein in cells (7-11). For example, the CDK-
mediated phosphorylation of RRM2 at Threonine-33 targets RRM2 for ubiquitination and
degradation by the proteasome (12,13).

Inhibition of RNR, or a reduction in the level of the RRM2 protein, depletes nucleoside
pools, causes DNA replication stress, and activates the Ataxia Telangiectasia and Rad3-
Related Protein (ATR) and Checkpoint Kinase 1 (CHK1) pathway. ATR-CHK1 signaling, in
turn, coordinates the stabilization of stalled replication forks, the repair of DNA damage,
and, ultimately, the resumption of DNA replication (14-16). Notably, ATR and CHK1
inhibitors synergize, /in vitroand in vivo, with RNR inhibitors and other drugs that cause
DNA replication stress. For example, inhibition of the ATR-CHKZ1 pathway increases the
toxicity of nucleoside analogues in a variety of cancers, including pancreatic, lung, and
ovarian tumors (17-19). Similarly, we have shown that Ewing sarcoma tumors are sensitive
to drug combinations that target RNR and CHK1 (5,13).

In the current study, we used a chemical-genetic approach to screen FDA-approved
anticancer drugs and identify compounds that selectively target cancer cells with decreased
RNR activity caused by a reduction in the level of the RRM2 protein. Notably, while
investigating the mechanistic basis of a hit from the screen, we found that Ewing sarcoma
cells, as well as multiple other cell types, are highly reliant on active protein synthesis to
maintain a stable level of the RRM2 protein. In addition, we found that 4E-BP1, which
represses cap-dependent protein translation by directly binding and sequestering the
eukaryotic translation initiation factor 4E (elF4E) that interacts with the m’G cap at the 5’
end of MRNA, regulates protein synthesis and decreases RRM2 protein levels in Ewing
sarcoma cells. Furthermore, the inhibition of MTORC1/2, but not mTORC1, activated 4E-
BP1 by blocking the inhibitory phosphorylation of 4E-BP1 at multiple sites, which disrupts
the interaction of 4E-BP1 with elF4E, and reduced protein synthesis and RRM2 protein
levels. This effect of mMTORCZ1/2 inhibitors on protein synthesis and RRM2 levels in Ewing
sarcoma cells was rescued in cell lines with the CRISPR/Cas9-mediated knockout of 4E-
BP1. Finally, we also found that the inducible expression of constitutively-active 4E-BP1
was sufficient to suppress tumor cell growth in vitroand in vivo in xenograft experiments.
Overall, these results provide novel insight into the molecular mechanisms that link protein
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translation and 4E-BP1 activity to the regulation of DNA replication, as well as the cellular
response to replication stress, in sarcomas.

MATERIALS AND METHODS

Cell lines and culture:

Cell lines were maintained at 37° C in a 5% CO, atmosphere. The A673, TC32, TC71,
SKNEP, and EWS8 cell lines were provided by Dr. Kimberly Stegmaier (Dana-Farber Cancer
Institute, Boston, MA). The HEK-293T, HT1080, and U20S cell lines were obtained from
ATCC. The RH30 and RD cell lines were provided by Dr. Munir Tanas (University of lowa,
lowa City, IA). The ES6 and AGPN cell lines were kindly provided by the St. Jude
Childhood Solid Tumor Network and the Childhood Cancer Repository (Children’s
Oncology Group), respectively. The sarcoma cell lines were cultured as previously described
(4, 5). The Jurkat, K562, Nalm6, REH, and SEM cell lines were obtained from ATCC or
DSMZ. Cell lines were authenticated by DNA fingerprinting using the short tandem repeat
(STR) method and used within 8-10 passages of thawing.

Chemical compounds:

Chemical compounds were purchased from Sigma (temsirolimus and MG132), Selleckchem
(prexasertib, LY2603618, and TAK-228), APEXBIio (VE-822), Thermo Fisher Scientific
(puromycin), and MedChemExpress (AZD1775, homoharringtonine, and AZD2014).

Doxycycline-inducible shRRM2 and shNT:

Cell lines with inducible sShRNA targeting RRM2, or a non-targeting shRNA control (shNT),
and fluorescent marker proteins were generated as described (13). In order to isolate cells
with uniform and high expression of the sShRNA and fluorescent protein, we used a brief
doxycycline treatment (12-18 hours) to induce expression of the fluorescent protein followed
by isolation of the cells with the highest 1-2% fluorescence by flow cytometry (Becton
Dickinson FACS Aria).

Drug screen.

EW8 shRRM2 and shNT cells were plated in 384-well plates (Greiner Bio-One, 781091) at
a density of 2,500 cells/well in the presence of doxycycline. Cells were allowed to attach
overnight and then were treated with the FDA-approved oncology drug set (133 compounds;
National Cancer Institute, Developmental Therapeutics Program). Each compound was
added at a final concentration of 100 nM. Three CHK1 inhibitors and one ATR inhibitor
were included in the screen as positive controls. DMSO was used as the negative control.
Plates were then incubated at 37° C for 72 hr. Cell viability was quantified using Cell-Titer-
Glo luminescence (Promega) and a FLUOstar Omega microplate reader (BMG Labtech)
(5,20). The screen was performed in duplicate and data were analyzed using a normalized
growth rate (GR) inhibition approach to account for the effects of the different growth rates
of the shRRM2 and shNT cell lines on drug sensitivity metrics (21,22). GR values were
calculated using the online GRcalculator tool (http://www.grcalculator.org/grtutorial/
Home.html) (21).
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Cell proliferation/viability and drug synergy:

Cell proliferation/viability was measured using the resazurin (AlamarBlue) fluorescence and
Cell-Titer-Glo luminescence assays as previously described (5,20). Synergy data were
analyzed using SynergyFinder (https://synergyfinder.fimm.fi) (23).

Immunoblotting:

Immunoblots were performed as previously described (4, 5). 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), puromycin (Millipore, #AF488, 1:2000), 4E-BP1 (Cell Signaling, #9644,
1:1000), PARP (Cell Signaling, #9532, 1:1000), p-4E-BP1-37/46 (Cell Signaling, #2855,
1:1000), p-4E-BP1-65 (Cell Signaling, #9451, 1:1000), p-4E-BP1-70 (Cell Signaling,
#9455, 1:1000), RRM1 (Cell Signaling, #8637, 1:1000), RRM2 (Santa Cruz, #398294,
1:500), FLAG (Sigma, F1804, 1:1000), actin (Proteintech, 60008-1, 1:5000), and tubulin
(Proteintech, 66031-1, 1:2000). Protein loading for the immunoblots was normalized using
cell number.

Puromycin labeling:

Protein synthesis was assessed using puromycin labeling (SUnSET technique) as described
(20,24).

Clonogenic assay:

Clonogenic assays were performed as described (5). The cells were continuously treated
with doxycycline (2 ug/mL) or vehicle for 10-14 days. Colonies were then stained and
counted using an inverted Olympus CKX41 microscope.

Quantitative reverse transcriptase PCR:

Xenograft:

RT-gPCR was performed as previously described (20). The PCR primer sequences for
RRM2 and GAPDH were 5’-CACGGAGCCGAAAACTAAAGC-3’ and 5’-
CTGGGCTACACTGAGCACC-3’, respectively.

The Institutional Animal Care and Usage Committee at the University of lowa approved the
animal studies and the studies were conducted in adherence with the NIH Guide for the Care
and Use of Laboratory Animals. Approximately 1.0 x 108 doxycycline-inducible 4EBP1-
Ala TC71 cells were mixed with 30% matrigel and injected subcutaneously into the flanks
of 6-week old, female NCr mice. No statistical methods were used to determine the sample
size. Mice were then randomized to either standard chow (n=8) or doxycycline-containing
chow (Envigo Teklad, 625 mg/kg) (n=8). Tumor volumes were measured periodically,
without blinding of the investigators, using calipers (volume = 0.5 x length x width?2).
Animals were sacrificed when a tumor reached 20 mm in any dimension. Differences in
tumor growth rates were assessed by mixed-model two-way ANOVA (GraphPad Prism
8.01).
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Cell cycle analysis:

Cell cycle analysis was performed in duplicate using the Click-iT EdU-488 kit for flow
cytometry (ThermoFisher Scientific) as described (13).

Doxycycline-inducible 4E-BP1-Ala:

The full-length 4E-BP1 cDNA, with alanine substitutions at Thr37/46, Ser65, and Thr70 and
a FLAG-tag, was obtained as a gene block (IDT; Coralville, I1A) and inserted into the Lenti-
X-Tet-One vector (Clontech). After verification by sequencing, the plasmid was used to
make lentivirus, as described above.

4E-BP1 knockout cell lines:

CRISPR/Cas9-mediated knockout of 4E-BP1 was performed using the pLentiCRISPRv2
plasmid (Genscript) with a gRNA (GTGAGTTCCGACACTCCATC) targeting E/F4EBPI.
Lentivirus was prepared as described above and cells were selected in 1 pg/mL puromycin
48 hours after transduction. The knockout cell lines were then used immediately after
puromycin selection or single-cell cloned using flow cytometry (Becton Dickinson FACS
Avria).

Reverse phase protein array (RPPA):

RPPA analysis of cell lines treated with HHT were performed by the RPPA Core Facility at
the MD Anderson Cancer Center. Cells were provided to the core facility as frozen pellets.
Protein extraction, RPPA analysis, and data normalization and analysis were performed
according to the standard protocols of the facility (https://www.mdanderson.org/research/
research-resources/core-facilities/functional-proteomics-rppa-core/rppa-process.html).

Statistical Analysis:

Student’s t-test two-tailed was used to calculate P-values for the comparison of two groups.
Differences in the xenograft tumor growth rates were assessed by mixed-model two-way
ANOVA. Statistical analyses were conducted using GraphPad Prism 8.01.

RESULTS

We developed a chemical-genetic screening approach to identify FDA-approved, anticancer
drugs that selectively target cancer cells with a decreased level of the RRM2 protein. As
reported in previous work, we used a doxycycline-inducible sShRNA to modestly reduce the
level of RRM2 in Ewing sarcoma cells and impair progression through S-phase (13). This
partial reduction in the level of the RRM2 protein caused DNA replication stress, as assessed
based on the phosphorylation of CHK1, but did not cause apoptosis or cell death (Figure
1A). Next, based on the known synergy between RNR and CHK1 inhibitors, as well as the
activation of CHK1 by partial knockdown of RRM2, we tested whether RRM2 knockdown
sensitizes the cells to inhibition of the CHK1 pathway (5,20). Figures 1B-C show that the
treatment of the shRRM2 knockdown cells, but not the control (ShNT) knockdown cells,
with CHK1 inhibitors (prexasertib and LY2603618) decreased cell viability (Figure 1B) and
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increased DNA damage (yH2AX) and apoptosis (cleaved PARP) (Figure 1C). Consequently,
CHK1 inhibitors were used as positive controls to optimize our screening approach.

A focused screen was then performed using a FDA-approved oncology drug set (133
compounds) to identify anticancer drugs that were more toxic to the ShRRM2 cells than the
shNT cells (Supplementary Figure 1A). All of the drugs were screened at a final
concentration of 100 nM and three CHK1 inhibitors and one ATR inhibitor were included in
the screen as positive controls (Z’-factor 0.73; Supplementary Figure 1B-C). The screen was
performed in duplicate, on separate occasions, using different vials of thawed cells. In
addition, in order to account for the effects of the different growth rates of the shRRM2 and
shNT cell lines (Supplementary Figure 2) on drug sensitivity metrics, we used a normalized
growth rate (GR) inhibition approach, as described by Hafner et al., to analyze the data
(21,22). Briefly, the GR value is the ratio between the growth rates under treated and
untreated conditions normalized to a single cell division. We observed strong correlation
between the replicate screens (Supplementary Figure 1D-E) and the majority of the
compounds, when tested at 100 nM, had a minimal effect on the viability of either the
shRRM2 or shNT cells (Supplementary Tables 1-2). However, the drugs that decreased the
viability of both the shRRM2 and shNT cells were compounds with reported toxicity toward
Ewing sarcoma cell lines, including dactinomycin, anthracyclines, and alkaloids.

As a drug class, the ATR-CHKZ1 inhibitors (red data points) demonstrated the strongest
selectivity for the ShRRM2 cells relative to the shNT cells (Supplementary Tables 1-2;
Figure 1D). Two histone deacetylase (HDAC) inhibitors, romidepsin and panobinostat, also
showed similar selectivity toward the RRM2 knockdown cells. Homoharringtonine (HHT),
which is FDA-approved for the treatment of chronic myeloid leukemia, was an additional hit
with comparable selectivity to the ATR-CHKZ1 inhibitors in both screens (25). HDAC
inhibitors are reported to regulate the levels of CHK1 and Figure 1E shows, in multiple
Ewing sarcoma cell lines, that both romidepsin and panobinostat reduce levels of CHK1
(26-28). Consequently, we decided to focus our further efforts on HHT, which also showed
strong selectivity for the ShRRM2 cells. To validate the results of the screen we performed
dose titration experiments with HHT in the presence and absence of doxycycline, or RRM2
knockdown. Figure 1F shows that the RRM2 knockdown cells are 2-3-fold more sensitive to
HHT than the parental cells. Knockdown of RRM2 in the presence of low-dose HHT (10
nM) also increased DNA damage, as assessed using phosphorylation of H2AX, and
apoptosis, based on Caspase-3/7 activation (Figure 1G and 1H). Similar results regarding
enhanced sensitivity to HHT were obtained with two additional Ewing sarcoma cell lines,
TC71 and AGPN, with doxycycline-inducible knockdown of RRM2 (Supplementary Figure
3).

HHT is a natural plant alkaloid and is reported to inhibit protein synthesis by binding in the
A-site cleft of the ribosome and interfering with the docking of aminoacyl-tRNAs (29).
Consequently, to investigate the mechanism of HHT, we used puromycin labeling to directly
detect the synthesis of nascent proteins in Ewing sarcoma cells in the presence of HHT (24).
Figures 11-J show that HHT reduces protein synthesis in Ewing sarcoma cells.
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HHT is a general inhibitor of protein translation and has been reported to cause apoptosis in
cancer, but the critical proteomic targets of HHT are expected to be cell- and cancer-type
dependent due to differences in protein stability and the unique dependencies of cancer cells
(25,30,31). Consequently, we used reverse phase protein arrays (RPPA) to investigate the
proteome of EW8 and TC71 cells treated with HHT, using a low concentration (10 nM) of
the drug that sensitizes Ewing sarcoma cells to DNA replication stress (Figure 1G and
Supplementary Tables 3-4). Notably, in both cell lines, RRM2 was one of the most highly
down-regulated proteins (Figure 2A). This decrease in the level of the RRM2 protein caused
by HHT was dose-dependent and occurred at drug concentrations used in the screen and
subsequent experiments (Figures 2B-C). In previous work, we showed that the knockdown
of RRM2 using siRNA, which is more potent than the ShRNA used in the current study,
caused DNA replication stress, apoptosis, and cell death as a single agent in Ewing sarcoma
cells (6). Consequently, to determine whether the combination of HHT and shRRM2 caused
toxicity by reducing the amount of RRM2 below a threshold level, we treated the ShRRM2
knockdown cells with HHT (10 nM) and quantified RRM2 levels using immunoblotting.
Figure 2D shows that HHT enhanced the loss of RRM2 in the ShRRM2 knockdown cells.

The RRM2 protein is degraded by the proteasome and Figure 2E shows that the proteasome
inhibitor MG132 partially rescued the loss of RRM2 when protein synthesis was inhibited
by HHT (12,13). In addition, as predicted for a drug that reduces RRM2 levels, Figure 2F
shows that HHT also decreased DNA replication. We then tested the effect of HHT (10 nM
and 50 nM) on RRM2 levels in additional Ewing sarcoma cell lines (A673, TC32, and
SKNEP). The effect of the lower dose (10 nM) of HHT was variable between cell lines, but
the higher dose (50 nM) of HHT depleted RRM2 in all of the Ewing sarcoma cell lines
(Figure 2G). HHT (50 nM) also reduced the level of RRM2 in fibrosarcoma (HT1080),
rhabdomyosarcoma (RD and Rh30), and osteosarcoma (U20S) cell lines (Figure 2H).
Similar results were obtained using a panel of leukemia cell lines (Figure 2I). Finally, we
treated Ewing sarcoma cells with an additional protein synthesis inhibitor, nelfinavir, and
quantified protein synthesis and RRM2 protein levels (32). Supplementary Figure 4 shows
that nelfinavir reduced both protein synthesis and RRM2 levels in three Ewing sarcoma cell
lines.

We showed that Ewing sarcoma cells, as well other cell types, are reliant on active protein
synthesis to maintain a stable level of the RRM2 protein. HHT inhibits protein synthesis by
interfering with the docking of aminoacyl-tRNAs in the A-site of the ribosome, but we
hypothesized that it may be possible to regulate the translation of the RRM2 protein using
alternative approaches (29). In previous work, while studying the regulation of CHK1, we
incidentally noted that the inhibition of mMTORCL/2 reduces the level of RRM2 in Ewing
sarcoma cell lines (20). Similarly, recent work by Muller et al. using polysome profiling
showed that the mTORC1/2 inhibitor PP242 regulates the translation of RKRMZ2mRNA in
pancreatic adenocarcinoma cells (33). Consequently, we next tested whether mTOR
regulates the level of RRM2 using a panel of five Ewing sarcoma cell lines. Figure 3A
shows that a 6-hour drug treatment with the mTORC1/2 inhibitor TAK-228, but not the
mMTORCL inhibitor temsirolimus, blocked protein synthesis and reduced RRM2 protein
levels.
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The 4E-BP1 protein, which is regulated by the mTOR pathway and highly expressed in
Ewing sarcoma tumors, represses protein translation by binding to the m’G cap-binding
protein elFAE and preventing the assembly of the elF4F translation initiation complex
(20,34,35). The phosphorylation of 4E-BP1, which is mediated by mTOR and other kinases,
inactivates 4E-BP1 by disrupting the interaction between 4E-BP1 and elF4E (36-38). Figure
3B shows that TAK-228 reduced the phosphorylation of 4E-BP1 at Thr37/46, Ser65, and
Thr70. In contrast, temsirolimus had a minimal effect on 4E-BP1 phosphorylation and
activation (Figure 3C). Similar results were obtained with an additional mMTORC1/2
inhibitor, AZD2014 (Figure 3D-E). Next, we treated additional sarcoma cell lines,
osteosarcoma (U20S), rhabdomyosarcoma (RH30), and fibrosarcoma (HT1080), with
TAK-228 and observed a decrease in protein synthesis and RRM2 protein levels, although
the effect was reduced for HT1080 compared to the other cell lines. The effects of TAK-228
on protein synthesis in two non-transformed cell lines, BJ-tert and RPE-tert, were also
reduced compared to the sarcoma cell lines (Supplementary Figure 5).

In previous work, we showed that the activation of CDK2 by inhibition of either CHK1 or
WEEL1 leads to the phosphorylation and proteasome-mediated degradation of RRM2 (13).
Consequently, we next tested the hypothesis that blocking the translation of RRM2 mRNA
while increasing the degradation of the RRM2 protein would more effectively target RRM2
levels. Figure 3G shows that the combination of a low dose of TAK-228 and a WEE1
inhibitor, AZD1775, enhanced the reduction in the level of the RRM2 protein. We and others
previously showed that sarcoma cells are sensitive to TAK-228 (20,39). Figures 3H-1 and
Supplementary Figure 6 show that the combination of TAK-228 and AZD1775 or TAK-228
and prexasertib was synergistic with multiple Ewing sarcoma cell lines, as shown in the
Loewe synergy matrix plots.

mTORC1/2 phosphorylates and regulates many downstream targets and critical pathways
other than 4E-BP1 (38,40). Consequently, to determine whether 4E-BP1 regulates protein
synthesis downstream of mTORC1/2, we used CRISPR/Cas9 to knockout 4E-BP1 in Ewing
sarcoma cell lines (Figure 4A). We obtained efficient knockout of 4E-BP1, even prior to
single cell cloning, so we used both the bulk cell population (prior to single cell cloning)
(Figures 4) and single cell-derived clones (Supplementary Figure 7) in the subsequent
experiments. Similar results were obtained with both cell populations, but a potential
advantage of studying the pre-cloned cells, despite the incomplete knockout of 4E-BP1, is
that it avoids the biases that can arise from single cell clones. Notably, in contrast to the
parental cell lines, treatment of the 4E-BP1-KO cells with TAK-228 did not result in a
reduction in protein synthesis (Figure 4B). Similarly, the knockout of 4E-BP1 partially
rescued the effect of TAK-228 on the level of the RRM2 protein during a 6-hour drug
treatment (Figure 4C). Similar results were obtained with an additional MTORC1/2
inhibitor, AZD2014 (Figure 4D). The TC71-4E-BP1-KO cell line showed a ~2-fold increase
in resistance to TAK-228 in a dose-response assay (Figure 4E). However, the EW8-4E-BP1-
KO cell line was minimally resistant to TAK-228 (Figure 4F). These results suggest that the
toxicity of TAK-228 is caused by multiple mechanisms, consistent with the extensive
cellular functions of the mMTORC1 and mTORC2 pathways, and is not solely due to
activation of 4E-BP1. Furthermore, based on the incomplete rescue of the level of the RRM2
protein in the 4E-BP1-KO cells treated with TAK-228, we tested whether inhibition of
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mMTORC1/2 affects the level of RRM2 mRNA. We found that TAK-228 significantly down-
regulated the level of RRM2 mRNA in Ewing sarcoma cells, which is consistent with
reports that mTORCL1 can regulate the transcription of RRM2 (Figures 4G) (41). Overall,
these results with the 4E-BP1-KO cells suggest that the effects of inhibition of mMTORC1/2
are multifaceted and that TAK-228 can target both RRM2 transcription and translation. In
addition, we also recognize that mMTORC1/2 regulates many downstream targets other than
RRM2, which likely contribute to the effects of the drug.

Consequently, in order to investigate the specific role of 4E-BP1 in mediating toxicity in
sarcoma cells, we generated a doxycycline-inducible, constitutively-active 4E-BP1 protein
with alanine substitutions at the phosphorylation sites Thr37, Thr46, Ser65, and Thr70 (4E-
BP1-Ala) (42). The inducible expression of 4E-BP1-Ala reduced the level of the RRM2
protein in Ewing sarcoma cell lines (Figure 5A). However, in contrast to TAK-228, the
expression of 4E-BP1-Ala in Ewing sarcoma cells did not affect the level of RRM2 mRNA
(Figure 5B). Expression of 4E-BP1-Ala also decreased overall protein synthesis, as assessed
using puromycin labeling (Figure 5C). In addition, expression of 4E-BP1-Ala significantly
decreased the growth of the cells (Figure 5D). Similarly, the inducible expression of 4E-
BP1-Ala also significantly reduced colony formation /n vitro (Figure 5E). Next, we
implanted the TC71 4E-BP1-Ala cells in mice that were then fed either standard chow or
doxycycline-containing chow. Figure 5F shows that that the inducible expression of 4E-BP1-
Ala in vivo significantly reduced tumor growth in the xenograft experiment. Finally, Figure
5G shows that the inducible expression of 4E-BP1-Ala in additional sarcoma subtypes,
fibrosarcoma, rhabdomyosarcoma, and osteosarcoma, also significantly reduced colony
formation /n vitro.

DISCUSSION

Significant research has focused on understanding the pathologic mechanisms of the
different oncogenes, such as EWS-FLI1, that drive the growth of sarcomas (43,44).
However, the role of tumor suppressor genes (TSG) in sarcomas is less extensively studied
than the function of driver oncogenes (45). In addition, tumor suppressors, such as 7P53, are
frequently lost in sarcomas due to deletions, nonsense mutations, frame-shift mutations,
insertions, or missense mutations (46). Consequently, reactivating tumor suppressors is
difficult and this challenge has limited drug discovery and the identification of novel
therapeutic approaches for treating sarcomas (47,48).

In this work, we identified that the level of the RRM2 protein depends, in multiple cell
types, on active protein synthesis and that 4E-BP1, a tumor suppressor that represses cap-
dependent protein translation, specifically regulates the translation of the RRM2 protein.
Notably, in previous work, we showed that the inhibition or knockdown of RRM2 in Ewing
sarcoma cells inhibits cell growth and induces apoptosis /n7 vitroand in vivo. The sensitivity
of Ewing sarcoma cells to knockdown of RRMZ2 is due, in part, to the overexpression of the
DNA restriction factor SLFN11, which is a direct transcriptional target of EWS-FLI1
(6,49-51). Consequently, we propose that 4E-BP1 regulates RRM2 levels in multiple cell
types, but that the downstream effects of the loss of the RRM2 protein on cell viability and
apoptosis may be more specific to Ewing sarcoma cells. However, other types of cancer are
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also sensitive to RNR inhibitors, or knockdown of RRM2, and we expect that the results
obtained with Ewing sarcoma cells may also apply to additional tumor types.

Previous translational research on RNR has primarily focused on the identification and
testing of small-molecule drugs that inhibit either the active site of the RRM1 subunit of
RNR or the dinuclear iron site of the RRM2 subunit (1,52-55). We have identified a
complementary approach to abrogate the activity of RNR by reducing the level of the RRM2
subunit, similar to the strategy used with proteolysis targeting chimera (PROTAC) drugs
(56-60). Moreover, we showed that the mTORCL1/2 inhibitor TAK-228 causes synergistic
toxicity when combined with inhibitors of CHK1 and WEEL, which we previously showed
activate CDK2 and target RRM2 for degradation by the proteasome. Consequently, we
propose a model whereby the inhibition of CHK1-WEEL signaling enhances the CDK-
mediated degradation of RRM2 while the inhibition of mMTORC1/2 blocks the synthesis of
the RRMZ2 protein via the activation of 4E-BP1 (Figure 6). However, we also recognize that
4E-BP1 regulates the cap-dependent translation of many proteins other than RRM2. For
example, we and others have shown that the mTOR pathway regulates the level of the CHK1
protein (20,61). In future work, we plan to use the doxycycline-inducible and constitutively-
active 4E-BP1-Ala system, in combination with polysome profiling and proteomic
approaches, to more extensively identify proteins and pathways regulated in sarcomas by
active 4E-BP1.

Our data also provide further evidence for a critical link between protein synthesis and DNA
replication, as well as the cellular response to DNA replication stress (33). Notably, DNA
replication stress is a shared feature of many cancers because it is caused by both
chemotherapy drugs, including inhibitors of RNR, and active oncogenes, such as c-Myc and
Ras (62). Multiple sarcomas, including Ewing sarcoma, undifferentiated pleomorphic
sarcoma (UPS), osteosarcoma, rhabdomyosarcoma, desmoplastic small round cell tumor,
and synovial cell sarcoma, are sensitive to drugs that exacerbate DNA replication stress or
impair the response to DNA replication stressors (63-70). Small molecule inhibitors of key
components of the DNA replication stress pathway, including RNR, CHK1, ATR, and
WEEL1, are currently being evaluated in clinical trials (www.clinicaltrials.gov) (14,15,71-73).
However, our data suggest that mTORC1/2 inhibitors, specifically via activation of 4E-BP1,
may also target DNA replication. Notably, TAK-228 and AZD2014, as well as elF4A
inhibitors, have been shown to inhibit the growth of multiple sarcoma subtypes /n vitro and
in vivo in xenograft experiments (39,74,75). Furthermore, 4E-BP1 was recently identified to
function as a tumor suppressor in malignant peripheral nerve sheath tumors and head and
neck cancers (42,76). The combination of a WEE1 inhibitor and mTORC1/2 inhibitor has
also been shown to inhibit the growth of KRAS-driven lung cancers (77).

We found that constitutively-active 4E-BP1, with alanine mutations at Thr37/46, Ser65, and
Thr70, functions as a tumor suppressor /n vitroand in vivo. However, the relative
contributions of these different phosphorylation sites to the regulation of the activity of 4E-
BP1 are poorly understood, in particular in sarcomas (36,37). For example, one model
proposes that the phosphorylation of 4E-BP1 at Thr37/46 primes the protein for subsequent
phosphorylation at Ser65 and Thr70, which then renders the hyperphosphorylated 4E-BP1
unable to bind elF4E (36,37,61). Furthermore, different kinases, including mTORC1/2, p38
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MAPK, ERK, PIM2, ATM, and CDK1, are reported to selectively phosphorylate different
sites in 4E-BP1 in a cell-type dependent manner (38). For example, a recent publication
reported that the mTORC1-mediated phosphorylation of 4E-BP1 at Thr37/46 facilitates the
subsequent phosphorylation of 4E-BP1 at Ser65 and Thr70 by CDK12, which was recently
identified as a therapeutic target in Ewing sarcoma tumors (61). We found in sarcoma cell
lines that the inhibition of mMTORC1/2, but not mMTORC1, was sufficient to block the
phosphorylation of 4E-BP1 at Thr37/46, Ser65, and Thr70. However, ongoing work in our
laboratory is investigating whether inhibition of CDK12 enhances the effects of mMTORC1/2
inhibitors on 4E-BP1 activation in sarcomas. In addition, we are also testing the relative
contributions of the different phosphorylation sites in 4E-BP1 to the regulation of 4E-BP1
activity, as well as RRM2 levels and protein synthesis, in sarcomas.

In summary, our findings support a tumor-suppressive role for 4E-BP1 in sarcomas. We
provide evidence that 4E-BP1 and mTORC1/2 regulate protein synthesis and, in particular,
the level of the RRM2 protein. In addition, we also propose a model whereby the inhibition
of CHK1-WEEL1 signaling enhances the CDK-mediated degradation of RRM2 while the
inhibition of MTORC1/2 blocks the synthesis of the RRM2 protein via the activation of 4E-
BP1. Overall, our work provides novel mechanistic insight into the regulation of DNA
replication, as well as the cellular response to DNA replication stress, by protein translation,
4E-BP1, and mTORC1/2.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ATR-CHKZ1 inhibitors and homoharringtonine selectively target Ewing sarcoma cells with a
partial reduction in the level of the RRM2 protein. (A) EWS8 cell lines with doxycycline-
inducible shRNA-mediated knockdown of RRM2, or a non-targeting sShRNA (shNT), were
treated with doxycycline or vehicle for 48 h. Cellular lysates were then collected for
immunoblotting. (B) The shRRM2 cells, grown in the presence of doxycycline or vehicle,
were treated with LY 2603618 or prexasertib for 48 h. 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. (C) The
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shRRM2 and shNT cells were treated with doxycycline, prexasertib, or vehicle for 24 h and
then cellular lysates were collected for immunoblotting. (D) Results of the small molecule
drug screen, which was performed in duplicate, for the shRRM2 and shNT cells. The log2
fold difference in the growth rate between the ShRRM2 and shNT cell lines is shown for
each drug. A normalized growth rate (GR) inhibition approach was used to analyze the data
in order to account for the effects of the different growth rates of the ShRRM2 and shNT cell
lines. ATR and CHKZ1 inhibitors, which were included in the screen as positive controls, are
shown in red. (E) Ewing sarcoma cell lines were treated with DMSQO, panobinostat, or
romidepsin for 24 h. Cellular lysates were then collected for immunoblotting. (F) Dose
response curves for shRRM2 cells treated with different concentrations of HHT in the
presence or absence of doxycycline. Cell viability was assessed 72 h after drug addition
using the AlamarBlue assay. A normalized growth rate (GR) inhibition approach was used to
analyze the data. Error bars represent the mean + SD of three technical replicates. The
results are representative of two independent experiments. (G) The shRRM2 cells, grown in
the presence of DMSO or doxycycline, were treated with different concentrations of HHT
for 24 h. Cellular lysates were then collected for immunoblotting. (H) The sShRRM2 cells
were treated with DMSO, doxycycline, HHT, or the combination of doxycycline and HHT
for 24 h. Caspase-3/7 activation, relative to the cells treated with DMSO, was then quantified
using a Casp-Glo 3/7 Luminescence assay. (I, J) TC71 and EW8 cells were treated with
different concentrations of HHT for 24 h. Protein synthesis was then assessed using
puromycin labeling. Protein loading for all the immunoblots was normalized using cell
number.
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Figure2.
HHT inhibits protein synthesis and reduces the level of the RRM2 protein in Ewing sarcoma

cell lines. (A) Comparison of protein expression (RPPA) in Ewing sarcoma cell lines treated
with DMSO or HHT (10 nM) for 24 h. (B, C) EW8 and TC71 cell lines were treated with
different concentrations of HHT for 24 h and then RRM2 levels were assessed by
immunoblotting. (D) shRRM2 cells, grown in the presence or absence of doxycycline, were
treated with HHT (10 nM) for 24 h. (E) EW8 and TC71 cells were treated with HHT (50
nM), MG132 (10 uM), or the drug combination for 6 h. Lysates were then collected for
immunoblotting. (F) EW8 and TC71 were treated with HHT (50 nM) for 6 h and then DNA
replication was quantified using EdU. (G) Ewing sarcoma cell lines were treated with HHT
(10 nM or 50 nM) for 24 h. Cells were labeled with puromycin to quantify protein synthesis
and then lysates were collected for immunoblotting. (H, 1) Sarcoma and leukemia cell lines
were treated with HHT (10 nM or 50 nM) for 24 h. Cellular lysates were then collected for
immunoblotting. Protein loading for all of the immunoblots was normalized using cell
number.
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Inhibition of mMTORC1/2 activates 4E-BP1, blocks protein synthesis, and reduces the level of
the RRMZ2 protein. (A, B, C) Ewing sarcoma cell lines were treated with TAK-228 (1 uM) or
temsirolimus (1 uM) for 6 h. Cells were labeled with puromycin to quantify protein
synthesis and then lysates were collected for immunoblotting. (D, E) Ewing sarcoma cell
lines were treated with AZD2014 (1 uM) for 6 h. Cells were labeled with puromycin to
quantify protein synthesis and then lysates were collected for immunoblotting. (F) Sarcoma
cell lines were treated with TAK-228 (1 uM) for 6 h. Cells were labeled with puromycin to
quantify protein synthesis and then lysates were collected for immunoblotting. (G) EW8 and
TC71 cells were treated with TAK-228 (100 nM), AZD1775 (100 nM), or the combination
of the drugs for 6 h. (H, 1) EW8 and A673 cells were treated for 72 h with a combination of
TAK-228 and AZD1775, or TAK-228 in combination with prexasertib. Survival was assayed
by Cell-Titer-Glo and each experiment was repeated 2 times. Loewe matrix plots for drug
cooperativity are shown. Protein loading for all of the immunoblots was normalized using

cell number.
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Figure 4.

The CRISPR/Cas9-mediated knockout of 4E-BP1 in Ewing sarcoma cell lines rescues the
effects of mMTORCL1/2 inhibitors on protein synthesis. (A) Immunoblot showing 4E-BP1
expression level after CRISPR/Cas9-mediated gene knockout. This immunoblot reflects 4E-
BP1 levels in the bulk cell population prior to single cell cloning. (B, C) The 4E-BP1-KO
and parental cells were treated with TAK-228 (1 uM) for 3 h or 6 h. Cells were labeled with
puromycin to quantify protein synthesis and then lysates were collected for immunoblotting.
(D) The 4E-BP1-KO and parental cells were treated with AZD2014 (1 uM) for 6 h. Cells
were labeled with puromycin to quantify protein synthesis and then lysates were collected
for immunoblotting. (E, F) Dose response curves for the 4E-BP1-KO and parental (4E-BP1-
WT) cells. 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. (G) RT-gPCR for RRM2 mRNA in EW8 and
TC71 cells treated with TAK-228 (100 nM) for 24 h. Protein loading for all of the
immunoblots was normalized using cell number.
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Figureb.
The inducible expression of constitutively-active 4E-BP1 reduces the level of the RRM2

protein and protein synthesis in sarcoma cells. (A) The doxycycline-inducible 4E-BP1-Ala
cell lines were treated with doxycycline for 24 h. Cellular lysates were then collected for
immunoblotting. (B) RT-qgPCR for RRM2 mRNA in the 4E-BP1-Ala cell lines treated with
doxycycline or DMSO for 24 h. (C) The doxycycline-inducible 4E-BP1-Ala cell lines were
treated with doxycycline for 24 h. Cells were labeled with puromycin to quantify protein
synthesis and then lysates were collected for immunoblotting. (D) The 4E-BP1-Ala cell lines
were treated with doxycycline or DMSO for 72 h. Cell viability was then quantified using
the AlamarBlue assay. Error bars represent the mean + SD of three technical replicates. The
results are representative of two independent experiments. (E) The 4E-BP1-Ala cell lines
were treated with doxycycline or DMSO for 14 days and then the number of colonies were
counted. Error bars represent the mean + SD of three technical replicates. (F) TC71 cells
with doxycycline-inducible expression of 4E-BP1-Ala were implanted subcutaneously (Day
0) in NCr mice. Mice were then fed standard chow (n=8) or doxycycline-containing chow
(n=8). Tumor size was quantified every 2-3 days using caliper measurements. The plot
shows the tumor growth for the individual mice, as well as the mean tumor volume (dotted
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line) for the mice receiving standard or doxycycline-containing chow. (G) HT1080, RD, and
U20S doxycycline-inducible 4E-BP1-Ala cell lines were treated with doxycycline for 24 h.
Cells were labeled with puromycin to quantify protein synthesis and then lysates were
collected for immunoblotting. Protein loading for all of the immunoblots was normalized
using cell number.
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Figure®6.

Integrated model for the regulation of RRM2 protein levels by the mTORC1/2, ATR-CHK1,
and WEE1 pathways. In previous work, we found that the inhibition of ATR-CHK1-WEE1
signaling enhances the CDK-mediated degradation of RRM2 (13). In the current work, we
showed that the inhibition of MTORC1/2 blocks the synthesis of the RRM2 protein via the

activation of 4E-BP1.
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