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ABSTRACT
◥

Purpose: Targeted cancer therapeutics have not significantly
benefited patients with Ewing sarcoma with metastatic or relapsed
disease. Understanding the molecular underpinnings of drug resis-
tance can lead to biomarker-driven treatment selection.

Experimental Design: Receptor tyrosine kinase (RTK) pathway
activationwas analyzed in tumor cells derived froma panel of Ewing
sarcoma tumors, including primary andmetastatic tumors from the
same patient. Phospho-RTK arrays, Western blots, and IHC were
used. Protein localization and the levels of key markers were
determined using immunofluorescence. DNA damage tolerance
was measured through PCNA ubiquitination levels and the DNA
fiber assay. Effects of pharmacologic inhibition were assessed
in vitro and key results validated in vivo using patient-derived
xenografts.

Results: Ewing sarcoma tumors fell into two groups. In
one, IGF1R was predominantly nuclear (nIGF1R), DNA damage

tolerance pathway was upregulated, and cells had low replication
stress and RRM2B levels and high levels of WEE1 and RAD21.
These tumors were relatively insensitive to IGF1R inhibition. The
second group had high replication stress and RRM2B, low levels of
WEE1 and RAD21, membrane-associated IGF1R (mIGF1R) sig-
naling, and sensitivity to IGF1R or WEE1-targeted inhibitors.
Moreover, the matched primary and metastatic tumors differed in
IGF1R localization, levels of replication stress, and inhibitor sen-
sitivity. In all instances, combined IGF1R andWEE1 inhibition led
to tumor regression.

Conclusions: IGF1R signaling mechanisms and replication
stress levels can vary among Ewing sarcoma tumors (including in
the same patient), influencing the effects of IGF1R and WEE1
treatment. These findings make the case for using biopsy-derived
predictive biomarkers at multiple stages of Ewing sarcoma disease
management.

Introduction
Ewing sarcoma (EwS), the second most prevalent sarcoma among

adolescents and young adults, is an aggressive bone and soft-tissue
tumor. Apart from the pathognomonic translocation that fuses the
transactivation domain of EWSR1 with the DNA binding domain of
FLI1 and occasional STAG2, p53, and CDKN2A mutations, the EwS
genome is relatively silent. Despite this genetic homogeneity, the
clinical presentation and the course of disease varies widely. Treatment
consists of conventional chemotherapy, surgery, and radiation. With
localized disease, the survival rate is around 50% to 70% (1–3),
although long-term effects of treatment can be debilitating. Over
25% of patients present with metastatic disease, and the survival rate
for patients with metastatic/relapsed disease can be as low as 10% to

15% (4–7). Salvage therapy regimens used to treat recurrent EwS are
generally not curative and are limited by cumulative toxicity. Initial
excitement over IGF1R inhibitors was followed by several clinical
trials showing modest benefit (8), and numerous other well-tolerated
tyrosine kinase inhibitors have not yet shown significant clinical
benefit (9, 10).

EwS cells have high levels of replication stress (11, 12), as a result
of hyper-proliferation and global upregulation of transcription by
the EWS-FLI1 oncogene (12). EwS cell lines are remarkably sen-
sitive to drugs targeting the replication stress response (RSR), and
numerous clinical trials are exploring the utility of RSR-targeted
therapeutics (12–15). However, a limitation of preclinical studies
conducted using established EwS cell lines is that they provide little
insight into the heterogeneity of replication stress responses among
patient tumors, and in primary/metastatic/relapsed tumors from
the same patient. Knowledge of intertumor variability in the RSR is
relevant for patient-stratification when exploiting replication stress
to therapeutic advantage.

In this study we profile 6 patient-derived tumors and cells,
including a matched pair of tumors (primary and metastatic tumors
from the same patient). Our data show that IGF1R signaling, and
RSR pathways differ among patients and in different tumors from
the same patient and are broadly classifiable as either tumors with
high nuclear IGF1R (nIGF1R)-associated DNA damage-tolerance
(DDT), or tumors with membrane-associated IGF1R (mIGF1R) and
elevated replication stress levels. Sensitivity to IGF1R inhibitors
differed among the samples analyzed and correlated with IGF1R
localization, whereas a combination of IGF1R and WEE1 inhibition
led to tumor regression. These observations raise the possibility
that biopsy-derived biomarkers could aid selection of patient-
specific therapeutic strategies and be informative at multiple stages
of disease management.
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Materials and Methods
EwS patient-derived xenografts (PDX), evaluation of
pharmacologic agents

Biopsy samples were obtained with written informed patient
consent at Cincinnati Children’s Hospital Medical Center
(CCHMC; samples are CCH1, CCH2, CCH4, CCH5) and Nation-
wide Children’s Hospital [NCH; samples are NCH-EWS-2 (NCH2),
and NCH-EWS-6 (NCH6)], and studies were conducted in accor-
dance with institutional guidelines and the Declaration of Helsinki.
Xenografts were established in NSG mice (6-week-old, female) by
intramuscular injection of minced tumor fragments in Matrigel.
Tumors were STR-profiled and used for experiments after the third
implantation.

To evaluate the effect of pharmacologic agents, subcutaneous
xenografts were used (4–5 mice per group, randomly assigned). When
tumors reached �200 mm3 treatments (blinded treatment: oral,
5 days/week) were initiated with either vehicle (PBS, 10% DMSO),
linsitinib (25 or 15 mg/kg), AZD1775 (40 or 80 mg/kg), or linsitinibþ
AZD1775. Experiments were terminated when control CCH1 tumors
in the first set of experiments reached an average volume exceeding
2,000 mm3 (12 doses). For consistency, all other experiments report
the same number of doses.

Animal experiments were performed in accordance with the
recommendations of the Institutional Animal Care and Use
Committee at CCHMC (IACUC2016–0019). Use of de-identified
patient tumor tissue was approved by the Institutional Review
Boards at CCHMC (IRB2008–0021) and NCH (IRB1100478).
Details of all reagents, software, and instruments are provided in
Supplementary Table S2. Isolation and in vitro culture of tumor
cells in Supplementary Table S2. Experiments conducted between
passages 3 to 7.

IHC DAB and immunofluorescence
After antigen-retrieval (citrate) on deparaffinized/rehydrated

sections, peroxidase inactivation (for IHC-DAB, 3% H2O2)
fixed samples were permeabilized and blocked, incubated in anti-
bodies (Supplementary Table S2), washed with PBST (PBS, 0.1%

Tween-20). For immunofluorescence-based detection, samples
were incubated with Alexa Fluor-conjugated secondary antibody
and counterstained with DAPI. For IHC-DAB, the ABC Kit
was followed by DAB, counter-stained with fast-red nuclear
stain. Samples were imaged and processed by ImageJ (NIH) and
Adobe Photoshop.

Proliferation assays
WST-8 assay was used as described previously (16, 17). Cells were

treated with indicated agents (48 hours), incubated with WST-8
reagent (2 hours), absorbance recorded at 450 nm.

DNA fiber assay
Cells were cultured in 12-well plates followed by 25 mmol/L IdU

(30 minutes), and 250 mmol/L CldU (30 minutes), then trypsinized.
Twomicroliters of 40,000 cells/mLwas spotted on glass slides, partially
dried, and treated with Tris 200 mmol/L, EDTA 50 mmol/L, and SDS
0.5%. Slides were placed at a 30� angle (2 hours), fixed with methanol/
acetic acid, stored at�20�C, treatedwith 2.5MHCL, washedwith PBS,
blocked, incubated with anti-IdU and anti-BrdU antibodies, followed
by anti-mouse-AF488 and anti-rat-AF594 secondary antibodies, and
imaged. DNA fiber lengths in untangled areas of slides were measured
by ImageJ and converted into total extension (2.59 kb/mm; refs. 18, 19).
Speed of extension calculated as described in Henry-Mowatt and
colleagues (20).

Phospho-RTK arrays
Cells were lysed, protein extract quantified by Bradford, and �200

to 300 mg protein lysate used in the human phospho-RTK array (R&D
System) assay performed according to themanufacturer’s protocol and
visualized with ECL reagent using ChemiDoc.

SDS-PAGE and Western blotting
Lysates were run on SDS-PAGE, transferred onto PVDF mem-

branes, blocked with 5% nonfat milk/TBS-T, incubated with pri-
mary antibody followed by HRP-conjugated secondary antibody,
visualized with ECL, imaged on a BioRad imager. Bands quantified
by Imagelab (v6.1.0). Quantifications and uncropped gels in Sup-
plementary Data File S1 with membranes labeled to clearly indicate
when the same load control panel (tubulin) applies to multiple
antibodies in Western blot figures.

PI-based cell cycle and cell death determination
Cells were fixed in 70% ethanol and labeled with PI for 10

minutes and the percentage of cells in G1, S, and G2–M phases
determined by flow cytometry. Cells treated in chambered slides
were stained with PI and imaged on an inverted fluorescence
microscope.

S-phase duration using dual EdU-BrdU pulse-chase labeling
S-phase duration was determined from asynchronous cells as

described (previously 21). Cells were first labeled with EdU (10
mmol/L, 30 minutes), washed, labeled with BrdU (100 mmol/L) at 0,
2, 5, 8, and 14 hours. Except at the 0-hour time-point 20 mmol/L
thymidine with 100 ng/mL Nocodazole was added in the medium and
removed before BrdU labeling. Cells were fixed with 94% ethanol,
permeabilized by HCL with Triton-X-100, EdU labeling detected by
Click-iT reaction and BrdU by anti-BrdU-FITC. Data were acquired
by flow cytometry and analyzed by FlowJo software. S-phase duration
of each cell type was calculated using linear regression analysis trend-
line equation.

Translational Relevance

Patients with recurrent or metastatic Ewing sarcoma have few
treatment options. Further, heterogeneity among tumors con-
tributes to variations in response to treatment. Molecular pre-
dictors of response to targeted therapies will allow better
patient–treatment matching. Here we show that Ewing sarcomas
can be classified into two groups based on the subcellular
localization of IGF1R and basal levels of replication stress.
Nuclear-IGF1R promotes DNA-damage tolerance, thus permit-
ting tumor cell survival and ameliorating replication stress.
IGF1R inhibition retards growth of tumors with nuclear-IGF1R
while arresting growth of tumors with membrane-associated
IGF1R. WEE1 inhibition arrests tumor growth in both instances.
A combination of IGF1R and WEE1 inhibition leads to tumor
regression. This IGF1R/replication stress level–based classifica-
tion does not correlate with stages of disease and could differ
between primary and recurrent tumors in the same patient,
making the case for biopsy-based evaluation at multiple stages of
disease management.
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Figure 1.

RTK activation patterns differ between primary (CCH1) and metastatic (CCH2) tumor cells from the same patient. A, Phospho-RTK antibody arrays developed
using lysates from CCH1 cells. The most prominently activated RTK EphA2 is boxed. B, Phospho-RTK antibody arrays developed using lysates from CCH2 cells.
The most prominently activated RTKs (InsR, IGF1R, and EGFR) are boxed. C, Western blots on CCH1 and CCH2 cell lysates probed with the indicated
antibodies, confirming differences in IGF1R activation between CCH1 and CCH2. D,Western blots on CCH1 and CCH2 cell lysates showing activation of AKT and
ERK downstream of activated IGF1R only in CCH2 cells (right). E, Representative images of CCH1 and CCH2 patient-derived tumor xenograft tissues stained
with antibody toward IGF1R (red) and DAPI. Individual channels are shown below the merged images. IGF1R is nuclear in CCH1 and membrane-associated in
CCH2; 6�-magnified images are inset. F, Representative images of CCH1 and CCH2 cells cultured in vitro stained with antibody toward IGF1R (red) and DAPI.
Individual channels are shown below the merged images. IGF1R is nuclear in CCH1 and membrane-associated in CCH2. G, Western blots showing the effect of
either IGF1 stimulation (50 ng/mL, 10 minutes) or linsitinib treatment (1 mmol/L, 2 hours) on starved CCH1 and CCH2 cells. The blots were probed with the
indicated antibodies and show that both CCH1 and CCH2 can be stimulated by high levels of exogenous IGF1. H,Western blots showing the effect of either IGF1
stimulation (50 ng/mL, 10 minutes) or linsitinib treatment (1 mmol/L, 2 hours) on starved CCH1 and CCH2 cells. The blots were probed with the indicated
antibodies and show that exogenous IGF1 stimulates and linsitinib inhibits AKT phosphorylation in both CCH1 and CCH2, but ERK phosphorylation is only
modulated in CCH2 cells.
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Immunoprecipitation
Dynabeads magnetic separation was used. Nearly 250 mg total

protein lysate was incubated with anti-IGF1R or anti-PCNA anti-
body-conjugated dynabeads overnight (4�C), pulled down using a
magnetic separator, and immuno-blotted with the indicated
antibodies.

RNA isolation, cDNA synthesis, and qPCR
Total RNA from cells was extracted under RNAase-free condi-

tions using Pure-Link RNA Kit. cDNAs synthesized from using
PrimeScript RT Reagent Kit. Real-time PCR was performed using
primers:

WEE1 forward 50-TGAAGAGGCTGGATGGATGC -30, reverse
50-TTCTGCCCACGCAGAGAAAT-30 GAPDH forward 50-TGCAC-
CACCAACTGCTTAGC-30, reverse 50-GGCATGGACTGTGGTCA-
TGAG-30 in a QuantiStudio-3, Applied biosystem real-time-PCR
machine; (95�C 5 minutes; 35 cycles of 95�C 30 seconds, 61�C 15
seconds, 72�C 30 seconds, extension 72�C, 5 minutes). CT (threshold
cycle) of target gene was normalized to GAPDH (DCT). �DDCT and
2�DDCT values determined in two biological replicates.

Statistical analysis
Results presented as the mean � SD. Statistical analyses were

performed using Graphpad PRISM v9.3.1, www.graphpad.com
(GraphPad Prism, RRID:SCR_002798). t test was used when two
samples/conditions were compared and ANOVA for more than two
groups. For tumor growth curves, we used ordinary one-way ANOVA
with Tukey multiple comparison tests.

Data availability
All data generated or analyzed during this study are included in this

manuscript and the associated supplementary files or will be made
available on request from the corresponding author.

Results
Primary and metastatic tumor cells from the same patient have
distinct RTK-signaling patterns

To evaluate changes in tumor cells through the course of disease,
we used PDX from a matched pair of biopsies (Supplementary
Table S1): CCH1 was acquired at original diagnosis from a primary
tumor with no prior therapy (22) and CCH2 is a metastatic lesion in
the femur biopsied at first relapse from the same patient. The
patient never received RTK-targeted therapeutics. CCH1 cells were
more elongated whereas CCH2 cells tended to aggregate. Both cells
stained positive for the EwS cell-surface marker CD99 (Supple-
mentary Figs. S1A and S1B).

Phospho-RTK analysis of CCH1 and CCH2 cells revealed distinct
RTK-activation patterns (Fig. 1A and B). The most prominently
activated RTK in CCH1 cells was EPHA2, whereas the IGF receptor
(IGF1R)/insulin receptor (InsR) family was the most activated in
CCH2.

Tumor cells were analyzed on Western blots using two phospho-
IGF1Rß antibodies (pY1135/1136 and pY980). CCH2 cells showed
strong IGF1Rß(Y980) phosphorylation and higher Y1135/1136 phos-
phorylation than CCH1 cells. Total IGF1Rßwas significantly higher in
CCH1 cells than in CCH2 cells (Fig. 1C).

In the canonical IGF1R pathway IGFs bind to themembrane-bound
receptor leading to trans-autophosphorylation, followed by activation
of the PI3K-AKT and the RAS–MAPK–ERK pathways. In Western
blots, CCH2 cells exhibited higher phospho-ERK and phospho-Akt

levels than CCH1 and had more total AKT than CCH1 cells, whereas
the levels of total ERK were comparable in both samples (Fig. 1D).

EphA2 phosphorylation at Y772 (activation loop), S897 (ligand-
independent mode of signaling), and total EphA2 levels were higher in
CCH1 than in CCH2 cells (Supplementary Fig. S1C).

Distinct IGF1R signaling pathways in matched primary and
metastatic tumor samples

The IGF1R pathway has been implicated in EwS tumor cell growth,
hence we focused on IGF1R signaling. Immunostaining in tumor
tissue revealed that IGF1Rwas localized to themembrane inCCH2but
was predominantly nuclear in CCH1 (Fig. 1E). Similar subcellular
localization of IGF1R was seen in tumor cells cultured in vitro
(Fig. 1F).

To evaluate the functioning of the IGF1R pathway, cells were
serum-starved then stimulated with IGF1. IGF1 stimulated, and the
IGF1R kinase inhibitor linsitinib (OSI-906) inhibited, IGF1R phos-
phorylation in both CCH1 and CCH2 (Fig. 1G). IGF1R remained
predominantly nuclear upon either acute IGF1 or linsitinib treatment
of CCH1 cells (Supplementary Fig. S1D). In CCH2 cells, acute IGF1
stimulation led to some internalization of IGF1R including to the
nucleus, whereas IGF1R remained extra-nuclear in linsitinib treated
CCH2 cells (Supplementary Fig. S1D).

AKT phosphorylation was stimulated by IGF1 and inhibited by
linsitinib in both CCH1 and CCH2 (Fig. 1H) indicative of a functional
IGF1 response. Basal levels of phospho-ERK were high in both CCH1
and CCH2 cells upon starvation, but they differed in their responses to
IGF1 and linsitinib: IGF1 modestly upregulated pERK in CCH2 but
not inCCH1 (Fig. 1H). Linsitinib lowered levels of pERK inCCH2, but
there was no significant change in CCH1 cells.

CCH2 cells with membrane-associated IGF1R (mIGF1R) display
higher levels of replication stress

Because nIGF1R is known to protect cells from replication-fork
stalling (23), we probed for markers of replication stress in CCH1 and
CCH2 Western blots (Fig. 2A). Phospho-ATR and phospho-CHK1
levels were higher in CCH2 than in CCH1. Constitutive activation of
the ATR–CHK1 pathway prevents the excessive accumulation of
ssDNA and the consequent exhaustion of ssDNA binding protein
replication protein A (RPA), which could lead to double-strand breaks
and collapsed replication-forks (24). Ser33-phosphorylation of the
RPA2 subunit (by ATR) minimizes ssDNA generation under condi-
tions of replication stress by redirecting RPA activities from DNA-
replication to DNA-repair (25, 26). CCH2 cells have higher levels of
RPA2 (phospho-S33 and total) thanCCH1. In addition, elevated levels
of gH2AX and the apoptosis marker cleaved caspase-3 (CC3) were
detected in CCH2 cells.

We investigated the cell-cycle kinetics of CCH1 and CCH2 by
probing for markers of proliferating cells and flow cytometry. CCH1
cells had a shorter doubling time than CCH2 cells (Supplementary
Fig. S2). Levels of the proliferating cell markers cyclin D1 and cyclin
A2 were higher in CCH1 than in CCH2 (Fig. 2B). The percentage of
cells in S-phase measured using PI-staining was higher in CCH1
cells than in CCH2 (Supplementary Fig. S2). We also used double-
staining with BrDU and EdU to establish the duration of the
S-phase. CCH1 cells had shorter S-phase duration that CCH2 cells
(Supplementary Fig. S2).

Recent studies implicated the IGF1–IGF1R pathway in transcrip-
tional regulation of RRM2B [the ribonucleotide reductase (RNR)
regulatory TP53 inducible subunit M2B, henceforth referred to as
RRM2; ref. 27]. Accordingly, CCH2 cells with mIGF1R had higher
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Figure 2.

CCH2 cells and tumor tissue have high levels of replication stress,whereasCCH1 cells have fewer stalled replication forks.A,Replication stress responsepathwaymarkerswere
evaluated using Western blots. Phosphorylation levels of ATR, CHK1, and RPA were negligible in CCH1 cells but high in CCH2 cells (20 mg protein lysates loaded). Further,
gH2AX and cleaved caspase 3 (CC3) were also higher in CCH2 cells. B,Western blots show that RRM2 levels were high in CCH2 cells. (Continued on the following page.)
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(Continued.) In contrast, WEE1 and RAD21 were present at higher levels in CCH1 cells. CCH1 cells had higher levels of the proliferation markers cyclin A2 and cyclin D1.
C, nIGF1R is depleted in CCH1 cells treated with 300 mmol/L dansylcadaverine for 4 hours. D, Levels of replication stress are elevated by nIGF1R depletion in CCH1 cells as
measured by Western blots probed for phospho-CHK1, p-RPA, and gH2AX (60 mg protein lysates were loaded on the gel). E, Representative immunostaining for 53BP1
(red) in CCH1 and CCH2 cells showsmore foci in CCH2. F, Representative immunostaining for gH2AX (red) in CCH1 and CCH2 cells. Twenty-eight percent (�7.3%) of CCH1
cells had more than 10 gH2AX foci per nucleus compared with 42.9% (�2.6%) for CCH2 cells. White asterisks indicate the pan-nuclear gH2AX seen in CCH2 cells.
G, Immunostaining for RAD51 (red) in CCH1 and CCH2 cells shows nuclear RAD51 in CCH1 and cytoplasmic RAD51 in CCH2 cells. H,Western blot on CCH1 and CCH2 tumor
tissue probed with antibodies toward the replication stress markers indicated show that CCH2 tumor tissue has elevatedmarkers of replication stress and lower levels of
proliferation markers (cyclins A2 and D1) than in CCH1. I, IHC on CCH1 and CCH2 tumor tissue stained with anti-RRM2 antibody shows elevated RRM2 in CCH2 present in
discrete patches. J, IHC on CCH1 and CCH2 tumor tissue stained with anti-pRPA antibody shows elevated pRPA in CCH2. K, IHC on CCH1 and CCH2 tumor tissue stained
with anti-S9.6 antibody shows more R-loops in CCH2. L, Fork speed measurement in the DNA fiber spreading assay indicate that CCH1 and CCH2 cells have comparable
DNA polymerase progression. Speed of replication was estimated by measuring the lengths of fiber tracts (green, IdU; red, BrdU) and a reference of 2.59 kb per mmol/L.
Data represent the mean � SD, and significance was evaluated by an unpaired t test. A representative image of normal fork progression is shown below the graph and
indicated by an asterisk.M, The relative frequency of stalled forks was determined as a percentage of all replication structures scored and was significantly higher in CCH2
cells. Data represent the mean� SD, and significance was evaluated by an unpaired t test. A representative image of stalled forks (green tract only) is shown below the
graph and indicated by asterisks; an additional region is shown in Supplementary Fig. S3A.N, The relative frequency of new origins was determined as a percentage of all
replication structures scored and was significantly higher in CCH1 cells. Data represent the mean � SD, and significance was evaluated by an unpaired t test. A
representative image of new origins (red tract only) is shown below the graph and indicated by asterisks; an additional region is shown in Supplementary Fig. S3A.

Figure 3.

A survey of RTK phosphorylation patterns and IGF1R localization in patient EwS tumor cells and commonly used EwS cell lines. A, Phospho-RTK antibody arrays
developed using lysates from patient-derived NCH2, CCH4, NCH6, and CCH5 cells, and from the cell lines A673, RD-ES, and SK-ES. The most prominently activated
RTKs are numbered. B, Immunofluorescence images of PDX tumor tissue stained with anti-IGF1R antibody (red) and DAPI. The IGF1R channel is shown below. Only
CCH5 tissue has exclusively nuclear IGF1R. C, Two representatives each of EwS cells with nIGF1R (CCH1, CCH5) and mIGF1R (CCH2, NCH6) were selected for further
analyses. Western blots show IGF1R phosphorylation patterns that match the phospho-RTK arrays. D, Evaluation of replication stress response markers in CCH1,
CCH5, CCH2, and NCH6 cells confirms elevated replication stress in cells with mIGF1R.
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Figure 4.

Nuclear IGF1R in CCH1 and CCH5 cells binds to and promotes ubiquitination of PCNA. A, Nuclear colocalization of IGF1R (red) and PCNA (green) in CCH1 cells
cultured in vitro. B, Interaction between IGF1R with PCNA was analyzed by co-immunoprecipitation of PCNA with immobilized IGF1R in control, 50 ng/mL
IGF1-treated and 1 mmol/L linsitinib-treated (6 hours) CCH1 and CCH2 cells. Only CCH1 cells showed co-immunoprecipitation of IGF1R and PCNA. The
blots were reprobed with anti-ubiquityl-PCNA(Lys164) antibody, which revealed a 43-kDa band corresponding to mono-ubiquitinated PCNA in the CCH1 blots.
IGF1 stimulated, and linsitinib inhibited, PCNA:IGF1R interaction. (Continued on the following page.)
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levels of RRM2 than CCH1 (where RRM2 was barely detectable;
Fig. 2B). Posttranscriptional regulation of RRM2 occurs through
attenuation of RRM2 degradation by ATR–CHK1 activation and by
the negative regulation of RRM2 accumulation by the WEE1
kinase (14). WEE1 is present at higher level in CCH1 cells than in
CCH2 cells (Fig. 2B). Hence, multiple molecular mechanisms could
contribute to the elevation of RRM2 in CCH2. CCH1 also has higher
levels of RAD21 (Fig. 2B), consistent with a previous report showing
that RAD21 dampens replication stress and promotes proliferation in
EwS cells (28).

Supporting an association between nIGF1R and lower replication
stress levels, treatment of CCH1 cells with the clathrin inhibitor
dansylcadaverine (29) depletes nIGF1R (Fig. 2C) and increases
levels of the replication stress markers pCHK1, pRPA, and gH2AX
(Fig. 2D), while also reducing the percentage of cells in S-phase
(Supplementary Fig. S2A).

CCH2 cells have discrete nuclear 53BP1 foci whereas CCH1 cells
have rare 53BP1 foci (Fig. 2E). 53BP1 foci mark DNA-breaks,
protecting DNA lesions generated by mitotic transmission of
chromosomes under replication stress (30). The percentage of cells
with nuclear gH2AX staining (either discrete foci or pan-nuclear)
was higher in CCH2 than in CCH1 (Fig. 2F). CCH1 cells had
prominent nuclear RAD51 foci, whereas RAD51 was cytoplasmic in
CCH2 cells (Fig. 2G). RAD51 relocalizes into the nucleus upon
DNA-damage (31) and contributes to the restart of stalled repli-
cation-forks (32).

pATR, pCHK1, pRPA, and RRM2 levels were also higher in
CCH2 tumor tissue, while the proliferating cell markers CYCLIN
A2 and D1 were higher in CCH1 tumor tissue (Fig. 2H). Further,
immunostaining showed more RRM2 (Fig. 2I) and more pRPA
(Fig. 2J) in CCH2 tumor tissue relative to CCH1. RRM2 staining in
tissue samples was patchy suggestive of heterogeneity in RNR
activity levels within the tumor.

High replication stress in EwS cells is accompanied by an accumu-
lation of R-loops (DNA-RNA hybrid and displaced ssDNA that occur
when replication-forks collide with the transcriptional machinery;
ref. 12). CCH2 tissue was much more strongly positive for R-loops
thanCCH1when probedwith theRNA:DNAhybrid-specific antibody
S9.6 (Fig. 2K).

To evaluate DNA replication dynamics in CCH1 and CCH2 cells,
we used the DNA fiber assay, which measures nucleotide incorpo-
ration into nascent DNA during replication. CCH1 and CCH2 cells
were sequentially incubatedwith IdU andCldU to allow incorporation
at replication-forks. The speed of DNA-replication (ratio of lengths of
nascent replication-tracts) was comparable between CCH1 and CCH2
cells (Fig. 2L). The percentage of stalled forks in CCH2 were greater
than in CCH1 (Fig. 2M; Supplementary Fig. S3A) indicative of higher
levels of replication stress, whereas CCH1 had a greater percentage of
new origins firing (Fig. 2N; Supplementary Fig. S3A). Together this
single-cell analysis reports higher levels of replication stress in CCH2
relative to CCH1.

Replication stress and IGF1R localization vary among EwS
tumors

To more broadly sample IGF1R signaling and RSR pathways in
EwS, we examined four additional PDX (Supplementary Table S1),
and three well-studied EwS cell lines A673, RD-ES, and SK-ES. Cells
cultured from the PDX stained positive for membranous CD99
(Supplementary Fig. S3). Phospho-RTK analysis (Fig. 3A) showed
that the IGF1R/InsR family was the most frequently activated RTK
(CCH4, NCH2, NCH6, RD-ES), followed by EGFR family RTKs
(NCH6, CCH5, RD-ES, A673). In patient-derived samples, we only
detected EGFR phosphorylation, whereas in the established cell lines
phosphorylation of ErbB4 or ErbB3was also detected. Interestingly, all
three established cell lines had more phosphorylated RTKs than the
patient-derived samples.

We next used immunofluorescence to probe IGF1R subcellular
localization in PDX tumor tissues: membranous IGF1Rß was present
in NCH2, NCH6, and CCH4, whereas CCH5 had exclusively nuclear
IGF1Rß (Fig. 3B) as previously seen in CCH1.

To further evaluate the correlation between IGF1R localization and
replication stress, we selected CCH5 (with nIGF1R) and NCH6 (with
mIGF1R) for comparison with CCH1 and CCH2. In Western blots
pIGF1R (Fig. 3C) and key markers of replication stress (pATR,
pCHK1, gH2AX, and RRM2) were elevated in cells with mIGF1R
(Fig. 3D). However, although the level of RPA was higher in cells with
mIGF1R, pRPA was not elevated in NCH6 cells. Cells with nIGF1R
had higher levels of WEE1 and RAD21. CCH5 cells had a shorter
doubling time, higher levels of the proliferationmarkers cyclin A2 and
D1, more cells in S-phase, and shorter S-phase duration than NCH6
cells (Supplementary Fig. S2), paralleling previous observations made
with CCH1 and CCH2.

None of the EwS cell lines (A673, RD-ES, SK-ES) had nIGF1R
(Supplementary Fig. S4D). Total IGF1Rß was very low in A673, and
only RD-ES showed some IGF1Rß phosphorylation (Supplemen-
tary Fig. S4A). The ATR–CHK1 pathway was activated in all cell-
lines indicating some degree of replication stress, but pRPA was
highest in RD-ES. gH2AX levels were higher in RD-ES and SK-ES.
Comparable RRM2 was present in all cell-lines (Supplementary
Figs. S4B and S4C). Overall, the cell-lines are most like CCH2 and
NCH6 cells with classical IGF1R signaling and the presence of
replication stress.

Nuclear IGF-1R (nIGF1R) signaling promotes ubiquitination of
PCNA

nIGF1R is known to promote DNA-Damage Tolerance (DDT),
a process that facilitates genome duplication and protects from
deleterious double-stranded DNA-breaks in the presence of replica-
tion perturbations (33). Mechanistically DDT involves ubiquitination
of proliferating cell nuclear antigen (PCNA; ref. 23). IGF1R and PCNA
co-localize in the nucleus in CCH1 cells (Fig. 4A). To determine
whether nIGF1R in CCH1 cells correlates with PCNA mono-
ubiquitination and phosphorylation, we treated cells with either

(Continued.) C, Interaction between IGF1R with PCNAwas analyzed by co-immunoprecipitation of IGF1R with immobilized PCNA in control, 50 ng/mL IGF1-treated,
and 1 mmol/L linsitinib-treated (6 hours) CCH1 and CCH2 cells. Only CCH1 cells showed co-immunoprecipitation of IGF1R and PCNA. The blots were reprobed with
anti-ubiquitin antibody, which revealed a 43-kDa band corresponding tomono-ubiquitinated PCNA in the CCH1 blots. IGF1 stimulated, and linsitinib inhibited, PCNA:
IGF1R interaction. D, Nuclear colocalization of IGF1R (red) and PCNA (green) in CCH5 cells cultured in vitro. E, Co-immunoprecipitation of PCNA with immobilized
IGF1R in CCH5 cells. Co-immunoprecipitated PCNA is mono-ubiquitinated and tyrosine phosphorylated as determined by probing with anti-ubiquityl-PCNA(Lys164)
and anti-phospho-tyrosine antibodies, respectively. The input used for immunoprecipitations are shown below. F, Co-immunoprecipitation of IGF1R with
immobilized PCNA in CCH5 cells. Immunoprecipitated PCNA is mono-ubiquitinated and tyrosine phosphorylated as determined by probing with anti-
ubiquityl-PCNA(Lys164) and anti-phospho-tyrosine antibodies, respectively. The inputs used for immunoprecipitations are shown below.
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Figure 5.

EwS cells can differ in their sensitivity to inhibitors of IGF1R signaling andWEE1.A, Schematic showing the proposed differences in the mechanisms through which EwS
cells with either nuclear or membrane-associated IGF1R are regulated. Cells with mIGF1R activate the classical AKT and RAS pathways and upregulate RRM2
transcription. EwS cells with nIGF1R have higher levels of theWEE1 kinase, which in turn phosphorylates and inactivates CDK1, thus protecting RRM2 from degradation.
High levels of RRM2 promote cell proliferation. nIGF1R also ubiquitinates and phosphorylates PCNA and promotes DNA damage tolerance (DDT), thus suppressing
replication stress and the consequent DNAdamage and cell death. Hence, nIGF1R can promote cell survival. Pharmacologic agents used in this study are indicated in red
(schematic created with BioRender.com). B, Dose–response curves generated using CCH1 (blue), CCH5 (dotted blue), NCH6 (dotted red), and CCH2 (red) cells. The
WST-8 assay was performed after 48 hours of linsitinib treatment. All experimentswere conducted over three independent timeswith three technical replicates in each
experiment. Representative data sets are shown here as themean� SD for each dose. Concentration of inhibitor that causes GI50was calculated by plotting growth (%)
versus drug concentration and using the formula 100� (T � T0)/(C � T0), where optical density of the test well after 48 hours is T, optical density at time 0 is T0, and
control (vehicle) optical density is C. GI50 values calculated using PRISM: CCH1 6.8 mmol/L, CCH2 0.2 mmol/L, CCH5 7.7 mmol/L, NCH6 0.3 mmol/L. C, Analyses
conducted as inB for PPP. GI50 values calculated using PRISM: CCH1 0.8 mmol/L, CCH20.4 mmol/L, CCH5 1.1 mmol/L, NCH60.2 mmol/L.D,Analyses conducted as inB for
AZD1775. GI50 values calculated using PRISM: CCH1 0.6 mmol/L, CCH2 0.9 mmol/L, CCH5 1.2 mmol/L, NCH6 0.8 mmol/L. (Continued on the following page.)
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IGF-1 or linsitinib, followed by immunoprecipitation of IGF1R
(Fig. 4B). PCNA co-immunoprecipitated with IGF1R in CCH1 but
not in CCH2 cells. Probing with anti-ubiquityl-PCNA and anti-
phosphotyrosine showed that IGF-1 treatment increased the levels
of PCNAubiquitination and phosphorylation inCCH1 cells, whereasa
there was no ubiquitinated-PCNA evident in CCH2 cells. Further-
more, linsitinib treatment inhibited PCNA–IGF1R interaction in
CCH1 cells. Immunoprecipitation of PCNA followed by probing with
anti-IGF1R and anti-ubiquitin antibodies similarly showed physical
interaction between phospho-IGF1R and PCNA, as well as phosphor-
ylation and ubiquitination of PCNA in CCH1, but not in CCH2, cells
(Fig. 4C).

IGF1R in CCH5 cells colocalized in the nucleus with PCNA
(Fig. 4D), whereas PCNA and IGF1R do not colocalize in CCH2 and
NCH6 cells (Supplementary Fig. S5). Pull-down experiments using
either PCNA or IGF1Rß as bait confirmed a physical interaction
between IGF1R and PCNA in CCH5 cells (Fig. 4E and F). PCNA
was both phosphorylated and mono-ubiquitinated in the IGF1R–
PCNA complex, and this was promoted by IGF1 treatment and
inhibited by linsitinib treatment. Together these data support a model
in which nIGF1R can potentiate DDT in CCH1 and CCH5 cells
through interaction with ubiquitinated PCNA.

Effects of IGF1RorWEE1 inhibitiondiffer betweenEwScellswith
nIGF1R and mIGF1R

The data presented thus far are consistent with a model (schema-
tized in Fig. 5A), in which cells with active DDT promoted by nIGF1R
have low basal replication stress. On the other hand, cells with
mIGF1R have high replication stress and high levels of RRM2, which
could be a consequence of both classical IGF1R signaling (27) and
activation of the ATR–CHK1 pathway.

We next evaluated the effect of IGF1R kinase inhibition on the
proliferation and survival of representatives of both types of PDX cells:
CCH5, CCH1 (nIGF1R), and CCH2, NCH6 (mIGF1R). Linsitinib was
a more potent growth inhibitor of CCH2 and NCH6 cells than either
CCH5 or CCH1 (Fig. 5B). Picropodophyllin (PPP) that selectively
targets IGF1R over InsR (34) also failed to achieve total growth
inhibition in EwS cells with nIGF1R (Fig. 5C).

Inhibition of IGF1R can induce replication stress by affecting RRM2
expression (via AKT,MEK/ERK and JUN; ref. 27). Further, theWEE1
kinase was identified as part of a “backup” pathway that protected cells
from RRM2 depletion by preventing RRM2 degradation (27). Inter-
estingly, the WEE1 kinase inhibitor AZD1775 (35) and the selective
WEE1 degrader ZN-02–096 (36) exhibited similarly potent cell-
growth inhibition in CCH1, CCH2, CCH5, and NCH6 (Fig. 5D
and E).

Linsitinib caused negligible increase in gH2AX inCCH1 andCCH5,
AZD1775 caused a small increase in gH2AX, and a combination of
linsitinib andAZD1775 led to a significant increase in gH2AX-positive
cells (Fig. 5F). In contrast, CCH2 andNCH6 cells had high basal levels

of gH2AX, which did not increase substantially with any treatment
(Fig. 5F). These results correlated with propidium-iodide (PI) and
CC3 staining based evaluation of cell survival: linsitinib and AZD1775
were each independently able to induce significant cell-death in CCH2
and NCH6 cells, only slightly elevated by combination treatment
(Fig. 5G–I). Linsitinib or AZD1775 had minimal effect on CCH1 or
CCH5 cells, whereas the combination of linsitinib andAZD1775 led to
a large increase in PI-positive cells. Flow cytometry analyses performed
on CCH1 and CCH2 cells further confirmed these distinctions (Sup-
plementary Fig. S6).

In Western blots, linsitinib treatment lowered the levels of WEE1
protein in CCH1 and CCH5 (but not in CCH2 or NCH6; Fig. 5I).
WEE1 phosphorylates CDK1 at Y15 and the levels of CDK1–pY15
were similarly lowered by linsitinib treatment of CCH1 or CCH5, and
by WEE1 inhibition with AZD1775 in all cells tested. Because this
modulation ofWEE1 levels by linsitinib appears to be restricted to cells
with nIGF1R, and nIGF1R can regulate transcription (37, 38), we
examined the effect of linsitinib treatment on the levels of WEE1
transcript. Lower levels of transcript were present in CCH1 and CCH5
cells treated with linsitinib, but no reduction in similarly treated CCH2
or NCH6 cells was observed (Fig. 5J).

Linsitinib treatment reduced RRM2 protein levels in CCH2 but
had no effect on NCH6, CCH1, or CCH5 (Fig. 5I). The lack of
effect in NCH6 was unanticipated given the known positive
regulation of RRM2 by the classical IGF1R pathway (27). WEE1
kinase inhibition also lowered RRM2 levels in CCH2 and NCH6
cells, likely through increased degradation. Curiously, little effect
was seen upon WEE1 inhibition on the very low basal levels of
RRM2 in CCH1 or CCH5.

Combined IGF1R andWEE1 inhibition leads to tumor regression
To further evaluate sensitivity to IGF1R and WEE1 inhibition, we

used CCH1 (Fig. 6A and B) and CCH2 (Fig. 6C andD) subcutaneous
xenografts (Fig. 6). Tumors were treated 5 days a week with linsitinib
[either 15 mg/kg (Fig. 6A and C) or 25 mg/kg (Fig. 6B and D)],
starting when tumor volume reached approximately 200 mm3;
25 mg/kg is known to inhibit tumor growth without elevating blood
glucose levels in other xenograft models (39). At both doses, CCH2
tumors were more sensitive to treatment than CCH1 tumors. In
parallel experiments, we assessed the effect of the WEE1 inhibitor
AZD1775 at either 80 or 40 mg/kg 5 days a week. WEE1 inhibition
largely arrested tumor growth of both CCH1 and CCH2 tumors.
Treatment with a combination of linsitinib and AZD1775 led to
significant tumor regression for both CCH1 and CCH2 xenografts.

An insignificant decrease in cell proliferation upon linsitinib treat-
ment of CCH1 tumors was observed (Ki-67 positive cells; Fig. 6E
andF), whereasCCH2 tumors displayed an over 20%decrease inKi67-
positive cells. AZD1775 alone and in combination with linsitinib were
similarly effective in reducing tumor cell proliferation in both tumors.
Staining for the apoptotic marker cleaved caspase-3 showed elevated

(Continued.) E, Analyses conducted as in B for ZN-02–096. GI50 values calculated using PRISM: CCH1 0.4 mmol/L, CCH2 0.25 mmol/L, CCH5 0.5 mmol/L, NCH6
0.2 mmol/L. F, Immunofluorescence staining for gH2AX on CCH1, CCH5, CCH2, and NCH6 cells treated with linsitinib (5 mmol/L), AZD1775 (1 mmol/L), or a
combination of linsitinib and AZD1775. CCH1 and CCH5 cells did not exhibit a large increase in DNA damage upon treatment with either agent alone. However,
a combination of linsitinib and AZD1775 led to a dramatic induction of DNA damage. CCH2 and NCH6 cells had higher basal levels of gH2AX that remained at
similar levels upon treatment with the indicated pharmacologic agents. G, Quantification of propidium-iodide positive cells with the linsitinib (5 mmol/L),
AZD1775 (1 mmol/L), or linsitinib þ AZD1775 treatments (24 hours) of CCH1 and CCH5 cells. Mean and SD are shown in each panel. H, Quantification of
propidium iodide–positive cells with the linsitinib (5 mmol/L), AZD1775 (1 mmol/L), or linsitinibþ AZD1775 treatments (48 hours) of CCH2 and NCH6 cells. Mean
and SD are shown in each panel. I, Western blots showing the different effect of linsitinib (5 mmol/L), AZD1775 (5 mmol/L), or linsitinib þ AZD1775
treatment for 24 hours on WEE1, RRM2, and cleaved caspase 3 (CC3) levels in EwS cells with nIGF1R (CCH1, CCH5) and mIGF1R (CCH2, NCH6) cells. J, qPCR
analyses of Wee1 transcript levels upon linsitinib (5 mmol/L) treatment for 24 hours (two biological replicates) show a reduction in cells with nIGF1R.
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Figure 6.

Effectiveness of linsitinib, AZD1775, and a combination of linsitinib and AZD1775 in nIGF1R and mIGF1R PDXs. A and B, Growth rates of CCH1 tumors treated
with either vehicle or the indicated doses of linsitinib and AZD1775 are shown by plotting % change in tumor volume over time. Tumors were treated daily for
5 days/week. The T/C value (mean volume of treated tumor after 12 doses/mean volume of vehicle-treated tumor after 12 doses) is shown. Each data point is
the mean and SD of 4 to 5 mice per group. C and D, Growth rates of CCH2 tumors treated with either vehicle or the indicated doses of linsitinib and AZD1775
are shown by plotting % change in tumor volume over time. Tumors were treated daily for 5 days/week. The T/C value (mean volume of treated tumor after
12 doses/mean volume of vehicle-treated tumor after 12 doses) is shown. Each data point is the mean and SD of 4 to 5 mice per group. E, Tumor sections
stained for the proliferation marker Ki67 (red) and the apoptosis marker CC3 (DAB-brown). F, Quantification of Ki67-positive cells per tumor section. The data
are shown as the mean and SD. Each data point represents the average of four sections per mouse and 3 to 4 mice per treatment group. G, Western blot
analysis of tumor tissue confirms that linsitinib treatment lowers WEE1 and pCDK1 levels in CCH1 tumors but not in CCH2 tumors.
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cell-death in CCH1 and CCH2 tumors with combination treatment
(Fig. 6E).

In Western blot analysis of tumor tissues (Fig. 6G), linsitinib
treatment reduced levels of WEE1 in CCH1 cells but not in CCH2
cells. The level of the downstream effector CDK1-pY was also lowered
upon linsitinib-treatment of CCH1 but not CCH2, corroborating
in vitro findings.

In summary, in vivo studies demonstrate that a tumor with nIGF1R
is less sensitive to linsitinib-treatment compared with a mIGF1R-
containing tumor, and that a combination of IGF1R and WEE1
inhibition can cause tumor regression in both classes of EwS tumors.

Discussion
Herein we demonstrate that IGF1R-signaling and the replication

stress response pathway can be utilized to place EwS tumors into two
groups. In one, IGF1R is largely nuclear, replication stress and RRM2
levels are low, whereas WEE1 and RAD21 levels are high. The other
group has predominantlymembrane-associated IGF1R signaling, high
replication stress and RRM2, and low WEE1 and RAD21. These
distinctions between EwS tumors could contribute to distinct thera-
peutic vulnerabilities and lay the groundwork for multitargeted-agent
treatment strategies based upon histopathologic biomarkers.

In the primary-metastatic pair of tumors examined, the expres-
sion level of IGF1R went from being high and largely nuclear
(primary tumor), to being low, phosphorylated, and primarily
membrane-associated (CCH2 metastatic tumor). In the wider panel
of PDX-derived samples, there was no apparent correlation between
IGF1R localization and disease stage. Some studies suggest that high
nIGF1R predicts good prognoses and treatment responsive-
ness (40, 41), whereas others predict a worse outcome (42, 43).
nIGF1R is linked to increased IGF-induced proliferation, and
enhanced tumorigenicity (44–46), can promote both transcription
and DDT (23). DDT in turn permits the completion of replication
without fork-stalling, thus supporting the survival of highly pro-
liferative tumor cells (Fig. 5A). CCH1 and CCH5 cells have nIGF1R
and higher basal levels of ubiquitinated-PCNA, consistent with the
existence of a mechanism to bypass the development of replication
stress. These cells with nIGF1R also have higher levels of RAD21 a
suppressor of replication stress in EwS (28). Accordingly, these
highly proliferative cells have low levels of basal replication stress.
However, although inhibition of IGF1R-kinase activity with linsi-
tinib inhibits DDT, it did not induce either DNA-damage or cell-
death in cells with nIGF1R. In contrast, DNA-damage and cell-
death result from linsitinib-treatment of cells with classical IGF1R
signaling. Similarly, relative insensitivity to linsitinib is seen in vivo
towards CCH1 (nIGF1R) xenografts versus CCH2.

Replication stress is a widely recognized hallmark of EwS (11, 12)
and other cancer cells (47, 48). In EwS it is attributed to elevation of
transcription and accelerated entry into S-phase driven by the EWS–
FLI1 fusion protein, and the formation of R-loops (12). Indeed, the
capability to resolve R-loops and reduce replication stress is a pre-
requisite for the stable expression ofEWSR1–FLI1 in primary cells (49).
Therapeutically targeting replication stress is an area of active inves-
tigation and can take two routes: depleting cellular resources essential
for DNA replication and/or by over-riding checkpoints to push cells
with unresolved replication stress into the cell-cycle, thus inducing
catastrophic DNA-damage (50, 51). Most functional studies rely on
established EwS cell-lines because of the rarity of the disease and the
difficulty in establishing EwS PDX. Moreover, differences in tumor
cells through the course of disease are rarely studied since repeat

biopsies on patients with EwS are uncommon. Our results show that
tumors from the same patient at different stages of disease can have
distinct therapeutic vulnerabilities and highlight the inherent chal-
lenge in selecting targeted therapeutics based on biomarkers derived
from diagnostic biopsies.

In the matched primary-metastatic pair of tumors analyzed here,
the metastatic tumor (CCH2) had higher levels of replication stress
and low DDT. Although there is some precedent for the observation
that the DDT mechanism might be lost in metastatic lesions, and
in tumors with poor response to neoadjuvant treatment (52), our
data set does not clearly link primary tumors with DDT and low
replication stress.

Cell survival under conditions of replication stress is supported
by a large pool of nucleotides. The rate-limiting step in deoxyri-
bonucleotide synthesis is catalyzed by RNR (composed of subunits
RRM1 and RRM2). RRM2 expression is associated with metastatic
disease at EwS diagnosis, occurrence of metastatic/local relapse, and
correlates with poor patient outcome (53). RRM2 levels are higher
in CCH2 and NCH6 than in CCH1 or CCH5. Two mechanisms,
both active in CCH2 and NCH6, could contribute to this: IGF1R/
AKT/ERK signaling upregulates RRM2 transcription (27), and the
ATR/CHK1/WEE1 pathway prevents RRM2 degradation (Fig. 5A;
ref. 14). Curiously levels of WEE1 are higher in cells with nIGF1R,
whereas the ATR/CHK1 pathway is activated in CCH2 and NCH6.
Further, IGF1R inhibition appears to lower the levels of Wee1
transcript in cells with nIGF1R suggesting that nIGF1R could exert
transcriptional control. nIGF1R plays a role in transcription via
DNA binding and RNAPol2 recruitment (37) and through associ-
ation with the transcription factor LEF1 (38). However, these have
not previously been linked with IGF1R kinase activity. Although the
observation that linsitinib modulates Wee1 transcription is intrigu-
ing and warrants further investigation, the possibility that increased
WEE1-degradation contributes to the reduction in protein levels
upon linsitinib treatment cannot be ruled out.

Inhibition of WEE1 with AZD1775 reduced RRM2 levels in
mIGF1R-containing tumor cells but not in those with nIGF1R (which
have low levels of RRM2). However, WEE1 also triggers G2–M arrest
through inhibitory phosphorylation of CDK1 giving cells the oppor-
tunity to repair damaged DNA. Hence regardless of the effect on
RRM2 levels, AZD1775 can also lead to high CDK1 activity allowing
cells to progress through the cell cycle with unrepaired DNA damage
thus leading to mitotic catastrophe (54). This mechanism likely
contributes to the ability of AZD1775 to induce some cell-death of
nIGF1R-containing cells. Preclinical studies using EwS cell-lines cor-
roborate the effectiveness of WEE1 inhibition (55).

Combined WEE1- and IGF1R-inhibition is effective in both
nIGF1R- and mIGF1R-containing cells, but likely through distinct
mechanisms. In cells with nIGF1R, linsitinib inhibits DDT and lowers
WEE1 levels. Consequently, cells could become more dependent on
residual WEE1 and unable to bypass DNA-damage caused by
AZD1775. In mIGF1R-containing cells WEE1 and IGF1- targeted
treatments appear to have an additive effect accompanied by RRM2
depletion, CDK1 activation, and induction of DNA-damage. These
observations are in keeping with the recent report of replication
stress and RRM2 downregulation upon co-inhibition of IGF1R and
WEE1 in breast cancer cell-lines (56). Our observations demon-
strate the effectiveness of this multiple-targeted agent strategy in
EwS and suggest that the combination could provide greater benefit
in tumors with nIGF1R.

Here we had the unique opportunity to evaluate a matched pair
of tumors from the same patient and identified differences with
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relevance to therapy choice. It is possible that the replication stress
response and the DDT capacities of CCH1 and CCH2 evolved in a
linear fashion influenced by either treatment or microenvironment.
But another possibility is that they could have distinct clonal
origins. Genomic analyses of matched primary-metastatic EwS
tumors reported that the ancestral EwS cell could clonally diverge
years before diagnosis via catastrophic genomic events (chromo-
plexy), and then undergo parallel evolution (57, 58). Our inability to
correlate disease-stage with either IGF1R-localization or basal
replication stress levels supports the possibility that the tumors
evaluated here were a result of early clonal divergence.

Two conclusions with clinical relevance derive from this
study. First, nuclear localization of IGF1R correlates with poor
response to IGF1R-inhibition, but a combination of IGF1R- and
WEE1-inhibition leads to tumor-regression regardless of IGF1R-
localization. Second, given the variability among tumors and
the likelihood of independent clonal evolution, biomarker analysis
performed on each tumor incarnation (primary, metastatic, relapsed)
will be valuable in predicting response to therapeutics. The results
presented here could form the basis of a future clinical trial using the
subcellular localization of IGF1R as a biomarker of response and are
likely to be relevant in tumors other than EwS.
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