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During therapy, adaptations driven by cellular plasticity are partly responsible for driving the inevitable recur-

rence of glioblastoma (GBM). To investigate plasticity-induced adaptation during standard-of-care chemother-

apy temozolomide (TMZ), we performed in vivo single-cell RNA sequencing in patient-derived xenograft (PDX)

tumors of GBM before, during, and after therapy. Comparing single-cell transcriptomic patterns identified dis-

tinct cellular populations present during TMZ therapy. Of interest was the increased expression of ribonucleo-

tide reductase regulatory subunit M2 (RRM2), which we found to regulate dGTP and dCTP production vital for

DNA damage response during TMZ therapy. Furthermore, multidimensional modeling of spatially resolved tran-

scriptomic and metabolomic analysis in patients’ tissues revealed strong correlations between RRM2 and dGTP.

This supports our data that RRM2 regulates the demand for specific dNTPs during therapy. In addition, treat-

ment with the RRM2 inhibitor 3-AP (Triapine) enhances the efficacy of TMZ therapy in PDX models. We present a

previously unidentified understanding of chemoresistance through critical RRM2-mediated nucleotide

production.

INTRODUCTION

Cellular carcinogenesis can be described as an evolutionary process
(1-5). Subsequent to initial tumor development, therapy-associated
selection pressures can alter tumor cell fate states that survive ther-
apeutics to become the dominant and resistant population (6-8).
Glioblastoma (GBM), the most aggressive primary adult brain
tumor, typifies the process of cellular adaptation to therapeutic in-
tervention, ultimately resulting in resistance and fatal recurrence (9,
10). Because of a lack of access to GBM tissue during the standard-
of-care chemo- and radiotherapy (11, 12), research has predomi-
nantly focused on investigating GBM before and/or after therapeu-
tic intervention. However, focusing solely on pre- and post-therapy
GBM is insufficient, as tumor evolution is a dynamic process (1—
10). We hypothesize that the population(s) of GBM cells that
drive intratumoral adaptations, support therapeutic resistance,
and promote tumor recurrence arises during therapy and remains
largely unknown.

Establishing a model of GBM to capture the evolutionary dy-
namics of GBM during therapy would help identify therapeutically
actionable adaptation mechanisms (7, 13—16). To investigate this,
our laboratory has performed in vivo single-cell RNA sequencing
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(scRNA-seq) analysis of patient-derived xenograft (PDX) tumors,
established in the brains of athymic mice, and isolated before,
during, and after treatment with standard-of-care chemotherapy te-
mozolomide (TMZ), which is used in treating all newly diagnosed
GBM (9-11).

By comparing single-cell transcription expression patterns of
tumors before, during, and after therapy, we identified unique cel-
lular populations present in tumors undergoing TMZ treatment.
We combined these data with an analysis of multidimensional spa-
tially resolved transcriptomic data of 16 primary GBM patients’
tissue. Our analyses show a previously unidentified role of ribonu-
cleotide reductase (RNR) family genes in promoting resistance to
TMZ. Classically, the f subunit of RNR, RRM2, or its isoform
RRM2B, forms a complex with the a subunit RRM1 to create an
RNR enzyme, which mediates deoxynucleotide triphosphate
(dNTP) production (I17). Our single-cell data reveal a compelling
relationship between RNR subunits and their dependency on ther-
apeutic progression. More specifically, the results of our study
suggest that GBM cells increase RRM2 subunit expression via epi-
genetic regulation during TMZ therapy and adapt to TMZ-induced
DNA damage by producing specific dNTPs. In addition, we find
that inhibition of RRM2 activity using second-generation inhibitor
3-AP (Triapine), a drug in several late-phase clinical studies (18),
significantly increases the antitumor activity of TMZ in vivo, sug-
gesting an opportunity for delaying recurrence. Overall, our data
indicate a unique role of RRM2-mediated ANTP metabolism in
adapting to therapeutic stress and identify RRM2 as a therapeutic
target for improving treatment outcomes for GBM patients.
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RESULTS

scRNA-seq analysis identifies uniquely expressed genes
during TMZ therapy

To investigate TMZ treatment—associated changes in GBM, we used
an orthotopic PDX model. Mice were treated with vehicle control
[dimethyl sulfoxide (DMSO)], or TMZ 7 days after tumor implan-
tation, for five subsequent days. The TMZ-treated mice were eutha-
nized either after 2 days of TMZ therapy, thus during therapy, or
following tumor recurrence. Intracranial tumors were extracted,
and single-cell suspension was analyzed by DropSeq analysis (fig.
S1A). Seurat v3.0 custom pipeline was used to distinguish human
tumor cells from mouse cells transcriptomes. Using Seurat and
principal components analysis (PCA), we identified 20 principal
components (PCs) that were fed into an algorithm and generated
15 clusters to distinguish tumor transcriptomes with respect to
treatment received (Fig. 1A and fig. S1B). These 15 clusters were an-
alyzed for the total number of cells in each cluster, the percentage of
cells in each condition, and the cell signaling pathway most repre-
sentative of that cluster using the NCI-Nature database (Fig. 1, B
and C) (19).

Clusters 0, 6, and 11 proved especially informative for identify-
ing cellular subpopulations that increased in tumors during TMZ
therapy. For example, 87.92% of cells from tumors “during
therapy” were in cluster 11, whereas cells from “no therapy” and
“post-therapy recurrent” tumors had 6.52 and 5.56% of cells in
cluster 11, respectively.

We found a condition-specific pattern of distribution in our data
in which cells isolated during therapy were uniquely clustered
because of their transcriptome profile, compared to cells analyzed
in the no therapy or post-therapy recurrent GBM conditions, which
have some overlap (Fig. 1D and fig. S1C). There was limited influ-
ence because of cell cycle states on the distribution of cells based on
their transcriptional signatures in our data, regardless of their con-
dition (Fig. 1E). Moreover, during TMZ therapy, the cells were dis-
tributed evenly within separate phases of the cell cycle, with 38.14%
of cells in the G, phase, 38.78% in the S phase, and 23.1% in the G,-
M phase.

We next applied Gene Set Enrichment Analysis (GSEA) to iden-
tify cell populations that were relatively stable across treatments, in
which we saw cell type marker expression to be consistent across
conditions (fig. S1, D to F). We also analyzed glioma stem-like
cell (GSC) transcriptional signatures (Fig. 1F and fig. S1G).
Results indicated that GSC signature mean expression significantly
increased during therapy compared to post-therapy recurrent (P =
0.001) with elevated Notch signaling (P = 0.04), a key signaling hub
that has been reported to promote the GSC niche (fig. S1H) (20-22).

When identifying oncogenic markers present in our data, we saw
the expression of DNA repair markers and resistance markers to be
significantly enriched during therapy compared to no therapy (P =
9.70 x 107°%) and post-therapy recurrent (P = 9.54 x 10~°%) (Fig. 1G
and fig. S1, T and J).

Pseudotime analysis allows us to analyze the one-dimensional
view of a single time point extracted from scRNA-seq to understand
how cells evolve along their individual paths and behave in the
single-cell transcriptomic analysis (23, 24). Since raw read counts
cannot be compared significantly, we instead use read counts to
create trajectories that allow us to assume the underlying develop-
mental changes of cells and establish expression patterns. We used
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the calculated cells’ pseudotimes to map the DNA repair and resis-
tance gene expression trajectories in our data. We see gene set ex-
pression increasing uniformly along pseudotime, indicating that as
cells become more genetically distinct, they will gain expression of
these gene sets during TMZ therapy (fig. S1K).

To compare the difference in clinically relevant transcriptional
subtypes of GBM, proposed by Verhaak et al. (25), we applied pseu-
dotime analysis of Verhaak classical, mesenchymal, and proneural
GBM subtypes, as well as the GSC cellular state. This analysis re-
vealed that, compared to no therapy and post-therapy recurrent sig-
natures of GBM, cells up-regulated during therapy uniformly
increase in their expression of molecular subtypes as they progress
along pseudotime (fig. S1L).

We then examined how oncogenic gene sets are globally distrib-
uted in our scRNA-seq data (fig. S2A). Analysis of oncogenic gene
sets elevated during therapy, such as gene sets associated with KRAS
and ALK signaling, is highly correlated with a stress response that
could be activated by TMZ treatment (fig. S2, B and C). In addition,
Monocle3 trajectory mapping predicts increasing KRAS and ALK
gene set expression in cells receiving sustained TMZ therapy (fig.
S2D). These scRNA-seq results are consistent with immunohisto-
chemical results showing that CLSPN and DLX6, of the ALK
gene set, are up-regulated in tumors during therapy compared to
no therapy (P < 0.01) and post-therapy recurrent GBM (P < 0.01)
(fig. S2, E to G).

The poor clinical outcomes of GBM can be largely attributed to
intrinsic intratumoral heterogeneity, which can be partially under-
stood through transcriptional spatial heterogeneity (26-28). Spatial
genomic analysis conserves the transcriptional spatial heterogeneity
of specific tumor regions, enhancing our understanding of the
tumor as a whole (29). Thus, to identify the clinical significance
of our scRNA-seq signatures, we also wanted to determine
whether the gene signatures from our scRNA-seq in vivo PDX
model were present in GBM human tissue. Therefore, unique
gene signatures (top 30 genes) from the scRNA-seq states of no
therapy, during therapy, and post-therapy recurrent were spatially
mapped to primary GBM tissue (fig. S3A).

We used a multidimensional approach to integrate 16 GBM pa-
tients' tissues by spatially resolved RNA sequencing (stRNA-seq)
analysis, thereby investigating the spatial distribution of our in
vivo single-cell molecular signatures from different time points
during TMZ therapy (30). We identified spatial correlations
between the scRNA-seq signatures and GO (Gene Ontology) gene
sets in primary GBM tissue (Fig. 1H). Point size and color indicate
the weight of spatial correlation between comparisons. In our anal-
ysis, no therapy transcriptional signatures are localized to regions of
the tumor that are likewise enriched for transcriptional proneural
subtype markers, which is expected as the PDX line, GBM43,
used in our experiments was initially identified as Verhaak proneu-
ral (31). However, the during therapy signature switches to being
spatially correlated with transcriptional classical subtype markers.
Ultimately, the distinct correlations shown between no therapy/pro-
neural markers and during therapy/classical markers seem to con-
verge in the post-therapy recurrent signature, which correlates
strongly with both proneural and classical subtype markers.

The contrast between no therapy and post-therapy recurrent
GBM is also indicated by analyzing the correlation between
scRNA-seq signatures and markers of neuronal development.
While the no therapy signature is spatially correlated with

20f18

£202 ‘ST JOqUIBAON UO 610°99U8 105" MMM;/:SANY WO} papeoumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Seurat clusters

_ Condition

Post-therapy
. recurrent

No therapy

Nuclear beta-
catenin

PLK1 signaling

ARF1 pathway

Aurora B signaling | piK1 signaing
C-Myc
transcriptional

RanBP2 |
SUMOylatin
R | Aurora B signaling
/ C-Myc
transcriptional
/ activity

E-cadherin

A4B7
integrin

Nuclear estrogen receptor aipha

List-regulated neural migration
development

UMAP_2

During therapy

UMAP_1

F Glioma stem-like cell markers in mean gene expressions

Post-therapy recurrent

Cell signaling pathway (NCI-Nature database in | Adjusted
Homo sapiens) Palue
PLK1 signaling events 0.002219
Aurora B signaling 3.28E-11
by RanBP2 0.000786
PLK1 signaling events 0.000002
Regulation of nuclear beta catenin signaling 0.505200
PLK1 signaling events 4.61E-20
Validated nuclear estrogen receptor alpha network | 0.011100
Aurora B signaling 2.95E-14
Aurora B signaling 5.63E-15
Validated targets of C-MYC transcriptional activation |0.01824
E-cadherin signaling in the nascent adherens 0.001672
junction
Lissencephaly gene (LIS1) in neuronal migration 0.000108
and
ARF1 pathway 0.008448
Aurora B signaling 1.55E-11
Validated targets of C-MYC transcriptional activation |0.000029
'A4B7 integrin signaling 0.009903
No therapy

i
oo
=

Cell cycle

G, phase

G,-M phase

S phase
During therapy

Post-therapy recurrent

UMAP_2

UMAP_1

G DNA repair gene mean expression across conditions

During therapy No therapy Post-therapy recurrent

o

Cell culture signature Spatial signature

0.8
NEDD4L
LINCO1896
AKAPT
NT5C3A 0.6
0.4
0.2
No: 0
SERPING1
BRoM
RDH10 -0.2
SLCO4A1
X1
ZNF516

FGFR3

During therapy No therapy Post-therapy recurrent

Single-cell signature Bulk signature

2
= | I | No
8, ! [ ‘ therapy
£ ‘ i s
HIn | | During
Els | therapy
ﬁ 3 | | | i
&l . . . ‘ “ Post-therapy

H] recurrent

- . ‘e“ 2 > >

N\ AR N o «

< $?0\ \OQCJ Y(@\\xo & \\\?’6\\ v (o o o

\{\\‘Xﬂ V\K@ A & V\é(\\ Q‘a«\’b o’*Q o ‘(\"Q*
& RGO

Fig. 1. scRNA-seq analysis identifies uniquely expressed genes during TMZ therapy. (A) Seurat clusters defined via UMAP dimension reduction of scRNA-seq quality-
controlled data were performed in a custom pipeline of Seurat v3.0. (B) Table comparing cluster, total cells per cluster, percent of cluster in each treatment condition, NCI-
Nature cell signaling pathway of the cluster, and adjusted P value. (C) Venn diagram created to visualize the indicated unique and overlapping cell signaling pathways
enriched in each condition. (D) Condition-specific distribution of scRNA-seq data. (E) Cell cycling phase of scRNA-seq data. (F) Heatmap of the mean expression of up-
regulated glioma stem cell markers in our scRNA-seq data. GSEA set: BEIER_GLIOMA_STEM_CELL_UP. (G) Representative heatmap of DNA repair-associated genes sep-
arated by group condition expressed in our scRNA-seq data. GSEA set: HALLMARK_DNA_REPAIR. (H) Spatial correlation analysis between scRNA-seq signatures and gene

set signatures. Point size and color indicate spatial correlation.
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markers of neuronal development in human GBM tissue, the post-
therapy recurrent signature shows a strong anti-correlation, indicat-
ing a potential switch between primary and recurrent GBM signa-
tures in their spatial overlap with neurodevelopmental cell signaling
pathways. In addition, we see during therapy and post-therapy re-
current signatures to be highly correlated with radial glia markers,
which supports recent work investigating the role of outer radial
glia-like cancer stem cells contributing to heterogeneity in
GBM (32).

The spatial correlation of the during therapy transcriptional sig-
nature shows an overall weaker spatially weighted signature corre-
lation with established subtypes/states. One possibility is that the
transcriptomic profile of during therapy GBM has a unique
spatial enrichment and has yet to be characterized in available data-
sets, supporting the notion that GBM tumors during TMZ therapy
remain uncharacterized.

Ribonucleotide reductase gene expression is identified in
scRNA-seq analysis

To further investigate molecular mechanisms underlying chemore-
sistance in GBM, our next goal was to determine targets of interest
from our single-cell sequencing data. Our analysis focused on
finding transcriptomic differences within conditions to then
compare between conditions. Within each condition of our
scRNA-seq data, we identified the significant (P < 0.05) and unique-
ly expressed genes that are enriched (logFC > 0.3) or depleted
(logFC < —0.3) (fig. S4A). Next, using a combination of gProfiler
and Cytoscape, we mapped the pathways associated with genes sig-
nificantly enriched during therapy (Fig. 2A and fig. $4, A to C). Of
several enriched pathways, “Metabolic Processes” (P < 0.0001) was
one of the top hits for gene expressions enriched in cells from
tumors during therapy.

We used STRING to map gene networks involved in metabolic
processes found to be elevated during therapy and identified the
RNR family of genes (RRM1, RRM2, and RRM2B) that are essential
to ANTP metabolism as being significantly enriched (Fig. 2B). The
analysis also revealed a strong interaction between the RNR family
and inosine-5'-monophosphate dehydrogenase 2 (IMPDH?2), a key
enzyme for purine biosynthesis pathway. As we have previously
demonstrated that the IMPDH2-regulated purine pathway contrib-
utes to chemoresistance in GBM (33), we aimed to investigate the
role of RNR-regulated dNTP production in promoting adaption to
TMZ during therapy.

Analysis of our scRNA-seq data revealed that while RRMI and
RRM?2B remain relatively constant or exhibit a minimal change in
no therapy, during therapy, and post-therapy recurrent tumors,
RRM?2 increased expression was specific to during therapy tumors
(Fig. 2C). We mapped the distribution of cells expressing elevated
RRM?2 or RRM2B levels in no therapy, during therapy, or post-
therapy recurrent GBM, showing RRM2-positive cells to be the
most elevated during therapy (P = 0.03) (fig. S4, D and E). We
then examined cells expressing elevated levels of RRM2 or
RRM2B with respect to their cell cycle phase and observed that
while RRM2B remains constant, there are higher levels of RRM2
in the S (P = 4.24 x 107%) and G,-M (P = 0.0003) phases (Fig. 2,
D and E).

We calculated the percentages of cells expressing elevated levels
of RRM1 and RRM2 (RRM1_RRM?2) compared to elevated levels of
RRM1I and RRM2B (RRM1_RRM?2B) to address expression changes
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in the RNR enzyme subunits throughout TMZ therapy. We ob-
served that cells expressing elevated levels of RRM1_RRM2 are sig-
nificantly increased in during therapy tumors (91.4%) compared to
post-therapy recurrent tumors (58.8%) (fig. S4F). To validate our
transcriptional single-cell data of RRM1_RRM2 coexpression
through protein level analysis, we used flow cytometry analysis to
identify the double-positive population of RRM1_RRM2 in
DMSO and TMZ. Results from this experiment align with our tran-
scriptional data and indicate that, on a protein level, RRM1_RRM?2
coexpression exhibits a twofold increase in TMZ compared to
DMSO (P = 0.0041) (fig. S4G).

In examining RNR gene and GSC marker coexpression, we
found that cells expressing RRM1_RRM2 have a higher percentage
of coexpression with GSC markers across conditions in tumors
(Fig. 2F). The trajectories of RRM1, RRM2, and RRM2B gene ex-
pression were mapped along pseudotime, with results showing in-
creasing RRM1 and RRM2 gene expressions as they progress in
during therapy tumors, compared to cells progressing along pseu-
dotime in no therapy and post-therapy recurrent tumors (Fig. 2G).
Slingshot analysis of scRNA-seq data revealed the expansion of dis-
tinct lineages with respect to treatment time (23, 24). Specifically,
sustaining TMZ treatment increased the proportion of cells express-
ing RRM2 (fig. S4H).

To examine the basis for RNR subunit expression changes
during TMZ therapy, whole-genome chromatin immunoprecipita-
tion (ChIP) was performed in a GBM43 PDX model on day 1 versus
day 4 after TMZ therapy tumors. ChIP results show that RRM2B
expression increases in association with increased histone H3 K4
(H3K4me) monomethylation and histone H3 K27 (H3K27me3) tri-
methylation. These two markers are up-regulated in combination to
both activate and repress transcription, causing the histone to be
poised and temporarily stopped (34). In contrast, ChIP results
showed that RRM2 expression increases in association with only
the H3K4 monomethylation, indicating an activated transcriptional
state (Fig. 2H). RNA-seq analysis of bulk tumor RNA revealed that
RRM2 was up-regulated 193x during TMZ treatment (P = 0.01),
while RRM2B was down-regulated 12x during TMZ treatment (P
= 0.03) (Fig. 2I).

The ribonucleotide reductase gene family affects patient
survival and spatial transcriptomic analysis
To better understand RNR gene family expression in clinical
samples, we examined publicly available GBM patient datasets.
Using GBMseq, a database with GBM single-cell transcriptomic
results, we observed cells expressing elevated RRM2 as being con-
centrated in the tumor core. In contrast, cells expressing RRM2B
were identified throughout tumors, i.e., core and periphery
(Fig. 3A). We examined mutation profiles of RRM2 and RRM2B
using cBioPortal, which revealed that mutation rates were <2% for
each gene among 248 patient samples, suggesting that the influence
of RNR on GBM tumor biology is not often associated with amino
acid sequence changes for these protein subunits (fig. S5A).
Through the GlioVis portal, we analyzed Chinese Glioma
Genome Atlas (CGGA) expression data for RRM2 and RRM2B.
Using Kaplan-Meier survival analysis, we observed that high
RRM?2 expression is inversely associated with patient survival (P =
0.0012), whereas RRM2B expression level shows no such association
(Fig. 3B). In addition, we found that RRM2 mRNA expression was
significantly up-regulated in GBM nontumor brain, whereas
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Fig. 3. The ribonucleotide reductase gene family affects patient survival and spatial transcriptomic analysis. (A) RRM2 (left) or RRM2B (right) expression in tumor
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RRM2B mRNA expression is relatively equal for these tissues (P <
0.001) (Fig. 3, C and D). RRM2 expression increased expression
with respect to tumor grade (I to IV: P < 0.001), while RRM2B ex-
pression does not show significant change with respect to tumor
grade. However, in comparing GBM transcriptional subtypes, we
found RRM2 as well as RRM2B expression to be significantly
higher among classical and mesenchymal GBM (P < 0.001)
(fig. S5, B and C). In addition, RRM1 and RRM2 expression show
a strong paired correlation in GBM (P < 0.001), while RRM1 and

Perrault et al., Sci. Adv. 9, eade7236 (2023) 17 May 2023

RRM2B expression do not (P < 0.001) (fig. S5D). Using the
Human Protein Atlas, we observed low (<25%) RRM2 and high
(>75%) RRM2B cellular staining in post-therapy recurrent GBM
tissue (fig. S5E). Immunoblot analysis of GBM PDX and noncancer
cell lines showed marked differences in RRM1, RRM2, and RRM2B
expression (fig. S5F).

Spatially resolved transcriptomic analysis revealed similarities
and differences between where RRM1, RRM2, and RRM2B localize
in primary GBM patients’ tissue (Fig. 3E). Similarly, RRM1, RRM2,
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and RRM2B are all highly enriched in the cellular tumor compart-
ment compared to infiltrative regions. In contrast, when examining
the cellular tumor compared to the pseudopalisades, RRM1 is spa-
tially enriched in both regions, RRM2 is spatially enriched in the
pseudopalisades, and RRM2B is uniquely localized to the necrotic
tumor core. The expression of RRM2B in the hypoxic tumor core
supports previously published work that identifies the RNR enzyme
undergoing a preferential switch in binding to favor RRM2B during
hypoxic conditions (35).

We then used stRNA-seq to explore the spatial correlation
between RNR gene expression and GO gene sets using GSEA,
which observed differences in RRM2 versus RRM2B expression
(Fig. 3F). For example, when we look at the markers of neuronal
development, we see that RRM?2 expression, compared to RRMI
and RRM2B, shows a strong spatial correlation with markers of neu-
ronal development, again indicating possible involvement between
developmental signals in oncogenesis (22, 36, 37).

RNR gene expression is altered during TMZ therapy
After multi-exposure treatments of TMZ or equimolar vehicle
control DMSO for 72 hours, GBM PDX cell lines maintained cons-
tant RRM1 and RRM2B expression, while RRM2 increased (fig.
S6A). These findings are consistent with results from fluores-
cence-activated cell sorting (FACS) analysis, which shows elevated
RRM2 after TMZ (P < 0.0001) (Fig. 4A and fig. S6, B and C). RRM1
must bind with either RRM2 or RRM2B for the RNR enzyme to be
functional (17). We next performed immunoprecipitation using an
anti-RRM1 antibody, which revealed increased RRMI1-RRM2
binding during TMZ treatment, while RRM1-RRM2B binding
showed minimal difference across conditions (Fig. 4B and fig. S6,
D and E). To determine the effects of TMZ treatment on RNR
subunit stability, we analyzed each subunit level during TMZ treat-
ments that included cycloheximide. This analysis shows RRM2
protein as being more stable than other RNR subunits in cells un-
dergoing TMZ treatment (Fig. 4, C and D, and fig. S6, F and G).
Immunohistochemistry analysis of PDX tissue obtained from
vehicle-treated, on treatment, or post-TMZ treatment mice shows
RRM2 expression to be significantly higher in GBM during
therapy compared to no therapy (GBM39, P < 0.0001; GBM43, P
= 0.0012) or post-therapy recurrent GBM tissue (GBM39, P =
0.0002; GBM43, P = 0.0001) (Fig. 4E and fig. S6H). In contrast,
RRM2B immunoreactivity was similar among the same set of
tissues (Fig. 4F and fig. S6I).

RRM2 promotes adaptation to TMZ therapy

To investigate the role of RNR subunits in GBM tumor cells’ re-
sponse to TMZ, we developed knockdown (KD) cell lines using
short hairpin RNA (shRNA) plasmid transfection (fig. S7, A and
B). Cell viability assays were performed on each shRNA cell line de-
rivative when treated with increasing doses of TMZ. RRM2-KD cells
demonstrated increased TMZ sensitivity (P < 0.001) (Fig. 5A and
fig. S7C) in association with altered DNA repair capacity compared
to the control (P < 0.001) (Fig. 5B). In contrast, RRM2B-KD cells
demonstrated significant resistance to TMZ (P < 0.001) (Fig. 5C
and fig. S7D) with consistent DNA repair capacity after TMZ treat-
ment (P < 0.001) (Fig. 5D and fig. S7E). When RRM2 was overex-
pressed, GBM cells became resistant to TMZ therapy with altered
DNA repair capacity (Fig. 5, E and F, and fig. S7F). To determine
whether the DNA damage response of RRM2-KD sensitivity was

Perrault et al., Sci. Adv. 9, eade7236 (2023) 17 May 2023

specific to TMZ, viability assays were performed using several alkyl-
ating agents: CCNU, MNU, and MMS. These drugs, similar to
TMZ, create lesions in DNA, which result in genomic instability
and trigger repair mechanisms, such as nucleotide recruitment, to
repair the damaged DNA (38-40). The results of these treatments
show that RRM2-KD cells do not exhibit the same generalized sen-
sitivity to CCNU, MNU, or MMS, as they do to TMZ. This suggests
that the treatment sensitivity of RRM2-KD cells is specific to TMZ
compared to other alkylating agents (fig. S8, A and B).

Our laboratory and others have previously shown that therapeu-
tic stress can drive plasticity-induced stemness in GBM (11, 41, 42).
To investigate whether RRM2-KD changes cancer stem cell markers
in PDX lines, we used immunoblot analysis for known stemness
markers, such as Notch1, cMYC, and SOX2. The results of this anal-
ysis show that RRM2-KD decreases the expression of stemness-as-
sociated genes (Fig. 5G). RRM2-KD cells were also examined for
their neurosphere formation capacity, with results showing that
RRM2-KD cells produce significantly fewer neurospheres and de-
creased neurosphere size across multiple cell lines (Fig. 5H and
fig. S9, A to E).

To complement the genetic manipulation experiments, we in-
vestigated the pharmacological effects of the second-generation
RNR inhibitor 3-AP (Triapine), which is currently U.S. Food and
Drug Administration (FDA)—approved and is in clinical trials as
an anticancer agent for different human malignancies (18). This
drug has been demonstrated to cross the blood-brain barrier, thus
providing an opportunity for translation (43). Immunoblot analysis
using a stemness panel and consequent neurosphere assay was per-
formed on cells treated with 3-AP alone and in combination with
TMZ. This analysis shows that 3-AP alone or in combination
with TMZ decreases stemness protein expression (Fig. 5I and fig.
S9F). The neurosphere assay analysis confirmed that cells treated
with 3-AP and 3-AP + TMZ could not form spheres in the same
capacity as control cells (P < 0.0001) and are generally reduced in
size (Fig. 5] and fig. S9, G to N).

Cell viability assay results show that 3-AP + TMZ treatment
causes significantly more GBM cell death than TMZ alone (P <
0.0001) (fig. S90). Compared to cells treated with TMZ only, 3-
AP + TMZ reduces S-phase cells (P < 0.001) (fig. S9, P and Q). 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) analysis of GBM6R cells, a cell line made TMZ resistant
by multiple cycles of TMZ treatment and treated with TMZ, 3-
AP, or a combination, shows not only that 3-AP (P < 0.0001) and
TMZ + 3-AP (P < 0.0001) significantly kill GBM6 cells but also that
combined treatment also decreases the survival of TMZ-resistant
GBMB6R cells (fig. S9R).

In vivo 3-AP (40 mg/kg) in combination with TMZ (2.5 mg/kg)
significantly improves survival in intracranially injected GBM43 (P
= 0.0098), GBMS6 (P = 0.0023), and GBM39 (P = 0.0487) PDX cell
lines (Fig. 5K). Furthermore, combination therapy is also effective
on a TMZ-resistant recurrent PDX model, GBM6R (Bottom left, P
= 0.0008), resistant to TMZ therapy (44).

RRM2-mediated production of dCTP and dGTP promotes
adaptation to TMZ therapy

To elucidate the mechanism of RNR-mediated chemoresistance, we
first examined bulk tumor metabolites. Results from this analysis
showed that RRM2-KD cells exhibit altered metabolite production,
specifically certain dNTPs, compared to controls (fig. S10, A to C).

7 of 18

£202 ‘ST JOqUIBAON UO 610°99U8 105" MMM;/:SANY WO} papeoumod



SCIENCE ADVANCES | RESEARCH ARTICLE

GBM43 IP: RRM1 GBM43: RRM2_RRM1 interaction

DMSO48h TMZ48h

N
=1
=3

*
DMSO 96h TMZ 96 h

150
T ——

-
o
=3

o
=)

“r'ﬁ-

Normalized band density

0
% % o™ oe®
*!L 0“\50& PR p “‘509 PR

B
GBM6: % RRM2*, %RRM2B*
25+ Kokkk skeskoksk = RRM2 o
20 s RRM2B |
{ ¥ = RRM1
@
2
= ol
o
< — RRMZF'
.1 85
1] RRM2B
DMSOTMZ DMSOTMZ -
c GBM43 RRM2 turnover - XY GBM43 RRM2B turnover - XY
2.0 2.0
= -e- DMSO —~ -e- DMSO
K 3
g -= TMZ N -= TMZ
© 159 T 1.5
g £
g g
S 109 G 104
° [
s [o%
~ m
N
E 0.5 E 0.5
o @
> ES
0.0 T T ] 0.0 T T |
0 2 4 6 0 2 4 6

Hours after CHX treatment Hours after CHX treatment

E RRM2 IHC in TMZ-treated tumors
dekk
—
3- _ kokskk *% kkk
B 800
=4 ® No therapy
g 600 - T During therapy
‘g l'"l Post-therapy recurrent
& 400 b
£ I |
° TR
ﬁ 200 - = IT'
AL 101
5 od L | |
4 1 1
GBM39 GBM43

Fig. 4. RNR gene expression is altered during TMZ therapy. (A) Representative

D GBM6 RRM2 turnover - XY GBM6 RRM2B turnover - XY
1.5 12
- -=- DMSO = - DMSO
B @
g = TMZ g - TMZ
© ®©
g104 £ 8
5" g
= £
D 2
° o
s o
oy 0.51 m 44
N
= s
< &
= 2
0.0 T T | 0 T T 1
0 2 4 6 0 2 4 6

Hours after CHX treatment Hours after CHX treatment

F  RRM2B IHC in TMZ-treated tumors
. ns ns ns ns
=200 |
g . ® No therapy
g 150 During therapy
“g Post-therapy recurrent
& 100 T
£
T T
8 504 ]
©
£
z %

GBM39

GBM43

flow cytometry bar graphs and gates for intracellular RRM2 or RRM2B expression in

DMSO or TMZ (50 uM). (B) Immunoprecipitation and consequent Western blot analysis of RRM2 and RRM2B binding to RRM1 in DMSO or TMZ (50 uM) for 48 or 96 hours.
Using Fiji ImageJ software, RRM2 bands are normalized to RRM1 and bar graph of intraperitoneal interaction was created. (C and D) Cycloheximide chase assay was

performed in GBM43 and GBM6 with DMSO (50 uM) or TMZ (50 uM) for 0, 3, 4, or 6

hours. Representative chase assay graphs of RRM2 (left) and RRM2B (right). (E and F)

Representative bar graphs of immunohistochemistry quantification of no therapy, during therapy, and post-therapy recurrent GBM tissue stained for (E) RRM2 or (F)

RRM2B. Images were analyzed using Fiji Imagel for integrated fluorescent density
the number of cells per image (DAPI). n = 3 independent sets of experiemnts. Vali

On the basis of this, we next focused on dNTP signatures, which
showed that TMZ treatment increases 2'-deoxyguanosine 5'-tri-
phosphate (dGTP) (P = 0.0004), 2'-deoxycytidine 5'-triphosphate
(dCTP) (P = 0.0003), and 2'-deoxyadenosine 5'-triphosphate
(dATP) (P = 0.0147) production (3x, 2x, and 2x, respectively) as
compared to vehicle-treated control cells. In contrast, RRM2-KD
effects were specific in causing significantly less dCTP (P =
0.0005) and dGTP (P = 0.0005) production in response to TMZ
(Fig. 6A). In RRM1-KD cells, dNTP production was completely
shut down in both DMSO and TMZ, and RRM2B-KD resulted in

Perrault et al., Sci. Adv. 9, eade7236 (2023) 17 May 2023

of the channel (RRM2 as Alexa Fluor 488; RRM2B as Alexa Fluor 647) normalized to
dated in GBM39 and GBM43. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

elevated dGTP in both DMSO and TMZ compared to control
(fig. S10D).

Given the alteration in nucleotide synthesis described above, we
examined nucleobase transport measured through radioactive flux
assays of “H-guanine and *H-uridine incorporation into DNA.
Results from this analysis reveal that both uridine (P < 0.0001)
and guanine (P = 0.0002) are incorporated into RRM2-KD cells
to a significantly lesser extent than controls irrespective of treat-
ment, suggesting the idea that, without RRM2, cells are unable to
incorporate guanine and uridine into DNA at the same efficiency
as control (Fig. 6B and fig. S10E).
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Fig. 5. RRM2 promotes adaptation to TMZ therapy. (A) Western blot of RRM2 shRNA KD efficiency. All control cell lines are created by shRNA scramble vectors and are
considered shControl. MTT of RRM2-KD in TMZ dose response. (B) Immunocytochemistry (ICC) of control versus RRM2-KD cells after 100 uM TMZ treatment. (C) Western
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To examine the relationship between RNR subunits and specific
dNTP production in a clinical setting, we combined spatially re-
solved transcriptomic analysis with matrix-assisted laser desorp-
tion/ionization (MALDI) mass spectrometry analysis of GBM
patients’ tissue. This analysis shows that the localization of cells ex-
pressing RRM1 + RRM2 is enriched in tumor regions in which cells
expressing RRM1 + RRM2B are depleted, confirming in patient
samples that the transcription expression pattern of RRM2 and
RRM2B is very different (Fig. 6C). Multiomic integration of spa-
tially resolved transcriptomic and metabolomic (MALDI) data
shows that cellular coexpression of RRM1 + RRM2 correlates with
elevated dGTP in patient samples (Fig. 6D). RRM2 also shows the

Perrault et al., Sci. Adv. 9, eade7236 (2023) 17 May 2023

highest spatial expression correlation with the areas with elevated
levels of metabolomic intermediates such as dGTP, adenosine 5'-di-
phosphate (ADP), uridine 5'-monophosphate (UMP), and N-car-
bamoyl aspartate, indicating the importance of RRM2 in both
purine and pyrimidine biosynthesis (Fig. 6E) (45). In contrast,
RRM2B expression was correlated with dCTP, ADP, and GMP (gua-
nosine 5'-monophosphate). In comparing relationships between
metabolic intensity and cell type markers, we find both dGTP and
N-carbamoyl aspartate to exhibit the strongest spatial overlap with
neural progenitor-like (Neftel_NPClike) cells, suggesting an inter-
play between migratory mechanisms of NPCs and the metabolic
pool promoting GBM tumor growth (46).
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On the basis of our targeted and bulk metabolomics, we pro-
posed that cellular response to TMZ requires RRM2-mediated spe-
cific ANTP production. We next examined whether exogenous
nucleoside supplementation during TMZ therapy compensates/
rescues GBM cells from the effects of RRM2-KD by protecting
them from TMZ-induced toxicity. For this, the medium with
RRM2-KD cells was supplemented with deoxycytidine and deoxy-
guanosine, dephosphorylated forms of dCTP and dGTP, during
TMZ treatment. The results revealed that exogenous nucleosides in-
creased cell survival of RRM2-KDs treated with TMZ by an average
of 30% (P < 0.0001) (Fig. 6F and fig. S10, F and G). To verify that the
additional nucleosides were responsible for increased cell survival of
RRM2-KDs, we added dilazep, a known nucleoside transport inhib-
itor, (47) to cells treated with TMZ and supplemental deoxycytidine
and deoxyguanosine. Dilazep blocking of nucleoside transport nul-
lified the rescue effect of added nucleosides (P < 0.0001) (Fig. 6F and
fig. S10, F and G). To further establish that nucleoside rescue of
RRM2-KD cells was specifically mediated by deoxycytidine and de-
oxyguanosine, we examined the effects of adding deoxyadenosine
and thymine to KD cells, with MTT assay results showing that
these nucleosides provided no rescue benefit (fig. SI0H).

We found that compared to cells treated with 3-AP and TMZ,
cells treated with 3-AP, TMZ, and a supplemental dose of nucleo-
sides could rescue the GBM from TMZ-induced death (Fig. 6G and
fig. S10I). We used immunocytochemistry to stain for yH2AX in
cells treated with TMZ alone, 3-AP alone, a combination of 3-AP
and TMZ, 3-AP + TMZ + additional nucleosides, or vehicle
control DMSO. Using Image] to quantify yH2AX foci count per
cell, per condition, the results show that the addition of deoxycyti-
dine and deoxyguanosine promotes less yH2AX (P = 0.0097), indi-
cating less DNA damage and overall cellular death (fig. S10J). Our
studies have revealed a previously unidentified approach to target-
ing the RNR enzyme and identified the corresponding molecular
mechanism underlying the success of this approach (Fig. 6H).

DISCUSSION
Selection pressures induced by anticancer therapeutics give rise to
the fittest cancer cells that resist chemotherapy and initiate recur-
rence. Recent studies demonstrated that intratumoral heterogeneity
of GBM, driven by transcriptomic plasticity, plays a vital role in cel-
lular adaptations to therapy (48, 49). However, most of the current
studies have attempted to investigate the mechanism of adaptation
by focusing on two-time points: the treatment naive primary GBM
and the post-therapy recurrent GBM. This is partly due to the lack
of access to GBM tissues during chemo- and radiotherapy.
However, through an evolutionary lens, the development of thera-
peutic resistance can be described as a "bottleneck” effect on cancer
cell phenotypes, driven by selection pressure during therapy, pro-
moting the emergence of a resistant cell population by increasing
the impact of genetic drift (5-8, 50). As evolutionary fitness is a con-
tinuous process (51), it may not be sufficient to elucidate the mech-
anism of resistance in GBM by focusing on the pre- and post-
therapy populations. This study attempts to bridge this gap by ex-
amining GBM cellular characteristics during TMZ therapy in a PDX
model through single-cell sequencing, spatially resolved transcrip-
tomic analysis, and metabolomic analysis.

Our in vivo scRNA-seq analysis illustrated the unique nature of
cells present during therapy compared to no therapy and post-
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therapy recurrent PDX GBM. Analysis revealed a condition-specific
distribution in our data, in which we found that both the active and
future transcriptomic profiles of GBM cells during therapy were dis-
tinctly clustered from no therapy and post-therapy recurrent tran-
scriptomic profiles. GSEA found that cells during therapy are
enriched with GSC markers . Furthermore, of these GSC markers,
pathways involved in Notch signaling are highly elevated during
therapy . These GSCs contribute to drug resistance and tumor re-
currence due to their unique ability to self-renew in dispersed sub-
populations and are regulated by many of the same
neurodevelopmental mechanisms that regulate stem cell develop-
ment, i.e., the Notch signaling pathway (20, 52, 53). Our data
provide evidence of drug-induced stress-modulating stemness
properties and plasticity, specifically during TMZ therapy in
GBM at the single-cell level.

We next identified functional differences across scRNA-seq
states, in which we see distinct clusters of DNA repair and resistance
gene sets highly expressed during therapy while expressed at low
levels in no therapy and post-therapy recurrent GBM. In general,
DNA repair and therapy resistance have been investigated at large
in cancers, including GBM, in which DNA repair mechanisms are
critical in removing toxic lesions produced through chemo- and ra-
diotherapy (54). In support of previous data addressed by this lab-
oratory (33), our data underline the dynamic shift in expression of
these DNA repair and resistance genes throughout TMZ therapy
in GBM.

We then used an in silico multidimensional approach integrat-
ing our scRNA-seq signatures for each time point with spatially re-
solved transcriptomic analysis in 16 patient samples. Our analysis
identified distinct spatial compartmentalization of GBM signatures
for no therapy, during therapy, and post-therapy recurrent. Before
and during TMZ therapy, cell signatures are diffusely correlated
across all tumor regions; however, by the time cells are in their
post-therapy recurrent state, they shift into a strong spatial correla-
tion with cell signatures located in pseudopalisading tumor areas.
As previous literature has shown, GBM subtypes are molecularly
distinct, and the progression into each subtype may be influenced
by therapy (54-57). Our analysis shows cells characterized without
therapy to be highly correlated with the proneural subtype, which
was the original molecular classification of our PDX model (25).
Cells during therapy show molecular signatures drifting toward
the classical subtype. However, cells in the post-therapy recurrent
state displayed both proneural and classical signatures. These
results indicated that the molecular subtype is dynamic and can
change with TMZ therapy.

During therapy, we have also identified the unique signature of
the RNR family of genes; while RRM1 and RRM2B remained rela-
tively constant across conditions, RRM2 expression was signifi-
cantly elevated during therapy. This is an interesting finding, as
the role of RRM2B in p53-mediated DNA damage response has
been extensively reported in the literature (58-60). However, a
recent pan-cancer metabolic analysis found RRM2 as one of the
highest gene expressions across 16 tumor types and shows eightfold
higher expression in cancer tissue compared to matched normal
tissue (61). Although the RNR enzyme itself, essential for ANTP
metabolism, has been extensively studied, the role of specific RNR
subunits in mounting response to chemotherapy is not well under-
stood. From our initial analysis, we proposed that the enzyme
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undergoes a preferential switch in subunit binding to favor RRM2
during TMZ therapy.

In vitro, we found that RRM2-KD cells promote a TMZ-sensitive
phenotype in GBM cells, while RRM2B-KD cells caused TMZ resis-
tance. In contrast, RRM2-overexpression (RRM2-OE) cells reversed
the TMZ sensitivity of KD cells, producing a TMZ-resistant pheno-
type. Moreover, RRM2 expression is associated with stemness, as
RRM2-KD was associated with reduced expression of stemness
genes as well as decreased neurosphere formation capacity of
GBM cells. The correlation between RRM2 and regulated cellular
plasticity remains elusive in research. It is not clear if the RRM2-reg-
ulated cellular plasticity is a cause or a consequence. We postulate
that such correlation lies in the ability of RRM2 to regulate the
demand for dNTPs during TMZ therapy and elevated overall stem-
ness in GBM populations during TMZ therapy. Previous publica-
tions hypothesize that GSCs quickly respond to therapeutics and
adapt to enforce resistance, supporting tumor growth and recur-
rence (62-64). Perhaps, RRM2 regulates both the metabolic avail-
ability for GSC-like cells and allows them to respond to TMZ
therapy, contributing to chemoresistance and GBM recurrence.

Metabolic flux dynamics have been briefly explored in TMZ-re-
sistant GBM (65), but how TMZ alters the dNTP metabolism in
GBM is an understudied topic. Our study found that GBM cells
markedly increased dGTP and dCTP levels in response to TMZ
treatment, while RRM2-KD cells failed to produce dGTP and
dCTP and became sensitive to TMZ therapy. We can rescue this
TMZ sensitivity by exogenously adding deoxyguanosine (dGDP)
and deoxycytidine (dCDP), the nucleoside counterparts of dGTP
and dCTP, respectively. In addition, 3-AP, an FDA-approved
RRM?2 inhibitor, sensitizes GBM cells in vitro and in vivo, leading
to significant survival in GBM tumor-bearing mice treated with a
combination of 3-AP + TMZ.

The contribution of RNR-mediated dNTP synthesis is critical
for mounting effective cellular DNA damage response, which
relies on the p53-dependent expression of the RRM2B subunit
(59, 66). However, as p53 is one of the most frequently mutated
genes in all cancer, including in 30% of GBMs (67), it is conceivable
that cells may use an alternative pathway for ANTP production in
response to DNA damage. Our preliminary data demonstrated that
during TMZ therapy, GBM cells transiently switch from RRM2B to
RRM2 via epigenetic mechanisms to generate specific ANTPs
(dCTP and dGTP) to alter the DNA repair capacity and possibly
mount chemoresistance. This is a previously unknown mechanism
of selectivity for ANTP synthesis in response to TMZ-induced
DNA damage.

Previous literature has identified BRCA1-mediated expression of
RRM2 to play a protective role in GBM cells against endogenous
replication stress and DNA damage (68). However, in our single-
cell analysis, we do not find BRCAI to be enriched during TMZ
therapy, thus concluding that RRM2 expression during TMZ
therapy may be independent of BRCA1 expression.

To reveal the clinical significance of our proposed mechanism,
we examined whether a molecular switch in RNR subunit binding
physically manifested as histological consequences in silico. Specif-
ically, we analyzed the spatial distribution of RNR gene expression
across distinct GBM patients’ tumor regions. We observed that
RRM2 localizes to the hypoxia core-periphery, while RRM2B
strongly localizes to the hypoxic tumor core. This phenomenon is
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supported by Foskolou et al. (35), in which authors demonstrated a
switch from RRM2 to RRM2B under hypoxic conditions.

Moreover, we observe a positive correlation between RRM2 and
GBM cells with neuronal development signatures. Unregulated cell
signaling pathways associated with neurodevelopmental signatures
have been shown to be involved in gliomagenesis (37, 56, 69, 70).
Still, the role of RRM2 in GBM cells with neuronal development sig-
natures has yet to be reported. Our analysis indicates that RRM2 is
associated with metabolic adaptation to chemotherapy and GBM
cells with neuronal development markers, suggesting that mecha-
nisms of neurodevelopment and oncogenesis might work in parallel
to support brain tumor resistance and progression.

It remains unclear why there is a need for specific INTPs during
TMZ therapy or the mechanism of RRM2 selectivity toward pro-
ducing specific dNTPs. Previous studies have shown that distinct
DNA repair pathways are required for specific types of DNA
damage and that each DNA repair pathway has a unique mecha-
nism of action and substrate specificity (71). For example, O°-meth-
ylguanine (O°-MG) is the critical site of nucleotide damage caused
by TMZ therapy, and GBM cells can sense depletion in their purine
nucleotide pools (33). It is possible that RRM2-mediated de novo
synthesis of dGTP is required when GBM cells are depleted of nu-
cleotides because of TMZ-induced O°-MG damage. However, this
specificity needs to be investigated further.

Although the mechanism underlying ANTP selectivity requires
further study, our data, first shown in vitro and now with clinical
evidence, indicate that RRM2 promotes dGTP production. Using
multidimensional stRNA-seq data, we observed strong colocaliza-
tion of RRM2 and dGTP in clinical GBM samples, indicating the
importance of RRM2 in maintaining specific metabolic pools in
GBM tumors as we can visualize the spatial specificity of RRM2 lo-
calization to regions of high dGTP intensity. We also see a strong
spatial correlation between dGTP intensity and neural progenitor—
like cells (NPCs), indicating a relationship between NPC-like GBM
cell proliferation or migration and dGTP pools, suggesting the pos-
sibility of NPC-driven resistance as a dGTP-associated mechanism
(72, 73). Our in silico analysis thus confirms the importance of
RRM2-mediated tumor metabolism in GBM and provides insight
into the metabolic dynamics between neural and tumor develop-
ment in the brain.

In conclusion, through the characterization of GBM during
TMZ therapy, we present a mechanism of metabolic adaptation in
GBM that drives chemoresistance and the corresponding druggable
target that can be inhibited to enhance the efficacy of TMZ therapy
in the clinic. We provide previously unknown evidence regarding
RRM2-regulated dGTP adaptations during TMZ therapy, contrib-
uting to the growing understanding of the cross-talk between me-
tabolism, cellular response to drugs, and chemoresistance in GBM.
As demonstrated in our study, exploiting the metabolic vulnerabil-
ities of GBM tumors and informing such exploit through multidi-
mensional analysis of clinical samples lead to an advanced
understanding of a chemoresistant mechanism in GBM and an aus-
picious clinical opportunity to improve the outcomes for patients
harboring this deadly disease.
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MATERIALS AND METHODS

In vivo scRNA-seq model

Athymic nude mice were acquired from Charles River Laboratories
(nu/nu; Charles River, Skokie, IL, USA) and housed according to
Institutional Animal Care and Use Committee (IACUC) standards
defined by Northwestern University (74). Before intracranial im-
plantation of GBM43 PDX line, all mice were confirmed anesthe-
tized via administration of ketamine and xylazine. Tumors were
placed 3 mm into the cortex of the mouse through a burr hole,
and the incision was closed using sterile sutures. Upon recovery
from anesthetic, analgesics were administered, and mice were ob-
served to be bright, alert, and reactive. In total, 150,000 GBM43
cells were injected per mouse, and an incubation period of 7 days
was given for PDX cells to establish a tumor before any
therapy began.

After the 7-day incubation period, mouse groups were divided
equally based on sex to receive TMZ or DMSO (2.5 mg/kg)
(vehicle control) given intraperitoneally for 5 days total. During
day 3 of TMZ treatment, a group of mice was sacrificed, and their
tumors were biopsied and taken for single-cell processing, which
represents the during therapy time point within the study. Last,
after the 5-day dosing period was complete, the mice were moni-
tored until symptoms of the tumor became evident, at which
point they were sacrificed, and the tumors were processed for
single-cell analysis. The mice that received DMSO for 5 days and
were sacrificed at their endpoint represent the no therapy time
point, and the mice that received TMZ for 5 days and were sacrificed
at their endpoint represent post-therapy recurrent time point in
the study.

Single-cell processing and drop sequencing

After the mice were sacrificed due to tumor burden, the tumor bulk
and margins were dissected using a surgical technique. Tumors
were then enriched for human cells using a Miltenyi Mag bead pu-
rification kit specific to human leukocyte antigen (HLA) to separate
mouse cells that could have invaded the PDX tumors. This process
was done according to the manufacturer's instructions as supplied
with the kit. After HLA purification, a count of live cells was ob-
tained, and cells were prepared to be run through the DropSeq mi-
crofluidic device.

For DropSeq, we followed the protocol set forth by Macosko
et al. (75). Briefly, cells were captured during a 15-min droplet
run on a clean microfluidic chip in an unused lane. Droplets were
imaged for quality and to ensure that minimal doublets were
present. Droplets were then broken, and library preparation was
conducted for single-cell sequencing.

Bioinformatic analysis
The bulk of single-cell data bioinformatic analysis was done in
Seurat v3.0 (76). A custom pipeline was used to score cells on
their ability to align to mouse and human genomes to bioinformati-
cally determine whether our magnetic bead purification could not
eliminate mouse cell invasion in samples. For preprocessing,
FASTAQ files from the DropSeq experiments were run through Dro-
pRunner, a universally available pipeline for processing scRNA-seq
data from either DropSeq or 10x platforms (77).

To fully filter out any mouse cell contamination that may have
made it through our purification steps, the FASTQ files were
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separately aligned to both human and mouse genomes producing
a species score ranging from 0 to 100 (closer to 0 indicating
strong alignment with mouse and more comparable to 100 indicat-
ing strong alignment with human). This score was captured for each
cell, stored in the Seurat object metadata, and used as an initial data
subset to capture only cells with a score greater than 80. Further fil-
tering of the initial cell set was done on the basis of the calculation of
a mitochondrial read score and on the total number of features cap-
tured per cell (mitochondrial read score < 0.20, number of features
captured > 250) as is done in the standard Seurat workflow (78).
After filtering, all samples were merged into one Seurat object
using the Merge function, and normalization was done on the
object via the NormalizeData function. We searched for the top
2000 variable features using the FindVariableFeatures process and
then scaled the data regressing on features captured and mitochon-
drial read score to prepare for PCA. All 2000 variable features cap-
tured were used as input for PCA. The top 20 PCs were computed,
and both elbow plots and JackStraw tests were completed to assess
their validity.

We used the FindClusters function across all 20 PC dimensions
with a resolution of 0.6 to determine clustering for Uniform Man-
ifold Approximation and Projection (UMAP). At the same time, t-
distributed stochastic neighbor embeeding (t-SNE) clusters were se-
lected with all 20 measurements and perplexity set to 30. Last, for
dimensional reduction plotting, both t-SNE and UMAP were used.

Pseudotime analysis

Analyzed scRNA-seq data were clustered using the custom Seurat
pipeline, and trajectories between these clusters were determined
using Monocole3. Using the program to determine the appropriate
starting point, pseudotime was calculated as a distance along trajec-
tories from the starting point, measuring genetic variance for each
cell compared to the starting point gene signature. Pseudotime
graphs were then generated as a plot of condition-normalized raw
counts per cell of the gene or pathway of interest for each cell as a
function of pseudotime for each cell.

Enrichment mapping

Enrichment mapping was performed using gProfiler and Cyto-
scape. Genes of interest were first inputted into gProfiler, and the
appropriate enrichment functional pathways were selected. The
outputted GEM file was then uploaded into Cytoscape using the En-
richmentMap extension, which generated a base EnrichmentMap
with enriched pathways and their corresponding significance (P
value). Last, pathways were grouped and represented as a figure.

Cell lines and culture

A human glioma cell line, U251, was procured from the American
Type Culture Collection (ATCC; Manassas, VA, USA). To culture
the cells, Dulbecco’s modified Eagle's medium (DMEM; Corning,
Corning, NY, USA)—containing 10% fetal bovine serum (FBS;
Atlanta Biologicals, Lawrenceville, GA, USA) and 1% penicillin-
streptomycin antibiotic mixture (Cellgro, Herndon, VA, USA; Me-
diatech, Herndon, VA, USA)—was used (74).

PDX glioma cell lines (GBM6, GBM6R, GBM39, and GBM43)
were obtained from C. D. James at Northwestern University. Cells
were maintained according to the protocol (74). However, the PDX
cells were cultured in DMEM composed of 1% FBS and 1% penicil-
lin-streptomycin. A frozen stock, maintained in liquid nitrogen at
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—180°C in pure FBS supplemented with 10% DMSO, was used to
replenish cells that had reached a maximum of four passages.

Animals and in vivo models
Athymic nude mice (nu/nu; Charles River, Skokie, IL, USA) were
used in this study and housed in compliance with IACUC require-
ments along with federal and state statutes (74). Animals were
housed in cages equipped with food and water and subjected to a
12-hour light and dark cycle.

Intracranial implantation of GBM cells was conducted according
to our laboratory’s previously established GBM mouse model (74).
The animals first received Buprenex and Metacam by intraperitone-
al injection. They were then anesthetized from the second injection
of ketamine/xylazine mixture (Henry Schein, New York, NY, USA).
To confirm that sedation was complete, a toe-pinch was conducted.
Next, Betadine and ethanol were applied to the scalp for steriliza-
tion, and artificial tears were applied to each eye. The skull was then
exposed by creating a small incision using a scalpel, where a ~1-mm
burr hole was drilled right above the right frontal lobe. The mice
were then placed in a stereotactic rig, where, for 1 min, 150,000
GBM43, GBM6, or GBM39 cells, loaded in a Hamilton syringe,
were injected 3 mm from the dura. The needle was raised slightly
and left for an additional minute to ensure that the cell suspension
was released. The syringe was removed slowly, and the scalp was
closed with sutures (Ethicon; Cincinnati, OH, USA), maintaining
a consistent position of the head throughout the closing process.
Animals were placed on heating pads until awake and responsive.

Drug treatments were initiated 1 week following the implanta-
tion in the following manner: intraperitoneal injections of either
TMZ (2.5 mg/kg) or equimolar DMSO each day for five consecutive
days. Experimental groups were formatted as follows: TMZ (five
mice), DMSO (five mice), 3-AP (40 mg/kg) (five mice), TMZ (2.5
mg/kg) and 3-AP (40 mg/kg every other day for 5 days) (four to
seven mice), and TMZ (2.5 mg/kg) and 3-AP (40 mg/kg every
other day for five treatments) (four to seven mice). Triapine injec-
tions were always administered 6 hours before TMZ in the treated
mice. Throughout the treatment period, signs of tumor progression
were observed and recorded, including weight reduction, hunching,
and reduced body temperature. According to IACUC and North-
western University guidelines, animals were sacrificed once it was
evident that they would not survive past the next morning (74).

Immunofluorescence

Following euthanasia, mice were supplied with ice-cold phosphate-
buffered saline (PBS). After, their brains were frozen in cryoprotec-
tant on dry ice, kept at —80°C, sectioned at 8 pm per section, and
stained according to immunohistochemistry protocol (74). Sections
were thawed at room temperature for 15 to 20 min and then washed
two times for 5 min, each in PBS + 0.05% Tween 20 (PBS-T) to erad-
icate any cryoprotectant. Each brain section was encircled with an
immune pen. After that, sections were fixed in ~100 ul of 4% para-
formaldehyde (PFA; Thermo Fisher Scientific, Rockford, IL, USA)
at room temperature for 15 min and then washed two times for 5
min each. For 1 hour at 37°C, these sections were put in 2 N HCI,
and then to neutralize the HCI, they were put in a sodium borate
buffer for 30 min. Using PBS-T, the sections were washed three
times for 5 min and then, for 1.5 to 2 hours at room temperature,
blocked and permeabilized in a 10% bovine serum albumin (BSA)
solution with Triton X-100 (Thermo Fisher Scientific, Rockford, IL,
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USA). Subsequently, the sections were washed three times for 5 min
and incubated overnight at 4°C with ~100 pl of primary antibodies
diluted in 1% BSA + Triton X-100 (Thermo Fisher Scientific, Rock-
ford, IL, USA). The following morning, the sections were washed
three times for 8 min each in PBS. After adding ~100 pl of secondary
antibodies diluted in 1% BSA + Triton X-100 (Thermo Fisher Sci-
entific, Rockford, IL, USA), the sections were incubated for 2.5
hours at room temperature. They were washed in PBS-T three
times for 10 min each. To image the slides using a Leica microscope,
a drop of ProLong Gold Antifade reagent with 4',6-diamidino-2-
phenylindole (DAPI) was added to each section (Thermo Fisher
Scientific, Rockford, IL, USA). Images of these slides were compiled
and analyzed in Image].

Using the immunocytochemistry protocol (79), additional ex-
periments were conducted. After removing plates from incubation
and washing once with PBS, 200 pl of 4% PFA was added to each
section for 10 min. Next, cells were washed gently with PBS and
then blocked for 2 hours at room temperature in 200 pl of 10%
BSA solution. Subsequently, the BSA was aspirated off the slides,
and 100 ul of primary antibody (mixed with 1% BSA) was added.
Overnight, the cells were incubated at 4°C. The following morning,
the cells were washed three times for 5 min each in 1% BSA, after
which 200 pl of secondary antibody was added to each section.
Then, for 2 to 3 hours, the plate was incubated at room temperature.
After the incubation, cells were washed three times for 5 min each in
PBS. Last, a drop of ProLong Gold Antifade reagent with DAPI was
added to each section, allowing the slides to be imaged using a Leica
microscope. These images were compiled and analyzed in Image].

Cell viability assays

Viability assays were conducted using a previously established pro-
tocol (80). Cells were briefly plated at 3000 per well in a 96-well plate
with six to eight replicates per condition. Cells were allowed 24
hours for attachment, after which they were treated with varying
doses of TMZ from 0, 50, 100, 250, 500, to 1000 uM of TMZ
using our laboratory’s standard dose-response protocol (74). Fol-
lowing 48 hours of treatment, the medium was removed, and
MTT solution was added to the cells. This MTT solution was
made by diluting the MTT stock reagent at 5 mg/ml in Dulbecco's
PBS. Next, this MTT stock was diluted in fresh medium at a stock:
medium ratio of 1:10. From the formulated mixture, 110 pl was
added to each well, and cells were incubated at 37°C for 3 to 5
hours. The medium and MTT stock solution were carefully
removed after incubation without pipetting down or aspirating to
avoid the possible disturbance of any formed crystals. Next, cells
were resuspended in 100 pl of DMSO until the wells turned
purple, indicating that the crystals had dissolved. The plate was
left at room temperature for 10 min. It was then read on the plate
reader at an absorbance of 570 nm; data were analyzed to find
percent viability in each well.

Cellular transfection

To generate lentiviral particles, low-passage X293 cells (ATCC, Ma-
nassas, VA, USA) were plated at 70% confluency based on a previ-
ously cited protocol (74). After 6 hours, these cells were then
transfected using a mix of HP DNA Transfection Reagent (Sigma-
Aldrich, St. Louis, MO, USA) diluted in Opti-MEM medium
(Gibco, Waltham, MA, USA) as well as second-generation packag-
ing and shRNA plasmids (Dharamazon), according to the
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manufacturer’s instructions. After maintaining the transfected
X293 cells in culture for 48 to 72 hours, the virus supernatant was
harvested. Next, this supernatant was sterilized with a 45-um filter
and ultracentrifuged at 133,897 relative centrifugal force (RCF) for
2 hours. Last, the resulting viral pellet was resuspended in PBS and
aliquoted for future use.

Viral transduction

Using a previously optimized protocol, we resuspended cells in a
small volume (~50 pl) of medium and added ~10 to 20 multiplicity
of infection (MOI) lentivirus amounts per sample (81, 82). Next,
this virus-medium mixture was spun for 2 hours at 37°C at 850
RCF, after which these cells were plated and maintained in
culture with regular medium changes for 48 to 72 hours. To
assess the efficiency of the resulting conditions, Western blots
were used.

Western blotting

Per the protocol, cells were treated, detached using trypsin, washed
with PBS, and resuspended in mammalian protein extraction
reagent (M-PER; Thermo Fisher Scientific, Rockford, IL, USA)
(83). M-PER was supplemented with protease and phosphatase in-
hibitors (Thermo Fisher Scientific, Rockford, IL, USA). After ag-
gressively vortexing these cells for 3x 1-min increments, with 10
min of rest on ice between each vortexing, the resulting lysates
were spun at 13,000 rpm for 10 min at 4°C. The supernatant was
then collected, and the protein concentration for each Western
blot was specified via bicinchoninic acid assay (Thermo Fisher Sci-
entific, Rockford, IL, USA). Each sample was composed of equal
amounts of protein and varying amounts of SDS buffer (SDS
sample buffer; Alfa Aesar, Ward Hill, MA, USA) supplemented
with B-mercaptoethanol and water, which allowed for each
sample to contain the same total volume. After mixing each
sample, they were boiled at 95°C for 10 min.

After running through 8% SDS—polyacrylamide gel electropho-
resis (SDS-PAGE; made in-house) by gel electrophoresis (Bio-Rad,
Hercules, CA, USA), the proteins were transferred, using a transfer
machine, onto 0.45-pm polyvinylidene difluoride membranes
(Millipore, Darmstadt, Germany). Following the transfer, these
membranes were washed three times for 10 min each in PBS and
then blocked with tris-buffered saline (TBS) consisting of 5% pow-
dered milk and 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO,
USA). This blocking lasted 2 hours, after which the membranes
were cut according to the proteins of interest. Next, the membranes
were placed into primary antibody solutions containing the appro-
priate antibody to 5% BSA solution supplemented with sodium
azide and incubated overnight on a shaker at 4°C. The following
morning, these membranes were washed and incubated for 2
hours in a secondary antibody diluted 1:4000 in 5% milk. Subse-
quently, the membranes were washed three times for 10 min each
and coated with enhanced chemiluminescence (ECL; Clarity ECL,
Bio-Rad). Using x-ray film, images were developed.

Immunoprecipitation

A mixture of 3 to 5 pl of rabbit immunoglobulin G antibodies and
100 pg of protein sample against ubiquitin, brought to a final
volume of 250 pl with M-PER buffer, was incubated to produce
beads according to the immunoprecipitation protocol we followed
(84). Samples were stored in Eppendorf tubes and placed in a rotary
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shaker in a cold room overnight. The following day, 30-ul beads
were administered to the intraperitoneal reaction. Samples contin-
ued to be rotated for 2 hours at room temperature. Tubes were cen-
trifuged for 1 min at 1000 rpm, and the supernatant was discarded.
Next, beads were washed three times with 1 ml of 0.2% TBST
(TBS-Tween 20) wash buffer and centrifuged at 1000 rpm for 1
min. This procedure was carried out three times, with the superna-
tant discarded preceding each repetition. After the third and final
wash, elution buffer was warmed in a 47°C water bath, and 50 pl of
elution buffer was added to samples, resuspended, and incubated at
55°C for 10 min to elute protein from beads. After being incubated
at 55°C for 10 min, recovered proteins were centrifuged at 3200 RCF
for 5 min to dissociate the beads from the supernatant. The super-
natant was collected, and the above elution process was repeated.
Tubes were centrifuged again at 3200 RCF for 5 min. Last, the su-
pernatant was added to the newly labeled tube to reach a volume of
100 ul of supernatant. Next, 10 pl of 1 M NaOH neutralization
buffer was added to each sample. Then, 28 ul of 4x SDS was
added to each sample. The samples were then boiled at 95°C for
10 min. Western blots were then run for the analysis of precipitated
proteins.

Flow cytometry

Cells were collected in a 96-well V-bottom plate and spun down to a
pellet. Cells were then washed with 100 pl of PBS. Primary antibod-
ies (in FACS buffer, 50 ul per well) were added at room temperature
in darkness for 1 hour. Cells were spun into a pellet and washed
again with 100 ul of PBS. The cells were resuspended in 80 ul of
FACS analysis buffer. Cells were spun down again, fix perm
buffer was prepared (one-part fix/perm, three-parts buffer), and
100 pl of fix perm was added to each well. Samples were incubated
for 20 min at room temperature in darkness. Next, 1:10 diluted
perm buffer was prepared in double-distilled water, and 100 pl of
perm buffer was added on top of fix/perm. Samples were incubated
for 10 min in darkness at room temperature. Samples were spun
down for 5 min at 1500 rpm and washed with 1:10 perm buffer.
Primary antibody was added in perm buffer (50 pl per well) and in-
cubated overnight at 4°C. Samples were then washed three times
with FACS buffer. A secondary antibody was added to the FACS
buffer for 1 hour at room temperature in darkness. Samples were
washed and resuspended in 100 pl of FACS buffer. Samples were
then analyzed on the BD LSRFortessa Cell Analyzer.

Metabolomic isolation and liquid chromatography—-mass
spectrometry profiling

Extracts were prepared and analyzed by liquid chromatography—
tandem mass spectrometry (LC-MS/MS) to measure the relative
abundances of specific intracellular metabolites, as described previ-
ously (33, 85). Metabolites were washed with 4 ml of PBS for target-
ed steady-state samples and extracted on dry ice with 4 ml of 80%
methanol (—80°C), as described previously (86-88). Insoluble ma-
terial emerged as a pellet by centrifugation at 3000 RCF for 5 min,
followed by two consecutive extractions of the insoluble pellet with
0.5 ml of 80% methanol, with centrifugation at 20,000 RCF for 5
min. The 5-ml metabolite extract from the pooled triplicate super-
natants was dried under nitrogen gas using N-EVAP (Organoma-
tion Inc., Associates). Next, 50% acetonitrile (ACN) was added to
the samples and vortexed for 30 s. Sample solutions were then
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centrifuged at 20,000 RCF for 30 min at 4°C. The supernatant was
collected for LC-MS analysis.

Spatially resolved multiomic analysis

Analysis was performed using the Freiburg Spatial Biology Database
and the SPATAData package. Raw data are available at Datadryad.
Data visualization was performed by the SPATA2::plotSurface()
function. Expression values are denoised by an autoencoder imple-
mented in SPATA2, and a bivariate kernel was applied for visuali-
zation. Spatially weighted correlation analysis was performed by
Monte Carlo testing as follows: (1) estimation of the true correlation
based on all spots; (2) a random selection of a permutation of the
spots, preserving the spatial coordinates of the same parameters; (3)
determination of a simulated correlation at all spots using random-
ized data from step 2; (4) repeating steps 2 and 3 100 times. At each
spot, the rank of the one accurate correlation within the distribution
of the simulated correlations was computed. The correlation must
be in the upper or lower second 5% tail of the ranked distribution to
be considered significant. The exact spatially weighted correlation
was used for the co-correlation analysis of aligned metabolomic/
transcriptomic data. The metabolites were selected using the Meta-
Space database.

Hydrophilic metabolite profiling

For complete metabolomic profiling, samples were analyzed by
high-performance liquid chromatography, high-resolution mass
spectrometry, and tandem mass spectrometry (HPLC-MS/MS)
(33). The system consisted of Thermo Q Exactive with an electro-
spray source and an Ultimate 3000 (Thermo Fisher Scientific) series
HPLC consisting of a binary pump, degasser, and autosampler out-
fitted with an Xbridge Amide column (Waters; dimensions of 4.6
mm by 100 mm and a 3.5-mm particle size). Mobile phase A con-
tained 95% (v/v) water, 5% (v/v) ACN, 20 mM ammonium hydrox-
ide, and 20 mM ammonium acetate (pH 9.0); B was 100% ACN. The
gradient was as follows: 0 min, 15% A; 2.5 min, 30% A; 7 min, 43%
A; 16 min, 62% A; 16.1 to 18 min, 75% A; 18 to 25 min, 15% A, with
a flow rate of 400 liters/min. The capillary of the electrospray ioni-
zation source was set to 275°C, with sheath gas at 45 arbitrary units,
auxiliary gas at 5 arbitrary units, and the spray voltage at 4.0 kV. In
positive/negative polarity switching mode, a mass/charge ratio (m/
z) scan range from 70 to 850 was chosen, and MS1 data were col-
lected at a resolution of 70,000. The automatic gain control target
was set at 1 x 10° and the maximum injection time was 200 ms. The
top five precursor ions were subsequently fragmented, in a data-de-
pendent manner, using the higher-energy collisional dissociation
cell set to 30% normalized collision energy in MS2 at a resolution
power of 17,500. Data acquisition and analysis were performed
using Xcalibur 4.1 software and TraceFinder 4.1 software, respec-
tively (Thermo Fisher Scientific).

3H-guanine and >H-uridine incorporation into DNA

The treated cells were labeled with 1 pCi of either *H-uridine or *H-
guanine as previously described (33). First, cells were harvested, and
DNA was isolated using AllPrep DNA/RNA kits according to the
manufacturer's instructions and quantified using a spectrophotom-
eter. Next, 70 pl of eluted DNA was added to scintillation vials, and
radioactivity was measured by liquid scintillation counting and then
normalized to the total DNA concentrations.

Perrault et al., Sci. Adv. 9, eade7236 (2023) 17 May 2023

Statistics

Statistical analyses were performed and represented using Graph-
Pad Prism v9.0 software (GraphPad Software, San Diego, CA,
USA). Data are presented as mean with SD. Differences between
the two groups were assessed using Student'’s ¢ test or Wilcoxon
rank sum test. Differences among multiple groups were evaluated
using analysis of variance (ANOVA) with post hoc Tukey's or
Mann-Whitney U tests with Bonferroni correction. In vivo survival
curves were graphed with the Kaplan-Meier method and compared
using the log-rank test. All tests were two-sided with P < 0.05. In
vitro experiments like flow cytometry, cell viability assays, isotope
tracing, and metabolomic experiments were performed in biological
triplicates.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
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