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In brief
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transcription control the development
and progression of pancreatic cancer by
elevating glycolytic activity. Inhibition of
PRMT1 in combination with gemcitabine
treatment shows favorable results in
preclinical models, advocating for further
clinical consideration.
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SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal types of cancer, and novel treat-
ment regimens are direly needed. Epigenetic regulation contributes to the development of various cancer
types, but its role in the development of and potential as a therapeutic target for PDAC remains underex-
plored. Here, we show that PRMT1 is highly expressed in murine and human pancreatic cancer and is essen-
tial for cancer cell proliferation and tumorigenesis. Deletion of PRMT1 delays pancreatic cancer development
in a KRAS-dependent mouse model, and multi-omics analyses reveal that PRMT1 depletion leads to global
changes in chromatin accessibility and transcription, resulting in reduced glycolysis and a decrease in tumor-
igenic capacity. Pharmacological inhibition of PRMT1 in combination with gemcitabine has a synergistic ef-
fect on pancreatic tumor growth in vitro and in vivo. Collectively, our findings implicate PRMT1 as a key regu-
lator of pancreatic cancer development and a promising target for combination therapy.

INTRODUCTION

Pancreatic cancer is one of the most lethal types of cancer,
boasting the lowest 5-year survival rate among the most
frequently diagnosed types.' Pancreatic ductal adenocarcinoma
(PDAC) is the most common malignancy of the pancreas,’
and oncogenic mutations of KRAS (Kirsten rat sarcoma viral
oncogene homolog) are present in more than 80% of patients.®
Despite extensive efforts, there has been no substantial
improvement in the prognosis of individuals diagnosed with
PDAC in many years. The main reasons that the outlook for
PDAC remains dismal are the lack of reliable predictive indica-
tors for early diagnosis and the limited availability of therapeutic
options.”

Recent advances in high-throughput sequencing technolo-
gies have opened up new possibilities for the study of epige-
netic mechanisms in disease development and progression.®
Epigenetic changes have since been implicated in the patho-
genesis of PDAC, and mutations in epigenetic regulators,
such as histone-modifying enzymes and the SWI/SNF chro-

matin remodeling complex, are frequently observed.®’ Muta-
tions in these genes can induce neoplastic proliferation
through global epigenetic changes and epigenetic inactivation
of tumor suppressor genes.® One of the most prevalent post-
translational modifications (PTMs) is arginine methylation,
which is catalyzed by protein arginine methyl transferases
(PRMTs) via the transfer of methyl groups from S-adenosyl
methionine.° Members of the PRMT family of proteins are
categorized into three subtypes based on their final methyl-
ation product. Although all PRMTs generate monomethyl
arginine, only type 1 and 2 PRMTs catalyze the transfer of
an additional methyl residue. Type 1 PRMTs generate asym-
metric di-methyl arginine (ADMA), whereas type 2 PRMTs pro-
duce symmetric di-methyl arginine. PRMT1 is the predominant
type 1 PRMT and is responsible for over 85% of ADMA in
mammals.'® Whereas PRMT1 is able to methylate various pro-
tein substrates, its primary methylation target is histone H4.""
Arginine di-methylation of histone H4 (H4R3me2a) promotes
histone acetylation, chromatin accessibility, and transcrip-
tional activation.’>”'* Recent studies have highlighted the
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importance of arginine methylation in human disease, with
high PRMT1 levels correlating with poor prognosis in many
types of cancer."®”'” Importantly, such studies also corrobo-
rate the importance of PRMT1 in the development of pancre-
atic cancer; however, how PRMT1 contributes to PDAC devel-
opment and progression is not fully understood, and its
relevance to KRAS, the major oncogenic driver of PDAC, or
its possibility as a therapeutic target is unexplored.'®°

Cancer cells have increased metabolic requirements, and re-
programming of the energy metabolism, particularly glucose
metabolism, is a hallmark of cancer.?® In pancreatic cancer,
mutant KRAS increases glycolysis through upregulation of the
expression of key proteins, such as SLC2A7 (GLUT1) and
Hexokinase2 (HK2).%"*> Moreover, elevated glycolysis contrib-
utes to the development of resistance to gemcitabine (Gem),
a first-line therapeutic option for pancreatic cancer. Recent
studies have demonstrated the association between high
expression levels of glycolytic genes and poor prognosis in
pancreatic cancer.”>?* Gem monotherapy has been the pri-
mary chemotherapeutic choice for pancreatic cancer since
1997, and the current guidelines still recommend Gem mono-
or combination therapy.”>?® However, these treatment regi-
mens do not significantly improve 5-year survival rates, and
direct therapeutic targeting of mutant KRAS remains difficult.”
Given the close association between mutant KRAS signaling
and metabolic reprogramming, targeting the tumor metabolism
constitutes a promising approach for the treatment of KRAS-
driven cancers such as PDAC.*®

Here, we show that high levels of PRMT1 correlate with poor
prognosis in both human and mouse pancreatic cancer. Deletion
of PRMT1 effectively attenuates tumorigenesis in a mouse
model of pancreatic cancer. The activity of PRMT1 is essential
for the regulation of chromatin accessibility and the expression
of genes critically involved in glycolysis, such as GLUT1 and
HK2. Importantly, we demonstrate that the inhibition of PRMT1
blocks oncogenic KRAS-driven glycolysis and that targeting
PRMT1 in combination with Gem constitutes a promising thera-
peutic strategy for pancreatic cancer. Together, our study high-
lights PRMT1 as a key prognostic marker and an attractive ther-
apeutic target for pancreatic cancer.

RESULTS

PRMT1 is a prognostic marker of PDAC

To explore the expression levels of methyltransferases in
pancreatic cancer, we analyzed a single-cell RNA sequencing
(scRNA-seq) dataset (GSE129455) of pancreatic tumors from
Kras*/tSt-G12D. Typ53+/LSL-R172H.pgx 1Cre (KPC) mice and found
that Prmt1 and Prmt2 were the most highly expressed methyl-
transferases within the duct/cancer cell population (Figures
S1A and S1B).?° To further confirm this finding, we analyzed
an additional scRNA-seq dataset of a wild-type (WT) pancreas
and a pancreatic tumor from a Kras*-S-G720:Trp53":pix 1-
Cre (KP'C) mouse (GSE125588).°° Integration of the WT and
KP'C data and unsupervised clustering revealed 7 distinct clus-
ters distinguished by their respective marker genes (Figures 1A,
1B, and S1C). Among the PRMT family members, Prmt1, Prmt2,
and Prmt5 were enriched in mutant cells within the duct/cancer
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cell population, with Prmt1 exhibiting the most significant in-
crease (Figures 1C and S1D). Since the high expression level
of PRMT1 in our analysis, together with findings from previous
studies, suggested that PRMT1 may play an important role in
the pathogenesis of PDAC, whereas the role of PRMT2 in cancer
development remains controversial, we decided to focus on
PRMT1 for further study.®’

We confirmed increased expression of PRMT1 in a
Kras*/-St-G12D- 1531 poix 1-Cre ERT2;td Tomato (KP'CER)
PDAC mouse model, which developed tumors within 1-2 months
after induction with tamoxifen (Figure S1E).*? Immunohisto-
chemical (IHC) staining of cytokeratin 19 (CK19) marked all
transformed lesions, and Alcian blue staining marked pancreatic
intraepithelial neoplasia (PanIN) lesions within the mutant
pancreas. Importantly, we observed the increased expression
of PRMT1 across all transformed regions, including acinar-to-
ductal metaplasia (ADM), PanIN, and PDAC lesions (Figure 1D).
To assess whether PRMT1 is also overexpressed in human
PDAC, we analyzed expression datasets of human pancreatic
adenocarcinoma (PAAD) tumors and adjacent normal tissue
from The Cancer Genome Atlas (TCGA) and Genotype-Tissue
Expression databases. Consistent with our observations in our
mouse model, the expression level of PRMT1 was significantly
higher in tumor tissue than in adjacent normal tissue (Figure 1E).
Furthermore, we found that patients with high PRMT1 expres-
sion had a median survival of only 352.6 days, compared to
463.6 days for those with low PRMT1 expression levels, demon-
strating that high PRMT1 expression is associated with poor
prognosis (Figure 1F). To confirm the biological relevance of
PRMT1 in pancreatic cancer development, we established orga-
noids from a tumor of a KP'CE” mouse and treated them with the
PRMT1 inhibitor furamidine (FM). FM treatment for 48 h resulted
in a significant decrease in cell viability (Figure 1G). It also
reduced the extent of structural deformation, a defining feature
of cancerous organoids, and led to a significant decrease in
cell proliferation (Figure 1H).

Deletion of PRMT1 delays pancreatic cancer
development in mice

To further evaluate the biological importance of PRMT1 in
pancreatic cancer development in vivo, we crossed KP'CER
mice with Prmt1™" mice to generate Kras*/-S--G720: 5371
Prmt1"%:tdTomato;Pdx1-CreERT2 (KP'CEF:Prmt1) mice (Fig-
ure 2A). To activate the expression of the Cre recombinase,
we intraperitoneally administered tamoxifen on 3 alternate
days at 3 to 4 weeks of age (Figure 2B). We confirmed the effi-
ciency of Cre-mediated deletion of Prmt1 by immunofluores-
cence (IF) staining of PRMT1 in transformed lesions of the
pancreas of KP'CER:Prmt1 mice (Figure S2A). Histological anal-
ysis of the pancreas revealed that all (7 out of 7) of the KP'CE?
mice developed moderate to poorly differentiated PDAC,
whereas only 1 out of 7 (14.3%) KP'CEF;Prmt1 mice developed
well-differentiated PDAC 1 month after tamoxifen administra-
tion. Notably, the precancerous lesions in KP'CEF:Prmt1 mice
rarely progressed to PDAC, whereas all of the KP'CER mice
developed poorly differentiated PDAC as assessed by H&E, Al-
cian blue, and CK19 staining, suggesting PRMT1 as a key factor
in PDAC development and progression (Figures 2C, 2D, and
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Figure 1. PRMT1 is highly expressed in
pancreatic cancer cells

(A) Unsupervised clustering of all viable cells from
the pancreas of WT (normal pancreas [NP], gray)
and KP'C (pink) mice represented as a t-distributed
stochastic neighbor embedding plot (GSE125588).
(B) Unsupervised clustering of all viable cells in (A),
depicting the indicated cell populations.

(C) Violin plot depicting the expression level of

Prmt1

[N
LKPC

Prmt1 in the duct/cancer cell population of WT and
KP'C mice.

(D) Representative H&E staining, Alcian blue
staining, and CK19 and PRMT1 IHC staining in the
pancreas of WT mice, as well as in ADM, PaniN,
and PDAC lesions in the pancreas of KP'CE™ mice.
Scale bars, 100 um.

(E) Box and whisker plot of PRMT1 expression in
human PAAD tumors (n = 179) and adjacent normal

Duct/Cancer cells
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tissue (n = 171). *p < 0.05.

(F) Kaplan-Meier analysis of overall survival in hu-
man PAAD patients with high PRMT1 (n = 44)
versus low PRMTT1 (n = 66) expression.

(G) Bar graph showing cell viability in KP’
mouse pancreatic tumor-derived organoids after
treatment with 50 pM FM or Veh for 48 h.n = 3
independent experiments in triplicate. ***p < 0.001.
(H) Representative H&E staining and IF staining for
tdTomato and Ki67 in KP'CE" organoids (G). Scale
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S2B; Table S1). Strikingly, while none of the KP'CER mice sur-
vived for more than 87 days after induction, the overall lifespan
of KP'CER:Prmt1 mice more than doubled (Figure 2E). Consis-
tent with our in vitro data from inhibitor-treated organoids,
transformed lesions in the pancreas of KP'CER:Prmt1 mice
showed a reduced level of cell proliferation (Figures 2F and
2G). Together, these findings demonstrate that the loss of
PRMT1 impairs the development and progression of PDAC
in mice.

PRMT1 deficiency attenuates glycolysis-related gene
expression

We next investigated the molecular mechanism by which the loss
of PRMT1 impeded pancreatic cancer development. We depleted
PRMTT in the 2 human pancreatic cancer cell lines PANC-1 and
MiaPaca-2 and confirmed the efficient knockdown and subse-

Tumor Normal

(n=179) (n=171)

bars, 50 pm.
See also Figure S1.

quent loss of H4R3me2a by immunoblot
(Figure 3A). The loss of PRMT1 resulted
in a significant inhibition of cell proliferation
and colony formation in both cell lines
(Figures 3B and 3C). To evaluate whether
pharmacological inhibition of PRMT1
could recapitulate the above observa-
tions, we treated MiaPaca-2 and mouse
pancreatic cancer-1 (MPC-1) cells, estab-
lished from the tumor of a KP'CE" mouse,
with 2 different PRMT1 inhibitors, FM and
TC-E 5003 (TCE). We observed reduced
histone H4 methylation, cell growth, and
colony formation efficiency when cells were treated with these
PRMT1 inhibitors (Figures S3A-S3H). Since the chromatin land-
scape and the transcriptome repertoire may play important roles
in the pathological plasticity of pancreatic cancer, we examined
whether the depletion of PRMT1 results in significant changes
thereof by performing RNA-seq, assay of transposase accessible
chromatin (ATAC)-seq, and chromatin immunoprecipitation
(ChlIP)-seq in control and PRMT1-knockdown MiaPaca-2 cells
(Figure 3D).° Analysis of our RNA-seq data revealed that the
depletion of PRMTT1 resulted in global changes in transcription,
with 58.4% of the 858 differentially expressed genes being down-
regulated and 41.6% being upregulated in PRMT1-depleted cells
(Figures 3E and 3F). Pathways most significantly inhibited by the
ablation of PRMT1 were related to glycolysis, hypoxia, and
mammalian target of rapamycin complex 1 (mTORCH1) (Figure 3G).
Gene set enrichment analysis (GSEA) further confirmed the
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Figure 2. Loss of PRMT1 impairs PDAC
development

(A) Genotype of KP'CER:Prmt1 mice.

(B) Experimental strategy for pancreas-specific
genetic modification and analysis of KP'CE” and
KP'CER:Prmt1 mice.

(C) Representative H&E staining, Alcian blue
staining, and CK19 IHC staining in ADM, PanIN,
and PDAC lesions in the pancreas of KP'CE" and
KP'CER:Prmt1 mice 2 months after the adminis-
tration of tamoxifen. Scale bars, 100 um.

(D) Quantification of transformed lesions in the
pancreas of KP'CER and KP'CER:Prmt1 mice
2 months after the administration of tamoxifen (n =
4 per group). Statistical analyses were performed
by two-way ANOVA. ***p < 0.0001

(E) Kaplan-Meier analysis of overall survival for
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downregulation of glycolytic genes in PRMT1-depleted cells
(Figures 3Hand 3l; Table S2). Accordingly, several KRAS-induced
genes crucial in glycolysis, such as HK2 and solute carrier family 2
(SLC2A1, also known as glucose transporter 1),>"> were down-
regulated in PRMT1-knockdown cells (Figure 3J).

PRMT1 controls the expression of key genes of
glycolysis

Given that PRMT1 increases chromatin accessibility and facili-
tates histone acetylation,’>'® we performed ATAC-seq in
PRMT1 knockdown and shRNA of non-targeting control
(shNTC) MiaPaca-2 cells and obtained a total of 52,510 peaks,
including 33,345 shared peaks, 13,765 peaks specific to con-
trol cells, and 5,400 peaks specific to PRMT1 knockdown sam-
ples (Figure 4A). The loss of PRMT1 led to the global adoption
of a closed chromatin state (Figure 4B). We then compared
ChlP-seq data (GSE29611)>* obtained for the active chromatin
mark H3K27ac and the promoter mark H3K4me3 with our
ATAC-seq data. This revealed that open chromatin regions
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Days
CK19 Tomato Ki67 DAPI MERGE

KPCER KPICRR:
Prmt1

KP'CEF (red) and KP'CER;Prmt1 (black) mice (n= 15
per group). The hazard ratio and p value deter-
mined with the log rank test are shown.

(F) Representative IF staining of Ki67, tdTomato,
and CK19in transformed lesions of the pancreas of
KP'CER and KP'CER;Prmt1 mice 2 months after the
administration of tamoxifen.

(G) Quantification of Ki67*tdTomato* cells in the
pancreas of KP'CEF (n = 5) and KP'CER:Prmt1 (n = 4)
mice from images in (F). Data are for a total of 63
and 34 lesions, respectively. Scale bars, 100 pm.
***p < 0.001.

See also Figure S2 and Table S1.

200

overlapped with peak regions of both
active histone marks, and that PRMT1-
depleted cells showed reduced chro-
matin accessibility in both H3K27ac and
H3K4me3 peak regions, suggesting that
PRMT1-driven chromatin changes can
lead to transcriptional changes (Fig-
ure 4C). We then annotated these peaks
to the nearest transcriptional start site
and identified the regions where ATAC
signals had been lost following PRMT1 depletion. Next, we
defined differentially accessible chromatin regions (p < 0.05,
10,822 peak regions) and found that PRMT1 depletion signifi-
cantly reduced the ATAC-seq peak read density at these re-
gions (Figure 4D). We then filtered these regions with a FC
(fold change) <—1.5 to obtain 7,524 PRMT1-dependent open
chromatin regions (6,314 unique genes) with reduced mean
read density upon PRMT1 depletion. More than half (54.4%)
of these regions were located in promoter regions, whereas
40.4% were located in introns or intergenic regions (Figure 4E).
In addition, de novo motif enrichment analysis for the differen-
tially accessible chromatin regions identified putative binding
sites for several transcription factors known to play an impor-
tant role in the pathogenesis of PDAC, such as CTCF, KLF5,
JUNB, CREB, and E2F1, further implying an important role for
PRMT1 in the development of PDAC (Figure 4F).*° To better
consolidate the changes in the chromatin landscape and the
transcriptional repertoire, we compiled a list of 206 genes
that showed both downregulation of expression in our RNA-
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Figure 3. Loss of PRMT1 inhibits glycolysis-related gene expression in PDAC cells

(A) Immunobilot analysis of PRMT1, H4R3me2a, H4, and B-actin (loading control) in PANC-1 and MiaPaca-2 cells infected with lentiviral vectors for 2 independent
PRMT1 short hairpin RNAs (shRNAs) or a control shRNA (shNTC). n = 3 independent experiments.

(B) Time course of cell proliferation for cells as in (A). n = 3 independent experiments.

(C) Colony formation assay for cells as in (A), with quantitative data (top) and representative images (bottom) being shown. n = 3 independent experiments.
(D) Schematic representation of the multi-omics analysis.

(E) Pie chart showing the distribution of 858 differentially expressed genes (p < 0.05) from the RNA-seq analysis of PRMT1-depleted versus control (shNTC)
MiaPaca-2 cells.

(F) Volcano plot showing key downregulated (blue dot), upregulated (black dot), and nonsignificant (gray dot) genes in PRMT1-depleted MiaPaca-2 cells. Vertical
line indicates |log, FC| = 0.3785 and horizontal line indicates —logo (p value) = 1. Key downregulated genes are highlighted in blue boxes.

(G) Pathway analysis for genes downregulated by the loss of PRMT1 as in (E).

(H and ) GSEAPreranked enrichment plot showing the enrichment of hallmark glycolysis genes (H) and Kyoto Encyclopedia of Genes and Genomes glycolysis/
gluconeogenesis genes (1) in control versus PRMT1-depleted cells. FDR, false discovery rate; NES, normalized enrichment score; NOM p, nominal p value.
(J) Heatmap for the expression of selected genes related to glycolysis in control and PRMT1-depleted cells.

*p < 0.05, **p < 0.01, ***p < 0.0001.

See also Figure S3 and Table S2.
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Figure 4. Multi-omics analysis reveals PRMT1-dependent changes in chromatin accessibility

(A) Total number of peaks identified by ATAC-seq analysis of control (shNTC) and PRMT1-knockdown MiaPaca-2 cells.

(B) Heatmap of normalized ATAC-seq intensity and signal distribution histogram around the peak center of ATAC-seq reads in control and PRMT1-depleted cells.
(C) Profile plot of ATAC-seq read density across H3K27ac and H3K4me3 ChIP-seq peak centers.

(D) Violin plot of mean read density of ATAC-seq for differentially accessible chromatin regions (p < 0.05). Horizontal lines indicate the median. Statistical analyses
were performed by 2-tailed paired Student'’s t test.”**p < 0.0001.

(E) Pie chart showing the genomic distribution of PRMT1-dependent open chromatin regions (FC <—1.5, p < 0.05).

(F) De novo motif analysis of differentially accessible chromatin regions.

(G) Pathway analysis for 206 genes showing both downregulation in RNA-seq experiments and signal loss in ATAC-seq experiments using MSigDB_Hall-
mark_2020 in response to the depletion of PRMT1.

(H and I) Representative Integrative Genomics Viewer tracks of ATAC-seq and H3K27ac ChlIP-seq peaks in control (shNTC) and PRMT1-knockdown MiaPaca-2
cells aligned with H3K27ac and H3K4me3 ChIP-seq peaks (GSE29611) in HK2 (H) and SLC2AT1 (l).

seq analysis (501 genes) and loss of ATAC-seq signals (6,314 SLC2A1 colocalized with H3K27ac and H3K4me3 ChlP-seq
unique genes) in response to PRMT1 depletion. Pathway anal-  signals and showed a reduction in H3K27ac peak signals in
ysis revealed that glycolysis, mTORC1 signaling, and hypoxia response to PRMT1 depletion (Figures 4H and 4l). Together,
were most strongly affected by the loss of PRMT1 (Figure 4G).  these data suggest that PRMT1 controls the gene expression
Furthermore, we observed that ATAC-seq peaks in the pro- of key regulators of glycolysis by inducing more permissive
moter and enhancer regions of the glycolytic genes HK2 and  chromatin states in promoter and enhancer regions.
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Figure 5. PRMT1 regulates glycolysis in PDAC

(A and B) qRT-PCR analysis of Hk2 (A) and Sic2a? (B) expression in the pancreas of WT (n = 4), KP'CE? (n = 7), and KP'CEF;Prmt1 (n = 7) mice.

(C) Representative IHC staining of HK2 and GLUT1 in the pancreas of WT mice and in transformed lesions of the pancreas of KP'CE" and KP'CER:Prmt1 mice.
Scale bars, 100 pm.

(D and E) Scatterplots showing positive correlation of HK2 (D) and SLC2A1 (E) with PRMT1 expression in human PAAD patients.

(legend continued on next page)
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PRMT1-induced glycolysis contributes to the
tumorigenesis of PDAC

To further confirm that glycolysis is enhanced in PDAC cells, we
revisited the scRNA-seq data analyzed in Figure 1 and found that
the expression of Hk2 and Sic2a1 was enriched in the pancreatic
duct/cancer cell population of KP'C mice (Figures S4A and S4B).
gRT-PCR analysis revealed that the increased expression levels
of Hk2 and Sic2al observed in tumors of KP'CEF mice were
attenuated in KP'CER;Prmt1 mice (Figures 5A and 5B). IHC stain-
ing of HK2 and GLUT1 further confirmed reduced levels of
glycolysis in the transformed lesions of KP'CER;Prmt1 mice (Fig-
ure 5C). In human PDAC patients, HK2 and SLC2A1 were also
increased in tumor tissue relative to adjacent normal tissue,
and their expression positively correlated with that of PRMT1
(Figures 5D, 5E, S4C, and S4D). Next, we stained a human tissue
microarray (TMA) consisting of 131 PDAC patient specimens for
PRMT1, GLUT1, and HK2. We found that more than 89%, 79%,
and 61% of the samples showed medium to high staining inten-
sities, respectively, further confirming the elevated expression of
these genes in human PDAC (Figures 5F and 5G). In addition, we
observed a significant positive correlation of HK2 and GLUT1
with PRMT1 expression in the TMA specimens (Figures 5H and
51). Together, these results indicate that PRMT1 regulates the
expression of key glycolytic proteins in pancreatic cancer.

We next tested whether the reduced expression of glycolytic
genes induced by the inhibition of PRMTT1 resulted in metabolic
changes. For this purpose, we measured changes in the glyco-
lytic rate and mitochondrial respiration in 2 different human
pancreatic cancer cell lines. Measurement of relative acidifica-
tion and quantification of the glycolytic rate revealed that both
basal glycolysis and compensatory glycolysis were reduced in
PRMT1-depleted and PRMT1 inhibitor-treated cells in a dose-
dependent manner (Figures 5J-50 and S4E-S4J). Similarly,
assessment of oxidative phosphorylation measured by the oxy-
gen consumption rate revealed reduced mitochondrial respira-
tion in both PRMT1 knockdown and PRMT1 inhibitor-treated
cells (Figures S4K-S4N). We also quantified ATP production in
both cell lines and observed that both genetic and pharmacolog-
ical inhibition of PRMT1 resulted in the reduction of ATP produc-
tion (Figures S40-S4R). Lastly, we tested whether the direct inhi-
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bition of glycolysis affected pancreatic cancer cell proliferation.
Inhibition of glycolysis with 2-deoxy-p-glucose (2-DG) resulted
in a significant reduction of cell proliferation in both human and
mouse pancreatic cancer cell lines, similar to our previous obser-
vation in PRMT1-depleted cells (Figures 5P and 5Q). Collectively,
these results demonstrate that the inhibition of PRMT1 blocks
pancreatic cancer cell proliferation by suppressing glycolysis.

Pharmacological inhibition of PRMT1 synergizes with
Gem treatment

To examine the potential relation between the expression of
PRMTH1, glycolysis, and clinical outcome, we analyzed scRNA-
seq data of human PDAC patient-derived organoids (PDOs)
treated with 6 of the most commonly prescribed chemotherapeu-
tics (EGAD00001006448).° PRMT1 was highly expressed across
all organoid cell populations but retained differences in expres-
sion levels between patients (Figures S5A and S5B). By plotting
average PRMTT or glycolytic gene expression of each individual
organoid cluster against the corresponding response to drug
treatment, we found that both PRMT7 and glycolytic gene
expression correlated negatively specifically with sensitivity to
Gem (Figures 6A and 6B and S5C-S5L). Gem is commonly
prescribed for advanced pancreatic cancer, either alone or in
combination with other drugs; however, relapse is common.?®*”
Interestingly, recent studies have shown that increased glycolysis
promotes the development of resistance to Gem.?*** Given that
our results implicate PRMT1 as a crucial regulator of glycolysis,
we analyzed the survival data of Gem-treated PAAD patients
from TCGA database and found that high expression of
PRMT1, HK2, and SLC2A1 was associated with poor prognosis
(Figures 6C, S6A, and S6B). Since we showed that PRMT1 con-
trols the expression of key glycolytic genes, we postulated that
the combination of a PRMT1 inhibitor with Gem could improve
therapeutic efficacy. To test this notion, we treated both human
and mouse pancreatic cancer cells with FM and Gem and found
that such combination therapy resulted in a more pronounced
decrease in cell viability than did either drug alone, suggesting
a synergistic effect of the 2 agents (Figures S6C and S6D). A com-
bination index (Cl) <1 and Loewe synergy score >10 provided
further support for such a synergistic effect of Gem and FM

(F) Representative IHC staining of PRMT1, GLUT1, and HK2 in 131 human PDAC tissue samples classified as Low, Med, or High according to the area and

intensity of staining. Scale bars, 100 um.

(G) Quantification of PRMT1, GLUT1, and HK2 immunostainings in (F). PRMT1: High, 44.27%; Med, 45.04%; Low, 10.69%. GLUT1: High, 38.93%; Med, 40.46%;

Low, 20.61%. HK2: High, 25.95%; Med, 35.11%; Low, 38.93%.

(H and I) Scatterplots of IHC scores showing a positive correlation of HK2 (H) and GLUT1 (I) expression with PRMT1 expression in 131 human PDAC tissue

samples in (F).

(J) Representative profile of the glycolytic rate in control (shNTC) and PRMT1-depleted MiaPaca-2 cells (shPRMT1). Vertical lines indicate the addition of rotenone

(Rot), antimycin A (AA), and 2-DG. ECAR, extracellular acidification rate.

(Kand L) Basal glycolysis (K) and compensatory glycolysis (L) rates in control (shNTC) and PRMT1-depleted MiaPaca-2 cells from (J). GlycoPER, glycolytic proton

efflux rate.

(M) Representative profile of the glycolytic rate in TCE-treated MiaPaca-2 cells.

(N and O) Basal glycolysis (N) and compensatory glycolysis (O) rates in TCE-treated MiaPaca-2 cells from (M).
(P and Q) Cell proliferation assay for MiaPaca-2 (P) and MPC-1 (Q) cells incubated in the presence of the indicated concentrations of 2-DG or vehicle for 48 h.n=3

independent repeats. R, Pearson’s correlation coefficient.
*p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001.

Statistical analyses were performed by 1-way ANOVA with Tukey’s multiple-comparison test (A and B), 2-way ANOVA with Tukey’s multiple-comparison test

(J and M), or 1-way ANOVA with Dunnett’s multiple-comparison test (P and Q).

See also Figure S4.

8 Cell Reports Medicine 5, 101461, March 19, 2024



Cell Reports Medicine

>

Gemcitabine sensitivity w

Gemcitabine sensitivity

0 0.4 0.8
PRMT1 expression

1.2

o

organoids
(PDOs)

Pancreatic cancer patients

PDO6
Dose Response Matrix

Gem (uM)

PDO6
Loewe synergy score
Mean: 10.42 (P = 3.61e-07) | 90% Quantile: 20.69

<
® 30 5
g e
3 20 2
> 1 2
=) 5
[0} [
c >
&l @
2
,%,100

PDO6

Inhibition(%)

1 5
Gem (uM)

PDO6

Loewe synergy score
Mean: 8.1 (P = 1.876-07) | 0% Quantile: 11.89

- N 8
Synergy

Synergy score

Antagnoism

o LLL1]
Patient-derived

Mean: 9.84 (P = 6.69e-02) | 90% Quantile: 15.42

%)
S

SN

¢? CellPress

OPEN ACCESS

Cc ~ PRMT1 low
gy RS 000 = -+ PRMTY high
ke P HR = 2.074
s P=0.0190
= .
=
2 504
3
7]
®
o
=
: 3
06 0.7 08 09 10 1.1 0: 5 50 % 0
HALLMARK_GLYCOLYSIS Time (months)
T +/- Gem
» +/- FM or TCE

Calculate Synergy score

PDO10

. PDO11
Dose Response Matrix

Response Matrix

Inhibition(%) Inhibition(%)

26.43
(2.81)

27.6
(1.16)

20.8:
(10.42)

FM (uM)

40.7 | 38.6
(12.74)| (7.77)

19.06
(6.29)

5 10 20 0 5 10
Gem (UM) Gem (UM)
PDO10 PDO11

Loewe synergy score

Loewe SYHergy score Mean: 34.91 (P = 1.52e-11) | 90% Quantile: 43.09

>
5 o H
> 3
£ ® I3
K c S
g g
g & ‘ g
g i
g <

L PDO11
Dose Response Matrix

PDO11
Loewe synergy score
Mean: 10.93 (P = 5.11e-01) | 90% Quantile: 17.29

25 &
g% L
@ 15 )
310
5 o I
=5 5
0 -10 S

; L

2

(legend on next page)

Cell Reports Medicine 5, 101461, March 19, 2024 9




¢ CellPress

OPEN ACCESS

(Figures S6E-S6H). Moreover, we observed a similar synergistic
effect in cells treated with TCE in combination with Gem
(Figures S6l and S6J). To test whether this synergistic effect
was also observed in human patients, we treated pancreatic can-
cer PDOs with multiple doses of each drug (Figure 6D). As
observed in cell lines, PDOs treated with both drugs showed
reduced cell survival and a synergistic effect of PRMT1 inhibition
and Gem (Figures 6E-6N). Our findings demonstrate that the
pharmacological inhibition of PRMT1 in pancreatic cancer syner-
gizes with Gem treatment, introducing a promising strategy for
treating pancreatic cancer.

PRMT1 inhibition and Gem synergize to suppress PDAC
development in vivo

To examine the efficacy of this combinatorial therapy in vivo, we
used a syngeneic allograft model in fully immunocompetent
mice by subcutaneous injection of MPC-1 cells. After the tumors
had reached a size of ~200 mm?®, we subjected the mice to treat-
ment with either vehicle (Veh), FM only, Gem only, or Gem+FM
(Figure 7A). Gem+FM-treated animals showed impaired tumor
growth and a markedly reduced tumor volume and weight
compared to those treated with either drug alone or vehicle
(Figures 7B-7D). IHC staining of HK2 and GLUT1 confirmed
reduced glycolytic protein expression in the tumors of Gem+FM-
treated animals (Figure 7E). Likewise, tumors isolated from
Gem+FM-treated mice also exhibited a decrease in the mRNA
expression levels of Hk2 and Sic2a1 compared to those isolated
from Gem-treated mice (Figures 7F and 7G). Furthermore, we
repeated this experiment with TCE and obtained similar results
(Figures 7H-7N). To elucidate how PRMT1 inhibition and Gem
cooperate to impede tumor growth, we assessed cell proliferation
and apoptosis in tumors isolated from these mice. IHC staining of
Ki67 and cleaved caspase-3 (cCasp3) confirmed adecreaseincell
proliferation and an increase in apoptosis in the tumors treated
with Gem+TCE (Figures 70-7Q). Unfortunately, however, we
could not observe tumor regression in these in vivo tumor growth
experiments. Together, these results suggest that the combina-
tion of a PRMT1 inhibitor and Gem constitutes a potent treatment
option for pancreatic cancer patients, especially those resistant
to Gem.

DISCUSSION

Arginine methylation is one of the most common PTMs and reg-
ulates multiple cellular processes, including gene expression,

Cell Reports Medicine

translation, signal transduction, and RNA metabolism.'>"*'9 |n

this study, we show that PRMT1 induces genome-wide changes
in chromatin accessibility and thereby promotes pancreatic can-
cer development. We demonstrate that PRMT1 controls glycol-
ysis by changing the chromatin landscape and the expression of
key glycolytic proteins, which fuels the proliferation and tumori-
genic activity of pancreatic cancer cells.

Previous studies have shown the role of PRMT1 in transcrip-
tional regulation and cancer development. For instance,
PRMT1-dependent methylation of the proto-oncogene MYC
has been implicated in promoting cancer cell proliferation.®
PRMT1-induced hyperactivation of EGFR and methylation of
the transcriptional regulator NONO lead to sustained cell prolif-
eration in colorectal cancer.>>*° Furthermore, PRMT1-depen-
dent methylation of the histone methyltransferase EZH2 and
the transcription factor CEBPA suggests an important role of
PRMTH in the development of breast cancer.*'*? In hepatocellu-
lar carcinoma, cytoplasmic PRMT1 promotes amino acid-
induced mTORC1 activation via the methylation of the
GATOR2 complex protein WDR24.*® Interestingly, although
most of the studies of PRMT1 in solid tumors show high levels
of PRMT1 expression, we and others have observed nuclear
localization of PRMT1 in PDAC."%* Given that H4R3me2a leads
to the acetylation of adjacent histones and active transcrip-
tion,'®"'* this study focused on the effect of PRMT1 on histone
methylation and the subsequent changes in the chromatin reper-
toire and transcriptome. Nonetheless, a comprehensive charac-
terization of PRMT1 methylation targets other than histone H4
should further advance our understanding of the role of
PRMT1 in the pathogenesis of pancreatic cancer. Peroxisome
proliferator-activated receptor gamma coactivator-1a (PGC-
1a), for example, is a known PRMT1 methylation target that reg-
ulates gene expression related to energy metabolism.*> Given
that PGC-1a regulates mitochondrial biogenesis and the fact
that we observed the inhibition of fatty acid metabolism and
oxidative phosphorylation, in addition to glycolysis, in PRMT1-
depleted cells, suggests that PRMT1 regulates energy meta-
bolism through multiple venues.

A recent study suggested that genotoxic stress-induced
PRMT1-dependent methylation of p14*%F plays a tumor-sup-
pressive role in PDAC development.46 However, primary PDAC
has a high inactivation and mutation rate of p14”7F, and most
pancreatic cancer cell lines, including those used in this study,
do not express p14”fF “6 The discrepancy between this study
and our observations may be due to the lack of p14~RF

Figure 6. Inhibition of PRMT1 synergizes with the therapeutic effect of Gem ex vivo

(A and B) Correlation analysis of Gem sensitivity score (AUCpi) and either PRMT1 expression (A) or the average expression of 200 glycolytic genes (B) in human
PDAC organoids. The mean and 95% confidence interval are indicated by the line and shading, respectively. R, Pearson’s correlation coefficient.

(C) Kaplan-Meier analysis of overall survival for human Gem-treated PAAD patients showing high PRMT1 (n = 33) versus low PRMT1 expression (n = 32).

(D) Schematics showing the establishment of PDOs and calculation of the synergy score.

(E-G) Dose-response matrix of the percentage inhibition of cell viability of PDO6 (E), PDO10 (F), and PDO11 (G) in the presence of the indicated drug combi-
nations. Values in each block represent the mean cell viability inhibition with SD.

(H-J) Three-dimensional (3D) plot showing the Loewe synergy score of pairwise dose combinations in PDO6 (H), PDO10 (l), and PDO11 (J). z_axis, synergy score;
x/y_axis, Gem+FM combination range.

(K and L) Dose-response matrix of the percentage inhibition of cell viability of PDO6 (K) and PDO11 (L) in the presence of the indicated drug combinations.
(M and N) 3D plot showing the Loewe synergy score of pairwise dose combinations in PDO6 (M) and PDO11 (N). z axis, synergy score; x/y axis, Gem/TCE
combination range.

See also Figures S5 and S6.

10 Cell Reports Medicine 5, 101461, March 19, 2024



Cell Reports Medicine ¢ CellPress

Article OPEN ACCESS
A B —~ C D
X 1000
z &> 2500+ *kk 159 Sk
SubQ S 800+ E 2000, * G o
injection (2] 500 " 5 0.0894 _*c‘-:'n - = |
l 0o 7 Harvest g’ 1 ]"‘3 € 1500 ] ,g .0
¥ 3
7/ ,Ll—lﬁ/ / - 400 =
Ak xs E KE* S 1000- 505
) Z 5
Drug delivery .g 200 g 555 % '3 %
© 04 >
& 14 21 25 L — o
Days post drug treatment —--\Veh = FM -« Gem -+ Gem+FM
_Gem+FM F_ G_
kel Hk2 Ke} Slc2a1
% xx 3 0.0819
O o
s 15 * X*H 5_2.5 0.0534] %%
X A X e
o 2 20 _‘
; 1.0 <Z( 15 4 | :
x X 10
£ 05 e
© ©
° . qé“q\Y\Geé\ o
o o
[c2 Ge
—_ J K
S
‘.EE &> 2000+ _
SubQ S 3000 £ 2 4.0
injection o M ; 15004 =
[<)
l Harvest gzooo_ HE g o0 g . g
// | /[ ¥ =] 4
*****’X?’ -S 1000 Ik |* * g S 059
Drug delivery o) S 5001 g
& £ [
© | N
g 0 4 8 121619 = o o
Days post drug treatment —--\Veh & TCE —« Gem = Gem+TCE
L Veh TCE Gem Gem+TCE M N c
‘ ; 5 S Sic2at
020 o
& g
15 <<l(> )
<
P
E 1.0 @ 1.
Eos E
2 =
s ©
% G?’ee 06 E, Geee (‘fr
o C')e«\ c,,e.‘“
ko] Fekkk Q ko]
1000+ *kkk .,g"_- *k
= = 50
— o *
8 800 ** 3—40 Fkk
(2] =
% 600 Kk 8 30
o
“ 400 ‘ & 20 ok
© 3 *
& 2004 @ 10
u— (@]
o < Fot < B
oo z e
(legend on next page)

Cell Reports Medicine 5, 101461, March 19, 2024 11



¢ CellPress

OPEN ACCESS

expression in most pancreatic cancer cells and the need for
genotoxic stress, such as radiation or chemotherapy, to induce
PRMT1-dependent methylation of p14”7F. Notably, the authors
observed a significant increase in the antitumor effect with the
combined treatment of the type 1 PRMT inhibitor MS023 and
Gem in p14°RF_deficient MiaPaca-2 cells, which coincides with
our results. Additional studies on the upstream signals that
modulate the expression and activity of PRMT1 and its pro-
and antitumorigenic downstream targets and their impact on
chemoresistance will further help delineate the molecular basis
of using PRMT1 as a therapeutic target.

Gem remains one of the most frequently prescribed drugs for
pancreatic cancer, but patients quickly develop resistance and
relapse is common.®” Recent studies suggest that elevated
levels of glycolysis serve as a potential mechanism to acquire
Gem resistance.”>?* However, most clinical trials of agents tar-
geting metabolic proteins have failed to yield satisfying results,
and effective combination treatment strategies remain elusive.*’
We have now shown that the pharmacological inhibition of
PRMT1 in combination with Gem treatment significantly attenu-
ated pancreatic cancer cell proliferation in vitro and in vivo.
Collectively, these results suggest that PRMT1 inhibitors are
promising candidates for combinatory treatment with Gem,
especially in Gem-resistant patients.

Oncogenic mutation of KRAS is present in over 80% of PDAC
patients and is the main driver of pancreatic cancer develop-
ment.® We show that PRMTT is transcriptionally activated in three
separate KRAS-dependent mouse models of PDAC. Oncogenic
KRAS induces the transcription of HK2 and SLC2A1 in PDAC to
answer the need of cancer cells for an increased supply of en-
ergy.”'**? Together with our observation that PRMT1 controls
the expression of these genes suggests that PRMT1 may func-
tion as a downstream effector of oncogenic KRAS and a signal
relay to increase glycolysis. Further studies are warranted to
characterize the details of the KRAS-PRMT1-glycolysis signaling
axis on the molecular level. Recently, small-molecule inhibitors
targeting different mutant KRAS variants have been developed
and approved for clinical trials. However, the acquisition of resis-
tance appears to remain a major challenge.”” It will be interesting
to investigate whether PRMT1 inhibition can help overcome
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resistance to these types of inhibitors. Oncogenic mutation of
KRAS is not unique to PDAC, but it is also common in colorectal
and lung cancers.”® In addition, the overexpression of PRMT1
has also been reported in various other types of cancer.'>'" It
will be interesting to see whether KRAS induces the expression
of PRMT1 in tissues other than the pancreas, and whether this
signaling event plays a role in the tumorigenesis of these types
of cancer. Furthermore, Gem is administered for the treatment
of awide range of cancers in addition to PDAC, including bladder,
lung, and liver cancers.“® Our results not only show that the inhi-
bition of PRMT1 potentiates the effect of Gem but also suggest
that it may sensitize resistant cancer cells to treatment with
Gem. It is thus possible that the benefit of combinatorial treat-
ment with a PRMT1 inhibitor and Gem is not limited to pancreatic
cancer.

Together, our work has revealed that PRMT1 controls chro-
matin accessibility pertaining to the metabolism of cancer cells,
and glycolysis in particular. Our findings implicate PRMT1 as an
early prognostic marker for pancreatic cancer development and
a therapeutic target to overcome Gem resistance.

Limitations of the study

In this study, we focused on PRMT1-mediated regulation of
overall chromatin accessibility rather than specific methylation
targets of PRMT1, which undoubtedly also play a role in the
regulation of glycolysis. Moreover, we performed our experi-
ments exclusively in pancreatic cancer cells. Since we hypothe-
size that PRMT1 activity is induced by mutant KRAS, other
KRAS-driven cancers, such as lung and colorectal cancers,
should also show an increase in PRMT1 and subsequent
changes in their chromatin landscape and transcription. Espe-
cially since Gem is also used in a variety of different cancers, it
remains to be explored whether targeting PRMT1 is a valid strat-
egy in a broader context. Despite a clear reduction in tumor
growth, we did not observe tumor regression in our in vivo exper-
iments. We tested our combination therapy in subcutaneous
xenografts, which may not fully recapitulate the natural environ-
ment of PDAC. Furthermore, although we evaluated our
approach in human cell lines and patient-derived organoids,
we did not perform patient-derived xenograft experiments with

Figure 7. Combination of PRMT1 inhibition and Gem impairs pancreatic tumor growth in vivo

(A) Schematic representation of subcutaneous implantation and drug administration in mice.

(B) Relative growth curves for tumors of mice from the onset of drug treatment. Veh (n = 8), FM (n = 8), Gem (n = 6), or both (Gem+FM, n = 8).
(C) The volume of tumors isolated from mice after 25 days of drug administration.

(D) Weight of tumors in (C).

(E) Representative IHC staining of HK2 and GLUT1 from tumors in (C). Scale bars, 100 um.

(F and G) gRT-PCR analysis of Hk2 (F) or Sic2a1 (G) mRNA abundance from tumors in (C). n = 5 tumors.

(H) Schematic representation of subcutaneous implantation and drug administration in mice.

(l) Relative growth curves for tumors of mice from the onset of drug treatment. Vehicle (Veh, n = 6), TC-E 5003 (TCE, n = 7), Gem (n = 6), or both (Gem+TCE, n = 6).

(J) The volume of tumors isolated from mice at 19 days of drug administration.
(K) Weight of tumors in (J).

(L) Representative IHC staining of HK2 and GLUT1 from tumors in (J). Scale bars, 100 pm.

(M and N) gRT-PCR analysis of Hk2 (M) or Sic2a1 (N) mRNA abundance from tumors in (J). n = 4-5 tumors.

(O) Representative IHC staining of Ki67 and cCasp3 from tumors in (J). Scale bars, 100 um.

(P and Q) Quantification of Ki67 (P) and cCasp3 (Q) in tumors in (J). (Data are for a total of 37, 26, 32 and 29 lesions, respectively). Horizontal lines indicate the

median or quartiles.
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

Statistical analyses were performed by 2-way ANOVA with the Holm-Sidak test (B and I) or 1-way ANOVA with Tukey’s multiple-comparison test (C, D, F, G, J, K,

M, and N).
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human tissues, which may lead to slightly different results.
Lastly, the drugs used to block PRMT1 activity still lack speci-
ficity and potency, and newly developed inhibitors will hopefully
increase the efficacy of this approach.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

PRMT1 antibody

PRMT1 antibody

Krt19 antibody

RFP(tdTomato) antibody

GLUT1 antibody

Hexokinase Il antibody

B-actin antibody

Vinculin antibody

Histone H4 antibody

Histone H4R3me2a (asymmetric) antibody
Histone H3 (acetyl K27) antibody
Ki67 antibody

Cleaved Caspase-3 antibody

Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 488

Donkey anti-Rat IgG (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Donkey anti-Goat IgG (H + L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 594

Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 647

Donkey anti-Mouse IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ 647

Novus Biologicals

Sigma-Aldrich

DSHB

Origene

Millipore

Cell Signaling Technology
Sigma-Aldrich

Cell Signaling Technology
Abcam

Active Motif

Abcam

Abcam

Cell Signaling Technology
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Cat #: NBP2-67074;
RRID: AB_3076255

Cat #: 07-404;RRID: AB_310588

Cat #: TROMA-III; RRID: AB_2133570
Cat #: AB8181; RRID: AB_2722750
Cat #: 07-1401; RRID: AB_11212210
Cat #: 2867S; RRID: AB_2232946
Cat #: A5316; RRID: AB_476743

Cat #: 13901S; RRID: AB_2728768
Cat #: ab177840;RRID: AB_2650469
Cat #: 39006; RRID: AB_2793313
Cati#: ab4729; RRID: AB_2118291
Cat# ab16667; RRID:AB_302459
Cat# 9664S; RRID:AB_2070042

Cat #: A-21206; RRID: AB_2535792

Cat #: A-21208; RRID: AB_2535794

Cat #: A-11058; RRID: AB_2534105

Cat #: A-31573; RRID: AB_2536183

Cat #: A-31571; RRID: AB_162542

Biological samples

Human pancreatic cancer tissue micro array samples National Biobank of Korea at Chonnam N/A

National University Hwasun Hospital
Human pancreatic cancer patient derived organoids National Cancer Center, Goyang, N/A

South Korea
Chemicals, peptides, and recombinant proteins
Gemcitabine Sigma-Aldrich Cat #: G6423
Furamidine dihydrochloride Sigma-Aldrich Cat #: SML-1559
TC-E 5003 Cayman Cat #: 17718
B-27™ Supplement Gibco Cat #: 17504-04
Nicotinamide Sigma-Aldrich Cat #: N0O636
Recombinant human FGF10 Peprotech Cat #: 100-26
N-acetylcysteine Sigma-Aldrich Cat #: A9165
Recombinant murine noggin Peprotech Cat #: 250-38-100
A83-01 TOCRIS Cat #: 2939
Human epidermal growth factor Merck Cat #: SRP3027
Gastrin Sigma-Aldrich Cat #: G9020
Wnt3A conditioned medium U-protein Express BV Cat #: NOO1
Rspondin1 Qkine Cat #: Qk006
Primocin Invivogen Cat #: ant-pm-2
TrypLE Express Gibco Cat #: 12604021
ROCK:i (Y27632) Sigma-Aldrich Cat #: Y0503

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

ATAC-seq kit Active motif Cat #: AT53150
Min Elute PCR Purification kit Qiagen Cat #: 28006
TOPscript™ cDNA Synthesis kit Enzynomics Cat #: EZ005M
Matrigel® Growth Factor Reduced (GFR) Basement Corning Cat #: 354230

Membrane Matrix

Deposited data

scRNA-seq data

Elyada et al., Hosein et al.,

GSE125588, GSE129455,

Krieger et al.?%%0-%¢ EGADO00001006448
ChlP-seq data Dunham et al. GSE29611
RNA-seq data This study GSE223154
ATAC-seq data This study GSE223154
Experimental models: Cell lines
MiaPaca-2 ATCC Cat #: CRL-1420, RRID: CVCL_0428
PANC-1 ATCC Cat #: CRL-1469, RRID: CVCL_0480
MPC-1 This paper N/A
HEK293T ATCC Cat #: CRL-3216, RRID: CVCL_0063

Experimental models: Organisms/strains

C57BL/6J

129S/Sv-Kras'™™i/J
B6.129P2-Trp53™m'BM/y
Tg(Pdx1-cre/Esr1*)#Dam/J
B6.Cg-Gt(ROSA)26Sorme(CAG-tdTomatojHze,
CS7BL/6N-Prmt1 tm1a(EUCOMM)Wtsi

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
Dr. Douglas A. Melton

The Jackson Laboratory

International Mouse Phenotyping
Consortium

RRID:IMSR_JAX:000664
RRID:IMSR_JAX:008180
RRID:IMSR_JAX:008462
RRID:IMSR_JAX:024968
RRID:IMSR_JAX:007909
RRID:IMSR_WTSI:1539

Oligonucleotides

shControl This paper CAACAAGATGAAGAGCACCAA

shPRMT1 #1 This paper CCGGCAGTACAAAGACTACAA

shPRMT1 #2 This paper GTGTTCCAGTATCTCTGATTA

Primers for RT-qgPCR (human) This paper See Table S3 for details

Primers for RT-qPCR (mouse) This paper See Table S4 for details

Recombinant DNA

pLKO.1 hygro Addgene RRID: Addgene_24150

pMD2.G Addgene RRID: Addgene_12259

psPAX2 Addgene RRID: Addgene_12260

Software and algorithms

GraphPad Prism 9 Prism https://www.graphpad.com/
scientific-software/prism/

Wave Desktop software (v 2.6.3) Agilent N/A

R(v4.1.2) https://www.R-project.org

SynergyFinder (v 3.8.2) Zheng et al. N/A

CompuSyn Chou et al. N/A

Biorender https://biorender.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dae-Sik

Lim (daesiklim@kaist.ac.kr).
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Materials availability
All plasmids, mice, cell lines, and reagents generated in this study are available from the lead contact with a completed Materials
Transfer Agreement (MTA).

Data and code availability
® RNA-, ATAC-, and ChiIP-seq raw data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through
accession number GSE223154. This paper analyzes existing, publicly available data. The accession numbers for these data-
sets are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies

Mice were maintained in the specific pathogen-free (SPF) facility of KAIST Laboratory Animal Resource Center and housed under a 12h/
12h light/dark cycle, with free access to regular chow and water. All mice were grouped by no more than 5 mice per cage. Mouse ex-
periments were performed with the approval of the IACUC of Korea Advanced Institute of Science and Technology (KAIST) (KA2020-
115). LSL-K-ras®'?°, Trp53->F, and R26-tdTomato mice were purchased from The Jackson Laboratory and described previously.**°"
Prmt1 " mice (Mouse Genome Informatics [MGI]:4432476) were purchased from the International Mouse Phenotyping Consortium
(IMPC) and described previously.'® Pdx7-CreERT2 mice were provided by Dr. Douglas A. Melton (Harvard University) and described
previously.>? Inducible Cre-mediated gene deletion was achieved by i.p. injection of tamoxifen (Sigma) at a dose of 200 mg/kg body-
weight on three alternate days at 3 to 4 weeks of age. Tamoxifen was dissolved in corn oil (Sigma) at a concentration of 20 mg/mL.

Subcutaneous transplantation and drug treatment

Female C57BL/B6J mice at 5 to 6 weeks of age were injected subcutaneously on each flank with 5 x 10° MPC-1 cells suspended in a
1:1 mixture of culture medium and Matrigel. Tumor volume was assessed by measuring two diameters with digital calipers and calcu-
lated as %x2y, where x is the smaller diameter and y is the larger diameter. When tumors reached a volume of ~200 mm?®, mice were
randomized to the various drug treatment groups. Gemcitabine (Sigma) was dissolved in PBS at 10 mg/mL, furamidine (Sigma) in
water at 1 mg/mL, and TC-E 5003 (Cayman) in DMSO at 20 mg/mL and further diluted with 1:1 PEG300/saline for injection. Tu-
mor-bearing mice were injected i.p. with gemcitabine at 40 mg/kg once a week, with furamidine at 20 mg/kg twice a week, and
TC-E 5003 at 8 mg/kg 5 times a week for 3 weeks. Tumor size was monitored weekly, and experiments were terminated when
the tumor volume had increased to ~1500 mm?2.

Cell culture

HEK293T, MiaPaca-2, and PANC-1 cell lines were obtained from the American Type Culture Collection (ATCC). Mouse pancreatic
cancer (MPC-1) cells were established from the tumor of a KP'CE? mouse via outgrowth culture. The tumor was harvested and
minced into small pieces with a razor blade. Tissue pieces were washed with PBS and sparsely seeded into a 6-well plate in
DMEM supplemented with 10% FBS. Media was changed every 3 days. Once cells spread sufficiently, they were trypsinized and
filtered through a 45 um filter to remove any remaining tissue junks before re-seeding. Single clones were picked via serial dilution
and expanded to ensure homogeneity. HEK293T, PANC-1, and MPC-1 cells were maintained in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin, and MiaPaca-2 cells were grown in DMEM supplemented with 10% FBS, 2.5% horse serum, and
1% penicillin-streptomycin. All cells were grown under 5% CO, at 37°C. Cell lines were checked for mycoplasma contamination us-
ing the MycoStrip Mycoplasma detection kit (Invivogen).

Ex vivo mouse and human patient-derived pancreatic tumor organoid culture

Ex vivo mouse and human patient-derived organoids (PDOs) were performed as previously described.**® In brief, mouse pancreatic
tumors were minced into small pieces (~1 mm) with a razor blade and digested with Collagenase (Sigma) and Dispase (Stem Cell
Technology) in basal medium at 37°C for 45 min. The disassociated cells were seeded in 40 uL Matrigel (Corning) in a 24-well culture
dish, overlayed with complete culture media, and maintained under 5% CO, at 37°C. For sectioning, organoids were embedded in
Histogel (Thermo Fisher Scientific), fixed in 10% neutral-buffered formaldehyde, and embedded in paraffin. For drug sensitivity as-
says, identical amounts of cells were seeded, drugs were added after the organoids had fully formed, and maintained in culture for
5 days before further downstream analysis. Human pancreatic cancer patient derived organoids were obtained from the National
Cancer Center. Patient sample collection and experimental procedures were approved by the IRB of the National Cancer Center
(NCC2021-0232) and by the IRB of KAIST (IRB-23-161).

Tumor microarrays of pancreatic cancer patients

Human pancreatic cancer tissue microarrays were obtained from the National Biobank of Korea at Chonnam National University
Hwasun Hospital. Donor patients underwent surgical tumor resections at Chonnam National University Hwasun Hospital between
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2004 and 2017. All samples were obtained with written consent and approved by the Institutional Review Board (IRB) of Chonnam
National University Hwasun Hospital (CNUHH-2023-013).

METHOD DETAILS

Histology and IHC staining

Mice pancreata were fixed overnight at 4°C in 10% neutral-buffered formalin, embedded in paraffin, sectioned at a thickness of 3 um
with a Leica RM2245 microtome, and stained with H&E (Sigma). For immunostaining, sections were deparaffinized, rehydrated in a
series of ethanol solutions of decreasing concentrations, and subjected to antigen retrieval in sodium citrate buffer (10 mM tri-sodium
citrate dehydrate, 0.05% Tween 20, pH 6.0) using a microwave for 15 min. For IHC staining, endogenous peroxidase was inactivated
by incubation of sections with 3% H»O, for 10 min. Epitope blocking was performed by incubation of slides with either 10% donkey-
serum diluted in PBS containing 0.2% Tween 20 (PBS-T) or 5% bovine albumin serum (BSA) diluted in 0.3% PBS-T for 1h at room
temperature. Primary antibodies were incubated overnight at 4°C, followed by secondary antibody incubation for 1 h at room tem-
perature. IHC signals were detected with a DAB peroxidase substrate kit (Vector Laboratories), and images were acquired with a
Leica DMLB microscope. Immunofluorescence images were acquired with a Zeiss (LSM 800 or LSM 880) confocal microscope.
Nuclei were stained with DAPI (Sigma). Slides were mounted using ProLong Gold anti-fade reagent (Invitrogen). Alcian blue staining
was performed using the Alcian blue (pH 2.5) Stain Kit (Vector Laboratories).

Immunoblots

Cells were lysed with RIPA buffer (50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% deoxycholate, 1% NP-40, and 0.1% SDS)
supplemented with protease and phosphatase inhibitors (PMSF, PAFS, leupeptin, and pepstatin). Cell lysates were centrifuged at
13,000 rpm for 10 min at 4°C. The supernatant was collected, protein concentration was measured by Bradford assay, and subjected
to SDS-PAGE. The separated proteins were transferred to either nitrocellulose or PVDF membranes, which were subsequently
blocked with 5% skim milk in 0.3% PBS-T for 1 h at room temperature. Primary antibodies were incubated overnight at 4°C. Mem-
branes were washed three times with 0.3% PBS-T and incubated with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 h at room temperature. Signals were detected using ECL reagent (Millipore).

RNAI

DNA fragments encoding shRNAs were cloned into the lentiviral vector pLKO.1 hygro. The target sequences are listed in STAR
Methods. HEK 293T cells were transfected with 10 ng of vector DNA, 4 ng psPAX2, and 2 ng pMD2.G using polyethylenimine
(PEI). The supernatant containing lentivirus was collected 48 h after transfection and centrifuged at 3,000 rpm for 20 min to remove
cell debris. Target cells were infected with the virus in the presence of 8 pg/mL polybrene and selected for at least 3 days in the pres-
ence of hygromycin (12.5 ng/mL).

Cell proliferation and colony formation assay

Cell proliferation was measured with a Cyto X cell viability assay kit (LPS Solution). Absorbance at 450 nm was measured with a Ver-
samax microplate reader (Molecular Devices). For the colony formation assay, cells were sparsely seeded in six-well plates, cultured
for one week, fixed with methanol and acetic acid (3:1, v/v), and stained with 0.5% crystal violet in methanol. Intensity percent was
measured with ImagedJ using the ColonyArea plugin.®*°°

RNA extraction and quantitative real-time PCR

Total RNA was isolated from pancreatic tissue or cultured cells using Hybrid-R (GeneAll), and portions (1.6 pg) of total RNA were
subjected to reverse transcription using a TOPscript cDNA Synthesis Kit (Enzynomics). gRT-PCR was performed on a CFX Connect
(Bio-rad) using TOPreal SYBR Green gPCR PreMIX (Enzynomics). Either 78S rRNA or TBP was used as endogenous control. The
sequences of gPCR primers are listed in Tables S3 and S4.

RNA-seq analysis

RNA libraries were generated using the TruSeq Stranded Total RNA library Prep Gold Kit (lllumina) and sequenced on the lllumina
platform. Raw reads were trimmed of adaptor sequences using Trim_galore (v 0.6.7), mapped onto the human reference genome
(hg19) using HISAT2 (v 2.2.1),°° and assembled into transcripts or genes and quantified using StringTie (v 2.2.1).>” The data were
then normalized with Ballgown (v 2.26.0), and relative abundance was measured.’®"*° Statistically significant differentially expressed
genes were obtained with filtering criteria of p < 0.05. GSEAPreranked was performed with GSEA software (v 4.0.3) using gene sets
from the molecular signature database (MSigDB) and Kyoto Encyclopedia of Genes and Genomes (KEGG).?°°? Pathway analysis
was performed with EnrichR.%*5

Generation of ATAC-seq samples

A suspension of nuclei was prepared according to the Omni-ATAC protocol.®® In brief, cells were exposed to trypsin and counted to
obtain ~100,000 cells per sample using the Active Motif ATAC-seq kit (Active Motif). Cell pellets were suspended in lysis buffer and
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centrifuged for 5 min at 4°C. Nuclei were resuspended in transposition buffer and incubated for 30 min at 37°C. Transposed DNA was
eluted in 35 plL of buffer using a MinElute PCR purification kit (Qiagen) and amplified by PCR (11 cycles) with lllumina (i7/i5) primers.

ChlIP-seq library preparation

Cells were subjected to cross-linking by incubation with 1.5% formaldehyde for 10 min at room temperature, followed by quenching
with 0.125 M Glycine for 5 min. Nuclear extracts were sonicated using a Bioruptor (Bio-rad). The sheared nuclear extracts were sub-
jected to immunoprecipitation overnight at 4°C with antibodies or control rabbit IgG bound to Dynabeads protein A (Thermo Fisher
Scientific). DNA fragments bound by the antibodies were purified using a MinElute PCR purification Kit (Qiagen), subjected to
sequencing library preparation using a TruSeq ChIP-seq Library Prep Kit (lllumina), and sequenced with an lllumina NovaSeq 6000.

Analysis of ATAC-seq and ChlIP-seq data

FastQC (v 0.11.9) was applied to examine read quality before alignment and downstream analysis. We used Trim_galore (v 0.6.7) to
remove reads shorter than 30 bp and aligned the trimmed reads to hg19 using Bowtie2 (v 2.4.4).°® Mitochondrial reads, reads without
unique alignment, and reads with a mapping quality of <30 were removed using Samtools (v 1.14), duplicate reads were removed with
Picard MarkDuplicates (v 2.26.3) (http://broadinstitute.github.io/picard), and blacklisted regions were filtered out with BEDtools inter-
sect (v 2.30.0).°” Peak calling was performed with MACS3 (v 3.0.0).°® The raw counts were globally normalized into CPM. De novo
motif prediction was performed using findMotifsGenome.pl in HOMER software (v 4.11).%° Diffbind was used to identify PRMT1-
dependent open chromatin regions.”® For the annotation of differentially bound sites, annotatePeaks.pl in HOMER was applied.
The annotated differential peak data for peak locations FC < —1.5, with associated p values of 0.05 or less. Genome coverage bigwig
files were generated with deeptools2 bamCoverage (v 3.5.1).”' ATAC-seq and ChIP-seq signals were visualized with the Integrative
genomic viewer (IGV, v 2.14.1).7?

Metabolic analyses

Seahorse assays were performed with an XFe96 Extracellular Flux Analyzer (Agilent). In brief, ~2 x 10* MiaPaca-2 and ~1 x 10*
PANC-1 cells were seeded, and the oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and proton efflux rate
(PER) were measured. 0.5 M Rotenone/antimycin A (Rot/AA) and 100 mM 2-deoxyglucose (2-DG) were administered to the cells
for the glycolytic rate assay, and 1 uM oligomycin (Oligo), 1 uM fluoro-carbonyl cyanide phenyl-hydrazone (FCCP), and 0.5 uM
Rot/AA were administered for the mitostress assay. Seahorse results were normalized by protein concentration and analyzed
with Wave Desktop software (Agilent, v 2.6.3). Statistics and graphical representations were performed in Prism 9.0 (Graph pad).

Analysis of public datasets

Single cell RNA sequencing data were downloaded from the Gene Expression Omnibus (GEO) and Zenodo (5552404) and analyzed
with Seurat (v4.2.0) in R (v 4.1.2) using Rstudio.”® Analysis of TCGA datasets was performed with cBioportal and GEPIA.”*"°
H3K27ac and H3K4me3 ChlIP-seq data were downloaded from the ENCODE portal (ENCSRO00AMZ).

Synergy prediction

For synergy analysis, individual values of relative cell viability from each well were measured and analyzed using the SynergyFinder
package (v 3.8.2) in R.”® Synergy scores < —10, from —10 to 10, and >10 indicate an antagonistic, additive, and synergistic effect,
respectively. The effect of the combination of gemcitabine and furamidine was evaluated using CompuSyn software.”” Cl <1, Cl =1,
and Cl > 1 indicate a synergistic, additive, and antagonistic effect, respectively. The synergistic effect of both drugs was determined
with synergy score and Cl value.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 9.0. Statistical analyses other than two-tailed unpaired Student’s
t-tests are indicated in the figure legends. In brief, one-way ANOVA with either Dunnett’s multiple-comparison tests or Tukey’s mul-
tiple-comparison tests were used to compare data points of more than two groups. The log rank (Mantel-Cox) test was used for the
comparison of survival curves, and two-way ANOVA with correction for multiple comparisons with the Tukey, Bonferroni, or Holm-
Sidak method was adopted for the comparison of seahorse plots, area of transformed lesions, and tumor growth curves, respec-
tively. Quantitative data are presented as means + SEM. A p value of <0.05 was considered statistically significant.
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