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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with limited effective treatment options, potentiating the im-
portance of uncovering novel drug targets. Here, we target cleavage and polyadenylation specificity factor 3 (CPSF3), the
3′′′′′ endonuclease that catalyzesmRNA cleavage during polyadenylation and histonemRNAprocessing.We find thatCPSF3
is highly expressed in PDAC and is associated with poor prognosis. CPSF3 knockdown blocks PDAC cell proliferation and
colony formation in vitro and tumor growth in vivo. Chemical inhibition of CPSF3 by the small molecule JTE-607 also atten-
uates PDAC cell proliferation and colony formation, while it has no effect on cell proliferation of nontransformed immor-
talized control pancreatic cells. Mechanistically, JTE-607 induces transcriptional readthrough in replication-dependent
histones, reduces core histone expression, destabilizes chromatin structure, and arrests cells in the S-phase of the cell cy-
cle. Therefore, CPSF3 represents a potential therapeutic target for the treatment of PDAC.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the third
leading cause of cancer-related deaths with a 5-yr survival
rate of 12%, due in part to the lack of effective treatment
options (Siegel et al. 2023). PDAC is primarily driven by
mutations in the oncogene KRAS and several tumor sup-
pressors, including TP53, CDKN2A, and SMAD4 (Kleeff
et al. 2016). However, as clinically effective modulators
of the activity of these proteins are not currently available,
identification of novel targets amenable to small molecule
inhibition is a critical undertaking. Recently, large-scale
RNA-sequencing efforts of PDAC tumors have revealed

widespread dysregulation of oncogenic gene expression,
allowing the characterization of several PDAC subtypes
and phenotypic states (Collisson et al. 2011; Moffitt et al.
2015; Bailey et al. 2016; Peng et al. 2019). These gene ex-
pression changes are critical for driving tumor phenotypes,
including metastatic progression (Shankar et al. 2016; Roe
et al. 2017; Abel et al. 2018; Wang et al. 2019; Sodir et al.
2020). While these gene expression changes have been
extensively cataloged, the mechanisms underlying this
transcriptional heterogeneity remain largely unknown
(Venkat et al. 2021). We propose that targeting these driv-
ers of dysregulated gene expression represents an op-
portunity to reverse widespread oncogenic activity in
transformed cells.
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One suchgene regulatory process that has been implicat-
ed in cancer is mRNA processing, a step that is crucial for
the maturity of newly transcribed RNAs. For most human
genes, nascent RNAs undergo cleavage and polyadenyla-
tion, or CPA. Becausemost genes havemultiple polyadeny-
lation recognition sites (PASs) within the 3′ untranslated
region (UTR), the choice of where mRNA is cleaved and
polyadenylated can generate distinct transcript isoforms
with different 3′-UTR lengths, ultimately affecting mRNA
stability, localization, and translation (Gruber and Zavolan
2019). This process is called alternative polyadenylation,
or APA, and is widely dysregulated in cancer (Masamha
and Wagner 2018; Gruber and Zavolan 2019; Yuan et al.
2021). Recently, we identified widespread APA alterations
in PDAC patients that are associated with functional chang-
es in both gene and protein expression of growth-promot-
ing genes (Venkat et al. 2020). Unlike polyadenylated
genes, a class of histone genes is processed on the
mRNA level by cleavage but not polyadenylation. These
histones are replication-dependent (RD) and are crucial for
cell proliferation. While CPA and histone mRNA processing
are regulated by two different complexes, some proteins
are in fact important regulators of both processes. One
such protein that is the focus of our study is cleavage and
polyadenylation specificity factor 3 (CPSF3) (Sullivan et al.
2009b), the endonuclease responsible for the cleavage of
mRNAs. As a part of the CPA complex, CPSF3 cooperates
with other CPA factors to cleave themRNA before the addi-
tion of the poly(A) tail. As part of the histone cleavage com-
plex (HCC), however, CPSF3 cleaves pre-mRNAs of RD core
histones, but these pre-mRNAs do not get polyadenylated.
Both CPA and histonemRNA processing are important bio-
logical processes for cell proliferation and survival. The fact
that CPSF3 is an enzyme opens the possibility of its pharma-
cological targeting. Recently, CPSF3 was identified as the
target of the small molecule JTE-607 (Kakegawa et al.
2019; Ross et al. 2020). JTE-607 is hydrolyzed into an active
compound that directly interacts with the CPSF3 interfacial
cavity (Ross et al. 2020). This interaction inhibits CPSF3 cat-
alytic activity leading to accumulation of unprocessed newly
synthesized pre-mRNAs. JTE-607 induces apoptosis of hu-
man acute myeloid leukemia (AML) and Ewing’s sarcoma
cells in vitro and prolongs survival of tumor-bearing mice
in xenograft models in vivo (Uesato et al. 2006; Tajima
et al. 2010). JTE-607 inhibits migration, invasion, and self-
renewal of breast cancer cells (Liu et al. 2022). Notably, ad-
ministration of JTE-607 in healthy volunteers demonstrated
the safety of this compound in humans, with no severe ad-
verse events reported (Borozdenkova et al. 2011). However,
the role ofCPSF3 and the effect of JTE-607 in epithelial can-
cers remain largely unknown.

Here, we show that knockdown and/or inhibition of
CPSF3 attenuates PDAC cell proliferation in vitro and in
vivo. We find that CPSF3 is highly expressed in PDAC pa-
tients and is a predictor of poor outcome. We demonstrate

that small molecule inhibition of CPSF3 by JTE-607 selec-
tively attenuates the proliferation of PDAC cells but not im-
mortalized control cells. Additionally, we conduct a global
analysis of CPSF3 disruption in PDAC, uncovering gene
regulatory mechanisms that distinctly affect PDAC cells
upon either CPSF3 knockdown or inhibition. We uncover
that JTE-607 dysregulates RD histones, destabilizes chro-
matin structure, and arrests cells in the S-phase of the
cell cycle. Overall, our findings uncover new functions of
CPSF3 in cancer and nominate CPSF3 as a novel therapeu-
tic target in PDAC.

RESULTS

CPSF3 is up-regulated in human PDAC and required
for PDAC cell proliferation

To determine the clinical significance of CPSF3 expression
in PDAC, we first analyzed gene expression data from the
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
(Cao et al. 2021).CPSF3 expression was significantly higher
in PDAC tumors (n=135), as compared with non-tumor ad-
jacent tissues (n=18) and normal pancreata (n=7) (Fig. 1A).
Consistent with this finding,CPSF3 expression was also sig-
nificantly higher in the pancreatic adenocarcinoma (PAAD)
data set from The Cancer Genome Atlas (TCGA) (n=147)
as compared to normal pancreata (n=165) from the Geno-
type-Tissue Expression (GTEx) project (Fig. 1B). We then
sought to assess CPSF3 expression status in our cell line
models. In agreement with the clinical data, we found that
CPSF3 is up-regulated in PDAC cell lines (MiaPaCa2,
Suit2, Panc1) as compared to nontransformed immortalized
pancreatic epithelial cells (HPNE and HPDE; from now on
referred to as immortalized control cells) by western blot
(WB) and RT-qPCR (Fig. 1C; Supplemental Fig. S1A).
Other CPA factors were also up-regulated in our PDAC
cell lines compared to immortalized control HPNE cells
(Supplemental Fig. S1B–I). This is consistent with our previ-
ous report where multiple CPA factors are up-regulated in
PDAC patients (Venkat et al. 2020). We chose to focus on
CPSF3 as it is an enzyme and therefore is a potential drug-
gable target. We then sought to assess the relationship be-
tween CPSF3 expression and PDAC patient outcome.
Patients with highCPSF3 expression had significantly worse
overall survival thanpatients with lowCPSF3 expression (P=
0.00164, hazard ratio 5.047 [1.842–13.827]). Specifically,
patients in the top quartile of CPSF3 expression had a me-
dian survival of 14.2 mo, while those in the bottom quartile
of CPSF3 expression had a median survival of 33.5 mo (Fig.
1D). Therefore,CPSF3 is highly expressed in PDAC, high ex-
pression correlates with poor patient outcome, and our cell
models are appropriate for mechanistic studies.

To define the functional role of CPSF3 in PDAC, we first
took a genetic approach and generated stable CPSF3
knockdown MiaPaCa2 and Panc1 cells. We used two
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different short-hairpin RNAs (sh1 and sh2) targeting CPSF3,
and a nontargeting control (shNTC). Successful knockdown
of CPSF3 was confirmed at the protein and RNA level by
WB and RT-qPCR, respectively, with sh1 cells having the
highest level of knockdown in both cell lines (Fig. 1E;
Supplemental Fig. S2A). We then examined the effect of
CPSF3 knockdown on cell proliferation and colony forma-
tion capability. CPSF3 knockdown significantly attenuated
proliferation as compared with shNTC controls in both Mia-
PaCa2 and Panc1 cells (Fig. 1F).CPSF3 knockdown also sig-
nificantly decreased colony formation (Supplemental Fig.
S2B,C). In both the proliferation and colony formation as-
says, and in both PDAC cell lines, sh1 CPSF3 had the
strongest phenotype, consistent with higher levels of
CPSF3 knockdown. In contrast, knockdown of CPSF3 in im-
mortalized HPNE cells had no effect on proliferation
(Supplemental Fig. S2D,E). Next, we sought to determine
the requirement for CPSF3 in PDAC tumor growth in vivo.
We implanted MiaPaCa2 cells (either shNTC or sh1
CPSF3, 5×105 per mouse) subcutaneously into the flanks
of NOD/SCID/IL2Rγ−/− (NSG) mice. CPSF3 knockdown tu-
mors grew significantly slower, and weighed significantly
less at the end point, than shNTC tumors (Fig. 1G;
Supplemental Fig. S3A,B). No changes in tumor histopa-
thology were noted by hematoxylin and eosin (H&E) stain-
ing (Supplemental Fig. S3C). Immunohistochemical (IHC)
analysis revealed that CPSF3 knockdown was maintained

in vivo (Supplemental Fig. S3D). Finally, IHC for Ki67 re-
vealed a significant decrease in proliferation in CPSF3
knockdown tumors as compared with shNTC controls
(Supplemental Fig. S3E). Overall, these data support the re-
quirement for CPSF3 in PDAC cell proliferation and tumor
growth.

PDAC cells are sensitive to the chemical inhibition
of CPSF3

CPSF3 was recently identified as the target for the small
molecule JTE-607. JTE-607 is a prodrug that, when me-
tabolized by the ester hydrolyzing enzyme carboxylester-
ase 1 (CES1), binds to CPSF3 and inhibits its catalytic
activity, impairing the processing of newly synthesized
mRNAs (Ross et al. 2020). As genetic depletion of CPSF3
attenuated PDAC cell proliferation (Fig. 1), we hypothe-
sized that pharmacologic inhibition of CPSF3 with JTE-
607 could represent a novel therapeutic approach in
PDAC. We therefore examined the sensitivity of multiple
human pancreatic cell lines, both immortalized control
cells and PDAC, to JTE-607 in a 72-h dose–response cell
viability assay. Immortalized control pancreatic epithelial
cells (HPNE, IC50=130.4 μM; HPDE, IC50=60.11 μM)
and human cancer-associated fibroblast cell lines (C7
CAF, IC50=70.04 μM; PancPat CAFs, IC50=114.2 μM)
were not sensitive to JTE-607 (Fig. 2A,B). In contrast,

A
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FIGURE 1. CPSF3 is highly expressed in PDAC and is required for PDAC cell proliferation. (A) CPSF3mRNA expression from CPTAC PDAC pa-
tient data. Whiskers indicate minimum and maximum data points. (∗∗∗) P<0.0001, ordinary one-way ANOVA with Tukey multiple comparisons
test. (B) CPSF3mRNA expression from PDAC patient data (TCGA) as compared to normal pancreas (GTEx). Whiskers indicate minimum andmax-
imumdata points. (∗∗∗) P<0.0001, unpaired t-test withWelch’s correction. (C ) Immunoblot of CPSF3 in immortalized control pancreatic epithelial
cells (black) and PDAC cells (red). (D) Kaplan–Meier survival curves of PDAC patients with high (red) and low (blue)CPSF3mRNA levels. Data were
obtained from the CPTAC database. (E) Immunoblot of CPSF3 in shNTC, sh1, and sh2 CPSF3 knockdown cells. (F ) Proliferation rates at days 0, 2,
4, and 6 of shNTC (blue), sh1 (orange), and sh2 (green) CPSF3 knockdown cells. (∗∗) P<0.01, (∗∗∗) P<0.001; two-way ANOVAwith Dunnett’s mul-
tiple comparisons test. (G) Mean tumor volume (mm3) of CPSF3 knockdown (orange) and control (blue) MiaPaCa2 tumors. (∗∗∗) P<0.001, two-way
ANOVA.
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human PDAC cell lines displayed a range of sensitivities to
JTE-607, with Panc1 cells being the most sensitive (IC50=
2.163 μM) (Fig. 2A). Importantly, the relationship between
cell line doubling time and JTE-607 sensitivity shows that
sensitivity to JTE-607 was associated with proliferation
rate (Fig. 2C). Next, we determined the effect of JTE-607
on cell proliferation by treating cells with increasing con-
centrations of JTE-607 and assessing cell viability in a
time-dependent fashion (Fig. 2D,E). JTE-607 had no effect
on proliferation in HPNE cells (Fig. 2D). However, the pro-
liferation of MiaPaCa2 and Panc1 PDAC cells was signifi-
cantly attenuated by JTE-607, in a dose-dependent
manner (Fig. 2E). Finally, we tested the effect of JTE-607
on colony formation in PDAC cell lines. JTE-607 signifi-
cantly decreased colony formation in all PDAC cell lines
tested (Fig. 2F; Supplemental Fig. S4A–D). Therefore,
JTE-607 selectively attenuates the proliferation of PDAC
cells over immortalized control pancreatic cells.

mRNA 3′′′′′-end processing is distinct between
knockdown and chemical inhibition of CPSF3

Because JTE-607 inhibits CPSF3 catalytic activity without in-
ducing target degradation, we sought to understand if the
function of CPSF3 is distinct between knockdown and inhi-
bition. As CPSF3 is an integral component of the CPA com-
plex and the HCC (Wagner et al. 2007; Sullivan et al. 2009b;

Yang et al. 2020), we hypothesized that CPSF3 disruption
would affect both APA and histone mRNA processing. To
test this hypothesis, we subjected CPSF3 knockdown and
JTE-607-treated Panc1 cells to RNA-sequencing (whole
transcriptome sequencing with ribosomal RNA depletion
and primed with random priming). Next, we performed
APA analysis using polyAMiner-Bulk to uncover significantly
altered changes in 3′-UTR length (Yalamanchili et al. 2020;
Jonnakuti et al. 2023). Briefly, polyAMiner-Bulk detects
APA alterations from bulk RNA-seq data (see Materials
and Methods for details) by generating a poly(A) index
score (PolyAIndex) for each gene based on the relative
abundances of 3′-UTR long and short forms. Cleavage at
a proximal polyadenylation signal (pPAS) generates a short
3′ UTR, while cleavage at a distal polyadenylation signal
(dPAS) generates a long 3′ UTR. A negative PolyAIndex in-
dicates a shortening event, and a positive PolyAIndex indi-
cates 3′-UTR lengthening. To identify differential APA
genes (DAGs) with minimum false positives/negatives and
better understand the differences between knockdown
and inhibition, we chose a stringent PolyAIndex threshold
(−0.5>PolyAIndex>0.5; Padj <0.05) (Supplemental Table
S1). In the CPSF3 knockdown cells, PolyAMiner-Bulk de-
tected 85 significant DAGs, of which 43 genes underwent
3′-UTR lengthening (PolyAIndex>0.5; Padj <0.05) and 42
genes underwent 3′-UTR shortening (PolyAIndex<−0.5;
Padj <0.05) (Supplemental Fig. S5A). In the CPSF3

CBA

D E F

FIGURE 2. PDAC cell lines are sensitive to CPSF3 inhibition by JTE-607. (A) IC50 of JTE-607 on immortalized control (HPNE and HPDE) and
PDAC (MiaPaCa2, Panc1, Suit2, BxPC3) cell lines after 72 h of treatment. (B) IC50 of JTE-607 on human fibroblast C7 and PancPat CAFs after
72 h of treatment. (C ) Association between doubling time and IC50 of JTE-607 in pancreatic cell lines. Red denotes PDAC cells while black de-
notes immortalized control cell lines. R2= 0.4995. (D, E) Proliferation rates at days 0, 2, 4, and 6 of immortalized control and PDAC cell lines after
treatment with escalating concentrations of JTE-607. (∗) P<0.05; two-way ANOVA with Dunnett’s multiple comparisons test. Data are shown as
mean±SEM. (F ) Clonogenic growth assay of PDAC cell lines after treatment with increasing concentration of JTE-607.
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inhibition model, PolyAMiner-Bulk detected 174 significant
DAGs, of which 138 underwent 3′-UTR lengthening (Poly-
AIndex>0.5; Padj<0.05) and 36 genes underwent 3′-UTR
shortening (PolyAIndex<−0.5; Padj <0.05) (Supplemental
Fig. S5B). Of note, JTE-607 treatment exhibited more
DAGs than CPSF3 knockdown, with genes undergoing
lengthening events being the most predominant. Surpris-
ingly, however, the DAGs identified in both CPSF3 knock-
down and inhibition do not converge, with only two
shared DAGs altered in the same direction between both
conditions (Supplemental Fig. S5C).
To determine if these distinct patterns are due to differ-

ences in CPA complex stability upon CPSF3 knockdown
or inhibition, we performed immunoprecipitation (IP) exper-
iments to pull downmultiple CPA complexes. The CPAma-
chinery is composed of multiple complexes including the
CPSF complex, the cleavage stimulation factor (CSTF) com-
plex, and the cleavage factor (CFI and CFII) complexes.
The CPSF complex forms two subcomplexes, the mamma-
lian polyadenylation specificity factor (mPSF) containing
CPSF1, WDR33, FIP1, and CPSF4, which recognizes the
AAUAAA PAS, and the mammalian cleavage factor (mCF)
subcomplex containing CPSF2, CPSF3, and Symplekin,
which possesses endonucleolytic activity (Shi and Manley
2015).We found thatCPSF3 knockdown, but not inhibition,
destabilizes the CPA complex (Supplemental Fig. S6A–C).
The amount of CPSF2 andCPSF3 bound toCPSF4 decreas-
es upon CPSF3 knockdown, consistent with their hetero-
dimer function (Supplemental Fig. S6A). The other CPA
factors probed show increased basal protein levels upon
CPSF3 knockdown (Supplemental Fig. S6A, input columns).
Protein levels of CSTF2 and NUDT21, which bind to U/GU-
rich elements downstream from PAS and UGUA-rich ele-
ments upstream of PAS, respectively, both increase upon
CPSF3 knockdown. Therefore, the stability of the CPA com-
plex uponCPSF3 knockdownmay at least partially be attrib-
uted to dysregulated basal protein levels of multiple CPA
factors. On the other hand, CPSF3 inhibition did not affect
the stability or basal protein levels of CPA complexes
(Supplemental Fig. S6B). Of note, knockdown or inhibition
of CPSF3 did not largely affect CPA factor expression on
the mRNA level (Supplemental Fig. S6D,E), indicating that
the effect of CPSF3 knockdown on CPA factor expression
is not transcriptional.
To better understand the difference between knockdown

and inhibition, we next askedwhich type of cis-elements are
regulated in both conditions, thus influencing PAS selec-
tion. Multiple cis-elements have been shown to promote
APA in an opposing manner. For example, the CPA factor
FIP1 binds to an A-rich sequence upstream of the canonical
AAUAAA PAS (upstream sequence element, or USE) and
promotes the usage of proximal PASs, thus inducing the
shortening of genes (Lackford et al. 2014). In contrast,
NUDT21, the small subunit of cleavage factor 1, binds to
UGUA-containing USE. When binding to UGUA-containing

USE near distal PASs, NUDT21 prevents the CPSF subunits
from interacting with proximal PASs, thus inducing length-
ening of genes (Brown and Gilmartin 2003; Martin et al.
2012). To address the 3′-end processing differences be-
tween knockdown and inhibition, we performed two inde-
pendent motif enrichment analyses. First, we examined
the distribution of the UGUA motif within the 3′ UTR of
genes that underwent shortening in both conditions. We
found significant enrichment for UGUA motifs near distal
PASs (∼25–50 bp upstream) compared to the proximal
PASs within the 3′ UTR of genes that exhibit shortening
changes following CPSF3 knockdown (Supplemental Fig.
S7A, pink highlight). These results indicate that CPSF3
strongly binds at distal PASs of the unique 3′-UTR shortened
genes and that CPSF3 knockdown shifts this PAS selection
to a proximal PAS. On the other hand, CPSF3 inhibition by
JTE-607 did not show consistent distribution patterns of the
UGUAmotif (Supplemental Fig. S7B), suggesting that enzy-
matic inhibition of CPSF3 may rely on other cis-elements to
direct PAS selection. To identify which cis-elements are en-
riched upon both CPSF3 knockdown and inhibition in an
unbiased manner, we selected the genes that are uniquely
identified as undergoing 3′-UTR lengthening or shortening
in both experiments and performed motif enrichment anal-
ysis within the 100 bp upstream and downstream (50 bp in
each direction) of the most proximal and most distal PASs
(refer to Materials and Methods in the Supplemental file
for more details). We found distinct motif enrichment across
CPSF3 knockdown and inhibition at both proximal and dis-
tal PASs (Supplemental Fig. S7C,D). For example, genes un-
dergoing shortening upon CPSF3 knockdown were
enriched for the canonical PAS AATAAA within the pPAS
(Supplemental Fig. S7C, pink highlight). In contrast, a similar
AATAAA sequencewas enrichedwithin the pPAS of length-
ened genes upon JTE-607 treatment (Supplemental Fig.
S7D, blue highlight). The fact that CPSF3 knockdown and
inhibition DAGs show the consensus AATAAA signal in dis-
tinct sets (lengthened and shortened, respectively) sug-
gests diverse polyadenylation site selection. This is also
substantiated by the poor overlap of CPSF3 knockdown
and inhibition DAGs shown in Supplemental Figure
S5C. Therefore, this difference suggests selection for differ-
ent PASs, thus supporting the notion that CPSF3 knock-
down and inhibition differentially affect the site of
polyadenylation.

JTE-607 inhibits expression of replication-
dependent histones

We next sought to understand the mechanism by which
CPSF3 disruption attenuates PDAC cell proliferation.
Recently, we reported widespread APA shortening events
in PDAC patients that are associated with oncogenic func-
tions (Venkat et al. 2020). Therefore, we asked whether
CPSF3 disruption would reverse the APA patterns of those
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growth-promoting genes. However, neither CPSF3 knock-
down nor inhibition altered the APA patterns of these
genes (Supplemental Fig. S8A). In fact, few genes were al-
tered on both the APA and gene expression levels by ei-
ther CPSF3 knockdown or inhibition (Supplemental Fig.
S8B). These data suggest that PDAC phenotype is mediat-
ed by other mechanisms in our cell linemodels. In addition
to CPA, CPSF3 controls histone mRNA processing as part
of the HCC. Therefore, we sought to understand whether
CPSF3 disruption affects histone processing in PDAC cells.
We performed differential gene expression analysis and
were intrigued to find that numerous histone genes were
significantly down-regulated upon JTE-607 treatment
(Fig. 3A, blue-labeled genes). Gene set enrichment analy-
sis (GSEA) also demonstrated a dysregulation in many his-
tone-related pathways, including histone methylation,
acetylation, and deacetylation (Supplemental Fig. S9A).
However, CPSF3 knockdown did not affect histone gene
expression in our cell line model (Supplemental Fig.

S9B). In fact, the discrepancies between CPSF3 knock-
down and inhibition extend to the overall differential
gene expression with only 119 genes being differentially
expressed in both conditions (Supplemental Fig. S9C).

Histone genes are classified into two classes: replication-
independent (RI) and RD histones. RI histones are
processed on their mRNA 3′ end by CPA and therefore pol-
yadenylated. In contrast, RD histone mRNAs are processed
by the HCC and are not polyadenylated (Marzluff et al.
2008). RD histones are actively transcribed during DNA rep-
lication and are important for the proliferation of dividing
cells. The majority of the differentially expressed histones
upon CPSF3 inhibition with JTE-607 were RD histones. In
contrast, RI histones were not down-regulated by JTE-607
(Fig. 3B). To validate the JTE-607-induced decrease in RD
histones in another PDAC cell line, we assessed mRNA lev-
els of two RD histones (HIST1H2BC and HIST1H3B) in
MiaPaCa2 cells using RT-qPCR. Similar to Panc1 cells,
JTE-607 reduced RD histone mRNA levels in MiaPaCa2

A B

C

D E

FIGURE 3. JTE-607 decreases gene expression of RD histones. (A) Heatmap of top differentially expressed genes after 24 h of 10 µM JTE-607
treatment. RD histones are colored in blue. Expression is plotted as transformed expression value. (B) DSeq2 normalized counts of H3F3A and
H2AZ1 histone variants (RI) in Panc1 cells treated with 10 µM JTE-607 for 24 h. (∗∗) P<0.001. (C ) mRNA expression of H2B (HIST1H2BC) and H3
(HIST1H3B) in MiaPaCa2 cells treated with JTE-607. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001, ordinary one-way ANOVA with Dunnett’s multiple
comparisons test. (D, E) Survival analyses of low (blue) and high (red) expression of the RD histone signature (50 genes) in the TCGA-PAAD data
set. Signature genes were uploaded to GEPIA2 to assess disease-free (D) and overall survival (E) based on median.
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(Fig. 3C). Therefore, JTE-607 treatment decreases the ex-
pression of RD histones. Finally, we sought to determine if
RD histone expression predicts patient outcomes. We gen-
erated a signature by selecting 50RDhistones and assessed
PDACpatient survival based on gene expression.We found
that high levels of RD histones are associated with worse
disease progression (P=0.031, hazard ratio=1.6) and
poor overall survival (P=0.0072, hazard ratio=1.8) in
PDAC patients (Fig. 3D,E). Collectively, these results indi-
cate that JTE-607 preferentially down-regulates RD
histones.

JTE-607 induces RD histone readthrough
preferentially in PDAC cells

Disruption of the HCC has been shown to induce transcrip-
tional readthrough of histone transcripts (Wagner et al.
2007; Romeo et al. 2014). While several studies have dem-
onstrated a role for CPSF3 in histone processing (Wagner
et al. 2007; Sullivan et al. 2009b; Yang et al. 2013, 2020),
the effect of chemical inhibition of CPSF3 activity on histone
mRNA processing has never been biologically determined.
We therefore sought to investigate whether CPSF3 inhibi-
tion induces transcriptional readthrough experimentally by
RT-qPCR. We picked two RD and two RI histones that
show differences beyond their 3′-end boundaries for exper-

imental validation (Supplemental Fig. S10A,B). We then de-
signed PCR primers to amplify different regions within and
beyond the boundaries of the 3′ UTR (Supplemental Fig.
S10C). We found that 24 h JTE-607 treatment significantly
induced transcriptional readthrough (up to ∼20-fold
change) of RD histones in Panc1 cells (Fig. 4A). However,
the effect of JTE-607 on transcriptional readthrough in
HPNEcells wasminimal (Fig. 4A). In fact, 2 h of JTE-607 treat-
ment were enough to induce transcriptional readthrough
levels in Panc1 cells comparable to those in HPNE cells after
24 h of treatment (Fig. 4A,B). Importantly, JTE-607 did not
induce transcriptional readthrough of RI histones at early or
late time points in both Panc1 and HPNE cells (Fig. 4C,D).
We then validated the transcriptional readthrough in another
cell line model, MiaPaCa2, in a dose-dependent manner
(Supplemental Fig. S10D,E). We show that JTE-607 induces
significant levels of readthrough in RD histones as compared
to RI histones. As CPSF3 knockdown did not affect histone
mRNA levels, we aimed to further delineate the differences
between knockdown and inhibition in inducing transcription-
al readthrough. We found that long-term knockdown of
CPSF3 by short-hairpin RNA (shRNA) did not induce tran-
scriptional readthrough in both RD and RI histones
(Supplemental Fig. S10F). Because stable long-term knock-
down can force cells to adapt, we asked whether short-
term knockdown of CPSF3 can recapitulate the JTE-607

A

C D

B

FIGURE 4. JTE-607 induces RD histone transcriptional readthrough. (A, B) Quantification of RD histone readthrough in Panc1 and HPNE cells
after 24 h (A) and 2 h (B) of 10 µM JTE-607 treatment by RT-qPCR. Data were normalized to DMSO controls (dashed horizontal line). (∗) P<
0.05, (∗∗) P<0.01, (∗∗∗) P<0.001; two-way ANOVA with Sidak’s multiple comparisons test. (C, D) Quantification of RI histone readthrough in
Panc1 and HPNE cells after 24 h (C ) and 2 h (D) of 10 µM JTE-607 treatment by RT-qPCR. Data were normalized to DMSO controls (dashed hor-
izontal line). (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001; two-way ANOVA with Sidak’s multiple comparisons test.
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effect on transcriptional readthrough. We transiently si-
lenced CPSF3 using small-interfering RNA (siRNA)
(Supplemental Fig. S10G) and found that CPSF3 silencing
did not induce transcriptional readthrough in both RD and
RI histones (Supplemental Fig. S10H). Improperly processed
histone mRNAs fail to be exported into the cytoplasm for
translation, leading to decreased protein levels (Sullivan
et al. 2009a,b; Romeo et al. 2014). Therefore, we examined
RDhistoneprotein levels upon JTE-607 treatment and found
that JTE-607 reduced both H3 and H2B protein levels in a
dose- and time-dependent fashion in Panc1 but not HPNE
cells (Supplemental Fig. S10I,J). Next, we determined
whether histonedysregulationmight be transcriptionallyme-
diated by dysregulation of transcription factors at the levels
of APA or gene expression. We used MotifMap, an integra-
tive genome-wide map of regulatory motif sites, to find pu-
tative transcription factors regulating the expression of RD
histones (Daily et al. 2011). We found 51 transcription factors
that have strong binding sites (1000 bp upstream of tran-
scription start site; FDR<0.05) within RD histone promoters
(Supplemental Table S2). However, these histone transcrip-
tion factors are neither APA altered nor differentially ex-
pressed upon JTE-607 treatment (Supplemental Fig. S10K,
L). Taken together, these findings indicate that JTE-607 de-
creases RD histone expression by promoting transcriptional
readthrough.

JTE-607 destabilizes chromatin and blocks cell cycle
progression

As RDhistones are required for nucleosome assembly (Gun-
jan et al. 2005; Groth et al. 2007; Marzluff et al. 2008;
Günesdogan et al. 2014), we hypothesized that JTE-607
would dysregulate chromatin dynamics. Gene ontology
analysis of down-regulated genes upon JTE-607 treatment
showed an enrichment for chromatin-related processes in-
cluding chromatin assembly, nucleosome assembly, and
nucleosome organization (Supplemental Fig. S11A). There-
fore, we performed a micrococcal nuclease (MNase) assay
to assess relative chromatin condensation. Using chromatin
DNA, MNase digests open DNA regions that are not stably
bound by proteins, thus producing nucleosome fragmenta-
tion patterns that are indicators of whether chromatin is in a
condensed or relaxed state. The chromatin destabilizing
agent CBL0137 was used as a positive control (Xiao et al.
2021). Panc1 cells treated with JTE-607 or CBL037 dis-
played rapid and complete chromatin digestion, as com-
pared with DMSO-treated cells (Fig. 5A). After 30 min of
incubation, MNase digestion released more mononucleo-
somes in JTE-607 (∼4×103 normalized FU) as compared
to DMSO (∼1.2×103 normalized FU) (Supplemental Fig.
S11B–E). Because HPNE cells are insensitive to JTE-607
(Fig. 2A,D), we sought to determine the impact of CPSF3 in-
hibition on chromatin structure in HPNE cells. In contrast to
Panc1 cells, HPNE cells treated with JTE-607 or CBL037

showed no chromatin digestion as compared with DMSO-
treated cells (Fig. 5B). In fact, the amount of digested
mononucleosomes in HPNE cells with all treatments is com-
parable to DMSO-treated Panc1 cells (Supplemental Fig.
S11F–I). These results suggest that JTE-607preferentially tar-
gets cells that are in high demand for histone supplies. To as-
sess chromatin destabilization in a living cell, we utilized the
HeLa-TI cell linemodel that has a silencedGFP reporter with-
in a heterochromatic region of the genome. Treatment of
these cells with chromatin destabilizing agents, including
CBL0137, allows derepression of GFP silencing. Therefore,
we monitored GFP expression in HeLa-TI cells upon JTE-
607 treatment by both fluorescencemicroscopy and flow cy-
tometry. Cells treated with JTE-607 induced GFP expression
to levels comparable with CBL0137 in a dose- and time-de-
pendent manner (Fig. 5C–E).

Finally, we sought to determine how JTE-607 led to de-
fects in cell viability. As RD histones are required for cell cy-
cle progression, we assessed the effects of JTE-607 on cell
cycle distribution. In immortalized control HPNE cells, JTE-
607 had no impact on cell cycle distribution (Fig. 6A,B). In
contrast, JTE-607 arrested Panc1 andMiaPaCa2 PDAC cells
in the S-phase of the cell cycle within 24 h (Fig. 6A,B). To
determine the impact of CPSF3 knockdown on the cell cy-
cle, we transiently knocked down CPSF3 with siRNA in
HPNE and Panc1 cells (Supplemental Figs. S2D and
S10G). CPSF3 knockdown-induced cell cycle arrest in
Panc1 cells with minimal effect on HPNE cells (Fig. 6C,D).
However, unlike CPSF3 inhibition-induced cell cycle arrest
at S-phase, CPSF3 knockdown cells are arrested at G2
(Fig. 6D; Supplemental Fig. S12A,B). This pattern of cell cy-
cle arrest is different from that inducedby JTE-607 anddoes
not resemble cell cycle arrest induced by histone defects in
previous studies. This indicates that CPSF3 knockdown-in-
duced phenotype is indeed distinct from CPSF3 inhibition.
To more specifically investigate the timing and extent of S-
phase arrest upon JTE-607 treatment, we examined BrdU
incorporation in a time-dependent manner (Fig. 6E). We
found that JTE-607 arrests cells in the early to mid-S-phase
of the cell cycle within 8 h. By 24 h, the majority of cells are
arrested in S-phase. As arrest in S-phase in transformed cells
can result in cell death, we assessed whether JTE-607 in-
duces apoptosis in our PDAC cells by measuring caspase-
3 and -7 activities. We found that JTE-607 did not signifi-
cantly induce apoptosis at time points where cells are
mainly arrested at S-phase as compared with the positive
control Doxorubicin (Supplemental Fig. S13A–F). Overall,
JTE-607 destabilizes chromatin and attenuates PDAC cell
proliferation through S-phase cell cycle arrest.

DISCUSSION

Our study has several clinical implications. First, we show
that CPSF3 expression is dysregulated in PDAC and high
expression correlates with poor prognosis. This is
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consistent with similar findings across the cancer land-
scape, where CPSF3 has been reported to be a predictor
of unfavorable prognosis in lung and liver cancers (Ning
et al. 2019; Li et al. 2021). While several studies have ex-
perimentally manipulated various mRNA processing fac-
tors and determined the phenotypic impacts, little is
known about the function of CPSF3 in disease, particularly
cancer. This is noteworthy for several reasons. First, CPSF3
is the enzymatic component of the CPA and histonemRNA
processing machineries, and is thus a potentially drug-

gable target. Second, despite acting in the same complex,
the knockdown of other CPA and histone mRNA process-
ing factors can have opposing impacts on APA and his-
tones as well as cellular phenotypes (Tan et al. 2017;
Chen et al. 2018; Park et al. 2018; Pettinati et al. 2018;
Zhang and Zhang 2018; Fang et al. 2020; Li et al. 2020).
Recently, homozygosity in CPSF3 missense variants was
found to cause intellectual disability and embryonic lethal-
ity in humans. However, these phenotypes were complete-
ly absent in the heterozygous carriers (Arnadottir et al.

A B

C D

E

FIGURE 5. JTE-607 induces chromatin instability selectively in PDAC cells. (A) MNase assay of Panc1 cells treated with 10 µM JTE-607 or 1 µM
CBL0137. (B) MNase assay of immortalized HPNE control cells treated with the CPSF3 inhibitor JTE-607 (10 µM) or CBL0137 (1 µM). (C ) GFP+
HeLa-TI cells following 10 µM JTE-607 or 1 µM CBL0137 treatment. (D) Fold change of GFP+HeLa-TI from C. (∗∗∗) P<0.0001; two-way ANOVA
with Tukey’s multiple comparisons test. (E) Flow cytometry analysis of GFP+HeLa-TI cells following 10 µM JTE-607 or 1 µM CBL0137 treatment.
Fold change is shown as mean±SEM of two independent experiments. (∗∗) P<0.01, (∗∗∗) P<0.0001, ordinary one-way ANOVAwith Tukey’s mul-
tiple comparisons test.
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2022). In cancer cell line models, CPSF3 is essential for cell
proliferation when knocked out completely by CRISPR;
however, CPSF3 is not an essential gene upon shRNA-me-

diated partial knockdown (www.depmap.org). This sug-
gests that pharmacological targeting of such an essential
gene may be biologically feasible. In support of this

A

B

E

D

C

FIGURE6. JTE-607 impairs cell cycle progression by inducing S-phase arrest. (A,B) Cell cycle distribution and quantification of HPNE,MiaPaCa2,
and Panc1 cell lines treated with 1–10 µM JTE-607. (∗) P<0.05, (∗∗) P<0.001, (∗∗∗) P<0.0001, two-way ANOVAwith Dunnett’s multiple compar-
isons test. (C, D) Cell cycle distribution and quantification of HPNE and Panc1 cell lines upon transient CPSF3 knockdown by siRNA after 24 h of
transfection. (siCTL) Nontargeting control siRNA. (∗) P<0.01, (∗∗) P<0.001, two-way ANOVA with Dunnett’s multiple comparisons test.
Quantification in B and D is the number of cells in the S-phase. (E) BrdU incorporation assay showing cell cycle population upon JTE-607 treat-
ment. The lower left quadrant represents the G1 population. The lower right quadrant represents the G2 population. The top two quadrants rep-
resent S-phase populations; early S-phase (left) and late S-phase (right).
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hypothesis, we show that knockdown of CPSF3 blocks
PDAC cell proliferation and tumor growth. However,
CPSF3 knockdown does not affect cell proliferation of im-
mortalized control cells suggesting its essentiality in highly
proliferative cells. This is consistent with a recent report
where sensitivity to CPSF3 inhibition is determined by
high CPA activity and proliferation rate (Cui et al. 2023).
Furthermore, we show that CPSF3 inhibition does not im-
pair cell cycle progression or proliferation of immortalized
control pancreatic epithelial cells, and the CPSF3 inhibitor
JTE-607 is nontoxic in humans. Therefore, inhibition of
CPSF3 may preferentially target transformed cells.
Recently, two groups independently demonstrated that

CPSF3 is the target of the small molecule JTE-607 (Kake-
gawa et al. 2019; Ross et al. 2020). JTE-607 was first identi-
fied over 20 yr ago as a cytokine synthesis inhibitor;
however, the direct molecular target remained elusive. De-
spite the lack of a defined mechanism, JTE-607 was tested
in a Phase I dose-escalation trial in healthy human volun-
teers, with no serious adverse effects (Borozdenkova et al.
2011). Therefore, despite inhibiting an essential enzyme re-
sponsible for processing pre-mRNAs, JTE-607 is not uni-
formly toxic in humans. This property, coupled with our
data demonstrating JTE-607’s antiproliferative effects on
cancer cells, supports the contention that targeting CPSF3
is a feasible prospect in PDAC. In humans, endotoxin-in-
duced production of C-reactive protein, IL-10, and IL-1ra
was inhibited by JTE-607 (Borozdenkova et al. 2011). In an-
imal models, JTE-607 inhibited the production of proin-
flammatory cytokines, prevented endotoxin shock, and
attenuated artificially induced lung and heart injury (Kaku-
tani et al. 1999; Ryugo et al. 2004; Asaga et al. 2008).
JTE-607 has also been used in models of AML and Ewing’s
sarcoma and showed growth inhibitory activity both in vitro
and in vivo (xenograft models) (Uesato et al. 2006; Tajima
et al. 2010; Ross et al. 2020). However, these studies were
limited to leukemia and sarcoma models, with no efficacy
shown for epithelial-derived tumors. Therefore, the poten-
tial for CPSF3 as a therapeutic target in adenocarcinoma
was an open question. Now, we show that JTE-607 prefer-
entially blocks the proliferation of PDAC cell lines, sparing
immortalized control cell lines, including epithelial cells
and fibroblasts. The mechanisms underlying this difference
in sensitivity are currently unknown but may relate to vari-
ability in basal proliferation rate. We tested this hypothesis
and showed that sensitivity to JTE-607 is associated with
cells’ proliferative state. As JTE-607 is a pro-drug that re-
quires intracellular activation by CES1, it is possible that dif-
ferences in activation of the drug between different cell
lines determine the strength of proliferative inhibition. How-
ever, JTE-607 sensitivity was found to be independent of
CES1 expression levels (Ross et al. 2020). Finally, even
though JTE-607 was first described as an inhibitor of cyto-
kine synthesis, our RNA-seq analysis did not show an enrich-
ment of such pathways. One possible explanation is that

JTE-607 action is cell type dependent. The effects of JTE-
607 in different cellular contexts and cell states warrant fur-
ther investigation.
While several recent reports have linked CPSF3 loss to

defects in tumor cell growth, no study has mechanistically
connectedCPSF3 to APA dysregulation. Genetic manipula-
tion of CPA factors has been shown to alter APA patterns,
dysregulate gene and protein expression, and drive cancer
phenotypes (Masamha et al. 2014; Zhang et al. 2017; Brum-
baugh et al. 2018; Chen et al. 2018; Park et al. 2018; Tan
et al. 2018; Zhang and Zhang 2018; Chu et al. 2019; Xiong
et al. 2019; Fang et al. 2020; Li et al. 2020, 2021). However,
APA dynamics upon inhibition of CPSF3 activity has not
been investigated. We now demonstrate that both CPSF3
knockdown and inhibition result in APA in PDAC cells. Strik-
ingly, CPSF3 influences APA in distinct patterns based on
the mode of disruption. DAGs upon CPSF3 knockdown
and inhibition are different with only two genes commonly
altered in both conditions. Additionally, we find that CPSF3
inhibition induces more lengthening events than CPSF3
knockdown. While such observation has not been reported
for CPSF3, this finding is consistent with a previous study
whereCLP1, another CPA factor,mediates distinct CPApat-
terns when lost versus when mutated (LaForce et al. 2022).
The mechanistic differences underlying the CPSF3 knock-
down and inhibition effects raise several important ques-
tions. As CPSF3 is an integral subunit of the CPA
complex, the effect of CPSF3 knockdown and inhibition
on the proper recruitment of other complex components
was not previously known. We demonstrated that CPSF3
knockdown, but not inhibition, may alter the stability of
CPA complex components. Importantly, however, the dis-
crepancies between CPSF3 knockdown and inhibition ex-
tend to the expression of CPA factors at the protein, but
not the mRNA level. CPSF3 knockdown, but not inhibition,
dysregulates the protein expression of CPA factors. The fact
that basal protein levels of CPA factors are dysregulated
may explain the divergence in APA patterns and gene ex-
pression alterations. This conclusion, however, is limited
to the few probed CPA complex components, and further
study is required for the remaining CPA complex subunits.
Furthermore,whetherCPSF3 knockdownand inhibitiondis-
tinctly influence PAS selection has not beenpreviously stud-
ied. Here, we demonstrate that DAGs upon CPSF3
knockdown and inhibition possess different motifs sur-
rounding the PAS. Such differences have been shown to in-
fluence PAS selection thus inducing distinct APA patterns
(Brown and Gilmartin 2003; Martin et al. 2012). Although
CPSF3 knockdown and inhibition affect APA differently, it
remains difficult to delineate the molecular mechanism
solely by computational means. It is possible that limitation
of themotif algorithmmay account for the differences in the
enriched motifs.
JTE-607 attenuates cell proliferation in AML and Ewing’s

sarcoma through increasing R-loop formation and down-
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regulating the expression of DNA damage response genes
(Ross et al. 2020). R-loops are DNA:RNA hybrids that form
as a result of aberrant transcription, a characteristic of can-
cers with genetic rearrangements such as AML and Ewing’s
sarcoma (Gorthi et al. 2018; Luo et al. 2022). R-loops in-
crease in models with mRNA CPA defects (Stirling et al.
2012), suggesting that the sensitivity of AML and Ewing’s
sarcoma to JTE-607 may be a consequence of high basal
levels of R-loops, which eventually accumulate, leading to
DNA damage and genomic instability. In our study, GSEA
did not reveal changes in DNA damage response pathways
upon CPSF3 knockdown or inhibition in PDAC cells. There-
fore, we propose that CPSF3 regulates cell proliferation
through distinct mechanisms in AML and Ewing’s sarcoma
relative to PDAC. In PDAC cells, we find that JTE-607 im-
pairs the processing of proliferation-dependent (RD) his-
tone mRNAs. This is consistent with the role of CPSF3 in
the HCC (Sullivan et al. 2009b; Yang et al. 2013, 2020;
Sun et al. 2020; Gutierrez et al. 2021). Defects in the HCC
have been shown to reduce the availability of RD histones
(Zhao et al. 2004; Sullivan et al. 2009a,b; Armstrong and
Spencer 2021). However, prior to now, no studies have de-
scribed the effect of CPSF3 inhibition on HCC activity.
Depletion of many HCC genes led to an accumulation of
histone readthrough transcripts in the nucleus (Wagner
et al. 2007; Romeo et al. 2014). Similarly, we find extensive
transcript readthrough in RD histone mRNAs, but not RI his-
tone mRNAs upon JTE-607 treatment in PDAC cells. In ac-
cordance with a previous study, CPSF3 knockdown did not
induce RD transcriptional readthrough (Pettinati et al. 2018).
Importantly, neither CPSF3 knockdown nor inhibition-in-
duced histone transcriptional readthrough in immortalized
control cells. This is consistent with the notion that slowly
proliferating cells do not have high levels of RDhistone tran-
scription. In accordance with this model, we find that JTE-
607, but not CPSF3 knockdown, decreases mRNA levels
of core histones in PDAC cells. The failure of CPSF3 knock-
down to inhibit histone gene expression may be due to the
fact that a very small fraction of the total CPSF3 is present in
the low abundance histone processing complex, and that
complex may have a high affinity for the mCF subcomplex.
On the other hand, even though it is possible that the re-
duction in core histone mRNA levels with JTE-607 can be
attributed to defects in histone processing, a potential ex-
planation for such reduction in histone mRNA is that the
rate of cell growth has been reduced by JTE-607. Any
mechanism that slows cell growth will also reduce the levels
of histone mRNA. It is also possible that readthrough tran-
scription was only identified for RD histones in PDAC cells
because they are abundantly transcribed. Therefore, wheth-
er this reduction of core histone mRNA levels is a direct ef-
fect of the inhibition of CPSF3 on histonemRNA processing
requires further study. Additionally, although inhibition of
CPSF3 will result in the production of some unprocessed
histone mRNA (i.e., readthrough), it might also result in

some polyadenylated histonemRNAs, or misprocessed his-
tone mRNA (Lyons et al. 2016). Furthermore, it is possible
that there is a global transcriptional readthrough upon
CPSF3 knockdown and inhibition. Knockdown ofCPSF3 re-
sults in readthrough of most transcripts that are normally
polyadenylated (Eaton et al. 2018, 2020). In addition, JTE-
607 causes widespread transcriptional readthrough in
HeLa and HepG2 cells (Cui et al. 2023). However, because
these readthrough transcripts are very unstable, we were
not able to detect them in our bulk RNA-seq data. There-
fore, sequencing of nascent RNA is needed to assess the
global impact on transcriptional readthrough.

Several studies have shown the effect of 3′-end mRNA
processing on chromatin integrity. For example, JTE-607 in-
creases accumulation in R-loops, DNA damage, and thus
genomic instability (Ross et al. 2020). Additionally, inhibi-
tion of CPSF4 PAS recognition upon influenza infection by
the NS1 protein causes RNA Polymerase II readthrough
that leads to widespread changes in genome architecture
dependent on NS1 (Heinz et al. 2018). We demonstrate
that JTE-607 decreases core histone levels. Limited histone
supplies destabilize chromatin through disruption of nucle-
osome assembly (Günesdogan et al. 2014). Chromatin is
opened and destabilized since cells are in the S-phase rep-
licatingDNA and not producing enough histones to occupy
it. We find that JTE-607 destabilizes chromatin in PDAC but
not immortalized control cells, and derepresses heterochro-
matin-mediated gene expression silencing.

Expression of RD histones increases ∼30- to 50-fold dur-
ing DNA synthesis (Marzluff and Pandey 1988; Osley 1991).
The life cycle of these core histone genes starts late in G1
through the mid-S-phase of the cell cycle and degradation
occurs at the late S-phase (Marzluff et al. 2008; Mendiratta
et al. 2019). Silencing of the HCC core component FLASH
induces S-phase arrest in HeLa cells (Barcaroli et al. 2006).
We find that JTE-607 arrests cells in the S-phase of the
cell cycle, with cells slowly cycling through the early mid-
S-phase but failing to progress through the late S-phase.
This is consistent with a previous study where depletion of
the histone chaperone ASF1 disrupts progression through
mid to late S-phase (Groth et al. 2005). Importantly, silenc-
ing ofMBLAC1, an endonuclease selective for 3′ processing
of RD histone pre-mRNAs, significantly impairs cell cycle
progression during S-phase (Pettinati et al. 2018). In addi-
tion, the knockdown of CSTF2, a gene with dual functions
in CPA and histone pre-mRNA processing, delays progres-
sion through the S-phase, but its expression is highly de-
pendent on the cell cycle stage (Romeo et al. 2014). The
same study showed that CPSF3 expression is not cell cycle
regulated, suggesting that the histone phenotype we ob-
serve may be driven by CPSF3 inhibition and not merely a
consequence of cell cycle arrest. However, it is possible
that the effect of JTE-607 on histone mRNA levels is cell cy-
cle regulated since the arrest in the S-phase results in rapid
degradation of histone mRNA which would quickly lower

Alahmari et al.

292 RNA (2024) Vol. 30, No. 3



histonemRNA levels. AlthoughCPSF3 knockdown induced
cell cycle arrest, the pattern of cell cycle arrest is distinct
from that induced by JTE-607 in our study and by histone
disruption in previous reports.While ourmanuscript was un-
der review, a publication reported that JTE-607 leads to
DNA damage and S-phase crisis in HeLa and HepG2 cells
(Cui et al. 2023). While JTE-607 induced S-phase arrest in
PDAC cells, we did not see changes in DNA damage re-
sponse pathways upon CPSF3 knockdown or inhibition by
GSEA. In fact, JTE-607 did not induce significant levels of
apoptosis in our PDAC cells. Therefore, our findings sug-
gest that JTE-607 mediates its growth-attenuating pheno-
type by arresting cells in the S-phase, possibly through
reducing histone supplies thereby blocking cell cycle pro-
gression. In conclusion, our study has revealed the role of
CPSF3 in pancreatic cancer and uncovered a new mecha-
nism by which CPSF3 regulates cell proliferation.
There are several limitations to this study that warrant fur-

ther investigation. First, there are clearly changes in the lev-
els of some polyadenylated mRNAs which likely contribute
to the cell proliferation deficiency, as well as some changes
in APA which may contribute. Although around 1800 genes
are altered in expression, only a small number show changes
in APA. The contribution of CPSF3 inhibition to changes in
PAS selection and the resultant effect ongene expression re-
quire further study. Although CPSF3 knockdown and inhibi-
tion affect APA differently, it remains difficult to delineate
the molecular mechanism solely by computational means.
Additionally, a main limitation in comparing CPSF3 knock-
down and inhibition is that these approaches occur across
different timescales. While we address this for RD histone
readthrough, the different timescales may affect other ob-
served differences in the levels of gene expression and
APA. While our experiments detected transcriptional read-
through upon JTE-607 treatment, this does not necessarily
mean that those transcripts are unprocessed RNAs. Rather,
they fail to terminate RNA polymerase II but still they could
be processed, a possibility that needs further experimental
investigation. Also, it is possible that the limitation of themo-
tif algorithm may account for the differences in the consen-
sus signals. While our cell line models did not show APA
alterations of PDAC-associated genes, we think this may
be attributed to the heterogeneity of PDAC tumors, and
analysis of APA using patient-derived single-cell RNA-seq
data is underway to address this issue. Although CPSF3 is
an essential gene in all cells including immortalized control
cells, it is likely that the relatively slow-growing cells upon
CPSF3 knockdown have adapted to grow with reduced lev-
els of CPSF3. Furthermore, our analysis provides new insight
into the mechanisms underlying JTE-607 target specificity.
Next, it remains an openquestionhowJTE-607up-regulates
the expression of a subset of genes. It is a possibility that
JTE-607-induced relaxation of chromatin structure may re-
sult in aberrant transcription. Similarly, even though histone
mRNA transcription factors are not altered at the level of

APAor gene expression, open chromatin structuremay facil-
itate transcription of suppressors of histonemRNA transcrip-
tion, or interaction with suppressive elements. While these
transcription factors bind to histone gene promoters, the
fact that some of these are involved in the expression of
many other genes must be taken into consideration. Also,
it is important to keep in mind that histone gene transcrip-
tion requires cyclin E/cdk2 (Zhao et al. 2000), which itself is
a cell cycle regulator. Although the specificity of JTE-607
for CPSF3 has been supported by robust experimental vali-
dation in multiple studies, it is possible that off-target effects
may occur. However, we note that the effects of JTE-607 on
S-phase arrest and histone mRNA processing are similar to
those produced upon depletion of the HCC component
CSTF2 (Romeo et al. 2014).

MATERIALS AND METHODS

Full details on all methods are available in the Supplemental
Material.

Cell lines and in vitro culture

HEK293T, MiaPaCa2, Panc1, Suit2, Human immortalized C7 CAFs,
and PancPat CAFs cells were cultured in complete DMEM media.
Nontransformed pancreatic cell line HPNE and HPDE cells were
cultured in modified media. All cell lines were cultured at 37°C
with 5% CO2 and tested negative for mycoplasma.

Generation of CPSF3 knockdown cells

Cells were either stably knocked down using shRNA or transiently
silenced using siRNA.

RNA isolation and quantitative PCR

Cells were lysed with TRIzol reagent. RNA was then isolated and
cDNA was synthesized. qPCR was conducted with SYBR Green
PCR primers mixed with iTaq Universal SYBR Green Supermix
and run on the CFX Connect System (Bio-Rad).

Immunoblotting

Whole-cell lysates were lysed using RIPA lysis buffer with protease
inhibitors, boiled at 95°C for 5 min, and resolved by SDS-PAGE.
Proteins were transferred to nitrocellulose membranes, blocked
with 5% nonfat dry milk in 1× TBST, and incubated with primary
antibodies overnight at 4°C. Membranes were incubated with
HRP-conjugated secondary antibodies at room temperature for
1 h, and Pierce ECL Western Blotting Substrate was used for
chemiluminescent detection.

Proliferation and clonogenicity assays

For proliferation experiments, cells were seeded into a white
96-well plate, and cell proliferation was measured on days 0, 2,
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4, and 6. For clonogenicity assays, cells were seeded into a six-
well plate, and colony area was measured after 11 d.

Xenograft experiments

Animal experiments were approved by the Roswell Park
Institutional Animal Care and Use Committee. MiaPaCa2 cells in-
fected with shNTC and sh1 CPSF3 constructs were injected sub-
cutaneously into the flanks of 8-wk-old NOD/SCID/IL2Rγ−/−

(NSG) mice. Tumor volume was determined by caliper measure-
ments obtained in two dimensions and calculated as width2 ×
length/2 twice a week.

Cell cycle analysis

Cells were trypsinized, fixed with 70% ethanol, washed with 1×
PBS, and incubated with RNaseA at 37°C for 1 h. Propidium io-
dide was added and cells were analyzed by FACS at 488 nm.

BrdU incorporation assay

Cells were cultured and incubatedwith BrdU for 4 h, rinsed, trypsi-
nized, and permeabilized in 70% ethanol. Next, cells were pellet-
ed, and DNAwas hydrolyzed in 2N HCl and then neutralized with
0.1M sodium tetraborate. Cells were pelleted and incubated with
Anti-BrdU-FITC. Cell pellets were then washed and resuspended
in RNaseA and PI and incubated at room temperature for 30 min
in the dark. Cells were then analyzed by flow cytometry.

RNA-sequencing

For each condition, three biological samples were sequenced.
Cell pellets were collected and sent to Roswell Park Genomic
Shared Resources for RNA sequencing. Data were analyzed by
the Roswell Park Bioinformatics Shared Resource.

Bioinformatics analyses

Differential expression analyses were performed with DESeq2
(v1.36.0) (Love et al. 2014). For 3′-UTR, APA was analyzed using
PolyAMiner-Bulk (Jonnakuti et al. 2023). For motif enrichment
analysis, ungapped motifs of recurring fixed-length patterns in
our sequence data sets were called using the STREMEmethodol-
ogy (Bailey et al. 2015).

Statistical analyses

Experimental findings were obtained from at least two in-
dependent experiments. P<0.05 was considered statistically
significant.

DATA DEPOSITION

Sequencing data sets generated in this study have been depos-
ited into the NCBI Gene Expression Omnibus with the accession
number GSE252667 (GEO; https://www.ncbi.nlm.nih.gov/geo/).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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