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BACKGROUND & AIMS: It is not clear how pancreatic cancer
stem cells (CSCs) are regulated, resulting in ineffective
treatments for pancreatic cancer. PAF1, a RNA polymerase IIassociated factor 1 complex (PAF1C) component, maintains
pluripotency of stem cells, by unclear mechanisms, and is a
marker of CSCs. We investigated mechanisms by which PAF1
maintains CSCs and contributes to development of pancreatic
tumors. METHODS: Pancreatic cancer cell lines were engineered to knockdown PAF1 using inducible small hairpin
RNAs. These cells were grown as orthotopic tumors in
athymic nude mice and PAF1 knockdown was induced by
administration of doxycycline in drinking water. Tumor
growth and metastasis were monitored via IVIS imaging.
CSCs were isolated from pancreatic cancer cell populations
using ﬂow cytometry and characterized by tumor sphere
formation, tumor formation in nude mice, and expression of
CSC markers. Isolated CSCs were depleted of PAF1 using the
CRISPR/Cas9 system. PAF1-regulated genes in CSCs were
identiﬁed via RNA-seq and PCR array analyses of cells with

PAF1 knockdown. Proteins that interact with PAF1 in CSCs
were identiﬁed by immunoprecipitations and mass spectrometry. We performed chromatin immunoprecipitation
sequencing of CSCs to conﬁrm the binding of the PAF1 subcomplex to target genes. RESULTS: Pancreatic cancer cells
depleted of PAF1 formed smaller and fewer tumor spheres in
culture and orthotopic tumors and metastases in mice. Isolated CSCs depleted of PAF1 downregulated markers of
self-renewal (NANOG, SOX9, and b-CATENIN), of CSCs
(CD44v6, and ALDH1), and the metastasis-associated gene
signature, compared to CSCs without knockdown of PAF1.
The role of PAF1 in CSC maintenance was independent of its
RNA polymerase II-associated factor 1 complex component
identity. We identiﬁed DDX3 and PHF5A as proteins that
interact with PAF1 in CSCs and demonstrated that the PAF1–
PHF5A–DDX3 sub-complex bound to the promoter region of
Nanog, whose product regulates genes that control stemness.
Levels of the PAF1–DDX3 and PAF1–PHF5A were increased
and co-localized in human pancreatic tumor specimens,
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human pancreatic tumor-derived organoids, and organoids
derived from tumors of KPC mice, compared with controls.
Binding of DDX3 and PAF1 to the Nanog promoter, and the
self-renewal capacity of CSCs, were decreased in cells incubated with the DDX3 inhibitor RK-33. CSCs depleted of PAF1
downregulated genes that regulate stem cell features (Flot2,
Taz, Epcam, Erbb2, Foxp1, Abcc5, Ddr1, Muc1, Pecam1,
Notch3, Aldh1a3, Foxa2, Plat, and Lif). CONCLUSIONS: In
pancreatic CSCs, PAF1 interacts with DDX3 and PHF5A to
regulate expression of NANOG and other genes that regulate
stemness. Knockdown of PAF1 reduces the ability of orthotopic pancreatic tumors to develop and progress in mice and
their numbers of CSCs. Strategies to target the PAF1–PHF5A–
DDX3 complex might be developed to slow or inhibit progression of pancreatic cancer.
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WHAT YOU NEED TO KNOW
BACKGROUND AND CONTEXT
It is not clear how pancreatic cancer stem cells (CSCs) are
regulated, resulting in ineffective treatments for
pancreatic cancer. PAF1, a RNA polymerase IIassociated factor 1 complex component, maintains
stem cells and might be important for the function of
cancer stem cells.
NEW FINDINGS
In pancreatic CSCs, PAF1 forms a sub-complex that
regulates expression of genes that control stem cell
features. Knockout of PAF1 reduced the ability of
pancreatic tumors to develop and progress in mice and
numbers of CSCs.
LIMITATIONS

P

ancreatic cancer (PC) remains a highly aggressive
disease with the lowest 5-year survival rate among
cancers at only w9%.1 The current standard treatment
options are FOLFIRINOX (FOL, folinic acid; F, ﬂuorouracil;
IRIN, irinotecan; and OX, oxaliplatin) and nab-paclitaxelgemcitabine, which is effective in about 10% to 30% of
cases.2 The vast majority of cancer recurrence is believed to
be driven by subpopulations of tumor cells with “stem-like”
properties and potential for tumor regrowth, which are left
unharmed by multidrug chemotherapy regimens. These
cancer cells with stem-like properties are known as cancer
stem cells (CSCs).
The aggressiveness of PC, its resistance to standard
chemotherapy, and its ability to metastasize have been
attributed in part to a lack of effective strategies to
target pancreatic CSCs.3,4 Several subpopulations of PC
cells have been shown to be responsible for driving
tumorigenesis and mediating drug resistance and are
characterized by the expression of CD24þ/CD44þ/ESAþ,
CD133, cMet, aldehyde dehydrogenase (ALDH), DCLK1,
Musashi, PAF1, and RORg.5,6 CSCs reactivate embryonic
features and overexpress genes associated with selfrenewal and pluripotency, such as Oct4, Sox2, Nanog,
and C-Myc, particularly in more aggressive, poorly
differentiated tumors.7,8 Despite past efforts, effective
strategies of targeting CSCs are still lacking due to
inadequate understanding of how these CSCs are
maintained within the tumor.9
Our previous work demonstrated that RNA polymerase
II-associated factor 1 (PAF1), or pancreatic differentiation 2
(PD2), is a novel CSC marker that has been attributed to
drug resistance and metastasis in PC.6,10 PAF1 is a core
component of human RNA polymerase II-associated factor 1
complex (PAF1C), which along with 4 other components
(LEO1, CTR9, CDC73, and SKI8) recruits RNA polymerase II
for transcriptional elongation.11,12 Previous evidence suggests it plays a role in the regulation of cell cycle progression, modulation of chromatin architecture, and pancreatic
acinar to ductal metaplasia.13–15

This study was performed in cell lines and mice with
orthotopic tumors; further studies are needed in other
mouse models and humans.
IMPACT
Strategies to target the PAF1–PHF5A–DDX3 complex
might be developed to slow or inhibit progression of
pancreatic cancer.

The ﬁrst indication of a function for PAF1 in stem cells
was from studies in mouse embryonic stem cells (ESCs),
showing PAF1 interacts with pluripotency master regulator
Oct3/4, thereby facilitating self-renewal potential.16,17 The
recent identiﬁcation of functions of PAF1 in CSCs, including
pancreatic and ovarian CSCs,6,18 further supports this
notion. In addition, PAF1 also regulates RNA polymerase II
pause release from stem cell loci.19–21 Because maintenance
mechanisms for CSCs remain obscure, it is important to
understand the factors that support these cells, especially
in PC.
We sought to decipher the mechanism by which PAF1
mediates pancreatic CSC maintenance with the hope of
uncovering strategies to target CSCs. In this study, we
established that PAF1 is critical for pancreatic tumorigenesis and identiﬁed a novel PAF1-PHD ﬁnger protein 5a
(PHF5A)-DDX3 subcomplex, which could be targeted using a
speciﬁc DDX3 inhibitor, RK-33, with minimal toxicity to
normal pancreatic cells.

Abbreviations used in this paper: ALDH, aldehyde dehydrogenase;
CRISPR, clustered regularly interspaced short palindromic repeats; CSC,
cancer stem cell; ChIP, chromatin immunoprecipitation; CXCR4, C-X-C
chemokine receptor type 4; Dox, doxycycline; ESC, embryonic stem cell;
JAK, Janus kinase; KD, knockdown; KPC, LSL-KrasG12D/D, LSLTrp53R172H/D, Pdx-1-Cre; NSP, non-side population; PC, pancreatic cancer; PCR, polymerase chain reaction; PD2, pancreatic differentiation 2;
PAF1, RNA polymerase II-associated factor 1; PAF1C, RNA polymerase IIassociated factor 1 complex; SP, side population; FBS, fetal bovine serum;
DMEM, Dulbecco’s Modiﬁed Eagle Medium; PHF5A, PHD ﬁnger protein
5a; Seq, sequencing; RNA, short hairpin RNA; siRNA, small interfering
RNA; STAT, signal transducer and activator of transcription.
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Figure 1. Loss of PAF1 reduces pancreatic tumorigenesis and proportions of CSCs. (A) Immunoblot depicting the efﬁciency of
PAF1 KD using a Dox-based inducible shRNA system. (B) Representative in vivo imaging systems (IVIS) image of mice from
control and PAF1 KD group. The right panel represents a quantiﬁcation of total photon counts at indicated time points. Data
represented as mean ± SD (n ¼ 10 mice per group). (C) Representative images and quantiﬁcation of tumor weights generated
with orthotopic implantation of engineered SW1990 and Capan1 cells in pancreas of athymic nude mice. (D) Graphic representation of metastatic incidence in xenografts generated from orthotopic implantation of control and PAF1-depleted Capan1
cells. (E) Immunoblot analysis of PAF1 and CSC markers, with and without Dox treatment, in engineered SW1990 and Capan1
cells. (F). Percentage of high CD44þ cells in control and PAF1 KD SW1990 and Capan1 cells. (G) Graphic representation of
tumor weights of control and PAF1 KD cohorts vs the number of cells injected per tumor subcutaneously.*P < .05, **P < .01,
***P < .001, n.s., not signiﬁcant.
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Materials and Methods
Cell Culture
Human PC cell lines SW1990, HPAF/CD18, Capan1, and the
human pancreatic ductal cell line HPDE were obtained from
American Type Culture Collection (Manassas, VA). SW1990,
HPAF/CD18, and Capan1 cells were cultured in Dulbecco’s
Modiﬁed Eagle Medium (DMEM) media (HyClone Laboratories,
Logan, UT) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich, St Louis, MO) and 1% penicillin-streptomycin
solution (Sigma-Aldrich). HPDE was cultured in human keratinocyte serum–free media supplemented with epidermal
growth factor 1-53 and bovine pituitary extract ThermoFischer
Scientiﬁc (Waltham, MA).
Normal human ﬁbroblast cell line 9-26 NP was derived
from surgically obtained cancer-associated normal tissue.
Brieﬂy, the tissue was ﬁnely chopped and digested with Liberase Millipore Sigma (Burlington, MA), and cultured in RPMI
media (HyClone Laboratories) supplemented with 1% HEPES,
1% sodium pyruvate, 1% L-glutamine, 1% sodium bicarbonate,
1% nonessential amino acids, and 1% penicillin-streptomycin
solution. These cells were subjected to differential

trypsinization up to 7 passages, immortalized using human
telomerase reverse transcriptase, and then selected using puromycin to generate a stable ﬁbroblast cell line. Cells were
incubated in a humidiﬁed incubator at 37 C and supplied with
5% CO2. Cells were subcultured by trypsin-EDTA treatment,
and complete medium was changed every other day.

Human Pancreatic Cancer and Normal
Pancreatic Tissues
Parafﬁn-embedded human PC tissues were obtained from
the University of Nebraska Medical Center tissue bank. Samples
were obtained following approval of the protocol by the Institutional Review Board at the University of Nebraska Medical
Center in Omaha, Nebraska.

Isolation and Culture of Side Population and
Nonside Population From Cancer Cell Lines
Side population (SP) cells or putative CSCs were isolated using
ﬂow sorting after Hoechst 33342 (AnaSpec Inc, Fremont, CA)
staining, as described previously.6 Verapamil (Sigma-Aldrich), a
calcium channel blocker that reverses the drug resistance
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phenotype, was used as a control to gate the characteristic SP cells.
The non-CSCs exhibit a much higher intensity of Hoechst staining
and fall outside the gate and are therefore designated as the nonSP cells (NSP). Isolated SP and NSP fractions from SW1990 and
Capan1 were grown in DMEM with 10% FBS for a day to allow the
cells to acclimatize. The SP cells were then transferred to a stem
cell-speciﬁc medium and were cultured in gelatin-coated (MilliporeSigma, Burlington, MA) culture dishes as described previously.6 SP cells were treated with 0.2 mmol/L gemcitabine (IC20)
for enriching the CSC population.

Depletion of RNA Polymerase II-Associated
Factor 1 Using Clustered Regularly Interspaced
Short Palindromic Repeats/Cas9 and Inducible
Short Hairpin RNA
PAF1 knockdown (KD) in SW1990 SP cells was performed
using the clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 system. Brieﬂy, cells were transfected
with a PAF1 guide RNA (50 -ACCTACCGCATCGACCCCAA-30 )
containing a CRISPR/Cas9 vector (pSpCas9 BB-2A-GFP PX458)
(Genescript, Piscataway, NJ). Green ﬂuorescent protein–positive
cells were isolated 72 hours after transfection, and the pooled
population was collected in a 12-well plate by ﬂow sorting.
Cells were allowed to grow into colonies, which were then
analyzed for expression of PAF1 by immunoblot analysis.

For inducible KD, TRIPZ inducible lentiviral human PAF1
short hairpin (sh)RNAs from Dharmacon (Lafayette, CO) were
used. HEK293T cells were cultured and transduced with sh23
and sh25 plasmids to generate viral supernatant according to
the manufacturer’s instructions. Viral supernatant was used to
infect SW1990, HPAF/CD18, Capan1, SW1990 SP, and Capan1
SP cells, after which the cells were selected using puromycin
(4 mg/mL). Selected cells were treated with doxycycline (Dox; 2
mg/mL) for 72 hours and then sorted for red ﬂuorescent
protein expression. Red ﬂuorescent protein–positive cells were
maintained under 2 conditions, with and without Dox treatment, and were cultured under puromycin selection pressure
(4 mg/mL). Dox-induced shRNA-mediated KD of PAF1 expression was analyzed by immunoblot assay.

Small Interfering RNA-Mediated Transient
Knockdown
The transient KD of PAF1 was performed using PAF1 small
interfering (si)RNA (OriGene, Rockville, MD), which is a pool of
3 target-speciﬁc 19-25 nontargeting siRNAs. Capan1 SP cells
were plated in a 6-well plate at a concentration of 0.6 million/
well. On the following day, the cells were serum starved for 4
hours and then transfected with PAF1 siRNA or nontargeting
control siRNA (scramble siRNA) at a concentration of 80 pmol/
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Figure 1. Continued.
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Figure 3. LEO1, CTR9, and CDC73 are not major contributors to CSC maintenance. (A) Immunoblot analysis of PAF1C
subunits in SP and NSP cells. Equal amounts of protein were loaded in each well. (B) Immunoblot analysis of CSC and selfrenewal markers with individual KD of CDC73, CTR9, and LEO1. Scr, scrambled. (C) Average number of tumor spheres formed
with individual KD of LEO1, CDC73, and CTR9 at 0 hours and 96 hours. Data representative of 2 independent experiments and
3 replicates per condition. (D) Immunoblot analysis of PAF1C subunits (CTR9, LEO1, and CDC73) with PAF1 depletion in SP
and NSP cells. (E) Scatter plots demonstrating apoptotic cells after 72 hours of treatment with scrambled or PAF1 si in
SW1990 SP and SW1990 NSP cells. The right panels show quantiﬁcation of the percentage of late apoptotic cells. Data are
represented as mean ± SEM. *P < .05, ***P < .001, n.s., not signiﬁcant.

=
Figure 2. PAF1 is upregulated in pancreatic CSCs and is required for sustenance of CSCs. (A) Immunoblot analysis depicting
the expression of PAF1 and CSC markers in isolated CSCs (SP cells) from SW1990 and Capan1 compared with non-CSCs
(NSP cells). (B) Immunoblot analysis representing variation in expression of self-renewal markers between NSP and SP
cells. (C) Immunoblot analysis depicting the effect of depletion of PAF1 on CSC and self-renewal markers. (D) Representative
scatter plots and quantiﬁcation of percentage of ALDHþ cells in control vs PAF1-depleted CSCs. (E) Representative images of
tumor spheres and quantiﬁcation of the number of tumor spheres generated by control vs PAF1 KD CSCs. Scale bars ¼ 1000
mm. Data are represented as mean ± SEM. *P < .05, ***P < .001.
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Figure 3. continued

well using TurboFect reagent (Thermo Fisher Scientiﬁc, Waltham, MA). The serum-containing medium was added to the
cells 4 hours after transfection. The medium was changed every
24 hours, and lysates were collected 72 hours after transfection. KD of DDX3, PHF5A, LEO1, CDC73, and CTR9 was
performed using gene-speciﬁc siRNA (OriGene), as described
above.
Additional methods can be found in the Supplementary
Materials.

Data Resources
RNA sequencing (Seq) and ChIP-Seq data: GSE144371
(https://www.ncbi.nlm.nih.gov/geo/).
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RNA Polymerase II-Associated Factor 1
Promotes Pancreatic Tumorigenesis
To determine whether PAF1 affects pancreatic tumorigenesis, we generated a Dox-inducible shRNA based-KD
system for PAF1 in PC cell lines SW1990, HPAF/CD18,
and Capan1 (Figure 1A, Supplementary Figure S1A). PAF1
KD signiﬁcantly impaired pancreatic tumor growth in an
orthotopic mouse model (Figure 1B and C). Moreover, the
metastatic burdens to the liver, stomach, and intestine were
reduced upon PAF1 depletion in Capan1 xenograft tumors
(Figure 1D, Supplementary Figure S1B). Furthermore, loss
of PAF1 also impaired transwell migration and wound
healing properties of PC cells (Supplementary Figure S1C
and D).
The effect of the loss of PAF1 on tumor propagation was
validated using orthotopic and subcutaneous implantation
from another PC cell line, HPAF/CD18, engineered with
PAF1 shRNA (Supplementary Figure S1E and F). The tumors derived from the PAF1 KD group exhibited much
lower proliferative capacity (Supplementary Figure S1G)
and PAF1 expression (Supplementary Figure S1H). Importantly, loss of PAF1 resulted in the downregulation of the

self-renewal markers NANOG and SOX9 (Supplementary
Figure S1I).
Based on our previous observations,6,18,22 we evaluated the effect of PAF1 depletion on CSC maintenance
through analysis of CSC markers and the proportion of
CSC populations. We found that PAF1 depletion led to a
signiﬁcant downregulation of established CSC markers,
such as CD24, CD44v6, and ALDH1, and the self-renewal
markers SOX2, OCT3/4, b-CATENIN, and SOX9
(Figure 1E and Supplementary Figure S1J). Additionally,
PAF1 depletion caused a signiﬁcant reduction in the percentage of high CD44þCSCs (Figure 1F, Supplementary
Figure S1K), indicating that the effect of PAF1 abrogation
on tumorigenesis could involve its role in CSC maintenance. Furthermore, we also observed a signiﬁcant
decrease in percentage of ALDHþ CSCs (Supplementary
Figure S1L) and SP cells (Supplementary Figure S1M).
Given that CSCs are capable of forming tumors upon
extreme limiting dilution in vivo, we investigated the capacity of control and PAF1-depleted PC cells to initiate
tumors in immunocompromised mice using different cell
concentrations. At each cell concentration tested (from
100,000 cells to as low as 100 cells), PAF1-depleted PC
cells had a signiﬁcantly impaired capacity for tumor
initiation and maintenance (Figure 1G; Supplementary
Figure S1N). These results collectively indicate that PAF1
plays a cardinal role in pancreatic tumorigenesis, possibly
via affecting CSC maintenance.

RNA Polymerase II-Associated Factor 1 Is
Overexpressed in Cancer Stem Cells and
Maintains Pancreatic Cancer Stem Cells
CSCs isolated from PC cells SW1990 and Capan1 using
ﬂow sorting (Supplementary Figure S2A) showed higher
expression of established CSC (Figure 2A) and self-renewal
markers in SP compared with NSP cells (Figure 2B). PAF1
was signiﬁcantly overexpressed in CSCs compared with
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non-CSCs (Figure 2A). Purity of isolated CSCs and nonCSCs was conﬁrmed using in vitro tumor sphere assay
(Supplementary Figure S2B) and in vivo tumorigenicity
assay (Figure S2C). Depletion of PAF1 caused a signiﬁcant
downregulation of CSC markers ALDH1 and CD44v6, and
of self-renewal markers SOX9 and b-catenin at the RNA
(Supplementary Figure S2D) and protein levels (Figure 2C,
Supplementary Figure S2E). Depletion of PAF1 also abrogated the functional CSC traits, such as proportions of
ALDHþ cells (Figure 2D), the self-renewal capacity
(Figure 2E, Supplementary Figure S2F), and the proliferation of CSCs (Supplementary Figure S2G). Because tumor
recurrence is phenotypic trait of CSCs,3,5 we investigated
the propensity of control and PAF1-depleted PC cells to
cause recurrence after the primary tumor’s surgical
resection. Our results indicate that loss of PAF1 impairs
the ability of CSCs to cause tumor recurrence
(Supplementary Figure S2H–L). These results collectively
indicate that PAF1 is required for self-renewal and maintenance of CSCs.

Role of RNA Polymerase II-Associated Factor 1
in Pancreatic Cancer Stem Cells Maintenance
Independent From PAF1C Function
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To determine whether PAF1-mediated CSC maintenance
involves PAF1C, we assessed the contribution of each subunit of PAF1C to maintain the CSC state. PAF1 and other
PAF1C subunits (LEO1, CTR9, and CDC73) exhibited
signiﬁcantly higher expression in human PC tissues than
normal pancreas tissues, as analyzed using the Gene
Expression Proﬁling Interactive Analysis (GEPIA) database
(Supplementary Figure S3A). Intriguingly, the expression of
CTR9, LEO1, and CDC73 did not vary between SP and NSP
cells from SW1990 and Capan1 (Figure 3A). Furthermore,
we found that individual depletion of each of these PAF1C
subunits did not affect the expression of CSC markers
(Figure 3B) and the ability of CSCs to form tumor spheres
(Figure 3C), indicating that these PAF1C members likely do
not affect pancreatic CSC maintenance individually.
Comparing expression of different PAF1C subunits in high
purity tumor tissues from The Cancer Genome Atlas, PAF1
displayed the highest expression compared with other
PAF1C subunits (Supplementary Figure S3B). In line with
our observations in ESCs,17 the depletion of PAF1 from SP
cells did not affect the expression of other PAF1C
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components (Figure 3D). However, downregulation of PAF1
in NSP cells decreased the expression of other PAF1C subunits (Figure 3D), indicating differential regulation of PAF1C
in CSCs vs non-CSCs. Interestingly, individual KD of LEO1,
CTR9, and CDC73 signiﬁcantly downregulated other PAF1C
subunits, including PAF1 (Supplementary Figure S3C).
Further, depletion of PAF1 in CSCs elicited extensive
apoptosis, whereas minimal cell death was seen in non-CSCs
(Figure 3E), suggesting that the loss of PAF1 does not lead
to general cell death.

RNA Polymerase II-Associated Factor 1–PHF5A
Subcomplex Regulates the Stem Cell State in
Pancreatic Cancer Stem Cells
Based on our ﬁndings of differential regulation of PAF1
in CSCs and non-CSCs, we hypothesized that the role of
PAF1 in CSC maintenance requires interaction with other
proteins. The ﬁrst candidate we explored was PHF5A, a
nuclear protein that regulates pluripotency in ESCs.21
PHF5A exhibited signiﬁcant upregulation in PC patient
tissues compared with normal pancreas tissues
(Supplementary Figure S4A). Given the similarities between ESCs and CSCs, we investigated the status of PHF5A
in SP and NSP cells and found that PHF5A is overexpressed in SP compared with NSP cells isolated from
SW1990 and Capan1 (Figure 4A). Further, PAF1 and
PHF5A colocalized in the nucleus of CSCs, as observed
using confocal microscopy, whereas minimal expression
was detected in SW1990 NSP (non-CSCs) cells (Figure 4B,
Supplementary Figure S4B). Using reciprocal coimmunoprecipitation, we observed that PAF1 interacts with
PHF5A (Figure 4C). Of interest, the PAF1C subunits LEO1,
CTR9, and CDC73 interacted with PAF1 in CSCs but not
with PHF5A (Figure 4C). We observed that PAF1 colocalized with PHF5A in distinct cells from human PC tumor
tissues, alluding to the clinical signiﬁcance of their interaction (Supplementary Figure S4C). These results suggest
that PAF1 possibly forms a subcomplex with PHF5A and
other proteins in CSCs, which does not include LEO1,
CTR9, and CDC73.
To determine the functional relevance of PHF5A for the
maintenance of pancreatic CSCs, we investigated the effect
of PHF5A loss on the expression of CSC markers. Surprisingly, most established CSC markers, including CD133,
ESA, SOX9, OCT3/4, b-catenin, and PAF1, were not affected

=
Figure 4. PAF1 interacts with PHF5A and jointly regulates Nanog. (A) Immunoblot analysis of PHF5A in SW1990 and Capan1
SP and NSP. (B) Representative immunoﬂuorescence image of PAF1 and PHF5A representing colocalization in nuclei of
isolated CSCs. Data are representative of 3 independent experiments, and quantiﬁcation is shown in Supplementary
Figure S4B. DAPI, 40 ,6-diamidino-2-phenylindole. (C) Immunoprecipitation was performed with PAF1 and PHF5A antibodies
from SW1990 SP, and immunoblotting was performed for PAF1, PHF5A, CTR9, LEO1, and CDC73. (D) Immunoblot analysis of
CSC and self-renewal markers with depletion of PHF5A in SW1990 SP cells. Scr, scrambled. (E) Heat map of mean binding
enrichment of PAF1 and PHF5A on promoters of stem cell genes. (F) Representative examples of University of California,
Santa Cruz genome browser tracks of PAF1 and PHF5A ChIP-Seq in SW1990 SP cells. (G) Immunoblot analysis of Nanog with
PAF1 and PHF5A depletion. (H) Immunoﬂuorescence analysis of PHF5A and NANOG in SW1990 SP cells with depleted
PHF5A. The right panel shows quantiﬁcation of mean ﬂuorescence intensity (MFI). The lower panel shows expression of PAF1
and NANOG in control and PAF1-depleted SW1990 SP cells. Data are representative of 2 independent experiments and are
presented as a mean of 5 individual images per condition. Data are represented as mean ± SEM. ***P < .001.
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(Figure 4D). Thus, we used a global approach to identify
the genes that are jointly regulated by PAF1 and PHF5A by
performing ChIP-Seq with PAF1 and PHF5A-pulldown in
CSCs. Chromosome-wide PAF1 peaks were more frequent
than PHF5A peaks in SW1990 SP cells, at a false discovery
rate of <0.05 (Supplementary Figure S4D), potentially
explaining why PAF1 depletion had a greater effect on CSC
markers compared with PHF5A depletion. Promoters of
several stemness regulators, including Nanog, SOX9,
ABCB5, ERBB2, LIF, POU5F1, and others, were occupied by
PAF1 and PHF5A in SW1990 SP cells (Figure 4E). Nanog
was among the top genes whose promoters were jointly
occupied by PAF1 and PHF5A in SW1990 SP cells.
Furthermore, PAF1 and PHF5A occupied the Nanog promoter at identical loci (Figure 4F). For subsequent analyses, we focused on Nanog, because it is the master
regulator for pluripotency and stem cell state.23 Knockdown of PAF1 and PHF5A led to a signiﬁcant downregulation of Nanog, as observed by immunoblot and
quantitative reverse-transcription polymerase chain reaction (PCR) analysis (Figure 4G, Supplementary
Figure S4E). Importantly, KD of PAF1 and PHF5A also
reduced nuclear localization of NANOG in CSCs, observed
by confocal microscopy (Figure 4H).

RNA Polymerase II-Associated Factor 1
Subcomplex Interacts With DDX3 to Regulate
Nanog Transcriptionally
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To identify additional interacting partners of PAF1 in
pancreatic CSCs, we performed mass spectrometry using
immunoprecipitation of PAF1 from pancreatic CSCs
(SW1990 SP), mouse embryonic carcinoma cells (pluripotent stem cell line F9), and a normal pancreatic ductal cell
line (HPDE). Several unique interaction partners for PAF1
were identiﬁed in addition to the canonical PAF1C members. Proteins that served as the common interactors of
PAF1 in pancreatic CSCs and ESCs were identiﬁed
(Figure 5A). These proteins might be a part of the PAF1
subcomplex and facilitate effects on pancreatic CSC
stemness.
Of the 19 proteins identiﬁed, an RNA helicase, DDX3
showed the highest probability of interaction with PAF1 in
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SW1990 SP and F9 cells, validated using coimmunoprecipitation (Figure 5B, Supplementary Figure S5A). Emerging
evidence indicates that DDX3 can participate in the
epithelial-to-mesenchymal transition, apoptosis, cell cycle
regulation, and tumorigenesis.24 We found DDX3 was
overexpressed in human PC tumors compared with normal
tissues (Supplementary Figure S5B), in oncogenetransduced HPNE cells (E6/E7/Htert/KRAS HPNE vs
HPNE control), and in CSCs compared with non-CSCs
(Figure 5C). We found colocalization of PAF1 and DDX3 in
speciﬁc cells within human PC tissues, PC patient tissuederived organoids, and KPC (LSL-KrasG12D/þ; LSLTrp53R172H/þ; Pdx-1-Cre) mouse organoids, whereas PAF1
and DDX3 showed basal expression in respective normal
tissues and did not colocalize (Figure 5D and E and
Supplementary Figure S5C). Moreover, levels of DDX3 and
PAF1 were increased and colocalized in SW1990 SP cells
compared with NSP cells (Figure 5F and Supplementary
Figure S5D).
To determine whether DDX3 was a part of PAF1-PHF5A
subcomplex, we investigated whether DDX3 and PHF5A
interact. We found an interaction of DDX3 and PHF5A in
SW1990 SP cells (Figure 5G), indicating a ternary complex
composed of PAF1, PHF5A, and DDX3. Importantly, DDX3
was found to bind to a speciﬁc region of the Nanog promoter (Figure 5H), indicating that the PAF1-PHF5A-DDX3
subcomplex regulates Nanog. Consistent with roles of Nanog
and PAF1 in CSC maintenance, we observed cooverexpression of PAF1 and NANOG in human PC tissues
compared with the normal pancreas (Supplementary
Figure S5E) and poorer survival in patients with higher
expression of NANOG (Supplementary Figure S5F). These
results collectively demonstrate that the PAF1-PHF5A-DDX3
subcomplex regulates Nanog in pancreatic CSCs, with potential clinical relevance.

Abrogation of DDX3 Activity Impairs Cancer
Stem Cell Maintenance
Because we found a role of the PAF1-PHF5A-DDX3 subcomplex in pancreatic CSC maintenance, we next sought to
determine a means of disrupting this subcomplex to target
CSCs. To this end, we investigated the effect of RK-33, a
speciﬁc small-molecule inhibitor of DDX3 helicase activity.25

=
Figure 5. Mass spectrometric analysis identiﬁed RNA helicase DDX3 as a novel interacting partner of PAF1. (A) Venn diagram
depicts the percentage of interacting proteins of PAF1 in F9, HPDE, and SW1990 SP cells. Common interacting proteins are
listed. (B) Reciprocal immunoprecipitation (IP) analysis of PAF1 and DDX3 in SW1990 SP and HPDE cells. IB, immunoblot. (C)
Immunoblotting analysis of DDX3 in NSP and SP cells isolated from SW1990 and Capan1 and in control vs E6/E7/Htert/KRAS
HPNE cells. (D) Immunoﬂuorescence analysis of PAF1 and DDX3 in human PC tissues and normal pancreas. The white arrows
indicate individual cells with colocalized PAF1 and DDX3. DAPI, 40 ,6-diamidino-2-phenylindole. (E) Immunoﬂuorescence images show colocalization of PAF1 and DDX3 in human PC organoids and mouse KPC organoids. Representative images
depicting PAF1 and DDX3 expression in human and mouse normal organoids are shown in lower panel. (F) Representative
immunoﬂuorescence images depict expression of PAF1 and DDX3 in SW1990 SP cells and SW1990 NSP cells. Quantiﬁcation
is shown in Supplementary Figure S5C. (G) Immunoprecipitation (IP) analysis of PHF5A and DDX3 in SW1990 SP, followed by
immunoblotting for PHF5A. (H) Representative ChIP-PCR gel images demonstrate DDX3 binding on binding site 4 (B.S. 4) on
the Nanog promoter. Primers speciﬁc for B.S. 1 and B.S. 8 did not amplify. Primer sequences are provided in Supplementary
Table 1.
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Of importance, CSCs (SW1990 SP and Capan1 SP) were more
sensitive to RK-33 than normal human ﬁbroblast cells (50%
inhibitory concentration in 9-26 NP ﬁbroblasts was 1.5- to 2fold higher than that of SW1990 SP and Capan1 SP; SW1990
SP: 4.32 mmol/L; Capan1 SP: 5.53 mmol/L; 9-26 NP: 9.23
mmol/L) (Supplementary Figure S6A). Treatment of CSCs
with RK-33 for 48 hours led to a signiﬁcant downregulation
of CSC markers (b-CATENIN, CD44v6, SOX9, and NANOG)
(Figure 6A). Surprisingly, we found a robust downregulation
of PAF1 with RK-33 treatment (Figure 6A). Further, the effect of RK-33 on the expression of CSC markers in NSP cells
was not as profound as that seen with SP cells
(Supplementary Figure S6B). Functionally, DDX3 inhibition
impaired the tumor sphere formation capacity (Figure 6B)
and colony formation ability (Supplementary Figure S6C) of
CSCs. Additionally, treatment with RK-33 resulted in
apoptosis of CSCs (Supplementary Figure S6D and E),
whereas minimal cell death was seen in normal human ﬁbroblasts (9-26 NP), supporting the clinical applicability of
RK-33. It is important to note that PAF1 and DDX3 were both
found to bind on the Nanog promoter, and treatment with
RK-33 decreased their binding signiﬁcantly (Figure 6C).
Furthermore, we validated downregulation of PAF1 and
Nanog expression after RK-33 treatment using quantitative
PCR (Figure 6D). Knockdown of DDX3 in CSCs phenocopied
the effects observed with RK-33 treatment, causing downregulation of CSC markers CD44v6, b-catenin, SOX9, and
NANOG (Figure 6E).

Stemness and Metastasis-Promoting Genes Are
Targets of RNA Polymerase II-Associated
Factor 1

BASIC AND
TRANSLATIONAL PANCREAS

PAF1 depletion in CSCs led to downregulation of stemness genes (Gata3, Elk1, Stat3, Stat5b, Stat6, Jun-B, Cebpb,
Cebpa, Ctnnb1, Crebbp, and Foxa2) (Figure 7A) and tumorpromoting pathways (Janus kinase [JAK]/signal transducer
and activator of transcription [STAT] signaling, interleukin 6
signaling, extracellular signal–regulated kinase/mitogen
activated protein kinase signaling, and C-X-C chemokine
receptor type 4 [CXCR4] signaling) (Figure 7B). Of importance, genes with important roles in stemness maintenance
(Flot2, Taz, Epcam, Erbb2, Foxp1, Abcc5, Ddr1, Muc1,
Pecam1, Notch3, Aldh1a3, Foxa2, Plat, and Lif) and metastasis (Itga3, St6galnac4, Flot1, S100a14, Mmp14, Flot2, Itgb2,
S100a9, St6galnac2, S100a11, Muc1, Itgb7, and St6galnac1)
were signiﬁcantly downregulated via RNA-Seq (Figure 7C,
Supplementary Figure S7A). Given that CSCs mediate tumor
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relapse, we evaluated the expression of genes associated
with relapse in control and PAF1-depleted CSCs and found
signiﬁcant downregulation of relapse genes, such as
Sema3b, Abcc5, Fgfr3, Tspan1, Muc1, Tff1, Ephb2, and Alcam
(Supplementary Figure S7B). Comparing PCR array and
ChIP-Seq data, we found a greater enrichment of PAF1 on
promoters of those genes that were downregulated on PAF1
KD (Supplementary Figure S7C). Overall, these data indicate
that PAF1 functions as the master regulator for stem cell
maintenance by regulating the transcription of several stem
cell-related genes.

Discussion
Previous work from our laboratory and others has
demonstrated that PAF1 is essential in normal stem cell
maintenance.16,17 In addition, a role for PAF1 in the selfrenewal of CSCs in pancreatic and ovarian cancer has
recently been established.6,18,22 These studies point to the
importance of PAF1 in stem cells, but little was understood about how PAF1 mediates these CSC functions. In
this study, we mechanistically established PAF1 as an
essential regulator of CSC maintenance in PC and
demonstrated the existence of a unique PAF1-PHF5ADDX3 subcomplex in CSCs. Using different strategies to
downregulate PAF1 in several PC cell lines, we demonstrated that PAF1 depletion led to decreases in CSC
markers, CSC frequency, stemness features, and tumor
burden and recurrence. PAF1 ablation downregulated CSC
gene expression signatures, and PAF1 was found to bind
on several stem cell gene promoters in pancreatic CSCs.
PAF1C has been connected to both activating and
repressing effects on gene transcription, depending on the
cellular context.19,26 In our system, we have focused on
activating functions, because our ChIP-Seq analysis
revealed a strong binding of PAF1 at CSC genes that were
signiﬁcantly downregulated upon PAF1 depletion. Nevertheless, addressing the repressive functions of PAF1 in
pancreatic CSCs would be interesting.
We showed that PAF1 downregulation signiﬁcantly
impaired pancreatic tumorigenesis. Similar to previous
reports,6,22 we found PAF1 to be important for regulating
the expression of CSC markers and phenotypic traits,
suggesting that the decreased tumorigenesis on PAF1
depletion is partly due to the role of PAF1 in CSC
maintenance. Importantly, PAF1 loss adversely affected
the capacity to initiate tumors upon limiting dilution
in vivo. Although we found an upregulation of LEO1,

=
Figure 6. DDX3 inhibition downregulates CSC markers and decreases binding on Nanog promoter. (A) Immunoblotting
analysis for DDX3, PAF1, CD44v6, NANOG, SOX9, and b-catenin after RK-33 treatment for 48 hours. DMSO, dimethyl sulfoxide. (B) Representative images of tumor spheres in control and RK-33 (2.5 mmol/L)-treated SW1990 SP cells. Quantiﬁcation
of the average number of tumor spheres is shown on the right and is represented as mean ± SEM. Data representative of 2
independent experiments and 6 replicates per condition. Scale bars ¼ 1000 mm. (C) ChIP-PCR gel images for PAF1 and DDX3
using primers speciﬁc for binding site (B.S.) 4, B.S. 1, and B.S. 8 in DMSO-and RK-33 (5 mmol/L)-treated SW1990 SP cells.
ChIP quantitative real time PCR analysis of PAF1 and DDX3 using B.S. 4 primers in DMSO-and RK-33 (5 mmol/L)–treated
SW1990 SP cells is represented on the right. (D) Quantiﬁcation of PAF1 and Nanog transcripts in DMSO- and RK-33–treated
CSCs. The error bars indicate SEM values. (E) Immunoblotting analysis for DDX3, PAF1, CD44v6, NANOG, and b-catenin in
control and DDX3 KD CSCs. *P < .05, **P < .01, ***P < .001, n.s., not signiﬁcant.
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CTR9, and CDC73 transcripts in human PC tissues
compared with the normal pancreas, these other PAF1C
subunits were not overexpressed in isolated CSCs. Interestingly, the other PAF1C subunits, LEO1, CTR9, and
CDC73, appear dispensable for the maintenance of stem
cell state, because their downregulation affected neither
the expression of CSC markers nor the formation of tumor
spheres. This reiterates the idea that PAF1C subunits may
play PAF1C-independent roles. For instance, the PAF1C
subunit CTR9 has been shown to regulate ERaþ breast
tumorigenesis and to control morphology, proliferative
capacity, and tamoxifen sensitivity of luminal breast cancer cells, whereas no other PAF1C subunit except PAF1
could modulate these features.27 Similarly, CDC73, another
PAF1C subunit, was recently shown to play an indispensable role in maintaining mouse hematopoietic
stem cells and in regulating leukemia-speciﬁc gene
programs.28
Our observation of differential expression of PAF1C
subunits in CSCs (SP) vs non-CSCs (NSP) after PAF1 loss
alludes to the concept that PAF1 directs unique gene
programs in undifferentiated vs differentiated cells. We
postulated that PAF1 achieves cell-type–speciﬁc functions
based on the availability of its interacting partners. In line
with this, PAF1 interacts with another pluripotency regulator, PHF5A, in ESCs and in turn, regulates RNA polymerase II pause-release of pluripotency genes in ESCs.21
Strikoudis et al21 demonstrated that the interaction of
PAF1 with PHF5A maintained the stability of PAF1C in
ESCs. Although PHF5A was found to interact with other
PAF1C members in ESCs, it only interacts with PAF1 and
not LEO1, CTR9, or CDC73 in pancreatic CSCs. Furthermore, the treatment of NSP cells with DDX3 inhibitor had
limited effects on the expression of CSC markers, in
contrast to the effects observed in SP cells. This reiterates
that the PAF1 subcomplex with DDX3 and PHF5A is
unique to CSCs.
A previous report showed that MED12, a member of a
transcriptional complex, maintained stem/progenitor cells
of the hematopoietic system by regulating hematopoietic
stem cell-speciﬁc enhancers, independently of its kinase
role.29 By contrast, we found that PAF1, along with its
binding partners, regulates the promoters of stem cell
genes. PAF1 has been suggested to modulate metazoan gene
expression by several means, including modulation of the
RNA polymerase II paused state and enhancer activation, in
addition to its direct roles in transcription elongation.19,20,26
For instance, PAF1 has been implicated in restraining full
activation of a subset of enhancers and consequently

=
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impairs the release of paused RNA polymerase II from
nearby target genes in colorectal carcinoma HCT116 cells.20
However, it would be interesting to investigate whether
PAF1 is required for hyperactivation of stem cell enhancers
in pancreatic CSCs.
In contrast to PAF1, which had a profound effect on
stem cell gene regulation, PHF5A depletion altered the
expression of NANOG but not of other known CSC markers.
This observation was supported by our ChIP-Seq analysis,
wherein chromosome-wide binding for PAF1 was more
frequent compared with PHF5A. However, Nanog emerged
as the common target of PAF1 and PHF5A in pancreatic
CSCs. Although Nanog is considered a stem cell master
regulator, it is now known to be derepressed in several
cancers, including breast, ovarian, lung, colorectal, pancreatic, and others.30,31 A body of literature suggests that the
drug-resistant cancer cells responsible for tumor recurrence express Nanog after conventional treatment.32,33 CSCs
expressing Nanog have been targeted with inhibitors and
shRNA; more recently, the use of dendritic cell vaccination
against NANOG has been suggested.34–36 These studies
emphasize the clinical and functional signiﬁcance of Nanog
for CSC maintenance and underscore the relevance of our
ﬁndings. Of importance, we demonstrated colocalization of
PAF1 and NANOG in human pancreatic tumor tissues and
loss of NANOG expression upon PHF5A and PAF1 depletion
in pancreatic CSCs. Our ChIP-Seq results also identiﬁed
leukemia-inhibitory factor, an important self-renewal
regulator, as a common target for PAF1 and PHF5A. Shi
et al37 showed that leukemia-inhibitory factor receptor
signaling promotes PC via STAT3 activation and mediates
intrinsic chemoresistance of CSCs, making it an attractive
therapeutic target in PC. Possible regulation of leukemiainhibitory factor via the PAF1 subcomplex alludes to the
therapeutic potential of PAF1 subcomplex targeted
approaches.
We identiﬁed DDX3 as a novel binding partner of PAF1
in pancreatic CSCs. It belongs to the DEAD-box family of
RNA helicases, which have primary roles in unwinding
complex RNA secondary and tertiary structures. However,
several members of this family additionally function in
transcriptional regulation.38 RNA helicase DDX3 is involved
in transcription, RNA splicing, nuclear export of messenger
RNA, and translation initiation.24,39 We showed that PAF1
and DDX3 play a role in the maintenance of pancreatic CSCs.
Inhibition of DDX3 activity by RK-33 downregulated CSC
markers and PAF1, whereas a loss of DDX3 alone had a
similar effect on expression of CSC markers. This indicates
that DDX3 alone may have important roles in CSC biology.

Figure 7. PAF1 behaves as the master regulator of stem cell maintenance. (A) RT2 proﬁler PCR array analysis of human
transcription factors in SW1990 SP control and PAF1-depleted cells. Upregulated genes are indicated in red, and genes
signiﬁcantly downregulated upon PAF1 depletion are indicated in green. Genes encircled in red were validated using quantitative reverse transcription PCR. (B) Representative network of signiﬁcantly downregulated pathways upon PAF1 loss in
SW1990 SP cells, derived from ingenuity pathway analysis of downregulated genes from PCR array and RNA sequencing. (C)
Heat map representing genes signiﬁcantly downregulated upon PAF1 depletion in CSCs and expression pattern of stemness
genes in control and PAF1-depleted CSCs. (D) Schematic illustration of the mechanism of PAF1-mediated maintenance of
pancreatic CSCs. PAF1, PHF5A, and DDX3 are upregulated in PC and form a subcomplex that supports pancreatic CSCs.
Depletion of PAF1 results in a decreased percentage of CSCs, reduced tumorigenesis, and impaired tumor sphere formation.

This notion is supported by a recent publication that
showed DDX3 is overexpressed in undifferentiated human
ESCs compared with differentiated cells and that perturbation of DDX3 activity reduced expression of the pluripotency
regulators OCT4, SOX2, and NANOG and impaired teratoma
formation.40 Importantly, we demonstrated that RK-33
treatment reduced the localization of DDX3 and PAF1 on
the Nanog promoter.
We ﬁnally show that PAF1 depletion downregulated
stem cell-related transcription factors and genes, including
JAK/STAT, extracellular signal–regulated kinase/mitogen
activated protein kinase, and CXCR4 signaling pathways.
The role of PAF1 in regulating these stem cell genes is
indicated by its localization on promoters of these genes.
Several of these pathways are also drivers of tumorigenesis. For instance, several studies have shown the importance of the JAK/STAT pathway, particularly STAT3
activation, in mediating tumorigenic ability of CSCs in
breast cancer,41 colon cancer,42 and several other cancers.43 STAT3 is constitutively active in PC44 and plays a
role in proliferation, survival, and metastasis of pancreatic
tumor cells.45,46 Additionally, the STAT3/Sox2 axis has
been documented to play an important role in maintaining
stem cell phenotypes in PC cells.47 Similarly, PAF1 KD
downregulated pathways involved in CSC-mediated cancer
pathogenesis, including CXCR44 and Wnt/b-catenin
signaling.48 Together, these observations underscore the
pivotal role of PAF1 in mediating stemness and indicate
that PAF1 may serve as a common upstream regulator of
these pathways.
Given that PAF1 has multiple functions and serves as
a converging point for several cotranscriptional processes,
including transcription elongation, termination, and
messenger RNA processing, its basic functions in different
cell types and disease settings merit further study.
Nonetheless, this study serves as a stepping stone for
targeting PAF1-dependent pancreatic CSC maintenance
through DDX3. Taken together, these data reveal that the
PAF1-PHF5A-DDX3 subcomplex is required for sustenance
of pancreatic CSCs (Figure 7D) and present a therapeutic
window to target this subcomplex through DDX3
inhibition.

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2020.07.053.
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Supplementary Methods
In Silico Analysis of PAF1C Subunits, PHF5A,
and DDX3 in Pancreatic Cancer Data Sets
The Gene Expression Proﬁling Interactive Analysis web
server (http://gepia.cancer-pku.cn/) was used to analyze
TCGA PC expression data, and expression data for PAF1,
CTR9, LEO1, CDC73, SKI8, PHF5A, and DDX3 were obtained.
The data were downloaded using the web portal and subsequently plotted.1 The normalized pancreatic adenocarcinoma gene expression data (FPKM-UQ [fragments per
kilobase of exon model per million reads mapped-upper
quartile]) was obtained from Genomic Data Commons
(GDC) web portal (portal.gdc.cancer.gov). Grouped box
plots of PAF1, other PAF1C subunits, DDX3, and PHF5A
were made using the ggplot2 package in R (R Foundation
for Statistical Computing, Vienna, Austria). The box plots
were grouped based on the ABSOLUTE purity classiﬁcations, as provided by Raphael et al.2

Orthotopic Tumor Implantation
SW1990, Capan1, and HPAF/CD18 cell lines were engineered for inducible PAF1 KD using a lentiviral system.
These cell lines were injected in the pancreas of 5-week-old
athymic nude mice orthotopically, as described previously.3
Doxycycline hyclate (Sigma-Aldrich) was administered to
mice assigned to the PAF1 KD group via drinking water at a
concentration of 2 mg/mL in 2% sucrose solution. Control
mice received 2% sucrose in drinking water.

Subcutaneous Tumor Implantation
Control and PAF1 KD cells (40,000) were suspended in
500 mL of PBS and mixed with Matrigel (Becton Dickson,
Franklin Lakes, NJ) in a 1:1 ratio. Cells (4000) in 100 mL
volume of PBS-Matrigel mix were injected subcutaneously
into the right and left ﬂanks of 5-week-old athymic nude
mice. Four mice were used per group, and the appearance
of tumors was checked by palpitation 2 times per week.
Animals were humanely killed soon after the tumor nodule
reached 0.8 cm diameter.

Determination of Tumor Recurrence In Vivo
Tumor recurrence has previously been evaluated in
mouse models of PC.4 Brieﬂy, 0.5  106 luciferase-labeled
SW1990 cells were orthotopically implanted in 6-weekold nude mice. Tumor formation was ascertained using
in vivo imaging systems (IVIS). Tumors were resected 2
weeks after implantation of cancer cells in the pancreas, as
described previously.4 The primary tumor in the pancreatic
tail was carefully removed by disconnecting the pancreatic
body, including blood vessels, by using 1 clip, followed by
coagulation and cutting. We conﬁrmed negative margins
after the resection to ensure complete tumor removal.
Mice were imaged 6 days after tumor resection using
IVIS to assess tumor burden, and mice were then randomized into 2 groups: control and PAF1 KD. Mice segregated
into PAF1 KD received Dox (2 mg/mL) in 2% sucrose in
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drinking water, and the other group received 2% sucrose
only (vehicle control). Tumor-bearing mice in both groups
were monitored for 3 weeks, and tumor recurrence was
evaluated using IVIS and histologic analysis at the end point.

Limiting Dilution Assay
Cell suspension of Capan1 cells was prepared for 5
different concentrations (C1, 100,000 cells; C2, 50,000 cells;
C3, 10,000 cells; C4, 1000 cells; and C5, 100 cells) in a 50 mL
volume of PBS. Cells were mixed with 50 mL Matrigel and
were subcutaneously implanted into the right and left
ﬂanks of 5-week-old athymic nude mice. Mice were segregated into control and PAF1 KD groups. Three mice were
used per group per cell concentration (6 tumors in each
group/cell concentration), and the appearance of tumors
was checked by palpitation thrice weekly. Tumor dimensions were measured using Vernier Calipers for the
determination of tumor volume. Tumors were harvested
when control tumors became necrotic.

Organoid Generation and Culture
In brief, tumor organoids were established after tumor
resection and mechanical and enzymatic digestion of
pancreatic tumor from the KPC autochthonous mouse
model with 0.012% (weight/volume) collagenase XI
(Sigma-Aldrich) and 0.012% (weight/volume) dispase
(Gibco) in DMEM media containing 1% FBS (Gibco) and
embedded in growth factor-reduced Matrigel.5 These organoids were maintained and cultured in complete advanced
(Ad)DMEM/F12 medium supplemented with HEPES (Invitrogen, Carlsbad, CA), Glutamax (Invitrogen), penicillin/
streptomycin (Invitrogen), B27 (Invitrogen), Primocin (1
mg/mL; InvivoGen, San Diego, CA), N-acetyl-L-cysteine (1
mmol/L, Sigma-Aldrich), mouse recombinant Wnt3a (100
ng/mL, Millipore), human recombinant RSpondin1 (1 mg/
mL, RSpondin1 [PeproTech, Rocky Hill, NJ]), Noggin (0.1
mg/mL, PeproTech, Rocky Hill, NJ), epidermal growth factor
(50 ng/mL, PeproTech), Gastrin (10 nmol/L, SigmaAldrich), ﬁbroblast growth factor 10 (100 ng/mL, PreproTech), nicotinamide (10 mmol/L, Sigma-Aldrich), and
A83-01 (0.5 mmol/L; Tocris, Bristol, United Kingdom).
Human organoids were derived from the pancreas tissue
obtained from fresh tissue bank at University of Nebraska
Medical Center and cultured using the same protocol as
followed with mouse organoids with the addition of Wnt3A
(1X [50% volume/volume], PreproTech).

ALDEFLUOR Assay
The cells expressing high levels of activity of the enzyme
ALDH were stained using ALDEFLUOR reagent (Cat: 01700;
Stem Cell Technologies, Cambridge, MA) using the manufacturer’s instructions. A speciﬁc inhibitor of ALDH, diethylaminobenzaldehyde (DEAB), was used to control for
background ﬂuorescence.

Analysis of CD44þ Cancer Stem Cells Using
Flow Cytometry
Cells were trypsinized, counted, and resuspended to get
1 million cells/100 mL per tube. Cells were incubated with
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human CD44-allophycocyanin (APC) antibody (Cat: 130098-110; Miltenyi Biotec Inc, Auburn, CA) for 15 minutes at
4 C, followed by 2 PBS washes and resuspension in 500 mL
media. Appropriate single- and double-color controls were
included, and cells with a high expression of CD44þ (high
CD44þ) were gated using appropriate controls.

Apoptosis Assay
SW1990 SP and 9-26 NP cells were treated with vehicle
control dimethyl sulfoxide or RK-33 (5 mol/L) for 48 hours.
Cell supernatant and adherent cells were collected, stained
with annexin V and propidium iodide, and analyzed by ﬂow
cytometry, as described previously.6

Immunoblot Assay
Cells were processed for protein isolation and Western
blotting using standard procedures, as described previously.7 The following primary antibodies were used:
anti-PAF1, anti-LEO1, anti-CDC73, anti-CTR9 (Bethyl Laboratories, Montgomery, TX); anti-PHF5A (Proteintech, Rosemont, IL); anti-OCT3/4, anti-SOX-2, anti-CD24, and anti-ESA
(Santa Cruz Biotechnology, Dallas, TX); anti-CD44 (Cell
Signaling Technology, Danvers, MA); anti-CD133 (Abnova,
Walnut, CA); anti–b-catenin (Sigma-Aldrich); anti-DDX3,
anti-Lgr5, and anti-SOX-9 (Abcam, Cambridge, MA, USA).
All antibodies were incubated overnight at 4 C. b-Actin was
used as a loading control.

PAF1 PC Cells Stemness Independent of PAF1 1915.e2

of 1000 cells/well in a 6-well plate in triplicates. The cells
were cultured in CSC-speciﬁc media, with media changed
once in 2 days. After 2 weeks of growth, the cells were ﬁxed
with 100% methanol and stained with crystal violet stain
(0.1%,
weight/volume
in
20
nm
4morpholinepropanesulfonic acid; Sigma-Aldrich) before
the colonies started to merge. Total colony area was
quantiﬁed using ImageJ.

Tumor Sphere Assay
Capan1 SP cells that were engineered to KD PAF1 using
Dox-induced shRNA were seeded in triplicates in a 96-well
nonadherent plate (Corning Inc, Corning, NY) in CSCspeciﬁc media at a concentration of 100 cells/well in 2
sets. The cells in suspension culture were observed under
the microscope, and fresh media was added every alternate
day without removing the existing media in the set designated as the control, whereas the set designated as the KD
set received Dox at 2 mg/mL every alternate day. Treatment
with RK-33 was initiated 24 hours after cell seeding. A week
later, multiple images were taken per well for different
ﬁelds of view. The diameter of each tumor sphere was
measured using Motic Images Plus 2.0 ML software (Hong
Kong, China). The plot depicting the diameter of tumor
sphere in PAF1 KD cells and control cells was plotted using
MedCalc software (Ostend, Belgium).

Cell Motility Assay
Immunoﬂuorescence Analysis
Cells were plated, ﬁxed, and processed as described
previously.7 Primary antibodies speciﬁc for mouse-PAF1
(1:100 in PBS), mouse-OCT3/4 (1:100), rabbit–b-catenin
(1:100), mouse-CD44 (1:250), and rabbit-ESA (1:1500)
were used with a 4-hour incubation for cells. For human
and mouse tissues, we followed the same procedure
mentioned previously,8 but incubation with primary antibodies was performed overnight at 4 C. After primary
antibody incubation, the cells and tissue sections were
processed using standard procedures, as described previously.7 Confocal images were collected using Zeiss LSM800
confocal microscope with a 63/1.4 NA oil objective (Carl
Zeiss Microimaging, Thornwood, NY).

Quantiﬁcation of Fluorescent Intensity
Multichannel snapshots were split into separate channels
in ImageJ (National Institutes of Health, Bethesda, MD). A
region of interest was drawn around individual cells in 1 of
the 2 channels using the “freehand” tool. This region was
then subjected to the measure plugin, and intensity was
calculated by multiplying area and mean intensity. The
measurement of intensity was made for 10 cells in a ﬁeld and
5 to 6 images per condition. The intensity values were represented relative to the control condition in arbitrary units.

Colony Formation Assay (Clonogenic Assay)
SW1990 SP PD2/PAF1 CRISPR KD cells and control
SW1990 SP cells were trypsinized and seeded at a density

The motility assay was performed by using a chamber
containing a monolayer-coated polyethylene terephthalate
membrane (6-well insert, a pore size of 8 mm; Becton
Dickinson). Both control and PAF1 KD (Dox treated)
SW1990 cells (1  106 cells per well) were seeded in 6-well
plates. After a 24-hour incubation period, the migrated cells
that had reached the lower chamber were stained with a
Diff-Quick stain set and counted in different ﬁelds. The
average number of migrated cells per representative ﬁeld
was calculated.

Wound-Healing Assay
The wound-healing assay was performed as described
previously.9 Brieﬂy, 4  106 control and PAF1 KD (2 mg/
mL Dox treated) cells were seeded in 6-well plates. After 24
h, a scratch was made on the bottom of each well using a
P200 pipette tip. Photographs of the scratch were taken at
0 hours and 24 hours. The photographs were then analyzed
to quantify the change in size of the scratches as the cells
migrated into the space, and wound closure was compared
between control and PAF1-depleted cells.

Immunoprecipitation Analysis
SW1990 SP, HPDE, and F9 cells were cultured in their
respective culture conditions, and the lysates were collected
in a CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1propanesulfonate) nondenaturing immunoprecipitation
buffer (20 mmol/L Tris [pH 7.5], 200 mmol/L NaCl, 1%).
Immunoprecipitation was performed with PAF1 (ChIP-
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grade, Abcam) and anti-Phf5a (Proteintech) antibodies using Dynabeads protein G (Invitrogen). After preclearing,
500 mg of lysates prepared at 1 mg/mL were incubated with
3 mg of respective antibodies overnight in a rotor at 4 C.
The next day, Dynabeads (20 mL per reaction) were added
to the antibody-lysate mix and incubated for rotation at 4 C
for 6 hours. Thereafter, the unbound antibodies were
washed with immunoprecipitation wash buffer (40 mmol/L
HEPES [pH 7.4], 500 mmol/L NaCl, 2.5 mmol/L MgCl2, 2
mmol/L ethylene glycol-bis[b-aminoethyl ether]-N,N,N0 ,N0 tetraacetic acid, and 1% Triton X-100), and the immunoprecipitated proteins were eluted using a high pH
ammonium buffer and were concentrated using a highspeed vacuum. The immunoprecipitates, or total cell lysates, were transferred onto the polyvinylidene diﬂuoride
membrane after being resolved on 10% sodium dodecyl
sulfate (SDS)–polyacrylamide gel electrophoresis, and
thereafter were incubated overnight at 4 C with primary
antibodies (anti-PAF1, anti-OCT3/4, anti-LEO1, anti-CTR9,
and anti-CDC73).

RNA Isolation and Quantitative ReverseTranscription Polymerase Chain Reaction
Total cellular RNA was extracted from cells using the
RNAeasy kit (Qiagen, Hilden, Germany) and processed for
reverse transcription to generate complementary DNA as
described previously.10 Complementary DNA products were
assayed by quantitative real-time PCR using SYBR Green
incorporation. The expression of all genes was normalized
to that of internal control b-actin and expressed relative to
the indicated reference sample (average ± SEM of triplicate
reactions).

Human Transcription Factors Polymerase Chain
Reaction Array
Total RNA isolated from SW1990 SP and PAF1-depleted
SP cells were reverse-transcribed using RT2SYBR qPCR
Mastermix (330,401, Qiagen). Aliquots of 25 mL of the mix of
both samples were added in separate 96-well PCR array kits
containing lyophilized gene-speciﬁc primer set (PAHS-075Z,
Qiagen). Threshold cycles were used to calculate fold
change using the online web server of RT2proﬁler PCR
array data analysis.11

Chromatin Immunoprecipitation-Sequencing
SW1990 SP cells were ﬁxed with 0.4% formaldehyde
and 1.5 mmol/L EGS (ethylene glycol bis[succinimidyl
succinate]) (Thermo Fisher Scientiﬁc), washed, harvested,
and resuspended in 500 mL SDS lysis buffer (1% SDS, 10
mmol/L EDTA, 50 mmol/L Tris-HCl [pH 8.1], 1 mmol/L
phenylmethylsulfonyl ﬂuoride, and 1 mg/mL aprotinin).
Samples were sonicated and diluted in ChIP dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mmol/L EDTA, 16.7
mmol/L Tris-HCl [pH 8.1], 167 mmol/L NaCl, 1 mmol/L
phenylmethylsulfonyl ﬂuoride, and 1 mg/mL aprotinin). For
input control, 10% of sonicated samples were separated.
Immunoprecipitation was performed with ChIP-grade PAF1
(Abcam) and Phf5a (Proteintech) antibody, as previously
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described. Chromatin extracts were pulled down with protein AþG beads. The samples were washed extensively with
wash buffers (low salt, high salt, LiCl, and Tris/EDTA
buffers), eluted with SDS elution buffer, and subjected to
reverse cross-linking and proteinase digestion. IgG antibody
was used as a control for the ChIP assay.

Chromatin Immunoprecipitation-Sequencing
Analysis
The captured and puriﬁed DNA was prepared for high
throughput sequencing using the New England Biolabs
(Ipswich, MA) NEBNext Ultra II DNA Library Prep Kit for
Illumina (San Diego, CA). The resulting indexed libraries
were sequenced by the University of Nebraska Medical
Center Sequencing Core Facility using an Illumina NextSeq
500 Genome Analyzer. Initial raw sequence ﬁles were
processed based on the following steps. Adaptor sequences
and low quality (Phred score <20) ends were trimmed
from sequences using Trim Galore software (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). The
resulting fastq ﬁles were aligned to the human genome
(GRCh38/hg38) using the sequence aligner Bowtie2 2.2.3.12
The software package Picard routine, MarkDuplicates,
(http://broadinstitute.github.io/picard/) was used to
remove sequence duplications. For peak calling of ChIP
enriched regions, the MACS2 2.1.1 peak caller software13 of
each ChIP to corresponding input DNA sample was used to
determine binding regions based on a false-discovery rate
adjusted P value (q value) <.05. BigWig ﬁles were generated using the deeptools bamCoverage routine (https://
deeptools.readthedocs.io/en/develop/). Alignment of signiﬁcant peaks to gene-speciﬁc regions was accomplished
using the bedtools routine intersect (https://bedtools.
readthedocs.io/en/latest/). Raw ﬁles were submitted to
Gene Expression Omnibus (accession number GSE144371).

RNA Sequencing
SW1990 SP control and PAF1 CRISPR KD cells were
lysed in RNA lysis buffer supplied with the mirVana RNA
isolation kit (Thermo Fisher Scientiﬁc; n ¼ 2). Total RNA
was isolated in accordance with the manufacturer’s protocol. Whole transcriptome analysis (RNA-Seq) was performed on PAF1 KD and control cells at the Sequencing
Core Facility at the University of Nebraska Medical Center.
RNA quality was checked with an Agilent Bioanalyzer
(Agilent Technologies, Inc, Santa Clara, CA), and all RINs
(RNA integrity numbers) were 10. Library preparation was
achieved using Illumina TruSeq RNA Sample Preparation
Kit according to the manufacturer’s protocol. For each library, 15 cycles of PCR ampliﬁcation were performed, followed by examination of size distribution using an Agilent
Bioanalyzer and a DNA 1000 chip. Each sample used 1 of 12
unique indices (Illumina). All libraries displayed a band
between 200 and 500 base pairs with a peak at approximately 290 base pairs. The Qubit 2.0 Fluorometer (Life
Technologies, Inc, Carlsbad, CA) was used to quantitate the
libraries. Loading was performed at a concentration of
6 pmol/L. Sequencing was done on HiSeq 2500 sequencer
in rapid mode. It was a single-read, 50-cycle, sequencing

November 2020

run, and onboard clustering and V2 chemistry was used.
Raw ﬁles for RNA-Seq were submitted to Gene Expression
Omnibus (accession number GSE144371).
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Supplementary Appendix
List of Antibodies
Antibodies
Primary antibodies used in Western blot
Nonphosphorylated b-catenin
ALDH1
CD44
OCT3/4
PAF1/PD2
CD44v6
CD24
ESA (EpCAM)
CD133
DDX3
LEO1
CTR9
CDC73
b-Actin
PHF5A
SOX2
SOX9
NANOG

Source

Identiﬁer

Dilution

Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Santa Cruz Biotechnology
Bethyl Laboratories
Thermo Fisher Scientiﬁc
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Abcam
Bethyl Laboratories
Bethyl Laboratories
Bethyl Laboratories
Santa Cruz Biotechnology
Proteintech
Santa Cruz Biotechnology
Abcam
Thermo Fisher Scientiﬁc

Cat# CST-19807P (Rb)
Cat# sc-374149 (Ms)
Cat# CST-5640S (Ms)
Cat# sc-5279 (Ms)
Cat# Bethyl-A300-173A (Rb)
Cat# BMS125 (Ms)
Cat# sc-19585 (Ms)
Cat# CST 2626 (Rb)
Cat# CST-5860 (Rb)
Cat# ab235940 (Rb)
Cat# A300-174A (Rb)
Cat# A301-395A-1 (Rb)
Cat# A300-170A (Rb)
Cat# sc-47778 (Ms)
Cat# 15554-1-AP (Rb)
Cat# sc-20088 (Rb)
Cat# ab26414 (Rb)
Cat# PA1-097 (Rb)

1:1000
1:1000
1:1000
1:500
1:5000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:2000
1:500
1:500
1:1000
1:1000

Invitrogen
Invitrogen

Cat# 31460
Cat# 31430

1:3000 to 1:5000
1:3000 to 1:5000

Abcam
Abcam
Thermo Fisher Scientiﬁc
Abcam
Our laboratory
Santa Cruz Biotechnology
Proteintech
Cell Signaling Technology
Santa Cruz
Cell Signaling Technology

Cat# ab182579 (Rb)
Cat# ab235940 (Rb)
Cat# BMS125 (Ms)
Cat# ab20662 (Rb)
N/A (Ms)
Cat# sc-293121 (Ms)
Cat# 15554-1-AP (Rb)
Cat# CST-19807P (Rb)
Cat# sc-374149 (Ms)
Cat # 9449 (Ms)

1:300
1:300
1:300
1:250
1:100
1:150
1:200
1:300
1:300
1:300

Secondary antibodies used in Western blot
Goat anti-Rb IgG HRP
Goat anti-Ms IgG HRP
Primary antibodies used in
immunoﬂuorescence and
immunohistochemistry
SOX9
DDX3
CD44v6
PAF1/PD2 rabbit antibody
PAF1/PD2 mouse monoclonal antibody
Nanog
PHF5A
Nonphosphorylated b-catenin
ALDH1/2
Ki67
Secondary antibodies used in
immunoﬂuorescence
Alexa Fluor 568 goat anti-mouse IgG
Alexa Fluor 568 goat anti-rabbit IgG
Alexa Fluor 488 goat anti-mouse IgG
Alexa Fluor 488 goat anti-rabbit IgG
Antibodies used in immunoprecipitation
assay and ChIP assay
PAF1/PD2
PHF5A
ChromPure IgG
DDX3
Antibody used in ﬂow cytometry
CD44 APC Human

Life
Life
Life
Life

Technologies
Technologies
Technologies
Technologies

Cat#
Cat#
Cat#
Cat#

A11004
A11011
A11001
A11008

1:300
1:300
1:300
1:300

Abcam
Proteintech Group
Jackson ImmunoResearch
Laboratoriesa
Abcam

Cat# ab20662 (Rb)
Cat# 15554-1-AP (Rb)
Cat# 011-000-003 (Rb)

3 mg/900 mg protein

Cat# ab235940 (Rb)

3 mg/900 mg protein

Miltenyi Biotech

Cat# 130-098-110

HRP, horseradish peroxidase.
Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania.

3 mg/900 mg protein
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Supplementary Table 1.Primer Sequence for Binding Sites on Nanog Promoter
Name

Forward primer sequence

Reverse primer sequence

Amplicon size (bp)

B.S.1

CATTTGGCATGTGTGTCAACTC

TTCAAGTGATAGGATTTGGATAGGG

92

B.S.2

GGATTTGGTCAGCTCCTTTACT

GAACCAGAACGACTCCATCTTC

181

B.S.3

GTCTCAGCCTCCCTAGTAGAT

CACCTGTAATCCCAGCACTT

174

B.S.4

TCAGCCTCGGTGAGTCTTGGTG

CTCCCACACAAGCTGACTTT

310

B.S.5

CATAATCGGGATTTGCTAAGAGTTT

TGTGGGTGTGTGTGTTTCT

211

B.S.6

TGCCTTGGCTTCATGCTATAA

CTGAGGTTATTGAAATTCTCATTAGGG

168

B.S.7

GCCTCCCAATTTACTGGGATTA

CGAGCAACAGAACCTGAAGA

178

B.S.8

TGAGACTGGTAGACGGGATTA

GAAATAGGACCTCCAGAAGGAAA

222

B.S., binding site.

Supplementary Table 2.Primers used in Quantitative Reverse-Transcription Polymerase Chain Reaction
Gene name
PAF1/PD2

Forward (F) and reverse (R) primers

Amplicon sze (bp)

F: CTCACAGCATTACAGCAAACC

231

R: GTCTCTTCTACAGGCAGGAAAT
Sox9

F: GAGCCGGATCTGAAGAGGGA

151

R: GCTTGACGTGTGGCTTGTTC
CD44v6

F: CCAGGCAACTCCTAGTAGTACAACG

112

R: CGAATGGGAGTCTTCTTTGGGT
b-Catenin

F: AAAATGGCAGTGCGTTTAG

100

R: TTTGAAGGCAGTCTGTCGTA
ALDH1A3

F: ATCAACTGCTACAACGCCCT

98

R: TATTCGGCCAAAGCGTATTC
CTR9

F: AAATTCTCGGCTCTCTCTATGC

92

R: GGGATACTGTTCTGTGACCTTC
LEO1

F: AGTGTAGAGCCCAGACCTT

143

R: CCTTCTTCATCTCGGCGTATC
CDC73

F: GCCTTCCATCTGAAGTATGATGA

142

R: TGTACCTGTCCAATGTTTCCC
b-Actin

F: GGACATCCGCAAAGACCTGTA

143

R: GCTCAGGAGGAGCAATGATCT
Nanog

F: CCTGTGATTTGTGGGCCTG
R: GACAGTCTCCGTGTGAGGCAT

78

