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PAF1/HIF1a axis rewires the glycolytic
metabolism to fuel aggressiveness
of pancreatic cancer
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Abstract

Background PAF1/PD2 deregulation contributes to tumorigenesis, drug resistance, and cancer stem cell
maintenance in Pancreatic Cancer (PC). Recent studies demonstrate that metabolic reprogramming plays a role in PC
progression, but the mechanism is poorly understood. Here, we focused on examining the role of PAF1/PD2 in the
metabolic rewiring of PC.

Methods Cell lines were transfected with shRNAs to knockdown PAF1/PD2. Metabolic genes regulated by PAF1/
PD2 were identified by gPCR/western blot, and metabolic assays were performed. Immunoprecipitations/ChIP were
performed to identify PAF1/PD2 protein partners and confirm PAF1/HIF1a sub-complex binding to LDHA.

Results PAF1 and LDHA showed progressively increased expression in human pancreatic tumor sections. Aerobic
glycolysis genes were downregulated in PAF1-depleted PC cells. Metabolic assays indicated a decreased lactate
production and glucose uptake in knockdown cells. Furthermore, PAF1/PD2 depletion showed a reduced glycolytic
rate and increased oxidative phosphorylation by ECAR and OCR analysis. Interestingly, we identified that HIF 1a
interacts and co-localizes with PAF1, specifically in PC cells. We also observed that the PAF1/PD2-HIF1a complex binds
to the LDHA promoter to regulate its expression, reprogramming the metabolism to utilize the aerobic glycolysis
pathway preferentially.

Conclusion Overall, the results indicate that PAF1/PD2 rewires PC metabolism by interacting with HIF1a to regulate
the expression of LDHA.
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Introduction

Pancreatic Ductal Adenocarcinoma (PDAC), the most
common type of pancreatic cancer (PC), is an aggres-
sive disease with a 5-year survival rate of approximately
12.5%. It is currently the third leading cause of cancer-
related deaths in the United States, with an estimated
64,050 cases and 50,550 deaths in 2023 [1]. Emerging
studies indicate that metabolomic rewiring is involved
in the progression and aggressiveness of several cancers,
including PC. For instance, Karasinska et al. showed that
PCs with transcriptional glycolysis, KRAS, and MYC
gene amplification have a poor prognosis in resectable
and metastatic cases [2]. Another study on quasi-mes-
enchymal (QM) PDAC, which are generally very aggres-
sive and chemoresistant with FOLFIRINOX, reveals
their dependency on glycolysis. Furthermore, the study
showed that these QM cells produce and utilize lactate
for its growth and survival [3]. Similarly, another study
revealed that PDAC exhibited increased lactate produc-
tion through aerobic glycolysis due to the upregulation
of LDHA, therefore promoting pancreatic cancer cell
growth [4]. Alternatively, PDAC cells with KRAS muta-
tion could also be addicted to an alternative metabolic
route involving glutamine (Gln) metabolism by regulat-
ing the expression of major metabolic enzymes such
as glutamate dehydrogenase 1 (GLUD1) and aspartate
transaminase (GOT1), which supports the rapid prolif-
eration of cancer cells and maintaining redox balance in
PDAC cells [5].

RNA Polymerase II-Associated Factor 1 (PAF1)/Pan-
creatic Differentiation 2 (PD2) is a transcription elonga-
tion factor and a member of the PAF1 complex (PAF1C)
subunits, comprising other subunits (LEO1, CTR9,
CDC?73, SKI8). Previous studies from our lab demon-
strated that deregulation of PAF1 is essential for the pro-
liferation, progression, metastasis, and invasion of PC,
and its loss promotes acinar-to-ductal metaplasia during
PC initiation [6-9]. In addition, other studies have shown
that PAF1 plays a critical role in the maintenance of can-
cer stem cells [10, 11]. Furthermore, several studies in
acute myeloid leukemia, cervical, and lung cancers have
also provided evidence that PAF1 is essential in devel-
oping and progressing these cancers [12-14]. Besides,
emerging studies indicate that metabolic rewiring plays
a significant role in pancreatic cancer progression [15];
however, the oncogenic master regulator of cancer
metabolism is poorly understood. While most of these
studies have provided evidence of the multifunctional
nature of PAF1 in many kinds of cancers and elucidated
its involvement in most of the hallmarks of cancer, there
has been no study investigating the involvement of PAF1
during the metabolic alteration of cancer.

Hypoxia-inducible factor-1 alpha (HIF-la) is a cru-
cial transcription factor in cancer progression and

Page 2 of 14

metabolism, which acts differently depending on the
presence or absence of oxygen [16]. It also regulates the
transcription of numerous genes of glycolytic enzymes
and glucose transporters [17]. The hypoxic nature of the
tumor microenvironment of PC, resulting from the rapid
proliferation of cells, poor vascularization, and desmo-
plastic regions, leads to an increase in the expression of
HIFla, which has been consistently implicated in the
regulation of glycolytic genes [17-19]. Despite numer-
ous studies affirming the multifunctional role of PAF1 in
different facets of cancer, the role of PAF1 in the HIFla-
mediated metabolic reprogramming of PC is unknown.
This study demonstrated that PAF1 is required for the
metabolic alteration of PC.

Methods

Cell culture and treatments

Human PC cell lines SW1990, MIA PaCa-2, HPNE, and
HPDE, were obtained from American-type culture col-
lection (Manassas, VA, USA). SW1990 and MIA PaCa-2
cells were cultured in DMEM media (HyClone Labo-
ratories, Logan, UT, USA), which was supplemented
with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St
Louis, MO, USA) and 1% penicillin-streptomycin solu-
tion (Sigma). HPDE was cultured in human keratinocyte
serum-free media supplemented with epidermal growth
factor 1-53 (EGF 1-53) and bovine pituitary extract
(BPE) (Gibco). HPNE was cultured in Dulbecco’s modi-
fied Eagle’s medium (low glucose) with 25% M3 Base
Media (Incell, San Antonio, TX), supplemented with 5%
(vol/vol) fetal bovine serum (FBS), 10 ng/mL epidermal
EGEF, and antibiotics (100 units/mL penicillin and 100 pg/
mL streptomycin). Cells were incubated in a humidi-
fied incubator at 37 °C and supplied with 5% CO,. For
hypoxic treatment, cells were maintained in a humidified
environment at 37 °C, 1% O, and 5% CO, tissue-culture
incubator. Cells were sub-cultured by trypsin-EDTA
treatment.

Depletion of PAF1 using shRNA

PAF1 knockdown in SW1990 and MIA PaCa-2 cells was
performed using lentiviral human PAF1 shRNAs from
Origene (Cat#RC200103L4V). HEK293T cells were cul-
tured and transduced with Scr and shPAF1 plasmids to
generate viral supernatant according to the manufactur-
er’s instructions. A virus supernatant was used to infect
SW1990 and MIA PaCa-2 cells. 72 h after transfection,
GFP-positive cells were isolated by flow cytometry, and
the GFP-positive population was collected in a 6-well
plate, after which the cells were selected using puromy-
cin (6 pg/ml for SW1990 and 2 pg/ml for MIA PaCa-2).
shRNA-mediated knockdown of PAF1 expression was
analyzed by immunoblot assay.
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Quantitative PCR

Total RNA was isolated using the RNeasy mini kit (Qia-
gen 74106). Reverse transcription was performed from
1 ug of total RNA utilizing an iScript cDNA synthesis
kit (BioRad 1708890). Quantitative PCR was performed
using SYBR Green dye (Roche 04887352001) and a
CFX Connect Real-Time PCR detection system (BioRad
1855200). Reactions were performed in triplicate, and
[B-actin was used as a control. The following primer pairs
were used:

PAFI forward 5-TCTGTGAAGCAGCAGTTTACC
—3" and PAFI reverse 5’-GAGATTGATTTCTGGG
CATCCT -3

GLUTI forward §'- GATTGGCTCCTTCTCTGTG
G —3" and GLUTI reverse 5'- TCAAAGGACTTGC
CCAGTTT -3

ENOI forward 5- CTGGTGCCGTTGAGAAGGG
—3" and ENOI reverse 5'- GGTTGTGGTAAACCT
CTGCTC-3;

PDKI forward 5’- GTGGTTTATGTACCATCCCAT
CTCT -3’ and PDK1 reverse 5'- TCCATAGTGGCT
CTCATTGCAT -3'.

HK?2 forward 5'- GAAGGTGGAGATGGAGAATCA
G —3" and HK2 reverse 5'- CCAGGAAACTCTCGT
CTAGTTTAG -3;

PKLR forward 5- TCCCACACACAAACCAAGAG
—3" and PKLR reverse 5’- CCCTCTCCTACTCTAC
AGCATTA -3,

HK1 forward 5'- GTCACGATGTAGCCACTTTAC
—3" and HKI reverse 5'-CGATGAGTCCAATCTCA
CAAG -3,

LDHA forward 5’- GCCTGTATGGAGTGGAATGA
A —3" and LDHA reverse 5'-CCAATAGCCCAGGA
TGTGTAG -3

Western blotting assay

Cells were lysed in RIPA buffer (50 mM Tris-HCl, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS]) containing protease
inhibitors (1 mM phenyl-methyl sulphonyl fluoride,
1 pg/ml aprotinin, 1 pg/ml leupeptin). Cell lysates were
spun at 13,000 rpm for 30 min to remove debris, and
protein quantification was performed using the Bio-Rad
DC Protein Assay kit (RRID: SCR_008426). Total pro-
tein (45 pg/well) was fractionated by 10% SDS—-PAGE.
Fractionated proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes. Membranes were
blocked in 5% non-fat dry milk in PBS containing 0.1%
Tween 20 (PBST). Blots were incubated overnight at
4 °C with primary antibodies: LDHA (1:1000, santacruz
Cat# sc-137243), PDK1 (1:1000, Invitrogen Cat# MAS5-
15797), Glut1(1:2000, Invitrogen Cat# MA5-43799),
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PAF1 (1:5000, Bethyl Laboratories Cat#A300-173 A), and
PDHA1 (1:1000, Invitrogen Cat#459400), and p-actin
(1:5000 Sigma-Aldrich Cat#A1978-200ul). B-actin was
used as a loading control for protein normalization. The
membranes were then washed in PBST, probed with the
appropriate secondary antibodies, incubated for an hour
at room temperature, and then washed with PBST. Sig-
nals were detected with the Pierce ECL Western Blotting
Substrate kit (Thermo Scientific).

Immunoprecipitation assay

Immunoprecipitation assay was performed using Dyna-
beads Protein G immunoprecipitation kit (Invitrogen
Cat#10007D). Cells were lysed in IP lysis buffer (Thermo
Scientific Cat#87787) mixed with Halt protease and
phosphatase inhibitor cocktail (Invitrogen Cat#78440).
Protein lysates (500 pg) were immunoprecipitated with
2 pg of rabbit anti-PAF1 antibody (Abcam Cat#ab20662)
or mouse anti-HIFla antibody (BD Biosciences Cat#
610959). First, 20 pl of dynabeads were incubated with
rabbit anti-PAF1 antibody or rabbit anti-HIF1a antibody
in ‘antibody binding and washing buffer’ on a shaker for
1 h at room temperature. After washing, the antibody-
bound beads were incubated with protein lysates over-
night at 4 °C. The next day, the immune complex on
beads was washed three times with washing buffer, and
the sample was eluted in the elution buffer. The eluted
samples were mixed with 5x Lane Marker Non-Reducing
Sample Buffer (Thermo Scientific Cat#39001) and heated
at 950 C for 5 min before loading in 10% SDS-PAGE gel.
The immunoprecipitated products were subjected to 10%
SDS-PAGE, then transferred onto a PVDF membrane
and immunoblotted with mouse anti-HIFla antibody
1:250 (BD Biosciences Cat# 610959) or rabbit anti-PAF1
antibody 1:5000 (Bethyl Laboratories Cat#A300-172 A).
After washing, the membranes were incubated with Goat
anti-rabbit or anti-mouse IgG secondary antibody or
HRP (Invitrogen Cat#31460) or Clean-Blot IP detection
kit (HRP) (Invitrogen Cat#21232).

Chromatin immunoprecipitation (ChiP) assay

ChiP assay was performed by seeding cells and fixing the
cells with 0.4% formaldehyde and 1.5 mM EGS (ethylene
glycol bis (succinimidyl succinate) (Thermo Scientific
Cat#21565), washed, collected, and resuspended in 500
ul SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCI [pH 8.1], 1 mM PMSEF, and 1 pg/ml aprotinin). Then,
the samples were sonicated and diluted in ChIP dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCI [pH 8.1], 167 mM NaCl, 1 mM PMSE,
and 1 pg/ml aprotinin). 10% of sonicated samples were
separated for the input control. Chromatin was immu-
noprecipitated with rabbit anti-PAF1 antibody (Abcam
Cat#ab20662). Chromatin extracts were pulled down
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with Dynabeads Protein G. 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. As a control, IgG antibody was used for the
ChIP assay. The captured and purified DNA was sub-
jected to PCR amplification using the LDHA gene pro-
moter primers spanning three HIF1a binding sites (B.S.),
using the following primers: HIF1a B.S.1 forward 5'- C
TGACTGACTGCTAGGCATTT-3* and HIFla B.S.1
reverse: 5- GGAAGGCTTGGATCTGTTTCT -3 HIF1
B.S.2/3 forward 5'- GTGCCTATTACGTGCCAGAA-3
and PAF1 B.S.2/3 reverse: 5- GACGACCTTCAGTTTC
CTCATC-3!

Immunohistochemistry

Tissue microarray (TMA), CP (US Biomax Cat#
BIC14011b) was purchased, and the tissue samples from
the normal pancreas (n=6), chronic pancreatitis (CP)
(n=16), PanIN1 (#=8), PanIN2 (#=3), PanIN3 (n=6),
and PDAC (n=8) are included in the TMA. The TMA
was subjected to immunohistochemical staining by using
the following primary antibodies at the indicated dilu-
tion: PAF1 1:100 (Bethyl Laboratories Cat#A300-173 A)
and LDHA 1:100 (Santacruz Cat# sc-137243). Antigen
retrieval was performed in 10 mM sodium citrate buf-
fer (pH 6). The stained sections were scored blindly. The
intensity of protein expression was graded on a scale of
0 to 3 (0, no staining; 14, weakly positive; 2+, moderately
positive; 3+, strongly positive). The percentage of positive
staining was scored in the range of (0-100% or 0-1). A
histoscore was calculated by multiplying intensity (0-3)
and positivity (0—1), ranging between 0 and 3. GraphPad
Prism software (RRID: SCR_002798) was used to calcu-
late P values.

Immunofluorescence analysis

For cells, the cells were plated onto sterile round cover-
slips (CIR 18—1 Fisher brand 12-545-10, Fisher Scien-
tific International, Hampton, NH, USA) and grown in
12-well plates. After 24 h, cells were fixed in 100% metha-
nol (pre-chilled in —20 °C). The cells were washed in PBS
and blocked with 10% normal goat serum (NGS) for 2 h.
For tissues, harvested tissues were fixed in 10% forma-
lin and embedded in paraffin. Briefly, slides were baked
for 2 h at 60 °C, deparaffinized in xylene, and rehydrated
sequentially in ethanol. For antigen retrieval, slides were
microwaved in sodium citrate buffer for 15 min. Slides
were blocked in 5% normal goat serum. The cells/tissue
sections were incubated with primary antibody rabbit-
PD2 (1: 300), rabbit-HIF1a (1: 300), and mouse-LDHA
(1: 300) overnight. The next day, the cells and tissue
sections were washed with PBST four times (10 min
each) and incubated with fluorescent-tagged secondary
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antibodies—both FITC and Texas-red tagged (for
30 min) at room temperature and washed four times with
PBST. Finally, coverslips were mounted with a vectashield
mounting medium containing DAPI (VECTOR, Burlin-
game, CA, USA). Confocal images were collected using a
Zeiss LSM800 confocal microscope with a 63x/1.4 NA oil
objective. The images were quantified by measuring the
mean fluorescent intensity of the cells and tissues of each
group. Data was normalized with the intensity of DAPI in
each image.

Glucose uptake and lactate release assay

Ten thousand cells were seeded per well (six replicates
per cell type) in 96-well white transparent flat bottom tis-
sue culture plates (Corning, ME, USA). Glucose uptake
and lactate release assays were performed using the Glu-
cose Uptake-Glo™ Assay kit (Promega Cat# J1341) and
Lactate-Glo™ Assay kit (Promega Cat# J5021) by follow-
ing the manufacturer’s protocol. Luminescence read-
ings were taken using a Synergy Neo2 multimode reader
(BioTek, VT, USA).

Extracellular acidification rate (ECAR) measurement
Twenty thousand cells were plated in XF96 cell culture
microplates (Seahorse Biosciences, Cat# 101085-004).
After 24 h, the growth medium was replaced with XF
assay medium (Seahorse Biosciences, Cat# 103334-100),
followed by incubation at 37 °C for one hour in a CO2-
free incubator. The basal ECAR and the ECAR following
the addition of glucose (10 mM), oligomycin (1 uM), and
2-deoxyglucose (50 mM) were measured using an XF96
extracellular flux analyzer (Seahorse Biosciences) by fol-
lowing the manufacturer’s protocol. The ECAR values
were normalized to total cell counts in each well.

Oxygen consumption rate (OCR) measurement

Twenty thousand cells were plated in XF96 cell culture
microplates (Seahorse Biosciences, Cat# 101085-004).
After 24 h, the growth medium was replaced with XF
assay medium (Seahorse Biosciences, Cat# 103334-100),
followed by incubation at 37 °C for 1 h in a CO2-free
incubator. The basal OCR and the OCR following the
addition of oligomycin (1 uM), FCCP (0.5 uM), and rote-
none/antimycin A (0.5 pM) were measured using XF96
extracellular flux analyzer (Seahorse Biosciences) by fol-
lowing the manufacturer’s protocol. The OCR values
were normalized to total cell counts in each well.

Results

PAF1 expression correlates with aerobic glycolysis pathway
genes in PDAC

To examine the correlation between PAF1 and meta-
bolic pathways, we performed a correlation analysis
using PAF1 as the selected gene for the PC sample type
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and customized the corGSEA to hallmark. The analy- between PAF1 expression and individual genes of aerobic
sis revealed that PAF1 expression in PC is enriched and  glycolysis and oxidative phosphorylation pathways. Upon
statistically significant in various metabolic pathways, further investigation, we observed that PAF1 correlated
including oxidative phosphorylation and glycolysis  positively with the primary genes of the aerobic glycoly-
(Fig. 1A and B). Next, we investigated the correlation sis pathway (Fig. 1C). To explore further the relationship
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between PAF1 expression and aerobic glycolysis path-
way, the expression of PAF1 and LDHA (the rate-limiting
key factor of the pathway) were quantified by perform-
ing immunohistochemical staining. The staining revealed
a basal/low expression of both PAF1 and LDHA in the
normal pancreas (Fig. 1D). However, PAF1 and LDHA
expression was gradually elevated in chronic pancreatitis
and PanINs, with both expression significantly highest
(p=0.0005-PAF1; p=0.0396-LDHA) in PDAC, as evi-
denced in the histoscore (Fig. 1E, F). These observations
suggest a probable link between PAF1 and LDHA during
the development and progression of PDAC.

PAF1 depletion decreases the expression of aerobic
glycolytic genes in PC

Since LDHA was the rate-limiting step in aerobic gly-
colysis, we carried out immunofluorescence staining to
examine the co-expression between LDHA and PAF1
using human PDAC (MIA PaCa-2 and SW1990) cell
lines. We observed a high expression of PAF1 and LDHA,
as well as a co-expression, in human PC cell lines, MIA-
PaCa-2 and SW1990, compared to HPDE, where there
was little expression of both PAF1 (p=0.0021; p=0.0130)
and LDHA (p=0.0051; p=0.0323) (Fig. 2A and B). Fur-
thermore, this was validated in human PC tissues. While
there was high expression of both PAF1 (p=0.0057) and
LDHA (p=0.0136) in human PC tissues, a low and basal
expression of both proteins was observed in normal pan-
creas (Fig. 2C and D). These results suggest that the co-
expression between LDHA and PAF1 may contribute to
the progression of PDAC.

Next, we investigated the effect of PAF1 expression on
aerobic glycolysis genes. Using shRNA, we developed
PAF1 knockdown PC cells (MIA PaCa-2 and SW1990)
and analyzed the critical regulators of the aerobic gly-
colysis pathway. Interestingly, results showed that PAF1
knockdown in MIA PaCa-2 and SW1990 cells decreased
the expression of aerobic glycolysis genes including
LDHA, PDK1 and GLUT1 in both mRNA levels (Fig. 2E,
F) and protein levels (Fig. 2G). This observation was con-
sistent in both MIA PaCa-2 and SW1900 except PDHA1,
whose mRNA and protein levels increased significantly
upon PAF1 depletion. Furthermore, we observed that
PAF1 knockdown cells had a significantly reduced clono-
genic growth based on the number of colonies formed,
compared to Scr (Supplementary Fig. 2A). These results
suggest that PAF1 plays a role in the expression of aerobic
glycolysis genes.

PAF1 depletion decreases lactate production and glucose
uptake in PDAC

To further investigate the role of PAF1 overexpression in
the aerobic glycolysis pathway, we measured the extracel-
lular lactate concentration by performing lactate assay in
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shPAF1 MIA PaCa-2 and SW1990 cells, thereby assessing
the LDH enzymatic activity in the presence and absence
of PAF1. The lactate assay showed a significant decrease
(p=<0.0001- MIA PaCa-2; p = <0.0001-SW1990) in the
extracellular lactate released in PAF1 knockdown cells
(Fig. 3A) compared to the control (Scr) cells, suggesting
a compromised LDH activity in the PAF1-depleted cells.
A similar trend was observed in the glucose uptake assay
performed, as PAF1 knockdown cells had significantly
(p=<0.0001- MIA PaCa-2; p- <0.0001-SW1990) lower
glucose uptake levels compared to their control/Scr
counterpart (Fig. 3B), suggesting an association between
PAF1 overexpression and the ability of PC cells to absorb
glucose and metabolize it than normal cells.

PAF1 deletion suppresses glycolysis and increases
mitochondrial respiration in PDAC cells

To explore the effect of PAF1 knockdown on the cellular
bioenergetics of PC cell lines, the extracellular acidifica-
tion rate (ECAR) of MIA PaCa-2 and SW1990 Scr and
PAF1-depleted cells were analyzed using the extracel-
lular flux analyzer. PAF1 knockdown cells had signifi-
cantly decreased aerobic glycolytic rate in MIA PaCa-2
and SW1990 (Fig. 3C) compared to Scr cells. Further-
more, various parameters of the aerobic glycolytic rate
were analyzed. The results showed that PAF1 knockdown
decreased maximal glycolytic rate and glycolytic capac-
ity in MIA PaCa-2 and SW1990 cells. In addition, PAF1
knockdown reduced basal and maximum levels of glycol-
ysis, inhibiting glucose metabolism in MIA PaCa-2 and
SW1990 cells. These data suggested that PAF1 knock-
down suppressed glycolysis in PDAC cells.

To further investigate the effects of PAF1 knockdown
on PDAC bioenergetics, we assessed oxidative phos-
phorylation by measuring cellular oxygen consumption
rate (OCR) in MIA PaCa-2 and SW1990 Scr and PAF1-
depleted cells. OCR was significantly increased in PAF1
knockdown cells compared to Scr cells (Fig. 3D). Addi-
tionally, the indices of mitochondrial respiration were
assessed. The data indicated that PAF1 knockdown dra-
matically increased maximal respiration in MIA PaCa-2
and SW1990 cells. Furthermore, ATP-linked respira-
tion and basal respiration were also affected, as these
indices were increased. Overall, the data indicated that
PAF1 knockdown led to an increase in mitochondrial
respiration.

PAF1 interacts with HIF1a specifically and independently

in PC

Next, we investigated the mechanism through which
PAF1 could alter metabolism in PDAC. We analyzed the
GEPIA2 portal to investigate the correlation between
PAF1 and essential transcription factors commonly
implicated in aerobic glycolysis. Interestingly, of all the
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Fig. 2 Co-expression of PAF1/LDHA in PC models and loss of PAF1 reduces aerobic glycolytic genes expression. A. Immunofluorescence images of
SW1990, MIA PaCa-2 and HPDE cell lines stained with PAF1 and LDHA antibody. Scale bar 20 um B. Fluorescence mean intensity quantification of LDHA
and PAF1 expression in Fig. 2 (A) C. Immunofluorescence images of Human PDAC and normal pancreas tissues stained with PAFT and LDHA antibody.
Scale bar 20 um. D. Fluorescence mean intensity quantification of LDHA and PAF1 expression in Fig. 2 (C). Quantitative real-time PCR (QRT-PCR) analysis
of PAF1, LDHA, LHHB, PDK1, HK2, PDHA1, ENO1, PKFL, PKFR, HK1 in Scr and PAF1 KD (E) SW1990 and (F) MIA PaCa-2 cells, gRT-PCR data were normalized
with the 3-Actin gene. (G) Western blot analysis of PAF1 and aerobic glycolysis genes expression in PAFT KD and scramble SW1990 and MiaPaCa2 cells.
B-actin was used as a control. Data are presented as the mean + SD (*p<0.05,**p<0.01, ***p<0.001)
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mean ECAR+SD of six replicates. D Overall oxygen consumption rate (OCR) curve of Scramble and PAF1 KD MIA PaCa-2 and SW1990 cells. Injection order:
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Fig. 4 PAF1 is co-expressed and interacts with HIF1a in PDAC. A Multiple correlation analysis between PAF1 and selected aerobic glycolysis transcription
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transcription factors we identified, only HIFla signifi-
cantly correlates with PAF1 (Fig. 4A). We validated this
observation by performing an immunoprecipitation
assay to ascertain the interaction between PAF1 and
HIFla. The immunoprecipitation of PAF1 or HIF1a was
followed by immunoblotting with HIF1a or PAF1 respec-
tively and showed a clear interaction between these two
molecules in PDAC (SW1990 and MIA PaCa-2) cells;
however, this interaction was not observed in HPDE
and HPNE - normal cells (Fig. 4B). These findings sug-
gest that PAF1 interacts with HIF1a specifically in PDAC
cells, and not in normal pancreatic cells. Furthermore,
we observed an interaction between PAF1 and other
subunits of the PAF1 complex, including LEO1, CTRY,
and CDC73 in SW1990 and MIA PaCa-2. However, no
interaction was observed between HIF1a and other PAF1
complex subunits. Consequently, it is possible that PAF1
forms a sub-complex with HIF1a in PCs, which does not
include LEO1, CTR9, and CDC73 (Fig. 4B).

Immunofluorescence staining showed that human PC
cell lines (SW1990 and MIA PaCa-2) exhibit high PAF1
and HIFla expression; however, normal pancreas cells
(HPDE) showed basal expression of PAF1(p=0.0062;
p=0.0152) and low expression of HIFla (p=0.0069;
p=0.0113) (Fig. 4C and D). This observation was vali-
dated in PDAC tissues as immunofluorescence staining
confirmed the co-expression and co-localization of PAF1
(p=0.0270) and HIFla (p=0.0026) specifically in PDAC
tissues; however, this was totally absent in normal pan-
creas tissues (Fig. 4E and F). Next, we assessed the impact
of PAF1 expression on HIF1la mRNA and protein levels
in both normoxia and hypoxia conditions. The qPCR and
western blot results indicate that HIF1a mRNA and pro-
tein levels in MIA-PaCa-2 PAF1 knockdown cells were
not significantly altered in comparison to the Scr cells in
both normoxic and hypoxic conditions (Supplementary
Fig. 1A, B). In addition, we conducted a colony forma-
tion assay under hypoxic conditions. Although the clono-
genic growth was significantly reduced as a result of the
intensity of the colonies formed, there was no significant
difference in the number of colonies formed between
the normoxic and hypoxic conditions when PAF1 was
knocked down (Supplementary Fig. 2A, B).

Overall, our data shows that PAF1 interacts with HIF1«
in PDAC cell lines and is co-expressed with HIFla in
cancer tissues and cells and its co-expression correlates
with the progression of the cancer.

PAF1 overexpression increases glycolysis and reduces
mitochondrial respiration in PDAC cells

To investigate the impact of PAF1 overexpression on
normal cells, we transfected HPDE cells with a plasmid
that expressed PAF1. Our findings indicated that PAF1-
OE HPDE cells exhibited a substantial increase in the
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expression of glycolytic genes at both mRNA and protein
levels (Fig. 5A, B), compared to vector control. The extra-
cellular acidification rate (ECAR) of HPDE vector and
PAF1-OE cells were analyzed using the extracellular flux
analyzer to investigate the impact of PAF1 overexpression
on the cellular bioenergetics of the normal pancreas cell
line. In comparison to vector control cells, HPDE PAF1-
OE cells exhibited a substantial increase in the aerobic
glycolytic rate (Fig. 5C). Furthermore, various parameters
of the aerobic glycolytic rate were analyzed. The results
showed that PAF1-overexpression increased glycolytic
reserve and glycolytic capacity in HPDE PAF1-OE cells
(Fig. 5D). In addition, PAF1 overexpression increased the
basal and maximum levels of glycolysis, thus increasing
the glucose metabolism in HPDE cells (Fig. 5D).

Additionally, we evaluated oxidative phosphorylation
in HPDE vector control and PAF1-OE cells by quan-
tifying the cellular oxygen consumption rate (OCR).
PAF1-OE cells exhibited a substantial decrease in OCR
compared with the vector control cells (Fig. 5E). Further-
more, mitochondrial respiration indices were evaluated.
The data suggested that the maximal respiration of MIA
PaCa-2 and SW1990 cells was significantly reduced by
PAF1 overexpression (Fig. 5F). Additionally, basal res-
piration and ATP-linked respiration were substantially
diminished (Fig. 5F). In general, the data suggested that
the overexpression of PAF1 resulted in an increase in gly-
colysis and a suppression of mitochondrial respiration in
normal cells.

PAF1/HIF1a binds to the LDHA promoter and alters
metabolism in PC

Since previous investigations showed that PAF1 interacts
with HIF1a and its overexpression in PDAC upregulates
LDHA and other critical genes of the aerobic glycolysis
pathway, we sought to examine whether the PAF1/HIFla
subcomplex is recruited the LDHA gene promoter.
We proceeded to search for HIFla binding sites on the
LDHA promoter using the JASPAR database (Fig. 6A).
We found three HIF1a binding sites on the LDHA pro-
moter (Fig. 6B). The chromatin immunoprecipitation
(ChIP) assay showed the recruitment of PAF1/HIFl«
to the LDHA promoter through the binding site one
(B.S.1) (Fig. 6C). The results were subsequently validated
through a ChIP-re-ChIP assay-PAF1/HIFla pull-down.
The pull-down was analyzed using PCR, and the result
showed that the PAF1/HIFla subcomplex binds the
LDHA promoter through the first binding site (Fig. 6D).
However, the PAF1/HIFla subcomplex binding was
absent in MIA PaCa-2 PAF1 knockdown cells (Fig. 6E).
These results indicate that PAF1/HIF1la complex binds to
the LDHA promoter leading to the transcriptional activa-
tion of LDHA in PDAC.
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Discussion

One of the hallmarks of cancer is unconstrained prolif-
eration and their increased need for biomass, macro-
molecules, and energy. Numerous studies have shown
that vital oncogenic drivers and mutations in PDAC play
a role in dysregulating cellular metabolism [20, 21]. For
instance, KRAS, one of the significant driver mutations
leading to PDAC, plays an essential role in the selective
maintenance of glucose flux by upregulating the expres-
sion of glucose transporter —1(GLUT1). This enhanced
glycolytic activity supports the tumor growth [22].
Moreover, KrasG12D-mutated pancreatic cancer cells
display elevated glycolytic activity through the nonoxi-
dative branch of the pentose phosphate pathway (PPP)
[23]. Also, a previous study showed that p53 is capable
of blocking G6PD activity through transient interaction.
Suppression of p53 in tumor cells is predicted to increase
glucose intake while directing it for biomass synthesis
through an increase in the PPP flux [24]. It also means
that p53, a tumor suppressor gene and one of the four
primary driver mutations in PDAC, might be involved in
oxidative PPP in PDAC tumor cells [24]. Another study
recently identified SIRT5 as a major tumor suppressor in
PDAC, showing that the absence of SIRT5 favors tumori-
genesis by increasing noncanonical glutamine metabo-
lism facilitated by GOT1 [25]. Despite the previous
research in the field, there is a continuous need to iden-
tify novel regulators of metabolic reprogramming, their
molecular mechanisms, and the drugs that can inhibit
these specific metabolic pathways, which are crucial to
improving the overall prognosis of the disease. Beyond
the transcriptional role of PAF1 in the context of the
PAF1 complex in normal cells [26], we have previously
demonstrated that PAF1 contributes to the development
and progression of pancreatic cancer through several tar-
gets, and often, it does this independently of its complex
subunits [27, 28].

Several pancreatic cancer studies have demonstrated
the overexpression of LDHA in both cell lines and clini-
cal specimens and identified that the forced expression of
LDHA encouraged tumor growth, thereby increasing the
tumorigenicity and aggressiveness of pancreatic cancer
[4]. Consistent with this, in-silico analysis showed that
PAF1 overexpression in pancreatic cancer results in an
upregulation of both oxidative phosphorylation and aero-
bic glycolysis. However, we observed that PAF1 depletion
resulted in LDHA downregulation and the downregu-
lation of other critical drivers of aerobic glycolysis.
Interestingly, our immunohistochemistry and immu-
nofluorescence data showed differential and increas-
ing expression of PAF1 and LDHA in PDAC tissues. In
contrast, there was basal expression of PAF1 and LDHA
in normal pancreas. Furthermore, there was co-expres-
sion between these two proteins in PC cell lines, further
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validating the role of PAF1 in glycolysis and PC metabolic
rewiring. While previous studies conducted by our lab
have demonstrated that PAF1 expression is closely asso-
ciated with tumor progression through multiple routes
[6,7, 10, 11, 27, 28], thereby indicating poor survival and
prognosis in patients with pancreatic cancer [11, 28], this
study showed that inhibition of PAF1 inhibits glucose uti-
lization, lactate production, and decreases extracellular
acidification rate, all of which are axes regulated solely by
LDHA. In contrast, we observed that HPDE cells, with
PAF1 overexpression had an upregulation of aerobic gly-
colysis genes, increased extracellular acidification rate,
and reduced oxygen consumption rate, indicating that
the initial observation is a direct effect of PAF1.

Forced expression of LDHA promotes increased lac-
tate production, which contributes to the acidification of
the tumor microenvironment [29], a microenvironment
already plagued with hypoxia, resulting in HIFla accu-
mulation. Following this, we observed that PAF1 inter-
acts with HIF1a specifically in pancreatic cancer cell lines
but not in normal pancreas. Interestingly, while previous
studies have shown that PAF1 complex subunits- LEO1,
CTRY, and CDC73 interact with PAF1, we observed no
interaction between LEO1, CTR9, CDC73, and HIFla in
PCs, reiterating that the PAF1 sub-complex with HIFla
is unique to PCs, and independent of the other PAF1C
subunits.

In addition, we investigated the presence of poten-
tial binding sites of HIF1a on LDHA binding sites since
there has been no evidence of PAF1 directly binding to
dsDNA. Consistent with previous studies, we found
three HIF1a binding motifs on the LDHA promoter [30].
However, our ChIP results showed the presence of PAF1-
HIFla subcomplex binding to one of the binding motifs
of HIFla. We also observed that PAF1/HIFla subcom-
plex binds to the LDHA promoter and activate LDHA
transcription, which was absent in PAF1 knockdown
cells, thereby regulating LDHA expression in pancreatic
cancer.

In conclusion, our study provided both in-vitro and
mechanistic evidence supporting that PAF1 modulates
LDHA expression. The PAF1/HIFla axis is critical in
metabolic rewiring, aerobic glycolysis, and tumor pro-
gression in pancreatic cancer. Our research identified
the dysregulated PAF1-LDHA axis as a promising new
molecular target for designing novel therapies to control
the development and progression of pancreatic cancer.
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