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Direct Effects of Lipopolysaccharide on Human Pancreatic
Cancer Cells

Roxanne L. Massoumi, MD, Yaroslav Teper, PhD, Soichiro Ako, MD, PhD, Linda Ye, MD,
Elena Wang, BS, O. Joe Hines, MD, Guido Eibl, MD
Department of Surgery, David Geffen School of Medicine at UCLA, Los Angeles, CA

Abstract

Objectives: Obesity, a risk factor for pancreatic adenocarcinoma (PDAC), is often accompanied
by a systemic increase in lipopolysaccharide (LPS; metabolic endotoxemia), which is thought to
mediate obesity-associated inflammation. However, the direct effects of LPS on PDAC cells are
poorly understood.

Methods: The expression of toll like receptor-4 (TLR-4), the receptor for LPS, was confirmed in
PDAC cell lines. AsPC-1 and PANC-1 cells were exposed to LPS and differential gene expression
was determined by RNA-seq. Activation of the phosphoinositide 3 kinase (P13K)/protein kinase B
(Akt)/ mammalian target of rapamycin (mTOR) pathway by LPS in PDAC cells was assessed by
Western blotting.

Results: Expression of TLR-4 was confirmed in all PDAC cell lines. Exposure to LPS led to
differential expression of 3083 genes (426 =5-fold) in AsPC-1 and 2584 (339 =5-fold) in PANC-1.
A top canonical pathway affected by LPS in both cell lines was PI3K/Akt/mTOR. Western
blotting confirmed activation of this pathway as measured by phosphorylation of the ribosomal
protein S6 and Akt.

Conclusions: Exposure of PDAC cells to LPS led to differential gene expression. A top
canonical pathway was PI3K/Akt/mTOR, a known oncogenic driver. Our findings provided
evidence that LPS can directly induce differential gene expression in PDAC cells.
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Introduction

Pancreatic cancer is a significant cause of cancer related mortality and is expected to become
the second leading cause in the United States by 2030.1 Obesity is a known risk factor for
PDAC.2 In the United States, approximately 40% of all adults are considered obese with
rates increasing for both children and adults.® The National Institutes of Health recently
reported that 16.9% of PDAC cases in the United States are attributed to obesity, making it
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the number one modifiable risk factor for PDAC development, ahead of cigarette smoking.*
Not only has obesity been associated with PDAC development, but it has also been linked to
the development of chemo-resistance.? Additionally, those who are overweight or obese at
the time of their diagnosis tend to have an overall worse prognosis.2

There are several mechanisms by which obesity can accelerate PDAC development,
including chronic inflammation, hyperinsulinemia and changes in adipokine production
amongst others.2 In addition, obesity is associated with intestinal dysbiosis and increased gut
permeability,® which lead to enhanced translocation of lipopolysaccharide (LPS), a
component of the outer wall of intestinal gram-negative bacteria, across the intestinal barrier
and an elevation of LPS in the blood (metabolic endotoxemia). Metabolic endotoxemia is
thought to at least partially contribute to the insulin resistance and other metabolic
disturbances seen in obesity.>

Lipopolysaccharide binds to TLR-4 on cell surfaces, leading to an inflammatory cascade.5
Mechanistically, the binding of LPS to TLR-4 in complex with the myeloid differentiation 2
protein is aided by the cluster of differentiation 14 glycoprotein,’ leading to receptor
dimerization and recruitment of downstream molecules such as myeloid differentiation
protein 88 and myeloid differentiation protein 88 adapter-like protein.8 This initiates an
inflammatory cascade that includes factors such as the interleukin-1 receptor associated
kinase, the tumor necrosis factor receptor-associated factor, transforming growth factor B-
associated kinase 1, the c-Jun N-terminal kinase and | kappa B kinase, ultimately resulting
in an inflammatory signature, which contributes to the development of metabolic diseases
such as insulin resistance.8

Although the importance of LPS in metabolic diseases has been studied extensively, there
has been very limited data on the direct effects of LPS on PDAC cells. Previous studies have
shown that LPS can accelerate PDAC tumor progression and invasion,®-11 decrease tumor
suppressor activity® and increase migratory abilityl9 and tissue invasion through the Nuclear
Factor kappa-light-chain-enhancer of activated B-cells (NF-kB) pathway.10-11 The aim of
this present study was to investigate direct global effects of LPS on PDAC cells.

MATERIALS AND METHODS

Cell Lines and Reagents
The human pancreatic cancer cell lines PANC-1, AsPC-1, Capan-2, HPAF-II, BxPC-3, and
the colorectal cancer cell line SW-480 were purchased from the American Type Culture
Collection (Manassas, Va). Lipopolysaccharide, derived from Escherichia coli (E. Coli)
026:B6, was obtained from Thermo Fisher (West Hills, Calif).

Cell Culture

PANC-1 cells were cultured in Dulbecco’s Modified Eagle Media. AsPC-1, Capan-2, and
BxPC-3 were cultured in Roswell Park Memorial Institute medium. HPAF-11 was cultured in
Eagle’s Minimum Essential Medium. All media were obtained from Gibco (Gaithersburg,
Md). Each medium was supplemented with 10% FBS and 1% penicillin/streptomycin
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combination, both purchased from Thermo Fisher. Cells were grown in 10 cm culture dishes
in an incubator maintained at 37°C with either 5% or 10% carbon dioxide.

Quantitative Reverse Transcription Polymerase Chain Reaction

Messenger ribonucleic acid (RNA) levels of TLR-4 were determined using quantitative
reverse transcription polymerase chain reaction (qQRT-PCR). Extraction of RNA was
performed using a Total RNA Purification Plus Kit from Biomiga (San Diego, Calif). We
performed reverse transcription using 0.75 g total input RNA and heated sample mixtures
to 25°C for 5 min, 46°C for 20 min, 95°C for 2 min, and subsequently held it at 4°C. All
reagents were obtained from Bio-Rad (Hercules, Calif). The following primers were used:
human TLR4 (forward: GGTCAGACGGTGATAGCGAG and reverse:
TAGGAACCACCTCCACGCA) and as an internal control human 18S ribosomal RNA, both
from Life Technologies (Carlsbad, Calif).

RNA Sequencing

Cells were seeded in a 50 mm cell culture plate in complete media. The following day,
media was replaced with serum free media overnight. Cells were then exposed to 1 pg/mL of
LPS, a concentration consistent with similar experiments in the literature,10 and treated with
RNeasy Lysis Buffer from Qiagen (Germantown, Md) after 6 hours of incubation. The
integrity of total RNA was examined by the Agilent 4200 TapeStation System (Agilent,
Santa Clara, Calif). Libraries for RNA-Seq were constructed with KAPA stranded mRNA
library construction kit (Roche, Indianapolis, Ind) to generate strand-specific RNA-seq
libraries. The workflow consisted of poly(A) RNA selection, RNA fragmentation and
double-stranded cDNA generation using a mixture of random and oligo(dT) priming,
followed by end repair to generate blunt ends, adaptor ligation, strand selection and PCR
amplification to produce the final libraries. Amplified libraries were quantified by Qubit
dsDNA HS (High Sensitivity) Assay Kit (Thermo Fisher) and quality-checked by the
Agilent 4200 TapeStation System. Different index adaptors were used for multiplexing
samples in one sequencing lane. Sequencing was performed with Illumina HiSeq 3000
sequencer (Illumina, San Diego, Calif) to produce 50 base-pair single-end reads (1 x 50 bp).
The STAR software (v2.7, Alexander Dobin) was used for alignment, the Partek Flow
software (v10.0, Partek, St. Louis, Mo) for normalization and differential gene expression
and the Ingenuity Pathway Analysis software (winter 2020 release, Qiagen) for pathway
analysis.

Western Blot Analysis

PANC-1 cells were seeded in a 6-well plate and allowed to grow overnight in complete
Dulbecco’s Modified Eagle Media. The following day, the medium was changed to serum
free medium and incubated overnight. Cells were then again exposed to 1 pg/mL of LPS and
protein was extracted at 15 min, 1 hour, and 2 hours after LPS treatment using an ice-cold
lysis buffer mixed with a protease inhibitor cocktail, both from Thermo Fisher. After
determining protein concentrations using the Bicinchoninic Acid kit from Thermo Fisher,
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis was performed. Proteins were
then transferred to a nitrocellulose membrane and probed overnight at 4°C with primary
antibodies against total S6, phospho-S6 (ser235/236), total Akt and phospho-Akt (ser473),
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all purchased from Cell Signaling Technologies (Danvers, Mass). The following day, an anti-
rabbit secondary antibody from Cell Signaling Technologies was applied and the membrane
was incubated at room temperature for one hour. Immunoreactivity was detected with a
chemiluminescence kit from Thermo Fisher. Blots were quantified using the Image J
software (v1.53g, National Institutes of Health, Bethesda, Md) with glyceraldehyde 3-
phosphate dehydrogenase as a loading control.

RESULTS

First, we confirmed the expression of the TLR-4 receptor in several human PDAC cell lines.
Compared to SW-480, a colonic adenocarcinoma cell line with documented response to
LPS,12 TLR-4 mRNA expression levels were detected in all PDAC cell lines (Fig. 1). The
highest mMRNA expressions, as compared to SW-480, were seen in AsPC-1 (3.3-fold) and
BxPC-3 (2.9-fold). PANC-1 (0.1-fold) and HPAF-I11 (0.04-fold) showed lower transcript
levels compared to SW-480. To investigate global direct effects of LPS on PDAC cell lines,
we performed RNA-seq analysis using AsPC-1 and PANC-1 as cell lines with high and low
levels of TLR-4 mRNA expression, respectively.

Exposure of AsPC-1 to LPS for 6 hours resulted in 3083 differentially expressed genes, 341
of which had more than a 5-fold change in expression (225 with increased expression and
116 with decreased expression). The top five upregulated genes were 60S ribosomal protein
L22(RPL22, 14,210-fold), glutamine-fructose-6-phosphate transaminase 1 (GFPT1, 504-
fold), Zinc Finger Protein 692 (ZNF692, 192-fold), Sorting Nexin 6 (SN.X6, 167-fold), and
Chromodomain-helicase-DNA-binding protein 3 (CHD3, 52-fold). The top five down
regulated genes were: WW Domain Containing Adaptor With Coiled-Coil (WAC, 644-fold),
Paxillin (PXN, 71-fold), Thyroid Adenoma Associated protein (THADA, 49-fold), Zinc
Finger ANI-Type Containing 5(ZFANDS5, 35-fold) and /ntegrator Complex Subunit 6
(INTS6, 32-fold) (Table 1). Pathways analysis revealed that the top canonical pathways
affected by LPS exposure in AsPC-1 cells were: protein ubiquitination, Huntington’s
Disease signaling, regulation of eukaryotic initiation factor 4 and p70S6 kinase signaling,
mTOR signaling and eukaryotic initiation factor 2 signaling (Table 2). PANC-1 cells
exposed to LPS for 6 hours resulted in 2584 differentially expressed genes, 271 of which
had a greater than 5-fold difference in expression (148 with increased expression and 123
with decreased expression). The top five upregulated genes were: Tumor Suppressor 2
(TUSCZ, 653-fold), ADAM metallopeptidase With Thrombospondin Type | Motif 13
(ADAMTS13, 348-fold), Cell Division Cycle 25 Homolog C (CDC25C, 189-fold),
Phospholipase C Delta 1 (PLCD1, 124-fold) and Prune Exopolyphosphatase 1 (PRUNE, 70-
fold). The top five down regulated genes were: Baculoviral IAP Repeat Containing 2
(BIRCZ, 124-fold), Small Nuclear Ribonucleoprotein Polypeptide A (SNRPA, 84-fold),
Spermine Synthase (SMS, 78-fold), Gem Nuclear Organelle Associated Protein 4
(GEMIN4, 64-fold) and Eukaryotic Translation Initiation Factor 4E (EIF4E, 52-fold) (Table
1). Pathway analysis revealed that the top canonical pathways affected by LPS exposure in
PANC-1 cells were: Phosphatase And Tensin Homolog signaling, PI3K/Akt signaling,
hereditary breast cancer signaling, role of Breast Cancer Type 1 Susceptibility Protein in
DNA damage response and molecular mechanisms of cancer (Table 2). It was noteworthy
that both cell lines had the PI3K/Akt/mTOR signaling cascade as a top canonical pathway
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altered after LPS exposure. Additionally, this pathway is known to be a critical pro-
oncogenic pathway in PDAC. As a result, we decided to confirm LPS induced activation of
the PI3K/Akt/mTOR pathway using western blotting. Exposure of PANC-1 cells to LPS
time-dependently increased phosphorylation of Akt and S6, indicating activation of this
pathway in PANC-1 cells by LPS. Two hours after exposure to LPS, the levels of phospho-
Akt (ser473) were increased by 6.4-fold, while the levels of phospho-S6 (ser235/236) were
increased by 5.3-fold (Fig. 2).

DISCUSSION

There are very few studies on direct effects of LPS on PDAC cells.%-11 Treatment with LPS
has been shown to increase cell migration, decrease the expression of the tumor suppressors
phosphatase and tensin homolog and Mitogen-Activated Protein Kinase Kinase 4,° and
increase the invasive ability of PDAC via a NF-kB related pathway.1% One study determined
that LPS treatment can lead to increased expression of vascular endothelial growth factor, a
marker of angiogenesis, and similar to our findings, phosphorylation of Akt; both effects
which were abolished after TLR-4 silencing.13 A related study treated PDAC cells with
palmitic acid, a component of saturated animal fat that can also act via the TLR-4 receptor.11
They found that the downstream effects of TLR-4 stimulation can lead to the generation of
reactive oxidative species, activation of NF-kB, and stimulation of matrix metalloproteinase
9, a marker of increased cell invasion and migration.1! Lipopolysaccharide has also been
shown to contribute to resistance to drugs, such as gemcitabine.4

Our study provides a first global transcriptome profile of PDAC cells treated with LPS, in
order to help tailor and focus further studies. Our results indicate that the exposure of PDAC
cell lines AsPC-1 and PANC-1 to LPS results in differential gene expression. Several of the
differentially expressed genes have had a documented association with PDAC and/or other
gastrointestinal cancers. In AsPC-1, these genes included RPL22, GFPT1(GFAT1), ZNF692,
and SA.X6 amongst those that were up-regulated and WAC, PXN, ZFAND5, and INTS6
amongst those that were down-regulated. In PANC-1, these genes included 7USC2,
ADAMTS13, PLCDI, and PRUNE amongst those that were up-regulated and Birc-2,
SNRPA, SMS, GEMIN4, and e/F4E amongst those that were down-regulated.

The gene that had the greatest increased differential expression in AsPC-1 was RPL22
(+14,210 fold change), which acts as a tumor suppressor interacting with the p53 pathway. It
has been shown to be highly mutated in human cancers, such as colorectal cancer, becoming
a driver of cell proliferation and growth.1®> GFPT1 (GFAT1, +504 fold change) is a rate
limiting enzyme in the glucose metabolism hexosamine biosynthesis pathway and its high
expression is positively correlated with lymph node metastasis, tumor stage and a shorter
overall survival in PDAC.16 ZNF692 (+192 fold change) an enzyme also involved in glucose
metabolism, has been shown to be upregulated in colon adenocarcinoma and also contributes
to metastasis and the development of a higher tumor stage of several other cancers.” Also
contributing to increased PDAC metastatic potential is SAX6 (+167 fold change), which is
thought to disrupt the epithelial-mesenchymal transition.1® Amongst those that were down-
regulated in AsPC-1, WAC (-644 fold change), PXN (-71 fold change) and /A7S6 (-32 fold
change) all act as tumor suppressors whose inactivation have been linked to PDAC and
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several other cancers.19-21 The zinc finger ZFANDS5 (-35 fold change) has been previously
associated with increased pathogenesis of hepatocellular cancer.22

Amongst the highest upregulated differentially expressed genes in PANC-1 that have been
described in gastrointestinal oncology literature was ADAMTS13 (+348 fold change), a von
Willebrand Factor cleavage molecule whose expression may be useful as a biomarker for
early detection of hepatocellular carcinoma.?3 The phospholipase PLCD1 (+124 fold
change) has previously been found to be significantly overexpressed in PDAC tissues,
leading to questions about its possible use as a prognostic marker.2* The PRUNE gene (+70
fold change) has been described as a promoter of invasion in many cancer types, including
PDAC, colorectal, breast and anaplastic thyroid.2> Amongst genes down-regulated in
PANC-1, Birc-2 (CAP1, -134 fold change) has been identified as a possible anti-apoptotic
oncogene in PDAC.28 SVRPA (-84 fold change) has been linked to progression and poor
prognosis of gastric cancer.2’ SMS (-78 fold change) has been proposed as a possible
hormonal therapy for PDAC, breast cancer and colon adenocarcinoma.28 GEMIN4 (-64 fold
change), a regulator in the miRNA biogenesis process, has also been linked with an
increased risk of cancer development.29 Finally, e/F4E (-52 fold change) is thought to

interact with other signaling molecules, PHGDH included, and promote PDAC development.
30

Interestingly, pathway analysis showed that one of the top canonical pathways altered upon
exposure to LPS in both PDAC cell lines was the PI3K/Akt/mTOR signaling cascade. The
PI3BK/AKT/mTOR pathway is well-described in the literature and is thought to be a central
regulator of cell metabolism, growth, proliferation and survival whose deregulation has been
linked to PDAC tumor formation.31:32 Components of this pathway are activated by Kras,
whose constitutively active mutation is present in almost all cases of PDAC.32 WACand
GFPT1, two of the genes whose expression was most upregulated are also thought to be
upstream regulators of mTOR.34:35 WAC facilitates the joining of upstream complexes that
promote mTOR activation and GFPT1 is a fructose and metabolism modulator enzyme, also
upstream from mTOR.34:35 Activation of the PI3K/Akt/mTOR pathway by LPS, as
suggested by the pathway analysis, was subsequently confirmed by western blot analysis of
signaling molecules downstream in this pathway. Both phospho-S6 (ser235/236) and
phosho-Akt (ser473) exhibited increased expression at 15 minutes and 1 and 2 hours,
indicating an activation of this pathway after LPS treatment.

What makes our study novel is that, to our knowledge, no other study has performed RNA
sequencing analysis on LPS treated PDAC cells. Our study thus provides a unique global
transcriptome profile of differentially expressed genes and pathways, as well as the further
investigation of LPS effects on the mTOR/PI3K/Akt pathway. Many of the genes with
differential expression as a result of LPS, such as WAC, PXN, INTS6, GFPT1, ZNF692,
SNX6, PLCD1, and PRUNE exhibited a change consistent with increased oncogenicity.
Other genes, such as ZFANDS5, RPL22, Birc-2, SNRPA, GEMIN4, EIF4E, TUSCZ, and
ADAMTS13, exhibited a differential expression consistent with decreased oncogenicity.
These findings provide further evidence of direct transcriptional effects of LPS on PDAC
cells and provide a global transcriptome profile of genes that should be further explored in
the context of obesity-related tissue inflammation and PDAC.
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FIGURE 1.
Messenger-RNA expression of TLR-4 in several PDAC cell lines as determined by RT-

gPCR. SW-480 cells served as positive control.
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p-S6 (ser235/236)/S6

I
I
p-S6 s G R S -

S6 M. A S

15min 15 min 60 min 60 min 120 min 120 min
LPS- LPS+ LPS- LPS+ LPS- LPS+

15min  15min  60min 60 min 120 min 120 min
LPS- LPS+ LPS- LPS+ LPS- LPS+

p-Akt (serd73)/Akt

prAKE — —

AL G S S . .
15min 15 min 60 min 60 min 120 min 120 min
- - LPS- LPS+ LPS- LPS+ LPS- LPS+

15min  15min 60min 60 min 120 min 120 min
LPS- LPS+ LPS- LPS+ LPS- LPS+

FIGURE 2.
A, Quantification of phospho-S6 (p-S6) versus total S6 (S6) protein expression in PANC-1

cells treated with LPS for various time periods (fold increase over vehicle control; left panel)
and representative western blot image (right panel). B, Quantification of phospho-Akt (p-
Akt) versus total Akt (Akt) protein expression in PANC-1 cells treated with LPS for various
time periods (fold increase over vehicle control; left panel) and representative western blot
image (right panel).
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TABLE 1.
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Top Canonical Pathways With Differential Gene Expression on RNA Sequencing Analysis in AsPC-1 and
PANC-1 Cell Lines Treated With LPS, Along With the Percent Overlap of Differentially Expressed Molecules
in our Dataset With Molecules in Each Pathway

Pathway

Percent Overlap, %

AsPC-1
Protein ubiquination
Huntington’s disease signaling
Regulation of elF4 and p70S6K signaling
mTOR signaling
EIF2 signaling
PANC-1
PTEN signaling
PI3K/AKT signaling
Hereditary breast cancer signaling
Role of BRCA1 in DNA damage response

Molecular mechanisms of cancer

19.4
20.6
25.9
27.0
30.7

24.6
24.2
24.3
30.0
18.1
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Genes Exhibiting a Five-Fold or Greater Change in Expression on RNA Sequencing Analysis in AsPC-1 and

TABLE 2.

PANC-1 Cell Lines Treated With LPS

Gene Fold Change
AsPC-1
Down-regulated
WAC —644.70
PXN -71.73
THADA -49.05
ZFANDS -35.58
INTS6 -32.14
Up-regulated
RPL22 14,210.85
GFPT1 504.30
ZNF692 192.54
SNX6 167.20
HECTD1 101.92
PANC-1
Down-regulated
BIRC2 (CIAPI1) -134.7
SNRPA -84.32
SMS -78.55
GEMIN4 -64.53
EIF4E -52.79
Up-regulated
Tuscz 653.06
ADAMTS13 348.87
CcDC25¢C 189.14
PLCD1 124.62
PRUNE 70.86
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