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Abstract

In pancreatic cancer, the robust fibroinflammatory stroma contributes to immune suppression and
renders tumors hypoxic, altering intra-tumoral metabolic pathways and leading to poor survival.
One metabolic enzyme activated during hypoxia is lactate dehydrogenase A (LDHA). As a result
of its promiscuous activity under hypoxia, LDHA produces L-2 hydroxyglutarate, an epigenetic
modifier, that regulates the tumor transcriptome. However, the role of L-2HG in remodeling the
pancreatic tumor microenvironment is not known. Here we used mass spectrometry to detect
L-2HG in serum samples from pancreatic cancer patients, comprising tumor cells as well as
stromal cells. Both hypoxic pancreatic tumors as well as serum from pancreatic cancer patients
accumulated L-2HG as a result of promiscuous activity of LDHA. This abnormally accumulated
L-2HG led to H3 hypermethylation and altered gene expression, which regulated a critical balance
between stemness and differentiation in pancreatic tumors. Secreted L-2HG inhibited T cell
proliferation and migration, suppressing anti-tumor immunity. In a syngeneic orthotopic model of
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pancreatic cancer, inhibition of LDHA with GSK2837808A decreased L-2HG, induced tumor
regression, and sensitized tumors to anti-PD1 therapy. In conclusion, hypoxia-mediated
promiscuous activity of LDHA produces L-2HG in pancreatic tumor cells, regulating the
stemness-differentiation balance and contributing to immune evasion. Targeting LDHA can be
developed as a potential therapy to sensitize pancreatic tumors to checkpoint inhibitor therapy.
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Introduction

Metabolic reprogramming is a hallmark of cancer that drives tumorigenesis (1). Over the
years it has been observed that both cellular (fibroblasts and immune cells) or acellular
(hypoxia) components of the tumor microenvironment are able to modulate tumor cells to
undergo adaptive metabolic changes to survive and adapt to oncogenesis associated “stress”
in the tumor (2-6). These altered metabolic pathways in response to the tumor
microenvironment often lead to accumulation of metabolites that in turn can influence
oncogenic signaling pathways, thus behaving as “oncometabolites”(7-9).

One such oncometabolite, 2-hydroxyglutarate, or 2HG, is naturally present in two isomeric
forms, D-2HG and L-2HG. In normal cells, 2HG is a minor by-product of metabolism. Its
levels are maintained at a basal level in the cells by the activity of a conserved family of
proteins, the L/D-2-hydroxyglutarate dehydrogenases (L2ZHGDH and D2HGDH) (10,11),
which convert 2HG to a—KG. However, accumulation of this metabolite inhibits both DNA
(TETs) and histone (KDMs) demethylase, thereby hypermethylating gene promoters and
regulating the transcriptional programming of genes involved in proliferation and growth
(12-15).

While the D-2HG accumulates as a result of mutation in the IDH1/2 gene, recent studies
show that under hypoxia there is accumulation of L-isoform of 2HG as a physiological
response to oxygen limitation in a HIF1 independent manner (16-18). Accumulation of
L-2HG inhibits regeneration of NAD™ (19) and additionally promotes the chromatin
condensation as observed by the D-2HG produced by the IDH1/mutant cancers (17,20)
consistent with the well-established association between hypoxic niches and stem cell
populations (21). Further, hypoxia induced L-2HG was reported to accumulate in CD8+ T-
cells and affect their function (22).

Pancreatic adenocarcinoma is among the most challenging solid tumors and is the 3'd
leading cause of cancer related death in United States alone (23). Increased rate of tumor
recurrence and resistance to most therapy is among the primary reasons for poor survival
and prognosis in this disease. The robust fibro-inflammatory stroma in these tumors
compress the blood vessels and render the tumor extremely hypoxic (24,25). This not only
prevents effective drug delivery in the tumor, but also triggers a survival adaptation in a
population of tumor cells. Previous results from our laboratory show that under hypoxia,
there is an enrichment of cells with increased self-renewal, that further contributes to therapy
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resistance in this disease (5,6). In addition, the pancreatic tumor microenvironment is
extremely immune suppressive (26-29). Our recently published studies show that
modulating metabolic pathways in the tumor can enhance efficacy of immune checkpoint
inhibitor therapy in pancreatic tumors (30,31). While the role of tumor microenvironment in
metabolic reprogramming in pancreatic tumors is being acknowledged recently, there has
been no study on oncometabolites such as 2HG in this disease.

In the current study, we observe that pancreatic cancers accumulate 2HG in spite of lacking
IDH1/2 mutations. Further analysis revealed that this is predominantly the L- isoform of
2HG, that is produced as a result of the hypoxic microenvironment in this cancer. Our
studies demonstrated that L-2HG is produced by both the tumor epithelial cells as well as
pancreatic stellate cells (PSC) that are resident cells in the pancreas. We observed that within
the tumor epithelial cells, L-2HG mediated the balance between “stemness” and
differentiation by regulating histone methylation at the promoter of specific genes, while in
the microenvironment, L-2HG inhibited CD8+ T-cell infiltration by affecting their
proliferation and migration. Our results further showed that inhibiting accumulation of
L-2HG using a LDH inhibitor reverted this immune suppression and sensitized them to anti-
PD1 therapy.

Material & Methods:

Cells and reagents:

Human pancreatic cancer cell lines MIAPaCa-2 (purchased from ATCC) and S2-VP10 (Gift
from Dr. Masato Yamamoto’s lab, University of Minnesota) were used for present study.
MIAPaCa-2 cells were cultured in DMEM (Gibco) containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin antibiotic (Gibco) solution. S2-VP10 cells were
cultured in RPMI 1640 containing 10% fetal bovine serum and 1% penicillin/streptomycin
antibiotic (Gibco) solution. The primary mouse KPC cell line was isolated from the tumor of
a 5- to 6-month-old genetically engineered mouse model of KRASG12Dp53R172Hpdx-1-Cre
(KPC) mice using protocol from our previous study (32). Mouse cancer associated
fibroblasts (CAFs) were isolated from tumor bearing KPC mice using the protocol described
by Sharon et al.(33). The purity of isolated fibroblasts was verified by flow cytometry using
fibroblast surface protein (FSP)+ and CK19- population as marker for fibroblasts. Full
grown monolayer cultures of all the cell lines were trypsinized for 5 min (0.25% trypsin-
EDTA), harvested and passaged several times for expansion. Cells were cultured in a
humidified atmosphere with 5% CO, and at 37° C and were passaged every 72 hours. For
hypoxia, cells were cultured at 37° C in hypoxic incubator with 1% O,, 5% CO, and 94%
N, for 48 hours. All the established cell lines were used from passages 5-20. All cell lines
were regularly tested for mycoplasma and STR profiled at University of Miami, FL.

Gene silencing

To determine if LDH and MDH activity under hypoxia was instrumental in L-2HG
synthesis, we silenced the LDHA-C and MDH1/2 genes using siRNA (Dharmacon). siRNA
used was Smartpool for each gene to maximize silencing. Pancreatic cancer cells MIA-
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PACAZ2 and S2VP10 were transfected with siRNA individually as well as in combination
following manufacturer’s protocol. Efficacy of silencing was verified by gPCR.

Quantification of 2-Hydroxyglutarate enantiomers

2HG D/L isomer analysis was done at the Comprehensive Metabolomics Core at University
of Michigan according to their established protocol. Follow up identification of L-2HG was
done according to the protocol mentioned in (17,18).

LDH activity and lactate /pyruvate estimation

LDH activity and lactate/pyruvate estimation from cells and tumors was done using
commercial kits for LDH activity assay (Sigma; cat No: MAKO66), lactate estimation assay
kit (Sigma; cat No: MAKO064) and pyruvate estimation assay kit (Sigma; cat No: MAKO071)
according to manufacturer’s instruction.

iTRAQ proteomics analysis:

Cells cultured in normoxia, hypoxia and in the presence of octyl L-2HG for 48hrs were used
for iTRAQ MS/MS analysis. Cells were centrifuged at 300g at and resuspended in 30 pL of
dissolution buffer (0.5 M triethylammoniumbicarbonate (TEAB), pH 8.5). Lysed samples
were denatured with 2% SDS and reduced with 100 mM tris-(2-carboxyethyl) phosphine
(TCEP). Samples were incubated for 1 hr at 60° C, and then 1 pL of iodoacetamide solution
(84 mM) was added and incubated at 309 C in the dark. Promega Sequencing Grade trypsin
was added to each sample, and then incubated at 379 C overnight. 8Plex iTRAQ reagents
were prepared the following day by adding 50 pL isopropanol to each reagent. Each reagent
was then combined in one tube. Sample-reagent mixtures were incubated for 2 hr at room
temperature, and then the reactions were quenched with water, and combined into one tube.
Sample was then vacuum dried and washed three times with water. Dried sample
subsequently used for MS/MS analysis. Analysis of identified proteome was done using
Ingenuity Pathway Analysis and String DB (34).

Histone methylation analysis:

For histone methylation analysis, histone proteins were isolated from cells by using histone
extraction kit (Abcam - ab113476) according to the manufacturer’s protocol. Isolated
histone protein concentration was measured using the BCA protein estimation assay
(Thermo Scientific). Equal amount of protein was then separated on an SDS PAGE and
transferred to nitrocellulose membrane. Blots were probed with antibodies against various
histone methylation.

ChIP assay:

MIAPaCa-2 cells were treated with octyl L-2HG or hypoxic environment for 48 hr. After,
cells were collected, and CHIP assay was performed by using ChiIP kit (Abcam Cat No;
ABS500) as per the manufacturer’s instructions. After ChlP, DNA levels were measured by
real-time quantitative PCR. Primers used for QPCR are as follows:

hPDX1-ChIP-FW TTTTAAGCCACGGTGAAAATG
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hPDX1-ChlP-Rv CTAAGAGGCTAGGCCCAGGT
hCD133-Fwd: TTTCCAAATCCAGGAGCAAC

hCD133-Rev: ACAGGAAGGGAGGGAGTCAT

T cell proliferation assay:

Splenocytes were isolated from the spleen of healthy 6-8 week old C57BL6/J mice as
follows; spleens were isolated from euthanized mice under sterile environment and crushed
by using syringe plunger in 70um cell filter. Subsequently, RBCs were lysed using RBC
lysis buffer and washed using sterile PBS. Subsequently, T cells were isolated from spleen
using MojoSort™ Mouse CD3 T Cell Isolation Kit (Biolegend Cat no; 480024) as per the
manufacturers protocol. Cells were labeled with CFSE (ThermoFisher cat no: C34554) as
per the manufacturer’s protocol. In short, 2 x 10 cells (20ml PBS) were incubated with
CellTrace CFSE staining solution to make final concentration of 5uM and incubated at 370
C for 20 min, and then washed extensively and were left overnight at 37°C 5% CO2 in
culture medium. Some cells were used for flow cytometry to check CFSE labeling by flow
cytometry. Next day CFSE labeled cells were incubated with 50 pL Invitrogen Dynabeads
mouse T-Activator CD3/CD28 per 1 mL of cells for T cell activation. To investigate the role
of L-2HG on T-cell proliferation, activated splenocytes and T- cells were treated with O or
1mM Octyl L-2HG and after day 5 T cell proliferation was compared by measuring the
number of cells which loose CFSE as they proliferate in culture. Before acquisition in the
flow cytometer, cells were labeled with mouse CD4-APC cy7 (Caltag), TCRb PE cy7
(Caltag), and L/D dye, to differentiate CD4" and CD8* T cells. Flow cytometry analysis was
performed before the beginning of the culture and at day 5 by using LSRII (BD).

T cell migration assay:

T cell migration was evaluated using an 5.0-um pore size 24-well, Transwell plate (Corning)
as described previously (35). In short, magnetically sorted T cells were left overnight at
37°C 5% CO2 in culture medium. Next day T cells were treated with either OmM or 1mM
Octyl L-2HG for 48 hrs. Cells cultured in the absence of Octyl L-2HG were used as
controls. After 48 hrs T cells were washed once with RPMI 1640 medium and counted. 1000
cells resuspended in 100 pl of culture media were placed in the top chamber of the Transwell
chamber. Bottom chamber of Transwell plate received chemokine in 500 uL of T cell culture
medium. After 90 min incubation at 37° C in a 5% CO2 atmosphere, the top chamber was
removed, and the number of T cells that had migrated into the bottom chamber was counted
under the microscope.

Immunohistochemistry:

For immunofluorescence, paraffin tissue sections of tumors were deparaffinized in xylenes
and hydrated gradually in ethanol. Antigen retrieval was done by steaming the slides in 1X
Reveal Decloaker (Biocare Medical) to minimize background staining. Background sniper
solution (Biocare Medical) was used for blocking as well as antibody dilution. Primary
antibodies for CD133, PDX-1 (Cell signaling) and H3K9me3 (cell signaling) were diluted as
per manufacturer’s instruction and incubated overnight at 4°C. Subsequently, secondary
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antibody conjugated with fluorophore were used. Slides were counterstained with DAPI and
visualized in a Leica fluorescent microscope. Tissue samples were also incubated with
respective isotype controls and did not show any nonspecific staining. TUNEL assay was
performed using TUNEL Assay Kit - HRP-DAB (Abcam-ab206386) according to the
manufacturer’s protocol.

Animal experiment:

All animal experiments were performed according to the University of Miami Animal Care
Committee guidelines. Female C57BL/6 mice (Jackson Laboratory) between the ages of 4
and 6 weeks were used for orthotopic implantation of KPC and CAF cells into the pancreas.
1000 KPC and 9000 CAFs suspended in 100% Corning Matrigel GFR Basement Membrane
Matrix were implanted orthotopically in tail end of mouse pancreas. Tumors were allowed to
grow for 10 days, after which mice were randomized and treatment was started. One group
of mice received GSK2837808A (LDHA Inhibitor) at a dose of 6 mg/kg/QD orally while
another group received vehicle control. After 4 weeks of treatment mice were euthanized
and pancreatic tumors were harvested, dimensions were noted, and subsequently used for
flow cytometry or immunohistochemistry. To see the effect of CD8 cells in GSK2837808A
(LDHA Inhibitor) mediated tumor reduction, CD8-KO mice (B6.129S2-Cd8atm1Mak/J
females) were purchased from Jackson Laboratory. 1000 KPC and 9000 CAFs were
implanted orthotopically in tail end of pancreas and subsequently treated with above
mentioned drug regimen. For evaluating the combinatorial effect of LDHA inhibition and
immunotherapy on tumor growth, after tumor implantation mice received anti PD-1 ab
(10mg/Kg BW), anti CTLA4 ab (10mg/Kg BW) alone or in combination with
GSK2837808A (6 mg/Kg/QD). Immunotherapy was given intraperitoneally on day 15, 17
and 19 post LDHA inhibitor treatment and vehicle control group received isotype control
antibody at the same time. As with the experiment with the wild type, the CD8KO animals
were treated for 4 weeks. Animals were sacrificed and the tissues were analyzed at the
endpoint.

Flow-cytometry for tumor infiltrated immune cells:

Tumor samples harvested from mice were placed in RPMI until they were ready to be
processed. Tumors were minced into tiny pieces and then digested with Collagenase 1V at
37° C for 2 hours. After the tissue digestion, they were passed through a 70um nylon filter.
The tissue was then spun at 500g for 5 mins. RBCs in tumor were lysed by RBC lysis buffer.
After RBC lysis cells were resuspended in 1ml of flow buffer (0.5% Bovine Serum
Albumin,2mM EDTA, 1% Penicillin-Streptomycin in 500mL PBS) and stained for cell
surface marker at 4 degree for 15 mins. The tubes were then washed and spun at 500g for 5
mins. 100yl of cytofix - cytoperm buffer was added to the pellet and the cells were allowed
to fix for an hour at room temperature. After 1 hour, the cells were then washed with 1 ml of
FACS buffer and then centrifuged at 500g for 5 mins. The supernatant was then discarded,
and the cells were stained with the intercellular antibody for 40 mins in the dark. After 40
mins of staining, the cells were washed with 1ml of FACS buffer and then spun at 500g for 5
mins. Cells were then resuspended in 200ul of FACS buffer and were acquired by using BD
LSRII at flow core facility at Uni of Miami. The antibodies used for immune cell analysis
were all from Biolegend- CD3 PE Dazzle (catalog 100348), CD4 PE Cy7 (catalog 100528),
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CD49b FITC (Catalog 108906), CD25 AF-700 (catalog 102024), TCRy/8 BV 510 (catalog
118131), FoxP3 PE (Catalog 126404), IL-4 BV-711 (catalog 504133), IL-17 BV-421
(catalog 506926), TNF-a BV-650 (Catalog 506333), and 1L10 APC/Cy7 (catalog 505036).
Data was acquired and analyzed with FACSDiVa software (BD Biosciences) and FlowJo
Software.

Statistical Analysis:

All the /n vitro experiments were performed independently at least three times and values
are expressed as mean + standard error of mean (SEM). The significance of the difference
between any two samples was analyzed by student t-test using GraphPad Prism software and
values of p<0.05 were considered statistically significant. For experiments with more than
two groups, 1-way ANOVA test was performed for statistical analysis.

Ethics statement

Results

All animal studies were done according to approved protocol of University of Miami
IACUC. Patient serum samples were used according to approved protocols from University
of Minnesota Institutional Review Board.

Pancreatic cancer cells and stromal cells produce L-2HG when exposed to hypoxic
microenvironment due to increased LDH/MDH activity

Mutations in Isocitrate Dehydrogenase (IDH) gene results in accumulation of D-isoform of
2-hydroxyglutarate (D-2HG), an oncometabolite responsible for hypermethylation of DNA
and histones, thereby affecting gene transcription. Recent research showed that hypoxia
induces production of L-isoform of 2HG (L-2HG) as a physiological response to oxygen
limitation. Analysis of mutations in the TCGA database (www.chioportal.org) showed that
pancreatic tumors lacked IDH mutations even though they had elevated expression of IDH1
and IDH2 (Figure 1A). However, serum samples analysis from pancreatic cancer patients
revealed an accumulation of 2HG (Figure 1B). Further analysis of the enantiomers showed
that the serum 2HG was predominantly the L-isoform (Figure 1C). Pancreatic tumors are
notoriously hypoxic. To see if hypoxia was responsible for the accumulation of L-2HG, we
subjected pancreatic cancer cell lines (MIAPaCa2 and KPC001) to 1% oxygen. Analysis of
the conditioned media showed an increase in L-2HG in pancreatic cancer under hypoxia in
both cell lines (Figure 1D). Similarly, upon analysis of the cell lysates, we observed that
under hypoxia both MIAPaCa2 and KPC001 produced more L-2HG (Figure 1E). Further,
upon comparing D- to L- isoforms of 2HG (whether from conditioned media or from cell
lysate), we observed that pancreatic cancer cells produced significant L-2HG while almost
no D-2HG was being produced. As observed with tumor epithelial cells, pancreatic stellate
cells when cultured under hypoxia, produced significantly high L-2HG production compared
to D-2HG (Figure 1F). Interestingly, while pancreatic stellate cells secreted almost 10 times
more L-2HG when compared to epithelial cells like MIAPaCa2, their cell lysates showed no
significant different levels of L-2HG under hypoxia (Figure 1G). Furthermore, the while
pancreatic epithelial cells as well as stellate cells produced L-2HG, there was almost no
D-2HG produced by these cells (Figure 1D-G).
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Since L-isoform of 2HG is produced as a result of LDH and MDH enzyme activity under
hypoxia (17), we next silenced these enzymes and estimated the 2HG levels in the cells as
well as conditioned media. Our results showed that while individual silencing of LDHA,
LDHB, LDHC, MDH1 and MDH2 resulted in modest effect on the gene expression, a
cocktail of LDH/MDH siRNA significantly decreased the L-2HG levels in these cells
(Figure 1H).

L-2HG decreases transcription of differentiation genes.

In cancer cells, “stemness” is considered a balance between the ability of the cells to self-
renew and suppression of its differentiation potential (36,37). In the current study, we
studied the expression of genes involved in differentiation following exposure to hypoxia at
1% oxygen. Our results showed that along with increase in the stemness genes as seen
previously (5,6), hypoxia also suppressed the expression of genes involved in differentiation
(Supplementary Figure 1A,B) and increased CD133+ tumor initiating population
(Supplementary Figure 1C). Since our data showed that L-2HG accumulated under hypoxia,
we next checked the expression levels of genes involved in differentiation and stemness in
pancreatic cancer following treatment with cell-permeable octyl L-2HG. Our results showed
that as observed with hypoxia, upon treatment with octyl L-2HG, expression of genes
regulating stemness (Sox2, CD133) were increased along with an increase in the CD133+
population (Figure 2A) while those involved in differentiation were decreased (Figure 2B).
Flow cytometry analysis also showed increase in CD133+ cancer stem cells when pancreatic
cancer cells were grown in presence L-2HG (Figure 2C). To establish the causality that
hypoxia induced accumulation of L-2HG was responsible for this, we next silenced the LDH
and MDH using siRNA and studied the gene expression of the same panel. Our results
showed that a cocktail of LDH/MDH siRNA significantly downregulate expression of
stemness genes (Figure 2D) and increased the expression of differentiation genes (Figure
2E). To further validate this, and study if it was affecting the self-renewal potential of the
cancer cells, we performed a colony formation assay at limiting dilution, a surrogate assay
for tumorigenicity. Our results showed that like exposure to hypoxia, octyl L-2HG treated
cells formed colonies at very low dilutions in both MIAPaCa2 (Figure 2F) and well as
S2VP10 cells (Supplementary Figure 2 A,B). To study if the “stemness” and differentiation
was being induced in epithelial cells as a result of the L-2HG produced by the pancreatic
stellate cells (PSC), we next treated the pancreatic cancer cells (MIAPaCa2) with
conditioned media from stellate cells (cultured under hypoxic conditions). Our studies
showed that as observed with Octyl L-2HG treatment, conditioned media from PSC also
increased expression of stemness genes and suppressed the expression of differentiation
genes (Figure 2G).

Hypoxia and L-2HG affect proteome to upregulate chromatin modification pathways

To study if hypoxia and L-2HG were affecting the same signaling pathway and thus working
in series, we next performed an iTRAQ proteomic analysis after growing pancreatic cancer
cells under hypoxia as well as after treatment with Octyl L-2HG. The abundance ratio of the
identified protein compared to their respective control (normoxia for cells grown in hypoxia
and untreated for cells treated with Octyl L-2HG) is shown in Figure 3A. We observed that a
distinct proteome alteration at hypoxia and after treatment with octyl L-2HG. Using a cut-off
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score of 1.1-fold in which samples with an abundance ration >1.1 were considered
upregulated and samples with an abundance ratio <0.9 were considered downregulated. We
next used the sample set for ImM L-2HG treated pancreatic cancer cells and analyzed them
using the STRING database. STRING identifies protein-protein interaction and thus
organizes the protein dataset into clusters with similar functions. Our results showed distinct
grouping of proteins involved in RNA processing, stress adaptation, histones along with
clusters of cellular metabolism and actin reorganization (Figure 3B). Similar clustering was
also observed in the proteome of samples collected under hypoxia (Supplementary Figure
3A). Interestingly, both hypoxia as well as octyl L-2HG treated samples showed same
canonical pathways affected in a Ingenuity pathway analysis (Figure 3C, Supplementary
Figure 3B), indicating that both hypoxia and L-2HG affected the same pathways. Among the
top altered pathways were glycolysis, gluconeogenesis and unfolded protein response under
both hypoxia as well as octyl L-2HG treatment. While these were expected changes under
hypoxia, the observation that these pathways were altered with octyl L-2HG treatment were
interesting, indicating that accumulation of L-2HG under hypoxia influenced cellular
machinery and stress response pathways as well. In addition, the proteomic analysis also
identified components from the EIF2 signaling pathway and Sirtuin signaling pathway under
these conditions. Interestingly, according to literature, both of these pathways are involved in
chromatin remodeling as well as transcriptional repression in cells (38,39).

The gene ontology analysis showed metabolic processes, response to stimulus and
localization among the major biological processes affected by both hypoxia and octyl
L-2HG (Figure 3D, Supplementary Figure 3C). Similarly, nuclear proteins were among the
major cellular components affected by these treatments (Figure 3E). When analyzed for
molecular functions, protein and nucleic acid binding seemed to be the major functions
under hypoxia and octyl L-2HG treatment. Interestingly, chromatin modification appeared to
be among 10% molecular function of proteins under hypoxia and octyl L-2HG treatment
(Figure 3F). Ingenuity Pathway Analysis also identified top 5 networks in both the hypoxia
as well as octyl L-2HG proteome, that indicated chromatin modifying proteins were
enriched upon L-2HG treatment as well as hypoxia (Figure 3G, Supplementary Figure 3D).
The full list of identified peptides is presented in Supplementary Table 1.

Hypoxia induced L-2HG deregulated histone demethylation to suppress pro-differentiation
gene and activate stemness genes

Since 2HG is known to regulate the activity of chromatin modifying enzymes, specifically
histone methylases, to affect the transcription of genes and as hypoxia was resulting in
accumulation of L-2HG, we next studied the global effect on histone methylation status. Our
results showed that hypoxia resulted in a global increase in methylation of H3K4, H3K9 and
H3K27 in MIAPaCa-2 while in S2VP10 hypoxia results in increase in H3K9 methylation
(Supplementary Figure 4 A, B, C). Similarly, treatment with octyl L-2HG resulted in
hypermethylation of H3K4, H3K9 and H3K27 globally (Figure 4A). To study the effect of
hypermethylation specifically on the stemness and differentiation genes, we chose CD133 as
our “stemness” gene and PDX1 as our differentiation gene. We next performed a histone
ChiP with H3K4, H3K9 and H3K27 on promoters of both CD133 as well as PDX1 genes
with mono/tri methylation specific antibodies. Our results showed that under hypoxia H3K9
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was trimethylated in PDX1 (Figure 4B), while in CD133 it was mono-methylated (Figure
4C). Interestingly, PDX1 was not monomethylated in hypoxia (Supplementary Figure 5A)
and CD133 was not trimethylated in hypoxia (Supplementary Figure 5B). Mono-
methylation of H3K9 is an indicator of gene expression, while trimethylation of H3K9 is
associated with repression of gene expression. This data showed that under normoxia, PDX1
expression was “on” while CD133 expression was baseline, while under hypoxia, CD133
expression was turned “on” while PDX1 became inactive. We next validated this observation
by treating pancreatic cancer cells with octyl L-2HG. As seen with hypoxia, treatment with
octyl L-2HG also showed trimethylation of H3K9 at the PDX1 promoter (Figure 4D) and
mono-methylation of H3K9 at the CD133 promoter (Figure 4E) resulting in PDX1
repression and upregulation of CD133 gene expression compared to untreated observed in
Figure 2A, B. Methylation status of H3K27 and H3K4 were not significantly altered in these
two genes (Supplementary Figure 5 C, D). To further validate that this change in
methylation status was due to altered enzyme activity of LDH and MDH, we next silenced
LDH/MDH in cells under hypoxia and looked for global methylation. Inhibition of
LDH/MDH also showed a decrease in global methylation (Figure 4F) as well as CD133
gene repression and PDX1 gene activation observed in Figure 2 C, D. To study whether
L-2HG was affecting regulation of pancreatic cancer transcriptome, we next performed an
RNA-seq analysis on pancreatic cancer cells (MIA-PACAZ2 and S2VP10) after treating them
with octyl 2HG. As observed in Figure 2, the RNA-seq showed an upregulation of stemness
and self-renewal pathways among the top 5 canonical pathways Figure 4G. The upregulation
of stemness and downregulation of differentiation is summarized in Figure 4H. In addition,
unfolded protein response, hypoxia and multiple inflammation signaling pathways were
observed to be upregulated with octyl 2-HG (Supplementary Figure 5 E,F).

LDH inhibition in vivo decreases tumor volume and histone methylation

Pancreatic tumors are known to be hypoxic and thus have an increased LDH activity (5). To
study if inhibition of LDH affected the L-2HG in the tumors as well as systemically, we
implanted murine pancreatic cancer cell line KPC001 with CAF cells in the pancreas of a
C57BL6 mouse. The tumors were treated with a LDH inhibitor GSK2837808A (6 mg/Kg/
QD). Following 4 weeks of treatment the animals were sacrificed and a necropsy was
performed. Our results showed that there was in significant decrease in the tumor weight
(Figure 5A) and tumor volume (Figure 5B). Treatment with LDH inhibitor GSK2837808A
significantly decreased the tumoral lactate as well as the lactate:pyruvate ratio indicating
specificity of the inhibitor (Supplementary Figure 6A-D). Additionally, TUNEL staining on
the tumor showed increased apoptotic cells in the treated group compared to control (Figure
5C). We next analyzed L-2HG levels in the plasma from both treated and untreated group.
While L-2HG was significantly decreased in the plasma (Figure 5D), we did not observe any
significant difference in the tissue level of L-2HG (Supplementary Figure 6E). Even though
L-2HG levels did not significantly decrease in the tumor tissues, analysis of global histone
methylation also showed that inhibition of LDH decreased the total methylation compared to
control (Figure 5E). Interestingly, upon treatment with LDH inhibitor, there was a significant
increase in the expression of differentiation marker Pdx1 (Figure 5F) and decrease in the
expression of CD133 (Figure 5G) consistent with our /n vitro observation. Similar
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observation was made when pancreatic cancer cell lines MIA-PACA2 and S2VP10 were
treated in vitro with LDH inhibitor GSK2837808A (Supplementary Figure 6 F-I)

Inhibition of LDH modulated the immune microenvironment and sensitized to immune
checkpoint inhibitors

Pancreatic tumors have a notoriously immunosuppressive microenvironment. Particularly,
the dearth of CD8+ cytotoxic T-cells in the microenvironment is very apparent (28,31). Flow
cytometry analysis of the pancreatic tumors treated with LDH inhibitor showed an increased
infiltration of CD8+ T-cells (Figure 6A). It is reported that the acidic microenvironment in a
hypoxic tumor microenvironment can promote immune evasion by excluding CD8+T-cells
(40). However, whether hypoxia mediated accumulation of L-2HG also played a role in this
CD8+ T-cell exclusion is not known. Interestingly, tumor regressive effect of the LDH
inhibitor was lost when pancreatic tumors were implanted orthotopically in the pancreas of
CD8-KO mice (Figure 6B, C), even though, as observed in the wildtype mice, treatment
with LDH inhibitor GSK2837808A significantly decreased the tumoral lactate as well as the
lactate:pyruvate ratio in these animals (Supplementary Figure 7A, B). Similarly, LDH
activity in CD8 knock-out animals was also decreased in the presence of LDH inhibitor
(Supplementary Figure 7C). This indicated that altered metabolite levels in response to LDH
inhibitor was responsible for CD8+ T-cell infiltration in the wildtype mice. Furthermore. To
study if accumulated L-2HG as a result of hypoxia and increased LDH activity affected T-
cell function, we next investigated the role of L-2HG in T cell migration and expansion
using transwell migration and CFSE dilution assays, respectively. Our results showed that
octyl- L- 2HG treatment decreased T cell migration compared to control (Figure 6D) and
abolished their proliferation in vitro (Figure 6E). This corelated with our /in vivo work which
have shown that L-2HG inhibition results in increased tumor CD8 T cell infiltration and
indicate that presence of L2-HG may prevent the expansion of these cells within the tumor.
Further analysis also showed that splenocytes, CD4 and CD8 T cell populations are equally
affected by L-2HG (Figure 6E).

Since increased CD8+ cells in the tumor microenvironment typically show enhanced
sensitivity to checkpoint inhibitor therapy, we next treated orthotopically implanted
pancreatic tumors (KPC:CAF in a ratio of 1:9) of C57/BI6 mice and performed a
combination treatment with LDH inhibitor and anti-PD1 antibody and LDH inhibitor with
anti-CTLA4 antibody. Our results showed that effect of both checkpoint inhibitors was
enhanced in the presence of LDH inhibition (Figure 6F, G).

Discussion

Oncometabolites like 2HG has been implicated in epigenetic regulation of transcriptional
machinery in AML and glioma. Produced by mutant IDH1/2 genes in these cancers,
accumulated D-2HG inhibits the activity of enzymes like DNA and histone demethylases
that are dependent on a—KG. This leads to a hypermethylated state of DNA and histones
that can affect the transcriptional regulation of genes. 2HG exists as two enantiomers D- and
L. While the D-2HG is produced as a consequence of IDH1 and IDH2 mutations in AML
and glioma, recent studies have shown that low oxygen concentration and acidic
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microenvironment can lead to accumulation of L-2HG. Our current study showed that in
pancreatic tumors that lacked IDH1/2 mutation, there was increased L-2HG accumulation,
while there was almost no D-2HG in these samples (Figure 1). Further, we observed that
majority of L-2HG in pancreatic tumors was being produced by the pancreatic stellate cells
(PSC), thus leading to an increased concentration of L-2HG in the microenvironment.

It is well known that microenvironmental component like hypoxia drive “stemness” in
pancreatic tumors. Interestingly, genes like CD133 that are upregulated in hypoxia lacked
HIF1 binding sites in their promoter, indicating a higher level of regulation of their
transcript. Our results indicate a L-2HG mediated epigenetic regulation of the CD133
transcript. We observed that as under hypoxia, treatment with cell permeable octyl L-2HG
decreased expression of differentiation genes like PDX1 and increased expression of
“stemness” genes like Sox2 and CD133 (Figure 2) in pancreatic cancer cells. Inhibition of
LDH/MDH that were responsible for accumulation of L-2HG led to reversal of this
observation. Our study also indicated that the PSC secreted L-2HG acted in a paracrine
manner to affect the “stemness-differentiation balance in the pancreatic cancer cells (Figure
2). To study how hypoxia mediated L-2HG affected the global proteome of the pancreatic
cancer cells, we performed proteomic analysis of pancreatic cancer cells under hypoxia and
after treatment with octyl L-2HG using Isobaric Tags for Relative and Absolute Quantitation
or ITRAQ. Interestingly, as observed by our experimental observation, a significant number
of proteins involved in RNA processing and chromatin remodeling were observed to be
deregulated (Figure 3).

Our study revealed that under hypoxia, activated PSCs produced L-2HG which in turn was
used by the tumor epithelial cells to reprogram their epigenetic machinery to regulate the
balance between differentiation and de-differentiation or stemness. This is the first report of
L-2HG mediated regulation of epigenetic programming in pancreatic cancer. To demonstrate
this phenomenon, we focused on two proteins: CD133, that has been associated with all
“stemness” properties in pancreatic cancer including tumor initiation, resistance to therapy,
increased metastasis and increased self-renewal markers (41-43); and Pdx1, a well-known
gene that regulates differentiation in pancreatic cancer. Our results showed that H3K9 was
mono-methylated in PDX1 under normal oxygen concentration but became trimethylated
under hypoxia (Figure 4B). In case of CD133, that was mono-methylated under hypoxia,
became trimethylated under normoxia (Figure 4C). Mono-methylation of H3K9 is an
indicator of gene expression, while trimethylation of H3K9 is associated with inactivity or
repression. This data showed that under normoxia, PDX1 expression was “on” while CD133
expression was baseline, while under hypoxia expression was turned “on” while PDX1
became inactive. Further, we determined that this was indeed due to L-2HG accumulation
under hypoxia, since similar observation was made upon treatment with octyl L-2HG, that
showed a global hyper-methylation of H3K4, H3K9 and H3K27 (Figure 4A) CD133 gene
activity and PDX1 repression compared to untreated (Figure 4D,E F). As a proof of
principle, we silenced LDH and MDH genes that are responsible for L-2HG synthesis. Our
studied confirmed that in the absence of LDH/MDH, that depleted the L-2HG pool under
hypoxia, this effect was abrogated.
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Since L-2HG synthesis was dependent on LDH/MDH enzymatic activity as well as a acidic
environment, we next used a commercial small molecule inhibitor of LDH GSK2837808A
to study if inhibition of L-2HG accumulation /n vivo would affect tumor growth by upsetting
the stemness/differentiation balance. Our study showed that treatment with LDH inhibitor
decreased tumor volume and induced apoptosis in tumors. Further, treatment with LDH
inhibitor also reduced the L-2HG in the serum and the tumors of the treated animals and
decreased global histone modification. Additionally, the expression of CD133 and other
stemness genes were downregulated in the treated samples, indicating that LDH inhibitors
can be developed as a therapeutic strategy to overcome hypoxia mediated increased self-
renewal and tumor recurrence in pancreatic tumors (Figure 5). Interestingly, effect of LDH
inhibition was observed to be mediated by CD8, since in a CD8 knock-out mouse we
observe a distinct insensitivity of the tumor to LDH inhibition (Figure 6A-C). This also
indicated that apart from epigenetic reprogramming of the tumor cells, accumulated 2HG in
the hypoxic pancreatic tumor was also affecting its immune microenvironment. To
determine this, we assessed the migration and proliferation of T-cells in the presence of octyl
L-2HG. Our results revealed that L-2HG prevented infiltration of T-cells in the tumor and
inhibited their expansion (Figure 6E, F). This property of the oncometabolite contributed to
immune suppression in pancreatic tumors and made them resistant to immune therapy. Upon
inhibition of LDH, that also decreased L-2HG, pancreatic tumors could be sensitized to
checkpoint inhibitor therapy like anti-PD1 and anti-CTLA4 antibody (Figure 6 F, G). PSCs
have been implicated in modulating the microenvironment in pancreatic cancer and thus
contribute to their immune evasion(44,45). However, this is the first study to show that PSC
secreted oncometabolite can both remodel the epigenetic machinery in the tumor cells as
well as contribute to the immune modulation in pancreatic cancer. Our recently published
study shows that inhibition of extracellular acidosis by inhibiting CA9 (one of the proton
pumps) leads decreased M2 macrophages and increased infiltration of CD8+ T- cells (46).
Acidic conditions are needed for the promiscuous activity of LDH to for synthesis of L-2HG
(17,18) Thus, our observation that L-2HG can affect infiltration of CD8+ T-cell in the tumor
microenvironment, rendering it immune suppressive, indicates that L-2HG may have a more
profound role in regulation of immune cell function in pancreatic cancer.

Role of oncometabolites have not been studied in pancreatic cancer gene regulation. Our
study is the first to show that under hypoxia, pancreatic stellate cells (as well as tumor
epithelial cells) produce L-2HG. This alters histone methylation status at the promoter
region of “stemness” and differentiation genes. In glioma and AML, role of D-2HG (as a
result of IDH1/2 mutations) has been extensively studied particularly in context of
epigenetic regulation (9,47). Recent studies have implicated an immune modulatory role of
2HG in glioma (48). However, they have not been studied in pancreatic cancer. Our
observation that inhibition of L-2HG accumulation in pancreatic tumors can alter its immune
microenvironment and make it amenable to immune therapy is extremely relevant in context
of development of novel therapy regimen.

While recent advances have shown that hypoxia and acidic pH can result in accumulation of
the previously ignored L2- HG enantiomer, its role in cancers lacking IDH1 mutation has
not been explored. In this context, our study on this pancreatic cancer oncometabolite sets
the cornerstone that will lead to new mechanistic understanding of 2HG metabolism in the
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biology of tumor progression. Further, from a therapeutic standpoint, inhibiting L-2HG by
inhibiting LDHA activity can be developed as a novel approach for sensitizing pancreatic
tumors to checkpoint inhibitor therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

This study shows that promiscuous LDHA activity produces L-2HG in pancreatic tumor
and stromal cells, modulating tumor stemness and immune cell function and infiltration
in the tumor microenvironment.
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Figure 1: Pancreatic cancer and stromal cells produce L-2HG under hypoxic environment.
Mutation analysis of Pancreatic cancer patients in TCGA database showed lack of IDH1/2

mutation (A). Serum sample analysis of pancreatic cancer patients showed accumulation of
2-HG (B). Isomeric analysis showed L-isomeric form predominantly exist in patient serum
sample (C). Pancreatic cancer cell lines showed increased L-2HG in condition media (D)
and cell lysates (E) when grown in hypoxic environment. Pancreatic stellate cells
predominantly secrete L-2HG when grown in hypoxia (F) with no accumulation inside the
cells (G). Silencing LDH and MDH enzymes results in decrease in L-2HG when grown
under hypoxia (H). * indicate p-value </= 0.05, ** indicate p-value </= 0.005 and ***

indicate p-value </=0.0001.
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Figure 2: L-2HG promote self-renewal in pancreatic cancer cell by modulating stemness and

differentiation gene expression.
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Octyl L-2HG treatment results in increase in stemness genes expression (A) and decrease in
differentiation genes expression (B). Flow cytometry analysis showed increase in CD133+
population upon Octyl L-2HG treatment (C). Silencing LDH and MDH enzymes under
hypoxic environment downregulate expression of stemness genes (D) and increased the
expression of differentiation genes (E). Pancreatic cancer cells form higher number of
colonies when incubated with Octyl L-2HG compared to control (F). Condition media of
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Pancreatic stellate cells grown under hypoxia upregulate stemness gene expression and
downregulate differentiation genes expression (G). * indicate p-value </= 0.05
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Protein clusters following treatment with Octyl 2HG
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Figure 3: Hypoxia and L-2HG treatment regulate proteome as shown by I TRAQ analysis.
The abundance ratio of the identified proteins in pancreatic cancer cells under normoxia vs

hypoxia and control vs octyl L-2HG treated cells are demonstrated in (A). Analysis of
identified proteins through the STRING database showing distinct grouping of proteins
involved in RNA processing, stress adaptation, histones along with clusters of cellular
metabolism and actin reorganization (B). IPA analysis of major canonical pathways
represented in the proteome of cells treated with octyl L-2HG showed expected changes in
glycolysis and gluconeogenesis associated with hypoxia or LDH activity. Protein translation
pathways were also identified among the top canonical pathways (C). The gene ontology
analysis showed metabolic processes, response to stimulus and localization among the major
biological processes affected by both hypoxia and octyl L-2HG (D), major cellular
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components (E) and molecular functions (F). Ingenuity Pathway Analysis identified top 5
networks in both the hypoxia as well as octyl L-2HG proteome, that indicated chromatin
modifying proteins were enriched upon L-2HG treatment as well as hypoxia (G), indicating
the regulation of transcriptional machinary.

Cancer Res. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gupta et al.

Octyl L2-HG

H3K9Me3

PDX1
Relative Enrichment
o
b

4
=)

CD133

Hepatic Fibrosis / Hepatic Stellate Cell Activation

DNAM

H3H27Me3 “l
H3 - ‘

£ I

o < 2 3

s, & & =
€ @ L
§Z T L Tz

5 Q

F 3% 8 5 B8§F
. [—

ylation and Transcriptional Repression Signaling

Transcriptional Regulatory Network in Embryonic Stem Cells

Human Embryonic Stem Cell Pluripotency

Molecular Mechanisms of Cancer

0

H3K9Me

*

=<
t

@
S

2

PDX1

4 6

-log (pvalue)

Page 23
H3KoMe3 E. H3K9Me
0.15
*
Z = N
Eo0 £
S k]
5 &8
£ 005 S¢
= ) ®
o k]
g = g
0.00
0 1
Octyl L-2HG (mM) Octyl L-2HG (mM)
H.
TGFb .
* T wat
} { TGFBR T
PDGFR l FZD
SMAD ?’ l
complex PC
SK3
8 J
. » Differentiation
o3
,,,,,,,,,, Self Renewal
[Co

Figure 4: L-2HG drive hypoxia mediated epigenetic changes and regulate stemness and
differentiation gene methylation status.

Octyl L-2HG treatment (mM) results in increase in histone methylation (A). CHIP QPCR
analysis showed that in hypoxic cells H3K9 was trimethylated at differentiation gene
(PDX-1) promoter (B) and monomethylated in stemness gene (CD133) promoter (C).
Similarly, Octyl L-2HG treated cells were trimethylated at PDX-1 promoter (D) and
monomethylated at CD133 gene promoter (E). Silencing of LDH and MDH enzyme
promote demethylation of histones as shown by western blot analysis under hypoxia (F). *
indicate p-value </=0.05. RNA seq analysis identified stemness pathways among top
canonical pathways that were upregulated after treating MIA-PACAZ cells with L-2HG (G).
Schematic diagram showing self-renewal and differentiation pathways identified in the RNA
seq dataset (H).
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Figure5: In vivo inhibition of LDH reducestumor burden and histone methylation in orthotopic
mouse pancreatic cancer model.

KPC (cancer cells) and CAF (stromal cells) were orthotopically implanted in the pancreas of
C57BL/6 mice and subsequently treated with LDH inhibitor GSK2837808A (6 mg/Kg/QD))
for 4 weeks. Treatment with LDH inhibitor GSK2837808A (6 mg/Kg/QD) decreased tumor
weight (A) and tumor volume (B). TUNEL staining showed increase in apoptotic cells in
LDH inhibitor treated group compared to control (C). Serum analysis showed decrease in
L-2HG level in mice treated with LDH inhibitor compared to control (D). Treatment with
LDH inhibitor significantly reduced H3K9 methylation in pancreatic tumors compared to
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control tumor (E). Tumors treated with LDH inhibitor also showed increase in PDX-1
staining (F) and decrease in CD133 staining (G) in pancreatic tumor section as shown by
immunohistochemistry. * indicate p-value </=0.05
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Figure 6: LDH inhibition induce anti-tumor immunity and sensitizes tumorsto immunother apy.
In vivo LDH inhibition promote intra-tumoral CD8+ T cell infiltration as shown by flow

cytometry (A). Effect of LDH inhibitor on tumor and stroma in syngeneic model was CD8
mediated as pancreatic tumors implanted in CD8KO mice did not show this effect. LDH
inhibitor mediated tumor regression was lost in the absence of CD8 T cells as orthotopically
implanted pancreatic tumors in CD8 KO mice did not show any change in tumor weight (B)
and volume (C) upon in vivo LDH inhibition. Octyl L-2HG treatment reduces T cell
migration as shown by transwell migration assay (D). CFSE dilution assay showed
significant reduction in proliferating cells when splenocytes and T cells were grown in
presence of 1 mM octyl L-2HG (lower panel) compared to control (upper panel) after 5 days
of in vitro incubation (E). Treatment with LDH inhibitor sensitizes pancreatic tumors to anti
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PD-1 (F) and anti CTLA-4 (G) immune checkpoint therapy in orthotopic syngeneic mouse
model of pancreatic cancer. * indicate p-value </= 0.05. NS= Not significant.
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