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Abstract

In pancreatic cancer, KRAS G12D can trigger pancreatic cancer initiation and development. Rapid tumor growth is
often accompanied by excess intracellular reactive oxygen species (ROS) production, which is unfavorable to
tumor. However, the regulation of intracellular ROS levels in KRAS mutant pancreatic cancer remains unclear. In
this study, we establish BxPC3 stable cell strains expressing KRAS wild type (WT) and G12D mutation and find
unchanged ROS levels despite higher glycolysis and proliferation viability in KRAS mutant cells than KRAS WT
cells. The key hydrogen sulfide (H,S)-generating enzyme cystathionine-y-lyase (CSE) is upregulated in KRAS mutant
BxPC3 cells, and its knockdown significantly increases intracellular ROS levels and decreases cell glycolysis and
proliferation. Nuclear factor erythroid 2-related factor 2 (Nrf2) is activated by KRAS mutation to promote CSE
transcription. An Nrf2 binding site (-47/-39 bp) in the CSE promoter is verified. CSE overexpression and the addition
of NaHS after Nrf2 knockdown or inhibition by brusatol decreases ROS levels and rescues cell proliferation. Our
study reveals the regulatory mechanism of intracellular ROS levels in KRAS mutant pancreatic cancer cells, which
provides a potential target for pancreatic cancer therapy.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant

most predominant mutation [7,8]; and KRAS mutations at G13 are
rare [9]. KRAS mutations at G12 represent different roles in tumors,

cancer with poor prognosis, and the five-year survival rate remains
only 9% [1,2]. The whole-genome sequence redefines the muta-
tional landscape of pancreatic cancer, which makes potential
preparations for targeted therapy [3]. KRAS activating mutations
occur in 70%-95% of pancreatic cancer cases [3,4]. Moreover, the
oncogene KRAS is frequently mutationally activated in many kinds
of tumors, affecting a multitude of cellular processes [5-7].
Therefore, targeting KRAS mutations is prospectively considered
for pancreatic cancer therapy [7]. A majority of KRAS mutations
(95%) occur at G12 (more than 80%) and G13, including G12D,
G12V, G12C, G12A, G12S and G12R mutations, and G12D is the

and there are no effective therapies targeting KRAS mutations in
pancreatic cancer [7]. KRAS G12R mutation fails to bind with the
PI3K catalytic subunit p110a, resulting in a distinct drug sensitivity
profile compared with KRAS G12D mutation [7]. An inhibitor
targeting KRAS G12C mutation is an emerging premise, entering
clinical evaluation [7], but prior efforts are hampered by adaptive
feedback reactivation of wild-type RAS [10]. KRAS G12D mutation
accounts for 50% of all mutations, suggesting its important roles in
pancreatic cancer [11,12]. Several studies have confirmed the roles
of KRAS G12D mutation in PDAC initiation and progression [12-
16]. Our previous study indicated that KRAS GI12D mutation
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enriches Treg to cause immune escape of pancreatic cancer [4].
More attention is given to KRAS G12D mutation in pancreatic
cancer.

Reactive oxygen species (ROS) are mainly generated from
metabolic reactions in mitochondria [17,18]. To some extent, ROS
promote tumor progression. However, the accumulation of ROS can
damage DNA, RNA, lipid, protein and other intracellular molecules
[17,19]. Therefore, multiple antioxidative defense mechanisms are
generated in tumors [17]. It remains unclear how impairments of
excessive ROS are alleviated in pancreatic cancer. cystathionine-y-
lyase (CSE) is a key enzyme that converts cystathionine to L-
cysteine and generates endogenous H,S [20,21]. As a reductant, H,S
can regulate cellular redox equilibrium [22]. Moreover, H,S is the
third gas transmitter and plays important roles in multiple
physiological processes, including vasorelaxation, angiogenesis,
cellular energy production, neuromodulation, cytoprotection and
pathological processes, including cardiac fibrosis, inflammation,
obesity, diabetes, atherosclerosis and hypertension [21]. Upregula-
tion of H,S-producing enzyme expression has also been confirmed
in various kinds of cancers [23]. Exogenous administration of NaHS
promotes the proliferation of human colon cancer HCT116 cells
[24]. Our previous study also suggested the important roles of CSE/
H,S in promoting colon cancer [21]. However, the roles of CSE and
H,S products in pancreatic cancer remain unclear.

In this study, we revealed that KRAS G12D mutation promoted
CSE transcription through Nrf2, in which the H,S product
eliminated excess ROS and promoted pancreatic cancer cell
proliferation. The modulation of ROS levels provides a potential
target for KRAS mutant pancreatic cancer therapy.

Materials and Methods

Cell culture and transfection

Human pancreatic cancer cell lines BxPC3 and SW1990 (with KRAS
G12D mutation) were purchased from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China) and cultured
in DMEM (G4510; Servicebio, Wuhan, China) supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin in a 37°C incubator with 5% CO, supply. RNA
interference (RNAi) experiments were performed using commer-
cially synthetic siRNA oligonucleotides (GenePharma, Shanghai,
China). The siRNAs of CSE and Nrf2 were following: si-CSE1, 5'-
GCGUUGGUAUUUCACAUUCAA-3'"; si-CSE2, 5'-CGCAUCAUUAUU
GAAGAACUA-3’; si-Nrf2-1, 5-GCUCCUACUGUGAUGUGAAAU-3;
si-Nrf2-2, 5-CCGGCAUUUCACUAAACACAA-3’; si-NC, 5’-UUCUCC
GAACGUGUCACGUTT-3". Cells were seeded to 6-well dishes and
transfected at 60% density for 48 h via Lipofectamine™ 2000
transfection reagent (Thermofisher) according to the manufac-
turer’s instructions. Before siRNA transfection, medium was
replaced by serum-free DMEM. Then 5 pL siRNA (20 pM) was
mixed with 250 pL serum-free DMEM for 5 min, and 5 pL lipo2000
was mixed with 250 pL serum-free DMEM for 5 min. The siRNA
solution was mixed with Lipofectamine™ 2000 transfection reagent
for 20 min, then added to cells. Cell medium was changed to high
glucose DMEM with 10% serum after 6 h. Knockdown efficiency
was detected through western blot analysis.

Stable cell establishment

The stable cells with CSE knockdown and KRAS overexpression
were established respectively. shNC sequence was 5'-CCGGTTTCT
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CCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAAT
TTTTG-3’, shCSE sequence was 5-CCGGTGCGTTGGTATTTCAC
ATTCAATTCAAGAGATTGAATGTGAAATACCAACGCTTTTTG-3".
These sequences were synthesized (GENEWIZ, Suzhou, China) and
cloned into a pLKO.1 vector. Approximately 10 pg shCSE or shNC
plasmid was co-transfected with 6 pg pCMV-AR8.2 and 4 pg pCMV-
VSVG plasmids to 293T cells for 48 h at 50% confluence. The cell
supernatant was collected and filtered with a 0.45 um filter to
transfect SW1990 cells. After screening via 2 ug/pL puromycin for
one week, the stable cells with CSE knockdown were detected
through western blot analysis. KRAS sequence (NM_033360.4) was
synthesized (GENEWIZ, Suzhou, China) and cloned into a pQCIH
vector. G12D mutation was performed through replacing adenine
with guanine at 35. Similarly, approximately 10 ug WT or G12D
KRAS plasmid (GENEWIZ) was co-transfected with 6 ng pCMV-
AR8.2 and 4 pg pCMV-VSVG plasmids to 293T cells for 48 h at 50%
confluence. Then cell supernatant was collected and filtered to
transfect BXPC3 cells. BxPC3 stable cells with KRAS overexpression
were screened by 2 pg/uL. puromycin for one week and detected
through western blot analysis.

Antibodies and reagents

Anti-RAS antibody (GB11411), anti-histone H3 antibody (GB13102)
and anti-actin antibody (GB12001) were purchased from Servicebio.
Anti-phospho-p44/42 MAPK (ERK1/2) antibody (4377) and anti-
p44/42 MAPK antibody (4695) were purchased from Cell Signaling
Technology (Danvers, USA). Nrf2 antibody (ab62352), CBS anti-
body (ab140600) and CTH antibody (ab189916) were purchased
from Abcam (Cambridge, USA). Flag-tagged antibody (AE063) and
HA-tagged antibody (AE036) were purchased from Abclonal
(Wuhan, China). Brusatol (S7956) was purchased from Selleck
(Shanghai, China).

Real-time PCR

Cells were first lysed by TRIzol (ThermoFisher) for RNA extraction
as previously described [25]. The total RNA concentration was
measured, and 2 pg of total RNA was reverse transcribed to cDNA
using the PrimeScript™ RT Master Mix kit (RR036A; TaKaRa,
Dalian, China) according to the manufacturer’s guidelines. The
cNDA concentration was adjusted to 100 ng/uL for real-time PCR.
The 10 pL reaction volume included 5 pL. TB Green Premix, 4.5 pL.
cDNA, 0.2 pL forward primer, 0.2 pL reverse primer and 0.1 uL. ROX
II. Finally, real-time PCR was performed using an Applied
Biosystems 7500 Fast real-time PCR System (Applied Biosystems,
Foster City, USA). Real-time PCR primers are as follows: actin
forward primer, 5'-ACAGAGCCTCGCCTTTGC-3', reverse primer, 5'-
CCACCATCACGCCCTGG-3'; CSE forward primer, 5-AGCCTTC
ATAATAGACTTCG-3', reverse primer, 5-CAGCCCAGGATAAATA
AC-3'; and CBS forward primer, 5-GCGGCTGAAGAACGAAATCC-
3', reverse primer, 5-TGTCCAGCTTCCCATCACAC-3'. The gene
expression levels were calculated using the 2-2A¢ method, and actin
was used as the internal control.

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic proteins were isolated using the Nuclear
and Cytoplasmic Protein Extraction Kit (C510001; Sangon Biotech,
Shanghai, China) according to the manufacturer’s instructions.
Briefly, cells were scraped off with cold PBS and then centrifuged at
1000 g at 4°C for 3 min. The supernatant was removed, and cell
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debris was mixed with 200 uL. buffer A (10 mM HEPES, pH 7.5,
10 mM KCl, 1.5 mM MgCl,, 1 mM glycerol phosphate, 0.5 mM DTT,
1 mM NaF) and lysed for 15 min on ice. Then, 11 uL buffer B (buffer
A+0.15% Nonidet P-40) was added, mixed, and centrifuged at
14,000 g for 5Smin. The cytoplasmic protein within the upper
supernatant was harvested. The white nuclear deposit was mixed
with 100 pL buffer C (20 mM HEPES, pH 7.5, 420 mM NaCl, 1.5 mM
MgCl,, 0.5 mM DTT, 1 mM NaF, 1 mM glycerol phosphate), lysed for
40 min on ice, and then centrifuged at 14,000 g for 5 min. The nuclear
and cytoplasmic proteins were detected by western blot analysis.

ECAR (extracellular acidification rate) assay

The ECAR assay was performed with a Seahorse XF24 instrument
(Agilent, Palo Alto, USA) within two days. Cells were seeded into
Seahorse XF24 tissue culture plates, and sensor hydration was
performed on the first day. BXPC3 cells or SW1990 cells were
dissociated with trypsin and resuspended in base medium at a
concentration of 2 x10° cells/mL. Approximately 100 uL of cell
suspension was plated into each well of the plate and incubated for
4 h. Then, 150 pL of growth medium was added to each well for cell
growth overnight in a cell incubator. Meanwhile, the sensor
cartridge (sensors up) was placed next to the calibration plate,
and then 1 mL of Seahorse XF Calibrant was added to each well in a
37°C incubator without CO, overnight. The XF24 analyzer was also
run overnight with XF24 software. The assay media and compounds
were prewarmed, the media in the Seahorse XF24 tissue culture
plate was exchanged, and the final volume remained at 575 pL.
Approximately 100 L of compounds was loaded into the appro-
priate port of the cartridge, which was placed back into the
incubator without CO, to heat up to 37°C. Finally, the assay
template was loaded for the ECAR assay.

Cell viability and colony formation assay

Cell viability was detected as described previously [26]. Cells were
seeded into 96-well plates at 5000 cells per well. After 12 h, 10 puL
CCK8 reagent (CK04; Dojindo Laboratories, Kumamoto, Japan) was
added to each well and incubated for 30 min at 37°C. Then the
optical density of each well was detected by the Infinite® 200 PRO
microplate reader (Tecan, Mannedorf, Switzerland) at 450 nm, and
the time was marked as the beginning time. Cell viability was
assayed every 24 h. Then, clone formation assay was performed as
described previously [26]. Briefly, cells were digested and adjusted
to a density of 1 x 10# cells/mL, and approximately 1000 cells were
seeded into each well of 6-well plates and cultured for approxi-
mately ten days. Finally, the cells were stained with crystal violet
(G1014; Servicebio), and the number of colonies (a dot with more
than 100 cells) was counted.

ROS assay

Intracellular ROS levels were detected using an ROS Assay Kit
(50101ES01; Yeasen, Shanghai, China). First, the DCFH-DA
fluorescent dyes were diluted in serum-free DMEM at 1:1000. The
treated cells were incubated with DCFH-DA solution at 37°C for
30 min and washed with PBS twice. Finally, intracellular ROS levels
were detected by a BD Fortessa flow cytometer (BD Biosciences).

Apoptosis assay
Cell apoptosis was detected using an apoptosis assay kit (556547;
BD Biosciences, Franklin Lakes, USA). Cells were seeded into 6-well

plates for treatment. After that, the cells were washed twice with
PBS and resuspended in 1 x binding buffer. Then, 5 pL of FITC
Annexin V and 5 pL PI were added and incubated for 15 min at
room temperature in the dark. Finally, 400 pL of 1 x binding buffer
was added to each tube, and the cell samples were analyzed by the
BD Fortessa flow cytometer.

Xenograft tumor assay

The nude mouse xenograft tumor model was established in
accordance with the approved guidelines of the Animal Ethical
Committee of Zhongshan Hospital affiliated with Fudan University.
SW1990 cells were employed to establish stable cells with CSE
knockdown through shCSE1l, and shNC was used as a control.
BALB/c nude mice (4- to 5-week-old, male) were subcutaneously
injected with approximately 2 x 106 SW1990 cells. The xenograft
tumor was monitored every other day and grown for approximately
35 days for analysis.

Dual luciferase reporter assay

SV40 plasmids express Renilla luciferase, and pGL3-basic plasmids
express firefly luciferase. The DNA fragment (-900/ + 50 bp) of the
CSE promoter was synthesized and cloned into pGL3-basic vectors
to construct luciferase reporter plasmids (pCSE). pCSE_dell (with
T1 site deletion from -699 to —691 bp), pCSE_del2 (with T2 site
deletion from —47 to -39 bp), and pCSE_del12 (with T1 and T2 site
deletions) were synthesized and cloned into pGL3-basic vectors.
BxPC3 cells or SW1990 cells were firstly seeded into 24-well plates
and cultured to approximately 60% confluence, and then the
promoter plasmids and pRL-SV40 vectors were cotransfected into
cells for 24 h as previously described [25]. Cells were harvested, and
a dual luciferase reporter assay was performed using the Dual-
Luciferase Reporter Assay kit (E1910; Promega, Madison, USA)
according to the manufacturer’s instructions. The firefly luciferase
activity normalized to Renilla luciferase activity was considered the
promoter activity.

Chromatin immunoprecipitation (ChlP) assay

The chromatin immunoprecipitation (ChIP) assay was performed
using the ChIP assay kit (Millipore, Billerica, USA) according to the
manufacturer’s instructions. Pancreatic cancer cells were seeded into
10-cm dishes and cultured to 60%-70% confluency. After treatment,
formaldehyde was added to the cells and incubated at 37°C for 10 min.
Then, the cells were scraped off and suspended in1 mL prechilled PBS.
Glycine was used to neutralize unreacted formaldehyde. Cell suspen-
sions were lysed in mild RIPA lysis buffer (Beyotime, Shanghai, China)
on ice for 30 min and then sonicated to produce chromatin fragments
with an average length of 200-1000 bp. The sonicated product was
diluted with immunoprecipitation buffer and then incubated with
Protein G Agarose for 1h at 4°C to reduce nonspecific binding.
Precleared chromatin solution was incubated with anti-Nrf2 antibody
at 4°C overnight, and IgG was used as a negative control. Then, the
solution was incubated with Protein G Agarose (MedChemExpress,
Shanghai, China) at 4°C for 3 h and centrifuged. The immunopreci-
pitated DNA was eluted with RIPA elution buffer, purified using spin
columns and analyzed by semiquantitative PCR. The 195 bp DNA
fragment in the CSE promoter region (—148/ + 47 bp) including the Nrf
2 T2 binding site was amplified with the forward primer 5'-
GTGACGTTTCAGGCAACGCCT-3" and the reverse primer
5-GAGCTAAAGCACGCAGGTAGA-3'".
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Statistical analysis

The statistical results are presented as the mean+SD at least in
triplicate. The differences in cell viability, ECAR value, ROS levels
and apoptosis were assessed with two-tailed Student’s t-test
between two groups and with one-way analysis of variance
(ANOVA) among more than two groups. Differences were
considered statistically significant at P<0.05.

Results

KRAS G12D mutation promoted glycolysis and
proliferation of pancreatic cancer cells with low ROS
levels

KRAS mutations mostly occur in the initiation and development of
pancreatic cancer and play important roles during these processes
[3-6]. BXPC3 cells express WT KRAS according to the Catalogue Of
Somatic Mutations In Cancer (COSMIC) database (https://cancer.
sanger.ac.uk/cosmic). We extracted genomic DNA from BxPC3 cells
and verified KRAS WT with guanine (G) at the 35th base (Figure 1A).
We next employed BxPC3 cells to establish cells overexpressing
KRAS WT and G12D mutation which were verified by western blot
analysis (Figure 1B). The ECAR value indirectly represents the
cellular glycolytic capacity. We found that the ECAR value was
significantly upregulated in KRAS mutant BxPC3 cells compared
with that in KRAS WT cells (Figure 1C). We next detected cell
viability byCCK8 assay in vitro. KRAS mutant BxPC3 cells showed
higher cell viability than KRAS WT cells (Figure 1D). The rapid
proliferation of tumors in a hypoxic environment is accompanied by
enhanced aerobic glycolysis, which could cause an increase in
intracellular ROS levels [27-29]. However, the intracellular ROS
levels were unchanged in KRAS mutant and wild-type typical BxPC3
cells (Figure 1E). These data indicated that KRAS G12D mutationre-
gulated intracellular ROS levels in an unclear manner.

CSE knockdown increased ROS levels and promoted
pancreatic cancer cell apoptosis

CSE and cystathionine-B-synthase (CBS) prominently regulate
trans-sulfuration metabolism with H,S production [20,21]. As the
third gasotransmitter, H,S plays important roles in multiple
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Figure 1. KRAS G12D mutation promoted cell glycolysis and proliferation with low intracellular ROS levels
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physiological and pathological processes [20,22,23]. H,S can
regulate redox equilibrium in addition to activating signaling
pathways [21,22]. Whether CSE or CBS regulates the ROS levels
in KRAS mutant cells remains unclear. CSE but not CBS mRNA level
was higher in KRAS mutant BxPC3 cells than in KRAS WT cells
(Figure 2A). Moreover, western blot analysis results also showed
higher CSE protein level, not CBS level, in KRAS mutant BxPC3 cells
than in KRAS WT BxPC3 cells (Figure 2B). These results indicated
the possible role of CSE in regulating intracellular ROS levels in
KRAS-mutant pancreatic cancer. The guanine (G) at the 35th base
replaced by adenine (A) was identified in SW1990 cells with G12D
mutant KRAS from COSMIC (Supplementary Figure S1A). There-
fore, we employed siRNA to knock down CSE in BXPC3 cells and
SW1990 cells. Western blot analysis results showed that CSE
knockdown was more significant by si-CSE1 and si-CSE2 in KRAS
mutant BxPC3 cells than in KRAS WT BxPC3 cells, the si-CSE1
showed higher knockdown efficiency than si-CSE2 (Figure 2C and
Supplementary Figure S1B). We next analyzed cell glycolysis
viability by ECAR assay. The ECAR value was significantly
decreased after CSE knockdown in KRAS mutant BxPC3 cells and
SW1990 cells but not in KRAS WT BxPC3 cells (Figure 2D and
Supplementary S1C). Moreover, cell viability was also significantly
decreased by CSE knockdown in KRAS mutant BxPC3 cells and
SW1990 cells but not in KRAS WT BxPC3 cells (Figure 2E and
Supplementary S1D). The colony formation assay also showed
decreased proliferation after CSE knockdown in SW1990 cells
(Supplementary Figure S1E). The nude mouse xenograft tumor was
established through subcutaneous injection of CSE-knockdown
SW1990 cells by shRNA. The growth of xenograft tumors was
decreased when CSE was knocked down in vivo (Supplementary
Figure S1F). Conversely, intracellular ROS levels were increased
after CSE knockdown in KRAS mutant BXxPC3 cells and SW1990
cells, but not in KRAS WT BxPC3 cells (Figure 2F and Supplemen-
tary Figure S1G). Meanwhile, cell apoptosis was also increased after
CSE was knocked down in KRAS mutant BxPC3 cells and SW1990
cells, but not in KRAS WT BxPC3 cells (Figure 2G and Supplemen-
tary Figure S1H). These results suggested that CSE knockdown
increased intracellular ROS levels, promoted cell apoptosis, and
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(A) KRAS was identified through

DNA sequence in BxPC3 cells. (B) Western blot analysis of BxPC3 cells expressing WT and mutant KRAS. (C-E) The ECAR assay through seahorse,
cell proliferation analysis through CCK-8, and intracellular ROS levels detection through flow cytometry were performed in BxPC3 cells in vitro.

Data are expressed as the mean+SD, n=3. ¥*P<0.05.
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Figure 2. CSE knockdown reduced cell glycolysis and proliferation but upregulated ROS levels and apoptosis in BxPC3 cells

(A) CSE and CBS

mRNA and (B) protein expression levels were detected by real-time PCR and western blot assay in BxPC3 cells. (C) Western blot analysis of CSE
after knockdown by siRNA in BxPC3 cells, the nontargeting siRNAs (si-NC) were used as the control. (D-G) The ECAR assay through seahorse, cell
proliferation analysis through CCK-8, intracellular ROS levels detection through flow cytometry, and cell apoptosis measurement through flow

cytometry were performed after CSE knockdown in BxPC3 cells.

inhibited glycolysis and proliferation in KRAS mutant pancreatic
cancer cells.

KRAS mutation activated Nrf2 to promote CSE
transcription

Thus, CSE could regulate intracellular ROS levels. Next, we
explored the regulatory mechanism of CSE overexpression in KRAS
mutant pancreatic cancer cells. The transcription factor Nrf2 is
regarded as a master regulator of the cellular antioxidant response
through numerous antioxidant and detoxification enzymes for
cytoprotection [30-32]. In response to extracellular or intracellular
stimuli, Nrf2 is stabilized and translocates to the nucleus to activate
the transcription of target genes [32]. KRAS GI12D mutation
significantly activated the MAPK/ERK pathway, which promoted
the upregulation and nuclear localization of Nrf2 (Figure 3A,B). Is
the upregulation of CSE expression mediated by Nrf2? We next
analyzed CSE mRNA expression in BxPC3 cells after brusatol
treatment, an Nrf2 inhibitor (Nrf2-i) which inhibits NRF2 by
enhancing protein ubiquitination [33]. Western blot analysis
showed that brusatol decreased Nrf2 protein levels in a dose- and
time-dependent manner (Supplementary Figure S2C,D). Real-time
PCR results showed that CSE mRNA expression was significantly
decreased after brusatol treatment in a dose- and time-dependent
manner in KRAS mutant BxPC3 cells and SW1990 cells (Figure 3C,D
and Supplementary Figure S2A,B). Western blot analysis results
also showed a decrease in CSE protein level after brusatol treatment
in a dose- and time-dependent manner in KRAS mutant BxPC3 cells
and SW1990 cells (Figure 3E,F and Supplementary Figure S2C,D).

We also employed siRNAs to knock down Nrf2 in BxPC3 stable
cells, which was verified by western blot analysis (Figure 3H). CSE
mRNA and protein levels were obviously decreased after Nrf2
knockdown in KRAS mutant BXxPC3 cells and SW1990 cells (Figure
3G,H). These results indicated that Nrf2 promoted CSE transcription
in KRAS mutant pancreatic cancer cells.

Nrf2 bound to the CSE promoter

Next, we explored the regulation of CSE transcription by Nrf2. The
sequence of the Nrf2 binding element was identified from the
JASPAR database (Figure 4A). The analysis of the CSE promoter
sequence indicated two possible Nrf2 binding sites (Figure 4B). We
cloned the CSE promoter sequence (900 bp to +50 bp) into the
pGL3-Basic plasmid to construct the luciferase reporter plasmid
containing the full-length CSE promoter (pCSE). Transfection of
pCSE plasmids showed obviously increased luciferase activity in
KRAS mutant BxPC3 stable cells (Figure 4C). Two potential Nrf2
binding sites were deleted to construct the pCSE_dell (T1 site
deletion), pCSE_del2 (T2 site deletion) and pCSE_del12 (T1 and T2
site deletion) plasmids (Figure 4B). We cotransfected the promoter
plasmids pCSE, pCSE_dell, pCSE_del2 and pCSE_del12 with pRL-
SV40 into BxPC3 stable cells and SW1990 cells with brusatol
treatment or Nrf2 knockdown. The luciferase activity of pCSE_dell
was not significantly changed, but that of pCSE_del2 and
pCSE_del12 showed an obvious decrease compared with the pCSE
promoter, and brusatol treatment or Nrf2 knockdown significantly
decreased luciferase activity in KRAS mutant BXxPC3 stable cells and
SW1990 cells (Figure 4D,E and Supplementary Figure S3A). These
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detected after Nrf2 knockdown by siRNAs in BxPC3 cells. Data are presented as the mean + SD from three independent experiments. *P< 0.05.

results indicated that Nrf2 possibly bind with the T2 site of the CSE
promoter. To further confirm the binding site of Nrf2, we performed
a ChIP assay. The 195 bp DNA fragment (—148/ + 47 bp) including
the T2 binding site, showed significant amplification in KRAS
mutant BxPC3 stable cells and SW1990 cells (Figure 4F and
Supplementary Figure S3B). After brusatol treatment, the DNA
amplification fragment was inhibited (Figure 4G and Supplemen-
tary Figure S3C). When siRNAs were used to knock down Nrf2, the
DNA amplification fragment was also decreased (Figure 4H). These
results suggested that Nrf2 binding at the T2 site promoted CSE
transcription.

CSE overexpression and NaHS treatment could recover
cell proliferation with ROS elimination

To determine whether KRAS mutation regulates intracellular ROS
levels through rhe Nrf2/CSE/H,Spathway, we established CSE
overexpression plasmids with HA tags and then packaged lentivirus
to transfect BXPC3 stable cells. The expression of exogenous CSE
was verified by western blot analysis (Figure 5A). Next, BxPC3
stable cells were treated with brusatol and transfected with CSE
lentivirus. The decreased cell viability after brusatol treatment was
recovered by CSE overexpression (Figure 5B), and the increased
ROS levels were also eliminated by CSE overexpression in KRAS
mutant BxPC3 stable cells (Figure 5C). Next, BXPC3 stable cells
were transfected with CSE lentivirus after Nrf2 knockdown, as
shown by western blot analysis (Figure 5D). The decreased viability
of KRAS mutant BxPC3 stable cells after Nrf2 knockdown was
recovered by CSE overexpression (Figure SE), while the increased
ROS levels were also quenched (Figure 5F). The H,S product of CSE
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plays extensive roles in tumor initiation and development
[21,23,24,34,35]. To determine whether H,S participates in ROS
elimination by CSE in KRAS mutant BXxPC3 stable cells, NaHS was
employed. NaHS treatment recovered the viability of KRAS mutant
BxPC3 stable cells after brusatol treatment or Nrf2 knockdown
(Figure 5G,H), and the decreased cell viability by CSE knockdown
was also rescued by NaHS treatment (Figure 5I). NaHS treatment
also eliminated the increased ROS levels induced by brusatol
treatment, Nrf2 knockdown or CSE knockdown in KRAS mutant
BxPC3 cells (Figure 5J-L). These results suggested that Nrf2 could
decrease intracellular ROS levels and promote cell proliferation
through CSE/H,S in KRAS mutant pancreatic cancer cells.

Discussion

KRAS mutations occur in a quarter of human cancers and activate
the MAPK pathway in human cancers [36]. KRAS mutations
account for 96% of pancreatic ductal adenocarcinoma, playing
important roles in PDAC initiation and development [12,36].
Although therapies targeting KRAS are available for lung and
colorectal cancer, little effect has been confirmed in PDAC with the
increasing number of deaths [12]. Therefore, the exploration of the
roles and underlying mechanisms of KRAS mutations is urgent for
PDAC therapies. We confirmed that the KRAS G12D mutation
promoted tumor cell glycolysis and proliferation in pancreatic
cancer. However, rapid growth is often adversely accompanied by
excess intracellular ROS production [17-19]. Tumors adopt a series
of methods for the antioxidant defense systems [17,19,37]. We
found that KRAS mutant pancreatic cancer cells kept rapid
proliferation but had low ROS levels. How are intracellular ROS
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levels regulated in KRAS-mutant PDAC? We focused on key genes
involved in the antioxidant regulation.

CSE and CBS, which produce H,S in the trans-sulfuration
pathway, play key roles in regulating the cellular redox equilibrium
[22]. Several studies have also reported the roles of CSE/H,S in
promoting tumors [21,24,25,38,39]. We found that KRAS mutation
significantly upregulated CSE mRNA and protein levels but not CBS
levels. CSE knockdown caused a decrease in cell glycolysis and
proliferation in KRAS mutant BXPC3 cells. These findings imply the
important antioxidant role of CSE in KRAS mutant pancreatic
cancer. Therefore, we next explored the regulatory mechanism of
CSE expression.

Nrf2 can regulate cellular ROS levels for cytoprotection through
target genes [30-32]. However, the Nrf2 protein is rapidly degraded
by the ubiquitin—proteasome system in the cytoplasm after
translation, in which Kelch-like ECH-associated protein 1 (KEAP1)
is an important member of the Cullin 3 (CUL3)-based E3 ubiquitin
ligase complex and regulates Nrf2 protein stability and accumula-
tion, and inactivation of KEAP1 is often identified in various tumors
[30-32]. KRAS G12D mutation promotes the MAPK/ERK pathway
to activate Nrf2. Would CSE transcription be regulated by Nrf2 in
KRAS mutant cells? Nrf2 inhibition or Nrf2 knockdown significantly
decreased CSE expression at both mRNA and protein levels, which
suggested that Nrf2 regulates CSE expression at the transcription

level. Two potential binding sites of Nrf2 in the CSE promoter were
identified. We confirmed that the T2 site (-47/-39 bp) plays a key
role in regulating CSE transcription. KRAS mutation promotes CSE
transcription through Nrf2.

To confirm the roles of the Nrf2 /CSE/H,S axis in the antioxidation
in KRAS mutant pancreatic cancer, we transiently transfected CSE-
HA plasmids into BXxPC3 cells. The decreased cell proliferation
viability induced by Nrf2 inhibition or Nrf2 knockdown could be
recovered by CSE overexpression, and the excessive ROS were also
eliminated by CSE overexpression. Moreover, the direct addition of
NaHS also rescued cell proliferation viability and eliminated
excessive ROS. KRAS mutation upregulated CSE transcription
through Nrf2 with H,S production, which promoted cell prolifera-
tion and decreased intracellular ROS levels. Altogether, our study
revealed that KRAS mutation eliminates intracellular ROS levels and
promotes cell proliferation through Nrf2/CSE/H,S in pancreatic
cancer, which provides a potential target for therapy.

Supplementary Data
Supplementary data is available at Acta Biochimica et Biphysica

Sinica online.
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ROS levels
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transfected CSE in BxPC3 cells after Nrf2 inhibition. (B) Cell viability and (C) ROS levels were detected in BxPC3 stable cells after Nrf2 inhibition and
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