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INCBRNA SLC7A11-AS7 Promotes Chemoresistance
by Blocking SCFPT"“"-Mediated Degradation
of NRF2 in Pancreatic Cancer
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Drug resistance is the major obstacle of gemcitabine-based
chemotherapy for the treatment of pancreatic ductal adenocar-
cinoma (PDAC). Many long non-coding RNAs (IncRNAs) are
reported to play vital roles in cancer initiation and progression.
Here, we report that IncRNA SLC7A11-AS1 is involved in
gemcitabine resistance of PDAC. SLC7A11-AS1 is overex-
pressed in PDAC tissues and gemcitabine-resistant cell lines.
Knockdown of SLC7A11-AS1 weakens the PDAC stemness
and potentiates the sensitivity of resistant PDAC cells toward
gemcitabine in vitro and in vivo. SLC7A11-AS1 promotes che-
moresistance through reducing intracellular reactive oxygen
species (ROS) by stabilizing nuclear factor erythroid-2-related
factor 2 (NRF2), the key regulator in antioxidant defense.
Mechanically, SLC7A11-ASI is co-localized with B-TRCP1 in
the nucleus. The exon 3 of SLC7A11-AS1 interacts with the
F-box motif of B-TRCPI1, the critical domain that recruits
B-TRCP1 to the SCFP™®” E3 complex. This interaction
prevents the consequent ubiquitination and proteasomal
degradation of NRF2 in the nucleus. Our results demonstrate
that the overexpression of SLC7A11-AS1 in gemcitabine-resis-
tant PDAC cells can scavenge ROS by blocking SCFPTRCP.
mediated ubiquitination and degradation of NRF2, leading
to a low level of intracellular ROS, which is required for the
maintenance of cancer stemness. These findings suggest
SLC7A11-ASI as a therapeutic target to overcome gemcitabine
resistance for PDAC treatment.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive
malignancy, characterized by late diagnosis, low 5-year survival
rate (9% for all stages), and resistance to chemotherapy."> Gemci-
tabine (2, 2’'-difluoro-2’-deoxycytidine [dFdC]) has been widely
used for the treatment of locally advanced and metastatic
PDAC; however, innate and acquired drug resistances have
been major barriers in gemcitabine-based therapy.”* Emerging
evidence demonstrates that a subset of cancer cells, called cancer
stem cells (CSCs), are highly resistant to chemotherapy and
are responsible for drug resistance and cancer recurrence. Gemci-
tabine eliminates the bulk cancer cells, leading to enrichment of
the CSCs in PDAC.”
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A low level of intracellular reactive oxygen species (ROS) is required
for the maintenance of cancer stemness.” Chemotherapeutic agents
such as gemcitabine stimulate ROS generation to induce cell death.*
To survive under oxidative stress, chemoresistant cancer cells develop
an effective antioxidant system to limit the excessive accumulation of
ROS.” Nuclear factor erythroid-2-related factor 2 (NRF2), the key
regulator of redox hemostasis, is frequently observed to be overex-
pressed in CSCs in contrast with the bulk cancer cells.? In addition,
NREF?2 is overexpressed in PDAC tissues and confers their chemore-
sistance.”'" NRE2 is tightly regulated by the ubiquitin-proteasome
system.'' Two major E3 ligases are involved in NRF2 proteasomal
degradation: the KEAP1-Cul3-Rbxl and the SKP1-Cull-Rbxl
(SCFP™®CPY E3 complex, which mediate NRF2 ubiquitination and
subsequent degradation in the cytosol and nucleus, respectively.'*"?
Intriguingly, NRF2 protein level is not negatively correlated to
the KEAP1 expression in PDAC.’ In addition, the sustained activa-
tion of NRF2 in human PDAC cannot be explained by somatic
mutations in NRF2 or KEAP1.'* Furthermore, high levels of
B-TRCP1 are also detected in the specimens of PDAC." Thus, it is
necessary to find the underlying mechanism responsible for elevated
levels of NRF2 in PDAC, which might be of potential therapeutic
value in overcoming gemcitabine resistance.

Long non-coding RNAs (IncRNAs) provide a new perspective in
understanding complicated signal transduction. They are transcribed
by polymerase II with greater than 200 nt. Increasing evidence
demonstrates the crucial roles of IncRNAs in the tumorigenesis
and chemoresistance of PDAC.'*?° For example, Neatl has been
reported to suppress pancreatic cancer initiation in a p53-dependent
manner.'® IncRNA MALAT-1 (metastasis-associated lung adenocar-
cinoma transcript 1) was found to promote tumorigenicity and
reduce chemosensitivity of PDAC cells."” Our previous work indi-
cates that linc-DYNC2H1-4 promotes PDAC stemness by acting as
a sponge of miR-145.
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In this study, we found that IncRNA SLC7A1I1-ASI was
overexpressed in gemcitabine-resistant PDAC cells and was
involved in drug resistance. It interacts with the F-box motif
of B-TRCPI, preventing NRF2 ubiquitination and subsequent
proteasomal degradation in the nucleus, which in turn reduces
intracellular ROS for the maintenance of PDAC stemness and
chemoresistance.

RESULTS

Overexpression of SLC7A11-AS1 in Gemcitabine-Resistant
PDAC Cells Reduces the Intracellular Level of ROS

Previously, we established a gemcitabine-resistant subline BxPC-3-
Gem (Figure S1A) from the parental sensitive pancreatic cancer
BxPC-3 cells and found that gemcitabine-resistant PDAC cells
had high cancer stemness properties.”” Because a low level of
ROS is required for the maintenance of stemness,” we determined
the ROS level in this paired cell line and found that it was lower
in gemcitabine-resistant BxPC-3-Gem than that in the sensitive cells

Figure 1. Overexpression of SLC7A11-AS1 in
Gemcitabine-Resistant PDAC Cells Reduces
Intracellular ROS Level

(A and B) PDAC cells with acquired (A, BxPC-3-
Gem vs BxPC-3) or innate (B, PANC-1 and AsPC-1
vs CFPAC-1) gemcitabine resistance were incubated with
probe DCFH-DA (10 uM) for 30 min. ROS levels were
detected by flow cytometry. (C) The log2 fold changes of
IncRNAs and their nearby coding genes that are associ-
ated with ROS regulation were presented by heatmap.
(D and E) Expression of SLC7A11-AS1 in PDAC cell lines
with aquired (D) or innate drug resistance (E) was detected
by gRT-PCR and normalized to GAPDH (n = 3). (F) ROS
levels were determined in gemcitabine-resistant PDAC
cells with SLC7A11-AS7T knockdown or control as
described in (A) and (B). (G and H) SLC7A11-AS7-
knockdown and control PANC-1 cells (1.5 x 10%) were
inoculated in BALB/c nude mice (n = 5). Slides from tumor
tissues were incubated with DHE for in situ detection of
ROS. (G and H) Fluorescence was detected by fluorescent
microscope (G) and quantified by using ImagedJ (H) (n = 3).
*p < 0.05, *p < 0.01, **p < 0.001.

(Figure 1A). Low levels of intracellular ROS
were also observed in the other two gemcita-
bine-resistant cell lines, PANC-1 and AsPC-1
(Figure S1B), in comparison with the sensitive
CFPAC-1 cells (Figure 1B). To see IncRNA
involvement in ROS regulation, we performed
array analysis and enriched IncRNAs with
potential involvement in ROS regulation ac-
cording to the nearby associated genes. Among
them, IncRNA SLC7A11-ASI was the gene that

s was in highest expression in BxPC-3-Gem
compared with BxPC-3 cells (Figure 1C).
qRT-PCR confirmed that SLC7A11-ASI was
overexpressed in BxPC-3-Gem compared with

BxPC-3 cells (Figure 1D). Different expression levels of SLC7A1I-

ASI1 were also observed in gemcitabine-resistant PANC-1 and

AsPC-1 in comparison with the sensitive CFPAC-1 cells (Figure 1E).

Next, we knocked down SLC7A11-ASI in gemcitabine-resistant cell

lines to determine its effect in ROS regulation. Three small inter-

fering RNAs (siRNAs) were designed, and siRNA#1 could knock
down SLC7A11-AS1 expression by 50% (Figure SIC); thus, it was
used in further study. Knockdown of SLC7A11-ASI in gemcita-
bine-resistant BxPC-3-Gem, PANC-1, and AsPC-1 cells (Figure S1D)
led to significant elevation of intracellular ROS levels (Figure 1F),
indicating that SLC7A11-ASI acts as an antioxidant. To see the
in vivo effect, PANC-1 cells with SLC7A11-ASI-knockdown or con-
trol shRNA (Figure SIE) were subcutaneously inoculated into

BALB/c nude mice. PANC-1 xenograft tissues with SLC7AI11-ASI

knockdown showed near 3-fold increase of ROS levels in compari-

son with control (Figures 1G and 1H). These results indicate that
overexpression of SLC7A1I1-ASI in gemcitabine-resistant PDAC
cells can reduce the intracellular level of ROS.
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SLC7A11-AS1 Scavenges ROS to Promote Cancer Stemness

Because a low level of ROS is required for the maintenance of cancer
stemness,® we further investigated whether SLC7A11-ASI could affect
cancer stemness. Oct4 and Nanog, the two markers of stemness, were
significantly decreased in SLC7A11-ASI-knockdown BxPC-3-Gem,
PANC-1, and AsPC-1 cells (Figure S1D) in comparison with control
at both mRNA and protein levels (Figures 2A-2C). In vivo, the tu-
mors derived from the SLC7A11-ASI knockdown group exhibited
lower protein levels of Nanog and Oct4 than the control group (Fig-
ure 2D). Knockdown of SLC7A11-AS1 in the three gemcitabine-resis-
tant cell lines by shRNA (Figure S1E) significantly suppressed their
sphere-forming abilities, a representative trait of CSCs”' (Figure 2E).
In addition, compared with the adherent cells, the spheroids exhibited
higher expression level of SLC7A11-AS1 (Figure 2F). These results
indicate that SLC7A11-ASI promotes cancer stemness in PDAC cells.

Then we further determined whether SLC7A11-ASI promotes cancer
stemness through reducing ROS level. We introduced N-acetylcys-
teine (NAC), a scavenger of ROS. The use of NAC decreased
SLC7A11-AS1 silencing-induced ROS (Figure 2G, upper), which
also reduced its impact on stemness. SLC7A11-AS1 silencing-induced
protein decreases of Nanog and Oct4 were rescued to control level
by addition of NAC (Figure 2G, bottom), indicating that SLC7A11-
AS] regulates cancer stemness via regulating ROS level in gemcita-
bine-resistant PDAC cells.
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Figure 2. SLC7A11-AS1 Scavenges ROS to Promote
Cancer Stemness

(A-C) Effects of SLC7A11-AS7 knockdown on expres-
sions of Oct4 and Nanog were determined by gRT-PCR (A
and B) and western blot (C) in gemcitabine-resistant
PDAC cells (n = 3). (D) Expressions of Oct4 and Nanog in
tumor tissues (as described in Figure 1G) were determined
by western blot (D). (E) Oncosphere-formation assay in
SLC7A11-AS1-knockdown and control gemcitabine-
resistant PDAC cells. Original magnification x10. (F) qRT-
PCR analysis of SLC7A11-AST expression in spheroids
and paired attached PDAC cells (n = 3). (G) Flow cy-
tometry analysis of ROS using probe DCFH-DA (upper)
and western blot analysis of Oct4 and Nanog (bottom) in
SLC7A11-AS7-knockdown and control PANC-1 cells
treated with or without NAC (10 mM) for 48 h (n = 3). *p <
0.05, **p < 0.01, **p < 0.001.

AsPC-1

AsPC-1

SLC7A11-AS1 Promotes Chemoresistance

in PDAC

Cancer stemness confers chemoresistance.”
Next, we investigated SLC7A11-ASI involve-
ment in chemoresistance. Knockdown of
SLC7A11-AS1 caused growth inhibition and
further potentiated gemcitabine efficacy in resis-
tant BxPC-3-Gem, PANC-1, and AsPC-1 cells
(Figures 3A-3C). Moreover, colony formation
showed an almost 2-fold decrease of colony
numbers after gemcitabine treatment in
SLC7A11-ASI-knockdown BxPC-3-Gem, PANC-1, and AsPC-1
cells compared with control (Figures 3D and 3E). To see SLC7AI1-
ASI effects in vivo, PANC-1 xenografts with SLC7A11-AS1 knock-
down or control were established subcutaneously in BALB/c
mice, followed by gemcitabine treatment every 4 days when control
tumor reached 150 mm’. SLC7A11-ASI knockdown significantly
potentiated gemcitabine efficacy as shown by the approximately
80% decrease of tumor growth and 77% decrease of tumor weight
in the SLC7A11-AS1-knockdown plus gemcitabine group in compar-
ison with gemcitabine alone group (Figures 3F and 3G). These results
indicate that SLC7A11-ASI can potentiate cancer cell sensitivity to-
ward gemcitabine, suggesting it might be of potential therapeutic
value to overcome gemcitabine resistance in PDAC.

SLC7A11-AS1 Correlates with Poor Prognosis of PDAC Patients

To see the clinical significance of SLC7A11-ASI, we determined
SLC7A11-AS1 expressions in PDAC patients and found that it was
higher in tumor tissues than that in the adjacent normal tissues
(n = 27) (Figure 4A). A large-scale dataset analysis by using Gene
Expression Profiling Integrative Analysis (GEPIA; http://gepia.
cancer-pku.cn)® confirmed that SLC7A11-ASI was overexpressed
in PDAC tissues (n = 179) compared with normal tissues (n = 171)
(p < 0.01) (Figure 4B). Moreover, Kaplan-Meier survival analysis
indicated that high expression of SLC7A11-ASI in PDAC tissues
was associated with a shorter overall lifespan of PDAC patients
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(p = 0.027) (Figure 4C), indicating that high level of SLC7A11-AS1
correlates with poor prognosis of PDAC patients.

SLC7A11-AS1 Prevents NRF2 Proteasomal Degradation to
Defend ROS

Next, we were interested to know how SLC7AI11-AS1 affected
ROS level in PDAC cells. NRF2 is the key regulator of redox hemo-
stasis.”* We noticed that NRF2 protein level was in line with the
endogenous expression level of SLC7A11-AS1, showing that PDAC
cells (BxPC-3-Gem, PANC-1, and AsPC-1) with highly expressed
SLC7A11-ASI1 had high protein levels of NRF2, and conversely,
cells with lowly expressed SLC7A11-ASI had low protein levels of
NRF2 (Figure 5A versus Figures 1D and 1E). These results suggest
that SLC7A11-AS1 might regulate NRF2 in PDAC cells. Knockdown
of SLC7A11-AS1 in SLC7A11-ASI-overexpressed BxPC-3-Gem,
PANC-1, and AsPC-1 cells had no effect on NRF2 mRNA levels
(Figure 5B). However, it led to reduction of NRF2 protein in the
three gemcitabine-resistant PDAC cells (Figure 5C). Then we
determined whether SLC7A11-ASI might affect the stability of
NRF2 protein. We treated the cells with protein synthesis inhibitor
cycloheximide (CHX) and found that knockdown of SLC7A11-AS1
reduced the stability of NRF2 protein (Figures 5D and 5E). The
half-life of NRF2 protein was shortened by about 3-fold
by SLC7A11-AS1 knockdown in PANC-1 cells (Figure 5E). Subcellu-
lar fractionation revealed that the nuclear portion of NRF2

Then, we determined whether SLC7AI11-AS1
exhibited antioxidant ability through NRF2
regulation. Flow cytometry (FCM) analysis showed that ectopic
expression of SLC7A11-ASI caused ROS reduction, whereas it lost
antioxidant function when NRF2 was silenced by siRNA (Figure 5J).
NRF2 activates the expressions of target antioxidant genes such as
GCLM and HMOX1.>>*° qRT-PCR showed that ectopic expression
of SLC7A11-AS1 upregulated the expressions of GCLM and
HMOX1, whereas the upregulations were decreased to or even under
basal level when NRF2 was knocked down (Figures 5K and 5L).
These results indicate that SLC7A11-ASI prevents the proteasomal
degradation of nuclear NRF2, leading to decreased ROS.

SLC7A11-AS1 Interacts with B-TRCP1 to Block

NRF2 Ubiquitination in the Nucleus

To see the underlying mechanism that SLC7A11-ASI prevents NRF2
proteasomal degradation in the nucleus, we determined the intracel-
lular location of SLC7A11-ASI in BxPC-3-Gem and PANC-1 cells.
qRT-PCR showed that SLC7A11-AS1 was mainly located in the nu-
cleus, and it was marginally detected in the cytosol (Figures 6A and
6B). Considering that SLC7A11-ASI regulates NRF2 posttranscrip-
tion and IncRNAs within the nucleus function through protein inter-
action,””*® we hypothesized that SLC7A11-ASI might be interfering
with a nuclear E3 ligase to affect the stability of NRF2. B-TRCP1 is
reported to be responsible for NRF2 ubiquitination and proteasomal
degradation in the nucleus."” Therefore, we performed nuclear co-
localization of B-TRCP1 with SLC7A11-AS1. Immunofluorescence

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 977
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Figure 4. SLC7A11-AS1 Expression Levels Are
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expression level of SLC7A11-AS7 in PDAC and normal
tissues was analyzed by using GEPIA. (C) Kaplan-Meier
curve of overall survival of PDAC patients analyzed by
using GEPIA.
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showed that B-TRCP1 and SLC7A11-AS1 were co-localized in the nu-
cleus of BxPC-3-Gem and PANC-1 cells (Figure 6C).

To see whether SLC7A11-AS1 could interact with B-TRCP1, nuclear
extracts from BxPC-3-Gem cells were incubated with biotinylated
sense or antisense SLC7A11-AS1 RNA generated in vitro. Proteins
precipitated with streptavidin beads were resolved by SDS-PAGE.
The association of B-TRCP1 with SLC7A11-ASI sense RNA, but
not antisense or the beads, was confirmed by immunoblotting
analysis with anti-B-TRCP1 antibody (Figure 6D). To identify the re-
gions of SLC7AI11-AS1 that are responsible for binding with
B-TRCP1, we generated five fragments of SLC7A11-AS1 (Figure 6E).
The results from RNA pull-down and immunoblotting showed that
SLC7A11-ASI exon 3 (440-1,725 nt of SLC7A11-ASI) was essential
for the interaction with B-TRCP1 protein (Figure 6F). Reciprocally,
RNA immunoprecipitation (RIP) assay was performed to confirm
the interaction between SLC7A11-ASI and B-TRCP1. B-TRCP1 has
two major domains: the F-box domain, which is responsible for
recruiting B-TRCP1 to the SKP1-Cull-Rbx1 (SCEP-TRCPy E3 ligase
complex through interaction with adaptor protein SKP1; and the
WD domain responsible for interaction with the substrates.”” To
see which domain is responsible for interacting with SLC7A11-ASI,
B-TRCP1 fragments with deletions of either one (B-TRCP1-N
without WD domain and B-TRCP1-C without F-box motif) or
both domains (B-TRCP1-N-AF-box) were constructed (Figure 6G).
Western blot using input lysates from PANC-1 cells transfected
with hemagglutinin (HA)-tagged B-TRCP1 and its truncations
confirmed their expressions (Figure 6H, left). The immunoprecipi-
tates revealed that SLC7A11-AS1 was enriched by B-TRCP1 antibody.
Almost 50% of input SLC7A11-ASI could be pulled down by full-
length B-TRCP1 (Figure 6H, right). However, B-TRCP1 fragment
without F-box domain (B-TRCP1-C, containing WD) completely
lost its interaction with SLC7A11-ASI, showing a SLC7A11-ASI
level similar to empty vector. B-TRCP1 fragment without WD
domain (B-TRCPI-N, containing F-box motif) could interact with
SLC7A11-AS1, but its binding ability dropped nearly 40% compared
with the full-length B-TRCPI1 (Figure 6H, right). Further deletion
showed that B-TRCP1 fragment without both F-box and WD do-
mains (B-TRCP1-N-AF-box) was not able to interact with
SLC7A11-AS1; the binding activity dropped ~90% (Figure 6H, right).
These results demonstrate that the F-box domain of B-TRCPI is
responsible for its direct interaction with SLC7A11-AS1, but it needs
the WD domain to enhance the binding ability.
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Next, we determined whether the interaction between SLC7A11-AS1
and B-TRCP1 was functional. As shown in Figure 61, B-TRCP1 led
to NRF2 ubiquitination, but it was blocked in the presence of
SLC7A11-AS1 in 293T cells (Figure 6I), indicating that the interaction
between SLC7A11-ASI and B-TRCP1 blocks NRF2 ubiquitination.
The F-box domain is responsible for B-TRCPI interacting with
SKP1 of the SCEP™RP! E3 complex. If this domain was blocked by
SLC7A11-AS1, the degradation of other substrates of SCEP-TRCP1 g3
would be affected as well. Indeed, we found that the proteasomal
degradation of nuclear B-catenin, another substrate of SCEP-TRCPL 30
was blocked by SLC7A11-AS1 (Figure 6]), further confirming that
SLC7A11-AS1 interacts with the F-box of B-TRCP1.

DISCUSSION

IncRNAs play important roles in governing cell response to chemo-
therapeutics.”** In the current study, we found that SLC7A11-ASI
promotes cancer stemness and chemoresistance by scavenging ROS.
SLC7A11-AS1
SCFPTRCP_mediated ubiquitination and subsequent proteasomal
degradation, leading to a low level of intracellular ROS, which is
required for the maintenance of PDAC stemness and chemoresist-
ance (Figure 7).

stabilizes nuclear NRF2 protein by blocking

SLC7A11-ASI is the anti-sense transcript of SLC7A11 that encodes
xCT, a transporter of glutamine and cysteine.*® It has been reported
as a tumor suppressor in gastric and epithelial ovarian cancer,
which is downregulated in these tumor tissues compared with the
adjacent non-tumorous counterparts.”>* Our data indicate that
SLC7A11-AS1 is an oncogene in PDAC that contributes to sphero-
formation and the upregulation of CSC markers. Furthermore, over-
expression of SLC7A11-ASI confers to gemcitabine resistance of
PDAC cells both in vitro and in vivo. High expressions of
SLC7A11-ASI are detected in human PDAC specimens and associate
with a shorter overall lifespan of PDAC patients, further supporting
the oncogenic function of SLC7A11-ASI in PDAC. The discrepancy
of SLC7A11-AS! function in gastric, epithelial ovary cancer and
PDAC might be because of different cancer types.

Accumulating evidence has demonstrated that CSCs are responsible
for tumorigenesis, chemoresistance, metastasis, and progression,35
and a low level of ROS is required for the maintenance of cancer
stemness.” PDAC cells resistant to gemcitabine exert enhanced
property of cancer stemness.”*° Here, we found that the resistant
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Figure 5. SLC7A11-AS1 Prevents NRF2 Proteasomal Degradation to Defend ROS

(A) Western blot analysis of NRF2 in PDAC cell lines. (B and C) Effects of SLC7A71-AS1 knockdown on NRF2 expression were determined by gRT-PCR (B) and western blot
(C)in SLC7A11-AS1-overexpressed PDAC cells (n = 3). (D) Effect of SLC7A11-AS1 knockdown on half-life of NRF2 was determined by western blot in PANC-1 cells treated
with CHX (100 pg/mL). (E) Quantification of NRF2 was normalized to the loading control and expressed relative to 0 h. (F) NRF2 protein levels in the nucleus and cytosol in

PANC-1 cells with SLC7A17-AS1 knockdown or sh-Ctrl were determined by western blot. (G) Quantifications of nuclear and cytoplasmic NRF2 were normalized to the

(legend continued on next page)
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PDAC cells also showed a decreased level of ROS in comparison with
the sensitive cells. SLC7A11-ASI is overexpressed in gemcitabine-
resistant PDAC cells. Knockdown of SLC7A11-ASI results in eleva-
tion of the intracellular ROS, leading to the loss of stemness.
SLC7A11-ASI silencing-induced reduction of stemness can be
rescued by NAC, a scavenger of ROS. These results indicate that
SLC7A11-AS1 plays a role in the maintenance of cancer stemness
by suppressing ROS. Furthermore, our results demonstrate that
SLC7A11-ASI exerts antioxidant activity through NRF2. It lost
antioxidant function when NRF2 was silenced.

NREF?2 is the key regulator of antioxidant defense.” Overactivation of
NREF2 promotes cancer cell survival and enhances cancer stemness,
as well as chemoresistance and/or radioresistance.”” Dysregulation
on the ubiquitin-proteasomal degradation of NRF plays an important
role in the sustained activation of NRF2 in cancers. For example,
KEAPI methylation leads to reduced KEAP1 level, which correlates
with increased level of nuclear NRF2 in colon cancer.”® Somatic
mutation of NRF2 or KEAP1 that disrupts NRF2/KEAP1 interaction
confers to NRF2 activation in renal cell carcinoma and other types of
solid tumors.>**° Recently, B-TRCP has been identified as an E3
ligase that mediates NRF2 degradation in the nucleus.*' B-TRCP
belongs to the F-box protein families, also known as F-box/WD
repeat-containing protein 1A (FBXW1A).** It consists of two major
functional domains: the carboxy-terminal WD domain that binds
to specific substrates; and the F-box motif, which recruits F-box
protein to the SKP1-Cull-Rbx1 (SCE*™CP) E3 ligase complex
through interaction with adaptor protein SKP1.”” B-TRCP recognizes
and binds to the DSGIS and DSAPGS motifs in the Neh6 domain
of NRF2 and ubiquitylates NRF2 for proteasome degradation in the
nucleus.'>*' NRF2 protein in normal pancreatic ductal epithelial cells
is defined in the cytosol at weak level and without nuclear expression.
It shows increased cytoplasmic level and positive staining in the
nucleus in PDAC tissues.’ However, NRF2 protein level is not
negatively correlated to the KEAP1 expression in PDAC tissues.” In
addition, the sustained activation of NRF2 in human PDAC cannot
be explained by somatic mutations of NRF2 or KEAP1."* Further-
more, high levels of B-TRCP1 are also detected in the specimens of
PDAC."” Hence it is necessary to find an additional degradation
mechanism to understand sustained activation of NRF2 in PDAC.
In the present study, our results reveal that the overexpression of
SLC7A11-AS1 in gemcitabine-resistant PDAC cells can block
B-TRCP1-mediated ubiquitination and subsequent degradation of
NRF2. SLC7A11-AS1 is co-localized with B-TRCP1 in the nucleus
of PDAC cells. Pull-down assays show that B-TRCP1 binds to exon
3 (440-1725 nt) of SLC7A11-ASI. RIP assays reveal that SLC7AI1-
AS1 interacts with the F-box domain of B-TRCP1. Moreover,
SLC7A11-ASI blocks B-TRCPI1-mediated ubiquitination and
subsequent proteasomal degradation of NRF2 in the nucleus of
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PDAC cells. There is another mechanism reported to affect the stabil-
ity of nuclear NRF2. NRF2 traffics to promyelocytic leukemia-nuclear
bodies (PMLNBs), where RNF4 polyubiquitylates polysumoylated
NRF2 in PML-NBs, subsequently leading to its degradation.* In
this study, we cannot rule out whether SLC7A11-ASI might affect
RNF4-mediated nuclear NRF2 degradation. However, our results
clearly demonstrate that SLC7A11-ASI is involved in SCEPTRCF.
mediated NRF2 degradation in the nucleus.

B-TRCP plays critical roles in many key processes, such as cell cycle,
apoptosis, and migrationf‘3 A number of important proteins,
including B-catenin, cell division cycle 25 (Cdc25), vascular endothe-
lial growth factor receptor 2 (VEGFR?2), inhibitor of nuclear factor-xB
(IxB), and mouse double minute 2 (Mdmz2), are ubiquitinated by
B-TRCPs.” Given that SLC7A11-ASI binds to the F-box domain of
B-TRCP1, which is responsible for recruiting B-TRCP1 to the
SCFPTRCP E3 complex, it raises a possibility that SLC7A11-ASI
may inhibit ubiquitination and degradation of other substrates of
B-TRCP1. Indeed, we found that knockdown of SLC7A11-AS1 led
to enhanced degradation of nuclear B-catenin, further supporting
that SLC7A11-ASI interacts with the F-box domain of B-TRCP1,
blocking the formation of the SKP1-Cull-Rbx1 E3 ligase complex.
Hence SLC7A11-ASI is a very important IncRNA that can affect
the degradation of extensive substrates of B-TRCP1. Several IncRNAs
have been reported to interfere with E3 ligase, such as OCC-1** and
UPAT.*” These IncRNAs interact with E3 ligase binding sites to
substrates, thus affecting specific substrate protein degradation.
To date, SLC7A11-ASI is, to the best to our knowledge, the first
IncRNA reported that can disrupt SCF* TRP E3 complex formation,
thus affecting the degradation of an extensive number of proteins
that are important for cancer progression. Our work highlights the
important role of SLC7A11-ASI in regulating B-TRCP1 function.

In summary, our work demonstrates that SLC7A11-ASI promotes
cancer stemness and chemoresistance by blocking the nuclear
NREF2 protein degradation through interaction with B-TRCP1. Our
study suggests that SLC7A11-ASI may be of potential value as a novel
therapeutic target for PDAC treatment.

MATERIALS AND METHODS

Cell Culture

Human PDAC cell lines BxPC-3, PANC-1, and AsPC-1 were cultured
in RPMI-1640 medium (GIBCO, Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum (GIBCO) and 1% penicillin/
streptomycin. CFPAC-1 and 293T cells were cultured in Iscove’s
modified Dulbecco’s medium (GIBCO) and Dulbecco’s modified
Eagle’s medium (GIBCO), respectively, with the same supplement
as shown above. The gemcitabine-resistant subline BxPC-3-

loading control and expressed relative to sh-Ctrl. (H) Western blot analysis of nuclear and cytoplasmic fractions from SLC7A177-AS7-knockdown and control PANC-1 cells
treated with or without MG132 (1 uM) for 24 h. (I) Quantification of nuclear NRF2 as in (H) (n = 3). (J-L) PANC-1 cells with or without siRNA-mediated NRF2 knockdown were
transfected with SLC7A71-AST or empty vector for 48 h, followed by ROS detection using flow cytometry (J), qRT-PCR analysis of NRF2 target genes, HMOX1 (K), and

GCLM (L). *p < 0.05, *p < 0.01, **p < 0.001. ns, not significant.
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Figure 6. SLC7A11-AS1 Prevents B-TRCP1-Mediated Ubiquitination and Degradation of NRF2

(A and B) Subcellular distribution of SLC7A17-AS1 was detected by gRT-PCR in (A) BXPC-3-Gem and (B) PANC-1 cells. U99 and MT-RNR1 were as nuclear and cytoplasmic
marker, respectively (n = 3). (C) The immunofluorescence staining of SLC7A71-AS1 (red), B-TRCP1 (green), and DAPI (blue) in BXPC-3-Gem and PANC-1 cells. (D) Nuclear
extracts from BxPC-3-Gem cells were incubated with biotinylated sense and antisense SLC7A771-AST generated in vitro, and proteins were precipitated with streptavidin
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Gem was maintained in medium containing 50 nM gemcitabine (LC
Laboratories, Woburn, MA, USA).>°

PDAC Patient Samples

PDAC samples and adjacent non-tumor tissues were obtained from
patients diagnosed with PDAC at the Affiliated Tumor Hospital of
Harbin Medical University (Harbin, China). All samples were
collected immediately from resection, snap frozen in liquid nitrogen,
and stored at —80°C. Written consent was obtained from all patients.
Ethical consent was approved by the Committees for Ethical Review
of Research involving Human Subjects of Harbin Medical University.

RNA Isolation and qRT-PCR

Total RNA was isolated using TRIzol (Invitrogen, Grand Island, NY,
USA) and reverse transcribed into cDNA using a reverse transcription
kit (TOYOBO, Japan). qRT-PCR was performed using GoTaq qPCR
Master Mix (Promega, Madison, WI, USA) with gene-specific primers
(Comate Bioscience, China) listed in Table S1. The results were calcu-
lated using the 2~ *4“" method and normalized against internal control.

Transfection of Plasmid and Small siRNA

Transfection experiments were conducted by using Lipofectamine
3000 (Invitrogen) and blended within Opti-MEM I Reduced Serum
Media (GIBCO). siRNA targeting SLC7A11-ASI (RiboBio, China)
or NRF2 (GenePharma, China) was transfected at the final concentra-
tion of 50 nmol/L. PCDNA3-myc3-NRF2 and HA-ubiquitin were
provided by Profs. Ying Hu and Yu Li, respectively (Harbin Institute
of Technology). Primers for plasmid construction and siRNA se-
quences were listed in Table S1.

Lentivirus Production and Infection

To establish stable knockdown cell lines, we cloned a short hairpin
RNA (shRNA) sequence that specifically targets SLC7AI11-ASI into
pLKO.1-Puro vector (Addgene, Cambridge, MA, USA). The
sequence of ShRNA was listed in Table S1. Lentivirus was produced
in 293T cells co-transfected with pPCMV-VSV-G (vesicular stomatitis
virus G protein) (1 ng), pGag/Pol/PRE (9 ng), and pLKO.1-puro
empty or pLKO.1-puro-sh-SLC7A11-ASI plasmid (10 pg). The me-
dium containing lentivirus was collected every 24 h and filtered
(0.45 pm). Gemcitabine-resistant BxPC-3-Gem, PANC-1, and
AsPC-1 cells were incubated with the medium for 48 h, and stable
lines were selected using 10 pg/mL of puromycin (Sigma). The
knockdown efficiency was evaluated by qRT-PCR.
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Sphere-Formation Assay

Cells (500 cells/well) were seeded into six-well low-attachment plates
(Corning, Tewksbury, MA, USA) and cultured in Dulbecco’s modi-
fied Eagle’s medium-F12 medium (GIBCO), containing 2% B27
(GIBCO), 10 ng/mL of epidermal growth factor (EGF; GIBCO),
and 10 ng/mL of basic fibroblast growth factor (FGF; GIBCO) for
7 days. Spheroids were photographed.

MTT Assay

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide
(MTT) was performed as described previously.”’ In brief, PDAC
cells were seeded in 96-well plates (5 X 10° cells/well) and treated
with various doses of gemcitabine for 72 h. MTT (5 mg/mL; Sigma)
was added into each well after treatment, and the formed MTT
products were dissolved in DMSO (Sigma). The optical density
was measured at a wavelength of 490 nm using an iMark Microplate
Absorbance Reader (Bio-Rad, USA). The half-maximal inhibitory
concentration (ICsy) value was determined by using GraphPad
6 software (Prism). All of the experiments were performed in
triplicate.

Colony Formation Assay

Cells seeded in six-well plates (500 cells/well) were treated with
gemcitabine (1 pM) and continuously cultured for 14 days without
disturbance. Culture medium was replaced every 5 days. Colonies
were fixed in formaldehyde for 30 min, stained with 0.1% crystal vi-
olet for 30 min, and photographed.

ROS Detection

Cellular ROS level was measured by incubating cells with 2/, 7° di-
chlorodihydrofluorescein diacetate (DCFH-DA; 10 puM; Beyotime,
China) for 30 min at 37°C after treatments. The reduced DCFH-
DA can be oxidized and converted into fluorescent 2/, 7’-dichloro-
fluorescein (DCF) by intracellular ROS. Fluorescence intensity of
cell suspension was determined by FCM (BD FACSCalibur; BD Bio-
sciences). In total, 10,000 cells were analyzed per sample.

For ROS detection in tumor tissue, frozen tumors were sectioned
into 10 pm, and the slides were incubated with dihydroethidium
(DHE; 5 uM; Vigorous, China) in a humidified condition at 37°C
for 30 min.*® The fluorescent signals were detected by using a fluores-
cence microscope. The resulting DHE-mediated fluorescence was
quantified by Image].

beads and subjected to immunoblotting (IB) analysis with anti-TRCP1 antibody. (E) A schematic diagram of full-length SLC7A17-AS7 and its series of truncates. (F) Nuclear
extracts from BxPC-3-Gem cells were incubated with biotinylated SLC7A77-AS1 truncates and antisense SLC7A11-AST generated in vitro, and proteins were precipitated
with streptavidin beads and subjected to IB analysis with anti-TRCP1 antibody. (G) A schematic diagram of B-TRCP1 and its truncates. (H) RIP assay analysis of the
interaction of B-TRCP1 and its truncates (B-TRCP1-N, B-TRCP1-N-AF-box, and B-TRCP1-C) with SLC7A17-AS7 in PANC-1 cells. Whole-cell expression (input) of proteins
was detected by IB with indicated antibodies (left). The asterisks indicate B-TRCP1 and its truncates bands. The immunoprecipitated SLC7A17-AS7 by using anti-HA
antibody was measured by gRT-PCR and represented as a fraction of input RNA (% input) prior to immunoprecipitation (right) (n = 3). () Effect of SLC7A17-AS7 on B-TRCP1-
mediated ubiquitination of NRF2. 293T cells co-transfected with indicated plasmids were treated with MG132 (1 uM) for 12 h and subjected to immunoprecipitation (IP) with
the anti-Myc antibody, followed by IB with anti-HA antibody. Whole-cell expression (input) of proteins was detected by IB with anti-FLAG or anti-GAPDH antibodies. (J)
SLC7A11-AST prevents B-catenin proteasomal degradation. Western blot (left) analysis of nuclear B-catenin in SLC7A17-AS7-knockdown and control PANC-1 cells treated
with or without MG132 (5 uM) for 24 h. Quantification of B-catenin protein (right) was normalized to the loading control (Lamin) and expressed relative to sh-Ctrl without

MG132 (n = 3). *p < 0.01. ns, not significant.
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Figure 7. A Proposed Working Diagram of SLC7A11-AS1
SLC7A11-AST1 stabilizes NRF2 by interacting with B-TRCP1 to lower ROS for the
maintenance of PDAC stemness.

Subcellular Fractionation

The nuclear and cytoplasmic fractions were prepared as described
previously.*” In brief, PANC-1 and BxPC-3-Gem cells were washed
with cold PBS twice and resuspended in pre-chilled cell disruption
buffer (1.5 mM MgCl,, 10 nM KCl, 20 mM Tris-HCl, 1 mM DTT).
Cell suspensions were incubated on ice for 10 min, followed by ho-
mogenization and addition of 0.1% Triton X-100. The homogenates
were visually inspected under a microscope to ensure that the nuclei
remained intact while the membranes were broken in over 90% of
cells. The nuclei were separated from the cytosol by centrifuging at
1,500 x g for 5 min.

Western Blot Analysis

Whole-cell lysates were prepared using RIPA lysis buffer (50 mM
Tris-HCI [pH 8.0], 150 mM sodium chloride, 1.0% Nonidet P-40
[NP-40], 0.1% SDS) with 1% protease inhibitor cocktail. Western

blot was performed as described previously™ with primary antibodies
against NRF2, Nanog, Oct4, B-Catenin, GAPDH, a-Tubulin, FLAG
tag (Proteintech, China), and Lamin (Santa Cruz, Dallas, TX, USA).

RNA Pull-Down Assay

For RNA in vitro transcription, full-length SLC7A11-ASI and its
truncates were amplified and inserted into Peasy-T1 (TransGen,
China). Linearized fragments were used as a template for in vitro
transcription of biotin-labeled RNAs by using TranscriptAid T7
High Yield Transcription Kit (Thermos Scientific, Pittsburgh, PA,
USA) and Label IT Nucleic Acid Labeling Kit (Mirus, Madison,
WI, USA). After denaturing for 10 min at 65°C, the labeled
transcripts (5 pg) were incubated with nuclear extracts (2 mg)
with 100 U/mL RNaseOUT (Invitrogen) at 4°C with rotation.
Unlabeled RNA with nuclear protein was used as control. After 2-h
incubation, streptavidin beads (MedChemExpress [MCE]; Mon-
mouth Junction, NJ, USA) were added, and the enriched components
were analyzed by western blot.

RNA In Situ Hybridization and Immunofluorescence Staining
Biotin-labeled SLC7A11-ASI probe (1,420 nt in exon 3) was gener-
ated as described above. Cells were fixed with 4% paraformaldehyde
for 15 min, followed by permeabilization with 0.1% Triton X-100 for
5 min and hybridization with biotin-labeled SLC7A11-ASI probe in
2x saline sodium citrate (SSC; Sigma) at 65°C overnight in a moist
chamber.

For co-localization study, cells were co-stained with rabbit anti-
B-TRCP1 antibody (1:100 dilution; ABclonal, China) and streptavi-
din, Alexa Flour 555 conjugate (1:200 dilution; Thermo Fisher) at
37°C for 1 h, then washed with PBS three times, and incubated
with Chicken anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 (1:200 dilution, Thermo Fisher) for 2 h
at room temperature. The nuclei were counterstained with DAPI
(Sigma). The fluorescence images were taken by confocal microscope.

RIP Assay

Full-length B-TRCP1 and its truncations (B-TRCP1-N, B-TRCP1-C)
were amplified and sub-cloned into pIRM-3xHA vector using
appropriate restriction enzyme digestion. B-TRCP1-N-AF-box was
generated using two-stepwise PCR. HA-empty vector, HA-
B-TRCPI1, and its truncations were transfected into PANC-1 cells
in the presence of SLC7AI1-ASI expression vector PCDNA3.1-
SLC7A11-AS1 for 48 h. Cells were lysed with 1 mL buffer (150 mM
NaCl, 1 mM EDTA, 20 mM HEPES, 1% NP-40, 1 mM PMSF,
1 mM DTT, 100 U/mL RNaseOUT). 100 pL of supernatant
was saved as input for qRT-PCR analysis, and another 100 pL of
supernatant as input for western blot analysis. Cell lysates were
immunoprecipitated with anti-HA-tag antibody (ABclonal) over-
night. The precipitated RNAs were eluted with TRIzol and analyzed
by qRT-PCR using SLC7AII-ASI-specific primers (Table SI).
The amount of immunoprecipitated RNAs is represented as the
percentile of the amount of input RNA (% input).
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Ubiquitination Assay

293T cells were transfected with HA-ubiquitin along with PCDNA3-
myc3-NRF2 and pCXN2-FLAG-B-TRCP1 in the presence or
absence of PCDNA3.1-SLC7A11-AS1 for 24 h, followed by treatment
with MG132 (1 uM, MCE) for an additional 12 h. Collected cells
were lysed in 100 pL of dilution buffer containing 10 mM Tris-HCIl
(pH 8.0), 2 mM EDTA, 150 mM NaCl and 1% Triton X-100, and
an equal amount of cell lysis buffer (2% SDS, 150 mM NaCl,
10 mM Tris-HCI [pH 8.0]). The diluted samples were centrifuged
at 20,000 x g for 30 min, and the supernatant (1.5 mg) was used
for immunoprecipitation with anti-Myc antibody (Cell Signaling
Technology, Danvers, MA, USA), followed by immunoblotting with
anti-HA antibody.

Protein Half-Life Assay

Cells were treated with CHX (100 pg/mL; Sigma) for up to 60 min and
lysed with RIPA buffer. Whole-cell lysates (20 g) were separated by
SDS-PAGE, and protein levels were measured by immunoblot.

Mice Xenograft Study

All of the animal care and experimental procedures were approved
by the Animal Care and Use Committee of Harbin Institute of
Technology. Female athymic BALB/c nude mice (4-5 weeks old)
were obtained from Beijing HFK Bioscience. For in vivo ROS detec-
tion, sh-SLC7A11-ASI or sh-Ctrl cells (1.5 x 10°) were injected
subcutaneously into the left or right posterior flank of nude mice,
respectively (n = 5). For chemoresistance study, cells were injected
into the right side of the mice (n = 4). Tumor volumes were calculated
using the equation: V = a x b*/2, where a is the largest diameter, and
b is the perpendicular diameter to a.

Statistical Analysis

Statistical analysis was carried out using GraphPad software, v.6. Stu-
dent’s t test (two-tailed) was used when comparing only two groups.
Differences between more than two groups were analyzed by using
two-way ANOVA. Data are presented as the mean * standard devi-
ation (SD) and repeated from at least three independent experiments.
p < 0.05 was considered to be statistically significant.
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