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CANCER

NRF2 activation by antioxidant antidiabetic agents
accelerates tumor metastasis

Hui Wang,* Xiufei Liu,"* Min Long,'* Yi Huang,?* Linlin Zhang," Rui Zhang,' Yi Zheng," Xiaoyu Liao,"
Yuren Wang," Qian Liao," Wenijie Li," Zili Tang,? Qiang Tong," Xiaocui Wang,' Fang Fang,’
Montserrat Rojo de la Vega,* Qin Ouyang,® Donna D. Zhang,*" Shicang Yu,®*' Hongting Zheng'*

Cancer is a common comorbidity of diabetic patients; however, little is known about the effects that antidiabetic
drugs have on tumors. We discovered that common classes of drugs used in type 2 diabetes mellitus, the hypo-
glycemic dipeptidyl peptidase-4 inhibitors (DPP-4i) saxagliptin and sitagliptin, as well as the antineuropathic a-lipoic
acid (ALA), do not increase tumor incidence but increase the risk of metastasis of existing tumors. Specifically, these
drugs induce prolonged activation of the nuclear factor E2-related factor 2 (NRF2)-mediated antioxidant response
through inhibition of KEAP1-C151-dependent ubiquitination and subsequent degradation of NRF2, resulting in up-
regulated expression of metastasis-associated proteins, increased cancer cell migration, and promotion of metastasis
in xenograft mouse models. Accordingly, knockdown of NRF2 attenuated naturally occurring and DPP-4i-induced
tumor metastasis, whereas NRF2 activation accelerated metastasis. Furthermore, in human liver cancer tissue
samples, increased NRF2 expression correlated with metastasis. Our findings suggest that antioxidants that activate
NRF2 signaling may need to be administered with caution in cancer patients, such as diabetic patients with cancer.

Moreover, NRF2 may be a potential biomarker and therapeutic target for tumor metastasis.

INTRODUCTION

Accumulating epidemiological evidence suggests that diabetes increases
the risk of multiple cancers, including colon, liver, and breast cancers
(1). Therefore, the increased prevalence of diabetes suggests that the
incidence of individuals with both diabetes and cancer is also rising.
Antidiabetic drugs modulate glucose metabolism, the insulin-like
growth factor-1 axis, or other factors associated with tumor initiation
and progression, and they may therefore affect tumor behavior (1, 2).
Moreover, because diabetic patients are chronically exposed to anti-
diabetic drugs, this long-term exposure and drug accumulation resulting
from compromised renal and hepatic functions commonly seen in these
patients may amplify toxic effects of antidiabetic drugs (3). Therefore,
understanding the effects of antidiabetic agents on tumor biology is
indispensable for the development of specialized drug therapy that
is safe for treating diabetic patients with cancer.

Few studies have investigated the effects that antidiabetic drugs have
on tumors; some have suggested that antidiabetic agents affect the in-
cidence of cancer. Lewis and Piccinni (4, 5) reported a positive correla-
tion between the dose and time of pioglitazone administration and
bladder cancer risk. Whether insulin analogs (especially glargine) in-
crease cancer risk is currently controversial (6). On the other hand, met-
formin was found to reduce the risk of multiple cancers (such as breast,
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colon, and pancreatic cancers) and to inhibit the proliferation of
cancer cells by activating the liver kinase B1 (LKB1)/adenosine 5'-
monophosphate-activated protein kinase (AMPK) pathway, indicat-
ing its potential as a cancer chemoprevention agent (7, 8). However,
little is known about the effect of antidiabetic agents on comorbid tu-
mors in diabetic patients. To study the effects of antidiabetic drugs on
the biological behavior of existing tumors, we screened common clin-
ical antidiabetic agents such as metformin, various insulin analogs, and
dipeptidyl peptidase-4 inhibitors (DPP-4i) in vitro. Specifically, we as-
sessed the proliferation and migration of different cancer cells after
treatment with these drugs. We discovered that the DPP-4i saxagliptin
(Sax), which is currently recommended by the American Association of
Clinical Endocrinologists (AACE) as first-line hypoglycemic treatment
in type 2 diabetes mellitus (T2DM) (9), potentially promoted migration
of cancer cells. To clarify the correlation between DPP-4i and tumor
metastasis and to reveal the mechanism underlying our preliminary
observations, we further performed a series of in vitro and in vivo ex-
periments. Here, we report that DPP-4i Sax and sitagliptin (Sit), as
well as a-lipoic acid (ALA; an antioxidant used to treat diabetic neuro-
pathy), promote tumor metastasis through activation of the nuclear fac-
tor E2-related factor 2 (NRF2)-mediated antioxidant response, although
they do not increase tumor incidence. Additionally, NRF2 pathway ac-
tivation correlated with tumor metastasis and may thus serve as a po-
tential biomarker and therapeutic target.

RESULTS

DPP-4i antidiabetic treatment does not increase cancer risk
Previous studies have suggested that antidiabetic treatments may modify
neoplastic risk factors or modulate existing tumors’ biological behavior.
To examine the effect of DPP-4i on cancer risk, we performed a meta-
analysis of randomized clinical trials on DPP-4i up to July 2015. We
did not find any correlation between DPP-4i monotherapy [Sax, Sit,
vildagliptin (Vil), linagliptin (Lin), or alogliptin (Alo); n = 29; odds
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ratio (OR), 0.80; 95% confidence interval (CI), 0.52 to 1.24] or com-
binations with other antidiabetic drugs and total cancer incidence (n =
88; OR, 1.07; 95% CI, 0.91 to 1.26). These results were consistent ir-
respective of the antidiabetic drug used alone (table S1) or in com-
bination (table S2). Specifically, DPP-4i treatment did not increase
the risk of digestive (n = 18; OR, 0.89; 95% CI, 0.42 to 1.85), dermal
(n=9; OR, 1.05; 95% CI, 0.40 to 2.71), or urological (n = 11; OR, 0.94;
95% CI, 0.38 to 2.37) cancers (table S3), although previous studies
reported that DPP-4i may be associated with increased incidence in
these tumor types (10, 11). This meta-analysis suggests that DPP-4i
alone or in combination with other antidiabetic drugs does not increase
cancer risks.

DPP-4i (Sax and Sit) enhance tumor metastasis

Currently, it remains unclear whether DPP-4i treatment is detrimental
to diabetic patients with existing tumors. To address this, we tested two
DPP-4i compounds, Sax and Sit, with SW480, HCT116, and HuH-7
cancer cells and determined that within the therapeutic range (0.1 or
0.6 uM, respectively), DPP-4 activity was inhibited (fig. S1). Sax and
Sit did not affect cell proliferation (fig. S2A) or alter cancer cell sen-
sitivity to cisplatin (fig. S2B). However, Sax and Sit markedly increased
cell migration and invasion of multiple cancer cell lines (colon SW480
and HCT116, hepatic HuH-7, breast MDA-MB-231, lung A549, ovary
SKOV-3, and melanoma A-375) (Fig. 1A) that represent common di-
abetic comorbidities (12). Similar results were obtained when various
concentrations of Sax, Sit, and Vil (another DPP-4i) were used (fig. S3).
Next, we measured the expression of metastasis-associated proteins
(HIE-1, COX-2, and VEGF) (13, 14) and cancer type—specific metastasis
proteins (BAMBI and APRIL for colon cancer and CORTACTIN for
hepatocellular carcinoma) (15-17) in SW480, HCT116, and HuH-7 cell
lines and found that Sax and Sit increased the expression of these pro-
teins (Fig. 1B). We also tracked HuH-7 cell migration with time-lapse
microscopy (Fig. 1C) and observed greater persistence and forward
migration index (FMI) after Sax and Sit treatment (Fig. 1D). These
results indicate that Sax and Sit promote migration and invasion of
various cancer cell lines.

We further studied the effect of Sax and Sit on tumor metastasis in
nude mice inoculated with HCT116-LUC" or HuH-7-LUC" cells
(spontaneous and experimental metastatic models) (18). Sax- and
Sit-treated mice showed obvious body weight losses during the course
of the experiment (Fig. 1E), at doses that have been proven to not
affect normal mouse weight (19). Bioluminescence imaging indicated
that 6-week Sax and Sit treatment promoted metastatic capacity in
both models (Fig. 1F). Histopathologic analyses revealed that livers
and lungs of Sax- and Sit-treated mice had more visible metastatic
nodules and micrometastases detected by hematoxylin and eosin
(H&E) and anti-vimentin staining (Fig. 1G). We also observed higher
expression of metastasis-associated proteins in the livers and lungs after
6-week Sax and Sit treatments (Fig. 1H). Together, these results show
that Sax and Sit enhance metastasis of existing tumors without in-
creasing cancer risk.

DPP-4i activate NRF2 through KEAP1-C151-dependent
inhibition of ubiquitination

To understand how Sax and Sit promote tumor metastasis, we mea-
sured tumor progression-associated factors such as lactate production,
adenosine 5'-triphosphate (ATP) metabolism, and oxidative stress
(20-22). Neither intracellular nor secreted lactate (fig. S4A), nor ATP
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production (fig. S4B) was affected by treatment, but Sax and Sit greatly
reduced reactive oxygen species (ROS) production (Fig. 2A), increased
GSH (reduced form of glutathione)/GSSG (oxidized glutathione) ratios
(Fig. 2B and fig. S5), and decreased 8-oxo-deoxyguanosine (8-oxo-dG)
in cancer cells (Fig. 2C), suggesting that Sax and Sit may reduce oxi-
dative stress in cancer cells. Furthermore, Sax- and Sit-induced cell mi-
gration and invasion were prevented by administration of buthionine
sulfoximine (BSO), an inhibitor of new glutathione synthesis, indicat-
ing that glutathione synthesis is required for the effects of Sax and Sit
on tumor metastasis (fig. S6). Commonly, ROS concentrations are sup-
pressed by activation of the transcription factor NRF2 and subsequent
expression of antioxidant systems (22); therefore, we measured the pro-
tein expression of NRF2 and its downstream targets NQO1 and GCLM.
We observed that the NRF2 pathway was markedly activated by Sax
and Sit treatment in vitro (Fig. 2D) and in vivo (Fig. 2, E and F). Sim-
ilar results were obtained by treating cancer cells with commercial hu-
man drugs Sax or Sit (fig. S7). Thus, these results suggest that Sax and
Sit activate NRF2 to increase intracellular antioxidants and neutralize
ROS in cancer cells.

DPP-4i are structurally diverse drugs, so we next investigated
whether other members of this class activate NRF2. Our results showed
that Sax, Sit, Vil, Alo, and Lin induced NRF2 and its downstream
targets (fig. S8A), as well as antioxidant response element (ARE)-
driven luciferase reporter gene expression (fig. S8B). Furthermore,
we performed a two-dimensional similarity search in SYBYL-X 2.0 and
found that although the similarity of Sax and Vil is 72.8%, the other
five DPP-4i have less than 40% similarity, which means that these
DPP-4i do not share a common scaffold (fig. S8C). The fact that struc-
turally diverse DPP-4i inhibited DPP-4 and induced NRF2 indicates
that their ability to activate NRF2 may be a consequence of inhibiting
DPP-4.

Next, we further explored the molecular mechanism of DPP-4i-induced
NRE2 activation focusing on Sax. We measured the mRNA and protein
expression of NRF2 and its targets in HuH-7 cells treated with Sax.
Both the mRNA and protein expression of these targets increased after
treatment; however, NRF2 transcription did not apparently change,
suggesting that Sax modulates NRF2 posttranscriptionally (Fig. 2G).
Because expression of NRF2 is primarily controlled at the protein level
by the KEAP1-containing E3 ubiquitin ligase complex through ubiquitina-
tion and subsequent proteasomal degradation of NRF2 (23), we next
assessed the ubiquitination and half-life of NRF2. We observed de-
creased NRF2 ubiquitination and a threefold half-life increase (from
13.7 to 50.4 min) after Sax treatment (Fig. 2, H and I). Furthermore,
because Cys'" in KEAP1 is specifically required for NRF2 activation by
canonical NRF2 inducers SF and tert-butylhydroquinone (tBHQ) (24),
we examined the effect of this cysteine in NRF2 induction by Sax. We
observed that NRF2 induction by Sax was inhibited in KEAP1-C151S
mutant cells (Fig. 2]), indicating that Sax activates NRF2 in a KEAP1-
C151-dependent manner.

NRF2 inhibition attenuates tumor metastases

Recent data indicate that persistent activation of NRF2, the “dark side
of NRF2,” promotes tumorigenesis (22); however, whether persistent
NRE2 activation promotes tumor metastasis is unclear. Because Sax
and Sit promote tumor metastasis and also activate NRF2 signaling,
we tested whether Sax and Sit promote tumor metastasis through activa-
tion of NRF2. We knocked down NRF2 in SW480, HCT116, and
HuH-7 cells and observed a marked decrease of Sax- and Sit-induced
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Fig. 1. DPP-4i (Sax and Sit) promote tumor metastasis. (A to D) The in-
dicated cancer cell lines were treated with 0.1 uM Sax or 0.6 uM Sit for 24 hours.
The quantification of migration assay (A, left) and Matrigel invasion assay (A,
right) are shown. n = 10 fields; the experiments were performed in triplicates.
(B) Metastasis-associated protein expression was detected by immunoblotting.
HuH-7 cell movements were tracked by time-lapse microscopy (C), and the per-
sistence and FMI of cell migration were analyzed using cell tracking software
(D, n=20). Ctl, control. (E to H) Nude mice were foot pad (FP)-inoculated with
1% 10° HCT116-LUCT (HCT-LUC) cells or tail vein (TV)-injected with HUH-7-LUC"
(HuH-LUCY) cells in a spontaneous or experimental metastasis model, respectively.
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One week later, mice (n = 9) were treated with Sax (15 mg/kg), Sit (120 mg/kg), or
normal saline (by oral gavage) every day for 6 weeks. (E) Mean mouse body weights;
0 w indicates Sax or Sit treatment initiation. (F) In vivo bioluminescence imaging of
metastatic tumors after 6 weeks of DPP-4i treatment. (G) Representative images of
liver and lung and their corresponding tissue sections stained with H&E or antibody
against vimentin to confirm micrometastasis. Scale bars, 1 cm for macroscopic
view; 1T mm for liver H&E; 200 um for vimentin and lung H&E. (H) Immunoblotting
of metastasis-associated proteins from liver and lung. *P < 0.01 for (A); *P < 0.05, **P <
001, **P < 0001 for other panels [as determined by analysis of variance (ANOVA)].
Exact P values are given in table S7. Results are presented as means + SD.
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Fig. 2. DPP-4i activate the NRF2
pathway through KEAP1-C151-
dependent inhibition of ubiquiti-
nation. (A to D) Cells were treated
with 0.1 uM Sax or 0.6 uM Sit for
24 hours. (A) For ROS measure-
ment, cells were incubated with
2',7-dichlorofluorescein diacetate
(DCF-DA) (5 ng/ml) for 1 hour, and
fluorescence intensity (FL1-H) was
measured by flow cytometry and
was quantified. (B) GSH/GSSG ratio
was measured. *P < 005, **P < 001,
***P < 0,001 (as analyzed by ANOVA).
Exact P values are given in table S7.
Results are presented as means, n =
3. (O) Representative images of 8-
o0x0-dG staining [red, with 4',6-
diamidino-2-phenylindole (DAPI) in
blue]. Scale bar, 20 um. (D) Immuno-
blotting of NRF2 and its downstream
targets. (E and F) In the experiment
described for Fig. 1E, the liver and
lungs of each mouse with colorectal
or liver cancer were harvested after
6 weeks of Sax or Sit treatment. Re-
presentative images of NRF2 expres-
sion in metastatic nodules detected
by immunohistochemistry (IHC) (E)
and the expression of NRF2 down-
stream targets assessed by immu-
noblotting (IB) (F) are shown. Scale
bar, 100 um. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase. (G)
HuH-7 cells were treated with Sax
for 24 hours, and cell lysates were
subjected to quantitative reverse
transcription polymerase chain re-
action (qRT-PCR) and immuno-
blotting for NRF2 and its targets.
*P < 0.05,**P < 0.01 (as determined
by Student’s t test). Exact P values are
in table S7. Results are presented as
means + SD; n = 3. (H) NRF2 ubiqui-
tination was detected by immuno-
precipitation analysis (IP). HuH-7
cells were cotransfected with plas-
mids encoding NRF2 and hemagglu-
tinin (HA)-ubiquitin (Ub) for 24 hours
and then treated with sulforaphane
(SF; 7.5 uM) or Sax along with
MG132 (10 uM, a proteasome inhib-
itor used to block degradation of
ubiquitinated proteins) for 4 hours.
(1) NRF2 protein half-life (t;,,) was
determined by pulse-chase assay
and immunoblotting. HuH-7 cells
were treated with Sax for 4 hours,
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KEAP1-wild-type (WT) or KEAP1-C151S plasmids were treated with Sax for
24 hours, and the expression of NRF2 and KEAP1 was detected by immuno-
blotting. Sax (0.1 uM) was used for (G) to (J).

www.ScienceTranslationalMedicine.org 13 April 2016 Vol 8 Issue 334 334ra51 4

9T0Z ‘€T |1dV uo /610" Beweous 10s Wis//:dny woJ) pepeojumod


http://stm.sciencemag.org/

RESEARCH ARTICLE

metastasis-associated proteins (Fig. 3A).
Moreover, NRF2 silencing reduced Sax-
and Sit-driven cancer cell migration (Fig.
3B) and inhibited persistence and FMI
(Fig. 3C), as well as intrinsic migratory ca-
pacity (Fig. 3D). Similarly, knockdown of
NREF2 with lentiviral short hairpin RNA
(shRNA) targeting NRF2 in HuH-7-LUC"
greatly reduced the expression of NRF2
and its downstream targets at the protein
level in cells (Fig. 3E) and mRNA in meta-
static nodules in vivo (Fig. 3F). It also de-
creased intrinsic (Fig. 3G) and Sax- and
Sit-induced (Fig. 3H) metastases in mice
inoculated with these cells. Together, these
results suggest that NRF2 inhibition at-
tenuates tumor metastases.

Activation of NRF2 promotes
tumor metastasis

To further confirm the role of NRF2 in
tumor metastasis, we investigated the
effects of NRF2 activation on migration
and metastasis. We noted that the ex-
pression of metastasis-associated pro-
teins increased upon genetic (by NRF2
overexpression) or pharmacologic [treat-
ment with SF, a well-characterized NRF2
activator (25)] NRF2 activation (Fig. 4, A
and B). Similarly, cell migration was also
enhanced (Fig. 4C). Moreover, time-lapse
microscopy confirmed increased directed
and persistent migration of cells treated
with SF (Fig. 4D). In vivo, SF treatment
also activated the NRF2 pathway (Fig.
4, E and F). We observed that the nor-
mally nontoxic low-dose SF treatment (25)
(10 mg/kg, three times per week) caused
animal weight loss (Fig. 4G), which might
be related to an increased metastatic tumor
burden (Fig. 4H), similar to what was
observed with Sax and Sit treatments.
Consistently, an increase in micrometas-
tasis was confirmed by H&E staining
and THC analysis of vimentin in liver
and lung tissues (Fig. 4I). These results
indicate that NRF2 activation increases
the ability of cancer cells to migrate,
which results in increased metastasis.

Pharmacological activation

of NRF2 by ALA promotes

tumor metastasis

Oxidative stress contributes to the onset
of diabetes and its associated complica-

tions, making the prescription of antioxidants a regular clinical practice
(26). Some antioxidants used for diabetic treatment, such as ALA, are
known NRF2 activators (27). Because our results showed that NRF2
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Fig. 3. NRF2inhibition attenuates tumor metastases. (A to C) Cells were transfected with NRF2 small interfering
RNA (siRNA) or control siRNA and then treated with 0.1 uM Sax or 0.6 M Sit. (A) The expression of NRF2, its down-
stream targets (NQO1 and GCLM), and metastasis-associated proteins (HIF-1, COX-2, BAMBI, APRIL, and CORTACTIN)
was detected by immunoblotting. (B) Cell migration was measured and quantified (n = 10). (C) HuH-7 cells were tracked
by time-lapse microscopy, and the persistence and FMI were assessed (n = 20). (D) Cells were transfected with NRF2
siRNA, NRF2 expression was detected by immunoblotting (top), and cell migration was assessed (bottom; n = 10).
(E) HUH-7-LUC* cells were infected with lentivirus (LV) expressing control or NRF2 shRNA. The expression of NRF2
and GCLM was assessed by immunoblotting at the indicated time points. (F and G) Control shRNA- or NRF2
shRNA-transfected HuH-7-LUC* cells (1 x 10°) were tail vein-injected into nude mice (n = 9). Four weeks
later, RT-PCR was used to detect the mRNA expression of NRF2, GCLC, and GCLM in metastatic nodules (F), and
representative bioluminescence images were shown (G). (H) Nude mice were tail vein-injected with shRNA-
transfected HuH-7-LUC" cells. One week later, mice were treated with Sax (15 mg/kg) or Sit (120 mg/kg)
every day for 3 weeks (n =9), and then bioluminescent images were acquired. *P < 0.05, **P < 0.01, ***P < 0.001
(as determined by Student’s t test). Exact P values are in table S7. Results are presented as means + SD.

activation accelerates tumor metastasis, we investigated whether ALA
also promotes tumor metastasis. Indeed, ALA treatment activated the
NRF2 pathway, increased metastasis-associated protein expression
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Fig. 4. Activation of NRF2 promotes tumor metastasis. (A and B) NRF2, GCLM, and metastasis-associated
protein expression was detected in cancer cell lines. The indicated cancer cell lines were transfected with control
(pCl empty vector) or pCHNRF2 expression plasmid (A) or were treated with 0.1 uM Sax, 0.6 uM Sit, or 5 to 10 uM
SF for 24 hours (B). (C) Quantification of cell migration after pCI-NRF2 transfection or 7.5 uM SF treatment
(n = 10). (D) HuH-7 cells with or without 7.5 uM SF treatment were tracked by time-lapse microscopy, and
the relative persistence and FMI are shown (n = 20). (E to I) Nude mice were tail vein-injected with 1 x 10°
HuH-7-LUC" cells in an experimental metastasis model. One week later, mice were started on treatment
with SF (10 mg/kg) intraperitoneally three times per week for 3 weeks (n = 7). Representative images show
NRF2 expression in metastatic liver nodules assessed by IHC (scale bars, 100 um) (E), and NRF2
downstream protein expression was assessed by immunoblotting (F). (G) Mean mouse body weights,
where 0 w indicates SF treatment initiation. (H) Representative bioluminescent images show total meta-
static tumor burden. (I) H&E staining and IHC staining for vimentin in the liver and lungs confirm micro-
metastasis. Scale bars, 1 mm for liver H&E; 200 um for vimentin and lung H&E. *P < 0.05, **P < 0.01, ***P <
0.001 (as determined by Student’s t test). Exact P values are in table S7. Results are presented as means + SD.
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(Fig. 5A), and promoted migration in
SW480 and HCT116 cells (Fig. 5B). In vivo,
low-dose ALA, which also does not affect
normal mouse weight (28), increased NRF2
and downstream protein expression (Fig.
5, C and D) and caused weight loss in
tumor-bearing mice (Fig. 5E), similar to
what we previously observed for Sax, Sit,
and SF treatments. Moreover, ALA increased
total metastatic tumor burden (Fig. 5F)
and increased micrometastasis to the liver
and lungs (Fig. 5G). Thus, these results
indicate that pharmacological activation
of NRF2 by ALA also promotes cancer
cell migration and tumor metastasis.

NRF2 is a potential metastatic
marker in human liver cancer

To further characterize the value of NRF2
expression in cancer metastasis, we ana-
lyzed human liver cancer tissue microar-
rays, including 176 primary tumor samples
(105 nonmetastatic, 69 lymph node meta-
stases, and 2 distant metastases) and 19
metastatic tumors to correlate the expres-
sion of NRF2 and its downstream target
GCLM with patient clinicopathological
features (images of H&E staining and clin-
ical information can be obtained from www.
biomax.us/tissue-arrays/Liver/LV1504,
www.biomax.us/tissue-arrays/Liver/
LV1505, and www.biomax.us/tissue-arrays/
Liver/LV1221). Overall, compared to non-
metastatic cancer, metastatic cancer (ei-
ther primary tumor or metastatic lesion)
had greater NRF2 and GCLM expression
(P < 0.0001) (Fig. 6, A and B). NRF2 and
GCLM expression were associated with
lymph node metastasis and tumor stage
(P < 0.0001) but were not correlated to
sex, age, pathology type, tumor size, or
grade (Fig. 6, C and D, and tables S4
and S5). Therefore, our data suggest that
NRE2 activation contributes to enhanced
metastasis in human liver cancer and, as
such, may be a promising biomarker and
a therapeutic target.

DISCUSSION

Recent evidence has shown that diabetes
may increase the risk of many cancers,
and the incidence of diabetic patients with
cancer has increased (I). In this sub-
population, long-term antidiabetic ther-
apy may potentially have an impact on
existing tumors (I-3). Therefore, there
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Fig. 5. Pharmacologic activation of NRF2 by ALA promotes tumor metastasis. (A) NRF2, GCLM, and
metastasis-associated protein expression was detected in cancer cell lines treated with 0 to 0.6 mM ALA.
(B) Quantification of cell migration after 0.4 mM ALA treatment (n = 10). (C to G) Nude mice were tail vein—
injected with 1 x 10° HuH-7-LUC" cells in an experimental metastasis model and, 1 week later, were treated
with ALA (80 mg/kg) intraperitoneally every day for 3 weeks (n = 6). (C) Representative images of NRF2 expres-
sion in metastatic liver nodules detected by IHC. Scale bar, 100 um. (D) Expression of NRF2 downstream targets
assessed by immunoblotting. (E) Mean mouse body weights; 0 w indicates ALA treatment initiation. (F) Repre-
sentative bioluminescent images for total metastatic tumor burden. (G) H&E staining and IHC for vimentin in
liver and lung to confirm micrometastasis. Scale bars, 1 mm for liver H&E; 200 um for vimentin and lung H&E.
*P < 0.05, *P < 0.01, **P < 0.001 (as determined by Student’s t test). Exact P values are in table S7. Results are

presented as means + SD.

is a public health concern to choose antidiabetic drugs that maximize
antidiabetic benefits but have no tumor-promoting effects.

Here, we determined that the hypoglycemic drugs used in T2DM,
DPP-4i Sax and Sit (9) and the antineuropathic antioxidant ALA (28),
increased the risk of metastasis of multiple tumors, which represent
common comorbidities of diabetes. Our meta-analysis of the existing
clinical evidence showed that DPP-4i used alone or in combination
with other drugs did not increase the risk of cancers, indicating that
these drugs have no carcinogenic effects. However, the results we
present here indicate that Sax and Sit enhance cancer cells’ mobility
and invasive capacity and may promote tumor metastasis. Consist-
ent with our results, a recent case report showed that Sax aggravated
the condition of a patient with metastatic carcinoid tumor (29).
However, DPP-4 inhibition was also recently reported to improve
antitumor immunity by regulating CXCL10-mediated lymphocyte
trafficking, showing potential for tumor immunotherapy applications
(30). Future studies that fully characterize the effects of DPP-4i on tumors
will be required for a comprehensive evaluation of the administration
of DPP-4i in cancer patients. Additionally, we showed that ALA also

www.ScienceTranslationalMedicine.org

Vimentin through activation of NRF2. Notably,
Sax and Sit activated NRF2 at lower doses
than SF (0.1 and 0.6 uM versus 5 to 10 uM,
respectively), indicating that these are
more potent drugs. Sax inhibited NRF2
ubiquitination in a KEAP1-Cl151 depen-
dent manner, but we do not rule out the
possibility that it could also act through
other KEAP1 cysteine sensors, such as
C226, C434, or C613, as reported previously
(32, 33). In addition, KEAP1-independent
mechanisms, such as glycogen synthase ki-
nase 3 (GSK3)-dependent Skp1-Cull-F-box
(SCF)/B-TrCP-mediated degradation of
NRF2, might also contribute to the effect
of Sax (34). Therefore, further studies are
needed to completely elucidate the mech-
anism of NRF2 induction by DPP-4i. Many
antioxidants, such as ALA, have been con-
firmed to activate NRF2 (27). Here, we
showed that activation of NRF2, either
by activators (DPP-4i, ALA, and SF) or by overexpression, decrease
oxidative stress and promote tumor metastasis. Our results support
the notion that ROS limit distant metastasis and that antioxidants ac-
celerate migration and invasion of cancer cells (35, 36). However, con-
tradicting results have raised the possibility that oxidative stress might
promote metastasis in some cell lines (37). We believe that specific
characteristics of antioxidants and cell lines with different gene muta-
tions may contribute to the contradictory results regarding the role of
ROS and antioxidant supplementation in tumor metastasis. Further
investigations will be necessary to dissect the role of oxidative stress
in cancer metastasis in different tumor types and models.

Our findings also offer a potential therapeutic target for tumor meta-
stasis. The dark side of NRF2 in tumor biology was recently discovered.
Many studies, including ours, showed that NRF2 expression was
increased in various human cancers (38), and this aberrant accumulation
of NRF2 correlated with oncogene expression, cell proliferation, and
cancer chemoresistance (22, 39). Here, we identified that persistent NRF2
activation also increased tumor metastasis. Consistent with our results,
osteopontin induced glioma cell migration and invasion through NRF2
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Fig. 6. Expression of NRF2 and GCLM is associated with metastasis in
human liver cancer. (A and B) Tissue microarrays with samples from 195 liver
cancer patients were used to detect protein expression of NRF2 and GCLM by
IHC. Representative images of primary tumors from patients with no metas-
tasis (—; n = 105), lymph node metastasis (N; n = 69), distant metastasis (M; n = 2),
or metastatic tumors (metastatic lesion; n = 19) stained for NRF2 (A, left) and

activation (40). NRF2 knockdown decreased cancer cell migration and
tumor metastasis, suggesting that NRF2 may serve as a promising
therapeutic target for tumor metastasis. The detailed mechanism by
which NRF2 regulates metastasis-associated proteins is currently un-
clear. Studies have shown that NRF2 knockdown correlates with re-

www.ScienceTranslationalMedicine.org

GCLM (B, left) are shown. Scale bars, T mm and 100 um. All stained tissue
sections were semiquantitatively scored (A and B, right) as previously de-
scribed (38). (C and D) NRF2 (left) and GCLM (right) expression in primary
tumors (n = 176) were correlated with lymph node metastasis (C) and tumor
stage (D). Fisher’s exact test was used to analyze the association between two
categorical variables; *P < 0.05, ***P < 0.0001. Exact P values are in table S7.

duced HIF-10 and low VEGF expression; however, NRF2 does not
regulate HIF-1a transcriptionally but through indirect mechanisms
(41, 42). Moreover, a recent study identified ARE and ARE-like se-
quences in the promoter region of COX-2, suggesting that NRF2
may directly control COX-2 transcription (43). Further investigation
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of how these metastasis-associated proteins are regulated by NRF2 is
still needed.

Our human tissue microarray analysis provides clinicopathological
insight into the association of NRF2 expression and metastasis. In liver
cancer tissue samples, the expression of NRF2 and GCLM in metastasis-
positive lesions (lymph nodes and distant metastases) was higher than
in metastasis-negative lesions. The expression of NRF2 and GCLM also
correlated with tumor stage. These results showed that NRF2 may not
only be used to evaluate the sensitivity and response to chemo- and
radiotherapy as previously reported (44) but may also serve as a prog-
nostic biomarker for tumor metastasis.

One limitation of our study is the weakness of using cell lines to
study the metastatic process. Cancer cell lines are often derived from
the primary site or distant metastases of cancer patients. Tumorigenicity
of these cells mainly reflects their ability to form tumors at different sites
if they are injected intravenously. Even if these cells are injected in the
paw, they could still rapidly enter the circulation by mechanisms that
are distinct from those that trigger normal metastasis. This is the inher-
ent weakness of using cancer cell lines in xenograft models to study the
metastasis process. Moreover, the variation among different cancer cell
lines with regard to their origins and mutations (table S6) might in-
fluence the interpretation of the results. Future studies of tumor metas-
tasis in diabetic mice will more adequately reflect the current clinical
application of DPP-4i.

In summary, our study shows that the antidiabetic DPP-4i (Sax and
Sit) and the antineuropathic ALA promote tumor metastasis through
NREF2 activation by inhibition of NRF2 ubiquitination in a KEAPI-
Cl151-dependent manner, although they do not increase cancer incidence.
In human cancer tissues, NRF2 expression positively correlated with tu-
mor metastasis, suggesting that NRF2 may be a potential biomarker and
therapeutic target. Our findings indicate that antioxidants that activate
NRE2 signaling should be administered with caution in cancer patients.
Our study also argues for a need to perform more comprehensive pre-
clinical and clinical studies in cancer patients, such as the subpopulation
of diabetic patients with cancer, to ensure the safety of antioxidants.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/8/334/334ra51/DC1

Materials and Methods

Fig. S1. Sax and Sit inhibit the activity of DPP-4.

Fig. S2. Sax and Sit do not affect tumor cell proliferation or sensitivity to chemotherapeutics.
Fig. S3. Sax, Sit, and Vil at different dosages accelerate tumor cell migration.

Fig. S4. Sax and Sit do not change the concentration of lactate and ATP production in tumor
cells.

Fig. S5. The effect of Sax and Sit on GSH and GSSG concentrations.

Fig. S6. BSO prevents Sax- and Sit-induced cancer cell migration and invasion.

Fig. S7. Commercial forms of Sax and Sit activate NRF2 and promote tumor cell migration.
Fig. S8. Sax, Sit, Vil, Alo, and Lin do not share a common scaffold, but they all activate the NRF2
pathway.

Table S1. No increase in overall risk of tumors with DPP-4i monotherapy.

Table S2. No increase in overall risk of tumors with DPP-4i.

Table S3. No increased risk of digestive system tumors, skin tumors, or urinary system tumors
with DPP-4i monotherapy.

Table S4. Clinical characteristics of NRF2 expression in liver cancer.

Table S5. Clinical characteristics of GCLM expression in liver cancer.

Table S6. The tissue origin and mutational profile of cancer cell lines used.

Table S7. Exact P values (provided as an Excel file).

Table S8. List of primers and siRNA/shRNA sequences.

Table S9. Original data (provided as an Excel file).
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Editor's Summary

Adding fuel to a cancer fire

Diabetic patients are at increased risk of developing cancer. Some risks of antioxidant drugsin
the setting of cancer are already known, and now, Wang et al. show that diabetic drugs with antioxidant
properties may cause problems as well. The authors evaluated several antidiabetic drugs such as
saxagliptin and sitagliptin, as well as a-lipoic acid, a supplement used to treat diabetic neuropathy. All
of these compounds have antioxidant properties, and all accelerated metastasis in mouse models of
cancer. It remains to be determined whether these findings will hold up in human patients, but it may be
best to exercise caution when giving antioxidant drugs to patients at increased risk for cancer.
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