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Abstract

Hepatocellular carcinoma (HCC) is a major cause of cancer-related death worldwide and currently
has the fastest rising incidence of all cancers. Sorafenib was originally identified as an inhibitor of
multiple oncogenic kinases and remains the only approved systemic therapy for advanced HCC.
However, acquired resistance to sorafenib has been found in HCC patients, which results in poor
prognosis. Here, we showed that metallothionein (MT)-1G is a critical regulator and promising
therapeutic target of sorafenib resistance in human HCC cells. The mRNA and protein expression
of MT-1G is remarkably induced by sorafenib, but not other clinically-relevant kinase inhibitors
(e.g., erlotinib, gefitinib, tivantinib, vemurafenib, selumetinib, imatinib, masitinib, and ponatinib).
Activation of transcription factor nuclear factor erythroid 2-related factor 2 (NRF2), but not p53
and hypoxia-inducible factor 1-alpha (HIF1a), is essential for induction of MT-1G expression
following sorafenib treatment. Importantly, genetic and pharmacological inhibition of MT-1G
enhances the anticancer activity of sorafenib /n vitroand in tumor xenograft models. The
molecular mechanisms underlying the action of MT-1G in sorafenib resistance involves the
inhibition of ferroptosis, a novel form of regulated cell death. Knockdown of MT-1G by RNAI
increases glutathione depletion and lipid peroxidation, which contributes to sorafenib-induced
ferroptosis.

Conclusion—These findings demonstrate a novel molecular mechanism of sorafenib
resistance and also suggest that MT-1G is a new regulator of ferroptosis in HCC cells.
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Introduction

Hepatocellular carcinoma (HCC), the most common type of liver cancer, is the second
leading cause of cancer-related death worldwide, especially in developing countries. The
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incidence of HCC is increasing in developed countries (including the United States and
countries in Europe) because of the progression of old hepatitis C viral infections, alcohol
consumption, the almost epidemic prevalence of obesity, and metabolic syndrome-associated
non-alcoholic fatty liver disease (1). The management of HCC has changed significantly in
the past few decades with curative options such as hepatic resection, liver transplantation,
targeted chemotherapy through the hepatic artery, and systemic therapies (2).

Sorafenib was the first and remains the only approved systemic therapy for advanced HCC
patients who are unsuitable for surgical resection (3). The antitumor efficiency of sorafenib
correlates with the inhibition of the Ser/Thr kinase Raf and several receptor tyrosine kinases,
including vascular endothelial growth factor receptor and epidermal growth factor receptor.
In two randomized phase 11 clinical trials of advanced HCC patients (4, 5), sorafenib
treatment improved the time to progression and extended overall survival by 2.8 and 2.3
months compared to the placebo group. The limited survival benefit from these clinical trials
suggests the existence of primary and acquired sorafenib resistance mechanisms in HCC
cells.

Metallothioneins (MTs) are low molecular weight and cysteine-rich proteins that are highly
induced in response to different environmental stressors including metal ions, cytokines, and
free radicals (6). MTs play a critical role in heavy metal detoxification and antioxidants.
Mammalian MTs have four major members: MT-1, MT-2, MT-3, and MT-4. MT-1 and MT-2
are ubiquitously expressed, including in the liver, whereas MT-3 and MT-4 are expressed
mostly in brain tissue and squamous epithelial cells, respectively. Although the MT-2, MT-3,
and MT-4 proteins are encoded by a single gene, the MT-1 protein comprises many subtypes
encoded by a set of 13 MT-1 genes. The known active MT-1 genes are MT-1A,-1B, -1E, -1F,
-1G, -1H, -1M, and -1X. The rest of the MT-1 genes (MT-1C,-1D,-1I, -1J, and 1L) are
pseudogenes that are not expressed in humans.

Although increasing evidence indicates that MT expression is a prognostic factor for tumor
progression and drug resistance in a variety of malignancies (7-9), the expression and role
of MTs in the antitumor activity of sorafenib in HCC cells remains obscure. In this study, we
demonstrated that upregulation of MT-1G (but not other MTs) contributes to sorafenib
resistance through inhibition of ferroptosis, a recently-recognized form of non-apoptotic
regulated cell death (10, 11). Moreover, inhibition of MT-1G expression and activity /n vitro
and /n vivo enhances the anticancer activity of sorafenib in HCC cells. Collectively, our
findings not only identify a novel mechanism of sorafenib resistance, but also suggest a new
link between MT-1G and ferroptosis.

Materials and Methods

Antibodies and reagents

The antibody to MT-1G (#LS-B13009) was obtained from LifeSpan BioSciences (Seattle,
WA, USA). The antibody to MT-1A (#H00004489-B01P) was obtained from NOVUS
(Littleton, CO, USA). The antibody to actin (#3700) was obtained from Cell Signaling
Technology (Danvers, MA, USA). The antibody to NRF2 (#ab62352) was obtained from
Abcam (Cambridge, MA, USA). Z-VAD-FMK (#V116), cisplatin (#C2210000), all-trans
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retinoic acid (ATRA) (#R2625), propargylglycine (PPG) (#P7888), and trigonelline
(#T5509) were obtained from Sigma (St. Louis, MO, USA). Necrosulfonamide (#480073)
was obtained from EMD Millipore Corporation (Darmstadt, Germany). Erlotinib (#51023),
gefitinib (#51025), tivantinib (#S2753), vemurafenib (#51267), selumetinib (#S1008),
imatinib (#51026), masitinib (#S1064), ponatinib (#S1490), erastin (#E£7781), sorafenib
(#S7397), ferrostatin-1 (#S7243), and liproxstatin-1 (#S7699) were obtained from Selleck
Chemicals (Houston, TX, USA). Brusatol (#B8250094) was obtained from BePharm
(Shanghai, China).

Cell culture

HepaG2 (#HB-8065) and Hep3B (#HB-8064) cells were obtained from American Type
Culture Collection. Huh7 cells were a gift from Dr. Allan Tsung (University of Pittsburgh)
(12). These cells were grown in Eagle's Minimum Essential Medium (HepaG2 and Hep3B)
or Dulbecco's Modified Eagle's Medium (Huh7) with 10% fetal bovine serum, 2 mM L-
glutamine, and 100 U/ml of penicillin and streptomycin.

Human hepatocyte isolation

Hepatocytes were isolated from tissue taken from HCC patients who had undergone hepatic
resections. Collection of the samples from the Third Affiliated Hospital of Guangzhou
Medical University was approved by the Institutional Review Board. Hepatocyte isolation
was carried out using a modified “two-stage” collagenase procedure developed by Berry and
Friend (13, 14).

Cell viability assay

Cell viability was evaluated using a Cell Counting Kit-8 (#96992, Sigma) according the
manufacturer’s instructions. Average percentage of inhibition at each concentration was
calculated.

Survival clonogenic assay

Long-term cell survival was monitored in a colony formation assay. In brief, 1,000 cells
were treated with individual chemotherapeutic drugs for 24 h and plated into 24-well plates.
Colonies were visualized by crystal violet staining two weeks later as previously described
(15).

Western blot analysis

Western blot was used to analyze protein expression as described previously (16). In brief,
after extraction, proteins in cell lysates were first resolved by SDS-polyacrylamide gel
electrophoresis and then transferred to polyvinylidene difluoride membrane and
subsequently incubated with the primary antibody. After incubation with peroxidase-
conjugated secondary antibodies, the signals were visualized by enhanced
chemiluminescence (Pierce, Rockford, IL, USA, #32106) according to the manufacturer's
instructions.
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The human NRF2-shRNA (SHCLNG-NM_006164 TRCNO0000007558; Sequence:
CCGGCCGGCATTTCACTAAACACAACTCGAGTTGTGTTTAGTGAAATGCCGGTTTT
T); human p53-shRNA (SHCLND-NM_000546_TRCNO0000003753; Sequence:
CCGGCGGCGCACAGAGGAAGAGAATCTCGAGATTCTCTTCCTCTGTGCGCCGTTT
TT); human HIF1a-shRNA (SHCLND-NM_001530_TRCNO0000003810; Sequence:
CCGGGTGATGAAAGAATTACCGAATCTCGAGATTCGGTAATTCTTTCATCACTTTT
T); human MT-1G-shRNA_1 (SHCLND-NM_005950_TRCN0000242864;
Sequence:CCGGCTCCTGTGCCGCTGGTGTCTCCTCGAGGAGACACCAGCGGCACA
GGAGTTTTTG); human MT-1G-shRNA_2 (SHCLND-NM_005950_TRCN0000242865;
Sequence:
CCGGCCTGCAAGAAGAGCTGCTGCTCTCGAGAGCAGCAGCTCTTCTTGCAGGTTT
TTG); and control sShRNA were obtained from Sigma. Transfections were performed with
Lipofectamine™ 3000 (#L3000008, Invitrogen) according the manufacturer’s instructions.

Quantitative real time polymerase chain reaction

Total RNA isolation and quantitative RT-PCR (Q-PCR) were carried out using previously-
described procedures (17). Briefly, first-strand cDNA synthesis was carried out by using a
Reverse Transcription System Kit according to the manufacturer’s instructions (#11801-025,
OriGene Technologies, Rockville, MD, USA). cDNA from various cell samples was
amplified with specific primers (human MT-1A: 5’- AGAGTGCAAATGCACCTCCTGC-3’
and 5’- CGGACATCAGGCACAGCAGCT-3’; human MT-1G: 5’-
AGAGTGCAAATGCACCTCCTGC-3" and 5’- TTGTACTTGGGAGCAGGGCTGT-3’;
human MT-1B: 5’- GCTTGTCTTGGCTCCACA -3’ and 5’-
AGCAAACCGGTCAGGTAGTTA-3’; human MT-1E: 5’-
ATCCTCTGGGTCTGGGTTCT-3" and 5°- CAGGTTGTGCAGGTTGTTCTA-3’; human
MT-1F: 5°- AGTCTCTCCTCGGCTTGC -3’ and 5’- ACATCTGGGAGAAAGGTTGTC
-3’; human MT-1H: 5’- GCAAATGCACCTCCTGCAAGAAG-3’ and 5’-
CCGACATCAGGCACAGCAGCT-3’; human MT-1M: 5’- GGGCCTAGCAGTCG -3’ and
5’- TGGCTCAGTATCGTATTG -3’; human MT-1X: 5°-
AGAGTGCAAATGCACCTCCTGC-3’ and 5’- TGTCCTGGCATCAGGCACAGC-3;
human MT-2A: 5°- GAGTGCAAATGCACTTCGTGCAA -3’ and 5’-
GCGTTCTTTACATCTGGGAGCG -3’; human p53: 5’-
CCTCAGCATCTTATCCGAGTGG -3’ and 5’- TGGATGGTGGTACAGTCAGAGC -3’;
human p21: 5’- AGGTGGACCTGGAGACTCTCAG -3’ and 5’-
TCCTCTTGGAGAAGATCAGCCG -3’; human NRF2: 5’-
CACATCCAGTCAGAAACCAGTGG-3’ and 5’-GGAATGTCTGCGCCAAAAGCTG-3;
human HIFla: 5’- TATGAGCCAGAAGAACTTTTAGGC-3’ and 5°-
CACCTCTTTTGGCAAGCATCCTG-3’; human glucose transporter 1 (GLUT1): 5’-
TTGCAGGCTTCTCCAACTGGAC-3’ and 5’- CAGAACCAGGAGCACAGTGAAG-3;
human ferritin heavy chain 1 (FTH1): 5’- TGAAGCTGCAGAACCAACGAGG-3’ and 5’-
GCACACTCCATTGCATTCAGCC-3’; human transferrin receptor protein 1 (TFR1): 5’-
ATCGGTTGGTGCCACTGAATGG-3’ and 5’- ACAACAGTGGGCTGGCAGAAAC-3’;
human divalent metal transporter 1 (DMT1): 5’- AGCTCCACCATGACAGGAACCT-3’ and
5’- TGGCAATAGAGCGAGTCAGAACC-3’; and human prostaglandin-endoperoxide
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synthase 2 (PTGS2): 5’- CGGTGAAACTCTGGCTAGACAG-3’ and 5’-
GCAAACCGTAGATGCTCAGGGA-3’) and the data was normalized to actin RNA
(human: 5’-CACCATTGGCAATGAGCGGTTC -3’ and 5’-
AGGTCTTTGCGGATGTCCACGT -3’).

Iron assay

The relative iron concentration in cell lysates was assessed using an Iron Assay Kit
(#ab83366, Abcam) according the manufacturer’s instructions.

Lipid peroxidation assay

The relative malondialdehyde (MDA) concentration in cell lysates was assessed using a
Lipid Peroxidation Assay Kit (#ab118970, Abcam) according the manufacturer’s
instructions.

Glutathione assay

The relative glutathione (GSH) concentration in cell or tissue lysates was assessed using a
Glutathione Assay Kit (#CS0260, Sigma) according the manufacturer’s instructions.

NRF2 transcriptional activity assay

The transcriptional activity of NRF2 was assayed using a Cignal Antioxidant Response
Reporter (luc) Kit (#CCS-5020L, Qiagen) according the manufacturer’s instructions.

Animal models

All animal experiments were approved by the Third Affiliated Hospital of Guangzhou
Medical University and the University of Pittsburgh Institutional Animal Care and Use
Committees and performed in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines (http://www.aaalac.org).

To generate murine subcutaneous tumors, 2x108 Huh7 cells in control ShRNA or MT-1G
knockdown cells in 200 pl phosphate buffered saline were injected subcutaneously to the
right of the dorsal midline in nude mice. Once the tumors reached 80-100 mm3 at day seven,
mice were randomly allocated into groups and treated with sorafenib (10 mg/kg/
intraperitoneal injection (i.p.), once every other day) for two weeks. On day 22 after the start
of treatment, tumors were removed. Tumors were measured twice weekly and volumes were
calculated using the formula lengthxwidth?x/6.

In another experiment, nude mice were injected subcutaneously with indicated Huh7 cells (2
x 10 cells/mouse) and treated with sorafenib (10 mg/kg/i.p., once every other day) with or
without ATRA (0.5 mg/kg/i.p., once every other day) or PPG (10 mg/kg/i.p., once every
other day) at day seven for two weeks. On day 22 after the start of treatment, tumors were
removed. Tumors were measured twice weekly and volumes were calculated using the
formula lengthxwidth?x /6.
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Statistical analysis

Results

Data are expressed as means + SD of three independent experiments. Unpaired Student’s t
tests were used to compare the means of two groups. One-way ANOVA was used for
comparison among the different groups. When the ANOVA was significant, post hoc testing
of differences between groups was performed using the LSD test. A P-value < 0.05 was
considered significant.

Sorafenib induces MT-1G expression in human HCC cells

To determine whether sorafenib induces MT expression, Huh7 (a human HCC cell line) cells
were treated with sorafenib for six and 24 hours and the mRNA levels of MT-1A,-1B, -1E,
-1F, -1G, -1H, -1M, -1X, and 2A were analyzed via Q-PCR. Among these MTs, MT-1G was
the most highly-induced gene following sorafenib treatment (Fig. 1A). In contrast, the
mMRNA expression of MT-1G was not affected in Huh7 cells following treatment with other
tyrosine kinase inhibitors including erlotinib, gefitinib, tivantinib, vemurafenib, selumetinib,
imatinib, masitinib, and ponatinib (Fig. 1B). Consistently, western blot analysis revealed that
the protein level of MT-1G, but not MT-1A, was significantly increased in Huh7 cells
following treatment with sorafenib, but not other tyrosine kinase inhibitors (Fig. 1C).
Moreover, sorafenib-induced MT-1G protein expression was observed in other human HCC
cell lines (HepaG2 and Hep3B) and primary tumor hepatocytes from HCC patients (Fig.
1D). These data indicate that sorafenib specifically induces MT-1G expression in various
human HCC cells.

NRF2 is required for sorafenib-induced MT-1G expression

Previous studies have shown that sorafenib can regulate the activity of distinct transcription
factors (e.g., p53 (18), HIF1a (19), and NRF2 (20)) to affect cell death and survival in HCC
cells. To determine which transcription factor is required for sorafenib-induced MT-1G
expression, target-specific ShRNAs against p53 (Fig. 2A), HIF1a (Fig. 2B), and NRF2 (Fig.
2C) were transfected into Huh7 and/or HepG2 cells. The mRNA levels of p53, HIF1a, and
NRF2 were not significantly affected by sorafenib (Fig. 2A-C). Interestingly, knockdown of
NRF2, but not p53 and HIF1a, significantly inhibited sorafenib-induced MT-1G mRNA
expression (Fig. 2A-C). As the positive controls, knockdown of p53 inhibited cisplatin-
induced p21 mRNA expression in HepG2 cells (Fig. 2A), whereas knockdown of HIF1a
inhibited hypoxia-induced GLUT1 mRNA expression in Huh7 cells (Fig. 2B). Consistent
with our previous study (20), sorafenib increased NRF2 expression mainly at the protein
level (Fig. 2D), but not the mRNA level (Fig. 2C). Knockdown of NRF2 also suppressed
sorafenib-induced MT-1G protein expression in Huh7 and HepG2 cells (Fig. 2D). Moreover,
potent NRF2 inhibitors (e.g., ATRA (21), trigonelline (22), and brusatol (23)) limited
sorafenib-induced NRF2 transcriptional activity (Fig. 2E) and MT-1G expression (Fig. 2F)
in Huh7 cells. PPG, an irreversible inhibitor of cystathionase (24), was used to inhibit the
synthesis of MTs in previous reports. PPG also inhibited sorafenib-induced NRF2
transcriptional activity (Fig. 2E) and MT-1G expression (Fig. 2F) in Huh7 cells. Thus, these
findings suggest that activation of NRF2 via the cystathionase pathway is required for
sorafenib-induced MT-1G expression in HCC cells.
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Suppression of MT-1G expression enhances sorafenib sensitivity

To determine whether increased MT-1G expression regulates the anticancer activity of
sorafenib, two different shRNAs targeting MT-1G were transfected into Huh7 and HepG2
cells. Indeed, suppression of MT-1G expression by RNA. (Fig. 3A) significantly enhances
sorafenib-induced cell death at 48 hours as shown by cell viability assay (Fig. 3B). Colony
formation assay also indicated that suppression of MT-1G expression inhibited long-term
HCC cell proliferation following sorafenib treatment (Fig. 3C). Both NRF2 inhibitors (e.g.,
ATRA, trigonelline, and brusatol) and PPG enhance sorafenib-induced HCC cell death (Fig.
3D). Collectively, these findings indicate that suppression of MT-1G expression enhances
sorafenib antitumor sensitivity in HCC cells.

MT-1G is a negative regulator of ferroptosis in HCC cells

To determine the basis for MT-1G in mediating sorafenib resistance, we treated MT-1G
knockdown HCC cells with several potent cell death inhibitors. The ferroptosis inhibitors
(ferrostatin-1 (25) and liprostatin-1 (26)) significantly restored cell viability in both control
shRNA and MT-1G knockdown cells following sorafenib treatment (Fig. 4A). ZVAD-FMK
(an apoptosis inhibitor) and necrosulfonamide (a necroptosis inhibitor) had no influence on
sorafenib-induced cell death (Fig. 4A). In contrast, ZVAD-FMK inhibited apoptotic stimuli
staurosporine-induced cell death, whereas necrosulfonamide inhibited necroptotic stimuli
(TNFa+ZVAD-FMK)-induced cell death (Fig. 4B). Moreover, knockdown of MT-1G also
enhanced cell death induced by the classical ferroptotic inducer erastin; this process can by
reversed by ferrostatin-1 and liprostatin-1 (but not ZVAD-FMK and necrosulfonamide) (Fig.
4A). These findings suggest that MT-1G is a negative regulator of ferroptosis in HCC cells.

Ferroptosis is characterized by the accumulation of lipid peroxidation products that require
abundant and accessible cellular iron (10, 11); thus, we further investigated whether MT-1G
is involved in the regulation of lipid peroxidation and iron metabolism leading to sorafenib
resistance. The end products of lipid peroxidation, such as MDA, were significantly
increased following treatment with erastin and sorafenib in MT-1G knockdown cells (Fig.
4C). As expected, NRF2 inhibitors (e.g., ATRA, trigonelline, and brusatol) and PPG also
increased sorafenib- and erastin-induced MDA production (Fig. 4D). Ferrous iron (Fe2*) can
participate in Fenton reaction and generate the toxic reactive oxygen species (ROS) to
trigger ferroptosis (27). However, knockdown of MT-1G did not significantly affect the
levels of Fe2* following treatment with sorafenib or erastin (Fig. 4C). The mRNA levels of
iron metabolism genes (e.g., FTH1, TFR1, and DMT1) were not affected by knockdown of
MT-1G in Huh7 cells (Fig. 4C). These findings suggest that MT-1G inhibits ferroptosis via
modulating lipid peroxidation, but not Fe2* production and metabolism.

In addition to Fe2*-mediated ROS production by Fenton reaction, GSH depletion-mediated
lipid peroxidation is implicated in the induction of ferroptosis (25, 28). We found that
kncodown of MT-1G remarkably increased intracellular GSH depletion in HCC cells
following treatment with sorafenib or erastin (Fig. 4C). Consistently, NRF2 inhibitors (e.g.,
ATRA, trigonelline, and brusatol) and PPG also increased intracellular GSH depletion in
HCC cells following treatment with sorafenib or erastin (Fig. 4D). Thus, these findings
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suggest that MT-1G inhibits ferroptosis via blocking GSH depletion-mediated lipid
peroxidation, and this process facilities sorafenib resistance in HCC cells.

Targeting MT-1G enhances the anticancer activity of sorafenib in vivo

To determine whether suppression of MT-1G expression enhances anticancer activity of
sorafenib /n vivo, MT-1G knockdown mouse Huh7 cells were implanted into the
subcutaneous space of the right flank of nude mice. Beginning at day seven, these mice were
treated with sorafenib. Compared with the control sShRNA group, sorafenib treatment
effectively reduced the size of tumors (Fig. 5A) formed by MT-1G knockdown cells with
decreased GSH levels (Fig. 5B) and MT-1G mRNA expression (Fig. 5C). In contrast, the
MRNA expression of PTGS2, a marker for assessment of ferroptosis /n vivo (28), was
increased in the MT-1G knockdown group after treatment with sorafenib (Fig. 5C). These
findings indicated that the knockdown of MT-1G increases GSH depletion and ferroptosis.
Similar to our previous study using trigonelline (20), administration of ATRA or PPG in
mice also enhanced the anticancer activity of sorafenib in subcutaneous xenograft models
(Fig. 5D). This process was associated with reduced GSH levels (Fig. 5E), decreased MT-1G
mMRNA (Fig. 5F), and increased PTGS2 mRNA (Fig. 5F) in isolated tumor tissue. These
experiments suggest that genetic and pharmacological inhibition of MT-1G expression
rendered HCC more sensitive to sorafenib via induction of GSH depletion and ferroptosis /in
VIvo.

Discussion

Sorafenib leads to a survival benefit in patients with advanced HCC, but its use is hampered
by drug resistance. In this study, we showed that upregulation of MT-1G by activation of
NRF2 contributes to sorafenib resistance in human HCC cells. This alteration of MT-1G
expression by sorafenib is not dependent on kinase inhibition. Upregulation of MT-1G limits
sorafenib-induced lipid peroxidation and subsequent ferroptosis. Thus, blocking MT-1G
expression enhances the anticancer activity of sorafenib by induction of ferroptosis in vitro
and /n vivo.

MTs are small proteins with a high affinity for divalent heavy metal ions that play an
important role in the protection against heavy metals and oxidative injury. Like oxidative
stress, MTs have been suggested to act as an oncogene or tumor suppressor, depending on
the tumor type and stage. Previous studies have shown that MT-1, as well as MT-1G
expression, was repressed by promoter methylation in several human cancers, including
HCC (29, 30). Double knockout of MT-1 and MT-2 promotes diethylnitrosamine-induced
hepatocarcinogenesis by activation of superoxide production in mice, suggesting that MTs
play a tumor suppressor role in tumorigenesis (31). Our current study showed that the
expression of MT-1G (but not other MTSs) is specifically upregulated in HCC cells in
response to sorafenib. In contrast, other tyrosine kinase inhibitors cannot induce MT-1G
expression. Importantly, increased MT-1G expression in HCC cells facilities sorafenib
resistance, suggesting a pro-survival role in tumor therapy. Thus, MT-1G seems to play a
dual role in HCC. On one hand, expression of the MT-1G is critical for ameliorating or
eliminating heavy metals and free radicals to maintain cellular redox homeostasis. As a
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result, activation of MT-1G expression may be a strategy for HCC prevention. On the other
hand, MT-1G is upregulated in resistant cancer cells and is thought to be responsible for
acquired chemoresistance (32). Therefore, it may be necessary to inhibit the MT-1G
pathway during sorafenib-mediated chemotherapy.

Our current data indicated that MT-1G is a novel transcriptional target of NRF2, but not p53
and HIF1a. NRF2 is a basic leucine zipper transcription factor that regulates redox balance
and the stress response triggered by injury and inflammation (33). Under unstressed
conditions, Kelch-like ECH-associated protein 1 (Keapl) constitutively ubiquitinates NRF2,
resulting in the rapid degradation of NRF2 through the proteasome pathway, thus
maintaining a low level of cellular NRF2. Under stressed conditions (e.g., oxidative stress),
inducers modify the Keapl cysteines or expression leading to NRF2 stabilization (34). We
previously demonstrated that sorafenib prevented NRF2 degradation and enhanced
subsequent NRF2 nuclear accumulation through inactivation of Keapl (20). Associated with
this, sorafenib-induced HCC cell death depends on ROS production. Our current study
showed that genetic or pharmacologic inhibition of NRF2 significantly inhibited MT-1G
expression and increased ROS production in HCC cells following sorafenib treatment.

Importantly, MT-1G-mediated sorafenib resistance occurs through the inhibition of
ferroptosis, a form of regulated cell death recently recognized in 2012 (25). Ferroptosis is
remarkably distinct from other types of regulated cell death such as apoptosis and
necroptosis. For example, the classic biochemical features of apoptosis (e.g., caspase
activation and poly ADP ribose polymerase cleavage) and necroptosis (e.g., receptor-
interacting protein kinase 1/3 activation) are not observed in ferroptosis (25). In contrast,
ferroptosis is characterized by the accumulation of ROS from iron metabolism and lipid
peroxidation (25), although the downstream effector proteins mediating these effects remain
unknown (11). In addition to cancer therapy (28), impaired ferroptosis also involves tissue
injury (26, 35), immunity tolerance (36), and stem cell division (37).

Interestingly, we and others have recently demonstrated that sorafenib is a strong inducer of
ferroptosis, but not apoptosis, in HCC cells (20, 38, 39). Sorafenib-induced ferroptosis is
independent of the status of oncogenes (e.g., Ras, Raf, and PIK3CA) (40) and kinase
inhibition (41). Several genes or proteins responsible for the regulation of iron metabolism
and lipid peroxidation have been involved in ferroptosis. For example, glutathione
peroxidase 4 (28) and heat shock protein beta-1 (42) inhibit ferroptosis by limiting lipid
peroxidation and reducing cellular iron uptake, respectively. In contrast, p53 (especially
acetylation-defective mutant p53) (43) and cysteinyl-tRNA synthetase (44) promote
ferroptosis by inhibiting expression of SLC7A11 (a specific light chain subunit of cystine/
glutamate antiporter) and transsulfuration pathway, respectively. In the current study, we
demonstrated that upregulated MT-1G inhibits lipid peroxidation without altering iron levels
in HCC cells. Knockdown of MT-1G results in GSH depletion and lipid peroxidation in
response to sorafenib as well as erastin. MT-1G might regulate depletion of GSH through
modulation of GSH biosynthetic enzymes (45). Furthermore, ferroptosis inhibitors (but not
other cell death inhibitors) reverted the MT-1G knockdown-mediated phenotypes in
response to sorafenib and erastin. Unlike sorafenib and erastin, RSL3 was found to directly
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bind GPX4 and inactivate its peroxidase activity (28). It remains unknown whether MT-1G
affects RSL3-induced ferroptosis.

In addition to MT-1G, upregulation of other NRF2 target genes including quinone
oxidoreductase 1, heme oxygenase-1, and FTH1 also inhibit sorafenib-induced ferroptosis
(46). These data thus suggest that NRF2 is a master transcription factor involved in blocking
sorafenib-induced ferroptosis by regulating the genes involved in redox and iron
metabolism.

In summary, the regulation of cell death is an important factor in both tumor development
and responses to anticancer therapies (47). We demonstrated that upregulated MT-1G
expression protects HCC cells from sorafenib and facilitates cancer progression by
inhibition of lipid peroxidation-mediated ferroptosis. Notably, inhibition of MT-1G
expression by RNAI or administration of ATRA or PPG significantly enhanced the
anticancer activity of sorafenib in xenograft tumor models. Thus, modulation of MT-1G
expression is a potential therapeutic strategy to overcome acquired resistance to sorafenib in
HCC cells.
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Figure 1. Sorafenib induces M T-1G expression in human hepatocellular carcinoma (HCC cells)
(A, B) Huh7 cells were treated with sorafenib (5 pM) or indicated clinically-relevant kinase

inhibitors (5 uM) for 6-24 h and mRNA expressions of indicated metallothioneins (MTSs)
were assayed by Q-PCR (n=3, *p < 0.05 versus untreated group). (C) Huh7 cells were
treated with imatinib (5 uM), selumetinib (5 uM), and sorafenib (5 uM) for 24 h and the
protein expression of MT-1G and MT-1A was assayed using western blot. (D) Human HCC
cell lines (HepaG2 and Hep3B) and primary tumor hepatocytes from HCC patients (PHCC)
were treated with sorafenib (5 uM) for 24 h and the protein expression of MT-1G was
assayed by western blot.
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Figure 2. Nuclear factor erythroid 2-related factor 2 (NRF2) isrequired for sorafenib-induced

metallothionein (MT)-1G expression in human hepatocellular carcinoma (HCC) cells
(A-C) Indicated HCC cells were treated with sorafenib (5 uM), cisplatin (25 pM), or

hypoxia (1% O5) for 24 hours and the mRNA levels of indicated genes were assayed using
Q-PCR (n=3, *p < 0.05 versus control shRNA group). (D) Knockdown of NRF2 by shRNA
inhibited sorafenib-induced MT-1G protein expression by western blot. (E, F) Huh7 cells

were treated with sorafenib (5 uM) with or without all-trans retinoic acid (ATRA) (1 uM),

trigonelline (0.5 uM), brusatol (40 nM) or propargylglycine (PPG) (2 mM) for 24 hours. The
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transcription activity of NRF2 (E) and MT-1G protein expression were assayed (n=3, *p <
0.05 versus sorafenib treatment group).
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Figure 3. Suppression of metallothionein (M T)-1G expression enhances sor afenib sensitivity
(A) Western blot analysis of MT-1G expression in indicated MT-1G knockdown

hepatocellular carcinoma (HCC) cells. (B) Indicated MT-1G knockdown HCC cells were
treated with sorafenib (1.25-10 pM) for 24 hours and cell viabilities were assayed (n=3, *p
< 0.05). (C) Clonogenic cell survival assay. Indicated Huh7 cells were treated with sorafenib
(5 uM) for 24 h, then 1,000 cells were plated into 24-well plates. Colonies were visualized
by crystal violet staining two weeks later. (D) Indicated HCC cells were treated with
sorafenib (5 uM) with or without all-trans retinoic acid (ATRA) (1 pM), trigonelline (0.5
uUM), brusatol (40 nM), or propargylglycine (PPG) (2 mM) for 24 hours and cell viability
was assayed (n=3, *p < 0.05 versus control group).
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Figure 4. Metallothionein (MT)-1G isa negative regulator of ferroptosisin hepatocellular

carcinoma (HCC) cells

(A) Indicated HCC cells were treated with sorafenib (5 pM) and erastin (10 uM) with or
without cell death inhibitors (ferrostatin-1, 1 pM; liprostatin-1, 100nM; ZVAD-FMK,10 uM;
necrosulfonamide, 0.5 pM) for 24 hours and cell viability was assayed (n=3, *p < 0.05
versus sorafenib or erastin treatment group). (B) Indicated HCC cells were treated with
apoptosis inducer staurosporine (0.5 uM) or necroptosis inducer (ZVAD-FMK [10 uM]/
TNFa (10 ng/ml) with or without ZVAD-FMK (10 uM) and necrosulfonamide (0.5 uM) for
24 hours and cell viability was assayed (n=3, *p < 0.05). (C) Indicated HCC cells were
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treated with erastin (10 uM) or sorafenib (5 uM) for 24 hours. The levels of
malondialdehyde (MDA), FeZ*, indicated gene mRNA, and glutathione (GSH) levels were
assayed (n=3, *p < 0.05 versus control sShRNA group). (D) Indicated HCC cells were treated
with erastin (10 pM) or sorafenib (5 uM) with or without all-trans retinoic acid (ATRA) (1
UM), trigonelline (0.5 uM), brusatol (40 nM), or propargylglycine (PPG) (2 mM) for 24
hours. The levels of MDA and GSH were assayed (n=3, *p < 0.05 versus sorafenib or erastin
treatment group).
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mouse) and treated with sorafenib (10 mg/kg/i.p., once every other day) and vehicle at day
seven for two weeks (n=5 mice/group). Tumor volume was calculated weekly (A). In
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PTGS2 mRNA

PTGS2 mRNA

< 0.05). (D-F) Nude mice were injected subcutaneously with Huh7 cells (2 x 106 cells/

mouse) and treated with sorafenib (10 mg/kg/i.p., once every other day) with or without all-
trans retinoic acid (ATRA) (0.5 mg/kg/i.p., once every other day) or propargylglycine (PPG)
(10 mg/kg/i.p., once every other day) at day seven for two weeks (n=5 mice/group). Tumor
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volume was calculated weekly (E). In parallel, the levels of GSH (E), MT-1G mRNA (F),
and PTGS2 mRNA (F) in isolated tumor at day 28 were assayed (*p < 0.05).
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