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ABSTRACT
Recent studies have demonstrated a critical association between disruption of cellular thyroid hormone
(TH) signaling and the incidence of hepatocellular carcinoma (HCC), but the underlying mechanisms
remain largely elusive. Here, we showed that disruption of TH production results in a marked increase in
progression of diethylnitrosamine (DEN)-induced HCC in a murine model, and conversely, TH
administration suppresses the carcinogenic process via activation of autophagy. Inhibition of autophagy
via treatment with chloroquine (CQ) or knockdown of ATG7 (autophagy-related 7) via adeno-associated
virus (AAV) vectors, suppressed the protective effects of TH against DEN-induced hepatic damage and
development of HCC. The involvement of autophagy in TH-mediated protection was further supported by
data showing transcriptional activation of DAPK2 (death-associated protein kinase 2; a serine/threonine
protein kinase), which enhanced the phosphorylation of SQSTM1/p62 (sequestosome 1) to promote
selective autophagic clearance of protein aggregates. Ectopic expression of DAPK2 further attenuated
DEN-induced hepatoxicity and DNA damage though enhanced autophagy, whereas, knockdown of
DAPK2 displayed the opposite effect. The pathological significance of the TH-mediated hepatoprotective
effect by DAPK2 was confirmed by the concomitant decrease in the expression of THRs and DAPK2 in
matched HCC tumor tissues. Taken together, these findings indicate that TH promotes selective
autophagy via induction of DAPK2-SQSTM1 cascade, which in turn protects hepatocytes from DEN-
induced hepatotoxicity or carcinogenesis.
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Introduction

The active form of thyroid hormone (TH), 3, 305-triiodo-l-thy-
ronine (T3), is a potent regulator of cellular and tissue metabo-
lism throughout the body. T3 activity is mediated through
binding to its cognate thyroid hormone receptors (THRA and
THRB). In the absence of ligands, THRs bind to the T3

response elements (TREs) of target genes and suppress their
expression. Binding of T3 transforms THRs into activators that
stimulate expression of these genes.1

Liver is a critical target organ of TH, and imbalance in TH-
THRs signals is known to underlie hepatic diseases, such as
chronic hepatitis and HCC.1 For instance, v-erbA, a mutant
form of THRA lacking ligand binding ability, is reported to
cause HCC in transgenic mice.2 A recent epidemiological study
suggests that long-term hypothyroidism is positively correlated
with HCC incidence, independent of other risk factors.3 These
studies indicate that the T3-THRs pathway not only mediates
hepatic homeostasis but also serves as a tumor repressor in
liver. Analysis of the genes/signals downstream of T3 in

hepatocytes should therefore shed light on the mechanisms
underlying the antagonistic effects of the T3-THRs pathway
against HCC progression.

Autophagy is a self-digestion process involving the capture,
recycling or degradation of impaired components or aggregated
proteins in lysosomes to maintain organelle quality and cellular
homeostasis.4 The roles of autophagy in hepatic homeostasis
have been increasingly explored in recent years. Disruption of
autophagic flux impairs the energy metabolism balance for cel-
lular functions in liver, which causes a major impact on hepatic
physiology and disease.5 Additionally, mosaic deletion of the
essential autophagy genes, Atg5 (autophagy-related 5) or liver-
specific Atg7, in mice, leads to spontaneous HCC develop-
ment.6 These studies clearly indicate that normal autophagic
flux is important to prevent HCC incidence. Stimulation of this
process may therefore present a novel approach in the manage-
ment of HCC prevention and therapy. DAPK2 is an enzyme
belongs to the DAPK family of Ca2C-CALM1 (calmodulin 1)–
dependent Ser/Thr kinases.7 DAPK2 exerts its kinase activity to
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induce apoptosis in various cell lines. Conversely, suppression
of DAPK2 expression rescues cell death triggered by various
stimuli, such as TNF (tumor necrosis factor) and IFNG (inter-
feron gamma).7,8 Recent studies have reported another novel
function of DAPK2 during autophagy. Expression of DAPK2
promotes phosphorylation of RPTOR (regulatory associated
protein of MTOR, complex 1), and subsequently modulates
MTORC1 (mechanistic target of rapamycin [serine/threonine
kinase] complex 1) activity and autophagy levels under stress
conditions.9 Gene expression profiling studies reveal that
DAPK2 expression is increased during myeloid differentiation,
and DAPK2 enhances all-trans retinoic acid (ATRA)-induced
neutrophil maturation, possibly through autophagy rather than
apoptosis.10 Thus, the kinase activity of DAPK2 appears critical
in the autophagy-mediated maintenance of cellular homeosta-
sis and survival.

Recent studies have shown that T3 acts as an autophagy
inducer to modulate lipid metabolism.11,12 However, the
mechanism by which autophagy is triggered by T3 and its
involvement in tumor suppression have not been explored
to date. Our experiments showed that T3-THRs signaling
induces DAPK2 expression at the transcriptional level, and
its upregulation mediates the T3-triggered autophagic
response, in turn, attenuating DEN-induced hepatotoxicity
or hepatocarcinogenesis.

Notably, increasing evidence has demonstrated that selective
autophagy is mediated through autophagy receptor proteins, such
as SQSTM1, linking autophagy cargos and autophagosomes.13

Here, we report that DAPK2 induced SQSTM1 phosphorylation to
regulate autophagic clearance of ubiquitinated aggregates. Addi-
tionally, the expression of DAPK2 was negatively correlated with
that of SQSTM1 in HCC specimens. Thus, this study has revealed
a mechanistic link between the decreased T3-THRs pathway and
DAPK2 in HCC, providing novel insights into the physiological
significance of DAPK2 in prevention of HCC.

Results

Thyroid hormone inhibits DEN-induced hepatic toxicity,
DNA damage, inflammation, and hepatocellular
carcinogenesis in mice

To establish the roles of T3 in HCC initiation and progression,
euthyroid, hyperthyroid, and hypothyroid mice were treated
with DEN (Fig. 1A). DEN has been shown to trigger multiple
HCC-like liver tumors in mice.14 After the addition of DEN to
drinking water, hepatic surface tumor nodules were detected at
17 wk in hypothyroid mice and 26 wk in euthyroid mice. In
contrast, very few or no HCC nodules were observed in mice
receiving T3 treatment, even at 26 wk after DEN administration
(Fig. 1B, C). Histological sections of livers from these groups of
mice at various treatment time-points revealed that hepatocar-
cinoma development is accelerated under hypothyroid status
(Fig. 1D). Both the average number of surface tumor nodules
per liver and histological liver tumor incidence were negatively
associated with T3 status in mice, further supporting the HCC
tumor suppressor activity of the thyroid hormone.

Development of HCC is considered as a process of chronic
hepatic damage and inflammation. Therefore, we examined

whether T3 affects DEN-induced hepatotoxicity, DNA damage
and inflammation during HCC development. The serum level
of GPT (glutamic pyruvic transaminase, soluble), a classical
marker of liver injury, was decreased in DEN-treated hyperthy-
roid mice for 17 wk (Fig. 1E). In addition, phospho-H2AFX/
g-H2AFX (phospho-H2A histone family, member X), a marker
of the DNA damage response, revealed a significant decrease in
the number of DNA-damaged hepatocytes in hyperthyroid
mice (Fig. 1F, G). Expression of phospho-STAT3 (phospho-sig-
nal transducer and activator of transcription 3) and phospho-
JUN/c-Jun (phospho-jun proto-oncogene), crucial inflamma-
tory mediators promoting HCC, was increased in hypothyroid
mice but decreased in hyperthyroid mice, compared with the
euthyroid group (Fig. 1F). Clearly, T3 protects liver cells against
DEN-induced hepatotoxicity, DNA damage and inflammation,
consequently suppressing tumor development.

T3 triggers autophagy to attenuate DEN-induced HCC
progression

Autophagy is hypothesized to suppress genomic instability and
inhibit tumorigenesis through elimination of SQSTM1-associ-
ated protein aggregates and damaged organelles.15 We further
explored the role of T3-triggered autophagy in tumor suppres-
sion using a mouse model of DEN-induced HCC. Following T3

stimulation, expression of cleaved and lipidated microtubule-
associated protein 1 light chain 3 (LC3-II) in THRA-overex-
pressing HepG2 and CL-48 hepatocyte cell lines was enhanced
(Fig. 2A). Furthermore, increased LC3-II levels, in conjunction
with SQSTM1 downregulation, were observed in livers of T3-
treated mice (Fig. 2B). Importantly, the higher molecular
weights of SQSTM1 were detected in the liver extracts of hyper-
thyroid mice (Fig. 2B), an effect that was abolished after calf
intestinal alkaline phosphatase (CIP) treatment (Fig. 2C). Thus,
we hypothesize that T3 promotes SQSTM1 phosphorylation and
activates autophagy to stimulate the degradation pathway. Sub-
sequently, chloroquine was utilized to clarify the role of T3-trig-
gered autophagy and lysosomal activity in tumor prevention. At
26 wk after initial DEN administration, liver tumor multiplicity
and HCC incidence were increased in CQ-treated mice, com-
pared with the control group. In contrast, almost no tumor nod-
ules were detected in the hyperthyroid group. Notably, the
tumor preventive effect of T3 was blocked upon CQ administra-
tion (Fig. 2D, E). Histological staining of liver sections from
these groups of mice confirmed the morphological features of
HCC induced by DEN (Fig. 2F). Our results conclusively dem-
onstrate that T3 suppresses DEN-induced hepatocarcinogenesis
through autophagy and lysosome-mediated degradation.

T3 suppresses DEN-induced liver injury and DNA damage
through autophagy

The carcinogenic capacity of DEN is attributed to its oxygen
species (ROS) induction capability, which causes hepatic DNA
damage and cytotoxicity.16 As autophagy is regarded as an
intracellular self-protection mechanism, we attempted to deter-
mine whether the hepatoprotective function of T3 against
DEN-induced toxicity is mediated through this process. After
treatment with phosphate-buffered saline (PBS; euthyroid), T3
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(hyperthyroid), CQ or CQ plus T3 for 14 d, mice were subjected
to DEN to induce hepatic damage. In the euthyroid group,
serum GPT levels were significantly increased upon DEN treat-
ment, but reduced after 2 d of exposure. In contrast, DEN had
a minor effect on serum GPT levels in hyperthyroid mice.
However, both groups receiving CQ exhibited higher serum
GPT (Fig. 3A). T3 treatment in mice repressed the expression
of hepatic g-H2AFX after exposure to DEN. CQ treatment not
only promoted g-H2AFX expression but also abolished the
g-H2AFX-suppressing effect of T3 (Fig. 3B and Fig. S1). Addi-
tionally, histological analysis of liver sections from these groups
of mice (2 d after DEN injection) revealed that compared to the
control group, mice subjected to CQ treatment displayed

features of severe liver injury, with necrosis and ballooning
degeneration in increased numbers of hepatocytes. T3 treat-
ment effectively prevented the development of hepatic damage
(Fig. 3C), whereas CQ antagonized this protective effect.

Adeno-associated virus (AAV) vectors are an efficient plat-
form for delivery of RNA interference into liver.17,18 To fur-
ther determine whether the protective effect of T3 is through
autophagy, genetic inhibition of hepatic Atg7 via adeno-associ-
ated virus serotype 8 (AAV8) vector-delivered shRNA in livers
of eu- and hyper-thyroid mice was performed. As expected,
knockdown of ATG7 promoted accumulation of SQSTM1
along with suppressed LC3-II production, indicating the inhi-
bition of autophagy in mouse livers (Fig. 3D). Notably, higher

Figure 1. Thyroid hormone suppresses DEN-induced hepatocarcinogenesis in mice. (A) Diagram of the experimental protocol. (B) Hepatocellular carcinogenesis in the
indicated groups of DEN-treated mice. Tumor number per liver and tumor incidence of these groups of mice are shown as bar graphs in the lower panels. Data are pre-
sented as means§ SD of each group, and differences statistically determined with the Student t test. �, P > 0.05 vs. euthyroid group. (C, D) Morphology of livers and rep-
resentative images of H&E-stained liver sections from mice treated with DEN for 17 and 26 wk. Scale bar: 50 mm. (E) Serum GPT in the mice receiving DEN treatment for
17 wk. � and ��, P > 0.05 and P < 0.01, respectively. (F) Immunoblot and densitometric analysis (lower panel) of hepatic levels of phospho-STAT3, phospho-JUN, and
g-H2AFX in the numbers of mice receiving DEN treatment for 17 wk. �, P > 0.05 (G) Representative IHC staining images of g-H2AFX in liver sections from the indicated
mouse groups after 17 wk of DEN treatment.
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hepatic g-H2AFX levels and serum GPT as well as more
severe hepatic injury were observed in AAV8/ShAtg7-treated
mice after DEN challenge, whereas, knockdown of hepatic
ATG7 in mice diminished the protective effect of T3 (Fig. 3D
to F and Fig. S2). Taken together, our findings clearly suggest
that the protective effects of T3 against DEN-induced DNA
damage and liver injury are mediated through induction of
autophagy.

T3 regulates DAPK2 expression at the transcriptional level

To determine the specific roles of T3-THRs signaling in HCC
progression, clinical databases (Oncomine cancer microarray
databases),19,20 were searched in combination with previous oli-
gomicroarray results derived from THRs-overexpressing
HepG2 cells, with the aim of identifying critical THRs target
genes implicated in autophagy. Among the several hundred

Figure 2. T3-THRs induces autophagy to inhibit DEN-triggered hepatocarcinogenesis. (A) Immunoblot and densitometric analysis analysis (lower panel) of LC3-II levels in
HepG2-THRA and CL-48-THRA cells treated with or without T3 for the indicated times. Values are presented as fold expression relative to 0 nM T3 at the indicated time-
points. (N D 3, ��, P>0.01). (B) Following intraperitoneal injection of T3 (10 mg /100 g body weight) or PBS for 14 d, hepatic LC3-II and SQSTM1 levels of mice were deter-
mined using immunoblot and densitometric analysis (lower panel). (N D 3, ��, P > 0.01). (C) After CIP treatment for 2 h, hepatic SQSTM1 proteins of euthyroid and hyper-
thyroid mice were determined via immunoblot and densitometric analysis (right panel). ��, P>0.01 (D) Representative liver morphology of CQ or vehicle-treated
euthyroid and hyperthyroid mice receiving DEN for 26 wk. Tumor number per liver (top panel) and tumor incidence (bottom panel) are shown in (E), and H&E-stained
liver sections are shown in (F). Scale bar: 50 mm.
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TR-targeted genes, DAPK2 was selected owing to its clear
involvement in autophagy. Within the datasets examined,
DAPK2 was highly stimulated by T3-THRA signaling in
HepG2 cells and positively correlated with THRA and THRB in
clinical specimens (Fig. 4A). DAPK2 mRNA and protein were

induced by T3 in a time-, dose- and THRs-dependent manner
in various THR-overexpressing cell lines (Fig. 4B to D). Analo-
gous effects of T3 on DAPK2 were observed in CL-48, a normal
hepatocyte cell line expressing exogenous THRA (Fig. 4D). To
ascertain whether T3 similarly induces DAPK2 expression in

Figure 3. T3-activated autophagy suppresses DEN-induced liver injury, DNA damage, and HCC progression. (A, E) Serum GPT levels of the indicated groups of mice were
assessed on the indicated days after DEN injection (N � 3 mice for each group). � and ��: P < 0.05 and P < 0.01, respectively. (B) Liver g-H2AFX expression levels of the
indicated groups of mice were assessed 1, 2, 4 and 7 d after DEN injection. The relative folds of g-H2AFX expression in these groups of mice are shown in the lower panel
(N D 3, � and ��, P > 0.05 and P<0.01, respectively). (C, F) Representative images of H&E-stained hepatic sections from the indicated mice 2 d after DEN injection. Arrows
and arrowheads indicate hepatocytes with necrosis and ballooning degeneration, respectively. Scale bar: 50 mm. (D) Hepatic ATG7, SQSTM1, LC3-II and g-H2AFX, expres-
sion levels of the indicated groups of mice were assessed 2 d after DEN injection (N D 3 for each group). The relative folds of g-H2AFX expression in these groups of
mice are shown in the right panel (N D 3, ��, P > 0.01).
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vivo, liver extracts of euthyroid, hyperthyroid and hypothyroid
mice were analyzed. Consistent with the in vitro results, hepatic
DAPK2 expression was upregulated in T3-treated mice, com-
pared to hypothyroid mice (Fig. 4E). Clearly, T3 stimulates
expression of DAPK2 at both the mRNA and protein levels in
vitro as well as in vivo.

To further determine whether T3-THRs-mediated transcrip-
tional activation is required forDAPK2 induction, Serial 50 deletion
mutants of the DAPK2 promoter were generated for identifying
the bona fide TRE sequence interacting with T3 (Fig. 4F, P1–P4).
Sequence analysis revealed 2 putative thyroid response elements
(TRE1 and 2). Interestingly, T3 enhanced the transactivation activ-
ity of the fragments encompassing positions ¡2981 to C490 (P1)

and ¡2030 to C490 (P2, TRE1-deleted mutant). However, the
TRE2-deleted fragment (positions ¡1677 to C490, P3) lost T3-
induced promoter activity. Site-directed mutagenesis of TRE2 (P4)
resulted in blockade of T3-induced activity of the full-length pro-
moter (Fig. 4E). The data collectively suggest that the transcrip-
tional effect of T3 on the DAPK2 promoter is specifically mediated
through interactions with TRE2 (positions¡1771 to¡1760). The
sequence of TRE2, AGGTGATCAGCA, resembles an atypical pal-
indromic TRE, and binding of THRA to this region was confirmed
with the chromatin immunoprecipitation (ChIP) assay (Fig. 4G).
These findings demonstrate that THRs bind physically to the
DAPK2 upstream element and promote its transcription upon T3

stimulation.

Figure 4. Effects of T3 on DAPK2 expression in hepatocytes. (A) Expression levels of DAPK2, THRA and THRB were retrieved from the published Oncomine data sets of
Roessler liver 2 and Mas liver (GEO accession: GSE14520 and GSE14323 respectively). Spearman analysis of the plotted mRNA expression values revealed significant posi-
tive correlation of DAPK2 expression with that of either THRA or THRB in normal and HCC specimens. (B) Western blot analysis of expression levels of THR proteins in sev-
eral stably transfected cells carrying the indicated genes. (C) qRT-PCR analysis of the expression levels of DAPK2 in HepG2 stably transfected cells treated with or without
T3 (1 or 10 nM) for 24 and 48 h. Values are presented as fold induction relative to 0 nM T3 at the indicated time-points. � and ��, P > 0.05 and P > 0.01, respectively. (D)
Immunoblot and densitometric analysis (right panels) of the expression levels of DAPK2 in HepG2 or CL-48 stably transfected cells treated with or without T3 (1 or 10 nM)
for 24 and 48 h. Values are presented as fold expression relative to 0 nM T3 at the indicated time-points. (N D 3, � and ��, P > 0.05 and P > 0.01, respectively). (E) Immu-
noblot and densitometric analysis (right panel) of DAPK2 levels in euthyroid, hypothyroid and hyperthyroid mice (ND 3, �, P > 0.05). (F) Relative luciferase activity of var-
ious deletions or mutations of the DAPK2 50-flanking region were determined in the HepG2-THRA cells after T3 (0 or 10 nM) treatment for 24 h. The locations of putative
TREs are presented as oval shapes in the 50-flanking region. (G) ChIP assays showing that THRA is associated with TRE within the DAPK2 promoter region. The location of
the primer set for amplifying TRE within the DAPK2 promoter region is shown in the top diagram of (F). Promoters of FURIN and GAPDH served as positive and negative
controls, respectively.
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T3 promotes autophagy through DAPK2 induction

In view of the finding that T3 simultaneously induces DAPK2
expression and autophagy, we further investigated whether
DAPK2 is responsible for T3-triggered autophagy in liver cells.
Ectopic expression of DAPK2 in HepG2 cells led to decreased
SQSTM1 levels, and CQ treatment further promoted accumu-
lation of LC3-II along with restored SQSTM1 expression in
DAPK2-expressing cells (Fig. 5A). To further examine the
effect of DAPK2 on autophagic flux, we analyzed the fluores-
cence signal in cells transfected with the tandem mRFP-GFP-
LC3B reporter. In contrast to control HepG2 cells, ectopic
expression of DAPK2 led to an increased proportion of vesicles
displaying red fluorescence only, indicating induction of com-
plete autophagy in liver cells (Fig. 5B).

The essential role of DAPK2 in T3-induced autophagy was
verified by shRNA- mediated DAPK2 knockdown in HepG2-
THRA cells (Fig. 5C). We found that although T3 enhanced
autophagic flux, as shown by the increased intensities of LC3-II
in the presence of CQ, this effect on autophagy was blockaded
in DAPK2-depleted cells (Fig. 5C). Furthermore, the
T3-stimulated number of RFP-LC3B-II punctate foci of the
mRFP-GFP-LC3B tandem reporter was reduced after knock-
down of DAPK2 (Fig. 5D). Based on these results, we propose
that thyroid hormone-activated autophagy is predominantly
mediated via DAPK2 upregulation.

T3 promotes autophagic clearance of ubiquitined proteins
through DAPK2-mediated SQSTM1 phosphorylation

As SQSTM1 is a crucial mediator for clearance of aggre-
gated proteins and damaged organelles in the autophagy
system,21 we thus asked whether T3 and DAPK2 have any
impact on the affinity of SQSTM1 for ubiquitinated pro-
teins. To this end, in the presence of MG132 and CQ,
HepG2-THRA cells were treated with T3 and/or ectopically
expressing DAPK2, and then SQSTM1 and associated pro-
teins were collected by immunoprecipitation (IP). We found
significantly higher levels of polyubiquitinated (poly-Ub)
proteins associated with SQSTM1 in either T3-THRA or
DAPK2-treated cells (Fig. 6A, B). On the contrary, T3-
THRA induced SQSTM1 association with poly-Ub proteins
and LC3-II proteins were diminished following knockdown
of DAPK2 (Fig. 6C). These data were further corroborated
by the immunofluorescence staining results, in which
knockdown of DAPK2 blockaded T3-stimulated colocaliza-
tion of SQSTM1, poly-Ub aggregates, and EGFP-LC3B-II
puncta in eGFP-LC3B transfected HepG2-THRA cells
(Fig. 6D). Mounting evidence has suggested that phosphory-
lation of SQSTM1 regulates autophagic clearance of ubiqui-
tinated proteins and protein aggregates.22,23 As increased
phosphorylation of SQSTM1 was observed in the livers of
T3-treated mice (Fig. 2B, C), it suggests that SQSTM1 might

Figure 5. T3 induces autophagy via DAPK2 in hepatic cells. (A) After stimulation with vehicle or CQ for 24 h, lysates of HepG2-DAPK2 or control cells were subjected to
immunoblot for detection of DAPK2, SQSTM1 and LC3-II. The relative folds of SQSTM1 and LC3-II expression in these cells are shown in the right panel (N D 3, � and ��, P
> 0.05 and P > 0.01, respectively). (B) Visualization of autophagy flux in mRFP-GFP-LC3B-transfected HepG2-DAPK2 and control cells using fluorescence microscopy. (C)
Immunoblot analysis of the expression patterns of DAPK2, SQSTM1 and LC3-II in T3-stimulated HepG2-THRA cells with or without CQ treatment after infection with lentivi-
rus expressing luciferase (ShLuc) or DAPK2-targeting shRNA. The relative folds of LC3-II expression in these cells are shown in the right panel (ND 3, � and ��, P> 0.05 and
P > 0.01, respectively). (D) Autophagy flux in mRFP-GFP-LC3B-transfected HepG2-THRA-ShLuc or HepG2-THRA-ShDAPK2 cells, in the presence or absence of T3, was
detected with fluorescence microscopy. Scale bar: 20 mm. The numbers of acidic vesicular LC3-II (RFPC GFP¡ signal) per cell in (B) and (D) were calculated and shown in
the right panels (� and ��, P > 0.05 and P > 0.01, n D 10).
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be a novel target of DAPK2. Accordingly, we examined
whether DAPK2 could interact and subsequently phosphor-
ylate SQSTM1 to regulate its activity. Using co-

immunoprecipitation assays (CoIP), we found that DAPK2
interacted with SQSTM1 in HepG2 cells in a by T3-THRA
dependent manner (Fig. 6E and Fig. S3). The

Figure 6. T3 promotes phosphorylation of SQSTM1 to regulate selective autophagy via DAPK2 in hepatic cells. ((A)to C) T3 enhances binding between SQSTM1 and poly-Ub proteins
through DAPK2. After stimulation of MG132 (5 mM) and CQ (25 mM) for 8 h, lysates of T3-THRA- or DAPK2-treated cells, or T3-stimulated HepG2-THRA-shLuc and HepG2-THRA-
shDAPK2 cells were extracted to measure the expression (input) of the indicated proteins, or subsequently subjected to IP using an anti-SQSTM1 antibody. Immunoblot analysis with
the indicated antibodies was performed. The relative folds of SQSTM1-bound poly-Ub proteins or LC3-II normalized to IgG in these cells are shown in the right panels (ND 3, � and ��,
P > 0.05 and P > 0.01, respectively). (D) eGFP-LC3B-transfected DAPK2 knocked- down HepG2-THRA cells were cultured in the absence or presence of 10 nM T3 for 24 h. CQ was
added for a further 8 h, as indicated. Subsequently, IF staining of SQSTM1, poly-Ub proteins and EGFP-LC3 was performed. Right, the number of SQSTM1, poly-Ub, and EGFP-LC3-posi-
tive dots per cell was calculated (�, P< 0.05; ��, P< 0.01, nD 3). Scale bar: 20 mm. (E) CoIP of DAPK2 and SQSTMQ from HepG2 cells. Protein lysates of DAPK2-treated or SQSTM1-
treated HepG2 cells were extracted to measure the expression (input) of the indicated proteins or subsequently subjected to IP using the anti-SQSTM1 or anti-DAPK2 antibodies.
Immunoprecipitated SQSTM1 and DAPK2 were visualized by immunoblotting. (F) GST-SQSTM1 and GST proteins were incubated with immunopurified DAPK2 from control or DAPK2
depleted HepG2-THRA cells treated with or without T3 in a kinase reactionmixture containing g-

32P-ATP. The phospho-SQSTM1 (32P-SQSTM1) fractions are indicated. (G) Immunoblot
and densitometric analysis of DAPK2 in the livers of AAV8-infected mice (ND 3, ��, P > 0.01). (H) After CIP treatment for 2 h, hepatic SQSTM1 proteins of AAV8/ShLuc and AAV8/
ShDapk2-infected mice were determined using immunoblot analysis. The relative folds of phospho-SQSTM1 in control or CIP treated hepatic extracts are shown in the right panel
(ND 3, ��, P> 0.01). (I) Hepatic lysates of AAV8/ShLuc and AAV8/ShDapk2-infused mice were extracted to measure the expression (input) of the indicated proteins, or subjected to
immunoprecipitation using a phospho-Ser/Thr antibody and subsequently analyzed with immunoblot using an anti-SQSTM1 antibody. The relative folds of immunoprecipitated-
SQSTM1 normalized to IgG in these hepatic extracts are shown in the right panel (ND 3, ��, P> 0.01).
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phosphorylation of SQSTM1 by DAPK2 was further dem-
onstrated by an in vitro kinase assay with purified GST
(glutathione S-transferase)-tagged SQSTM1 proteins and
immunoprecipitated DAPK2 (Fig. 6F).

To determine the effect of DAPK2 on SQSTM1 phosphory-
lation in vivo, the AAV8-mediated knockdown of DAPK2 in
liver was performed (Fig. 6G). Our results indicate that the lev-
els of phospho-SQSTM1 were repressed in the livers of AAV8/
ShDapk2-transduced mice (Fig. 6H). Notably, the level of the
Ser/Thr phosphorylation of SQSTM1 was also reduced in livers
of the AAV8/ShDapk2-transduced mice, which was consistent
with the Ser/Thr kinase function of DAPK2 (Fig. 6I). Collec-
tively, these findings suggest that T3 induces SQSTM1 phos-
phorylation through activating DAPK2, leading to enhanced
autophagic clearance of ubiquitinated proteins.

DAPK2 attenuates DEN-induced liver injury and DNA
damage though induction of autophagy

In view of the above results demonstrating an autophagy-medi-
ated protective effect of T3 on DEN-induced hepatic DNA
damage, inflammation, and liver injury, it was of interest to
determine whether T3-induced DAPK2 also participates in the
protection of DEN-challenged liver.

Liver is a major target organ for gene delivery due to its high
biosynthetic capacity and access to the bloodstream.24 The ade-
noviral vector-mediated system is highly efficient for in vivo
gene transfer to the liver.25 In our experiments, mice were
infused with GFP-expressing-adenoviruses carrying the
DAPK2 gene (Ad-DAPK2) or control (Ad-Control) via their
tail veins, and subsequently subjected to DEN treatment. The
adenovirus-infected livers exhibited GFP-positive hepatocytes
(Fig. 7A). Higher DAPK2 and LC3-II levels were evident in liv-
ers of mice infused with Ad-DAPK2 (Fig. 7B). Consistently,
overexpression in livers led to significant attenuation of DEN-
induced hepatic injury, characterized by necrosis and balloon-
ing degeneration of hepatocytes (Fig. 7C). To further clarify the
protective effect of DAPK2-induced autophagy on DEN-
induced cytotoxicity in liver cells ex vivo, primary hepatocytes
were isolated. Following Ad-DAPK2 infection, primary hepato-
cytes displayed higher DAPK2 expression (Fig. 7D). At 48 h
after transient stimulation with DEN, g-H2AFX accumulation
was observed in hepatocytes (Fig. 7E, F).

Administration of CQ further enhanced g-H2AFX expres-
sion. Notably, DEN-triggered g-H2AFX induction was sup-
pressed in Ad-DAPK2-transduced primary hepatocytes,
whereas g-H2AFX expression was retained upon inhibition of
DAPK2-induced autophagy by CQ (Fig. 7E, F). Further analy-
sis of DNA damage using the APODNA-2 antibody recogniz-
ing fragmented single-stranded DNA revealed that ectopic
expression of DAPK2 suppresses DEN-induced cytotoxicity in
hepatocytes while administration of CQ inhibits the protective
effect of DAPK2 (Fig. 7F). Next, mice were infused with
AAV8/ShDapk2 to determine whether the protective effect of
T3 against DEN is through DAPK2. The results shown that
knockdown of DAPK2 not only caused higher g-H2AFX
expression, serum GPT levels and more severe injury in livers,
but also abolished the protective effect of T3 after DEN chal-
lenge (Fig. 7G to I, and Fig. S4). Taken together, the data

suggest that T3-induced DAPK2 significantly suppresses DEN-
induced DNA damage and liver injury through activation of
autophagy, supporting its potential function as a tumor sup-
pressor in HCC.

The THRs-DAPK2 axis is downregulated in HCC

To determine the clinical significance of the TR-DAPK2 axis in
HCC patients, we performed immunohistochemistry (IHC)
staining of THRs and DAPK2 in 86 and 81 pairs of HCC histo-
logical sections, respectively. Tumor cells exhibited lower
expression of THRs and DAPK2 whereas relatively strong
staining was observed in the adjacent noncancerous regions
(Fig. 8A, B). The THRs and DAPK2 expression patterns in
these tumor specimens were classified into groups ranging
from weak to strongly positive (Fig. 8C). The correlation
between THRs and DAPK2 expression levels in these speci-
mens was examined with Spearman analysis performed on the
plotted IHC scores. We observed significant moderate correla-
tion in 66 pairs of consecutive clinical specimens (Fig. 8D).

The correlation between DAPK2 and the autophagy
pathway in HCC was additionally analyzed. In total, 54
consecutive specimens from patients with HCC were sub-
mitted for immunoblot detection of DAPK2 and SQSTM1
expression. Similar to the IHC results, the DAPK2 protein
was downregulated in 68.5% (37 of 54) HCC cancerous tis-
sues, compared to matched adjacent noncancerous tissues.
Furthermore, the decrease in DAPK2 expression was
accompanied by a concomitant increase in SQSTM1 levels
in matched cancerous tissues in 50% (27 of 54) samples,
compared with the adjacent noncancerous regions. The cor-
relation between DAPK2 and SQSTM1 expression was ana-
lyzed using the tumor parts/nontumor parts (T/N) ratio of
DAPK2 as a dependent variable. Linear regression analysis
showed a negative correlation with the SQSTM1 T/N ratio
(regression coefficient D ¡0.47; 95% confidence interval
[CI], 0.926-0.003; P < 0.05). The results from 12 represen-
tative paired HCC specimens are shown in Figure 8E.
Spearman analysis performed on the T/N ratios of DAPK2
and SQSTM1 revealed a moderate, but significant negative
correlation (Fig. 8F). These results conclusively suggest that
the THRs-DAPK2-autophagy axis is downregulated in HCC
tumors.

Discussion

Accumulating evidence over the past few decades has sup-
ported the theory that blockade of cellular TH-THRs signaling
causes a spectrum of liver-associated diseases ranging from
hepatic steatosis to HCC.1 Moreover, several studies have iden-
tified a close association between human neoplasia and aber-
rant THRs mutation or expression.26,27 However, the specific
roles of TH-THRs in hepatocarcinogenesis remain debatable.
For example, recent studies report that THRs act as potent sup-
pressors of tumor metastasis in breast cancer cell lines.28 More-
over, THRs exert diverse activities at different stages of
tumorigenesis. The same group further shows that double-
knockout thra thrb mice are vulnerable to epithelial tumors,
and THR deficiency suppresses the number of benign tumors
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but enhances malignant tumor formation during
carcinogenesis.

Intriguingly, the proposed tumor suppressor role of THRs
remains a controversial issue. The divergent functions of T3-

THRs in tumor progression may be attributed to the differences
in target organs and specific microenvironments of tumors at
different stages. For instance, previous studies suggested that
TH suppresses cellular growth of cancer cells via controlling

Figure 7. DAPK2-induced autophagy suppresses DEN-induced genomic damage and cell death in hepatic cells. After being infused with control (Ad-Control) or DAPK2-
expressing (Ad-DAPK2) adenovirus (2£1011 viral particles/mouse) for 2 d, mice (ND 3) were treated with DEN (100 mg/kg) via peritoneal injection. Liver tissues were col-
lected and subsequently subjected to immunoblot analysis and histological staining after 2 d. (A) Fluroescence image of livers of Ad-Control or Ad-DAPK2-treated mice. (B)
Immunoblot and densitometric analysis (right panel) of DAPK2 and LC3-II expression patterns in livers of mice. (N D 3, �, P > 0.05) (C) H&E staining of liver sections from
Ad-Control and Ad-DAPK2-infused mice after DEN exposure. Arrows and arrowheads indicate hepatocytes with necrosis and ballooning degeneration, respectively. Scale
bar: 20 mm. (D) Primary hepatocyte cultures prepared from C57BL/6 mice were infected with Ad-control or Ad-DAPK2, and DAPK2 expression determined via immunoblot
and densitometric analysis (lower panel). (N D 3, �, P > 0.05) (E, F) After DEN (2 mM) treatment for 24 h, Ad-Control or Ad-DAPK2-infected primary hepatocytes were cul-
tured in hepatocyte maintenance medium with or without CQ (25 mM) for a further 24 h. Expression of g-H2AFX was determined using immunoblotting and immunoflu-
orescence. The relative folds of hepatic g-H2AFX expression in these cells are shown in the lower panel of (E) (N D 3, ��, P > 0.01). Damaged DNA in cells was detected
with an antibody (APODNA-2) recognizing fragmented single-stranded DNA. Scale bar: 20 mm. (G) Hepatic DAPK2 and g-H2AFX expression levels of the indicated groups
of mice were assessed 2 d after DEN injection. The relative folds of hepatic DAPK2 and g-H2AFX expression in these groups of mice are shown in the right panel (N D 3,
��, P > 0.01). (H) Serum GPT levels of the indicated groups of mice assessed 2 d after DEN injection. (I) Representative images of H&E-stained hepatic sections from the
indicated mice 2 d after DEN injection. Arrows and arrowheads indicate hepatocytes with necrosis and ballooning degeneration, respectively. Scale bar: 50 mm.
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the expression of cell cycle regulators, such as phospho-RB1
(phospho-retinoblastoma 1), CCNE1 (cyclin E1) and CDK2
(cyclin-dependent kinase 2). However, in apoptosis-resistant
hepatoma cells, T3-THR signaling promotes tumor cell metas-
tasis via upregulation of several extracellular matrix pro-
teases.29,30 Thus, further studies are warranted to clarify the
specific functions of signaling through T3-THRs in the pro-
cesses of HCC development.

In the current study, an in vivo experimental system based
on long-term administration of DEN in mice was developed.
Using this system, we found that disruption of TH signals
enhances HCC development to a significant extent. Conversely,
T3 exerted a suppressive effect on liver tumor development in
mice. Accumulating evidence has suggested an inhibitory effect
of autophagy on liver tumor initiation.6 Our results collectively
indicate that DAPK2-driven selective autophagy via SQSTM1
phosphorylation inhibits DEN-induced DNA damage and
hepatic injury, which consequently prevents HCC development
(Fig. 8G), and provide strong evidence linking the phenomena
of decreased THRs and DAPK2 levels in hepatic tumor with
HCC progression.

In liver, DEN is metabolized into an alkylating agent by sev-
eral P450 isozymes, which induce DNA damage. Moreover,
hepatic bioactivation of DEN generates a substantial amount of

ROS potentially reacting with various biomolecules, such as
nucleic acids, proteins, and lipids,31,32 which are implicated in
cellular organelle damage. In addition, ROS may activate
inflammation-related signals, including MAPK8 (mitogen-acti-
vated protein kinase 8) and STAT3, which are frequently acti-
vated in human HCCs, especially aggressive tumors with poor
prognosis.33 Inhibition of autophagy in DEN-treated liver cells
causes further ROS accumulation, accompanied by accelerated
DNA damage and hepatic injury.34 Increased oxidative stress is
thought to occur due to the accumulation of SQSTM1-associ-
ated protein aggresomes and damaged organelles. Activation of
autophagy leads to clearance of SQSTM1-associated aggre-
somes and reduction of ROS. We have shown that T3 triggers
SQSTM1 phosphorylation and promotes clearance of poly-Ub
proteins and damaged organelles; consequently, attenuates
DEN-induced DNA damage and hepatic injury in mice but
also suppresses the STAT3 and MAPK8 pathway. DAPK2 was
originally identified as an apoptotic trigger.7 The majority of
DAPK2-related research to date has focused on its cell-killing
ability in cancer cells. However, the biological mechanism
underlying its physiological significance has not been exten-
sively investigated. Results from the current study suggest that
rather than inducing cell death via apoptosis, DAPK2 triggers
the autophagic process in hepatocytes. Upon efficient gene

Figure 8. The THR-DAPK2 axis is downregulated in human malignant HCC. IHC staining of DAPK2 and THRs expression patterns in HCC specimens. (A) Paired scores of the
intensities of DAPK2 and THRs expression in cancerous and adjacent noncancerous regions. Statistical significance was examined with the Student t test. (B) Representa-
tive IHC images of a HCC specimen containing tumor (T) and adjacent nontumor (N) regions stained with anti-THRs (left panel) or anti-DAPK2 antibody (right panel). Scale
bar: 50 mm. (C) Representative IHC images showing strong, moderate and weak expression of DAPK2 and THRs expression in HCC tissues. (D) IHC scores of DAPK2 and
THRs expression levels in tumor (right panel) and adjacent nontumor (left panel) regions are shown independently in scatter charts. Spearman rank correlation coefficients
between IHC scores of DAPK2 and THRs in 66 pairs of consecutive clinical specimens among the HCC samples presented in (A) were analyzed. (E) Representative immuno-
blots of DAPK2 and SQSTM1 proteins in cancerous (T) and matched adjacent noncancerous tissues (N) from 12 patients. (F) The T/N ratios of DAPK2 and SQSTM1 proteins
in each specimen were plotted in a scatter chart and their correlations examined using the Spearman coefficient. (G) A hypothetical model showing that DAPK2-mediated
phosphorylation of SQSTM1 promotes selective autophagy and suppress hepatocarcinogenesis by thyroid hormone.
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delivery into liver of mice via intravenous infusion of adenovi-
ruses, DAPK2-activated selective autophagy led to reduction of
both genomic instability and liver injury immediately after
DEN exposure.

Mice with hypothyroidism display lower hepatic DAPK2
expression and higher levels of genomic instability, and there-
fore have greater potential to generate tumor precursor cells
that later develop into visible tumor foci in a few months. For
tumor precursor cells to evolve into HCC, multiple rounds of
mitosis are required, which cause genomic instability and gen-
erate greater oxidative stress.35 T3 supplementation in mice
induces higher DAPK2 expression. Consequently, DAPK2-
driven selective autophagy eliminates the accumulation of dam-
aged DNA or oxidative stress-caused hepatic injury through
SQSTM1 phosphorylation. Accordingly, we conclude that sig-
naling by T3-THRs upregulates DAPK2 to suppress HCC
development through selective autophagy.

In summary, our proof-of-concept experiments suggest that
application of T3 constitutes an effective novel therapeutic
option for chronic liver diseases, such as HCC.

Patients, materials and methods

Animal model of hepatocarcinogenesis

To induce hypothyroidism in 4-wk-old C57BL/6 male mice,
0.02% methimazole plus 0.1% sodium perchlorate was added to
drinking water. Hyperthyroidism was induced in mice by treat-
ment of drinking water with T3 (2.5 mg/L every 2 wk).

For autophagy inhibition, mice from different thyroid
groups received 50 mg/kg of CQ (Santa Cruz Biotechnology,
sc-205629) via intraperitoneal injection once every 3 d. Two wk
after thyroid manipulation and CQ injection, DEN (25 ppm,
Sigma-Aldrich, N0258) was added to drinking water of the
indicated groups of mice to induce HCC. Control mice were
treated with PBS (137 mM NaCl [Sigma-Aldrich, S5150],
8 mM Na2HPO4 [Sigma-Aldrich, S5136], 2.7 mM KCl [Sigma-
Aldrich, P5405], 1.5 mM KH2PO4 [Sigma-Aldrich, P5655], pH
7.4) Mice were sacrificed at 17 or 26 wk after initiation of DEN
treatment.

To examine whether T3-activated autophagy could sup-
presses DEN-induced liver injury and DNA damage. Mice
were treated with T3 (10 mg/100 g body weight), CQ (50 mg/
kg) or T3 plus CQ for 14 d before intraperitoneal injection of
DEN (100 mg/kg). All groups of mice also received continued
T3 or CQ treatment after DEN injection. To further determine
whether the protective effect of T3 is through the DAPK2-auto-
phagy axis, the mice received a single intravenous injection of
1012 vector genomes of AAV8/Sh-Luciferase (ShLuc), AAV8/
ShAtg7 or AAV8/ShDapk2 and were subjected to T3 treatment
for 14 d. After DEN injection, liver tissues and serum of these
mice were collected on various days. The construction and pro-
duction of these pseudotyped AAV8 vectors, which contain the
H1 promoter and the shRNA coding sequence, has been
reported previously.18 To determine the T3 effect on DAPK2
expression in vivo, hyperthyroid mice were generated via intra-
peritoneal injection of T3(10 mg/100 g body weight) for 14 d.
To induce hypothyroidism in mice, 0.02% methimazole plus
0.1% sodium perchlorate was added to drinking water for 14 d.

After sacrifice, total serum and livers were collected. Grossly
visible liver tumors were measured with calipers and counted.
Tissues were either fixed in 10% neutral-buffered formalin or
stored at ¡80�C following standard protocols. Serum GPT lev-
els were examined using a Fuji DRICHEM 55500 V analyzer
(Fuji Medical System, Tokyo, Japan) following the manufac-
turer’s instructions. All procedures were performed in accor-
dance with the Guide for Care and Use of Laboratory Animals
issued by the Institutional Animal Care and Use Committee of
Chang Gung University and the National Institutes of Health
of United States.

Cell cultures

All cells were maintained at 37�C in a humidified atmosphere
of 5% CO2 and 95% air. Human hepatocyte cell lines, including
HepG2 and CL-48, were routinely cultured in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen, 12800082) supplemented
with 10% fetal bovine serum. Primary hepatocytes were isolated
from 8-wk-old C57BL/6 male mice using the collagenase perfu-
sion method. Cells were maintained in 10% fetal bovine serum-
supplemented hepatocyte maintenance medium (Corning, 40-
550-CV). For analysis of the gene function in human or mouse
hepatocytes, adenovirus was added to the medium at a multi-
plicity of infection of 20 and cells infected for 6 h. T3-depleted
serum (T3 0 nM) was prepared by treatment with AG 1-X8
resin (Bio-Rad, 40-1451). T3 was purchased from Sigma-
Aldrich (T2752).

Reverse transcription and quantitative PCR (qRT-PCR)

Total RNA was extracted with TRIzol reagent (Invitrogen,
10296-028) and reverse-transcribed into cDNA with the Super-
script II kit (Invitrogen, 18064-014), according to manufac-
turers’ protocols. qRT-PCR was conducted in a total reaction
volume of 15 ml containing 50 ng forward and reverse primers,
cDNA template and 1£ SYBR Green reaction mix (Applied
Biosystems, 4309155). The qPCR reaction was performed on
the ABI PRISM 7500 sequence detection system (Applied Bio-
systems, Foster City, CA, USA).

Immunoblot analysis

Total cell lysates were isolated and fractionated via SDS-PAGE
on a 12.5% gel, and separated proteins transferred to PVDF
membranes. Following blocking in 5% (w/v) nonfat dried milk,
membranes were incubated with the appropriate primary and
HRP-conjugated secondary antibodies. Immune complexes
were detected via chemiluminescence using an ECL detection
kit (Amersham, RPN2232) and visualized with X-ray film. The
densitometric analysis was performed with Image Gauge soft-
ware (Fuji Film) and the relative band intensity normalized to
ACTB (actin b) and quantified with respect to the first band set
to 1. The following antibodies were used: DAPK2 (Abcam,
ab51601), LC3B (Cell Signaling Technology, 2775), SQSTM1
(Santa Cruz Biotechnology, sc-28359), ubiquitin (Santa Cruz
Biotechnology, sc-8017), ATG7 (GeneTex, GTX113613), phos-
pho-Ser/Thr (Abcam, ab17464,), ACTB (Chemicon,
MAB1501R), phospho-STAT3 (Abcam, ab76315), phospho-
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JUN (Abcam, ab79756), THRs (C4 clone from Dr. Sheue-yann
Cheng at the National Cancer Institute). For detecting ubiquiti-
nated proteins in T3-treated and DAPK2-treated cells, protein
lysates followed by immunoblotting with anti-ubiquitin and
anti-SQSTM1 antibody, membranes were stripped and
reprobed with anti-ACTB antibody to check for equal protein
loading.

Reporter assay and chip analysis

HepG2-THRs cells were transfected with pGL3-basic reporters
(0.2 mg; Promega, E1751) containing various fragments of
DAPK2 50 flanking sequences and SVb plasmid (0.05 mg) and
the LacZ/b-galactosidase (b galactosidase) expression vector to
normalize transfection efficiency. Treated cells were lysed 48 h
after transfection to measure luciferase and GLB1 activities.

The ChIP assay was performed as described previously.29

Briefly, THRA-binding DNA fragments were immunoprecipi-
tated with mouse anti-THRs monoclonal antibody. Immuno-
precipitated DNA fragments were amplified using specific
primer sets targeting the region (positions ¡1848 to ¡1677)
flanking DAPK2 TRE2 (positions ¡1771 to ¡1760). The TRE
region of the FURIN (furin, paired basic amino acid cleaving
enzyme) promoter was used as a positive control and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) as a negative
control.

Human HCC specimens

Hepatic sections and protein extracts of HCC patients were
obtained from the Chang Gung Memorial Hospital medical
research center for hematoxylin and eosin (H&E) and IHC
stain and immunoblot analysis. HCC and adjacent noncancer-
ous liver tissue samples were confirmed using H&E staining.
The study protocol was approved by the Medical Ethics and
Human Clinical Trial Committee at Chang-Gung Memorial
Hospital (NO:99-3588B).

Immunofluorescence and immunohistochemical staining

For immunofluorescence analysis, cells were fixed with 4%
paraformaldehyde, and subsequently incubated with the appro-
priate primary and secondary antibodies.

To examine the effects of T3-THRs and DAPK2 on the auto-
phagic process, we analyzed the fluorescence signal in cells
transfected with the tandem RFP-GFP-LC3B reporter.

Both GFP and RFP proteins were stable in newly formed
autophagosomes, and therefore, respective green and red fluo-
rescence were observed. Upon acidification of autophagosomes
via fusion with lysosomes (acidic autolysosome formation),
GFP fluorescence was attenuated and only red fluorescence
remained.36 Images were acquired using a Zeiss Apotome fluo-
rescence microscope and Axio vision Rel 4.8 software (Carl
Zeiss, Gottingen, Germany).

Resected liver tissue was processed as paraffin sections and
subjected to H&E staining or immunohistochemical analysis
with the Bond-max Automated Immunostainer (Leica Micro-
systems, Wetzlar, Germany). THRs and DAPK2-positive tumor
cells in the representative microscopic fields were scored

independently by 2 experienced pathologists. The following
antibodies were used: DAPK2 (Abcam, ab51601), THRs (C4
clone from Dr. Sheue-yann Cheng at the National Cancer Insti-
tute), and mouse anti-single stranded DNA antibody (Cell
Technology, APODNA-2). eGFP-LC3B and mRFP-GFP-LC3B
plasmid were kind gifts from Dr. Po-Yuan Ke at Chang-Gung
University.

Statistical methodology

One-way analysis of variance was used to compare the results
obtained for more than one treatment. The data were analyzed
using means, standard deviations, one-way analysis of variance
(ANOVA), and Tukey’s post hoc test. The differences in data
between the 2 groups were assessed with the Student t test. The
correlation between the results obtained with the 2 different
measurements analyzed with Spearman’s test.

Abbreviations

AAV adeno-associated virus
AAV8 adeno-associated virus serotype 8
ACTB actin b

Ad adenoviruses
Atg5 autophagy-related 5
Atg7 autophagy-related 7
ATRA All-trans retinoic acid
CALM1 calmodulin 1
CCNE1 cyclin E1
CDK2 cyclin dependent kinase 2
ChIP chromatin immunoprecipitation
CIP calf intestinal alkaline phosphatase
CoIP co-immunoprecipitation
CQ chloroquine
DAPK2 death-associated protein kinase 2
DEN diethylnitrosamine
FURIN furin, paired basic amino acid cleaving

enzyme
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
GPT/ALT1 glutamic pyruvic transaminase, soluble
GST glutathione S-transferase
HCC hepatocellular carcinoma
H2AFX H2A histone family, member X
H&E hematoxylin and eosin
IFNG interferon gamma
IHC immunohistochemistry
IP immunoprecipitation
LacZ/b-galactosidase b galactosidase
JUN/c-Jun Jun proto-oncogene
Luc luciferase
MAPK8/JNK1 mitogen-activated protein kinase 8
MAP1LC3B/LC3B microtubule-associated protein 1 light

chain 3 b
MTORC1 mechanistic target of rapamycin (ser-

ine/threonine kinase) complex 1
PBS phosphate-buffered saline
poly-Ub polyubiquitinated
RB1 retinoblastoma 1
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RPTOR regulatory associated protein of MTOR,
complex 1

qRT-PCR reverse transcription and quantitative
PCR

ROS reactive oxygen species
SQSTM1 sequestosome 1
STAT3 signal transducer and activator of tran-

scription 3
T3 3, 305-triiodo-l-thyronine
TH thyroid hormone
THR thyroid hormone receptor
TNF tumor necrosis factor
TRE thyroid hormone response element
T/N tumor parts/nontumor parts
Ub ubiquitin
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