J c I The Journal of Clinical Investigation

TAK1-mediated autophagy and fatty acid oxidation prevent
hepatosteatosis and tumorigenesis

Sayaka Inokuchi-Shimizu, ... , David A. Brenner, Ekihiro Seki

J Clin Invest. 2014;124(8):3566-3578. https://doi.org/10.1172/JCI74068.

RECLENCL W (Wl  Hepatology

The MAP kinase kinase kinase TGFB-activated kinase 1 (TAK1) is activated by TLRs, IL-1, TNF, and TGFB and in turn
activates IKK-NF-kB and JNK, which regulate cell survival, growth, tumorigenesis, and metabolism. TAK1 signaling also
upregulates AMPK activity and autophagy. Here, we investigated TAK1-dependent regulation of autophagy, lipid
metabolism, and tumorigenesis in the liver. Fasted mice with hepatocyte-specific deletion of Tak1 exhibited severe
hepatosteatosis with increased mTORC1 activity and suppression of autophagy compared with their WT counterparts.
TAK1-deficient hepatocytes exhibited suppressed AMPK activity and autophagy in response to starvation or metformin
treatment; however, ectopic activation of AMPK restored autophagy in these cells. Peroxisome proliferator—activated
receptor o (PPARQ) target genes and B-oxidation, which regulate hepatic lipid degradation, were also suppressed in
hepatocytes lacking TAK1. Due to suppression of autophagy and B-oxidation, a high-fat diet challenge aggravated
steatohepatitis in mice with hepatocyte-specific deletion of Tak1. Notably, inhibition of mMTORC1 restored autophagy and
PPARa target gene expression in TAK1-deficient livers, indicating that TAK1 acts upstream of mTORC1. mTORCH1
inhibition also suppressed spontaneous liver fibrosis and hepatocarcinogenesis in animals with hepatocyte-specific
deletion of Tak1. These data indicate that TAK1 regulates hepatic lipid metabolism and tumorigenesis via the
AMPK/mTORCH1 axis, affecting both autophagy and PPAR« activity.

Find the latest version:

https://jci.me/74068/pdf



http://www.jci.org
http://www.jci.org/124/8?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI74068
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/24?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/74068/pdf
https://jci.me/74068/pdf?utm_content=qrcode

RESEARCH ARTICLE The Journal of Clinical Investigation

TAK1-mediated autophagy and fatty acid oxidation
prevent hepatosteatosis and tumorigenesis

Sayaka Inokuchi-Shimizu,' Eek Joong Park,' Yoon Seok Roh,’ Ling Yang,"? Bi Zhang,' Jingyi Song,' Shuang Liang,’
Michael Pimienta,’ Koji Taniguchi,® Xuefeng Wu,? Kinji Asahina,* William Lagakos,' Mason R. Mackey,® Shizuo Akira,®
Mark H. Ellisman,’ Dorothy D. Sears," Jerrold M. Olefsky," Michael Karin,? David A. Brenner," and Ekihiro Seki'

'Department of Medicine, UCSD, School of Medicine, La Jolla, California, USA. ?Division of Gastroenterology, Department of Internal Medicine, Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan, China. 3Laboratory of Gene Regulation and Signal Transduction, Departments of Pharmacology and Pathology, UCSD, School of Medicine, La Jolla, California, USA.
“Department of Pathology, University of Southern California Keck School of Medicine, Los Angeles, California, USA. *National Center for Microscopy and Imaging Research and Department

of Neurosciences, UCSD, School of Medicine, La Jolla, California, USA. Laboratory of Host Defense, WPI Immunology Frontier Research Center, Osaka University, Suita, Osaka, Japan.

The MAP kinase kinase kinase TGFf-activated kinase 1(TAK1) is activated by TLRs, IL-1, TNF, and TGFp and in turn activates
IKK-NF-kB and JNK, which regulate cell survival, growth, tumorigenesis, and metabolism. TAK1 signaling also upregulates
AMPK activity and autophagy. Here, we investigated TAK1-dependent regulation of autophagy, lipid metabolism, and
tumorigenesis in the liver. Fasted mice with hepatocyte-specific deletion of Tak7 exhibited severe hepatosteatosis with
increased mTORC1 activity and suppression of autophagy compared with their WT counterparts. TAK1-deficient hepatocytes
exhibited suppressed AMPK activity and autophagy in response to starvation or metformin treatment; however, ectopic
activation of AMPK restored autophagy in these cells. Peroxisome proliferator-activated receptor o. (PPAR¢) target genes and
p-oxidation, which regulate hepatic lipid degradation, were also suppressed in hepatocytes lacking TAK1. Due to suppression
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Introduction

TGFp-activated kinase 1 (TAK1) is a MAP kinase kinase kinase
(MAP3K) activated by TLRs, IL-1 receptor, TNF receptor 1, and
TGFp receptors (1, 2). In hepatocytes, TAK1 stimulates activa-
tion of IKK-NF-kB and JNK, which are crucial regulators of cell
survival, proliferation, and tumorigenesis, as well as lipid metab-
olism and insulin sensitivity (3). IKK/NF-kB signaling prevents
TNF- and ROS-mediated hepatocyte death, hepatic steatosis, and
hepatocarcinogenesis (4). In contrast, sustained JNK activation
promotes ROS generation, resulting in hepatocyte death, lipid ac-
cumulation, and development of hepatocellular carcinoma (HCC)
(3). Since TAK1 controls activation of both IKK/NF-kB and JNK
pathways, its role in liver pathophysiology has been hard to pre-
dict. We and others have previously demonstrated that ablation
of Takl in hepatocytes results in spontaneous hepatocyte death,
inflammation, fibrosis, and HCC development; these phenotypes
depends on TNF and TGFp receptor signaling (5, 6) and are more
dramatic than the phenotypes observed in mice with hepatocyte-
specific deletion of IKKf or IKKy/NEMO (5, 7-9).
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of autophagy and f-oxidation, a high-fat diet challenge aggravated steatohepatitis in mice with hepatocyte-specific
deletion of Tak1. Notably, inhibition of mTORC1 restored autophagy and PPARa target gene expression in TAK1-deficient
livers, indicating that TAK1 acts upstream of mTORC1. mTORC1 inhibition also suppressed spontaneous liver fibrosis and
hepatocarcinogenesis in animals with hepatocyte-specific deletion of Tak1. These data indicate that TAK1 regulates hepatic
lipid metabolism and tumorigenesis via the AMPK/mTORC1 axis, affecting both autophagy and PPARa activity.

TAKI1 can also regulate AMPK activity through phosphoryla-
tion (10). Nutrient deprivation strongly activates AMPK, leading
to the inhibition of mTOR complex 1 (mTORC1), a multifunc-
tional protein kinase complex that regulates lipid biosynthesis,
cellular proliferation, and autophagy (11, 12). AMPK can also
stimulate autophagy through direct phosphorylation of ULK1
independently of mTORCI1 (13). Under high nutrient conditions,
when ATP levels are high, AMPK activity is inhibited, thereby
activating mTORCI and resulting in increased lipid synthesis
in a SREBP-1c- and PPARy-dependent manner (12). Moreover,
mTORC1 inhibits PPARa activity, which regulates mitochondrial
functions and fatty acid p-oxidation (FAO) (14). Hepatic FAO is
impaired in mice with inactivated PPARa, SIRT1, or SIRT3 (15-17).
These mice exhibit significant lipid deposition in the liver upon
consuming a high-fat diet (HFD) or during fasting. AMPK acti-
vation and mTORCI inhibition induce autophagy to remove and
recycle cellular materials for biosynthesis or energy production
when nutrients are limited. Autophagy promotes lipid degra-
dation and prevents excessive lipid accumulation (18). It was
suggested that TAK1 might contribute to the induction of au-
tophagy through either the IKK complex or AMPK (10, 19). How-
ever, the physiological and pathophysiological significance of
TAK1-dependent regulation of AMPK/mTORCI signaling and
autophagy and their involvement in lipid metabolism and HCC
development in the liver remain elusive.
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In the present study, we determined that TAKI in hepatoc-
ytes prevents excessive lipid accumulation through AMPK ac-
tivation, mTORCI inhibition, and autophagy. TAK1 also favors
PPARa-mediated FAO through the inhibition of mTORCI. Upon
HFD feeding, TAK1 activity prevents excessive hepatic lipid
accumulation, injury, and inflammation. Correspondingly, res-
toration of autophagy with the mTORCI inhibitor rapamycin
suppresses hepatic steatosis, fibrosis, and HCC progression in
Alb-Cre Tak1¥f (Tak1**) mice.

Results

Nutrient deprivation causes severe lipid accumulation in Takl-deleted
livers. To determine the physiological role of TAKI in the liver,
we investigated its involvement in the response to fasting, which
causes mobilization of lipids from peripheral depots into the liver
(12, 20). Initially, livers appeared normal in 1-month-old Taki*
mice and their WT counterparts, but after 12 hours of fasting, liv-
ers of TakI*» mice became white. Takl*** mice showed increased
lipid accumulation in hepatocytes compared with that seen in
their WT counterparts, particularly after fasting (Figure 1, A and
B). Hepatic triglycerides (TGs) in fasted TakI** mice were 3-fold
higher than those in fasted WT mice, whereas plasma FFAs were
similarly elevated in both fasted Takl*** and WT mice (Figure
1, C and D). These data indicate that although FFA release from
adipose tissue is not affected by loss of hepatic TAK1 expression,
the deposition of TGs in the liver is TAK1 dependent. In WT liv-
ers, nutrient deprivation strongly inhibited S6 phosphorylation, an
established marker of mTORC1 activity (Figure 1E). In contrast,
Takl”- livers showed marked increases in S6 phosphorylation be-
fore or after nutrient deprivation (Figure 1E), suggesting aberrant
activation of mMTORCIL.

AMPK activation and autophagy are inhibited in Takl”~ hepa-
tocytes. Reduced p62/SQSTM1 expression, increased LC3B-II
generation from LC3B-I, and formation of LC3B aggregates are
markers of autophagy induction (21-23). We found that fasted WT
livers exhibited lower p62 expression and higher LC3B-II amounts
and accumulation of LC3B dots than did fed WT livers (Figure 2, A
and B, and Supplemental Figure 1, A and B; supplemental material
available online with this article; doi:10.1172/JCI74068DS1). In
contrast, Takl”~ livers exhibited much higher p62 expression and
no LC3B-II expression or less LC3B aggregates than did WT livers
(Figure 2, A and B, and Supplemental Figure 1, A and B). Further-
more, fasting did not result in any increase in autophagy markers
in Takl”~ livers, indicating that TAK1 is required for stimulation
of liver autophagy during fasting. Chloroquine (CQ) treatment
prevents autophagosome degradation, thereby inducing LC3B
aggregation during fed states (23). In WT livers, CQ treatment in-
creased LC3B aggregation, but LC3B aggregates were much less
pronounced in Takl /" livers before or after CQ treatment (Supple-
mental Figure 1F). In LC3B-GFP transgenic mice, the detection of
free GFP released from an LC3B-GFP fusion protein by autopha-
gosome degradation reflects autophagic flux (24). We found that
free GFP was increased after fasting in WT LC3B-GFP transgenic
livers; however, free GFP formation was insignificant in TakI*-
LC3B-GFP transgenic livers before and after fasting (Supplemen-
tal Figure 1G). EM showed that there were some lipid droplets with
attached autophagic vesicles (AVs) in fed WT livers and that the
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number of such droplets was increased upon fasting (Figure 2C).
However, lipid droplets with attached AVs were rare in Takl*
livers (Figure 2C). These results demonstrate that both basal and
induced autophagy are suppressed in TakI”~ livers. In addition, ex-
pression of autophagy genes including Ulkl, Ulk2, Atg3, Atg5, and
Atg8/Lc3b was suppressed in TakI** mice, as revealed by microar-
ray analysis and quantitative real-time PCR (Supplemental Table
1 and Supplemental Figure 2), further supporting the requirement
of TAK1 for basal and induced autophagy in the liver.

Next, we examined TAKI kinase activity upon starvation.
TAK1 kinase activity was increased 1 hour after starvation (Fig-
ure 2D). Starvation also induced the phosphorylation of LKBI,
AMPK, raptor, and ULK1 and increased the conversion of LC3B-I
to LC3B-II and the accumulation of LC3B-GFP aggregates, while
reducing the amount of p62 in WT hepatocytes (Figure 2, E and
F). All of these responses were highly attenuated in Takl”~ hepato-
cytes (Figure 2, E and F), indicating that TAK1is required for LKB1
and AMPK phosphorylation and induction of autophagy during
starvation. Similarly, we observed that TAKI kinase activity was
increased upon metformin treatment (Supplemental Figure 3A),
and metformin-induced AMPK activation and autophagy were
suppressed in Takl”/~ hepatocytes (Supplemental Figure 3, B-D).
Accordingly, we examined whether ectopic AMPK activation can
restore autophagy in TakI7~ hepatocytes. Overexpression of active
AMPK increased LC3B-I-to-LC3B-II conversion and decreased
p62 in Takl”~ hepatocytes, indicating that AMPK is an important
downstream effector of TAKI1 that mediates its effect on autoph-
agy (Supplemental Figure 3E).

Takl deficiency causes defects in PPARo-mediated FAO in hepato-
cytes. To investigate the role of TAKI in hepatic lipid metabolism,
we assessed expression of genes related to FAO and lipid metabo-
lism. The mRNA levels of Ppara, Hmgcs2, Cptla, Acoxl, Cyp4al0,
and Sirt3 in fed WT livers were higher than in fed Takl” livers
(Figure 3A). Furthermore, these mRNAs were upregulated after 12
hours of fasting in WT livers, but their expression in Takl”" livers
remained lower than in WT livers, even after fasting (Figure 3A).
Hepatic FAO was also elevated after fasting in WT mice, and it was
suppressed in Takl7~ livers both before and after fasting (Figure
3B). Likewise, WT livers expressed higher levels of ApoB and Mtp
mRNA than did TakI”" livers both before and after fasting and had
higher TG secretion rates (Figure 3, C and D). These results sug-
gest that reduced FAO and impaired TG secretion contribute to in-
creased hepatic steatosis in Takl**» mice after fasting.

Because Takl deficiency caused overactivation of mTORCI1
(Figure 1E) and mTORC1 negatively regulates PPARa signaling
(14), we expected that PPARa activity would be suppressed in
Takl*% mice. Microarray transcriptome profiling including gene
ontology and KEGG pathway analysis revealed that the PPAR
signaling and fatty acid metabolism pathways were in fact the
2major pathways that were suppressed in the livers of Tauk1** mice
(P=3.53x10"%and P = 2.4 x 107, respectively) (Supplemental Ta-
bles 2 and 3). Forty-eight PPAR« target genes were reported to be
involved in FAO and fatty acid metabolism (16, 25, 26). We found
that expression of 28 (after Student’s ¢ test) and 14 (after Bon-
ferroni correction) of these genes was significantly decreased in
Takl”- livers compared with that in WT livers (Supplemental Fig-
ure 4 and Supplemental Table 4). This prompted us to further ex-
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Figure 1. TAK1 deficiency causes severe fatty liver after fasting. One-month-old WT and Tak7*"* mice were fasted for 12 hours (n = 5 each). (A) Mac-
roscopic appearance of livers of WT and Tak7"* mice before and after fasting. (B) Oil Red O staining of lipid droplets. Original magnification, x200. (C)
Hepatic TG content and (D) serum levels of FFAs were measured. (E) Immunoblotting for total TAK1, p-56, and total S6. Black bar, WT; gray bar, Tak12e

mice. Data are presented as the means + SEM. *P < 0.05; **P < 0.01.

amine PPARa-regulated genes using quantitative real-time PCR.
Ppara mRNA expression itself was reduced in Takl”~ hepatocytes
(Figure 4A). Treatment with the PPARa agonist WY14643 in-
duced Hmgcs2, Acox1, Ehhadh, Acsll, Peci, Cyp4al0, Cyp4al2, and
Cptla mRNA in WT hepatocytes, but with the exception of Cptla,
none of these genes were induced in Takl”~ hepatocytes (Figure
4A). We confirmed that the effect of WY14643 on PPARa target
gene expression was mediated through PPARa and that WY14643
had no significant effect on PPARy target genes (Supplemental
Figure 5). Congruently, we found that WY14643-induced FAO
was markedly reduced in Takl”- hepatocytes (Figure 4B). We also
examined the effect of WY14643 on palmitate-induced lipid ac-
cumulation in hepatocytes. Treatment with palmitate resulted in
the accumulation of lipid droplets in WT hepatocytes, and this
was strongly enhanced in Takl”~ hepatocytes (Figure 4C). Inter-
estingly, WY14643 treatment markedly inhibited palmitate-in-
duced lipid accumulation in WT hepatocytes but had no effect in
Takl”- hepatocytes (Figure 4C). These results demonstrate that
Takl deficiency suppresses PPARa expression and PPARa-in-
duced gene expression, as well as FAO, resulting in enhanced
lipid deposition in TakI”- hepatocytes.

Rapamycin restores autophagy and lipid degradation in Takl”
hepatocytes. We examined whether inhibition of mTORC1 with ra-
Volume 124 Number 8
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pamycin can restore autophagy in Takl”- hepatocytes. Autophagy,
evidenced by increased LC3B-II GFP generation, accumulation
of LC3B GFP aggregates, and reduced p62 accumulation, was in-
duced in both WT and Takl”- hepatocytes treated with rapamycin
(Figure 5, A and B). Additionally, rapamycin treatment suppressed
palmitate-induced lipid accumulation in both WT and Takl”
hepatocytes (Supplemental Figure 6). We examined whether the
rapamycin-induced reduction in lipid accumulation is dependent
on autophagy. Autophagy inhibition by silencing of Atg5 increased
lipid accumulation in both WT and TakI”~ hepatocytes and atten-
uated the response to rapamycin in both cell types (Supplemental
Figure 6). These results suggest that the ability of rapamycin to
reduce lipid accumulation in Takl”~ hepatocytes is largely depen-
dent on autophagy.

Subsequently, we tested the effect of rapamycin in vivo. Ra-
pamaycin suppressed mTORC1 activity in WT and Takl”" livers, as
shown by decreased S6 phosphorylation (Figure 5C). Consistent
with the results of the in vitro experiments, rapamycin treatment
induced autophagy in both WT and Takl”" livers, as demonstrated
by decreased p62 and increased LC3B-II and LC3B aggregates
(Figure 5, C and D, and Supplemental Figure 1C). Moreover, ra-
pamycin treatment reduced hepatic TG and lipid accumulation in
fasted Takl** mice (Figure 5, E-G). Rapamycin treatment also in-
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Figure 2. Defective autophagy in Tak7*"* mice. (A-C) One-month-old WT and Tak7*" mice were fasted for 12 hours (n = 5 each). (A) Immunoblotting for
hepatic expression of p62 and LC3B. (B) Immunohistochemistry for LC3B and quantification. LC3B aggregation was observed in fasted WT mice. Original
magnification, x1,000. (C) EM and its quantification. Autophagosomes associated with lipid droplets are indicated with arrows. Scale bars: 1 pm. Lipid
droplets (LD); autophasic vacuoles (AV); ND, not detected. (D) Primary hepatocytes were isolated from WT mice. TAK1 kinase activity was analyzed after
1or 2 hours of amino acid starvation. (E) Primary hepatocytes were isolated from WT and Tak7*"*? mice. Expressions of TAK1, p-LKB1, LKB1, p-AMPK,
AMPK, p-raptor, raptor, p-ULK1, and ULK1 after 2 and 6 hours of amino acid starvation were assessed by immunoblotting. (F) Primary hepatocytes were
isolated from LC3B-GFP transgenic mice and Tak7*"*-LC3B-GFP transgenic mice. After 6 hours of amino acid starvation, LC3B-GFP accumulation in the
cytoplasm was assessed (top). Original magnification, x200. Black bar, WT; white bar, Tak74"" mice. Immunoblotting for LC3B-GFP and p62 and quantifica-
tion of the ratio of LC3B-1I GFP to LC3B-I GFP (bottom). Similar results were obtained in 3 independent experiments. Data are presented as the

means + SEM. *P < 0.05; **P < 0.01.
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creased expression of FAO-related genes, such as Ppara, Hmgcs2,
Cptla, and Sirt3 in TakI*% mice to levels comparable to those in
WT mice (Figure 5H). These findings suggest that rapamycin re-
stored autophagy and PPARa function by inhibiting excessive
mTORCI activity in Takl” livers.

Loss of Takl aggravates steatohepatitis. Since advanced experi-
mental fatty liver disease showed decreased expression of TAK1
(Supplemental Figure 7) and Takl”- hepatocytes stored more
lipid than WT hepatocytes after treatment with palmitate (Fig-
ure 4C and Supplemental Figure 6), we investigated the effect of
Takl deficiency on the response to an HFD. Four-week-old WT
and Takl*% mice were placed on an HFD for 12 weeks. We ob-
served that hepatic lipid deposition and hepatic TGs, FFAs, and
cholesterol were markedly increased in TakI*** mice relative to
WT mice (Figure 6, A-C, and Supplemental Figure 8D). Hepatic
expression of Srebplc, Dgatl, Pparg, and Fasn was significantly
upregulated in TakI*** mice compared with that in WT mice
fed an HFD (Figure 6D). Moreover, expression of inflammatory
and fibrogenic genes including Tnf, 116, Ccl2, Collal, and Tgfbl
and serum ALT levels were also markedly elevated in HFD-fed
Tak1** mice (Figure 6, E and F). Hepatic expression of Afp, an
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HCC marker, was significantly increased in the HFD-fed Takl%
mice compared with that observed in TakI*"# mice fed a normal
chow diet (Figure 6G), suggesting that HFD feeding accelerates
tumorigenesis in TakI** mice. Additionally, p62 accumulation
was significantly enhanced in HFD-fed TakI*® mice (Figure
6H and Supplemental Figure 1D), suggesting that HFD feeding
further reduced autophagy in these mice. These findings collec-
tively suggest that the impaired autophagy and increased lipo-
genesis caused by TAK1 deficiency render Takl*** mice highly
susceptible to the adverse effects of an HFD. Interestingly, we
observed no significant differences in body weight, food intake,
or blood lipid and glucose levels between WT and TakI*** mice
fed an HFD (Supplemental Figure 8).

mTORCI inhibition blocks HCC development in Takl** mice.
We also examined whether excessive mTORCI activity and defec-
tive autophagy in TakI*** mice contribute to spontaneous hepa-
tocarcinogenesis. Takl** mice develop spontaneous liver cancer
whose histology shows a trabecular or steatotic type of HCC,
with expression of typical HCC markers, including o fetoprotein,
glypican 3, glutamine synthetase, and heat shock protein 70 (Sup-
plemental Figure 10 and refs. 5, 8, 27, 28). Inhibition of mTORC1
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Figure 4. PPARa-mediated FAO is impaired in Tak1/- hepatocytes. (A) Primary hepatocytes were isolated and incubated with palmitate (125 pM) and
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are presented as the means + SEM. *P < 0.05; **P < 0.01.

with rapamycin suppressed hepatocyte death and reduced se-
rum ALT in 1-month-old TakI*% mice (Figure 7, A and B). Given
that autophagy is strongly suppressed in HCC in TakI*** mice, as
demonstrated by the accumulation of p62 aggregates (Figure 7F
and Supplemental Figure 1E), we examined whether inhibition of
mTORCI activity and restoration of autophagy by rapamycin pre-
vent HCC development. We treated TakI*% mice with rapamycin
during early (from 2 to 10 weeks after birth) or late (from 7 to 9
months of age) stages of HCC development. The early treatment
significantly reduced the number of liver tumors (Figure 7C), but
did not change their maximal size compared with those in the
vehicle-treated TakI** mice (S. Inokuchi-Shimizu and E. Seki,
unpublished observations). Moreover, late-stage rapamycin treat-
ment significantly reduced the number and size of tumors and the
extent of liver fibrosis in Tak1** mice (Figure 7, D and E, and Sup-
plemental Figure 9).

Discussion
Two well-established functions of TAK1 are the regulation of IKK/
NF-«B signaling and JNK/AP-1 signaling downstream of IL-1, TNF,
TGFB, and TLRs. Through these pathways, TAK1 was suggested to
modulate cell survival, proliferation, inflammation, fibrosis, and
tumorigenesis, as well as lipid metabolism and insulin resistance
(2). Disruption of the Ikbkg gene in hepatocytes, which encodes
the IKK regulatory/scaffold subunit, combined with HFD feeding,
results in exacerbated steatohepatitis, a phenotype similar to that
of Takl ablation (29). Remarkably, TAK1 ablation in liver has a
stronger tumorigenic effect than does Ikbkg ablation (5, 8, 9), sug-
gesting that enhanced susceptibility to hepatocyte death caused
by the loss of IKK-NF-«B activity accounts for only part of the ad-
verse consequences of Takl ablation. Furthermore, Ikbkg ablation
in Takl” livers attenuates HCC development (5, 8, 9), suggesting
that TAK1 suppresses tumorigenesis through an IKK-independent
jci.org  Volume 124

Number 8  August 2014

3571



RESEARCH ARTICLE

The Journal of Clinical Investigation

A WT Tak1+ Tak1+ _ A0 aw *x
@ i
Rapamycin - + - + o
pamycin R 3 30|
TAKA o e 2 E‘?’ o *%
LC3B-Il GFP g 10l
- |
PO2 e o - o L1l o=
) Rapamycin - + - +
B-ACtn e — — —
c D WT Tak1+
WT Tak14ahep |
§ . p— 25 I sk ok
Rapamycin - + - + I8 B 1
3 S 20f
(G 7] *k
PSE e D 9 (p—
[
2 15}
S5 ———— 5
el g10f
62 ] fis)
o2 e B 2 85|
"' aQ
LC3B -—.ﬂ-—.! € | 2 0
. Rapamycin - + - +
B-Actin  E———— WT Tak1+
E wWT Tak14hep F W WT [ Tak1aner G B Wt [] Taktaner
%k *ik 50 B
— an. mM 9 ke *k
B % 80 & il
£ = ® 401
5] k= ©
o o 601 @
E 2 a0t
o '}
F 40 a8
2 d 21
£ g B
g\ % 20t &J 10}
- Fed Fasted Fed Fasted, Fed Fasted Fed Fasted,
Rapamycin Rapamycin
H 8r 6
257 4
<
4 — = — q: — | —
€ S5 Eg = féu:
© S D 2 @ G4t S
© =] T o Lo * *
83 1 3 S5 SSol M M
oL EE oL BL2f
I 2"
0.5
0 0

Fed Fasted Fed Fasted
Rapamycin

Fed Fasted Fed Fasted
[ ——
Rapamycin

Rapamycin

Fed Fasted Fed Fasted
1

Fed Fasted Fed Fasted
Rapamycin

Figure 5. Rapamycin restored autophagy and FAO-related genes in Tak1~- livers. (A and B) Primary hepatocytes were isolated from LC3B-GFP and
Tak1~he-GFP-LC3B transgenic mice. Cells were treated with rapamycin (5 uM) for 2 hours. (A) Immunoblotting for LC3B GFP and p62. (B) LC3B GFP accumu-
lation in cytoplasm was assessed. Original magnification, x200. White bar, vehicle; black bar, rapamycin. Similar results were obtained in 3 independent
experiments. (C and D) One-month-old WT and Tak72"" mice were treated with rapamycin (5 mg/kg) for 3 days (n = 5 each). (C) Immunoblotting for hepatic
p62 and LC3B expression. (D) Immunohistochemistry for LC3B and its quantification. LC3B aggregation in WT and Tak7*"* mice treated with rapamycin.
Original magnification, x1,000. (E-H) Mice treated with rapamycin (5 mg/kg) for 3 days followed by fasting for 12 hours (n = 5 each). (E) Macroscopic ap-
pearance of livers from WT and Tak72"" mice with fasting and rapamycin treatment. (F) Hepatic TG levels were measured, and (G) hepatic lipid deposition
was assessed by quantification of Oil Red O staining. (H) Hepatic expression of Ppara, Hmgcs2, Cptia, and Sirt3 was measured by quantitative real-time
PCR. Black bar, WT; gray bar, Tak1*" mice. Data are presented as the means + SEM. *P < 0.05; **P < 0.01.
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Figure 6. Loss of TAK1 enhances liver injury, lipid accumulation, inflammation, and fibrosis. One-month-old WT and Tak7*"" mice were fed an HFD for
an additional 12 weeks (n = 5 each). (A) Macroscopic appearance of livers. (B) Qil Red O staining and its quantification. Original magnification, x200. (C)
Hepatic TG levels. (D) Hepatic mRNA expression of SrebpTc, Dgat1, Pparg, and Fasn was measured by quantitative real-time PCR. (E) Hepatic expression

of Tnf, 116, Ccl2, Collal, and Tgfb1 mRNA. (F) Serum ALT levels. (G) mRNA expression of Afp. (|

mice. Data are presented as the means + SEM. *P < 0.05; **P < 0.01.

mechanism. Since TAK1 was shown to control AMPK activity in
cells (10, 30), we postulated that decreased AMPK activity and
enhanced mTORCI activation might contribute to some of the pa-
thologies associated with loss of hepatic TAK1, including hepatos-
teatosis and HCC development. The results shown above provide
strong support to this hypothesis and demonstrate that TAK1 is a
physiologically relevant activator of AMPK and autophagy and a
negative regulator of mMTORCI, which contribute to lipid metabo-
lism during feeding and fasting. Furthermore, we show that exces-

H) Immunoblotting for p62. Black bar, WT; gray bar, Tak1*he

sive mTORCI activity is an important contributor to the sponta-
neous hepatic tumorigenesis seen in TakI*** mice. In this respect,
the liver phenotype in Tak1** mice resembles that of TscI** mice,
whose hepatocytes lack TSC1, a negative regulator of mTORC1
(31). In both strains of mice, rapamycin inhibits HCC development
and hepatic steatosis (14, 31)

Our data demonstrate that starvation-induced LKB1 and
AMPK phosphorylation requires TAK1 in hepatocytes, although
the mechanism by which TAK1 controls LKB1 and AMPK activ-

jci.org  Volume124  Number8  August 2014

3573



3574

RESEARCH ARTICLE

The Journal of Clinical Investigation

A B
Rapamycin treatment during early stage
* * 30 - ok
o 60 - 2000 ~ ——
© . 5
3@ 50 I 1500 2
:E 2 40 g 5 201
So — c
2 30 — 1000 S
4% < E
= =
4= 20 ~ 101
5 500 T
= 10
0 0 0
Rapamycin + - F Rapamycin - * - Vehicle Rapamycin
WT Tak14hep WT Tak14hep Tak14hep
D . . E
Rapamycin treatment during late stage
i . — Vehicle Rapamycin
30 *
— £
@ o 6
€ 20f P
2 5 4
5 g
§ 10} =
[ T £ 2
5 A
0 =0
Vehicle Rapamycin Vehicle Rapamycin Tak{hep
Tak14hep Tak14hep
F Tak14hep
WT Tumor Non tumor

PE2 e _"_——-

O ——— ——— I st s

Figure 7. Induction of autophagy inhibits HCC growth in Tak7*"** mice. (A and B) One-month-old WT and Tak7*" mice were treated with or without
rapamycin (5 mg/kg) for 3 days (n = 5 each). (A) Hepatocyte apoptosis was assessed by TUNEL staining. (B) Serum ALT levels. (C) Tak72" mice were
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Macroscopically visible tumors were counted. (D and E) Tak7*"* mice were treated with rapamycin (5 mg/kg) twice weekly from 28 to 36 weeks of age, and
then the livers were harvested (n = 12). (D) Macroscopically visible tumors were counted, and maximal size was measured. (E) Macroscopic appearance

of the liver. (F) Expression of p62 in HCC in Tak7*" mice as assessed by immunoblotting for p62. (A-D) Black bar, vehicle; white bar, rapamycin. Data are

presented as the means + SEM. *P < 0.05; **P < 0.01.

ities remains elusive (10, 30). Activated AMPK then phosphory-
lates raptor, which inhibits mMTORCI activity, resulting in stimu-
lation of autophagy (Supplemental Figure 11 and refs. 12, 13). The
contribution of TAKI to starvation-induced autophagy, however,
has been controversial. One study reported that TAK1 is required
for starvation-induced autophagy (10, 19), while another study
showed that TAKI is dispensable for starvation-induced autoph-
agy but is required for TRAIL-induced autophagy (10, 19). Given
the different cell types examined in the previous studies and in our
current study, it is conceivable that the requirement of TAK1 in
starvation-induced autophagy is largely cell-type specific and may
reflect differential effects on AMPK. Although our results show
that starvation- and metformin-induced AMPK activation and
autophagy are dependent on TAK1 and that ectopic expression of
activated AMPK reverses the autophagy defect in Takl