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An AMPK-caspase-6 axis controls liver damage in nonalcoholic
steatohepatitis
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Seema Singh3, Rohit Loomba3, Michael Karin2, Joseph L. Witztum!, Alan R. Saltiell:2"
1Department of Medicine, School of Medicine, University of California, San Diego, La Jolla, CA
92093, USA.

2Department of Pharmacology, School of Medicine, University of California, San Diego, La Jolla,
CA 92093, USA.

SNAFLD Research Center, Division of Gastroenterology, Department of Medicine, University of
California, San Diego, La Jolla, CA 92093, USA.

Abstract

Liver cell death has an essential role in nonalcoholic steatohepatitis (NASH). The activity of the
energy sensor adenosine monophosphate (AMP)-activated protein kinase (AMPK) is repressed in
NASH. Liver-specific AMPK knockout aggravated liver damage in mouse NASH models. AMPK
phosphorylated proapoptotic caspase-6 protein to inhibit its activation, keeping hepatocyte
apoptosis in check. Suppression of AMPK activity relieved this inhibition, rendering caspase-6
activated in human and mouse NASH. AMPK activation or caspase-6 inhibition, even after the
onset of NASH, improved liver damage and fibrosis. Once phosphorylation was decreased,
caspase-6 was activated by caspase-3 or —7. Active caspase-6 cleaved Bid to induce cytochrome ¢
release, generating a feedforward loop that leads to hepatocyte death. Thus, the AMPK—caspase-6
axis regulates liver damage in NASH, implicating AMPK and caspase-6 as therapeutic targets.

Nonalcoholic steatohepatitis (NASH)—characterized by hepatic steatosis, inflammation, and
liver damage—has become a leading cause of liver transplant and liver-associated death.
Hepatocellular death, characterized by swollen hepatocytes on liver biopsy, is a cardinal
feature of NASH (1, 2). In healthy liver, hepatocyte apoptosis has a key role in liver
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homeostasis, maintaining equilibrium between hepatocyte loss and replacement (3).
However, pathological conditions such as viral infection, alcoholic or nonalcoholic
steatohepatitis, and physical injury lead to extensive hepatocyte apoptosis and liver damage
(4), which cause progressive fibrosis and cirrhosis (1, 5). Improving liver damage and
preventing fibrosis are major goals of NASH therapy (2). Moreover, liver cell death is a
major contributor to the pathogenesis of hepatocellular carcinoma (2). Therefore,
understanding the molecular mechanisms that control hepatocellular death may lead to new
treatments for liver diseases.

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a key metabolic
regulator that senses energy status and controls energy expenditure and storage (6). AMPK
is allosterically activated by AMP and repressed by adenosine triphosphate (ATP) (6). Its
activity is increased during undernutrition (7) and decreased during obesity (8, 9) and
hyperglycemia (9) and by inhibitory phosphorylation driven by hyperinsulinemia and
inflammation (10-12). Although activation of hepatic AMPK attenuates high-fat diet
(HFD)-induced nonalcoholic fatty liver (NAFL), reducing AMPK activity does not cause or
further worsen it (13). Whether the pathogenic repression of AMPK activity in obesity
contributes to the occurrence of NASH and NASH-associated liver damage remains
unknown.

Caspases are related aspartic-serine proteases that regulate inflammation and cell death.
Apoptotic caspases are classified as “initiator,” such as caspase-8 and -9, or “executioner,”
including caspase-3, —6, and =7 (14). Apoptotic cell death occurs through extrinsic and
intrinsic pathways (15). The extrinsic pathway is driven by extracellular death receptor
ligands, such as the tumor necrosis factor (TNF) superfamily and Fas ligand, and mediated
by caspase-8. The intrinsic pathway is triggered by intracellular stress-induced cytochrome ¢
release from mitochondria, leading to activation of the Apafl—caspase-9 apoptosome. Both
pathways converge in cleavage and activation of caspase-3 and —7 to execute programmed
cell death (15). Although classified as an executioner, the mechanisms of activation and
cleavage and the function of caspase-6 remain uncertain (14). We found that caspase-6
functions in steatosis-induced hepatocyte death and integrates signals from both
inflammation and energy metabolism through direct phosphorylation by AMPK. Steatosis-
induced decline in AMPK-catalyzed phosphorylation permits caspase-6 activation, leading
to hepatocyte death. This link to obesity suggests that the AMPK-caspase-6 axis has a key
role in NASH and might represent a new therapy.

Liver-specific AMPK knockout exaggerates liver damage in NASH

Hepatic AMPK activity is suppressed in diet-induced NAFL (9, 13). Although AMPK
activation attenuates steatosis, loss of AMPK does not induce steatosis (13). Moreover, the
role of AMPK in the pathogenesis of NASH remains uncertain. We generated liver-specific
AMPKal/a2 (Prkaall Prkaa2) double-knockout (LAKO) mice that are devoid of hepatocyte
expression of AMPKal and -a.2, the catalytic subunits of AMPK (Fig. 1A). Liver-specific
AMPK ablation did not affect body weight, liver weight, or triglycerides (TGs) in mice fed
normal chow diet (ND) (fig. S1, A to C). ND-fed LAKO mice had normal serum alanine
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aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP)
activities and liver morphology (fig. S1, D to G).

We fed Flox and LAKO mice with a choline-deficient HFD (CD-HFD) to rapidly induce
hepatic steatosis, liver damage, and fibrosis, which are characteristics of NASH (16). CD-
HFD decreased AMPK Thrl72 phosphorylation in livers of C57BL/6J mice, indicating
repression of AMPK activity (Fig. 1B). LAKO mice were identical to Flox mice with
respect to body weight, liver weight, or hepatic TGs (Fig. 1, C to E). However, a significant
increase of serum ALT, AST, and ALP activities suggested exaggerated liver damage in CD-
HFD-fed LAKO mice (Fig. 1, F to H). Increased liver terminal deoxynucleotidyl
transferase—mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining
demonstrated that knockout of AMPK substantially increased the number of apoptotic cells,
without affecting necroptotic cells identified by staining with phosphorylated mixed lineage
kinase domain-like protein (phospho-MLKL) (Fig. 1, I and J). LAKO mice showed no
changes in liver macrophage infiltration, as evidenced by similar macrophage marker F4/80
staining in Flox and LAKO mice (Fig. 1K). Nonetheless, hepatic fibrosis as measured with
Sirius red staining and abundance of hydroxyproline was increased in LAKO mice,
correlating with enhanced scarring from exaggerated liver damage (Fig. 1, K to M). LAKO
did not affect the expression of the macrophage marker adhesion G protein—coupled receptor
E1 (Adgrel, F4/80), the chemotactic cytokine C-C motif chemokine ligand 2 (Cc/2) and its
receptor Ccr2, or pro-inflammatory cytokines tumor necrosis factor-a (7MFa ) and
interleukin-1p (//16) (Fig. 1N). Although LAKO increased cell death and liver damage, the
expression of cell death mediators caspase-3 (Casp3), Casp8, receptor-interacting serine/
threonine protein kinase 1 (RipkZ), and Ripk3was not affected (Fig. 10). Consistent with
increased fibrosis, LAKO increased the expression of the fibrosis marker gene actin a.2
(Acta2), collagen genes collagen type | al (Col1al) and Col3al, as well as hepatic stellate
cell (HSC)-activating growth factor platelet-derived growth factor subunit B (Pdgfb) (Fig.
1P). LAKO mice showed no differences in the expression of transforming growth factor—8
(7g1b), the major macrophage-derived fibrogenic cytokine, which is consistent with similar
macrophage infiltration in Flox and LAKO mice. Like-wise, LAKO mice showed no
difference in growth factor Pagfaand receptor Pagfra expression or matrix remodeling genes
tissue inhibitor matrix metalloproteinase 1 ( 7impI) and discoidin domain receptor tyrosine
kinase 2 (Ddr2) (Fig. 1P).

We also fed mice with the Amylin (AMLN) diet, which is used to mimic human NASH in
preclinical studies (2, 17). AMLN also repressed AMPK activation in C57BL/6J mice (fig.
S2A). LAKO had no effect on body weight, liver weight, liver-to—body weight ratio, hepatic
TG, fasting glucose, glucose tolerance, or insulin resistance (fig. S2, B to H). LAKO did not
affect the expression of Adgrel, gluconeogenic genes glucose-6-phosphatase catalytic
subunit (G6pc) and phosphoenolpyruvate carboxykinase 1 (PckI), lipogenic genes sterol
regulatory element binding transcription factor 1 (SrebfZ) and fatty acid synthase (Fasn), or
mitochondria and lipid oxidation regulation genes peroxisome proliferator activated receptor
vy coactivator 1 a (Ppargcld) and carnitine palmitoyltransferase 1la (Cptla) (fig. S2, 1to L)
in AMLN-fed mice. However, LAKO significantly increased serum ALT, AST, and ALP
activities, suggesting enhanced liver damage (fig. S2, M to O). LAKO mice had increased
numbers of apoptotic liver cells (fig. S2, P and Q). Furthermore, exaggerated liver damage in
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LAKO mice led to increased fibrosis (fig. S2, R to T). Similar to the results from CD-HFD-
fed mice, LAKO increased the expression of fibrosis markers Acta2, Collal, and Col3al
and fibrogenic growth factors Pdgfaand Pagfb, with no effect on 7gfb, Timpl, Pdgfra, or
Ddr2in AMLN-fed mice (fig. S2U). Thus, although LAKO did not further exaggerate
steatosis or inflammation during NASH, hepatocellular death and fibrosis were enhanced.

AMPK deficiency increases caspase-6 activation to promote liver damage

in NASH

To investigate the mechanism of exacerbated liver damage in NASH, we focused on
proapoptotic caspases because necroptosis was not affected by LAKO. Cleavage of
procaspase-6 and caspase-6 activity were increased in livers of LAKO mice on both CD-
HFD (Fig. 2, A and B) and AMLN diets (fig. S3A). Casp6 mRNA was not regulated by
either diet (fig. S3B). LAKO significantly increased active caspase-6 (aCasp6) in livers of
mice on CD-HFD (Fig. 2, C and D) or AMLN diet (fig. S3, C and D). Costaining of TUNEL
and aCasp6 revealed TUNEL-stained nuclei located within cells with aCasp6 (Fig. 2E),
correlating caspase-6 activation with hepatocellular death in NASH.

We examined the temporal relationship of caspase-6 activation and NASH development.
Symptoms of NASH were apparent by 3 weeks of CD-HFD feeding, as evidenced by
development of steatosis; TUNEL staining; and increased activities of ALT, AST, and ALP
in serum. After 6 weeks, the mice developed extensive steatosis and substantial TUNEL
staining, indicating well-established NASH (fig. S4, A to E). After 3 weeks of CD-HFD to
develop NASH, Flox and LAKO mice were intravenously injected with control or caspase-6
small interfering RNA (siRNA) for 3 weeks during continuous CD-HFD (fig. S5A).
Caspase-6 siRNA reduced hepatic Casp6 mRNA by more than 80%. LAKO did not affect
Caspé6 expression (fig. S5B). Caspase-6 depletion did not affect body or liver weight in CD-
HFD-fed mice of either genotype (fig. S5, C and D). However, caspase-6 depletion reduced
the number of apoptotic hepatocytes and serum ALT activity in both Flox and LAKO mice
to a similar extent (Fig. 2, F to H). Depletion of caspase-6 significantly attenuated fibrosis in
Flox and LAKO mice and nullified the deleterious effects of LAKO (fig. S5, E to G).

Caspase-6 is activated in mouse and human NASH

Because depleting caspase-6 attenuated liver damage in CD-HFD—-induced NASH, we
examined whether the activation of caspase-6 might occur in other NASH models, including
HFD-fed streptozotocin-administered neonatal mice (18), HFD-fed major urinary protein-
urokinase-type plasminogen activator (MUP-uFA) transgenic mice (19), or even human
NASH. Caspase-6 was activated in livers of all mouse NASH models but not in healthy
livers (Fig. 3A). The presence of NASH was validated with hematoxylin and eosin (H&E)
staining (fig. S6A). To determine whether caspase-6 is activated in human NASH, we
blindly assessed aCasp6 in liver sections of NASH patients, in whom liver status had been
diagnosed. Caspase-6 was activated in livers from patients with NASH and cirrhosis (Fig. 3,
B to D). Active caspase-6 significantly increased with Kleiner fibrosis score and positively
correlated with severity of NASH (Fig. 3, B and C). Furthermore, whereas sections from
normal livers had almost no active caspase-6 staining, the degree of active caspase-6 was
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increased in cirrhosis (Fig. 3D). Moreover, whole-section scanning showed that both active
caspase-6 and TUNEL staining were located within the cirrhotic nodule, indicating that
caspase-6 might activate apoptosis of hepatocytes in human cirrhosis (Fig. 3E).

An AMPK agonist and a caspase-6 inhibitor therapeutically improve liver

damage

To test the potential of AMPK as a therapeutic target, we fed C57BL/6J mice with CD-HFD
for 6 weeks to establish NASH and then intraperitoneally injected mice with vehicle or
AMPK agonist (A-769662) for 2 weeks while continuing CD-HFD (fig. S7A). In mice,
AMPKPB1 is expressed in liver but not skeletal muscle (20). Thus, as an AMPK1 agonist,
A-769662 activates AMPK in liver but not skeletal muscle. A previous study showed that
injection of 30 mg/kg A-769662 twice per day for 7 days reduced hepatic TGs in C57BL/6J
mice fed 45% HFD (13). In our study, injection of 25 mg/kg A-769662 once per day for 2
weeks in CD-HFD-fed mice had no effect on body weight, liver weight, or hepatic TG (fig.
S7, B to D) but significantly reduced the number of apoptotic cells (Fig. 4, A and B, and fig.
S7E) and improved liver damage (Fig. 4, C to E). A-769662 injection did not decrease the
number of apoptotic cells nor reduce serum ALT activity in LAKO mice, indicating that
A-769662 specifically targeted AMPK in hepatocytes to improve liver damage (fig. S7, F to
H). A-769662 attenuated hepatic fibrosis (Fig. 4, F to H) and significantly reduced the
expression of fibrotic genes Collal, Col3al, Pdgfa, Pagfb, and Pdgfra, without effect on
Tgfb, Dar2, or inflammation marker genes Adgrel or Cc/2 (Fig. 41 and fig. S71).

To examine whether caspase-6 inhibition might also improve liver damage and decrease the
effects of AMPK deficiency, we fed Flox and LAKO mice with CD-HFD for 6 weeks to
establish NASH and then intraperitoneally injected vehicle or the caspase-6 inhibitor Z-
VEID-FMK (VEID) for 2 weeks while continuing CD-HFD (fig. S8A). VEID did not affect
body or liver weight (fig. S8, B and C) but significantly reduced the number of apoptotic
hepatocytes and decreased serum ALT activity in both Flox and LAKO mice (Fig. 4, Jto L,
and fig. S8D). VEID abrogated the difference in liver damage between Flox and LAKO
mice. VEID reduced liver fibrosis in both Flox and LAKO mice and abolished the effect of
AMPK deficiency (fig. S8, E to G), further suggesting that AMPK-caspase-6 axis critically
controls liver damage.

AMPK phosphorylates procaspase-6 to inhibit its cleavage and activation

To explore the regulation of caspase-6, we treated primary hepatocytes with TNFa and
palmitic acid (PA) to mimic inflammation and lipotoxicity-induced hepatocellular death.
Both induced caspase-6 activation (fig. S9A). To determine whether the AMPK agonist
directly inhibited procaspase-6 cleavage in a cell-autonomous manner, we treated primary
hepatocytes or HepG2 cells with A-769662 and then, to induce procaspase-6 cleavage, with
TNFa and cycloheximide (CHX). In both cells, A-769662 significantly inhibited
procaspase-6 cleavage (Fig. 5A and fig. S9B). The induction of caspase-6 activity by PA was
also inhibited in cells pretreated with A-769662 (Fig. 5B). In silico analysis revealed one
AMPK substrate motif site on procaspase-6 Ser2>’ (Fig. 5C) (21). Procaspase-6 Ser?®’ is
phosphorylated by AMPK-related protein kinase 5 (ARKS5) in colorectal adenocarcinoma
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cells (22). Phosphorylation of Ser257 represses procaspase-6 cleavage and activation (23).
Both recombinant AMPKa1 and AMPKa2 directly phosphorylated procaspase-6 at Ser2>7
in vitro (Fig. 5D and fig. S9C). The Ser2> site and the surrounding sequence in caspase-6
are conserved across species (Fig. 5E). We overexpressed wild-type procaspase-6, or its
S257A non—phospho-mimetic mutant, or S257D/S257E phospho-mimetic mutants in human
embryonic kidney (HEK) 293T cells and subsequently treated the cells with low doses of
TNFa and CHX to induce procaspase-6 cleavage. The S257A mutant was more sensitive to
cleavage, whereas both the S257D and S257E mutants were completely resistant (Fig. 5F).
Moreover, A-769662 significantly increased procaspase-6 Ser2>’ phosphorylation (Fig. 5G)
and decreased caspase-6 activity in vivo (Fig. 5H). AMPK activation decreased aCasp6 in
CD-HFD-induced NASH (Fig. 5, | and J). Analysis of liver lysates from CD-HFD-fed Flox
and LAKO mice administered vehicle or A-769662 revealed that A-769662 significantly
increased procaspase-6 phosphorylation and decreased procaspase-6 cleavage in Flox but
not in LAKO mice (fig. S9,D and E). AMPK deficiency itself decreased procaspase-6
phosphorylation and increased procaspase-6 cleavage (fig. S9, D and E). Moreover, CD-
HFD decreased procaspase-6 phosphorylation, correlating with the increased procaspase-6
cleavage and decreased AMPK phosphorylation (Figs. 1B and 5K and fig. S9F).

Caspase-6 mediates a feedforward loop to sustain the caspase cascade

To understand how caspase-6 controls the pathogenesis of NASH, we investigated its role in
the apoptotic pathways. Depletion of caspase-6 in HepG2 cells significantly increased cell
viability after 20 hours of treatment with TNFa and CHX (fig. S10A). An in vitro cleavage
assay showed that procaspase-6 was directly cleaved by caspase-3 and =7 but not caspase-8
or -9 (Fig. 6A). Pretreatment with a caspase-3 and —7 inhibitor largely attenuated
procaspase-6 cleavage caused by TNFa and CHX (Fig. 6B). These data suggest that
caspase-6 is activated by executioner caspases but not initiators.

We searched for a relevant substrate and found that active caspase-6 cleaved purified Bcl2
family protein Bid (BH3 interacting-domain death agonist) but not Bax (Bcl2-associated X)
in vitro (Fig. 6C). Both of these proteins contribute to cytochrome c release and subsequent
cell damage (24, 25). Active caspase-6 cleaves Bid to generate two cleaved peptide
fragments (Fig. 6D), one with a size similar to that of caspase-8—cleaved Bid (26) and
another that was smaller. N-terminal sequencing showed that active caspase-6 cleaved Bid at
both Asp®? and Asp’® (Fig. 6, E and F); both cleavages activate Bid to induce cytochrome ¢
release (26, 27). Because cleavage of Bid induces mitochondrial cytochrome c release into
the cytoplasm (24, 25), we fractionated liver from vehicle or VEID-treated Flox and LAKO
mice to isolate cytosolic (Cyto) and mitochondrial (Mito) fractions. Cytosolic cytochrome ¢
was increased in LAKO mice. VEID treatment decreased cytosolic cytochrome ¢ in both
Flox and LAKO mice and completely abrogated the effect of LAKO (Fig. 6G).

We wondered whether caspase-6 might mediate a feedforward loop of the caspase cascade
because it is cleaved by the executioner caspases-3 and —7 and in turn induces cytochrome ¢
release. HepG2 cells were transfected with scrambled control or caspase-6 siRNA and
treated with vehicle or CHX plus TNFa for 2 hours to induce caspase activation. Two hours
after the medium change, amounts of cleaved caspase-9, -3, and —7 were similar in control
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or caspase-6—depleted cells. However, after 5 hours, caspase-6—depleted cells had
significantly less cleaved caspase-9, -3, and -7 (Fig. 6H and fig. S10B). Thus, activation of
the caspase cascade appears to diminish faster in caspase-6—depleted cells. Inhibition of
caspase-6 with VEID also led to a substantial decrease of cleaved caspase-3 and =7 in
primary hepatocytes (fig. S10C). Caspase-6 may mediate a feedforward loop to sustain
activation of the caspase cascade, in which cytochrome ¢ can potentiate the activation of the
upstream caspases, and this sustained activation may be necessary for extensive apoptosis
(Fig. 61). This process is only activated under conditions of excess energy accumulation due
to reduced AMPK activity.

Discussion

Overnutrition-induced hepatic steatosis and inflammation lead to liver damage in NASH (2).
We describe here an AMPK-—caspase-6 axis that regulates hepatocellular apoptosis and may
shed new light on the “two-hit” or “multiple-hit” hypothesis of NASH. Inflammation in
NAFL disease (NAFLD) leads to caspase-6 activation by the increased activity of upstream
executioners caspase-3 and —7. Active caspase-6 in turn cleaves Bid to increase
mitochondrial cytochrome c release in a feedforward loop, in which activation of upstream
caspases is persistent, so that the apoptotic caspase cascade is sustained in hepatocytes.
However, in the metabolically healthy liver, AMPK activity is maintained to allow
phosphorylation of procaspase-6, which inhibits its activation, thus preventing this
feedforward loop (Fig. 61 and fig. S10D). When AMPK activity is reduced through
overnutrition, hyperglycemia, hyperinsulinemia, and inflammation in obesity, diabetes, and
NAFL, caspase-6 is derepressed, leading to activation of the feedforward loop, priming
hepatocytes for caspase-mediated apoptosis (fig. S10D) (28). AMPK inhibition may thus
serve as a point of convergence by which overnutrition, steatosis, hyperinsulinemia, and
inflammation contribute to liver damage. If so, pharmaceutical interventions that specifically
activate AMPK or block caspase-6 in livers may represent approaches to treat NASH.

Caspase-2 triggers de novo lipogenesis and steatosis during NAFL (19). By contrast,
caspase-6 does not contribute to the development of steatosis but specifically mediates
NASH-associated liver damage. Although knockout of caspase-3 and —8 also protects
against hepatocyte apoptosis (29, 30), global knockout of caspase-8 is embryonically lethal,
whereas caspase-3 whole-body knockout leads to multiple developmental defects (31, 32).
By contrast, caspase-6—deficient mice exhibit no developmental defects (14). It is possible
that specifically targeting caspase-6 could be an effective therapeutic strategy with fewer
side effects.

In AMLN- and CD-HFD-fed mice, both of which exhibit characteristics of human NASH,
LAKO exaggerates liver damage without affecting steatosis and inflammation. Exacerbation
of liver damage leads to increased scarring and fibrosis. Two weeks treatment with both
AMPK activator and caspase-6 inhibitor substantially reduced hepatocellular death and
hepatic fibrosis. Activation of AMPK inhibits proliferation of HSCs (33). Thus, the effects
of the AMPK activator reported here on hepatic fibrosis could be attributed to both reduction
of liver damage and inhibition of HSCs.
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We measured caspase-6 activity with the VEID-pNA substrate, and Z-VEID-FMK was used
as a caspase-6 inhibitor. Although VEID is a preferred substrate of caspase-6, it cross-reacts
to a lesser extent with caspase-3 (34, 35). To ensure specificity, we used multiple
methodologies to determine activation of caspase-6, including Western blot and
immunofluorescent staining of aCasp6. We also used siRNA to specifically deplete
caspase-6, resulting in attenuation of liver damage in NASH. Taken together, our data
support the conclusion that caspase-6 is activated and participates in the pathogenesis of
liver damage in NASH. Moreover, depletion of caspase-6 abrogated the exaggerated liver
damage in LAKO mice, indicating that the AMPK-caspase-6 axis regulates liver damage.

A previous study showed that inhibition of caspase-3 and -7 attenuates Bid cleavage,
suggesting the existence of a feedforward loop that acts downstream of the executioner
caspases (36). We elaborated the role of caspase-6 in sustaining activation of the caspase
cascade in this feedforward loop. A previous study demonstrated that caspase-6 cleaves
lamin A to induce nuclear and chromatin condensation in apoptosis (37). Although we
observed some nuclear localization of active caspase-6 in our human and mouse NASH
samples, most of active caspase-6 appeared to locate within the cytoplasm, suggesting that
cleavage of Bid could be a dominant function of caspase-6. However, because caspase-6
does not participate in the initiating activation of the caspase cascade, it may play a role in
mediating apoptosis only in chronic diseases. Caspase-6 has been proposed as an important
target in Alzheimer’s disease (38, 39), which is also characterized by reduced AMPK
activity (40). Thus, the AMPK-—caspase-6 axis might have a role in other chronic
inflammatory pathogenic processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Liver-specific AMPK knockout exaggeratesliver damagein NASH.
(A) Expression of Prkaal and PrkaaZin liver; n=8to 9 mice. A.U., arbitrary units. (B)

Immunoblot of liver lysate from ND or CD-HFD-fed mice; 7= 3 mice. (C to P) Flox and
LAKO mice fed CD-HFD for 11 weeks. (C) Body weight. (D) liver weight. (E) Liver TG.
[(F) to (H)] Serum ALT (F), AST (G), ALP (H); n=8to 9 mice. (I) Liver sections stained
TUNEL (red) and 4”,6-diamidino-2-phenylindole (DAPI) (blue) or pMLKL (Green). Scale
bar, 50 um. (J) Quantification of TUNEL-positive nuclei per field in (1); 7= 7 mice. (K)
H&E, F4/80, and Sirius red staining of liver sections. Scale bar, 100 pm; /7= 7 mice. (L)
Quantification of fibrosis area (percent of total area) shown in (K); 7= 7 mice. (M) Liver
hydroxyproline; 7=8 to 9 mice. (N) Expression of TNFa, Ccl2, Ccr2, I/1b, and Adgrel in
liver; n=8 to 9 mice. (O) Expression of Casp3, Casp8, Ripkl, and Rijpk3in liver; n=81t09
mice. (P) Expression of Tgfb, Timpl, Collal, Col3al, ActaZ, Pdgfa, Pdgfb, Pdgfra, and
Dar2in liver; n=8to 9 mice. Mean + SEM; *P < 0.05, Student’s unpaired #test.
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lysate; 7= 6 mice. (B) Casp6 activity in liver lysate; 7= 7 to 8 mice. (C) Liver sections
stained active Caspase-6 (aCasp6, red) and DAPI (blue). Scale bar, 50 um. (D)
Quantification of aCasp6 staining in (C); 7= 7 mice. (E) Liver sections stained TUNEL
(green), aCasp6 (red), and DAPI (blue). Scale bar, 50 um. *P < 0.05, Student’s unpaired ¢
test. (F to H) Flox and LAKO mice fed with CD-HFD for 3 weeks, followed by intravenous
injection of 1.5 mg/kg caspase-6 siRNA (KD) or scrambled RNA (Sc) twice per week for 3
weeks while fed continuous CD-HFD. (F) Liver sections stained TUNEL (red) and DAPI
(blue). Scale bar, 50 um. (G) Quantification of TUNEL-positive nuclei per field in (F); n=7
mice. (H) Serum ALT; n7=7 to 10 mice. Mean + SEM; *P < 0.05, two-way analysis of
variance (ANOVA).
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Fig. 3. Caspase-6 is activated in mouse and human NASH.
(A) Healthy model: 24-weeks-old male C57BL/6J mice fed ND. STAM-NASH model: male

C57BL/6J mice were subcutaneously injected 200 g streptozotocin (STZ) within 48 hours
after birth and fed HFD for 6 weeks starting at 4 weeks of age. MUP-uPA-NASH model:
male MUP-uPA mice fed 60% HFD for 16 weeks. CD-HFD-NASH model: C57BL/6J mice
were fed CD-HFD for 11 weeks. AMLN-NASH model: C57BL/6J mice fed AMLN diet for
30 weeks. Liver sections were stained with aCasp6 (red) and DAPI (blue). Scale bar, 50 um.
(B) Human liver sections were classified blindly by liver pathologist and stained with
aCasp6 (Kleiner fibrosis score 0, 1 to 2, and 3 to 4). Scale bar, 50 um. (C) Quantification of
aCasp6 staining in (B), plotted against Kleiner fibrosis scores; 7= 4 human subjects. (D)
Human liver sections were stained aCasp6 to compare caspase-6 activation in healthy and
cirrhotic donors. Scale bar, 50 pm. (E) Scanning of human liver section stained aCasp6
(red), TUNEL (green), and DAPI. Scale bar, 2 mm. Mean + SEM; *P< 0.05, Student’s
unpaired ftest.
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injection of 25 mg/kg A-769662 or vehicle daily for 2 weeks while fed continuous CD-HFD.
(A) Liver sections stained TUNEL (red) and DAPI (blue). Scale bar, 50 pm. (B)
Quantification of TUNEL-positive nuclei per field in (A); 7= 7 mice. [(C) to (E)] Serum
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sections. Scale bar, 100 pm. (G) Quantification of liver fibrosis area (percent of total area) in
(F); n="7 mice. (H) Liver hydroxyproline; 7= 8 mice. (I) Expression of 7gfb, Timpl,
Collal, Col3al, Pdgfa, Pdgfb, Pdgfra, and Ddr2in livers; n= 8 mice. *P< 0.05, Student’s
unpaired ttest. (J to L) Flox and LAKO mice were fed CD-HFD for 6 weeks, followed by
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continuously feeding. (J) Liver sections stained TUNEL (red) and DAPI (blue). Scale bar, 50
pum. (K) Quantification of TUNEL-positive nuclei per field in (J); 7=5 to 6 mice. Mean +
SEM; *P < 0.05, two-way ANOVA.
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(A) Primary hepatocytes were pretreated with 40 pM A-769662 for 1 hour then treated with

30 pg/ml CHX and 50 ng/ml TNFa for 2 hours. Shown is immunoblot analysis of cell
lysates; 17 =3 independent experiments. Mean + SD; *P < 0.05, two-way ANOVA. (B)

Primary hepatocytes were pretreated with 40 pM A-769662 for 1 hour then treated with 250
UM bovine serum albumin (BSA)—conjugated PA for 2 hours. Cell lysates were subject to
caspase-6 activity assay. Mean + SD; *P< 0.05. (C) Caspase-6 Ser2>7 locates within AMPK
substrate motif. (D) In vitro kinase assay using recombinant caspase-6 and recombinant
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AMPKa1p1lyl or AMPKa2B1y1 active kinase. (E) Alignment of caspase-6 sequence. (F)
HEK?293T cells overexpressing caspase-6-myc wild type, S257A, S257D, or S257E mutant
were treated with 10 pg/ml CHX and 25 ng/ml TNFa for 2 hours. Shown is immunoblot
analysis of cell lysates. (Single-letter abbreviations for the amino acid residues are as
follows: A, Ala; D, Asp; E, Glu; S, Ser. In the mutants, other amino acids were substituted at
certain locations; for example, S257A indicates that serine at position 257 was replaced by
alanine.) (G to J) C57BL/6J mice were fed CD-HFD for 6 weeks, followed by
intraperitoneal injection of 25 mg/kg A-769662 or vehicle daily for 2 weeks while fed
continuous CD-HFD. Mice were euthanized 6 hours after the last injection. (G) Immunoblot
analysis of liver lysates; n=5 mice. (H) Liver lysates were subject to caspase-6 activity
assay; n=7 mice. (I) Liver sections stained with aCasp6 (red) and DAPI (blue). Scale bar,
50 um. (J) Quantification of aCasp6 staining per field in (1); 7=7 mice. Mean £ SEM; *P<
0.05, Student’s unpaired ttest. (K) Immunoblot analysis of liver lysates from C57BL/6J
mice fed ND or CD-HFD. AMPK and pAMPK blots are the same as in Fig. 1B.
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Fig. 6. Caspase-6 mediates a feedforward loop to sustain the caspase cascade.
(A) In vitro cleavage assay using recombinant procaspase-6 with active caspase-3, =7, =8, or

=9. FL, full-length; AN, nterminus deleted form; LG, large; SM, small. (B) Primary
hepatocytes were pretreated with 10 UM caspase-3/7 inhibitor | for 1 hour then treated with
30 pg/ml CHX and 50 ng/ml TNFa for 2 hours. Immunoblot analysis of cell lysates. (C) In
vitro cleavage assay using purified Bid-HA or Bax-HA expressed in HEK293T cells, and
active caspase-6. (D) In vitro cleavage assay using recombinant Bid with active caspase-6 or
-8. (E) In vitro cleavage assay using recombinant Bid with active caspase-6. Bands for
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cleaved Bid were subject to Edman degradation. (F) Bid sequence and sites cleaved by
active caspase-6. (G) Flox and LAKO mice were fed CD-HFD for 6 weeks, followed by
intraperitoneal injection of 5 mg/kg VEID or vehicle every other day for 2 weeks while fed
continuous CD-HFD. Livers were fractionated to separate cytosolic and mitochondrial
extract for immunoblot analysis. (H) HepG2 cells transfected scrambled RNA or Caspase-6
siRNA were treated with vehicle or 30 pg/ml CHX and 50 ng/ml TNFa for 2 hours. Medium
was changed to remove treatment for 5 hours. Cell lysates were subject to immunoblot
analysis; n= 3 independent experiments. Mean + SD; *£< 0.05, two-way ANOVA. (1)
Proposed model for roles of AMPK-caspase-6 axis in apoptotic caspase cascade.
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