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Abstract

Studies in the past decade have shown that lipid droplets stored in liver cells under starvation are encapsulated by au-
tophagosomes and fused to lysosomes via the endocytic system. Autophagy responds to a variety of environmental factors
inside and outside the cell, so it has a complex signal regulation network. To this end, we first explored the role of Hedgehog
(Hh) in autophagy and lipid metabolism. Treatment of normal mouse liver cells with SAG and GDC-0449 revealed elevated
phosphorylation of AMP-activated protein kinase (AMPK) and increased lipidation of LC3. SAG, and GDC-0449 were agonist
and antagonist of Smoothened (Smo) in canonical Hh pathway, respectively, but they played a consistent role in the regulation
of autophagy in hepatocytes. Moreover, SAG and GDC-0449 did not affect the expression of glioma-associated oncogene (Glil)
and patched 1, suggesting the absence of canonical Hh signaling in hepatocytes. We further knocked down the Smo and found
that the effects of SAG and GDC-0449 disappeared, indicating that the non-canonical Smo pathway was involved in the regula-
tion of autophagy in hepatocytes. In addition, SAG and GDC-0449 promoted lipid degradation and inhibited lipid production
signals. Knockdown of Smo slowed down the rate of lipid degradation rather than Sufu or Glil, indicating that Hh signaling

regulated the lipid metabolism via Smo. In summary, activates AMPK via Smo to promote autophagy and lipid degradation.
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Introduction

Hedgehog (Hh) signaling, which was first identified in
Drosophila, plays a vital role in embryonic development and
adult stem cell self-renewal (Nusslein-Volhard and Wieschaus
1980; Ingham and McMahon 2001; Lum and Beachy 2004).
Its dysfunction has been implicated in various types of
cancer and birth defects (Jiang and Hui 2008; Ingham et al.
2011). Canonical activation of Hh signaling starts from the
binding of Hh ligand to its receptor patched 1 (Ptch1), which
releases G protein-coupled receptor Smoothened (Smo),
causing the activation of the glioma-associated oncogene
(Gli) transcription factors (Kinzler et al. 1988; Corbit et al.
2005; Rohatgi et al. 2007; Falkenstein and Vokes 2014). Other
than canonical pathway, one non-canonical Hh signaling
pathway mode refers to activation of downstream of Smo
through Gli-independent mechanisms (Riobo et al. 2006;
Qu et al. 2013; Praktiknjo et al. 2018). In recent decades,
non-canonical Smo pathway involved in different zones of
metabolic homeostasis has been reported each year, just
like Teperino et al. (2012) found that Smo stimulates insulin-
independent glucose uptake in mature 3T3L1 adipocytes
via AMP-activated protein kinase (AMPK), which does not
require Gli transcriptional activity.
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Autophagy, which is a highly conserved recycling process
of cellular components, including organelles, proteins, and
macromolecules, is similarly reported to be in correlation
with metabolic homeostasis (Takeshige et al. 1992; He and
Klionsky 2009; Boya et al. 2013). Studies in the past 10years
have shown that lipid droplets stored in liver cells under star-
vation conditions are wrapped by autophagosomes and fused
to lysosomes via the endocytic system, where they are de-
graded to release ATP for mitochondria (Singh et al. 2009;
Kaini et al. 2012; van Zutphen et al. 2014; Kaushik and Cuervo
2015). However, the molecular mechanism by which lipid
droplets are targeted for autophagy has not yet been eluci-
dated clearly.

The occurrence of autophagy is regulated by a variety of
signaling pathways (He and Klionsky 2009; Lorzadeh et al.
2021). mTOR signaling is one of the most studied signaling
pathways connected to the autophagy (Kamada et al. 2000;
Hosokawa et al. 2009; Jung et al. 2009). mTOR pathway, which
is negatively regulated by AMPK and cytoplasmic P53 signal-
ing, inhibits autophagy activity (Ravikumar et al. 2010; Chang
and Zou 2020). In addition to the abovementioned core reg-
ulatory network, autophagy is also regulated by other sig-
naling, for example, Hh (Zeng and Ju 2018). [imenez-Sanchez
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et al. (2012) and Wang et al. (2013) showed that Hh signaling
pathway inhibits autophagosome synthesis in HeLa and hep-
atocellular carcinoma cells respectively, while Pampliega et
al. (2013) and Akhshi and Trimble (2021) indicate that the cil-
iary Hh signaling pathway induces autophagy in mouse em-
bryonic fibroblasts (MEFs) and kidney epithelial cells. These
contradictory results may be caused by different cell lines and
the complexity of Hh signal transduction. Herein, we sought
to explore the effects of Hh activation on autophagy and lipid
metabolism in hepatocytes.

In this study, we show that Smo-binding small molecules,
SAG and GDC-0449 but not SANT1 cause increased LC3
lipidation and elevated AMPK phosphorylation (P-AMPK)
and upregulated lipid degradation, which can be blocked
by knockdown of Smo rather than Sufu or Glil, indicating
that Hh signaling regulated autophagy and lipid metabolism
through a non-canonical Smo signaling and Smo-AMPK axis.

Materials and methods

Cells and cell culture

AML12s were purchased from ATCC. AML12 cell lines were
cultured in DMEM/F12 medium (HyClone) supplemented
with 10% fetal bovine serum (FBS, Gibco, 10100154), 1x glu-
tamine (Gibco, 35050061), and 1 mmol/L sodium pyruvate
(Gibco, 11360070). MEF cells were cultured in DMEM medium
supplemented with 10% FBS (Gibco).

Fatty acid preparation

Palmitic acid (PA; Sigma-Aldrich) and oleic acid (OA;
Sigma-Aldrich) were dissolved in 10% fatty acid-free bovine
serum albumin (BSA; Sigma-Aldrich). Stock solutions of PA
and OA were further diluted with serum-free DMEM/F12
medium. Fifty micromole per liter oleic acid or 50 umol/L FFA
(oleic acid and palmitic acid mixed in a molar ratio of 2:1)
was added to the serum-free DMEM/F12 medium overnight
to establish an in vitro model of lipid accumulation in hepa-
tocytes.

Transfection and siRNA

Cells were transfected with siRNA using lipofectamine
RNAIMAX (Invitrogen), following the manufacturer’s instruc-
tions. Cells were harvested after 48 h transfection for stud-
ies. ON-TARGETplus siRNA SMARTpool specific for the mouse
Gli1, Smo, and Sufu were purchased from ThermoFisher.

RNA extraction and quantitative real-time PCR

analyses

Total RNA was isolated from cultured cells using the
RNAiso Plus reagent (TakaRa), and reverse transcription
(RT) experiment was carried out using the HiScript II QRT
SuperMix for quantitative (q)RT-PCR kit (Vazyme). RT-PCR
was carried out using the AceQ qPCR SYBR Green Master
Mix (Vazyme) on a RT-PCR system (Roche) with primers. The
sequences of PCR primer pairs are: mouse Glil (GCTTGGAT-
GAAGGACCTTGTG, GCTGATCCAGCCTAAGGTTCTC), mouse
Ptch1(TGGCCGCATTGATCCCTATC, ACACAGGGGCTTGTGAA
ACA), mouse SREBP-1C(CACTTCTGGAGACATCGCAAAC,

ATGGTAGACAACAGCCGCATC), mouse SCD1(TCTTCCTTATC
ATTGCCAACACCA, GCGTTGAGCACCAGAGTGTATCG) mouse
TNF-o(GTTCTATGGCCCAGACCCTCAC, GGCACCACTAGTTG-
GTTGTCTTTG), and mouse HPRT (TATGGACAGGACTGAAA-
GAC, TAATCCAGCAGGTCAGCAAA). The expression levels
of indicated genes were normalized to an internal control
(HPRT), and the relative expression levels were evaluated
using the 2722CT method. Each target was measured in
triplicate.

Western blotting

The indicated cells were washed twice with cold PBS and
subsequently lysed in RIPA lysis buffer (150 mmol/L NaCl,
50 mmol/L Tris-HC, pH 7.5, 1mmol/L EDTA, pH 8.0, 0.5%
sodium deoxycholate, 1% NP-40, 0.1% SDS, 2% sodium flu-
oride, and 0.5% sodium orthovanadate supplemented with
protease inhibitor cocktail) at 4 °C for 30 min. After centrifu-
gation to remove debris (14 000x g, 20 min), the protein con-
centration of each cell lysate sample was determined by
the bicinchoninic acid assay. Each lysate was denatured in
loading buffer at 95°C for 5min. Then, the lysates were re-
solved by 12% SDS-PAGE and transferred onto PVDF mem-
branes. The membranes were blocked with 5% non-fat milk in
TBST and probed with indicated primary antibodies followed
by horseradish peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch). Signals were visualized using
Clarity Western ECL substrate (Bio-Rad). Densitometric anal-
ysis was carried out using Image] image analysis software.

Agonist and inhibitor

Cells were treated with SAG (0.5 pmol/L; Calbiochem), GDC-
0449 (10 pmol/L; Selleck), GANT61 (20 umol/L; Sigma), and
SANT1 (50 pmol/L; Selleck) for a certain time. Then, cells were
used for Western blotting, qRT-PCR, and BODIPY 493/503
staining assays.

Fluorescence microscopy for BODIPY 493/503
(invitrogen)

AML12 cells were seeded on glasses and cultured with
50 umol/L oleic acid or 50umol/L FFA overnight. Lipid
droplets were stained by incubating cells with BODIPY
493/503 (Invitrogen), which was diluted with medium for
30 min in CO, incubator. Then, the cells were fixed with 4%
paraformaldehyde and processed for immunofluorescence.
Fluorescence-labeled lipid droplets were visualized with a Le-
ica DMI3000 B microscope. Image-Pro Plus was used to cal-
culate fluorescence area and cell number in each photo. The
numbers of lipid droplets of different sizes were counted by
limiting the pixel size. The staining area and the numbers of
lipid droplets per cell were used as indicators.

Statistical analysis

Statistical analyses were performed using the GraphPad
Prism Version 9.0 program. Data were presented as the
mean =+ SD. The difference between the two groups was ana-
lyzed using Student’s t test. Multiple group comparisons were
determined by one-way ANOVA with Tukey’s post-hoc test.
Each experiment was repeated at least three times. A P value
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Fig. 1. Hedgehog activates AMPK via Smo to trigger autophagy in hepatocytes. (A) SAG and GDC-0449 were diluted in 0.5% FBS
to treat AML12 cells for 0, 15, 30, and 60 min. P-AMPK, total AMPK, and LC3 were detected by Western blot. (B) Calculation of
the pAMPK/AMPK ratio for each experimental group. (C) Calculation of the LC3-II/tubulin ratio for each experimental group.
(D) RT-gPCR showed the efficiency of Smo knockdown. (E) P-AMPK and LC3-II were no longer upregulated with SAG or GDC-
0449 treatment in the lack of Smo. (F) Calculation of the pAMPK/AMPK ratio for each experimental group. (G) Calculation of
the LC3-II/LC3-I ratio for each experimental group. Each experiment was repeated at least three times. **P < 0.001; ns, not

significant.
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less than 0.05 was interpreted to represent a statistically sig-
nificant difference.

Results

Hh trigger autophagy via Smo-AMPK axis in

hepatocytes

To examine the effect of Hh signal on autophagy in hepa-
tocytes, we first treated the murine hepatocyte cells AML12
with either Smo agonist SAG or Smo inhibitor GDC-0449 and
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measured LC3 conversion (LC3-I to LC3-II) by immunoblot
analysis. Strikingly, the results showed that both SAG and
GDC-0449 could upregulate the amount of LC3-II, a classi-
cal marker for autophagy (Figs. 1A-1C). In accordance with
previous reports, although Smo modulators SAG and GDC-
0449 had drastically different effects on the canonical Hh sig-
naling, both of them could activate a non-canonical Smo-
AMPK signaling cascades (Teperino et al. 2012). Thus, the
dynamic changes of AMPK phosphorylation were detected
within 1 h of stimulation. Compared with unstimulated cells,
both SAG and GDC-0449 treatment caused a significant
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Fig. 2. Canonical Hh signal transduction is absent in hepatocytes. (A) The transcriptional levels of Gli1 and Ptchl1 in MEFs and
(B) AML12, which were stimulated in different conditions were analyzed by RT-qPCR. (C) Colocalization of P-AMPK and Smo
was examined during mitosis and cytokinesis. (D) Colocalization of P-AMPK and y-tubulin was verified during mitosis and
cytokinesis. (E) Calculation of the colocalization coefficients in (C) and (D) in AML12 cells. Each experiment was repeated at
least three times. Around 5-10 cells were observed in each phase in Figs. 2C and 2D. **P < 0.01; **P < 0.001; ns, not significant.
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Fig. 3. SAG and GDC-0449 promote lipid degradation. AML12 cells were cultured in presence of 50 umol/L oleic acid and next
day treated with SAG or GDC-0449 for 0, 6, 12, 18, and 24 h, respectively. (A) The neutral lipid stain BODIPY 493/503 was used
to detect the morphological changes of LDs. (B) Quantification of these treated cells reveals the decreased average LD size by
GDC-0449 but not SAG compared with control. (C) Number and average size of LDs were measured following imaging cells
treated with SAG or GDC-0449. Each experiment was repeated at least three times. Around 250-300 cells were counted in
different experimental groups. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Non-canonical Smo signal promotes lipid degrada-
tion. AML12 cells were cultured in presence of 50 ymol/L FFA
(oleic acid and palmitic acid mixed in a molar ratio of 2:1)
and next day treated with Shh, SAG, GDC-0449, and GANT61
for 12 h, respectively. (A) BODIPY 493/503 was used to detect
the morphological changes of LDs. (B) Quantification of these
treated cells reveals the decreased average LD size by Shh,
SAG, and GDC-0449 but not GANT61 compared with control.
Each experiment was repeated at least three times. Around
250-300 cells were counted in different experimental groups.
*P < 0.05; **P < 0.01; **P < 0.001; ns, not significant.
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increase in AMPK phosphorylation, which could enhance au-
tophagic activity through inhibiting the mTOR pathway as
previously mentioned (Figs. 1A-1C). To further confirm the
effect of Smo on autophagy and AMPK activity, Smo siRNA
was transfected in AML12 cells. As expected, the level of P-
AMPK and LC3-II was no longer elevated with SAG or GDC-
0449 treatment because of a lack of Smo (Figs. 1D-1G). Taken
together, our data indicated that Hh signaling activates AMPK
via Smo to trigger autophagy in AML12 cells.

Canonical Hh signal transduction is absent in
hepatocytes

It has been reported that hepatocytes do not assemble pri-
mary cilia, which are necessary for canonical Hh signal trans-
duction (Seeley and Nachury 2010), and our previous results

from AML12 cell tests showed that non-canonical Smo signal-
ing promotes autophagy through Smo-AMPK axis, suggest-
ing that canonical Hh signal would be absent. To prove our
hypothesis, we first evaluated the transcription response to
Shh-conditioned medium (Shh-CM) or SAG or GDC-0449 stim-
ulation in AML12 cells, respectively. RT-qPCR showed that
no changes for Hh pathway target genes, including Gli1 and
Ptch1, were observed in AML12 cells, while with Hh ligand or
SAG treatment, significant upregulation was detected in pri-
mary MEFs, which are sensitive to Hh signals, and dramatic
reduction was also explored upon GDC-0449 stimulation, in-
dicating that canonical Hh signal transduction is really not
presence in hepatocytes (Figs. 2A and 2B).

Other groups previously demonstrated that Smo-induced
AMPK activation requires Smo translocation to the cilium
base where there is a special structure, called basal body
(Teperino et al. 2012). Our results showed that although pri-
mary cilia were absent in the AML12 cells, Smo could also en-
hance AMPK phosphorylation (Figs. 1A-1G), further, P-AMPK
and Smo concentrated at the centrosomes from prophase un-
til anaphase and at the mid-body during telophase and cy-
tokinesis by performing colocalization analyses of P-AMPK
with Smo and y-tubulin, respectively, thus suggesting that a
centriole localization of Smo might be critical for activating
AMPK, because both of basal body and centrosomes are com-
posed of centrioles (Kobayashi and Dynlacht 2011) (Figs. 2C-
2E).

Non-canonical Smo signal promotes lipid
degradation and suppresses lipogenesis in liver

cells

The liver plays a key role in fat and energy metabolism.
When energy is ingested in excess of needs, the fatty acids
were stored as lipid droplets (LDs) composed of triglycerides
in hepatocytes, while during nutrient starvation, there are
two central processes to mediate the breakdown of LDs, lipol-
ysis and autophagy (Singh et al. 2009; Qian et al. 2021). Based
on the distinct changes in autophagic activity following SAG
or GDC-0449 treatment in AML12 cells, we tested whether
SAG or GDC-0449 regulates the lipid metabolism. As seen in
confocal images and quantification in Figs. 3A and 3B, lipid
staining with BODIPY 493/503 revealed decreased LD size in
hepatocytes by addition of GDC-0449. However, unlike GDC-
0449, SAG did not significantly affect the size of LDs (Figs. 3A
and 3B). Of note, the number of larger-size LDs was dramati-
cally increased in both SAG and GDC-0449 treatment groups
at different time points, indicating that SAG and GDC-0449
promote lipid degradation in AML12 cells (Fig. 3C).

To extend these observations, we also tested the effect of
Shh-CM and Gli inhibitor GANT-61 on LD morphology us-
ing AML12 cells treated for 12h. As expected, Shh-CM or
SAG, or GDC-0449 treatment caused a marked decrease in LD
size compared with unstimulated cells, whereas significant
alternation in Gli inhibitor GANT-61 was observed (Figs. 4A
and 4B), indicating that inhibition of Shh downstream signal
transduction did not affect fatty acid degradation.

Because activated AMPK has been linked to the down-
regulation of sterol regulatory element-binding protein-1c

Biochem. Cell Biol. 00: 1-10 (2023) | dx.doi.org/10.1139/bcb-2022-0345
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Fig. 5. SAG and GDC-0449 suppress lipogenesis. AML12 cells were cultured in presence of 50 umol/L oleic acid (OA) and next
day treated with SAG or GDC-0449 for 6 h, respectively. (A) Fold changes in the mRNA levels of SREBP-1c, (B) SCD1, and (C) TNF«
of the control, SAG, and GDC-0449-treated group were shown. Each experiment was repeated at least three times. *P < 0.05;
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(SREBP-1c), which executes the function of lipogenesis, we
further assessed the effects of SAG and GDC-0449 on the
expression of SREBP-1c (Li et al. 2011). RT-qPCR results re-
vealed that GDC-0449 but not SAG reduced the mRNA levels
of SREBP-1c (Fig. 5A). Consistent with the results of SREBP-
1c, other genes involved in lipogenesis such as stearoyl-CoA
desaturase-1 (SCD1) and tumor necrosis factor alpha (TNF-«)
were also suppressed upon treatment with GDC-0449 but not
SAG in AML12 cells (Figs. 5B and 5C). Overall, these results in-
dicate that non-canonical Smo signal plays a vital role during
fat metabolism of lipid degradation and lipogenesis in liver
cells.

Non-canonical Smo signal induced lipid
degradation through SMO

As mentioned above, Smo modulator SAG and GDC-
0449 could activate a non-canonical Smo signal that pro-
motes lipid degradation in hepatocytes. To further verify the
molecular mechanism of non-canonical Smo-regulated lipid
metabolism, siRNAs were transfected to knock down Glil,
Smo, and Sufu, respectively in AML12 cells. The transfected
cells were loaded with OA and chased for 18 h with serum-
free medium to stimulate LD breakdown. The knockdown ef-
ficiency of siGli1, siSmo, and siSufu was validated by RT-qPCR
(Fig. 6A), and lipid staining with BODIPY 493/503 revealed the
decreased LD size and the increased number of larger-size
LDs in both siGlil- and siSufu-treated cells with starvation,
while siSmo showed the opposite results, indicating that LD
breakdown enhanced by the Hh signaling pathway depends
on Smo, rather than Gli1l and Sufu (Figs. 6B and 6C). These
results confirm the findings of previous studies and estab-
lish that lipid degradation is regulated by non-canonical Smo
pathway.

Discussion

This study provides novel evidence that Hh signaling path-
way is a key regulator of autophagy and lipid metabolism.
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These results have been validated in mouse liver cells and
confirmed at the steps of Smo in the non-canonical Hh path-
way.

At first, we explored the regulation of Shh pathway on au-
tophagy in AML12 cell lines. Although the Smo agonist SAG
and antagonist GDC-0449 had opposite effect on the activ-
ity of the canonical Shh pathway, we were surprised that
all of them caused the increase of AMPK phosphorylation
and LC3-II in mouse liver cells. Since Shh signaling did not
mediate the transcriptional activation of Smo-Gli in AML12
cells, it was considered that the non-canonical Smo signal-
ing pathway was mainly involved in regulating autophagy.
It required further investigation whether its regulation of
P-AMPK was mediated by Smo or has other pharmacologi-
cal effects. Therefore, we knocked down Smo in AML12 cells.
The results showed that the elevated P-AMPK and LC3-II level
by SAG and GDC-0449 was blocked by knockdown of Smo.
So, it is suggested that Shh signal transduction activates
AMPK phosphorylation that promotes autophagy by a Smo-
dependent way.

Despite the clear effect of AMPK on autophagy, the role
of its upstream activator Smo was less clear-cut. The non-
canonical Smo-calcium/calmodulin-dependent protein ki-
nase kinase 2 (Camkk2)-AMPK axis was originally identified
in adipocytes, where it promoted a rapid metabolic rewiring
toward glycolysis and increase of glucose uptake (Teperino
et al. 2012). Moreover, Hh promotes polyamine biosynthesis
in GCPs by engaging a non-canonical Hh/AMPK axis, leading
to the translation of ornithine decarboxylase (D’Amico et al.
2015). Previous studies have also demonstrated that LKB1 and
AMPK are located in the primary cilia, providing spatial evi-
dence that Hh signal transduction may induce the activation
of LKB1 and AMPK (Mick et al. 2015). In our study, we ex-
panded these observations by demonstrating here that AMPK
is indeed the integration point of Hh regulation on autophagy
in hepatocytes. Considering that both of LKB1 and Camkk2
are AMPK upstream kinases, future work is certainly required
to explore the relationship between Smo and both of them
(Hardie 2011).
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Fig. 6. Knockdown of Smo inhibits LD breakdown in liver cells. (A) The mRNA levels of Gli1, Smo, and Sufu in AML12 cells
transfected with siRNAs were detected by RT-qPCR. (B) BODIPY 493/503 was used to detect the morphological changes of LDs.
(C) Quantification of these transfected cells reveals the decreased average LD size by siNC, siGli, and siSufu but not siSmo
compared with control, respectively. (D) Number and average size of LDs were measured following imaging cells transfected
with siRNAs. Each experiment was repeated at least three times. Around 250-300 cells were counted in different experimental
groups. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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AMPK also plays an important role in regulating fat
metabolism by rapidly engaging autophagy during acute star-
vation to maintain energy homeostasis (Hardie 2011). There-
fore, the significance of SAG and GDC-0449 in the regulation
of lipid metabolism was further examined. In liver cells, Shh-
CM and SAG, and GDC-0449 promoted cell lipid degradation,
while only GDC-0449 affected the lipogenesis, which may be
the reason why there are fewer lipid droplets in GDC-0449-
treated cells than in SAG-treated ones in Figs. 3A-3C. To ex-
plore the mechanism of Hh in regulating lipid metabolism,
we knocked down Gli1, Smo, and Sufu, respectively to detect
LD breakdown during starvation. The results showed that
knockdown of Smo rather than Gli1 or Sufu inhibited the LD
breakdown in AML12 cells. This discovery is also consistent
with previous research.

Excessive fat accumulation and subsequent formation
of LDs in hepatocytes contribute to hepatic steatosis and
non-alcoholic steatohepatitis, which is extremely harmful to
human health, so scientists have paid great attention to the
research on autophagy degradation of LDs in the past 10 years
(Roberts and Olzmann 2020; Rakotonirina-Ricquebourg et al.
2022). Here, we identified that SAG and GDC-0449 promote
autophagy and lipid degradation in hepatocytes, suggesting
that Smo is likely to be as a potential druggable molecular tar-
get for lessening the impact of abnormal lipid accumulation.
In other words, increasing the activity of a non-canonical Smo
pathway, Smo-AMPK axis may provide a new approach to
prevent metabolic syndrome and its associated pathologies.
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