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HSD17B4 deficiency causes dysregulation of
primary cilia and is alleviated by acetyl-CoA

Received: 20 November 2023 Ji-Eun Bae ®'7, Soyoung Jang ® 27, Joon Bum Kim?, Na Yeon Park ®'?,
Doo Sin Jo3, Hyejin Hyung?, Pansoo Kim®, Min-Seon Kim ®*, Hong-Yeoul Ryu ®2°,
Hyun-Shik Lee ® 2%, Dong-Seok Lee ®2, Myriam Baes®, Zae Young Ryoo ®2 ' &

Dong-Hyung Cho ® %3

Accepted: 2 March 2025

Published online: 18 March 2025

M Check for updates

Primary cilia are dynamic sensory organelles orchestrating key signaling
pathways, and disruption of primary ciliogenesis is implicated in a spectrum of
genetic disorders. The peroxisomal bifunctional enzyme HSD17B4 is pivotal
for peroxisomal -oxidation and acetyl-CoA synthesis, and its deficiency pro-
foundly impairs peroxisomal metabolism. While patients with HSD17B4 defi-
ciency exhibit ciliopathy-like symptoms due to dysfunctional primary cilia, the
molecular connection between HSD17B4 and ciliopathy remains poorly
understood. Here, we demonstrate that HSD17B4 deficiency impairs primary
ciliogenesis and alters cilia-mediated signaling, suggesting a potential link
between peroxisomal metabolism and ciliary function. Notably, elevation of
acetyl-CoA rescues ciliary defects via HDAC6-mediated ciliogenesis in
HSD17B4-deficient cells. Strikingly, acetate administration restores motor
function, enhances primary cilia formation, and preserves the Purkinje layer in
Hsd17B4-knockout mice. These findings provide insights into the functional
link between HSD17B4 and primary cilia, highlighting acetyl-CoA as a potential
therapeutic target for HSD17B4 deficiency and ciliopathy.

The primary cilia, present on the cell surface of various tissues, are
highly dynamic sensory organelles that play crucial roles in mediating
multiple extra- and intracellular signaling pathways, including Sonic
hedgehog (Shh), transforming growth factor B (TGF-B), and platelet-
derived growth factor receptor o (PDGFRa) signaling, to regulate var-
ious cellular processes™>. Primary ciliogenesis, the process of primary
cilia formation, is influenced by extracellular factors, such as cell culture
condition through serum withdrawal’. Conversely, ciliary disassembly
can be induced by signaling pathways, including histone deacetylase 6
(HDAC6)-mediated tubulin deacetylation, which leads to destabilization
of the ciliary axoneme®. Disruptions in ciliogenesis and ciliary function
are implicated in a range of human diseases, collectively termed cilio-
pathies, which include retinal degeneration, polycystic kidney disease,

and various genetic disorders®®. Given the diverse roles of primary cilia
across multiple tissues and organ systems, ciliopathies often present
with heterogeneous clinical manifestations.

Beyond its pivotal role in genetic disorders, ciliary dysfunction has
been increasingly recognized as a key factor in neuronal survival and
brain development’. Consequently, the regulation of primary ciliogen-
esis has emerged as a potential therapeutic strategy for ciliopathies.
Interestingly, recent studies have indicated that peroxisomes are
involved in trafficking cholesterol to the cilium, establishing a functional
link between peroxisomal metabolism and primary cilia®®. Thus, perox-
isomal dysfunction may impair primary ciliogenesis. Peroxisomes are
essential for lipid metabolism, particularly fatty acid B-oxidation, which
results in the production of acyl-CoAs, including acetyl-CoA. Peroxisomal
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B-oxidation plays a critical role in degradation of very-long-chain fatty
acids (VLCFAs), which is catalyzed by multiple enzymes in distinct
pathways, and contributes to the synthesis of polyunsaturated fatty acids
and bile acids'". The peroxisomal 3-oxidation pathway proceeds in four
sequential reactions, i.e., dehydrogenation, hydration, dehydrogenation,
and thiolytic cleavage, each of which is catalyzed by distinct enzymes,
including acyl-CoA oxidase (ACOX1) and hydroxysteroid 17-beta dehy-
drogenase 4 (HSD17B4)'*, Acetyl-CoA, a key product of peroxisomal -
oxidation, functions as an energy source, a lipid biosynthesis precursor,
and a substrate of histone acetyltransferases (HATs) for the regulation of
gene expression®. Therefore, abnormal B-oxidation can lead to acetyl-
CoA depletion, resulting in an impaired energy supply. HSD17B4, also
known as peroxisomal multifunctional protein 2 or D-bifunctional pro-
tein, is a key enzyme in peroxisomal -oxidation, catalyzing the second
and third reactions required for breakdown of VLCFAs and the produc-
tion of acyl-CoA and acetyl-CoA'**, Therefore, HSD17B4 deficiency dis-
rupts peroxisomal B-oxidation, leading to acetyl-CoA deprivation and
metabolic dysfunction. The HSD17B4 deficiency (MIM 261515) is a rare
genetic disorder caused by biallelic pathogenic variants, often leading to
early mortality due to severe peroxisomal metabolic dysfuntion™. A
homozygous 2-basepair (bp) deletion (c.422 423delAG) in HSD17B4
results in a frameshift at amino acid (aa) 140, resulting in a truncated
protein due to a premature stop codon®. The G16S missense mutation
(c.46G > A), the most common cause of HSD17B4 deficiency (type llI),
abolishes 3-hydroxyacyl-CoA dehydrogenase activity of HSD17B4™. In
addition, the N457Y missense mutation (c.1369A > T), the second most
common variant (type II), disrupts the enoyl-CoA hydratase domain'®.
Clinically, patients with HSD17B4 deficiency manifest as early-onset
hypotonia, seizures, craniofacial dysmorphism, severe neurodevelop-
mental impairment, cerebellar atrophy, and progressive loss of hearing
and vision"""*?, Notably, knockout (KO) mice for Hsd17B4 exhibit phe-
notypic parallels, including growth retardation, infertility, liver fibrosis,
motor dysfunction with cerebellar atrophy, and visual deficits due to
defective peroxisomal B-oxidation’*?, Strikingly, the clinical features of
HSD17B4 deficiency strongly resemble ciliopathy-like phenotypes caused
by defects in primary cilia including developmental delay, abnormal
fertility, liver fibrosis, and cerebellar atrophy** . Nevertheless, the pos-
sible correlation between HSDI7B4 deficiency and ciliopathy remains
poorly understood, which prompted us to investigate the role of
HSD17B4 in primary ciliogenesis and its possible contribution to
ciliopathy-like phenotypes. Therefore, in this study, we aimed to eluci-
date a potential functional connection between HSD17B4 deficiency and
ciliary dysregulation, providing mechanistic insight into ciliopathy-like
features observed in HSD17B4-deficient models.

Results

Loss of HSD17B4 triggers ciliopathy-like symptoms

Thus, we hypothesized that HSD17B4 deficiency contributes to ciliary
dysfunction and investigated the uncovered effect of HSD17B4 defi-
ciency on primary ciliogenesis. To assess primary cilia formation,
patient-derived primary dermal fibroblasts carrying the HSDI7B4
c.422 423delAG mutation were examined using immunostaining for
ADP-ribosylation factor-like protein 13B (ARL13B). Notably, HSD17B4-
deficient fibroblasts exhibited significantly impaired ciliogenesis, as
indicated by a reduced number of ciliated cells and shortened ciliary
length compared to control fibroblasts (Fig. 1a-c). Consistently, primary
ciliary dysgenesis was also observed in both HSD17B4-knockdown RPE
cells and HSD17B4-knockout (KO) SH-SY5Y cells (Fig. 1d-g, Supple-
mentary Fig. 1a-c). Given the role of primary cilia in transducing mul-
tiple signaling pathways, we further examined the impact of HSD17B4
deficiency on primary cilia-mediated signaling. Loss of HSD17B4 altered
ciliary signaling, including Smad 2/3-mediated TGF-p and GLI2-
mediated Sonic hedgehog (Shh) pathways (Fig. 1h, Supplementary
Fig. 1d-g). These findings suggest that HSD17B4 deficiency disrupts
primary ciliogenesis and impairs cilia-dependent signaling pathways.

Dysregulation of peroxisomal B-oxidation impairs primary
ciliogenesis leading to defective ciliary formation

To further investigate the role of HSD17B4 in primary ciliogenesis, we
examined its impact under conditions that promote primary cilio-
genesis. Notably, depletion of HSD17B4 significantly suppressed pri-
mary ciliogenesis even following stimulation with known primary cilia
stimulators, including serum deprivation, the Smoothened agonist
(SAG), and GSK503 (Fig. 2a, b). Given that HSD17B4 is a critical enzyme
in peroxisomal B-oxidation, which proceeds in four sequential reac-
tions mediated by ABCD1 and ACOX1'>*’, we further explored whether
perturbations in the peroxisomal (3-oxidation pathway affect primary
cilia formation. Strikingly, disruption of additional peroxisomal (-
oxidation-related genes, including ABCDI, ACOXI, TYSNDI1, and
HSD17B4, markedly impaired primary ciliogenesis under serum
deprivation conditions (Fig. 2c, d). These findings indicate that dys-
regulation of peroxisomal -oxidation caused by HSD17B4 deficiency
disrupts primary ciliogenesis, highlighting a previously unrecognized
link between peroxisomal metabolism and ciliary dynamics.

Restoration of acetyl-CoA levels rescues primary cilia defects
caused by HSD17B4 mutations

Peroxisomal -oxidation plays a crucial role in cellular metabolism by
generating a substantial proportion of cellular metabolites through the
degradation of fatty acids. To identify key metabolites involved in
primary ciliogenesis in HSD17B4-deficient cells, we conducted a high-
content, cell-based screening using a metabolite library containing
~550 compounds (Supplementary Fig. 2a, Supplementary Data 1). This
screening revealed that several peroxisomal -oxidation end-products,
including acetyl-CoA, which is a central energy metabolic
intermediate®*” effectively rescued ciliary dysgenesis in HSDI17B4-
depleted cells (Supplementary Fig. 2b). Notably, previous studies have
demonstrated that the manipulation for acetyl-CoA synthesis and
supplementation of acetate, a source of acetyl-CoA, can elevate
intracellular acetyl-CoA levels and promote lipid synthesis**>*. Con-
sistently, we confirmed the screening results and found that treatment
with either acetyl-CoA or acetate efficiently restored primary cilio-
genesis in HSD17B4-deficient cells (Supplementary Fig. 2c, d). To fur-
ther investigate the role of acetyl-CoA in ciliogenesis, we assessed
acetyl-CoA levels in HSD17B4-KO cells and found that they were sig-
nificantly reduced in HSD17B4-KO cells (Supplementary Fig. 3a). To
extend the findings to a disease-relevant context, we measured acetyl-
CoA levels in patient-derived fibroblasts harboring the HSD17B4
c.422 423delAG mutation and found a marked reduction compared
with healthy control fibroblasts. Importantly, supplementation with
acetate restored acetyl-CoA levels in patient-derived fibroblasts
(Fig. 3a). Functionally, we found that acetate treatment significantly
enhanced primary ciliogenesis in patient-derived fibroblasts and SH-
SY5Y cells (Fig. 3b, ¢, Supplementary Fig. 3b-e). Conversely, down-
regulation of acetyl-CoA synthetase 2 (ACSS2)—which catalyzes the
conversion of acetate to acetyl-CoA—impaired primary ciliogenesis
(Supplementary Fig. 4a-c), suggesting that the acetate-mediated
restoration of acetyl-CoA levels reverses HSD17B4 deficiency-induced
ciliary dysfunction. Previous studies have identified several missense
mutations in HSD17B4 that result in the complete inactivation of its
enzymatic activities, including the G16S mutation, which abolishes 3-
hydroxyacyl-CoA dehydrogenase activity, and the N457Y mutation,
which disrupts enoyl-CoA hydratase activity (Fig. 3d, )'*'°. Therefore,
we further examined whether acetate could rescue ciliogenesis defects
in cells expressing these loss-of-function HSD17B4 mutants. While
reconstitution with WT HSDI17B4 effectively restored primary cilio-
genesis in HSD17B4-KO cells, the mutant forms (G16S and N457Y) failed
to do so. However, consistent with our findings in patient-derived
fibroblasts, acetate supplementation significantly enhanced ciliogen-
esis in both HSD17B4 mutant- and WT- expressing cells (Fig. 3f, g).
These results indicate that acetate supplementation rescues primary
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Fig. 1| Loss of HSD17B4 leads to dysgenesis of primary cilia in different

cell types. a, b Primary cilia were visualized in fibroblasts derived from healthy
controls (Cont #1, #2) and HSD17B4-deficient patients (c.422_423DelAG; Patient #1,
#2) by immunostaining with an anti-ARL13B (green) antibody. Nuclei were coun-
terstained with Hoechst 33342 dye (blue). Data are presented as the mean + SEM
(n=3, independent biological replicates). P-value vs. healthy controls determined
by one-way ANOVA followed by Tukey’s multiple comparisons test [Ciliated cells:
Cont #1 vs. Patient #1 p = 0.0008, vs. Patient #2 p = 0.0002; Cont #2 vs. Patient #1
p=0.0005, vs. Patient #2 p = 0.0001; Cilium length: Cont #1, 2 vs. Patient #1, 2

p <0.0001]. c HSD17B4 expression was abrogated in HSD17B4 patient-derived
fibroblasts. Western blot analysis was performed using the indicated antibodies.
Representative blot from three independent experiments is presented d, e RPE
cells were transfected with either scrambled (Sc) siRNA or siRNA targeting

HSD17B4 (siHSD17B4) for 72 h. Primary cilia were immunostained with an anti-
acetylated-a-tubulin antibody (red), and nuclei were counterstained with Hoechst
33342 dye (blue). f, g HSD17B4-knockout (KO) and wild-type (WT) SH-SY5Y/Cas9
cells were immunostained with an anti-ARL13B (green) antibody and Hoechst
33342 (blue) dye. The number of ciliated cells and the ciliary length of the cells
were quantified using a fluorescence microscope. Scale bar, 5 um. Data are pre-
sented as the mean + SEM (n =3, independent biological replicates). P-value vs. Sc
non-targeting siRNA treatment or WT cells determined by two-tailed unpaired ¢-
test [Ciliated cells: Sc vs. siHSD17B4 p = 0.0032 (e), WT vs. KO p = 0.0160 (g); Cilium
length: Sc vs. siHSD17B4, WT vs. KO p <0.001 (e, g)1. h Primary cilia-mediated
signaling was assessed by western blotting using the indicated antibodies.
Experiments were repeated three times. Source data are provided as a Source
Data file.

cilia defects caused by HSD17B4 deficiency, highlighting acetyl-CoA as
a critical metabolite in primary ciliogenesis.

HDAC6 mediates acetyl-CoA-induced primary ciliogenesis in
HSD17B4-deficient cells

Next, we investigated the molecular mechanism underlying the
dysregulation of primary ciliogenesis induced by HSDI7B4 defi-
ciency. Several remarkable studies have demonstrated that acetyl-
CoA post-translationally regulates enzymatic activity by modulating
protein acetylation®*>*. Conversely, the deprivation of cellular acet-
ate reduces intracellular acetyl-CoA levels, potentially affecting key
regulatory pathways. To examine the impact of histone deacetylase
(HDAC) activity on primary ciliogenesis, we treated HSD17B4-WT and
-KO cells with various HDAC inhibitors (Fig. 4a-c, Supplementary
Fig. 5a, b). Notably, primary ciliogenesis defects in HSD17B4-KO cells
were markedly rescued by treatment with Tubastatin A, an HDAC6

selective inhibitor, as well as by pan-HDAC inhibitors such as TSA,
VPA, and SAHA. These findings indicate that HDAC6 contributes to
dysregulation of primary ciliogenesis in HSDI7B4-deficient cells
(Fig. 4b-d, Supplementary Fig. 5c-f). Consistent with this notion,
previous studies have reported that the upregulation of HDAC6 leads
to the deacetylation of a-tubulin, whereas HDAC6 inhibition strongly
increases acetylated o-tubulin, thereby promoting primary
ciliogenesis**. To further validate the role of HDAC6 in primary
ciliogenesis, we examined the effect of HDAC6 deletion in HSD17B4-
deficient mouse embryonic fibroblasts (MEFs). Strikingly, the cilio-
genesis defects caused by HSDI17B4 deficiency were almost com-
pletely rescued upon HDAC6 deletion, accompanied by a significant
increase in o-tubulin acetylation (Fig. 4e-g). Collectively, these
findings suggest that HDAC6 mediates ciliary dysgenesis in HSD17B4-
deficient cells by suppressing o-tubulin acetylation in response to
decreased acetyl-CoA levels.
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Fig. 2 | Impairment of the peroxisomal B-oxidation pathway disrupts primary
ciliogenesis in RPE cells. a, b The RPE cells were transfected with a Sc or an
HSD17B4 siRNA (siHSD17B4). After incubation for 48 h, the cells were treated with
serum-free (SF) medium, SAG (1 pM), or GSK503 (10 pM) for 24 h. Primary cilia were
immunostained with an anti-ARL13B antibody (green) and the nuclei were coun-
terstained with Hoechst 33342 dye (blue). Data are presented as the mean + SEM
(n=3, independent biological replicates). P-value vs. between the indicated groups
determined by one-way ANOVA followed by Tukey’s multiple comparisons test
[Ciliated cells: Sc vs. siHSD17B4; Cont p=0.0172, SF p<0.0001, SAG p <0.0001,
GSK503 p < 0.0001; Cilium length: Sc vs. siHSD17B4; Cont p = 0.0264, SF, SAG, and
GSK503 p <0.001]. ¢, d The RPE cells transfected with the indicated siRNA for the

dysregulation of peroxisomal -oxidation pathway were further incubated with or
w/o SF medium. The primary cilia were immunostained with anti-ARL13B (green)
antibody, and the nuclei were counterstained with Hoechst 33342 dye (blue). Data
are presented as the mean + SEM (n = 3, independent biological replicates). P-value
vs. between the indicated groups determined by one-way ANOVA followed by
Tukey’s multiple comparisons test [Ciliated cells: Cont Sc vs. siABCDI p = 0.0126,
SiACOXI p=0.0093, siHSD17B4 p = 0.0051, siTYSNDI p = 0.0037; SF Sc vs. SiABCDI,
SiACOX1, siHSD17B4, siTYSNDI p = 0.0051; Cilium length: Cont Sc vs. siABCDI
p<0.0001, siACOX1 p=0.0005, siHSD17B4 p < 0.0001, siTYSNDI p < 0.0001; SF Sc
vs. SIABCDI, siACOX1, siHSD17B4, siTYSNDI p < 0.001]. Scale bar, 5 um. Source data
are provided as a Source Data file.

Genetic ablation of Hsd17B4 causes ciliopathy-like pathological
features in mice

As we found that the depletion of HSDI17B4 is associated with dysre-
gulated primary ciliogenesis, we further investigated the relationship
between Hsd17B4 deficiency and ciliopathy development in an in vivo
mouse model. Hsd17B4-knockout (Hsd17B4”") mice exhibited a com-
plete loss of Hsd17B4 expression in major organs, including the liver,
kidney, lung, brain, and heart, compared with wild-type (Hsd17B4"")

controls (Fig. 5a). In parallel with the expression deficit, the Hsd17B47~
mice displayed severe growth retardation from an early stage and
exhibited a significantly higher mortality rate (Fig. 5b, c). The average
body weight of Hsd17B47" mice was markedly lower than that of
Hsd17B4"" mice, with a progressive decline beginning at 9 weeks or age
(Fig. 5b, Supplementary Fig. 6a). Moreover, survival rates began to
decline at 3 weeks, dropping to <30% by 12 weeks, with only a few mice
surviving beyond 13 weeks (Fig. 5¢). Histological analysis of the kidney
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and liver of aged Hsd17B4”" mice revealed fibrosis, a characteristic
feature of ciliary dysfunction, compared with Hsd17B4"* controls
(Supplementary Fig. 6b, ). Notably, brain histology in Hsd17B4” mice
revealed irregular cerebellar lobule development, a significantly
reduced cerebellar size, and marked decrease in the number of Pur-
kinje cells, along with thinning of the molecular layer (Fig. 5d, e). These
morphological abnormalities were associated with distinct behavioral

2
©
S
@Q
Q
<

impairments. Specifically, Hsd17B4”~ mice exhibited motor coordina-
tion deficits, as assessed by the rota-rod test, at 9 weeks of age, in
contrast to the preserved motor function observed in Hsd17B4"* mice
(Fig. 5f). This motor dysfunction is likely attributable to the loss of
Purkinje cells in the cerebellum of Hsd17B4”" mice, along with the
significant reduction in primary ciliogenesis observed in these mice

(Fig. 5g-k). Collectively, these findings demonstrate that Hsd17B4
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Fig. 3 | Acetate supplementation restores primary ciliogenesis disrupted by
HSD17B4 mutations. a—c Fibroblasts derived from healthy controls (Cont #1, Cont
#2) and HSD17B4-deficient patients (422_423DelAG; Patient #1, #2) were treated
with sodium acetate (10 mM) for 24 h. a Intracellular acetyl-CoA levels were
assessed using an acetyl-CoA ELISA kit from whole-cell lysates. Representative data
from three independent experiments (n = 3) are presented as the mean + SEM.
[Patient #1, #2: Cont vs. Acetate p < 0.001]. b, ¢ Primary cilia were immunostained
with an anti-ARL13B (green) antibody, and the nuclei were counterstained with
Hoechst 33342 (blue) dye. Data are presented as the mean + SEM (n =3, indepen-
dent biological replicates). [Ciliated cells: Cont vs. Acetate; Cont #1 p = 0.0016,
Cont #2 p=0.0006, Patient #1 p = 0.0018, Patient #2 p = 0.0011; Cilium length:
Cont vs. Acetate; Cont #1, 2, Patient #1, 2 p < 0.001]. d Schematic representation of
HSD17B4 domains: dehydrogenase (pink), hydratase (blue), and SCP2 (yellow). The

patient-derived mutations (G16S and N457Y) are indicated. e-g SY5Y/Cas9
HSD17B4-KO cells were transfected with hemagglutinin (HA)-tagged WT or mutant
(G16S or N457Y) HSD17B4 constructs. e The expression of HSD17B4 was examined
by western blotting. Representative blot from three independent experiments is
shown. f, g HSD17B4 WT or mutant-overexpressing SY5Y/Cas9 HSD17B4-KO cells
were co-stained with an anti-HA (red), anti-ARL13B (green) for primary cilia, and
Hoechst 33342 (blue) for nuclei. Data are presented as the mean + SEM (n=3,
independent biological replicates). [Ciliated cells: Cont vs. Acetate; Cont
p=0.0013, WT p = 0.0004, G16S p < 0.0001, N457Y p < 0.0001; Cilium length: Cont
vs. Acetate; Cont p < 0.0001, WT p = 0.0016, G16S p < 0.0001, N457Y p < 0.0001]. P-
value vs. between the indicated groups determined by one-way ANOVA followed by
Tukey’s multiple comparisons test. Scale bar, 5 um. Source data are provided as a
Source Data file.

deficiency leads to growth retardation and motor dysfunction in
association with primary cilia dysregulation.

Acetate administration rescues the ciliopathy-like defects in
Hsd17B4-deficient mice

The cerebellum serves as a key regulator of motor functions, including
voluntary movement coordination and motor learning, while also con-
tributing to certain cognitive and emotional processes®*’. Structurally,
the cerebellum is divided into anterior and posterior lobes, with the
anterior lobe and the lobule IV/V specifically implicated in motor and
social processes. To determine whether acetate administration could
mitigate the neurological defects associated with Hsd17B4 deficiency,
acetate was administered to mice both during and after gestation, fol-
lowed by phenotypic analysis. Although acetate administration did not
alter birth rates (Fig. 6a), it significantly improved survival in Hsd17B4”
mice. In the untreated Hsd17B47 group, survival rates were -30%,
whereas acetate-treated Hsd17B47~ mice exhibited a significantly
increased survival rate of nearly 70% (Fig. 6b). Furthermore, histological
analysis of acetate-treated Hsd17B4” mice revealed a marked increase in
cerebellar size and restoration of lobular morphology (Fig. 6¢). Func-
tionally, acetate treatment substantially improved motor coordination in
Hsd17B4”~ mice (Fig. 6d). Moreover, Hsd17B4 deficiency resulted in
degenerative cerebellar phenotypes, characterized by the loss and mal-
formation of Purkinje cells in lobule IV/V, which likely contributed to
motor coordination deficits. Notably, acetate administration sig-
nificantly restored the loss of Purkinje cells in lobule IV/V and repaired
the structural morphology compared with untreated Hsd17B47 mice
(Fig. 6e). These morphological improvements correlated with enhanced
primary ciliogenesis in the cerebellum. Consistently, in addition to
increased survival rates, acetate-treated Hsd17B4”" mice exhibited a
significant restoration of primary ciliogenesis compared with untreated
Hsd17B4”" controls (Fig. 6f-i, Supplementary Fig. 7). Moreover, key sig-
naling factors regulated by primary cilia were remarkably restored in the
cerebellum following acetate administration (Fig. 6j, k). Similarly,
administration of Tubastatin A, a selective HDAC6 inhibitor, in Hsd17B4”
mice produced comparable effects, including improved motor function,
mitigation of cerebellar deficits, enhanced primary ciliogenesis, and
restoration of Purkinje cell layer within lobule IV/V (Supplementary
Fig. 8). These findings collectively indicate that acetate administration
rescues ciliopathy-like phenotypes in Hsd17B4-deficient mice by restor-
ing primary ciliogenesis and cerebellar function.

Discussion

In cooperation with mitochondria, peroxisomes play a critical role in
lipid metabolism through peroxisomal B-oxidation®**’. Notably, the
accumulation of VLCFAs and the impaired fatty acid B-oxidation via
peroxisomal dysfunction have been implicated in various disorders,
including peroxisome biogenesis disorder (PBD), which manifest as
severe pathological symptoms such as early-onset lethality, deafness,
vision loss, and brain developmental abnormalities***’, However, the
relationship between peroxisomes and primary cilia has not been

established. In this study, we identified a possible link between per-
oxisomal function and primary ciliogenesis. Specifically, HSD17B4
abrogation led to defective primary ciliogenesis across multiple
HSD17B4-inhibited models, including patient-derived fibroblasts
harboring HSD17B4 mutations, HSD17B4 knockdown cells, and
HSD17B4-KO cells (Fig. 1). Furthermore, loss of HSD17B4 disrupted
primary cilia-associated signaling pathways (Fig. 1, Supplementary
Fig. 1). Consistently, knockdown of key peroxisomal (-oxidation
enzymes, including ABCD1, ACOX1, and TYSNDI, similarly impaired
primary ciliogenesis (Fig. 2). Importantly, we observed that treat-
ment with known primary cilia inducers, such as Smoothened agonist
(SAG) and GSK503 (an EZH2 inhibitor), failed to restore primary
ciliogenesis in HSD17B4-deficient cells (Fig. 2). However, metabolic
analysis revealed that HSDI7B4 inhibition fundamentally down-
regulated intracellular acetyl-CoA levels. Notably, sodium acetate
supplementation rescued primary ciliary dysgenesis by restoring
acetyl-CoA levels in HSD17B4-deficient cells (Fig. 3, Supplementary
Fig. 3). Furthermore, reconstitution with wild-type (WT) HSD17B4
successfully restored primary ciliogenesis in HSD17B4-KO cells
(Fig. 3). In contrast, overexpression of missense mutants of HSD17B4
(G16S, N457Y) failed to rescue ciliogenesis defects, indicating that
these mutations impair HSD17B4-dependent peroxisomal f-oxida-
tion, which is critical for proper ciliogenesis (Fig. 3). Collectively, our
findings implicate peroxisomal (3-oxidation as a key metabolic path-
way regulating primary ciliogenesis. Given the insights, further
investigations are warranted to understand the precise molecular
mechanisms involved in the regulation of primary ciliogenesis
through peroxisomal (3-oxidation.

Acetyl-CoA is well established as a key regulator of histone acet-
ylation, modulating gene expression through the activity of histone
acetyltransferases (HATs) and histone deacetylases (HDACs)***.
HDACS, a class IIb HDAC, specifically promotes a-tubulin deacetyla-
tion, leading to destabilization of the primary ciliary axoneme and
subsequent ciliary disassembly**. Accordingly, genetic or pharmaco-
logical inhibition of HDAC6 prevents ciliary disassembly, and enhances
primary ciliogenesis*¢. Consistently, we observed that HDAC6 inhibi-
tion significantly rescued primary ciliogenesis defects in HSD17B4-KO
cells. Furthermore, the dysregulation of primary ciliogenesis triggered
by HSDI17B4 deficiency was effectively restored in HDAC6-deficient
cells (Fig. 4, Supplementary Fig. 5).

Previous studies by the Baes group demonstrated that Hsd17B4
deletion leads to growth retardation, infertility, testicular degeneration,
and neurodegeneration, which are common hallmarks of
ciliopathy’*****, In agreement with these findings, we observed that
Hsd17B4”~ mice exhibited renal and hepatic fibrosis, along with impaired
motor coordination and Purkinje cell malformation associated with
disrupted primary ciliogenesis (Fig. 5, Supplementary Fig. 6). Given that
primary cilia are essential for the connectivity and survival of cerebellar
Purkinje neurons, Hsd17B4 deficiency may contribute to ciliogenesis
defects by disrupting metabolic homeostasis’*’*¢. Acetyl-CoA plays a
central role in cellular energy metabolism, including its involvement in
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Fig. 4 | HDAC6 mediates acetyl-CoA-induced ciliogenesis in HSD17B4-
deficient cells. a Schematic diagram of HDAC inhibitors. HDAC inhibitors were
categorized into classes I, Ila, Ilb, and IV, with each HDAC inhibitor targeting a
different class of HDAC. b-d HSD17B4-KO SY5Y/Cas9 cells were separately treated
with the indicated HDAC inhibitors for 24 h. The cells were immunostained with an
anti-ARL13B (green) antibody and Hoechst 33342 (blue) dye. Data are presented as
the mean + SEM (n =3, independent biological replicates). P-value vs. treatment
determined by one-way ANOVA followed by Tukey’s multiple comparisons test
[Ciliated cells: Cont vs. Acetate p = 0.0128, PIC34051 p = 0.0202, Tubastatin A (Tuba
A) p=0.0002, TSA p <0.0001, VPA p=0.0001, SAHA p =0.0002; Cilium length:
Cont vs. Acetate, RGF966, TSA, SAHA p < 0.0001, Tuba A p = 0.0185, VPA

p =0.0145]. e-g The HDAC6-WT or -KO MEFs were transiently transfected with a Sc
or siHSD17B4 (#1, #2) for 72 h. e, f The primary cilia were immunostained with an
anti-ARLI3B (green) antibody and the nuclei were counterstained with Hoechst
33342 (blue) dye. Data are presented as the mean + SEM (n = 3, independent bio-
logical replicates). P-value vs. indicated groups determined by one-way ANOVA
followed by Tukey’s multiple comparisons test [Ciliated cells: WT vs. HDAC6-KO;
siHSD17B4 #1 p = 0.0016, siHSD17B4 #2 p = 0.0023; Cilium length: WT vs. HDAC6-
KO; siHSD17B4 #1 p < 0.0001, siHSD17B4 #2 p < 0.0002]. Scale bar, 5pum. g The
upregulation of acetylated a-tubulin (Ac-a-tubulin) was assessed by western blot-
ting analysis using the indicated antibody. Representative blot from three inde-
pendent experiments is presented. Source data are provided as a Source Data file.
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Fig. 5 | Hsd17B4-deficient mice exhibit a ciliopathy-like pathology. a Western
blot analysis confirmed the downregulation of Hsd17B4 in Hsd17B4”" mice (n=3).
b Growth retardation was assessed by imaging 11-week-old mice and measuring
body weight from 3-week-old mice (Hsd17B4”* n=9; Hsd17B4”" n=7). Data are
presented as the mean + SEM. Statistical analysis was performed using two-way
ANOVA with multiple comparisons. Scale bars, 1 cm. ¢ Kaplan-Meier survival curves
comparing Hsd17B4"* (n = 25) and Hsd17B4”~ mice (n =30) were analyzed using the
Log-rank (Mantel-Cox) tests (p < 0.0001). d Representative images (n =3) of H&E
staining revealed reduced cerebellar volume, malformed lobules, and thinner
molecular layers in Hsd17B4” mice. Scale bars, 500, 50, and 20 pm. e Molecular
layer thickness was quantified in Hsd17B4** (n=7) and Hsd17B4" (n=6) mice

(p <0.0001). Data are presented as the mean + SEM. f Motor function was evaluated
using the rota-rod test in 9- and 11-week-old mice. Box plots represent the

+/+ /-

interquartile range (25th-75th percentile), median (central line), and minimum/
maximum values (whiskers) [9-week-old Hsd17B4”* (n=6) Min =59, Max =300,
Median = 280.5; Hsd17B4”~ (n = 5) Min =18, Max = 190, Median = 105; 11-week-old
Hsd17B4"*(n= 6) Min =24, Max =300, Median =196; Hsd17B4”~ (n=3) Min=1,
Max =131, Median =1]. [Hsd17B4"* vs. Hsd17B47"; 9 weeks p =0.0006, 11 weeks
p=0.0014]. g-j. Inmunofluorescence staining for primary cilia (ARL13B, green,
white arrow; DAPI, blue) was performed in granular (Scale bar, 2 um) and Purkinje
(Scale bar, 20 um) layers. Purkinje cells were counterstained with anti-calbindin
(red). Data are presented as mean + SEM (n = 3, independent biological replicates).
[Hsd17B4"* vs. Hsd17B4” Ciliated cells: p = 0.0078 (h), p = 0.0010 (j); Cilium length:
p<0.0001 (h, j)]. Statistical analysis was performed using a two-tailed unpaired ¢-
test (e-j). k Western blot confirmed HSD17B4 expression in the cerebellum from
three independent experiments. Source data are provided in the Source Data file.
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the tricarboxylic acid (TCA) cycle. As acetate is a metabolic precursor of
acetyl-CoA, we hypothesized that acetate administration during devel-
opment could alleviate the phenotypic defects associated with Hsd17B4
deficiency by compensating for impaired peroxisomal [-oxidation
(Fig. 6, Supplementary Fig. 7). In support of this hypothesis, we
observed that acetate administration via drinking water effectively
restored primary ciliogenesis and its associated signaling pathways in
the cerebellum of Hsdl7B4”" mice (Fig. 6, Supplementary Fig. 7).

Specifically, acetate administration increased the number of cerebellar
Purkinje cells and improved structural integrity, mitigating the mor-
phological abnormalities observed in Hsd17B4”~ mice. During develop-
ment, Sonic hedgehog (Shh) signaling in Purkinje cells regulates the
proliferation of granule cell precursors (GCP)*"*%, Therefore, restoration
of the Purkinje layer via acetate administration may contribute to the
recovery of cerebellar lobules of the brain. More importantly, we found
that severe motor dysfunction in Hsd17B47~ mice was significantly
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Fig. 6 | Acetate administration rescues ciliopathy-like phenotypes in Hsd17B4-
deficient mice. a Birth rates of Hsd17B4"* and Hsd17B4”~ mice were assessed with
and w/o acetate administration (Cont n =108; Acetate n =57). b Survival rates were
monitored for up to 12 weeks, showing a significant improvement in acetate-
supplemented Hsd17B4”~ mice (n=13) compared to untreated mice (n=18).
Kaplan-Meier survival curves were analyzed using the Log-rank (Mantel-Cox) test
(Hsd17B4™*; Cont n=19, Acetate n=12; p=0.0403). ¢ H&E staining revealed
reduced cerebellar volume and malformed lobules in Hsd17B4”" mice. d Motor
function was evaluated using the rota-rod test in 11-week-old mice. Acetate-treated
Hsd17B4”~ mice exhibited improved performance compared to untreated mice.
Box plots represent the interquartile range (25th-75th percentile), median (line),
and minimum/maximum values (whisker) [Hsd17B4"*: Cont (n=12) Min = 38,
Max =300, Median = 294; Acetate (n=11) Min =100, Max =300, Median = 298;
Hsd17B4”": Cont (n=6) Min =1, Max = 41, Median = 21; Acetate (n=9) Min=37,
Max =288, Median = 109]. [Hsd17B4*"* vs. Hsd17B4” p < 0.0001; Hsd17B4”~ Cont vs.

Acetate p=0.006]. e Purkinje cell dysplasia in cerebellar lobule IV/V of Hsd17B47
mice was significantly improved by acetate administration (calbindin, red; DAPI,
blue; Scale bar, 50 um) [Hsd17B4"* vs. Hsd17B4”~ p < 0.0001; Hsd17B4”~ Cont vs.
Acetate p = 0.0115]. f~i Immunostaining of primary cilia in Purkinje and granular
cells (calbindin, red; ARL13B, green; DAPI, blue) showed increased ciliary formation
and elongation following acetate treatment [Ciliated cells: Hsd17B4"* vs. Hsd17B4"
p=0.0319 (g), p=0.0120 (i); Hsd17B4”" Cont vs. Acetate p = 0.0088 (g), p = 0.0127
(i); Cilium length: Hsd17B4"* vs. Hsd17B4”" p < 0.0001 (g, i); Hsd17B4”~ Cont vs.
Acetate p <0.0001 (g, i)]. Scale bar, 20 um. j, k Western blot analysis of primary
cilia-mediated signaling [Hsd17B4"* vs. Hsd17B4"; GLI2 p = 0.0002, p-Smad2/3
p=0.0265, p-AKT p =0.0475; Hsd17B4”~ Cont vs. Acetate; GLI2 p = 0.0012]. Statis-
tical analysis was performed using one-way ANOVA followed by Tukey’s multiple
comparisons test (d-k). Data are presented as mean + SEM (n =3, independent
biological replicates). Source data are provided in the Source Data file.

improved following acetate administration (Fig. 6), further supporting
the role of acetyl-CoA metabolism in ciliogenesis and neurological
function.

Although our findings demonstrate that acetate treatment sig-
nificantly enhances primary ciliogenesis by promoting tubulin acet-
ylation, additional factors may contribute to this process. Recent
studies suggest that tubulin palmitoylation may also play a role,
particularly given that acetyl-CoA serves as a precursor for palmitate
synthesis*. Furthermore, evidence indicate that inhibition of fatty
acid synthesis may promote cilia restoration under certain
conditions®®, potentially by redirecting acetyl-CoA utilization from
lipid synthesis toward alternative cellular pathways. These findings
highlight the need for further investigation to elucidate the
mechanistic interplay between acetyl-CoA metabolism and ciliogen-
esis. Nevertheless, our study underscores the critical role of cellular
acetyl-CoA levels in regulating primary ciliogenesis and suggests that
targeting ciliogenesis defects may represent a promising therapeutic
approach for HSD17B4-related diseases, including Perraut syn-
dromel. Although further preclinical and clinical investigations are
required to validate these findings, our results provide a promising
basis for exploring primary cilia restoration as a potential treatment
strategy.

In conclusion, loss of HSD17B4 is associated with a spectrum of
diseases exhibiting ciliopathy-like phenotypes. Our findings suggest
that restoration of acetyl-CoA levels through metabolic intervention
may serve as a therapeutic strategy for HSD17B4-associated diseases.

Methods

Reagents

Acetyl coenzyme A sodium salt (acetyl-CoA, A2056), sodium
acetate (52889), Trichostatin A (T8552), and valproic acid (VPA,
#1708707) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Smoothened agonist (SAG, #566660) was purchased from
Calbiochem (San Diego, CA, USA). GSK503 (HY-12856) was
obtained from MedChem Express (Monmouth Junction, NJ).
Suberoylanilide hydroxamic acid (SAHA) was provided by Crystal
Genomics Co. (Seoul, South Korea). HDAC inhibitors, i.e., CI994
(S2818), RGF966 (57229), PCI-34051 (S2012), MC1568 (S1484), and
Tubastatin A (S8049), were purchased from Selleckchem (Hous-
ton, TX, USA). Hoechst 33342 (H3570) was obtained from Thermo
Fisher Scientific (Waltham, MA, USA).

Cell lines

To generate the CRISPR/Cas9-mediated HSD17B4-KO cell lines, SH-
SY5Y cells expressing CRISPR/Cas9 were co-transfected with crRNA
targeting HSDI7B4 (Edit-R Human HSD17B4 (#3295) crRNA) and
tracrRNA (Edit-R CRISPR-Cas9 Synthetic tracrRNA). The transfected
individual cells were seeded into separate wells of 96-well plates, and
single colonies with HSD17B4 knockout (KO) were selected and

validated. Fibroblasts (GM13263 and GM13264 cells) from human
patients with HSD17B4 deficiency (c.422_423DelAG) and healthy con-
trol fibroblasts (GM08333 and GM00969 cells) were obtained from
Coriell Institute for Medical Research (Camden, NJ, USA). WT MEFs and
HDAC6 KO MEFs were generously provided by Dr. Joo-Yong Lee
(GRAST, CNU, Daejeon, South Korea). Cells were maintained at 37 °Cin
a humidified 5% CO, incubator and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, WELGENE, Gyeongsan, Korea) containing 10%
or 15% fetal bovine serum (FBS, WELGENE) and 1% penicillin-
streptomycin (WELGENE).

Gene knockdown studies

Cells were transfected with validated small-inhibitory RNAs (siRNAs)
targeting ABCDI1 (5'-GUUCAGCGCUGUCACUUCA-3’), ACOX1 (5-UU
ACAUGCCUUUAUCGUACUU-3’), ACSS2 (5-GGACCAGGAUGGCUAU
UAC-3), HSD17B4 (5-GGAAGAAGAUCUGUGACUUUU-3), TYSNDI1
(5'-CCCGCTGAGCACTTCCATGAA-3), IFT88 (5'-CCGAAGCACUUAA
CACUUA-3"), and mouse HSDI7B4 (#1, 5-CAGUUGAAGCAGGCG
AGAA-3; #2, Y-CAUUCAUUGCAACACCAUU-3). The siRNAs were
synthesized by Genolution (Seoul, South Korea).

Image-based metabolite library screening

For the screening of 550 metabolites, we utilized the Fecal Meta-
bolites Library sourced from MetaSci Company (Catalog number:
SKU_MSIFEC0001). This library comprises a comprehensive col-
lection of fecal metabolites, including those indexed with a fecal
origin in the Human Metabolome Database (HMDB) and metabo-
lites found in the E. coli Metabolome Database (ECMDB). Addi-
tionally, it incorporates exogenous metabolites resulting from
food consumption. A complete list of these metabolites is provided
in the supplementary materials. htRPE/Smo-GFP (1 x 10*) cells were
seeded for image-based metabolite library screening (MetaSci,
Toronto, ON, Canada) and the cells were treated with each meta-
bolite and primary cilia were imaged under a fluorescence micro-
scope (IX71, Olympus, Tokyo, Japan). Treatment with cytochalasin
D (50 nM; C8273, Sigma-Aldrich), SAG (1uM; #566661, Sigma-
Aldrich), GSK503 (10 uM; HY-12856, MedChem Express), and serum
deprivation was performed as positive controls for the induction of
primary cilia by novel inducers. The experiments were repeated
twice with consistent results.

Measurement of intracellular acetyl-CoA levels

SH-SY5Y/Cas9 HSD17B4-WT and -KO cell lines, fibroblasts from
human patients with HSD17B4 deficiency (c.422_423DelAG;
GM13263 and GM13264), or healthy control fibroblasts (GM08333
and GM00969) were treated with either sodium acetate (10 mM;
$2889, Sigma-Aldrich) or acetyl-CoA (100 uM; A2056, Sigma-
Aldrich) for 24 h. Next, the levels of acetyl-CoA in the whole-cell
lysates were measured using the acetyl-CoA assay kit (MAK039,
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Sigma-Aldrich; ab87546, Abcam), as instructed by the manu-
facturer. Acetyl-CoA levels in liver samples from Hsd17B4"* and
Hsd17B47", following acetate treatment, were measured using a
fluorometry-based assay (Sigma-Aldrich, MAK039). Liver tissues
were processed according to the manufacturer’s instructions. Pro-
cessed samples were then incubated with the assay mix, which
included acetyl-CoA substrates, conversion enzyme mix, and a
fluorescent probe. After the reaction, fluorescence intensities
were measured at an excitation wavelength of 535nm and an
emission wavelength of 587 nm (Synergy™ H1, BioTEK, Santa
Clara, CA, USA).

Animals and recovery trial

The protocols used for all animal experiments were applied in
accordance with the National Institutes of Health guidelines for the
care and use of laboratory animals and were approved by the
Committee for Handling and Use of Animals, Kyungpook National
University (2021-0163). Hsd17B4-deleted mice, originally generated
by Myriam Baes, were provided by the Katholieke Universiteit
Leuven via the European Mouse Mutant Archive (EMMA). According
to information provided by the supplier, the targeting vector for the
removal of exons 1-3 of the Hsd17b4 gene was transfected into R1 ES
cells derived from a (129 x 1/Sv) x 129S1/Sv) F1 background. These ES
cells were subsequently transferred to a Swiss background (SWR/
OlaHsd) after being crossbred with Swiss animals. Sibling matings
were then carried out for 35 generations. Male and female mice were
housed in a controlled environment with temperature (21-23 °C),
humidity (50-65%), and a 12:12 h light-dark cycle. They were pro-
vided standard chow (Altromin Mouse Diet, 1314) and water ad
libitum. To investigate whether acetate treatment affected the
retardation of Hsd17B4, we generated four groups of mice:
Hsd17B4*"* and Hsdl7B4”~ mice were assigned to two separate
groups each based on whether they were provided water or 50 mM
acetate (S2889, Sigma-Aldrich). The acetate solutions were admi-
nistered instead of water to the female mice during and after
pregnancy. Pups born from this group of mice were raised with
sodium acetate until they were sacrificed for assessment. Both male
and female mice were used in this study. Hsd17B4"* and Hsd17B4™""
mice were administered a highly selective HDAC6 inhibitor Tubas-
tatin A. Tubastatin A was dissolved in DMSO and then diluted with
saline to a final concentration of 50 mg/kg/day. The solution was
administered via daily intraperitoneal injections, starting at 9 weeks
of age, which coincides with the onset of weight loss. The treatment
was continued once daily for a 2-week period until the mice reached
11 weeks of age. The control group received the vehicle solution
(DMSO diluted in saline) without Tubastatin A.

A rota-rod tests were performed on 9- and 11-week-old mice. The
rotational speed was gradually increased from 4 to 40 rpm, and then
maintained at 40 rpm for 5 min. Each mouse was allowed 10 min of rest
before the next trial (BS technology RRMR). The latency to fall for each
mouse was recorded over a total of four trials, including the training
trial. A two-way repeated-measures analysis of variance (ANOVA)
with mixed effects (with Tukey’s post-hoc analysis) was performed
to measure the improvement of motor functions following
administration.

Immunostaining

For the immunostaining of primary cilia, the cells were fixed with 4%
(w/v) paraformaldehyde (PFA) and permeabilized with 0.1% (v/v) Tri-
ton X-100. Following blocking, the cells were incubated overnight at
4 °C with primary antibodies against acetylated a-tubulin (1:3000,
T7451, Sigma-Aldrich) or ARL13B (1:2000, 17711-1-AP, Proteintech,
Chicago, IL). After washing, the cells were incubated with Alexa Fluor
488- or 555-conjugated secondary antibodies at room temperature
(RT) for 1h. The cilia images were acquired using a fluorescence or

confocal microscope. Primary cilia were counted in ~200 cells under
each experimental condition (n=3). The percentage of ciliated cells
was calculated as follows: (total number of cilia/total number of nuclei
at each image) x100. The length of primary cilia was measured in
identified ciliated cells using the Free-hand Line Selection Tool of the
Cell Sense Standards software (Olympus Europa Holding GmbH,
Hamburg, Germany) for precise quantification, and the average ciliary
length was calculated. The analysis of the graph data was performed
using GraphPad Prism 10 (GraphPad Software, San Diego, CA). The
mice were anesthetized and perfused with PBS. The harvested
mouse tissue samples were embedded in paraffin, and the result-
ing sections were prepared and stained using standard histological
techniques. Briefly, the paraffinized sections were deparaffinized in
xylene, and then hydrated. The slides were then incubated overnight at
4 °C with the primary antibodies against ARL13B (1:1000, 75-287,
NeuroMab) or Calbindin (1:1000, 131768, Cell signaling), in 10% normal
goat serum. Subsequently, the slides were incubated overnight at 4 °C
with the appropriate secondary antibodies specific to the primary
antibodies; Alexa Fluor 488- or Alexa Fluor 555-conjugated antibodies
(1:1000, A-11001 or A-21428, Invitrogen). All slides were mounted with
Fluoromount-G™ Mounting Medium (00-4958-02, Invitrogen). Images
were acquired using a Super Resolution Confocal Laser Scanning
Microscope (Carl Zeiss, LSM 800 with Airy Scan).

Western blotting

Cell lysates were prepared in 2X Laemmli sample buffer (Bio-Rad,
Hercules, CA). After separation in 8%-12% SDS-PAGE, the proteins
were transferred onto a PVDF membrane (Bio-Rad) and incubated
with the following primary antibodies: anti-HSD17B4 (1:2000,
ab128565, Abcam), anti-GLI2 (1:2000, 18989-1-AP, Proteintech),
anti-phospho-AKT (S473) (1:1000, #9271, Cell Signaling Technol-
ogy), anti-phospho-Smad2 (Ser465/467)/Smad3 (Ser423/425)
(1:1000, #8828, Cell Signaling Technology), anti-acetylated «-
tubulin (1:3000, T7451, Sigma-Aldrich), and anti-ACTA1 (1:10000,
MABI1501, Millipore, Temecula, CA), anti-ACSS2 (1:3000, #3658S,
Cell signaling). For protein detection, the membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (Pierce, Rockford, IL). Chemiluminescent signals were
developed with the Western ECL substrate (WSE-7120L EzZWestLumi
plus, ATTO). Densitometry was performed on scanned immuno-
blots using the AE-9300 Ez-Capture MG Hours Image Saver HR
image capture tool (ATTO, Tokyo, Japan). Protein expression levels
in mice samples was normalized to that of actin. To extract the
lysates, the harvested tissue samples of 9- or 11-week-old mice were
immersed in the PRO-PREP™ Protein Extraction Solution (InNTRON,
Korea), homogenized using a tissue homogenizer, and sonicated.
The extracted proteins were separated by 10% SDS-PAGE and
transferred onto PVDF membranes (Millipore Sigma, Billerica, MA,
USA). The membranes were incubated at 4 °C overnight with pri-
mary antibodies. After TBST washing, the membranes were incu-
bated with anti-mouse (Cell Signaling Technology) or anti-rabbit
(Cell Signaling Technology) secondary antibodies for 2 h at RT. The
protein levels were detected using the Davinch-Chemi Chemilumi-
nescence Imaging System (CoreBio, Seoul, Korea).

Statistical analysis

Statistical evaluation of the results was conducted using ANOVA fol-
lowed by Tukey’s multiple comparisons test or an unpaired two-tailed
t-test, performed with GraphPad Prism 10 (GraphPad Software, San
Diego, CA). Data were obtained from at least three independent
experiments and are presented as mean * standard error of the mean
(SEM). P-values between the indicated groups were determined using
ANOVA with Tukey’s multiple comparisons test or an unpaired t-test.
Statistical significance was set as P<0.05 (n=3), and the P-values are
provided in the respective figures and figure legends.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data supporting the findings of this study are available
within this article, its Supplementary Information and Source Data
files. Source data are provided with this paper.
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