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Novel histone deacetylase 6 gene variant is associated
with fetal hydrocephalus and lateral ventriculomegaly
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Abstract: Objectives: Congenital hydrocephalus (CH) is a neurological disease that significantly impacts fetal ner-
vous system development and subsequent quality of life. CH pathogenesis may be linked to genetic factors such as
defects in the histone deacetylase 6 (HDAC6) gene. However, only one CH family has been reported to date, limiting
our comprehension of the relationship between HDAC6 and CH. Here, we investigated a family with an HDAC6-
related fetal case of CH and ventriculomegaly, and propose a potential pathogenic mechanism involving the HDAC6
gene in CH development. Methods: Skin tissue from a fetal-induced abortion as well as peripheral blood samples
from both parents were collected for analysis. Whole-exome and Sanger sequencing were used to analyze fetal
germline variants, and variant plasmids were constructed for western blot (WB) experiments; cycloheximide (CHX)
chase assays with or without MG132 were further performed to assess protein degradation kinetics. Results: In
the fetal tissue, a variant of the HDAC6 gene was identified (NM_006044.4: ¢.206_c.209delTGGG, p.Val69fsTer7)
that had not yet been documented in public databases. Both parents had wild-type versions of the HDAC6 gene.
WB analysis revealed a significantly lower expression level of the mutant HDAC6 protein compared to that of the
wild-type protein in vitro, suggesting that the truncated protein may have reduced structural stability that leads to
degradation. CHX chase assays further showed that the mutant protein had a shorter half-life (~14 h) than wild-type
(~35 h) and that MG132 blocked its degradation, indicating proteasome-dependent degradation. Conclusions: The
frameshift variant in the HDAC6 gene likely contributed to the development of CH and ventriculomegaly in the fetus.
This study underscores the importance of prenatal ultrasound for detecting early signs of CH and ventriculomegaly,
and of molecular genetic diagnostic technologies to facilitate timely clinical intervention.
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Introduction

Each cerebral hemisphere contains a lateral
ventricle, which is a symmetrical C-shaped cav-
ity with anterior, inferior, and posterior horns.
Hydrocephalus is a fetal malformation charac-
terized by the abnormal accumulation of cere-
brospinal fluid within the ventricles due to the
dilatation of the posterior horns, leading to ven-
triculomegaly (VM) and structural brain dam-
age [1]. The severity of fetal hydrocephalus is
based on an evaluation of lateral VM [2].
Clinically, hydrocephalus can be classified as
either congenital or acquired. Congenital hydro-
cephalus (CH) is characterized by the onset of

symptoms during prenatal development [3].
More than 40% of fetal VMs are associated with
genetic variants, and the common pathogenic
genes include L1CAM, MPDZ, FLNA, and CRB2
[4, B]. Among these, the L1CAM gene defect
located on the X chromosome has the highest
frequency and causes X-linked CH (OMIM#30-
7000), accounting for 3% of all children with CH
[6].

Genes related to CH have been identified using
high-throughput sequencing technology, which
has revolutionized the diagnosis of genetic dis-
eases. In 2005, Chassaing et al. reported a
family with X-linked chondrodysplasia, in which
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the affected male fetus showed hydrocephalus,
chondrodysplasia, and microphthalmia; the
variant site was mapped to the Xp11.3g13.1
interval [7]. Simon et al. subsequently identi-
fied a histone deacetylase 6 gene (HDACG,
OMIM#300272) defect as the pathogenic fac-
tor in this family; this new hydrocephalus syn-
drome was named chondrodysplasia with
platyspondyly, distinctive brachydactyly, hydro-
cephaly, and microphthalmia (OMIM#300863)
[7, 8]. Males affected by HDACG6-related CH
often show characteristics of lethal chondro-
dysplasia, whereas heterozygous females have
mild phenotypes such as short stature and
intellectual disability [8]. However, new reports
on HDACG-related CH are lacking, and the
association between this genotype and pheno-
type remains unclear.

Herein, we report a second case of a family
member with HDAC6-related CH. The proband
was a male fetus with bilateral VM and hydro-
cephalus on ultrasonography. This study aimed
to enhance the molecular diagnosis of fetuses
with CH and provide a basis for prenatal genet-
ic counseling for affected families.

Materials and methods
Ethics approval

This study recruited a hydrocephalus family at
the 9015t Hospital of the Joint Service of the
People’s Liberation Army in April 2023. Infor-
med consent was obtained from both parents,
who agreed to the disclosure of fetal clinical
data, imaging, and genetic variation data. All
study procedures were reviewed by the hospital
ethics committee (202112001).

Whole-exome sequencing

Approximately 2 g of fetal skin tissue was
obtained following induced labor. In addition, 3
mL of peripheral venous blood samples were
obtained from both parents. Genomic DNA was
extracted from the samples using a QlAamp
DNA Blood Mini Kit (QIAGEN, Germany) accord-
ing to the manufacturer’s instructions. Trio-
whole exome sequencing (Trio-WES) was per-
formed on sample DNA as described previously
[9]. Genomic DNA was subjected to targeted
capture using the xGen Exome Research Panel
v2.0 (IDT, IA, USA). Sequencing was perfor-
med using a NovaSeq 6000 high-throughput
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sequencer (lllumina, CA, USA), achieving an
average sequencing depth of > 100 x, with >
95% of the target regions covered at a depth
greater than 20 x.

Bioinformatics analysis

Sequencing data were aligned to the human
genome reference sequence (version 19) using
Burrows-Wheeler Alignment software. Variants
were identified using the Genome Analysis
Toolkit software, and variant annotation was
performed using ANNOVAR software. Variant
distribution frequencies were checked using
the dbSNP, 1000 Genomes, ExAC, and gno-
mAD databases, with a minor allele frequency
threshold set to < 0.0005. The functional
impact of the variants were predicted using a
suite of different software, including Provean,
SIFT, Polypen2, MutationTaster, M-Cap, and
REVEL. Pathogenicity of the variants was rated
according to the guidelines of the American
College of Medical Genetics and Genomics
(ACMG) [10].

Single nucleotide variant verification

The primers for candidate variants were de-
signed with reference to the Ensemble data-
base. The upstream primer sequence 5’-AGGG-
GTGGAGTCTAGCGGGC-3’ and the downstream
primer sequence 5-CAGGGTGGGGAACCTTTG-
GGT-3" were used, and the amplified products
were subjected to Sanger sequencing using an
ABI 3730 analyzer (Applied Biosystems, MA,
USA).

Plasmid construction and cell culture

The wild-type (WT) and mutant (MUT) cDNA
sequences of the human HDAC6 gene were
synthesized by Tsingke Biotech (Nanjing, China)
and subsequently inserted into the cloning vec-
tor pECMV-3xFLAG-N, with the FLAG tag fused
to the N-terminus of WT and MUT sequences.
An empty vector lacking the HDAC6 sequence
was used as a negative control. Sequence
integrity during plasmid construction was veri-
fied by Sanger sequencing. HEK293 cells were
obtained from the Shanghai Cell Bank of the
Chinese Academy of Sciences and cultured in
DMEM (Gibco) supplemented with 10% fetal
bovine serum in an incubator at 37°C and 5%
CO,. Cells were seeded into 6-well plates and
transfected using Lipofectamine 3000 (Thermo
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Figure 1. Prenatal fetus images. A. Ultrasound; B. Magnetic resonance im-
aging.

Fisher Scientific) according to the manufactur-
er’'s instructions when the cell density reached
50-60%.

Western blot experiments

Western blot (WB) experiments were performed
approximately 48 h after transfection. The
transfected cells were lysed using RIPA lysis
buffer (#P0013B, Beyotime, China) containing
protease inhibitors, and a BCA protein assay kit
(#P0010, Beyotime) was used to determine the
protein concentration. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to polyvinylidene
fluoride (PVDF) membranes, and blocked with
Tris-buffered saline with 0.1% Tween 20 deter-
gent (TBS-T) containing 5% skim milk powder
for 2 h. The membrane was incubated over-
night at 4°C with primary antibodies using the
following dilution ratios: DYKDDDDK Tag (9A3)
Mouse mAb (Cat#8146, dilution ratio 1:1000,
Cell Signaling Technology, USA); B-Actin (8H10-
D10) Mouse mAb (Cat#3700, dilution ratio
1:1000, Cell Signaling Technology). After wash-
ing the PVDF three times with TBS-T, the mem-
brane was incubated with the secondary anti-
body Anti-mouse 1gG, HRP-linked (Cat. #7076,
dilution ratio 1:5000, Cell Signaling Technology)
at 18°C for 1 h and then washed. Finally,
a SuperFemto ECL chemiluminescence kit
(#E423, Vazyme, China) was used, and the
results were visualized using a Tanon 5800
imaging system (Shanghai, China), and ImageJ
(v1.46) software (NIH, Bethesda, MD, USA) was
employed to analyze the WB bands. Statistical
analysis between the groups was performed
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using Student’s t-test, and
graphs were generated using
GraphPad Prism8 (GraphPad
Software, CA, USA). P < 0.05
indicated significant differenc-
es between the groups. The
data are representative of
three independent experi-
ments (n = 3).

CHX chase assay

To investigate the degradation
kinetics and pathway of the
mutant HDACG6 protein, HEK-
293T cells transfected with
WT or MUT HDACG6-FLAG plas-
mids were treated with cyclo-
heximide (CHX, MCE, USA) at 100 ug/mL to
block new protein synthesis. Cells were pre-
treated with 10 yM MG132 (a proteasome
inhibitor, MCE, USA) for 3 h prior to CHX addi-
tion. Protein lysates were collected at O, 12, 24,
and 36 h after CHX addition, and subjected to
western blot analysis as described above.
GAPDH was used as a loading control. The rela-
tive protein levels were quantified and normal-
ized to the O h time point for each group.

Results
Clinical presentation

The mother was a 21-year-old healthy Chinese
woman who was pregnant for the first time. The
fetus was found to have a critical risk of Down’s
Syndrome during screening at 26 weeks of
gestation. A subsequent prenatal ultrasound
examination revealed a male fetus with bilater-
al VMs, hydrocephalus, and a nuchal translu-
cency of 2.5 mm (normal range) (Figure 1A).
Combined with fetal MRI, the width of the fetal
ventricle atrium was measured and found to be
12.0 mm on the left and 14.2 mm on the right
(Figure 1B). The pregnant mother denied a his-
tory of chronic diseases and had no history of
taking teratogenic drugs. After informing her of
the relevant risks, the couple decided to termi-
nate the pregnancy. Due to the termination of
pregnancy, a detailed pathological or postmor-
tem examination was not performed on the
fetus. Therefore, the presence of skeletal
abnormalities or microphthalmia could not be
assessed. Upon gross examination, the fetal
limbs were noted to be mildly shortened with
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Figure 2. Genetic test results and in vitro functional experiments. A. High-throughput sequencing results; B. Sanger

sequencing results.
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Figure 3. Western blot analysis shows that FLAG pro-
tein expression in the Wild-type group is significantly
higher than in the Mutant type group. The bar graph
on the right illustrates the relative expression levels
of FLAG protein (", P < 0.0001). Representative
images from three independent experiments are
shown (n = 3).

short hands, although specific radiographic
or anthropometric measurements were not
obtained. To clarify the pathogenic factors of
fetal brain structural abnormalities, the couple
agreed to genetic testing of the fetal tissue.

Variant identification

Trio-WES revealed a variant of the fetal HDAC6
gene, NM_006044.4: c.206_c.209delTGGG,
p.Val6OfsTer7 (Figure 2A). Both parents were
wild type, indicating that the variant may be de
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novo. This variant was not included in the
dbSNP, 1000 Genomes, ExAC, or gnomAD
databases, and its distribution frequency in the
normal population was less than 0.0005.
Sanger sequencing confirmed the presence of
this variant (Figure 2B). According to the ACMG
guidelines, the variant was classified as patho-
genic based on the following evidence: PVS1
(this frameshift variant in exon 2 is predicted to
result in nonsense-mediated mMRNA decay or
production of a severely truncated protein lack-
ing all known functional domains) + PS2 (con-
firmed de novo occurrence by parental Sanger
sequencing) + PM2_Supporting (allele frequen-
cy < 0.0005 in normal population databases).

Degradation potential of the mutated protein

Western blot analysis showed that the mutant
HDACG6 protein level was significantly lower
than that of the WT protein under steady-state
conditions (Figure 3). The full uncropped Blots
images can be found in the Supplementary

Material 1. To assess degradation kinetics, we

performed CHX chase assays. The mutant
HDAC6 degraded faster than the WT protein.
Quantitative analysis revealed that the half-life
(tm) of the mutant HDAC6 (~14 h) was mark-
edly shorter than that of the WT (~35 h).
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Figure 4. CHX chase assay of HDAC6 degradation. A. Wild-type (WT) and
mutant (MUT) HDAC6-FLAG were treated with CHX for indicated times. The
mutant degraded faster than WT, with calculated half-lives of ~35 h (WT)
and ~14 h (MUT). ™, P < 0.001, ™", P < 0.0001. B. Co-treatment with
MG132 blocked degradation of both WT and MUT, with no significant dif-
ference (ns) at any time point, indicating proteasome-dependent turnover.

GAPDH served as loading control (n = 3).

Co-treatment with MG132, a proteasome inhib-
itor, substantially blocked the degradation of
both proteins, suggesting that HDAC6 turnover
is mediated by the ubiquitin-proteasome path-
way (Figure 4). These results indicate that the
frameshift variant may promote proteasome-
dependent degradation of HDACG, potentially
leading to a loss-of-function phenotype.

Discussion

We conducted a genetic analysis of an aborted
fetus diagnosed with bilateral VM and hydro-
cephalus using prenatal ultrasound. Genetic
analysis of the fetal tissue identified a novel
HDACG6 gene variant that deleted four bases
into exon 3 (¢.206_c.209delTGGG), resulting in
a frameshift variant, p.Val69fsTer7. Cases of CH
associated with HDAC6 gene variants are rela-
tively rare, with previous reports limited to a
single French family comprising 10 patients
(Table 1). In this family, prenatal ultrasound
showed CH or VM in the male fetuses. After
induced labor, skeletal malformations such as
platyspondyly, rhizomelic shortening, specific
brachydactyly, facial dysmorphism, and mi-
crophthalmia were observed using magnetic
resonance imaging. The phenotype of heterozy-
gous females was milder, with intellectual dis-
ability and short stature [7]. In our case, the
fetus did not present with dysmorphic features,
such as microphthalmia, a short flat nose, low-
set ears, or severe skeletal deformities, and
only VM of the head, CH, and mildly shortened
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2 apparent. The absence of skel-
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MG132+CHX

etal dysplasia in our case,
despite the presence of a
frameshift variant in HDACBG, is
intriguing. Previous cases with
HDAC6 variants often exhibit-
ed severe skeletal involvement
[7, 8]. This discrepancy may be
attributed to the specific vari-
ant position or other genetic
modifiers. Further studies are
therefore required to elucidate
the factors influencing the phe-
notypic variability associated
with HDACG6 variants. In addi-
tion, the lack of pathological or
postmortem examination in
our case limits the compre-
hensive comparison with previ-
ously reported HDACG6-related
phenotypes, which often include skeletal dys-
plasia and microphthalmia. Future studies
should consider conducting detailed postmor-
tem analysis to fully characterize the phenotyp-
ic spectrum associated with HDAC6 variants.
Furthermore, detailed radiographic assess-
ments should be conducted to quantify limb
length and better characterize phenotypic
features.

0 12 24 36

The HDACG6 gene is located in the p11.22-23
region of the X chromosome and consists of 28
exons. The encoded protein includes 1,215
amino acid residues and is the largest protein
in the HDAC family [11]. The main structural
domains of the HDACG protein include two con-
served leucine-rich nuclear export signals
(NES1, 2), two tandem deacetylation catalytic
regions (DD1, 2), a Ser-Glu-containing tetrapep-
tide (SE14), and a zinc-finger structure (ZnF-
UBP) [12]. The main function of the NES motifs
is to prevent the HDACG6 protein from binding to
nuclear proteins and assist in the transport of
HDAC6 protein to the cytoplasm, where it
remains with the assistance of SE14 [13]. The
two DD regions maintain the deacetylation
activity [14]. The main functions of the ZnF-UBP
motif are to regulate actin dynamics and tubu-
lin localization [15]. To date, only one variant,
¢.*281A>T, has been identified. This variant is
located in the 3’ untranslated region of HDAC6
gene. This variant is thought to inhibit hsa-miR-
433-mediated transcriptional regulation, lead-
ing to HDACG protein overexpression [8]. In con-
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Table 1. Clinical phenotypes of reported HDAC6 gene variants

P1 (11I-19) P2 (11I-20) P3 (llI-15) P4 (11-7) P5 (l1I-2) P6 (I-1) P7 (1I-1) P8 (11-2) P9 (11I-3) P10 (IV-2) Our study
Sex M M F F M F F F F F M
Induction 18w 26 w / / / / / / / 25w 26w
Age / / / 36y 38w / / / / / /
Weight 240 g (0 SD) 663 g(-1.5SD) 2,500¢ / 1,300 g (-5SD) / / / / 677 g (-0.5SD) 680 g (0 SD)
(-2 SD)
Height 23.5cm (0SD) 31cm (-1SD) 45 cm / 37cm (-6SD)  145-150cm  145-150 cm 145-150 cm 145-150cm  32c¢m (-0.5SD) 32.3cm
(-2 SD) at birth (-2.5SD) (-2.58D) (-2.58D) (-2.58D) (-0.5 SD)
OFC 15.5c¢m (0 SD) 24 cm (0 SD) / / 27cm (-6SD) / / / / 21cm(-2SD)  24.1cm (0 SD)
Ultrasound result CH, VM CH / / CH, Intrauterine / / / / CH CH, VM
growth
retardation
Facial features Macrocephaly, Frontal bossing, Flat nasal No abnormality Microphthalmia, / / / / Frontal bossing, /
microphthalmia, macrocephaly, bridge and wide nasal microphthalmia,
small low-set large fontanels, mild bridge, low-set ears,
ears, and a microphthalmia, retrognathism dysplastic ears, small nose with
short flat nose  short palpebral and flat nasal bridge
fissures, short prognathism and anteverted
flat nose, short nostrils
philtrum, low-set
ears, and
macrostomia
Skeletal deformities  Platyspondyly,  Platyspondyly, Abnormal Rhizomelic Platyspondyly, / / / / Severe Limbs were
macrocephaly  thin ribs, long vertebrae, shortening and long clavicles, platyspondyly,  short with
with poor miner clavicles, mild micromelia internal hypoplasia of short hands
alization of the hypoplasia of the hypoplasia of spicules of the the iliac wings,
skull, 11 pairs iliac wings, poor the iliac wing, lower portion of hypoplastic
of thin ribs, ossification of absence of the iliac bones, calcaneus,
hypoplasia of the pubis, ulnar styloid metaphyseal short and
the iliac wings  hypoplastic process, and cupped aspect distinctive
and poor calcaneus, short malformation of the metaphyseal
ossification distinctive of the short extremities, cupped meta
of the pubis, metaphysis, tendons of hypoplastic carpals,
metaphyseal cupped the third and calcaneus, and metatarsals,
cupped metacarpals, fourth toes widened and phalanges.
phalanges, and metatarsals, and metaphysis of The long bones
hypoplastic phalanges, and the humerus were relatively
bilobar shaped poor and of the short and thin
calcaneus mineralization radius near the
of the skull elbow
Other features / / Intellectual / Died 6 days / Intellectual / / / /
disability and after birth disability and
severe body
developmental asymmetry
delay
Base variant 3-UTR 3-UTR 3-UTR 3-UTR 3-UTR 3-UTR 3-UTR 3-UTR 3-UTR 3-UTR ¢.206_
C.*281A>T c.*281A>T c.*281A>T C.*281A>T C.*281A>T C.*281A>T c.*281A>T C.*281A>T C.*281A>T c.*281A>T €.209delTGGG
Amino acid variant / / / / / / / / / / P.Val69fsTer7

Molecular mechanism overexpression

Ref. (7]

overexpression
[7]

overexpression overexpression overexpression

[7] (7] 7]

overexpression

(7]

overexpression overexpression overexpression

[7]

(7]

(7]

overexpression loss-of-function

[7] /

Abbreviations: w, week (s); y, year (s); SD, standard deviation; OFC, occipitofrontal circumference; M, male; F, female; CH, congenital hydrocephalus; VM, ventriculomegaly.
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trast, the variant we identified was a frameshift
variant caused by a base deletion in the HDAC6
gene, which is predicted by NMDetective to trig-
ger nonsense-mediated mRNA decay [16], sug-
gesting that reduced or loss of HDAC6 protein
function is a potential mechanism for fetal CH.
Our CHX chase assays further indicated that
the mutant HDAC6 undergoes accelerated pro-
teasome-dependent degradation, with a short-
ened t,, compared to wild-type, supporting a
loss-of-function mechanism. Considering its
location in the N-terminus near the NES
domain, this frameshift variant may also impair
HDACG nucleocytoplasmic trafficking, providing
a new perspective on the potential pathogenic
mechanism.

Further analysis of the mechanism of action of
HDAC6 gene in the occurrence and develop-
ment of CH revealed that HDAC6 gene partici-
pates in multiple signaling pathways (Supple-
mentary Material 2). Among these, the Wnt and
the Hedgehog (Hh) signaling pathways may be
related to the occurrence of hydrocephalus.
The Wnt pathway is a highly conserved signal-
ing pathway that plays an important role in the
activation and fibrosis of various tissues [17].
Xu et al. found that the Wnt pathway activity
increased in a rat model of hydrocephalus,
inhibited the expression of the downstream
effector B-catenin, reduced brain reactive glio-
sis and alleviated the trend of hydrocephalus
[18]. HDAC6 protein overexpression has also
been shown to inhibit the Wnt/B-catenin signal-
ing pathway in liver cancer cells [19]. Based on
these findings, we speculate that HDAC6 pro-
tein inactivation may activate the Wnt/B-catenin
signaling pathway and cause CH.

In addition, activation of the SHH pathway, a
homologous Hh signaling pathway, can inhibit
the Patchedl function, thereby damaging the
ciliary function of ependymal cells and affect-
ing a series of transport functions that require
ciliary action, resulting in hydrocephalus [20].
We aimed to describe the potential mechanism
to illustrate that HDAC6 gene deficiency affects
different signaling pathways, thereby causing
CH. Future studies will aim to verify the regula-
tory mechanism of the HDAC6 gene on Wnt/[3-
catenin and Hh signaling pathways, which may
result in the discovery of potential therapeutic
targets for hydrocephalus. Our bioinformatics
analysis suggests that HDAC6 may be involved
in the regulation of multiple signaling pathways,
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including Wnt/B-catenin and Hh pathways,
which have been implicated in the pathogene-
sis of hydrocephalus [17, 18, 20]. However,
direct experimental evidence supporting these
associations is currently lacking. Future studies
should focus on functional assays, such as
gPCR of downstream targets in fetal tissue or
cell models, to validate the involvement of
these pathways in HDAC6-related hydrocep-
halus.

Fetal VM is commonly diagnosed prenatally.
VM can be observed in approximately 1% of
prenatal ultrasound examinations, but not all
cases of VM will ultimately develop into hydro-
cephalus [21]. If ultrasound or MRI examina-
tions indicate the possibility of CH, molecular
genetic testing should be performed in a timely
manner to aid in the CH diagnosis and distin-
guish between poor prognostic, benign, and
nonspecific pathogenic factors [21]. Recent
studies have identified additional genes associ-
ated with CH, such as MPDZ and TRIM71, high-
lighting the genetic heterogeneity of this condi-
tion [22, 23]. Additional systematic reviews and
meta-analyses support the routine use of WES
as an auxiliary diagnostic tool for CH [24].
Therefore, prenatal WES testing should be
included for cases suggesting CH, especially
for non-isolated/syndromic CH or consanguine-
ous patients with CH, and genetic diagnostic
testing should be strengthened [23]. Early
exclusion of non-fatal CH that does not cause
severe neuromotor developmental disorders
allows for the administration of active treat-
ment postnatally, potentially resulting in a bet-
ter prognosis [25].

Our study has certain limitations. First, fetal
brain tissue was not collected for pathological
analysis, resulting in a lack of hydrocephalus
classification. Second, we were unable to vali-
date how the loss of HDAC6 protein affects
specific signaling pathways that cause CH, nor
could we detect the deacetylase activity of the
mutant protein or its effects on cell prolifera-
tion/apoptosis; these aspects should be veri-
fied through basic research in future studies.

Conclusions

We performed a genetic analysis of an aborted
fetus diagnosed with VM and CH through pre-
natal ultrasound and identified a frameshift
variant in the patient’'s HDAC6 gene which may
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have led to the loss of protein function. Using
data mining and bioinformatics analysis, the
HDAC6 gene was found to be involved in the
regulation of multiple signaling pathways, and
the Wnt/B-catenin and Hh signaling pathways
may be related to the occurrence of CH. Our
results suggest that molecular diagnostic tech-
nology should be used as early as possible for
fetuses diagnosed with possible VM or CH.
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Supplementary Figure 1. Original uncropped gel images of the western blot experiments involved in this manuscript.

Supplementary Material 2

Bioinformatics prediction methodology

We used the STRING database (http://stringdb.org) to establish a PPl network composed of human
HDACG protein and extracted and analyzed the network using Cytoscape (v3.9.0) software. We used the
degree, betweenness, and closeness values in the CytoNCA plug-in to perform enrichment analysis of
the network and obtain the network relationships of key targets. Human HDAC6 was analyzed by gene
ontology (GO) and KEGG enrichment analysis using the Metascape database (https://metascape.org/),
with P < 0.05 as the screening condition. The screening results were used to analyze the key targets
involved in biological process (BP), molecular function (MF), cellular component (CC), and signaling path-
ways. Finally, the Reactome database (https://reactome.org) was used to analyze HDACG6 protein inter-
actions and signaling pathways to determine the possible mechanism of action of the protein in CH.

HDACG6 PPI network and functional annotation

STRING network analysis showed 11 nodes and 34 edges. The topological parameters of the PPl net-
work were calculated using a network analyzer. After screening, HDAC6, HSPOQOAA1, and HSPOOAB1
were identified as important targets in the PPl network (Supplementary Figure 2). These 11 targets were
imported into the Metascape database for GO and KEGG pathway enrichment analyses. The results
showed that BP was mainly enriched in oocyte maturation regulation, which may be involved in repro-
ductive and developmental processes, and was mainly enriched in tubulin deacetylase activity, indicat-
ing that it may affect the stability and function of tubulin. CC was mainly enriched in the outer compo-
nents of the mitochondrial outer membrane, which may be related to mitochondrial function and cellular
metabolism (Supplementary Figure 3). Signaling pathway analysis suggested that the HDAC6 gene is
involved in the regulation of multiple signaling pathways, mainly focusing on signal transduction, includ-
ing signaling by Wnt, Hedgehog, death receptor signaling, Rho GTPases/Miro and Rhobtb3, GPCR,
receptor serine/threonine kinases, and intracellular signaling by second messengers (Supplementary
Figure 4).
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Supplementary Figure 2. Protein-protein interaction network diagram visualized based on string results using Cy-
toscape software.
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Supplementary Figure 3. GO enrichment analysis of the HDAC6 gene.
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Supplementary Figure 4. Analysis of potential signaling pathways for the HDAC6 gene (shown by the rose-red bor-
der). From the Reactome database (https://reactome.org).



