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Aims
To explore the novel molecular mechanisms of histone deacetylase 4 (HDAC4) in chondro-
cytes via RNA sequencing (RNA-seq) analysis.

Methods

Empty adenovirus (EP) and a HDAC4 overexpression adenovirus were transfected into cul-
tured human chondrocytes. The cell survival rate was examined by real-time cell analysis
(RTCA) and EdU and flow cytometry assays. Cell biofunction was detected by Western blot-
ting. The expression profiles of messenger RNAs (mRNAs) in the EP and HDAC4 transfection
groups were assessed using whole-transcriptome sequencing (RNA-seq). Volcano plot, Gene
Ontology, and pathway analyses were performed to identify differentially expressed genes
(DEGs). For verification of the results, the A289E/S246/467/632 A sites of HDAC4 were mutat-
ed to enhance the function of HDAC4 by increasing HDAC4 expression in the nucleus. RNA-
seq was performed to identify the molecular mechanism of HDAC4 in chondrocytes. Finally,
the top ten DEGs associated with ribosomes were verified by quantitative polymerase chain
reaction (QPCR) in chondrocytes, and the top gene was verified both in vitro and in vivo.

Results

HDAC4 markedly improved the survival rate and biofunction of chondrocytes. RNA-seq anal-
ysis of the EP and HDAC4 groups showed that HDAC4 induced 2,668 significant gene expres-
sion changes in chondrocytes (1,483 genes upregulated and 1,185 genes downregulated,
p < 0.05), and ribosomes exhibited especially large increases. The results were confirmed
by RNA-seq of the EP versus mutated HDAC4 groups and the validations in vitro and in vivo.

Conclusion
The enhanced ribosome pathway plays a key role in the mechanism by which HDAC4 im-
proves the survival rate and biofunction of chondrocytes.
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The aim of this study was to reveal the
novel molecular mechanisms by which
histone deacetylase 4 (HDAC4) improves
chondrocyte survival rate and biological
function via mutagenesis analysis and
RNA sequencing (RNA-seq).

Key messages

HDAC4 markedly improves the survival
rate and biofunction of chondrocytes.

and biofunction of chondrocytes by
enhancing ribosome pathways.
Supporting this conclusion, mutating the
caspase cleavage site (A289) and 14-3-3
protein interaction sites (5246/467/632)
increases the expression of HDAC4 in the
nucleus.
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Strengths and limitations

In this study, the A289E/S246/467/632 A sites of HDAC4
were mutated to amplify the function of HDAC4 by
increasing the expression of HDAC4 in the nucleus,
and RNA-seq was performed to further discover the
molecular mechanism of HDAC4 in chondrocytes.
The functions of the selected genes should be further
validated.

Introduction

Cartilage is a specialized connective tissue. Its main func-
tions are to disperse and transfer load between joints,
reduce friction, and help joints to move smoothly and
painlessly. Chondrocytes are the only resident cell type
in cartilage tissue and play a key role in maintaining the
normal biological function of cartilage by secreting the
major extracellular matrix (ECM)." Once chondrocyte
dedifferentiation or death occurs, it will lead to progres-
sive degeneration of cartilage, ultimately progressing to
osteoarthritis (OA).>* Thus, improving the survival rate
and biofunction of chondrocytes is very important to
protect cartilage from OA.

Histone deacetylase 4 (HDAC4) is the best character-
ized member of the HDAC class lla family. This molecule
is closely associated with cell proliferation, hypertrophy,
apoptosis, and other processes during development and
disease.* In cartilage tissues, mice lacking HDAC4 die
early during the postnatal period,® which indicates that
HDAC4 plays an essential role in regulating cartilage and
bone development. Studies have shown that HDAC4
represses chondrocyte hypertrophy and endochondral
bone formation by inhibiting the function of myocyte-
specific enhancer factor 2C (MEF2C) and runt-related
transcription factor 2 (RUNX2).6% A 2014 study showed
that decreased HDAC4 contributes to chondrocyte
hypertrophy and cartilage degeneration, which in turn
accelerates the pathogenesis of OA cartilage degenera-
tion.? These results suggest that repressing chondrocyte
hypertrophy might be the main molecular mechanism
by which HDAC4 functions in cartilage development and
OA progression. However, an earlier study on HDAC4
by Guan et al™® discovered that the subcellular location
of HDAC4 might be associated with chondrocyte prolif-
eration in growth plates. Gao et al' found that HDAC4
expression in chondrocytes contributes to angiogenesis
in the growth plate, and its absence in vivo negatively
affects growth plates. Therefore, in addition to chon-
drocyte hypertrophy, HDAC4 may also modulate other
biological functions of chondrocytes. However, the regu-
latory mechanism is still unclear. In this study, we used
RNA sequencing (RNA-seq) to explore the novel molec-
ular mechanisms of HDAC4 in chondrocytes.

Methods

A number of the methods reported in this article were
also previously reported in Guo et al."?

Chondrocyte isolation and primary culture. Cartilage
slices were removed from ‘relatively normal’ cartilage

samples of the tibia obtained during total knee arthro-
plasty and washed in Dulbecco’s modified Eagle’s medi-
um (DMEM) (Invitrogen; Thermo Fisher Scientific, USA).
Chondrocytes were isolated as previously described.™
Primary chondrocytes were incubated in DMEM con-
taining 10% fetal bovine serum (FBS), L-glutamine
(Invitrogen), and antibiotics (penicillin and streptomycin)
(MilliporeSigma, USA) at 37°C in 5% CO, and allowed
to attach to the surface of culture dishes (Nalge Nunc
International Corp, USA). After 48 hours, immunocyto-
chemistry analysis of the chondrocyte phenotype was
performed as described previously using anti-type | col-
lagen (ab34710; Abcam, USA) and anti-type Il collagen
monoclonal antibodies (ab34712; Abcam, USA)." The
cells were positive for type Il collagen and negative for
type | collagen (Figure 1a).

Overexpressing HDAC4 in chondrocytes. HDAC4 adeno-
virus and mutated HDAC4 adenovirus, the caspase-2/3
cleaved site (Asp-289), and 14-3-3 binding sites (Ser-246,
Ser-467, and Ser-632) were mutated and constructed by
GeneChem (China). Human chondrocytes were plated
at 50% to 60% confluence, and after 24 hours the cells
were transfected at a confluence of 70% to 90% (60 mm
dish: 1 x 10%). Adenovirus DNA (1 x 10¢ plaque-forming
units (PFUs)/ml) was prepared and added to the cells.
Then 12 hours after transfection, the cells were cultured
in 10% FBS medium at 37°C; 48 hours after transfection,
the transfection rates were detected by fluorescence im-
aging (Olympus, Japan) and flow cytometry (CyFlow
Cube 6; Partec, Germany). The mean transfection rates
were as follows: empty adenovirus (EP) control: 85.6%
(standard deviation (SD 4.7%); HDAC4: 90.52 (SD 5.7%)
(Figures 1b and 1c), mutated HDAC4: 91.9 (SD 3.9%)
(Supplementary Figure aa). Then 70 hours after trans-
fection, the biomarkers of chondrocyte differentiation
RUNX2, type X collagen (Col-X), and matrix metallopep-
tidase-13 (MMP-13) were detected by Western blotting.
Real-time cell analysis. FBS medium (10%, 100 ul) con-
taining 2 x 10° to 4 x 10° cells was loaded in each well of
a 96-well plate (ACEA Biosciences, Agilent Technologies,
USA). The plate was incubated for a minimum of 30 min-
utes in a humidified (37°C) 5% CO, incubator and then
inserted into a real-time cell electronic sensing system
(ACEA Biosciences); the cell survival rate was monitored
for 70 hours.

Cell viability measurement by flow cytometry. The viabil-
ity of cells was detected by phycoerythrin (PE) Annexin
V and 7-amino-actinomycin (7-AAD) staining kits (BD
Biosciences, USA). In the kits, cells that are considered
viable are PE Annexin V and 7-AAD negative; cells that
are in early apoptosis are PE Annexin V positive and 7-
AAD negative; and cells that are in late apoptosis or al-
ready dead are both PE Annexin V and 7-AAD positive.
We tested according to the manufacturer’s instructions.
The percentages of live and dead cells were quanti-
fied by fluorescence-activated cell sorting analysis on a
MACSQuant instrument (Miltenyi Biotec, Germany). The
experiment was repeated three times.
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a) Immunofluorescence assay results showed that cells were positive for type Il collagen (red) and negative for type | collagen (red, scale bar: 100 um). b) The
transfection efficiency in each group was observed by fluorescence microscopy. The empty adenovirus (EP) and histone deacetylase 4 (HDAC4) adenoviruses
carried green fluorescent protein (GFP) (green); scale bar: 100 pm. c) Representative transfection rate of groups at 48 hours after transfection by flow
cytometry. d) Data were quantified by the mean transfection rate (n = 3). FL1, FITC channel; M1, FITC positive cell rate.

Cell proliferation assays. Cell proliferation was detected
using a Cell-Light EdU Kit (RiboBio, China) according to
the manufacturer’s protocol. EdU was added to the cul-
ture medium at a concentration of 50 uM. The cells were
fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100 in phosphate-buffered saline (PBS)
for 15 minutes, and subsequently incubated with Apollo
reaction cocktail (containing Apollo reaction buffer,
Apollo catalyst, Apollo 567 fluorescent dyes, and buffer
additives) and Hoechst 33342 for 30 minutes away from
light. The cells were then observed immediately under a
fluorescence microscope (Olympus). The percentage of
positive cells (red) was determined.

Western blotting. For verification of the results of RNA-
seq in vitro, cells were plated at 50% to 60% confluence

and grown until they reached 70% to 90% confluence
after 24 hours. Then the cells were randomly divid-
ed into three groups: the control; interleukin (IL)-1B
(10 ng/ml); and IL-1B+ HDAC4 groups. IL-18 was used
to induce the OA chondrocyte models.”™ Then 48 hours
after treatment, total protein from the chondrocytes
was isolated and quantified by a Bradford Protein Assay
Reagent Kit (Bio Rad Laboratories, USA). A total of 20 ug
of total protein was separated by 10% sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS—PAGE)
under reducing conditions. The proteins were then
transferred onto a nitrocellulose (NC) filter membrane
(Bio Rad Laboratories) and probed with polyclonal an-
tibodies against HDAC4 (B-5) (SC-365093; Santa Cruz
Biotechnology, USA), HDAC4 (A-4) (SC-46672; Santa
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Cruz Biotechnology), CCR4-NOT Complex subunit 1
(CNOT1) (A5969; ABclonal, China), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (ab5174; Abcam,
UK). The secondary antibodies IRDye 800CW goat anti-
rabbit (red) (ab216773) or IRDye 680RD goat anti-mouse
(green) (ab216776; both Abcam, UK) diluted at a ratio
of 1:5,000 in PBS-Tween (PBS-T) were used. The immu-
noreactive proteins were visualized using Odyssey CLx,
and band densities were quantified using Empiria Studio
Analysis software (both LI-COR Biosciences, Germany).

The total protein of human cartilage explants was

isolated and quantified by a Bradford Protein Assay
Reagent Kit (Bio Rad Laboratories) and prepared for
Western blotting. The Western blotting protocol and
the indicators were the same as those in the above cell
experiments.
RNA-seq analysis of chondrocytes. The procedure for
RNA-seq was modified based on previously published
methods.'¢ Briefly, total RNA was extracted from chondro-
cytes of the EP, wild-type HDAC4 (WT-H4), and mutated
HDAC4 (M-H4) transfection groups 48 hours after trans-
fection using TRIzol reagent (Invitrogen). RNA degrada-
tion and contamination were evaluated on 1% agarose
gels. RNA purity was assessed using a NanoPhotometer
spectrophotometer (Implen, USA), RNA concentration
was measured using a Qubit RNA Assay Kit in Qubit 2.0
Fluorometer (Life Technologies; Thermo Fisher Scientific,
USA), and RNA integrity was assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies).

According to the manufacturer’s instructions, the
sequencing library was constructed using the NEB Next
Ultra RNA Library Prep Kit for lllumina (New England
Biolabs (NEB), USA). The index of the reference genome
was built using HISAT2 v2.0.5. Differential expression
analysis between groups was determined using the
DESeg2 R package v1.22.1 (R Foundation for Statis-
tical Computing, Austria). All statistical analyses were
conducted using the R statistical programming language
(R Foundation for Statistical Computing). Genes with an
adjusted p-value of < 0.05 found by DESeq2 were consid-
ered differentially expressed. Differentially expressed
genes (DEGs) were defined as having a fold change (FC)
> 2 and p-value < 0.05. Gene Ontology (GO) enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis were performed using the clus-
terProfiler R package v4.0 (R Foundation for Statistical
Computing). Gene set enrichment analysis (GSEA) was
performed using all normalized probes on the ‘curated
gene set’ and ‘GO gene set’ collections of the Molecular
Signatures Database v5.2 (MSigDB)."”

Real-time quantitative PCR. Total RNA was isolated from
human chondrocyte groups using the RNeasy Isolation Kit
(Qiagen, USA). Total RNA (1 pg) was reverse-transcribed
to complementary DNA (cDNA) using a reverse transcrip-
tion kit (TaKaRa, Japan). The resulting cDNA (80 ng/pl)
was used as a template to quantify the relative content of
messenger RNA (mRNA) using a QuantiTect SYBR Green

Table 1. Primers used in this study with the species (human), name,
orientation, and sequence used in quantitative polymerase chain reaction.

Name Forward/reverse Sequence (5’ to 3’)
Forward CGGCTACCACATCCAAGGAA
18§ Reverse GCTGGAATTACCGCGGCT
Forward GATTCAGGAGTGTGCGTTGC
CNOT1 Reverse TGGGCAGCGAAACCTCTAAG
Forward TTTGACATCTTTGAACTCACCG
THBS1 Reverse AGAAGGAGGAAACCCTTTTCTG
Forward GTCTATACTTACTGCCAGCG
SEMASA Reverse GTTAAATGCCTTGATGGCCTC
Forward GATTCGCATGTGCAAGGACC
PRPF8 Reverse TTGCCAAGCCATCGCTCTAA
Forward ATGGCCCTACGCTACCCTAT
RPL36 Reverse AATCATGTCCCGCACGAACT
Forward ATGGACACCAGCCGTGTG
RPS28 Reverse TCAGCGCAACCTCCGGGCTT
Forward GCCTGCCACCTCCTATGTG
RPL28 Reverse TCTCCAGCCCATATTGCAACC
Forward CGCGCTACTTTGGGATAAAG
POLR2E Reverse ACCAGCCGGTAGGTGATGTA;
Forward GCGTCCCAAGAAGAAGGTCA
UBA52 Reverse ACCAATTGCTGCTCCAGTCA
Forward AGTGGACATCCGCCATAACAA
RPL18 Reverse CTTGACCAACAGCCTCAGGTA

CNOT1, CCR4-NOT transcription complex subunit 1; POLR2E, RNA
polymerase Il polypeptide E; PRPF8, pre-messenger RNA (mRNA)
processing factor 8; RPL18, ribosomal protein L18; RPL28, ribosomal
protein L28; RPL36, ribosomal protein L36; RPS28, ribosomal protein
$28; 18S, 18S ribosomal RNA; SEMASA, Semaphorin 5A; THBST,
Thrombospondin 1; UBA52, ubiquitin A-52 residue ribosomal protein
fusion product 1.

PCR Kit (TaKaRa) with a QuantStudio 6 Flex Fluorescence
Detection System (Thermo Fisher Scientific). The prim-
er pairs used are listed in Table I. Relative transcript lev-
els were calculated according to the equation x = 2+,
where AACt = ACtE- ACt C (ACtE=Ctexp-Ct18S, ACt
C=Ct C- Ct18S).

The verification of RNA-seq in vivo: a pilot study. Two-
month-old male Sprague Dawley (SD) rats (180 to 230 g,
n = 30) were obtained from the Experimental Animal
Centre (Shanxi Medical University, China). The rats were
randomized to three groups (n = 10 per group): sham
operation (control); anterior cruciate ligament transec-
tion (ACLT) alone; and ACLT and HDAC4 adenovirus (1 x
10" PFU/ml). ACLT and sham operations were performed
on the right knees as described previously.'®* HDAC4 ad-
enovirus (40 pl) was used to treat rat post-traumatic OA
by intra-articular injection. The treatment was performed
24 hours after ACLT and then once every three weeks for
eight weeks. All animals were euthanized at eight weeks
after the operation.

The extent of OA progression was evaluated using
Safranin O, and the protein expression of CNOT1 was
detected by immunohistochemical staining. The ARRIVE
checklist for the design and execution of protocols for
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animal research and treatment was used and is included
in the Supplementary Material.

Histology. The human cartilage explants were fixed in
10% formalin (MilliporeSigma) for 72 hours. The speci-
mens were decalcified in Richman-Gelfand-Hill solution,
processed in a Tissue-Tek VIP 1000 tissue processor (Miles
Laboratories, USA), and embedded in a single block of
Paraplast X-tra (Thermo Fisher Scientific, USA). Blocks
were trimmed to expose the tissue using a rotary mi-
crotome (Leica RM2125; Leica Microsystems, Germany).
Ten adjacent sections were collected at intervals of O ym,
100 um, and 200 um. Two serial 6 pm-thick sections from
each interval were stained with Safranin O.

In the in vivo study, the femora and tibiae of SD rats

were hemisected in the midsagittal plane, and each half
was embedded in a single block of Paraplast X-tra. Blocks
were trimmed to expose the cartilage. Ten adjacent
sections were collected at intervals of 0 ym, 100 um, and
200 pm (Leica RM2125). Two serial 6 um-thick sections
from each interval were stained with Safranin O.
Immunohistochemistry. To detect the distribution of
CNOTT1 in cartilage, we carried out immunohistochem-
istry using the 3,3'-diaminobenzidine (DAB) Histostain
streptavidin peroxidase (SP) kit (Novex, Life Technologies,
USA). The sections (6 ym) were deparaffinized and rehy-
drated using conventional methods. The sections were
digested with 5 mg/ml hyaluronidase in PBS (Millipore
Sigma, USA) at 37°C for ten minutes. Endogenous per-
oxidase was blocked by treating the sections with 3% hy-
drogen peroxide in methanol (Millipore Sigma) at room
temperature for ten minutes. Non-specific protein bind-
ing was blocked by incubation with a serum blocking
solution (LI-COR Biosciences) at room temperature for
ten minutes. The sections were incubated with specific
antibodies against rat CNOT1 (A5969; ABclonal) at 4°C
overnight. Thereafter, the sections were treated sequen-
tially with biotinylated secondary antibody and SP conju-
gates at 37°C for ten minutes and then developed in DAB
chromogen (Invitrogen) for three minutes. The sections
were counterstained with haematoxylin (Invitrogen) for
one minute. Photomicrographs were obtained with a
Nikon E800 microscope (Nikon, USA).
Statistical analysis. The data are presented as the mean
(standard deviation (SD)) obtained from at least three
independent experiments. Each experimental meas-
urement was performed in triplicate. Two-tailed paired
t-tests were used to compare changes in the gene expres-
sion and protein expression levels. A p-value less than
0.05 was considered statistically significant. Statistical
analyses were performed using SPSS v18.0 (SPSS, USA).

Results

HDAC4 markedly improves the survival rate and biofunc-
tion of chondrocytes. At present, most studies on HDAC4
in cartilage focus on its inhibition of chondrocyte hyper-
trophy. In this study, the key markers (RUNX2, Col-X, and
MMP-13) involved in the hypertrophic differentiation of
chondrocytes were also detected by Western blotting four

days after transfection. The results showed that HDAC4
treatment indeed significantly decreased the expression
of RUNX2, Col-X, and MMP-13 compared to that of the
EP group (Figure 2a). To investigate the other functions
of HDAC4, we detected the chondrocyte survival rate
by the real-time cell analysis (RTCA) assay O to 96 hours
after transfection. Compared with that of the EP group,
the cell index (live cell counts) of the HDAC4 transfection
group was markedly higher (Figure 2b). The result was
confirmed by an EdU assay (Figure 2c). The flow cytom-
etry analysis results showed that the cell survival rates in
the EP and HDAC4 transfection groups were 83.3% and
93.6%, respectively (Figure 2d). In contrast, the early cell
apoptosis rate of the HDAC4 group decreased signifi-
cantly (Figure 2d). All these results indicated that HDAC4
could not only inhibit the hypertrophic differentiation of
chondrocytes, but also effectively improve the survival
rate of chondrocytes by promoting proliferation and in-
hibiting apoptosis.

Differential gene expression and GO analysis (EP versus
HDAC4). For determination of the molecular mecha-
nism of HDAC4 in chondrocytes, human chondrocytes
were collected and treated with EP and HDAC4 for 70
hours separately, and the cells were then subjected to
RNA-seq (Supplementary Figure ba). The mRNA levels
of HDAC4 were detected and found to be six-fold higher
in the HDAC4 transfection groups than in the EP group
(Supplementary Figure bb). A volcano plot was drawn to
compare DEGs between the two groups (Figure 3a), and
the results showed that HDAC4 induced 2,668 significant
gene expression changes in chondrocytes (1,483 genes
upregulated and 1,185 genes downregulated; Figure 3b
and Supplementary Table i).

To learn more about the biological effects of HDAC4
based on the differential gene regulation in chondro-
cytes, we performed GO enrichment analysis for different
treatment groups. Between the EP and HDAC4 groups,
GO analysis showed multiple terms (p < 0.05; Supple-
mentary Table ii). The top ten GO terms are shown in
Figure 3c, including cellular macromolecule catabolic
process, cell cycle, apoptotic process, and autophagy.
KEGG pathway analysis of DEGs (EP versus HDAC4). The
DEGs were matched to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database under the different treat-
ments. For EP versus HDAC4, we identified 21 pathways
(p < 0.05; Supplementary Table iii). The top ten KEGG
pathways are shown in Figure 4a, and the results showed
that five signalling pathway terms were important: ribo-
some, oxidative phosphorylation, focal adhesion, thyroid
hormone signalling pathway, and oestrogen signalling
pathway. Subsequently, the enhanced KEGG pathways
were analyzed, and the top ten pathways are shown in
Figure 4b. Ribosomes exhibited an increased degree of
upregulation (we have indicated the ribosome signalling
in Figure 4b).

RNA-seq analysis (EP versus mutated
HDAC4). Nucleocytoplasmic trafficking is considered
an important element in controlling the transcriptional
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Fig. 2

Histone deacetylase 4 (HDAC4) markedly improves the survival rate and biofunction of chondrocytes. a) Representative protein expression levels of runt-
related transcription factor 2 (RUNX2), type X collagen (Col-X), matrix metallopeptidase-13 (MMP-13), and B-actin in chondrocytes. b) Representative cell
survival rates of groups were detected by real-time cell analysis (RTCA) assay; the HDAC4 group (purple) and the empty adenovirus (EP) group (grey),

the data were quantified by mean cell index (Cl) (n = 4). c) Representative EdU-based cell proliferation assay results. The EdU-positive cells showed red
fluorescence. Scale bar: 50 um. The percentage of EdU-positive cells in all cells and the percentage of EdU-positive cells in the cells with red fluorescence
were quantified. d) Cell viability was detected by flow cytometry; of the four regions in the figure, zone V3 indicates negative 7-amino-actinomycin (7-AAD)
and Annexin-V-phycoerythrin (PE) staining, showing the percentage of living cells, while zone V4 indicates negative 7-AAD staining and positive Annexin-
V-PE staining, showing the percentage of early apoptosis cells. The data were quantified by the early apoptosis rate (n = 6). Data are expressed as the mean
(standard deviation). ***p < 0.001. DAPI, 4',6-diamidino-2-phenylindole; GFP, green fluorescent protein.
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a) Volcano plot of the differentially expressed genes (DEGs) for empty adenovirus (EP) versus histone deacetylase 4 (HDAC4, wild-type (WT)-H4). The genes
that were found to be statistically significant (false discovery rate < 0.05) are highlighted. b) The bar chart shows the total DEGs, upregulated DEGs, and
downregulated DEGs. c) Gene Ontology (GO) functional enrichment analysis of DEGs with or without HDAC4. BP, biological process; CC, cell component;
MF, molecular function.
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a) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed genes (DEGs) with or without histone
deacetylase 4 (HDAC4). b) KEGG pathway enrichment analysis of upregulated DEGs with or without HDAC4. MAPK, mitogen-activated protein kinase; padj,

p-adjusted.

repression function of HDAC4. In the nucleus, HDAC4
could partner with histones and/or transcription factors
to inhibit transcription. In contrast, cytoplasmic accumu-
lation of HDAC4 removes the repression of transcription.'
As early as the year 2000, Wang et al*® and Grozinger and
Schreiber?' discovered that inhibiting the interaction be-
tween HDAC4 (Ser-246, Ser-467, and Ser-632) and 14-3-3
protein in the cytoplasm could significantly increase the
function of HDAC4 by anchoring HDAC4 in the nucleus.
Moreover, according to the current view, HDAC4 pro-
tein can be cleaved by caspase-2/3 at the Asp-289 site
in chondrocytes, which significantly decreases the ex-
pression of HDAC4 in chondrocytes, including the nucle-
us.?2 Therefore, in this study, the A289E/S246/467/632 A
sites of HDAC4 were mutated to amplify the function of
HDAC4 by increasing the expression of HDAC4 in the nu-
cleus, and RNA-seq was performed to further investigate
the molecular mechanism of HDAC4 in chondrocytes.

To evaluate the expression of HDAC4 in the nucleus, we
observed the subcellular location of HDAC4 by fluores-
cence microscopy. The results showed that: in the HDAC4
group, HDAC4 was mainly located in the cytoplasm; in
the HDAC4+ caspase inhibitor group, HDAC4 was located
in both the cytoplasm and nucleus; and in the mutated
HDAC4 group, HDAC4 was mainly located in the nucleus
(Supplementary Figure aa). The results were confirmed

by Western blotting (Supplementary Figures ab and ac).
To investigate the function of mutated HDAC4, we deter-
mined the chondrocyte survival rate by the RTCA assay
during 0 to 70 hours after transfection. Compared with
that of the other groups, the cell index (live cell counts)
of the mutated HDAC4 transfection group was markedly
higher (Supplementary Figures ca and cb), and the result
was confirmed by detecting the total protein levels in the
groups at 70 hours after transfection (Supplementary
Figure cc). The above results indicate that mutating the
A289E/S246/467/632 A sites of HDAC4 could amplify the
function of HDAC4 by increasing HDAC4 expression in
the nucleus.

The RNA-seq analysis showed that mutated HDAC4
induced 821 DEGs in chondrocytes, including 469
upregulated genes and 332 downregulated genes
(Figure 5a and Supplementary Table iv). GO analysis
showed the multiple terms (p < 0.05, Supplementary
Table v). The top ten GO terms are shown in Figure 5b.
Importantly, in the biological process (BP), 43 genes
were enriched in the term mRNA metabolic process. In
the terms of cellular component (CC), 38 genes were
enriched in the term nucleolus, 37 genes were enriched
in ribonucleoprotein complex, 14 genes were enriched
in ribosome, and 11 genes were enriched in ribosomal
subunit. In the terms of molecular function (MF), 30
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a) Volcano plot of the differentially expressed genes (DEGs) for empty adenovirus (EP) versus mutated histone deacetylase 4 (M_H4). The genes that were
found to be statistically significant (false discovery rate < 0.05) are highlighted; the bar chart shows the total DEGs, upregulated DEGs, and downregulated
DEGs. b) Gene Ontology (GO) functional enrichment analysis of DEGs with or without mutated HDAC4. c) Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of DEGs between the EP and mutated HDAC4 groups. d) KEGG pathway enrichment analysis of upregulated DEGs
between the EP and mutated HDAC4 groups. e) Gene set enrichment analysis (GSEA) based on GO enrichment analysis showed the upregulated (red)

and downregulated pathways (blue) comparing the mutated HDAC4 and EP groups. f) GSEA based on KEGG enrichment analysis comparing the mutated
HDAC4 and EP groups. AMPK, AMP-activated protein kinase; BP, biological process; CC, cellular component; HTLV-I, human T-lymphotropic virus type 1; MF,
molecular function; mRNA, messenger RNA; ncRNA, non-coding RNA; padj, p-adjusted; rRNA, ribosomal RNA.
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a) Volcano plots showing the differentially expressed genes (DEGs) of the ribosome pathway in the histone deacetylase 4 (HDAC4) groups and the genes

that were found to be statistically significant (false discovery rate (FDR) < 0.05). b) All DEGs, upregulated genes, and downregulated genes. c) Volcano

plots showing the DEGs of the ribosome pathway in the HDAC4 groups, the genes that were found to be statistically significant (FDR < 0.05). d) All DEGs,
upregulated genes, and downregulated genes. e) Validation of the top ten genes by polymerase chain reaction (PCR) (n = 6). f) Validation of the top gene
(CNOT1) by Western blotting (n = 3). The data are expressed as the mean (standard deviation). **p < 0.01, ***p < 0.001. GAPDH, glyceraldehyde 3-phosphate

dehydrogenase.

genes were enriched in transferase activity and trans-
ferring phosphorus-containing groups, 27 genes were
enriched in macromolecular complex binding, 25 genes
were enriched in transcription factor activity and tran-
scription factor binding, and 23 genes were enriched in
transcription cofactor activity. All of the above terms were
closely related to three keywords: nucleus, transcription
function, and ribosome.

KEGG pathway analysis identified ten pathways (p
< 0.05; Supplementary Table vi) (Figure 5c), and the
ribosome pathway was the pathway with the most
significant change. The result was confirmed by the
enhanced KEGG pathway analysis (Figure 5d). GSEA was
performed. Unlike GO/KEGG enrichment analysis, which
only focuses on significantly upregulated or downregu-
lated genes with the omission of some genes with insig-
nificant differential expression but important biological
function, GSEA is based on the whole gene set. Here, the
GSEA of GO enrichment showed that the terms closely

related to ribosome, RNA polymerase Il core binding,
RNA polymerase core enzyme binding, ribosomal RNA
(rRNA) metabolic process, rRNA process, and ribosome
biogenesis were significantly upregulated (Figure 5e and
Supplementary Table vii). The GSEA of KEGG enrichment
showed that the ribosome pathway was the only pathway
that was significantly upregulated (Figure 5f and Supple-
mentary Table viii).

In vitro and in vivo validation. To validate the results of
RNA-seq, we analyzed the ribosome-related genes for EP
versus HDAC4 and EP versus mutated HDAC4. The vol-
cano plot of the DEGs showed that HDAC4 induced 61
significant gene expression changes (37 genes upreg-
ulated and 24 genes downregulated), and the top five
DEGs were CNOTI1, THBS1, SEMAS5A, PRPF8, and RPL36
(Figures 6a and 6b). Mutated HDAC4 induced 39 signif-
icant gene expression changes (35 genes upregulated
and four genes downregulated), and the top five DEGs
were RPS28, RPL28, POLR2E, UBA52, and RPL18 (Figures 6¢
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a) The protein level of CNOT1 in normal and osteoarthritis (OA) cartilage tissue was detected by Western blotting (n = 3). b) The protein expression of CNOT1
in relatively normal and OA cartilage tissue was detected by immunohistochemistry (n = 3). c) Western blotting results showed the protein level of CNOT1

in the OA chondrocyte model (n = 3). d) Safranin O and fast green staining showed the degenerative degree of cartilage tissue, and immunohistochemistry
results showed the protein expression of CNOTT in OA rat models (n = 10). The data are expressed as the mean (standard deviation). **p < 0.01, ***p < 0.001.
ACLT, anterior cruciate ligament transection; Con., control; IL, interleukin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HDAC4, histone deacetylase

4.

and 6d). Real-time Quantitative PCR Detecting System
(QPCR) was used to validate the expression of the ten
chosen genes. The results showed that except for PRPF8,
UBA52, and RPL18, significant changes were found in the
other seven genes, with a FC > 2.0. Among the ten genes,
CNOT1 exhibited a higher degree of downregulation (FC
approximately 7.5) (Figure 6e). The Western blotting re-
sults of CNOT1 were consistent with the gPCR results:
overexpression of HDAC4 decreased the protein level of
CNOTT1 in chondrocytes (Figure 6f).

To further validate the RNA-seq results, we assayed
the expression of HDAC4 and CNOTT1 in normal and OA
human cartilage tissues by Western blotting and immu-
nohistochemistry. The results showed that HDAC4 protein
levels were decreased in OA cartilage tissues, whereas
CNOTT1 protein levels were increased (Figures 7a and 7b).
Subsequently, HDAC4 was used to treat OA chondrocyte

models induced by IL-18, and the results showed that
HDAC4 effectively downregulated the expression of
CNOT1 in the OA chondrocyte models (Figure 7c). The in
vivo experiments showed the same result: intra-articular
injection of a HDAC4 adenovirus effectively decreased
the expression of CNOT1 in cartilage tissues of OA rats
(Figure 7d).

Discussion

HDAC4 plays a key role in the control of gene transcrip-
tion, which has been associated with various signal-
ling networks of development in the skeletal muscle,?
brain,? heart,?® vascular system,? liver,”” and cartilage,?®
even in adulthood, enabling adaptation to environ-
mental changes.?? However, the molecular mechanism of
HDACA is still unclear. This study discovered novel molec-
ular mechanisms of HDAC4 in chondrocytes via HDAC4
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Hypothesis schematic of the molecular mechanism by which histone deacetylase 4 (HDAC4) improves the survival rate and biological function of
chondrocytes. rRNA, ribosomal RNA; TF_bZIP, transcription factor_basic leucine zipper zinc finger; ZBTB, BTB domain; zf-C2H2, zinc finger-C2H2.

mutagenesis and RNA-seq analysis. The results showed
that the enhanced ribosome pathway played a key role
in HDAC4 improving the survival rate and biofunction of
chondrocytes.

The eukaryotic ribosome, a translational machinery,
is believed to be responsible for protein synthesis from
mRNAs and consists of four rRNA species and 79 ribo-
somal proteins (RPs). Three RNA polymerases are involved
in the process called ribosome biogenesis, including
RNA polymerase |, ll, and lll. Ribosome biogenesis is an
extraordinarily complex process that is essential for cell
growth, proliferation, differentiation, and animal devel-
opment.**3" In the present study, the RNA-seq results
showed different transcriptomic profiles in the HDAC4
group (Figures 3a and 3b). The GO enrichment anal-
ysis showed that HDAC4 significantly influenced the BP,
CC, and MF in chondrocytes, which indicated that the
effect of HDAC4 in chondrocytes was not achieved by
inhibiting hypertrophy differentiation alone (Figure 3c).
Interestingly, in KEGG pathway enrichment analysis,

ribosome-related pathways showed the most significant
change for EP versus HDAC4 and EP versus mutated
HDAC4 (Figures 4, 5c, and 5d). In particular, GSEA for
EP versus mutated HDAC4 revealed that the terms closely
related to ribosome function, RNA polymerase Il core
binding, RNA polymerase core enzyme binding, rRNA
metabolic process, rRNA process, and ribosome biogen-
esis were significantly enhanced (Figure 5e), and the ribo-
some pathway was the only one significantly enhanced
by mutated HDAC4 (Figure 5f). All these results imply
that upregulation of the ribosome pathway might be
crucial in HDAC4 regulation of the chondrocyte survival
rate and biofunction.

To further confirm the above conclusion, we vali-
dated the expression of the ten chosen genes related
to ribosomes by qPCR. The results showed that except
for PRPF8, UBA52, and RPL18, the other DEGs showed a
trend of change that was consistent with the sequencing
results, and CNOTT exhibited a higher degree of down-
regulation (Figure 6). Thus, we examined the effect of
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HDAC4 regulation of CNOT1 in normal chondrocytes, OA
chondrocytes, and OA rat models. The results suggested
that overexpression of HDAC4 effectively decreased the
protein levels of CNOT1 in both normal chondrocytes
and OA models (Figure 7).

Additionally, we searched PubMed for research about
ribosomes and HDAC4, and the results showed that
Kappeler et al*? found that histone deacetylase 6 associ-
ates with ribosomes and regulates de novo protein trans-
lation during arsenite stress. In 2021, Xu et al** discovered
that histone deacetylases control lysine acetylation of RPs
in rice. These results from other studies provided more
evidence for the conclusion of this paper.3233

Furthermore, HDAC4 is the key factor regulating gene
transcription, and we profiled the effects of HDAC4 on
transcription factors. The findings revealed the top
three families, the transcription factor family of zinc
finger-C2H2 (zf-C2H2), transcription factor_basic leucine
zipper zinc finger (TF_bZIP), and BTB domain (ZBTB).
Studies have shown that the crystal structure of human
HDAC4 contains a Zn* ion, which is required for the
deacetylation of HDAC4.3* The Zn? ion could bind to the
zinc finger to regulate the function of the target protein.
This phenomenon might be the reason that the transcrip-
tion factors zf-C2H2, TF_bZIP, and ZBTB HDAC4 changed
significantly in the HDAC4 transfection groups (Supple-
mentary Figure bc).

In conclusion, integrating the findings of the study we
hypothesized that HDAC4 might enhance the ribosome
pathway by regulating the activities of transcription
factors such as zf~-C2H2, TF_bZIP, and ZBTB. Consequently,
with increased ribosome function, various biological
syntheses and bioprocesses were regulated, which in
turn improved the survival rate and biofunction of chon-
drocytes (Figure 8). During this process, enhanced ribo-
somal function played a crucial role. However, further
experimental validation should be performed.

Supplementary material

Figures related to: transfection efficiency and sub-
E cellular localization of HDAC4 and mutant HDAC4

in chondrocytes; RNA-seq, the RNA expression of
groups, and the changes in the transcription factor fami-
lies; and cell survival rates of groups. Tables illustrating
data related to: differentially expressed genes (DEGs);
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses for empty ade-
novirus (EP) versus HDAC4 and EP versus mutated
HDAC4; Gene Set Enrichment Analysis of GO enrichment
analysis and KEGG enrichment analysis for EP versus
mutated-HDAC4. An ARRIVE checklist is also included to

show that the ARRIVE guidelines were adhered to in this
study.
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