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Abstract
Background: Epigenetic modi�cation is a crucial mechanism affecting the biological function of stem
cells. SETD4 is a histone methyltransferase, and its biological role in bone marrow mesenchymal stem
cells (BMSCs) is currently unknown. This work was aimed to reveal the SETD4 biological role as well as
its impacts on the genomic methylation pro�les in BMSCs.

Methods: BMSCs were isolated form SETD4 knockout (KO) and wild type (WT) mice that established by
CRISPR/Cas9 technology. The cell proliferation, migration, myogenic differentiation and angiogenesis
were tested according to appropriate biology techniques. And the Reduced Representation Bisul�te
Sequencing (RRBS) method was adopted to analyze the global genomic methylation pro�les of BMSCs,
following bioinformatics analysis of GO functions and KEGG signaling of differential methylated CpG
sites and differential methylation regions (DMRs). Finally, validation experiments were conducted to
examine the expression of histone lysine methyltransferase and some representative genes.

Results: SETD4 KO signi�cantly promoted BMSCs proliferation, which was characterized by enhanced
cell viability and increased expression of PCNA, Cyclin A2, Cyclin E1, CDK2, CDK6, Bcl2 and decreased the
expression of P16, P21 and Caspase3. SETD4 de�ciency impaired BMSCs migration and myogenic
differentiation potentials, and even the angiogenesis via paracrine of VEGF. Compared with WT control,
the overall genomic methylation of BMSCs in the SETD4 KO group only was decreased by 0.47%.
However, the changed genomic methylation covers a total of 96,331 differential methylated CpG sites
and 8692 DMR, with part of them settled in promoter regions. GO and KEGG analysis revealed that
differential CpG islands and DMRs in promotes impacted 270 GO functions and 34 KEGG signaling
pathways, with some closely related to stem cell biology. SETD4 KO inhibited sets of monomethylases
and dimethylases for histone lysine, along with signi�cant changes in some factors including Nkx2.5,
Gata4, Gli2, Grem2, E2f7, Map7, Nr2f2 and Shox2 that associated with stem cell biology.

Conclusions: These results are the �rst to reveal that even though SETD4 changes the genome’s overall
methylation to a limited extent in BMSCs, it still affects the numerous cellular functions and signaling
pathways, implying SETD4-altered genomic methylation serves a crucial molecular role in BMSCs’
biological functions.

Background
Epigenetics is closely related to various physiological processes, such as gene transcription regulation,
cell growth, stem cell differentiation, and individual development. Epigenetics also functions in many
pathological conditions and systemic diseases. Histone methylation is considered to be one of the most
critical modi�cation mechanisms in epigenetics[1] and mainly occurs in the promoter region of the genes
impacting the chromosome structure through methylation modi�cation, thereby regulating gene
expression. Methyltransferase is a crucial enzyme for histone modi�cation, and histone arginine
methyltransferases (HRMTs) and histone lysine methyltransferases (HKMTs) are the main types [2, 3].
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SET domain-containing protein 4 (STED4) is a number of SET gene families that process histone and
non-histone methyltransferase activity. Previous reports have revealed that SETD4 over-expression
controls cancer cell proliferation [4, 5] and the cell quiescence via H4K20me3 catalysis [6, 7]. Very
recently, SETD4-catalyzed H3K4me1 and H3K4me2 were also documented to be closely associated with
the release of in�ammatory cytokines in macrophage [8]. These limited reports have highlighted the vital
role of SETD4 in cell biology, but to date, its biological effects, clinical targeting signi�cance and
mechanisms are mostly unclear.

Bone marrow mesenchymal stem cells (BMSC) are an auspicious kind of seed cell in tissue engineering
involved in a wide range of functions. A vast number of clinical trials have shown that transplantation of
BMSCs for tissue damage repairing is safe and effective. Due to the shortcoming in de novo cell
differentiation in vivo, the mechanisms regarding BMSCs infusion in tissue injury repair appear to be
mostly related to its paracrine effects [9]. The ideal effect of stem cell transplantation for tissue damage
depends on the cell transplantation rate, differentiation, and paracrine protective factors. Epigenetics in
mesenchymal stem cell differentiation has attracted considerable attention, and most investigations
have been focused on osteogenic, adipogenic and cardiogenic differentiation [10–12], highlighting
epigenetic modi�cation in stem cell biology and regenerative medicine[13].

In this investigation, we identi�ed the role of SETD4 in the biological function of BMSCs, and we further
uncovered the epigenetic modi�cation about SETD4-impacted genomic methylation pro�les in BMSCs.
Our results provide insight into revealing the value of the targeted intervention of methyltransferase
SETD4 in BMSC-based regenerative medicine.

Methods
Established SETD4 knockout mouse on the Cyagen platform

Customized SETD4 gene (NCBI ID, 224440) conventional knockout C57BL/6 mice were provided by the
Cyagen Biosciences Inc. (Suzhou, China). We used CRISPR/Cas9 technology to edit mouse SETD4 gene.
And exons 6–8 of SETD4 gene were selected as targets. Designed sgRNAs and Cas9 mRNA vectors were
electrotransfected into the fertilized egg; embryo was transferred after in vitro fertilization to obtain
SETD4 knockout mice. Genotyping was performed as conditional PCR methods using mouse tail
genomic DNA and further identi�ed by DNA sequencing. The primers for genotyping were as follows:
forward (F): GTTGGAGAGGAGTAAAGAGCCG; reverser 1(R1): TGAAGAGTCCCACAGGCTCAAC; reverser
2(R2): TGCAGAGGAGATCCCAGTATC. SPF-level heterozygous mice were bred at the Experimental Animal
Center of Guangdong Medical University, and the quali�ed mice were divided into homozygous (SETD4-/-,
KO), heterozygous (SETD4+/-) and wild type (SETD4+/+, WT) groups. The diagram of the SETD4 gene
knockout is shown in Fig. 1a.

Isolation, culture and identi�cation of BMSCs from WT and SETD4 KO mice
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BMSCs were isolated, cultured and identi�ed as per published protocols [14, 15]. Brie�y, after anesthesia
with Avertin, the mice (male, weighting » 20 g) were sacri�ced by cervical dislocation. Isolated femur and
tibia were grinded and crushed, and the cells were suspended with cold DMEM medium (HyClone) and
�ltered with 70-μm �lters, then cell masses were treated with red blood lysing buffer (#R7757, Sigma) for
5 min at room temperature. After washing with cold DMEM medium twice, cells were suspended with
mouse BMSC-speci�c medium (#MUBMX-90011, Cyagen Biosciences Inc.) and plated in an incubator at
37°C with saturated humidity. For normoxic culture, cells were conventionally maintained (21% O2, 5%
CO2); for hypoxic culture, cells were maintained in a hypoxic incubator (Galaxy 48R, Eppendorf, Germany)
at 2% O2, 5% CO2 and 93% N2. Cells in the third passage (P3) were subjected to �ow cytometrical analysis
of its immunophenotype (CD34, CD45R, CD73 and CD90), and cells in P5-P6 were subjected to
associated experiments.

Induced differentiation of BMSCs

We used Transforming growth factor b1 (TGF-b1) plus 5-Aza-2’-deoxycytidine (5-Aza) to induce myogenic
differentiation[12]. For myogenic differentiation, 1×105 cells were seeded on 6-well plates, and then cells
were treated with combination of TGF-b1 (5 ng/mL, #100-21, PeproTech, USA) plus 5-Aza (5 μmol/L,
#11390, Sigma-Aldrich, Germany) for 24 h under normoxic condition (21% O2), then medium was
changed for DMEM supplemented with 10% FBS (Gibco), TGF-b1 for continuous 14 days. The cells were
subjected to RNA isolation and quantitative RT-PCR analysis of the expression of differentiation-related
markers of cardiomyocyte lineage as following: Nkx2.5, Gata4, Mef2a, ANP, CX43 and cTnT.

Cell viability assessment by CCK-8 assay

CCK-8 assay was used to test the cell viability as previously described [16]. Brie�y, BMSCs (2×103

cells/well in 200 μL medium) were seeded onto 96-well plates. Cells were allowed to recover overnight;
the medium was changed every 3 days. At 0, 1, 2, 3 and 7 d setpoints, 10 μL of CCK-8 reagents (#SPDA-
D010, Beyotime Institute of Biotechnology, Nanjing, China) was added, cells were maintained for
additional 2 h, then OD values at 450 nm were measured using a microplate reader (Thermo Scienti�c,
USA). Each group was duplicated in six wells.

Cell migration assay

Transwell migration assay was performed using 8-μm pore size polycarbonate membrane chambers
(Corning, Tewksbury, MA, USA) as previously described [17]. Brie�y, 2×104 BMSCs in total 200 μL were
seeded in the upper chamber; the lower chamber contained 500 μL DMEM medium supplemented with
10% FBS. Cells were maintained for 24 h at 37°C in the incubator, and then the chambers were �xed for
15 min with 4% paraformaldehyde and stained with 0.1% crystal violet, followed by washing with PBS
twice. Cells on the upper surface of the membrane were removed. The images were photographed with a
microscope (Leica, Wetzlar, Germany) at 20× objective �eld, and the number of migrated cells on the
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lower surfaces of the membranes was counted. Each experimental group was repeated in three
chambers, and cell numbers from a total of nine representative �elds were obtained.

Assessment of angiogenic factors by ELISA

A total of 2×105 BMSCs were seeded on 6-cm dishes, and cells were maintained under normoxia (21% O2)
and hypoxia condition (2% O2) for 1, 3 and 7 d. Cell culture supernatant was collected and subjected to
ELISA analysis of VEGF levels, according to the manufacturer’s instructions. Mouse VEGF ELISA kit
(#RRV00, R&D, USA) was used.

Tube formation assay

HUVECs (presented by Dr. Xujuan Zhang, Department of Physiology, Guangdong Medical University) were
maintained with DMEM medium supplemented with 10% FBS. Cells in the logarithmic growth phase were
used for experiments. A total of 300 μL Matrigel (#9056007, Corning, USA) was added in a 24-well plate
and coated at 37°C for 30 min. A total of 5×104 well HUVECs were seeded per wells. After 10 min of cell
attachment, the media was replaced by the WT and SETD4-KO BMSC conditional media. Images were
acquired after 6 h of cell culture under a 10× microscope objective. The tube formation images were
analyzed by the software Image J (https://imagej.nih.gov/ij/).

RNA isolation, reverse transcription (RT) and PCR

Cellular total RNAs were extracted using TRIZOL reagent (#15596-026, Ambion, USA) and quantitated by
SimpliNano (Biochrom, Germany). Total 200 ng RNA was used to generate cDNA using an RT kit
(#K1622, Fermentas, USA). Quantitative PCR was performed using a LightCycler 480 II machine (Roche,
Swish). In addition, the 20 μL reactive mixture included 10 µL SYBR Green I PCR Master Mix (#QPK-201,
TOYOBO, Japan), 0.4 µL forward primer (10 µM), 0.4 µL reverse primer (10 µM), 2 µL cDNA and 7.2 µL
ddH2O. PCR ampli�cation was performed as follows: 95°C for 1 min and then 45 cycles of 95°C for 5 s

and 60°C for 20 s. 2-DDCT method was used to determine the levels of mRNAs. Primers (5’–3’) spanning
exon-exon junction are listed as follows:

SETD4, CATGTGCAGGTAAAAGCGGC, CTCCTGGTGCTTCCTACAGC;

VEGF-A, CAAACCTCACCAAAGCCAGC, CACAGTGAACGCTCCAGGAT;

Gata4, AGCTCCATGTCCCAGACATTC, GCTGTTCCAAGAGTCCTGCT;

Nkx2.5, CACCACTCTCTGCTACCCAC, AGCGCGCACAGCTCTTTT;

Mef2a, GCAGTGCAAGTGGGATGTTG, CCCTTGCTTGATGGGGGAAT;

cTnT, TTCAGAGGGAGAGCCGAGAG, GCACCAAGTTGGGCATGAAG;

CX43, TGAAAGAGAGGTGCCCAGAC, ACACGTGAGCCAAGTACAGG;
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ANP, ATCCTGTGTACAGTGCGGTG, TTCGGTACCGGAAGCTGTT;

SM22α, GGTCCATCCTACGGCATGAG, TGCTCCTGGGCTTTCTTCAT;

α-SMA, CCTTCGTGACTACTGCCGAG, AATGCCTGGGTACATGGTGG;

Gli2, AGCCTTCACCCACCTTCTTG, TCTGCTTGTTCTGGTTGGCA;

Grem2, CATTGCAGGATGTTCTGGAAGC, CTGGTGATGCCACCTCTCTG;

Map7, CAGTGGAGATCCAGACAGGC, TAACAACGCTGCTCTCCCAG;

E2f7, TGAACTCCCTGCAGCTTGAC, AGCTCGGATAGCGAGCTAGA;

Shox2, GAGGCCCGAGTACAGGTTTG, CGCCTGAACCTGAAAGGACA;

Foxo6, CTGGAAGAACTCCATTCGGCA, AGGTGCAGCTGCTTCTTCTT;

Klf14, GAGGATGAGCTCTCTGACGC, GGTACGCTGGTGTGACTTGA;

Nr2f2, GCATGAGACGGGAAGCTGTA, ACAGGTACGAGTGGCAGTTG;

Dyrk3, GGCTAAATATTACCACTGAGCCAC, CTCCAGCTTCTCGTAGGCAG;

b-actin, GTTGGAGAGGAGTAAAGAGCCG, TGAAGTGTCCCACAGGCTCAAC.

Western blot

Cells were lysed with RIPA buffer (Beyotime Institute of Biotechnology). A sample of 35 µg total proteins
were subjected to 12% SDS-PAGE and then transferred to PVDF membranes (Millipore, USA). After
washing with TBST twice, the membranes were incubated with 5% skim milk powder in TBST at 37°C for
1 h and then primary antibodies at 4°C overnight. The primary antibodies include SETD4 (1:500,
#173906, Abcam, UK), PCNA (1:500, #2586, CST, USA), Caspase3 (1:1000, #9662, CST), Bcl2 (1:500,
#12789-1-AP, Proteintech, Wuhan, China), CyclinA2 (1:1000, #18202-1-AP, ProteinTech), CyclinB1 (1:500,
#55004-1-AP, ProteinTech), CyclinD1 (1:2000, #60186-1-Ig, ProteinTech), CyclinE (1:500, #11554-1-AP,
ProteinTech), CDK2 (1:500, #10122-1-AP, ProteinTech), CDK4 (1:500, #11026-1-AP, ProteinTech), CDK6
(1:500, #14052-1-AP, ProteinTech), P16 (1:500, #10883-1-AP, ProteinTech), P21 (1:500, #10355-1-AP,
ProteinTech), H4K20me1 (1:5000, #ab177188, Abcam), H4K20me2 (1:2000, #ab78517, Abcam),
H4K20me3 (1:1000, #ab177190, Abcam), H3K4me1 (1:1000, #BS1174, Bioword, Nanjing, China),
H3K4me2 (1:2000, #ab32356, Abcam), H3K4me3 (1:1000, #ab213224, Abcam), H3K27me1 (1:1000,
#BS7235, Bioword), H3K27me2 (1:1000, #BS7236, Bioword), H3K27me3 (1:1000, #ab192985, Abcam),
H3K36me1 (1:10,000, #ab176920, Abcam), H3K36me2 (1:5000, #ab176921, Abcam), H3K36me3
(1:1000, #BS7239, Bioword), H3K79me1 (1:10,000, #ab177183, Abcam), H3K79me2 (1:2500, #ab177184,
Abcam), H3K79me3 (1:1000, #ab208189, Abcam), b-actin (1:1000, 60008-1-Ig, ProteinTech) and GAPDH
(1:1000, #SC-32233, Santa Cruz, USA). After washing with TBST twice, the membranes were incubated
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with HRP-conjugated IgGs (1:5000, #SA00001-10, #SA00001-2, ProteinTech) for 1 h at 37°C. Bands were
visualized using ECL reagents (Thermo Fisher, USA) and analyzed with a gel analysis system (Tanon;
Shanghai, China).

DNA methylation analysis by Reduced Representation Bisul�te Sequencing (RRBS) on Genechem
platform

BMSCs were cultured on 6-cm dishes at 37°C for 72 h, marked as WT and SETD4 KO groups (n = 3). Cells
were harvested and immediately frozen in liquid nitrogen for 30 min and sent to Genechem Co, Ltd.
(Shanghai, China), to assess the genomic DNA methylation status. The experimental protocol steps were
as follows: (1) 500 ng genome DNA in each group was digested overnight at 37°C using restriction
enzyme Msp1 (Sigma Aldrich) in order to enrich the CpG islands and other CpG methylation-intensive
areas. (2) The digested product was puri�ed using an Axygen PCR Cleaner Kit; (3) Repair was ended, and
A was added to 3'-terminal of product; (4) Product was re-puri�ed using the Axygen PCR Cleaner Kit
(Corning); (5) Methylation linker was added; (6) Agarose electrophoresis and DNA fragments with sizes
ranging from 160 to 400 bp were extracted using a GeneJE T Gel Extraction Kit (ThermoFisher Scienti�c);
(7) Bisul�te treatment was conducted using an EZ DNA Methylation-Gold kit (Zymo Research, USA); (8)
Bisul�te-converted library with conversion rate > 98% was subjected to PCR ampli�cation, magnetic bead
puri�cation and Qubit measurement;(9) Single-read sequencing was conducted using an Illumina Hiseq.
The raw data obtained by Illumina Hiseq sequencing were converted into sequence data by Base Calling,
and the results were stored in FASTQ �le format. Clean reads were compared with reference mouse
genome Mus_musculus. GRC38. After the quality check, the R package methylKit was used to analyze the
differential methylation status and functional annotation, which include coverage of different CpG,
distribution of differential methylated CpG, distribution of CpG in different characteristic regions,
difference in CpG methylation between different samples and differential methylation regions (DMRs).
David Online Software was adapted to document genes’ function (GO enrichment and annotation) and
signal pathways (KEGG signaling enrichment and annotation).

Statistical analysis

Statistical analyses were conducted using GraphPad Prism (Version 7.0, GraphPad Software, CA, USA).
Data are expressed as means ± SEM. Differences between two groups were analyzed using umpired
Student’s t tests. For comparisons between multiple groups, ANOVAs were used followed by Tukey’s
multiple comparisons test. P<0.05 was considered to be statistically signi�cant.

Results
Morphology and immunophenotype of BMSCs from WT and SETD4 KO mouse

Mouse SETD4 gene was selected as the editing target, and exons 6–8 were designed to be deleted using
CRISPR/Cas9 technology (Fig. 1a). After the pups were grown up, mouse tail DNA was used for genotypic
identi�cation, and the identi�cation strategy is shown in Fig. 1b and 1c. We found that the positive
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animals of SETD4 KO displayed a deletion of 4044 bp DNA fragment (Fig. 1d), supporting the success in
establishing SETD4 KO mice. Then the BMSCs were isolated from wild type (WT), heterozygote and
SETD4 KO mice, and western blot results con�rmed changes in the expression of the SETD4 protein in
corresponding BMSCs (Fig. 1e). Microscopically, the morphology of BMSCs in WT and KO groups was
not signi�cantly different (Fig. 1f). Immunostaining of BMSC markers indicated both WT and SETD4 KO
cells were positive for CD90, CD73 and CD45R, and negative for CD34 (Fig. 1g).

De�ciency in SETD4 promotes BMSCs proliferation but not migration

CCK-8 assay was used to determine the viability of BMSCs. As shown in Fig. 2a, the viability of the KO
group was signi�cantly higher than that of the WT group since 3 d post-cell seeding, suggesting SETD4
de�ciency was bene�cial for BMSCs proliferation. Because cell proliferation was tightly associated with
changes in cell cycle and apoptosis-associated proteins, we then detect the levels of cell cycle and
apoptosis-associated proteins. As shown in Fig. 2b and 2c, SETD4 KO up-regulated PCNA, the marker for
cell proliferation, and increased a panel of cell cycle-associated proteins, like CDK6, CyclinA2 and
CycinD1. In contrast, P16 and P21 were decreased. Interestingly, we detected an increase of Bcl2 and a
decrease of total Caspase3 in SETD4 KO cells, even under normal cell culture conditions, but we failed to
detect the active Caspase3. We further examined the migratory ability of BMSCs. As shown in Fig. 2d, the
transwell migration assay revealed that BMSCs in the SETD4 KO group displayed much-weakened ability
in migration than that of the WT group.

SETD4 is a requirement for BMSC-promoted angiogenesis

Considering that one crucial role of BMSCs in tissue injury repair is the promotion of angiogenesis, we
assessed the contribution of SETD4 in BMSC’s ability to secrete VEGF, a key pro-angiogenic factor. We
found that WT BMSCs can secrete VEGF to the supernatant of culture medium to some extent with the
prolongation of culture time, and this potential is more pronounced when cultured under hypoxic
conditions. Compared with WT cells, SETD4 KO BMSCs displayed a signi�cant inhibited VEGF secretion
under both normoxia and hypoxia (Fig. 2e). VEGF-A mRNAs in BMSCs further con�rmed this tendency
(Fig. 2f). Using the angiogenic growth factor-enriched supernatant, we further tested the HUEVC tube
formation ability, which showed supernatant from WT BMSCs stimulated, while supernatant from SETD4
KO BMSCs weakened, HUEVC tube formation potentials (Fig. 2g).

SETD4 KO inhibited myogenic differentiation of BMSCs

Under the stimulus combining 5-Aza and TGF-b1 for 14 d, WT BMSCs can differentiate in vitro into
cardiomyocyte-like and smooth muscle cells (SMC, Fig. 3), as evidenced by the enhanced expression of
cardiomyocyte lineage markers (Nkx2.5, Gata4, ANP, CX43) and SMC lineage marker (a-SMA, SM22a).
Although the stimulation combining 5-Aza and TGF-b1can also induce differentiation of SETD4 KO
BMSCs in a similar fashion to WT, its differentiation ability was signi�cantly reduced. We also noticed
that at the beginning of differentiation (day 1), SETD4 KO BMSCs displayed much lower baseline levels of
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differentiation than that of WT cells. Together these results suggested that SETD4 KO inhibited BMSCs’
myogenic differentiation potentials.

SETD4 KO altered BMSC genomic methylation status

Considering SETD4’s role as a methyltransferase, to change the genomic methylation conditions, we,
therefore, adapted RRBS to assess the degree of genomic methylation. Through rigorous quality control
(Fig. S1, Additional �le 1), our RRBS results were quali�ed and suitable for subsequent analysis. The
basic information including the original sequencing reads, the length of the reads, the number of all
bases, and the clean reads after processing and the comparison information are shown in Table S1
(Additional �le 2). Compared to WT cells, the average methylation of all CpG in SETD4 KO BMSCs was
decreased by 0.47%, suggesting that the single knockout of SETD4 has limited effects on the overall
genomic methylation. Further information indicated the coverage of CG of the two groups of samples
was identical, and the minimum coverage was 10×, mainly concentrated between 10× and 100×,
indicating that the data have high credibility (Fig. S2a, Additional �le 3). It can be seen that the CG
methylation of the two groups of samples is distributed at both ends, that is, mainly distributed in
permethylation (90%–100%) and total unmethylation (0%–10%) (Fig. S2b, Additional �le 3). Annotation
of different feature areas of CpG showed that the distribution of CpG on the genome is similar in WT and
SETD4 KO cells (Fig. 4a, b). We further screened the differential site methylation CpG and annotated the
gene and promoter regions. There were total 96,331 differential site methylation CpGs (Fig. 4c) and 8692
DMRs (Fig. 4d). Compared with WT, SETD4 KO cells displayed more difference < -25% CpG sites. The
complete lists for CpG sites with the difference in SETD4 KO and WT cells are shown in Table S2
(Additional �le 4). Regarding the DMRs, the complete lists for DMR between SETD4 KO and WT cells are
shown in Table S3 (Additional �le 5).

Bioinformatics analysis using GO and KEGG database

Taking the difference >25% and P<0.01 or <-25% and P<0.01 as a standard, we found 2247 DMRs in the
gene’s promoter region (Fig. 4d). Gene function annotations and signaling pathway annotations were
performed using David’s online software. As shown in Fig. 5a, numbers of enriched signi�cant GO terms
in the biological process were 181, cellular components were 35 and molecular functions were 44, and
the complete lists of enriched GO terms are shown in Table S4 (Additional �le 6). We listed the top 15 GO
terms for each classi�cation as shown in Fig. 5b. GO:0007275 (multicellular organism development),
GO:0006355(regulation of transcription, DNA-templated) and GO:0006351 (transcription, DNA-templated)
were the top three GO terms in biological process classi�cation. GO:0016020 (membrane),
GO:0030054(cell junction) and GO:0005667 (transcription factor complex) were enriched in cellular
component classi�cation. Taking GO:0005667 as example, total 42 factors including IRX4, HNF1B,
HOXA11, SOX2, HOXD12, HOXB13, PAX3, SOX9, MEIS1, MSX2, TAL1, BARX2, GATA5, HAND2, GATA4,
POU4F3, NKX2-1, POU3F2, NOBOX, SOX17, POU3F1, SCX, NKX2-5, PITX1, ALX1, FOXD3, PITX2, CEBPA,
DMBX1, RARG, LBX1, EPAS1, TBX3, RCOR2, MAFB, PTF1A, SMAD5, SMAD3, MSX1, SALL4, SKOR2 and
ZFHX3 were enriched. A total of 44 enriched GO terms including GO: 0043565 (sequence-speci�c DNA
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binding) and GO: 0005515 (protein binding) in molecular function classi�cation suggested SETD4 plays
a crucial role in molecular function.

We enriched 62 KEGG signaling, 34 of which were statistically different (Fig. 5c). The total KEGG
signaling is listed in Table S5 (Additional �le 7). Among the 34 KEGG signaling, mmu04024(cAMP
signaling pathway), mmu04015(Rap1 signaling pathway), mmu04810(Regulation of actin cytoskeleton),
mmu04550(Signaling pathways regulating pluripotency of stem cells), mmu04510(Focal adhesion),
mmu04390 (Hippo signaling pathway) and mmu04010 (MAPK signaling pathway) have been reported to
be closely related to stem cell biology.

Validation of representative genes and HKMTs

Our investigation focused on the enriched GO term (0005667, transcription factor complex), and two
factors named Nkx2.5 and Gata4 were also included (Table S4, Additional �le 6). These two
transcriptional factors also function in cardiomyocyte differentiation. These two factor processes
multiply differentially methylated CpG sites (Table S6, Additional �le 8). The baseline level of Nkx2.5 and
Gata4 in SETD4 KO cells was lower than that of WT cells (Fig. 3). We further assessed another nine genes
with multiple different methylated CpG sites, Gli2, Grem2, E2f7, Map7, Nr2f2, Shox2, Foxo6, Klf14 and
Dyrk3 (Fig. 6a; for full differential methylated CpG sites, see Table S6, Additional �le 8). We found that the
transcription levels of Gli2, Map7, Shox2 and Klf14 were increased in SETD4 KO BMSCs, while the
transcription levels of Grem2, E2f7, Nr2f2, Foxo6 and Dyrk3 were decreased in SETD4 KO cells when
compared with the WT cells (Fig. 6b). Taken Klf14 was a sample, it just has 65 hypomethylated sites but
no hypermethylated sites in its promoter region (Fig. 6a), and the level of Klf14 mRNA therefore was
signi�cantly up-regulated in SETD4 KO cells, this expression trend was consistent with the discipline of
hypomethylation promoting gene expression. We also tested the changes in sets of HKMTs and found
that SETD4 KO BMSCs indeed processed lower levels of H4K20me1, H4K20me2, H3K4me1, H3K4me2,
H3K27me2, H3K36me1, H3K36me2, H3K79me1 and H3K79me2 than WT cells, whereas the histone
arginine trimethyltransferase was not signi�cantly changed (Fig. 6c). Thus, change in these
monomethylases and dimethylases for histone arginine that is induced by SETD4 KO may account for
the biological function difference between SEDT4 KO and WT BMSCs, as illustrated in Fig. 7.

Discussion
To explore the contribution and genomic methylation pro�les of SEDT4 in BMSCs, we �rst established
SETD4 KO mice using CRISPR/Cas9 technology, and these SETD4 KO mice showed a 4,044 bp deletion
in exons 6–8 and signi�cant inhibition of SETD4 at the translational level. Thus, these SETD4 KO mice
provide a basis for further functional analysis. Morphologically, SETD4 KO BMSCs displayed no obvious
difference with WT BMSCs, along with its immunophenotype. We focused on the proliferation, paracrine
angiogenic factors and differentiation potentials, and our results provide the �rst evidence regarding the
role of methyltransferase SETD4 in BMSCs biology.
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High cell viability is a crucial determining factor in stem cell-based regeneration medicine. We found that
SETD4 de�ciency was bene�cial for BMSCs proliferation, as evidenced by the CCK-8 assay results.
Furthermore, we found that SETD4 KO up-regulated CDK6, cyclinA2 and cycinD1, and down-regulated
P21 expression. Because these proteins were strongly associated with cell cycle progression, we can
assume that SETD4 KO enhances BMSCs proliferation mainly through mediating cell cycle-associated
proteins expression. We noticed that apoptosis-associated proteins such as Bcl2 and Caspase3 also
changed, but no active Caspase3 was detected. It seems likely that inhibition of apoptosis may not be the
key factor for SETD4 KO-induced BMSCs viability. An early report indicated that high expression of
SETD4 promoted breast cancer cell proliferation without affecting the apoptosis[4]. Our current results
suggest SETD4 de�ciency leads to BMSCs proliferation without affecting the apoptosis. Very recently, Ye
S and colleagues reported SETD4 overexpressed breast cancer stem cells deserved low Ki67 expression
when compared with SETD4 low expressed breast cancer stem cells; they concluded SETD4 controls
breast cancer stem cell quiescence [6]. Our current research found that SETD4 KO BMSCs retain high cell
proliferative potentials, which is consistent with Ye S’s report on cell proliferation characteristics.
Interestingly, SETD4 KO also led to injured BMSCs migration. The morphology of cells in WT and SETD4
KO groups is very similar; thus, the reason for SETD4 KO-inhibited cell migration remains unsolved.

We next analyzed the effects of SETD4 KO on BMSC paracrine pro-angiogenic factors. Angiogenic
factors like VEGF, TGF-β1, angiogenin-1 and bFGF contribute greatly to injured tissue recovery through
mediating angiogenesis, and BMSCs process the ability of paracrine of angiogenic factors, which has
been demonstrated by many investigations [18–21]. To our surprise, the current investigation showed
that SETD4 KO dramatically attenuated BMSC producing VEGF at transcription and translation levels.
Functionally, conditional medium enriched in supernatants from SETD4 KO BMSCs indeed led to a
weakened tube formation capability of HUEVCs. This decrease in the ability of paracrine angiogenic
factors suggests the functional damage of SETD4 KO cells in tissue injury transplantation. We plan to
address this question in future in vivo experiment. A very recent investigation indicated SETD4 was
positively involved in the release of cytokines like IL-6 and TNF-α in lipopolysaccharide-treated
macrophages [8], highlighting the role of SETD4 in the immune and in�ammatory response. Given that
BMSCs were also involved in the macrophage-mediated in�ammatory response [22], our current study
provides novel molecular insights into epigenetic-modi�ed immune response.

Directed differentiation is an important focus of BMSC function research. In this study, we investigated
the myogenic differentiation potential of BMSCs and conducted experiments using mature myogenic
differentiation induction protocols [23, 24]. Especially, for better e�ciency, we combined 5-Aza with TGF-
β1 to induce myogenic differentiation. The outcomes supported the notion that SETD4 was a requirement
for myogenic differentiation in BMSCs, as elucidated by the abrogated expression of markers in
cardiomyocytes (Nkx2.5, Gata-4, Mef2α, ANP, cTnT and CX43) and SMC (α-SMA, SM22α) in SETD4 KO
cells. The exact reasons for the SETD4 KO-attenuated differentiation potentials were not clear. Change in
genomic methylation status may alter the activity of differentiation linage-determined transcription
factors [25–27], which may help in elucidating this phenotype. We take cardiomyocyte differentiation
factors Nkx2.5 and Gata4 as a sample for discussion below.
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Given that SETD4 is a methyltransferase, changes in the expression level of SETD4 may result in
changes in the methylation status of the genome. We therefore assessed the status of genomic
methylation in SETD4 KO and WT cells. Using the RRBS method, we obtained the overall trend in genomic
methylation and differentially methylated CpG sites and DMR. Compared with WT BMSCs, SETD4 KO led
to 0.47% decrease in the average methylation of all CpG sites, suggesting that the single deletion of
SETD4 has a limited effect on the overall genomic methylation. In fact, in addition to SETD4, there are
numerous other factors that serve in regulatory genomic methylation [28–30]. Even SETD4 KO just led to
a very small change in the average methylation in genomic CpG sites; this change yet covers 96,331
differential CpG sites and 8692 DMRs, with part of them settling in genes’ promoter region. Such a large
number of differential methylated CpG sites and DMRs imply the complexity of gene expression and
regulation.

To obtain potential functional and signaling pathways for differentially methylated CpG sites and DMRs
in BMSCs after SETD4 KO, we performed GO and KEGG enrichment and annotation analysis. GO analysis
indicated total 270 GO terms were enriched, which included 181 biological process, 35 cellular
component and 44 molecular function terms. Regarding biological process classi�cation, the top three
GO terms were GO:0007275 ~ multicellular organism development; GO:0006355 ~ regulation of
transcription, DNA-templated; and GO:0006351 ~ transcription, DNA-templated. A total of 560 enriched
differential molecular located membrane (GO:0016020) in cellular component classi�cation, indicating
SETD4 KO affected downstream protein cellular location. GO:0005667 ~ transcription factor complex
suggested SETD4 acts as a coupling in protein binding. GO:0043565 ~ sequence-speci�c DNA binding,
GO:0005515 ~ protein binding and GO:0003677 ~ DNA binding were the top three GO terms in molecular
function classi�cation. Interestingly, we noticed enhanced GO:0007165 ~ signal transduction,
GO:0030154 ~ cell differentiation, GO:0016477 ~ cell migration, GO:0001525 ~ angiogenesis and
GO:0008283 ~ cell proliferation that were closely related to BMSC biology. These enriched differential GO
terms provide a cue for elucidating SETD4 biological function. Regarding KEGG signaling, there were
enriched 62 KEGG signaling pathways including conical mmu04151 ~ PI3K/Akt signaling pathways,
mmu04310 ~ Wnt signaling pathways, mmu04350 ~ TGF-β signaling pathways, mmu04010 ~ MAPK
signaling pathways and mmu04024 ~ cAMP signaling pathways. A total of 34 pathways were
statistically signi�cant. Among them, mmu04024 ~ cAMP signaling pathway was ranked as the top one.
Interestingly, the relationship between cAMP signaling pathway and BMSCs has been documented [31]. In
addition, Rap1 signaling pathway[32], regulation of actin cytoskeleton[33], signaling pathways regulating
pluripotency of stem cells[34], focal adhesion[35], Hippo signaling pathway [36] and MAPK signaling
pathway[37] that enriched in the current investigation have been reported to be closely related to stem cell
biology. The results of GO and KEGG bioinformatics analysis suggest that the differentially methylated
CpG islands and DMRs caused by SETD4 KO contain complex mechanisms that regulate BMSC biology.

We validated the expression of some interesting genes that are linked to differential methylation in
promoter regions. We selected Nkx2.5, Gata4, Gli2, Grem2, E2f7, Map7, Nr2f2, Shox2, Foxo6, Klf14 and
Dyrk3 as objectives. Among them, Nkx2.5 and Gata4 were tightly associated with cardiogenic
differentiation [38]. Gli2[39], Grem2[40], E2f7[41], Nr2f2[42] and Shox2[43] are also related to stem cell
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biology. Interestingly, SETD4 KO signi�cantly changed the transcript of these genes. Among these genes,
Gli2, E2f7, Shox2 and Klf14 were up-regulated, and the remaining genes were down-regulated. We found
that all these genes contain multiple differentially methylated CpG sites in its promoter region. A
dogmatic notion suggests that hypermethylation conventionally leads to gene silence, while
hypomethylation generally results in gene activation. Since these genes contain multiple differentially
methylated CpG sites, we did not test which CpG site plays the key role in SETD4 KO-induced changes in
gene expression. In fact, total 96,331 differentially methylated CpG sites and 8692 DMRs were obtained
in our study; these large numbers of differentially methylated CpG sites and DMRs undoubtedly cause a
complex signal network and �nally interfere with the biological function of BMSCs.

Finally, considering that SETD4 serves as a methyltransferase for histones, we thus tested the change of
site-speci�c methylation of histone 3 (H3) and histone (H4). The results indicate that SETD4 KO
obviously changed the levels of some HKMTs including H4K20me1, H4K20me2, H3K4me1, H3K4me2,
H3K36me1, H3K36me2, H3K79me1 and H3K79me2, whereas no signi�cant change was observed in the
histone arginine trimethyltransferase. Thus, we hypothesized that the role of SETD4 in the biological
function of BMSCs is mainly related to the change of genomic methylation level caused by the change of
these monomethylases and dimethylases. The diagram of mechanism is illustrated in Fig. 7.

Conclusions
In summary, this is the �rst investigation to explore the biological functions of SETD4 in BMSCs and its
impact on genomic methylation. Our results demonstrate that SETD4 plays a crucial role in proliferation,
migration, paracrine and myogenic differentiation of BMSCs. Even though SETD4 changes minimal level
in overall genomic methylation, it still leads to large differential methylated CpG sites and DMRs, which
results in numerous changes in cellular functions and signaling pathways. This investigation provides an
experimental basis for BMSC-based regeneration medicine through epigenetic modi�cation.
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Additional �le 1: Figure S1. Quality control of RRBS assay. (A) Clean Reads distribution of mass per site;
(B) the distribution of average quality values for clean reads; (C) maps of base A, T, C, G site in clean
reads; (D) Distribution of actual GC content and theoretical GC content per read; (E) Percentage of each
site in reads; (F) Sequencing length map.
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K422, K423 and K424.
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Figure 1

Isolation and identi�cation of BMSCs from WT and SETD4-KO mice. a Schematic diagram of editing
mouse SETD4 allele through CRISPR/Cas9 technology. b Genotyping strategy for mouse identi�cation. c
Agarose electropherogram of PCR products of representative various genotype mice. d Sequencing
results of a positive mouse. e Western blot results of SETD4 protein in various genotypic mice. f
Morphology of BMSCs. Bar = 50 μm. g Immunophenotype of BMSCs detected by �ow cytometry.
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Figure 2

Effects of SETD4 on proliferation, migration and proangiogenic of BMSCs. a CCK-8 assay was used to
test BMSCs’ viability. n = 3, **P<0.01, ***P<0.001. b Representative western blot results of cell cycle-
associated proteins. c Representative western blot results of apoptosis-associated proteins. d Results of
transwell chamber migration assay. n = 3, ***P<0.001. e ELISA outcomes of BMSC secretion of VEGF in
supernatants. n = 3, *P<0.05, **P<0.01, ***P<0.001. f Real-time PCR results of VEGF-A mRNA levels in
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BMSCs. n = 3, **P<0.01. g Tube formation of HUEVCs treated with BMSC conditional medium. n = 3,
*P<0.05.

Figure 3

Myogenic differentiation of BMSCs. BMSCs were treated with 5’-Aza plus TGF- 1 for 14 d as elucidated in
the methods section, and cardiomyocyte markers (Nkx2.5, Gata4, Mef2A, ANP, CX43) and smooth muscle
cell lineage marker ( -SMA, SM22 ) were evaluated by real-time PCR. n = 3, *P<0.05; **P<0.01;
***P<0.001; N.S., non-signi�cant.
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Figure 4

Overall genomic methylation status of BMSCs. WT BMSCs and SETD4 KO BMSCs were subjected to
analysis of genomic methylation by RRBS, and the number of identi�ed CpG islands in elements of the
genome (a) and mean methylation degree in genomic elements (b) are shown. c Statistical results of the
number of single CpG different methylation site as per the standard KO-WT>25% or KO-WT<-25%. d
Statistical results of the number of DMR as per the standard KO-WT>25% & P<0.01, or KO-WT<-25% &
P<0.01.
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Figure 5

GO and KEGG analysis of differential methylated CpG sites and DMRs in BMSCs. a Statistical results of
enriched signi�cant GO terms. b Top 15 GO terms in biological process, cellular component and
molecular function that enriched in differential methylated CpG sites and differential methylated regions
in promoters. For the detail of each GO term, see Table S4 (Additional �le 6). c Total 34 differential KEGG
signals were enriched in differential methylated CpG sites and DMRs in promoters. These KEGG signals
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were arranged in P values converted –log (P values). For the enriched genes’ detail of each KEGG signal,
see Table S5 (Additional �le 7).

Figure 6

Validation of representative genes and HKMTs. a The number of differential methylated CpG sites in the
promoter region of validated genes. A total of nine representative genes with differential methylated CpG
sites in the promoter region were used to test its mRNA levels. The number of hypermethylated (KO-
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WT=25% to 100%, P<0.01) or hypomethylated (KO-WT=-25% to -100%, P<0.01) CpG sites of each gene
were included. b Real-time PCR results of validated nine genes mRNA levels. n = 3, **P<0.01; ***P<0.001.
c Representative western blot results of sets of HKMTs. HKMTs in red color were signi�cantly changed.

Figure 7

Schematic diagram of the role and mechanism of SETD4 in BMSC biology. a In WT BMSCs, SETD4 with
other methylation catalytic enzymes changes the genomic methylation at speci�c CpG sites. Induced by
growth factors, cytokines hypoxia and other stimulating factors, WT cells display a normal adaptive
genomic transcription and translation process and then lead to activation of normal signaling cascades,
which in turn produces adaptive cellular biological function such as proliferation, migration,
differentiation and paracrine. b In SETD4 KO BMSCs, due to loss of SETD4, a set of HKMTs including
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H4K20me1, H4K20me2, H3K4me1, H3K4me2, H3K27me2, H3K36me1, H3K36me2, H3K79me1 and
H3K79me2 were inhibited. Induced by growth factors, cytokines, hypoxia and other stimulating factors,
SETD4 KO cells display an abnormal genomic transcription and translation process and then lead to
activation of abnormal signaling cascades, which in turn increases proliferation and decreases migration,
differentiation and paracrine effects.
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