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Background and Objectives: Induced pluripotent stem cells (iPSCs) are usually generated by reprogramming differ-
entiated cells through the introduction of specific transcription factors, but this is a difficult and inefficient process. 
Valproic acid (VPA) is a histone deacetylase inhibitor that significantly improves the efficiency of iPSC generation. 
But its role and mechanism are still unclear.
Methods and Results: We transduced Bactrian camel fetal fibroblasts (BCFFs) with retroviruses carrying defined factors 
(OCT4, SOX2, KLF4, c-MYC and EGFP; OSKMG) in the presence of VPA. Cells were collected (Day 7) and analyzed 
using RNA-seq technology. Afterwards, different groups of cells and transcriptomics results were detected by PCR 
and qRT-PCR technology. The results showed that VPA promoted the expression of the endogenous gene c-Myc and 
inhibited cell proliferation; at the same time, it promoted the expression of VEGF and other genes related to 
angiogenesis.
Conclusions: When VPA is added to the culture medium, only the cells that have begun to reprogram can break the 
G2/M repression through the expression of the endogenous gene c-Myc, and use the nutrients and space in the culture 
dish to proliferate normally, which can achieve the purpose of directly improving the efficiency of reprogramming. 
Another new discovery for Bactrian camels, VPA significantly increased the expression of VEGFC and other genes, 
promoting the transformation of fibroblasts to endothelial cells (different from the mesenchymal-to-epithelial transition 
process of other species) to accelerate the early induction of Bactrian camels iPSc process. Overall, this study proved 
the new mechanism of VPA in enhancing the induction of pluripotency from the transcriptome level.
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Introduction 

  Induced pluripotent stem cells (iPSCs) are generated 
through the transfection of embryonic mouse fibroblasts 
with retroviruses carrying four factors (Oct4, Sox2, Klf4, 
and c-Myc; OSKM) (1) thereby reprograming them into 
a class of cells that had similar pluripotency features to 
those of embryonic stemcells. Thus far, iPSCs have been 
successfully generated from humans and a wide range of 
animals, including mice, rats, rabbits, pigs, sheep, cattle,  
horses and monkeys (2-10). However, there have been no 
reports of Bactrian camel iPSCs to date. Bactrian camel 
arean endemicspecies that reside in desert and semi-desert 
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regions (11). Bactrian camels are exceptionally adept at 
tolerating wide temperature variations and have a remark-
able ability to continuously go without water for months.  
These animals are quite useful for humans as they were 
domesticated in ancient times and have thereafter served 
as pack animals in places like inner Asia. As such, studie-
saimed towards protecting the germplasm resources of 
these animals and generating iPSCs are warranted (11, 
12).
  The small molecule compound valproic acid (VPA) is 
a histone deacetylase (HDACs) inhibitor, that can sig-
nificantly improve the induction efficiency and maintain 
the stability of iPSCs (13, 14). The addition of VPA dur-
ing IPSC induction can significantly improve the re-
programming efficiency (more than 100 times) (15). 
Moreover, the presence of this compound allowed the suc-
cessful reprogramming of human fibroblasts to iPSCs us-
ing only Oct4 and Sox2 (16). Despite the confirmation of 
the role of VPA inpromoting cell reprogramming and in-
creasing the induction efficiency of iPSCs by inhibiting 
genes encoding cell cycle regulatory elements, such asp35, 
p21, p18, p17, and p16, and senescence signaling pathways 
(17), the underlying mechanisms these phenomena remain 
unclear.
  Based on previous work, our laboratory adopted an 
RNA-seq approach to analyze the early role of VPA during 
the early induction of Bactrian camel iPSCs. Here, we 
aimed to provide a better understanding of the role of 
VPA and the molecular mechanism involved inthe early 
induction of iPSCs.

Materials and Methods

Plasmid preparation
  PMXS-Oct4, PMXS-Sox2, PMXS-Klf4, and PMXS-cMyc 
plasmids carrying the defined murine-sourced factors were 
prepared and stored in our laboratory along with the 
pCMV-VSV-G and pUMVC plasmids, which were used for 
viral packaging. Using the EGFP gene as a template, we 
designed primers which were then cloned and ligated into 
the HindIII / BamHI site of the PMXS plasmid to achieve 
the PMXS-EGFP plasmid containing a reporter gene.

Cell lines and cell culture conditions
  The highly transfectable 293T cells were donated by the 
Lanzhou Veterinary Research Institute of the Chinese 
Academy of Sciences. The cells were cultured in DMEM/ 
high glucose (Hyclone) supplemented with 10% fetal bo-
vine serum (FBS; BI) and maintained at 37℃ in an at-
mosphere containing 5% CO2.

  All experimental procedures were approved by the 
Animal Care and Use Committee of the College of 
Veterinary Medicine at Gansu Agricultural University 
(Approval No: GSAU-AEW-2017-0003). Bactrian camel fe-
tal fibroblasts (BCFFs) were derived from three-month-old 
Bactrian camel fetuses and cultured (tissue block adherent 
culture) after digestion and separation (18). The cells were 
maintained at typical cell culture conditions (37℃, 5% 
CO2) in DMEM/F12 glucose (Hyclone) supplemented 
with 10% FBS. Cells were subcultured once they reached 
90% confluency. The first three generations of BCFFs 
were frozen.

Retroviral infection and VPA processing
  To begin with, 293T packaging cells were plated at 
1×106 cells per 60 mm dish and incubated overnight. 
Then, lipofectamine 2000 (Invitrogen, CA) was used to 
package and generate five retroviruses（OCT4, SOX2, 
KLF4, c-MYC and Gfp; OSKMG) in a certain manner for 
subsequent induction of iPSC (19, 20). Following a 48-h 
transfection, the medium was collected as the first vi-
rus-containing supernatant and replaced with a new me-
dium, which was collected after 72-h as the second vi-
rus-containing supernatant.
  BCFFs were first plated into six-well plates (2×105 
cells/well) one day before transduction. After which the 
virus-containing supernatants were filtered through a 0.45 
mm pore-size filter and supplemented with 8 mg/ml 
polybrene. Equal amounts of supernatants containing each 
of the five retroviruses were mixed and transferred to the 
fibroblast dishand incubated overnight. Following 24-h 
transduction, the virus-containing medium was replaced 
with the second supernatant.
  Next, the cells were randomly divided into two groups: 
controland treatment. After two transductions, the culture 
medium was replaced with an iPSC induction medium, 
composed of knockout DMEM/F12 medium (Gibco) sup-
plemented with 20% knockout serum replacement (Gibco), 
2 mmol/l nonessential amino acids (NEAA, Gibco), 0.1 
mmol/l β-mercaptoethanol (Sigma-Aldrich), 20 ng/ml FGF2 
(Thermo), and 10 ng/ml leukemia inhibitory factor (LIF, 
Thermo); the cells in the treatment group we additionally 
supplemented with 1 mM valproic acid (VPA). Moreover, 
all the cells were fed with fresh iPSC culture medium dai-
ly, and samples were collected after seven days by trypsini-
zation (15) and then snap-frozen in liquid nitrogen and 
stored at −80℃ until further use.

Transcriptome sequencing and analysis
  The three replicates of the control group were randomly 
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named CK-1, CK-2, and CK-3; whereas, the three repli-
cates of the treatment group were randomly named T-1, 
T-2, T-3. Cell samples were sent to a RNA-seq sequencing 
company on dry ice and a cDNA library was established. 
The cDNA library was sequenced, using paired-end tech-
nology, on the Illumina sequencing platform (Illumina 
HiSeqTM 2500) by Genedenovo Biotechnology Co., Ltd 
(Guangzhou, China). The fastp (21) (https://github.com/ 
OpenGene/fastp) program was written to select clean 
reads by removing low-quality sequences (there were more 
than 50% bases with quality lower than 20 in one se-
quence), reads with more than 10% N bases (bases un-
known) and those reads containing adaptor sequences.
  HISAT2 (22) was used for alignment of RNA sequenc-
ing readsand the Camelus bactrianus Ca_bactrianus_ 
MBC_1.0 genome assembly (https://www.ncbi.nlm.nih. 
gov/genome/?term=Camelus＋bactrianus) was used as the 
reference genome. Then, based on the gene expression in-
formation, we used R (http://www.r-project.org/) to carry 
out principal component analysis (PCA) and calculate the 
Pearson correlation coefficients. After that, differential 
gene expression analysis was performed using the DESeq2 
(23) software and the related pathways were investigated 
using KEGG (http://www.kegg.jp/) and GO (http://gen-
eontology.org/) analyses. Further, the interaction and rela-
tionship between proteins of interest were analyzed using 
the STRING protein interaction database (http://string-db. 
org) and a differential gene protein interaction network 
was established.
  Gene set enrichment analysis (GSEA) was also per-
formed as it can effectively make up for the common prob-
lems faced during traditional enrichment analyses, such as 
insufficient mining information of effective genes, and can 
more comprehensively explain the regulatory role of a 
functional unit (KEGG pathway, GO term or other).

qRT-PCR validation 
  Total RNA was extracted from cells using TRIzol re-
agent (Sigma, USA) according to the manufacturer’s pro-
tocol (24) and then stored at −80℃ until further use. The 
cDNA was prepared using the RevertAidTM First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific Inc., USA) 
following the manufacturer’s protocol (25). After that, 
qRT-PCR was performed to identify the expression pat-
terns of selected genes (Table 1) in the two groups. To 
amplify fragments corresponding to the selected genes, 
primers were designed using the NCBI Primer-BLAST 
tool. We used β-Actin (Table 1) as an internal control to 
normalize the expression level of the target genes. In prep-
aration for the qRT-PCR, a 20 μl reaction volume con-

taining 10 μl of the Real Master Mix SYBR, 8 μl of 
ddH2O, 1 μl each of the forward and reverse primers, and 
1 μl of cDNA was prepared. All samples were amplified 
in triplicate and the mean and standard error values were 
calculated. Relative expressions of all genes were calcu-
lated using the ΔΔCT method.

Detection of reprogramming progress
  We named the untreated BCFFs, the blank group with 
four OSKM genes. No VPA was named OSKM, and the 
treatment group with VPA was named OSKM＋VPA. To 
prove that the cells in the experiment initiated reprogram-
ming, we performed the following tests. The expression of 
foreign genes (Table 1) in the three groups was detected 
by PCR to demonstrate that the foreign genes were suc-
cessfully transferred. In the early stages of cell reprogram-
ming, the expression of the marker genes (Table 1) of the 
three germ layers will change, so we prove that the re-
programming has started by detecting the expression of 
the specific expression genes (Table 1) of the stem cells 
and the expression of the three germ layer marker genes.

RNA-seq data analysis
  Following verification of the RNA-seq data credibility 
and initiation of reprogramming, we combined the current 
research results. We further screened the selected signal-
ing pathways related to the iPS and cancer signaling path-
ways and found that the final result pointed to the cell 
cycle and endothelial cell production. We then visualized 
the relevant genes using heatmaps and verified our analy-
ses using qRT-PCR.

Results

VPA treatments 
  To study the role of VPA in the reprogramming of 
BCFFs, we used 293T cells to package retroviral vectors 
containing Oct4, Sox2, Klf4, c-Myc, and EGFP. Following 
viral transduction, the EGFP retroviral packaging results 
(Fig. 1B) were used to predict the packaging efficiency of 
the remaining four retroviruses. In short, the five retro-
viruses were mixed in equal proportions andused to trans-
duce pre-plated BCEFs. After the second retroviral in-
fection, the medium of the CEF cells was replaced with 
an iPSC medium, supplemented with 1 mM VPA in the 
treatment group (Fig. 1A). The infection efficiency was 
observed 48-h after the second viral infection (Fig. 1C). 
Finally, seven days after VPA treatment, the cell status 
was observed under an optical microscope and the cells 
were collected for further analysis (Fig. 1D).
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Table 1. The primers list of PCR

Gene Primer Annealing temperature (℃) Fragment size (bp)

Oct4 CTCTTGTCTACCTCCCTTGCC 57 100
TCTGTTCCCGTCACTGCTCT

Sox2 GGTGCCCTGCTGCGAGTA 57 360
CGGCGGAAAACCAAGACG

Klf4 CGTTGAACTCCTCGGTCTCC 57 170
CGACTAACCGTTGGCGTGA

c-Myc GGACTGTATGTGGAGCGGTTTC 57 487
TGGGCTGTGCGGAGGTTT

nSox2 AGAGAACCCCAAGATGCACA 57 104
GCTTGGCCTCGTCGATAAAC

nKlf4 TCCCGGGGATTCATAGTTCG 57 310
GGGCAAACTTCCATCCACAG

TEAT AGAAGCTAGTCTCCCTGGGA 57 174
CCATCAACCAGCACAGGAAC

CRABP2 AGCAAACTGTGGATGGGAGA 55 168
CGATGTCATCTGCCGTCATG

NCSTN CCCTTCAGCATTACATCGCC 55 167
AACCCACGCGTACTCATACA

DES CCATCGCGGCTAAGAACATC 55 184
GAATCGTTGGTGCCCTTGAG

PAX6 TCAGCACCAGTGTCTACCAG 55 243
AGGTATCATAACTCCGCCCG

PTGS2 GCTGCGGGAACACAATAGAG 53 249
TGCCAGTGGTAGAGTGTGTT

MMP9 GCAAACCAATCTCACCGACA 53 223
GGTCAGAAATTTGCCCACGT

CCNB1 AGCGGATCCCAACCTTTGTA 53 248
GCATCTTCTTGGGCACACAA

CCNB2 AGTACCTGAGGCAGCTTGAG 53 231
GCAGAGCTGTAATCCCAACC

CXCL8 GTGAAGCTGCAGTTCTGTCA 53 151
CCTCTCTTCCATTGGCAAGC

IGFBP3 GCCAGCGCTACAAAGTAGAC 53 209
GCGGCACTGTTTCTTCTTGT

CCNA2 AGGAGAACATCAACCCCGAG 53 179
GGGAGGAACAGTGACATGCT

PLK1 CTCGACACGCCTTATCCTCT 53 206
GGGCTAGCTCATCACCTTCA

VEGFC CTCTCTCTCAAGGCCCCAAA 53 244
GGGTCATCTCCAGCGTTAGA

CKS2 GACAAGTACTTCGACGAGCAC 53 167
TGTGGTTCTGGCTCATGAATC

RRM2 TGCCTGCCTGATGTTCAAAC 53 182
GCATAAGTCTGTCTGCCACG

CDC20 AGAATCAGCCCGAAAACAGC 57 220
AGGGAAGGAATGTAACGGCA

TP3 GAGGACGCCAGTGGTAATCT 56 197
AGCGGCTTCTTCTTTTGTGG

IFK67 CCGTCATACCCAGCAGTGAA 56 208
CCTGGCGCTTTCTGGAATTT

PCNA CGGACACCTTGGCACTAGTA 56 215
CACCCCATCTTTTGCACAGG
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Table 1. Continued

Gene Primer Annealing temperature (℃) Fragment size (bp)

CASP7 TCCTCTTTTGTCCCATCGCT 56 198
CTCGGCGTCTTTGTCTGTTC

S100A4 TTCCACAAGTACTCGGGCAA 56 242
TTATCCGGGAAGCCTTCGAA

VIM GATTCAGGAACAGCACGTCC 56 207
TTGGATTCTTGCTTCGCCTG

HSP47 CACTACAACTGCGAGCACTC 56 220
CCATGAAGCCTCGATTGTCC

ACTA2 TCTGGACGTACAACTGGCAT 56 195
GACAATCTCACGCTCAGCAG

ICAM1 TGATACCCTCCGGATTGTGG 56 247
ATTCTCCAGTCTACTCCGCG

LYVE1 ACAAACCCGCAGCTGAATTT 56 175
ACTTGGGGTTCGCGAAAATC

CLDN7 TGGCCACCAGATAGTCACAG 56 172
TGCACGATACCCAGTTTTGC

EPCAM AAACTGCTCTTTGAACGCGT 56 204
AGCCCCTTCTCATCACAGTC

CDH1 AGAGAACTTGGAGCACGTGA 56 229
AAAGGGAGACGTGTTAGGGG

Fig. 1. VPA cell treatments. (A) Sche-
matic diagram of iPSC culture me-
dium containing VPA. (B) The EGFP 
retroviralpackaging 48-h after trans-
duction. (C) The infection efficiency 
in CEFs was observed 48-h after the 
second viral infection. (D) Cells in the 
treatment (iPSC medium with VPA) 
and control (iPSC medium without 
VPA) groups were cultured in the 
iPSC medium on day 7.



196  International Journal of Stem Cells 2021;14:191-202

Fig. 2. Dynamic changes of proc-
essed cells. (A) Detection of the ex-
pression of exogenous genes in the 
three groups of BCFFs, OSKM and 
OSKM＋VPA. (B) Detection of the 
expression of endogenous genes in 
the three groups of BCFFs, OSKM 
and OSKM＋VPA. (C) Heat map of 
the four endogenous genes. (D, E) 
The expressions of the three germ 
layer genes NCSTN (endoderm), 
DES (mesoderm), PAX6 and CRABP2 
(ectoderm) were detected by qRT-PCR.

Dynamic changes of processed cells
  To verify whether the reprogramming factors were suc-
cessfully transferred into and modified BCFFs, we used 
PCR to detect the expression of the four exogenous genes 
Oct4, Sox2, Klf4 and c-Myc in the three groups (Table 1). 
We found that the four genes of OSKM were successfully 
transferred and expressed (Fig. 2A). We then selected 
three endogenous genes (Table 1) that were only expressed 
at the stage of pluripotent stem cells for PCR detection 
and generated heat maps of the four endogenous genes 
based on the sequencing data. Except for BCFFs, the en-
dogenous genes of the other two groups were all expressed 
(Fig. 2B), and the addition of VPA increased the ex-
pression of the Myc gene (Fig. 2C). We also tested the 
expression of the marker genes (Table 1) of the three germ 
layers in the three groups of cells during stem cell 
differentiation. The results showed that the expression of 
PAX6 and CRABP2 (ectoderm) in the OSKM and OSKM
＋VPA groups was significantly increased (Fig. 2D), and 
PAX6 was specifically expressed (Fig. 2E).
  These results indicate that the treated cellsinitiated the 
reprogramming process, and that VPA promotes the ex-
pression of endogenous Myc and ectoderm genes in the 
three germ layers.

Transcriptomic sequencing, basic analysis of 
correlations and differences between groups 
  To identify the role of VPA in the reprogramming of 
CEFs, we conducted transcriptomic profiling of a total of 
six samples from the treatment and control groups using 
RNA-seq. Based on the obtained gene expression profiles 
of each sample, we used PCA to analyze and calculate the 
Pearson correlation coefficient (Fig. 3A) between samples 
to understand the repeatability of the samples and exclude 
outliers. Based on the differential analysis results, after 
seven days of VPA treatment, we considered genes with 
FDR ＜0.05 and | log2FC |＞ 1 as significantly differ-
entially expressed genes. A total of 959 genes were ex-
pressed early in the reprogramming process, of which 469 
genes were upregulated and 490 were downregulated. Each 
gene was z-score processed and hierarchical clustering of 
differential gene expression patterns was performed; the 
clustering results are represented as a heat map (Fig. 3B).
  Next, significant pathways were analyzed using KEGG 
pathway enrichment analysis and hypergeometric tests to 
identify pathways that were significantly enriched in genes 
of interest compared to the entire genome background. 
KEGG pathway-based analyses help to determine the most 
important biochemical metabolic pathways and signal 
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Fig. 3. Transcriptomic sequencing, 
basic analysis of correlations, and 
differences between groups. (A) Co-
rrelation heat map of the samples. In 
the figure, the abscissa and ordinate 
are the respective samples and the 
color depth (intensity) indicates the 
correlation coefficient between the 
two samples. (B) Genes from differ-
ent samples are expressed in differ-
ent colors; the redder the color, the 
higher the expression; whereas, the 
bluer the color, the lower the ex-
pression. (C) KEGG pathway annota-
tion. The map is plotted with differ-
ent pathways and the number of tar-
get genes contained within. The path-
ways belonging to the same KEGG 
A-class classification share the same 
color. Each pillar represents a path-
way and the height of the pillar rep-
resents the number of genes in-
volved in each pathway. (D) Top 20 
genes obtained after KEGG enrich-
ment analysis. Each bubble repre-
sents a pathway; the size of the bub-
ble represents the number of target 
genes contained in the pathway and 
the color of the bubble represents 
the significant degree of enrichment 
of the pathway.

transduction pathways that were related to unigenes. The 
enrichment results were classified accordingly as A and B 
grades (Fig. 3C) and signaling pathways were determined. 
By combining these findings with RNA-seq data, we se-
lected 959 differentially expressed genes, enriched in 276 
signaling pathways. In total, there were eight signal path-
ways with a Q＜0.05 and 42 signal pathways with a p＜ 

0.05. Notably, the eight signal paths were steroid biosyn-
thesis, cell cycle, PPAR signaling pathway, progester-
one-mediated oocyte maturation, fatty acid metabolism, 
ECM-receptor interaction, cell adhesion molecules (CAMs) 
and cholesterol metabolism. Finally, we used the top 20 
signal paths for mapping (Fig. 3D).

Individual key pathways involved in BCFF 
reprogramming
  Considering that iPSCs and cancer cells share similar 
features, we adopted an RNA-seq approach to select eight 
signaling pathways, of the 276 related to cancer and 
iPSCs, for analysis (Table 2). We used the important en-
zymes in the above-mentioned eight and an additional 
eight key signal pathways with a Q＜0.05 to construct a 
protein-protein interaction (PPI) network using the inter-
active gene retrieval tool (STRING); the obtained PPI net-
work contained 135 enzymes from the above-mentioned 
signal transduction pathway enzymes (Fig. 4A). According 
to the ppi network, 12 genes (Table 1) at the core were 
selected to verify the credibility of the RNA-seq data 
through qRT-PCR. Results obtained using qRT-PCR (Fig. 
4B) were compared to data obtained by RNA-seq; notably, 
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Table 2. iPSC and cancer-related signaling pathways 

Pathway ID Ranking

Cell cycle ko04110 2
MAPK signaling ko04010 17
PI3K-Akt signaling ko04151 26
Pathways in cancer ko05200 27
p53 signaling ko04115 52
TGF-β signaling ko04350 209
Wnt signaling ko04310 234
Jak-STAT signaling ko04630 263

Fig. 4. Participate in the screening of key pathways for reprogramming of BCFFs. (A) Represents a protein-protein interaction network made 
according to different requirements. Different nodes represented different enzymes. The interactions among these enzymes were represented 
by different colorful lines. (B) Twelve genes were verified by qRT-PCR. (C) Heat map of key genes of the PI3K-Akt and MAPK signaling 
pathways. (D) Heat map of key genes of p53 signaling pathway. (E) TP53 gene expression was detected by qRT-PCR.

the expression patterns for the 12 genes obtained using the 
two methods were consistent, confirming the reliability of 
RNA-seq technology.
  After verifying the RNA-seq data, we conducted further 
analysis of the eight selected pathways related to iPS and 
cancer. According to the ranking, we excluded the TGF-β, 
Wnt, and Jak-STAT signaling pathways. We selected the 

key genes of the MAPK and PI3K-Akt signaling pathways 
and generated heat maps (Fig. 4C). The results showed 
that although the expression of some genes increased, it 
was not significant. We selected the enriched genes and 
p53 genes in the p53 signaling pathway to make a heat 
map (Fig. 4D). At the same time, qRT-PCR was used to 
detect the expression of P53 gene (Table 1) in the three 
groups of BCFFs, OSKM and OSKM＋VPA (Fig. 4E). 
The results showed that the four factors of OSKM sig-
nificantly inhibited the p53 expression after cell transfer, 
however, VPA did not directly act on the p53 gene. It only 
inhibited the expression of downstream genes in this 
pathway.

Effects on proliferation and apoptosis-related genes 
  The cell cycle progression was one of the main obstacles 
that affect cell reprogramming, cell proliferation and 
apoptosis. We generated a heat map of the genes in the 
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Fig. 5. Effects on proliferation and 
apoptosis genes. (A) The heat map 
made using enriched genes in cell cy-
clesignaling pathways. (B) The changes 
of proliferation and apoptosis genes 
in the three groups of BCFFs, OSKM 
and OSKM＋VPA.

Fig. 6. The influence of VPA on the mesenchymal-to-epithelial transition process. (A) The heat map made using enriched genes in cancer 
signaling pathways. (B) The results of qRT-PCR detection of the expression of fibroblast marker genes S1004A, VIM, HSP47 and ACTA2 
in the three groups of BCFFs, OSKM and OSKM＋VPA. (C, D) The results of qRT-PCR detection of the expression of endothelial cell 
marker genes ICAM1, VEGFC and LYVE1 in the three groups of BCFFs, OSKM and OSKM＋VPA. (E) The qRT-PCR results of the expression 
of the epithelial cell marker gene CLDN7 in the three groups of BCFFs, OSKM and OSKM＋VPA. (F) PCR detection of the expression 
of epithelial cell marker genes EPCAM and CDH1 in the three groups of BCFFs, OSKM and OSKM＋VPA.

Cell cycle pathway (Fig. 5A); and compared the changes 
in proliferation and apoptosis genes (Table 1) in the three 
groups of BCFFs, OSKM and OSKM＋VPA (Fig. 5B). 
The results show that VPA has an inhibitory effect on cell 
cycle signaling pathways, stagnating cells in S phase, un-
able to divide. VPA also promotes the expression of apop-
tosis genes and inhibits the expression of proliferation 
genes. Therefore, we speculate that one of the roles of VPA 
in the cell reprogramming process is to screen out success-
fully reprogrammed cells by promoting cell apoptosis and 
inhibiting cell proliferation.

The influence of VPA on the 
mesenchymal-to-epithelial transition process
  Given that iPS cells and cells have many similarities, 
we have done heat maps for all genes enriched in cancer 
signaling pathways (Fig. 6A). We found that genes overex-
pressed in this signaling pathway predominantly affects 
the VEGFC signaling pathway. The activation of this 
pathway leads to the upregulation of genes involved in 
mediating the proliferation and migration of endothelial 
cells and promoting their survival and vascular permeability.
  This result makes us pay attention to the changes of cell 
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types in cell culture dishes, which may involve another 
important event in the iPS induction process-mesen-
chymal-to-epithelial transition (MET). Although endothe-
lial cells are a type of epithelial cells, there are still certain 
differences between the two. We selected four fibroblast 
marker genes (Table 1), four endothelial cell marker genes 
(Table 1) and three epithelial cell marker genes (Table 1) 
for qRT-PCR. After testing, we found that the expression 
of fibroblast marker genes in the OSKM and OSKM＋

VPA groups decreased significantly (Fig. 6B). The marker 
genes of endothelial cells were significantly increased (Fig. 
6C), and the two marker genes of epithelial cells were not 
expressed (Fig. 6F). We observed that the addition of VPA 
promotes the expression of CLDN7 (epithelial cells; Fig. 
6E), VEGFC and LYVE1 (Fig. 6D; endothelial cell genes), 
and affects the expression of fibroblast marker genes. 
Therefore, we determined that for Bactrian camels, VPA 
promoted the conversion of fibroblasts to endothelial cells 
instead of directly converting to epithelial cells, which is 
different from the MET process of other species.

Discussion

  Some studies have indicated the potential of VPA as a 
replacement for c-Myc for achieving complete reprogram-
ming of mouse fibroblasts (15); VPA can even replace both 
Klf4 and c-Myc to successfully reprogram human fibro-
blasts into iPSCs (26). More importantly, VPA signifi-
cantly improves the iPSC induction efficiency (26-28). 
However, little is known about its mechanism of action.
  To explore the mechanism of VPA, the majority of re-
search focus has been on important genes and related sig-
naling pathways in the induction of iPS cells. The activa-
tion of the Wnt signaling pathway can demethylate the 
promoter regions of the pluripotency genes Oct4 and 
Nanog (29), significantly promoting the induction effi-
ciency of iPS cells. The activation of JAK/STAT signaling 
pathway is very important to maintain the self-renewal 
ability of stem cells (30). The inhibition of the MAPK and 
GSK3 signaling pathways can effectively improve the syn-
chronization of iPS cell induction, and promote the pro-
liferation and formation of iPS cells (31-33). Inhibition of 
TGF-β signaling pathway can promote the induction of 
iPS cells (33). PI3K-Akt signaling pathway can regulate 
cell growth, proliferation, differentiation and cell survival; 
this pathway is activated in cancer cells (34). The cell cy-
cle regulator p53 prevents cells from uncontrolled pro-
liferation due to DNA damage; knocking out the p53 gene 
or inhibiting the related signaling pathway can promote 
the induction of iPS cells (35, 36).

  Here, we used RAN-Seq sequencing technology for the 
first time on the role of VPA in the early process of iPSc 
induction. We conducted an in-depth analysis of the 
RNA-Seq results based on the current research results and 
found that: 1) The addition of VPA significantly promoted 
the expression of endogenous c-Myc, and c-Myc was main-
ly bound to the promoter area, playing a role in promoting 
cell survival and proliferation in the early stages of re-
programming (37, 38); 2) VPA has a significant inhibitory 
effect on cell cycle signaling pathways, especially CDK 
and CDC genes in G2 and S phases; 3) VPA significantly 
promotes the expression of VEGFC and other genes in the 
cancer signaling pathway, and these genes activate the 
VEGF signaling pathway.
  In conclusion, we determined that the role of VPA is 
a complicated process in the early stage of Bactrian camel 
iPSc induction. However, it can be summarized in two as-
pects: 1) VPA can significantly inhibit the cell circulation 
pathway to make cells stay in the G2/M phase, and sig-
nificantly increase the expression of the endogenous gene 
c-Myc. So theoretically, when VPA is added to the culture 
medium, only the cells that have begun to reprogram can 
break the G2/M repression through the expression of the 
endogenous gene c-Myc, and use the nutrients and space 
in the culture dish to proliferate normally, which can ach-
ieve the purpose of directly improving the efficiency of 
reprogramming. This result was consistent with the con-
clusion that VPA can replace the exogenous gene c-Myc 
and promote the induction efficiency in the process of hu-
man ipsc induction (26), so the model system of this ex-
periment was also suitable for human cell reprogramming, 
but whether there will be side effects requires further re-
search; 2) VPA can significantly increase the expression 
of VEGFC and other genes, and promote the trans-
formation of fibroblasts to endothelial cells (perhaps due 
to species specificity). We found for the first time a tran-
sition process that was different from the MET process of 
other species, to speed up the early Bactrian iPSc 
induction.
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