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ABSTRACT

HnRNPK is a multifunctional RNA binding protein. Our previous studies have found that it plays a key role in the
survival of spermatogonia GC-1spg, but the mechanism is not clear. To reveal the functional mechanism of hnRNPK in
spermatogonia, the expression profiles of hnRNPK knockdown and control group GC-1spg cells were analyzed by
RNA-seq. A total of 1453 differentially expressed genes were obtained, of which 604 genes were up-regulated and 849
genes were down-regulated in GC-1spg cells after hnRNPK knockdown. 24 genes were randomly selected from the
differentially expressed genes for qRT-PCR verification. Pearson correlation analysis showed that r = 0.916 (P < 0.01),
which indicated that there was a good correlation between the results of RNA-Seq and qRT-PCR. GO functional
enrichment analysis showed that the biological process of differentially expressed genes was mainly related to cell
proliferation, differentiation, apoptosis and other life activities, and then 17 genes related to proliferation and apoptosis
were selected for further verification. The results showed that hnRNPK could affect the survival of GC-1spg cells by
regulating proliferation and apoptosis-related genes. KEGG pathways enrichment analysis showed that GC-1spg cells
mainly occurred cell-molecule interaction and activation of related signal transduction pathway after hnRNPK
knockdown. The results will provide an important basis and clue for revealing the key targets and molecular regulation
mechanism in the process of spermatogonia survival, and also provide new ideas to understand the problem of male
sterility.
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INTRODUCTION of spermatogonia has always been a research hotspot in
reproductive biology.

Mammalian spermatogenesis is a complex and ) Heterogenpoqs ribonu.cleop.roteins (hnRNP) are
precisely regulated developmental process, which is a family of RNA binding proteins with at least 20 protein
related to many types of germ cells, such as members, which are successively named A to U. Among
spermatogonia, spermatocytes and spermatozoa. It is well Fhem, hnRNPK is a widely studied. membe.r,.whic.h can
known that spermatogonia play crucial roles during this Interact with RNA, DNA and proteins, participate in the
process. According to the morphological characteristics ~ regulation of transcription and translation, regulate RNA
of spermatogonia, which can be divided into three types: splicing and cell signal transduction (Han ef al. 2010; Xu
A, In and B. Among them, As, Apr and Aal, are usually et al. 2019). It is a multifunctional protein, which is
recognized as A spermatogonia, but only As are called closely related to the development of reproductive system

spermatogonial  stem  cells  (SSCs), while B (Lee et al. 2004; Xu et al. 2015), hematopoiesis
(Ostareck-Lederer et al. 2012), nervous system

spermatogonia are committed to differentiation, which .
development (Hutchins et al. 2013), myoblast

finally divide to primary spermatocytes (Hermann et al.

2010; Wen et al. 2019; Lord et al. 2020). As constantly ~ differentiation (Xu ef al. 2018b) and  tumorigenesis
updates itself to produce more As, some As and then (Gallardo et al. 2015). However, there are few studies on

divide into Apr, through division and divides into Aal,  the relationship between hnRNPK and spermatogenesis.
and then differentiates into A1, A2, A3, A4, In and B. B We analy'zed .the spatio-temporal expression proﬁle' of
spermatogonia further differentiate into spermatocytes, hnRNPK in pigs and rats, and found that'the expression
then form spermatids, and finally produce sperm of hnRNPK in pig anq rat testes were 51gn1.ﬁcantly hlgher
(Nakagawa ef al. 2007; Ni et al. 2019). Spermatogonia than that in other tissues, and had a high expression

are very important and complex in the whole stage of abundar.lce in the early stage of .spermatogenesi.s,
spermatogenesis, and revealing the key regulators and suggesting that hnRNPK may play an important role in

mechanisms in the process of proliferation and survival the spermatogonia stage (Xu et al. 2018a). Lee et al. have
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reported that Rbm can interact with hnRNPK and another
sex-specific splicing activator Tra2o to regulate the
specific splicing of RNA during spermatogenesis, in
which hnRNPK may act as an anchored protein,
providing a platform for Rbm and Tra2a to promote the
interaction between protein complexes (Lee et al. 2004).
GC-1spg cell line is a widely used spermatogonia model
» which was immortalized by pSV3-neo transfection into
10-day-old male mice and the characteristics of the cell
line were between type B spermatogonia and leptotene
spermatocytes (Hofmann et al. 1992). Therefore, we
carried out a preliminary study on the function of
hnRNPK in GC-1spg cells through RNA interference.
The results showed that the number of GC-1spg cells
decreased significantly, and there were some floating
cells after knocking down hnRNPK (Xu et al. 2017), but
the mechanism is not clear. In this study, high-throughput
transcriptome sequencing was used to analyze the gene
expression profiles in hnRNPK knockdown and control
GC-1spg cells, to screen differentially expressed genes,
and to enrich their functions and pathways, so as to
further explore the possible downstream target genes and
pathways regulated by hnRNPK, and provide a basis for
revealing the key targets and molecular mechanisms in
the process of spermatogonia survival. The research
results will provide a new perspective for solving the
problem of male sterility.

MATERIALS AND METHODS

Cell culture: GC-1spg cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum, 1
mM sodium pyruvate, 2 mM L-glutamine and 100 mM
non-essential amino acids, and cultured in an incubator
containing 5% CO, at 37 °C.

siRNA screening and cell transfection: Three pairs of
siRNA were designed and synthesized according to the
coding region of mouse AnRNPK gene and verified by
previous screening experiments (Xu et al. 2017). Finally,
the siRNA-hnRNPK with better interference effect
(interference efficiency > 80%), was selected for follow-
up experiments. The cells were inoculated in a six-well
cell plate, waiting for the density to reach 40-60%, ready
for transfection. The final concentration of siRNA was
added to 100 nM, siRNA-Matel2 pL, mixed gently, and
incubated at room temperature for 15 min, to form
siRNA-transfection reagent complex. At the end of
incubation, the complex was added drop by drop into
each well, gently mixed, and RNA was extracted after 48
h.

Cell viability assay: For the cell viability assay, cells
were seeded in 96-well plates with 6000 cells per well
and measured at 3 different times (transfection for 0 h, 24
h, 48 h) by MTT assay according to the manufacturer’s

539

J. Anim. Plant Sci., 32 (2) 2022

protocol. Briefly, we added 20 uL. MTT (4mg/mL) to
each well and incubated them at 37 °C for 4 h. Then, we
discarded the supernatants and dissolved the remains with
150 pL. DMSO per well, and the absorbance was
measured at 490 nm using a SpectraMax M5 unit
(Molecular Devices). The graph was plotted using
GraphPad Prism 8 software.

Transcriptome sequencing: The cell transfection
experiment was repeated three times, and the cells were
collected for RNA extraction to obtain RNA samples
from knockdown group (siRNA-hnRNPK) and control
group (siRNA-NC). After passing through the quality
inspection, the RNA-Seq library was constructed and
sequenced, and the work was provided by Suzhou Jisai
Gene sequencing Technology Co., Ltd. Through the
paired-end sequencing of Solexa RNA, a large number of
sample data of 2 to 100 bp were obtained. After the
quality preprocessing of the original data, the low-quality
fragments and joint sequences were removed, and the
preprocessed Reads was compared to the reference
genome using TopHat alignment software. Through
Cufflinks software, the expression level of each gene was
estimated by fragments per kilobase of transcript per
million mapped reads (FPKM) algorithm, and then the
differentially expressed genes between the two groups
were analyzed according to the screening criteria of
logoFold Change > 1, g-value < 0.05. Using GO seq
software, the calculated P-value is corrected by
Bonferroni, and the threshold value of corrected P-value
< 0.05. The GO term satisfying this condition is defined
as GO term significantly enriched in differentially
expressed genes. The main biological functions of
differentially expressed genes can be revealed by GO
functional significance enrichment analysis. Pathway
enrichment analysis was carried out by using Biocarta
and KEGG databases to screen differential genes in
different pathways, so as to reveal the cellular signal
pathways that these differentially expressed genes may
participate in.

RNA isolation, cDNA synthesis and ¢RT-PCR
analysis: Total-RNA extractions were carried out from
hnRNPK knockdown and control group GC-1spg cells
using TRIzol (Takara, Japan). The first strand cDNA was
synthesized by reverse transcription of 1-5 pg total RNA
using M-MLV Reverse Transcriptase and Oligo (dT)is
(Invitrogen, USA). qRT-PCR was performed on the ABI
7300 (ABI, USA) using the GoTaq® qPCR Master Mix
(Promega, USA). Gene-specific primers were used to
determine the relative expression levels of the detected
genes according to the standard curve method. The
primer sequences are listed in Supplemental Table 1.
Gene expression levels were quantified relatively to the
expression of the mouse Gapdh gene, by employing an
optimized comparative Ct (AACt) value method. The
expression level was calculated as 2" (22 to compare
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the relative expression, and SPSS17.0 software was used
for statistical analysis, one-way ANOVA was conducted
to identify differentially expressed genes, and P < 0.05
was considered as significant.

Verification of differentially expressed genes: Through
qRT-PCR technology, 24 differentially expressed genes
were randomly selected for verification (Supplemental
Table 1). The relative differential fold changes between
RNA-Seq and qRT-PCR between the two groups were
analyzed by Pearson correlation analysis with SPSS17.0
software to verify whether the results of RNA-Seq were
reliable.

RESULTS

GC-1spg cell proliferation is impeded after hnRNPK
knockdown and RNA quality detection: The number of
GC-1spg cells decreased significantly after knocking
down the expression of hnRNPK, and there were also
some floating cells (Xu ef al. 2017).To verify this result,
MTT assay was conducted. Compared with the control,
the obtained MTT assay data also showed that the
number of living GC-1spg cells with AnRNPK gene
knockdown decreased significantly, indicating that
hnRNPK knockdown impeded GC-1spg cell proliferation

(P<0.05) (Figure 1).
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Figure 1. GC-1spg cell proliferation is impeded after
hnRNPK knockdown. (A) MTT detection for
GC-1spg cell proliferation after hnRNPK
knockdown. (B) GC-1spg cell phenotypic
change after hnRNPK knockdown, Bar = 50
pm.

The mixed RNA from GC-1spg cells obtained
by three independent siRNA transfection experiments
was detected and analyzed by Agilent 2000, it was found
that the total RNA of knockdown and control groups was
intact and non-degraded, RNA content > 5 ug, RIN > 9.
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The quality of RNA samples met the requirements of
[llumina sequencing, and the detailed quality detection
information was in Supplemental Table 2.

Sequencing data quality control and reference
genome alignment: After pre-processing and removing
low-quality fragments and joint sequences, a total of 140
million effective sequencing data were obtained, with a
data volume of 14 G and an average length of 97.40 bp.
The amount of data sequenced by the two groups was
more than 5 G, which could meet the needs of subsequent
data analysis (Supplemental Table 3). After data
comparison, 23337 genes, 30455 transcripts and 24759
proteins were obtained on 22 chromosomes of chrl-19,
X, Y and MT. The proportion of reads on the reference
genome of the two groups is about 93%, of which the
proportion of pairwise reads alignment is about 91%, a
single reads alignment is about 91%, and more than 87%
of the reads is aligned to the exons of known or predicted
genes (Supplemental Table 4).

Gene expression analysis: The high-throughput
sequencing results showed that there were total 23337
genes in mice, and 13886 genes from the libraries of
knockdown group and control group, including 13206 in
knockdown group and 13083 in control group. Among
them, the FPKM value is 0.1-3.75 belongs to a low-
expression gene, 3.75-15 is a moderate-expression gene,
and more than 15 is a high-expression gene (Mortazavi et
al. 2008). The FPKM values of genes in the two groups
were mainly distributed in the range of 3.57-60,
accounting for 57% (Supplemental Figure 1). There
were 65 and 38 genes with FPKM values greater than
1000 in siRNA-NC and siRNA-hnRNPK, of which 35
genes were same, including Eeflal, Cxcll0, Rpl19, Eif6,
Snhg6, Hspa8 and other genes.

Analysis of differential gene expression: Furthermore,
the difference of gene expression between the
knockdown group and the control group was analyzed,
and the selection standard was as follows: log,Fold
Change > 1, g-value < 0.05. The results showed that
among the 1453 differentially expressed genes, 604 genes
were up-regulated in knockdown group, accounting for
41.57%, and 849 genes were down-regulated, accounting
for 58.43% (Supplemental Table 5). Among the
differentially expressed genes, 1316 (90.57%) genes
encoded proteins, and only 137 (9.43%) belonged to non-
coding RNA or pseudogenes and unknown types. There
were 32 and 51 highly expressed differential genes in
siRNA-hnRNPK and siRNA-NC groups respectively,
and 16 in both groups (Supplemental Figure 2). Among
them, Rplp0, Bre, Dbi and other highly expressed genes
were significantly down-regulated after hnRNPK
knockdown, while Ccl2, Rsad?2, Cxcl10 and other highly
expressed genes were significantly up-regulated.
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Figure 2. The reliability of RNA-Seq expression results were identified by qRT-PCR.

In addition, among the differentially expressed
genes, such as Nanog, Itghl, SFN, Ptges, Eaf2 are
proliferation related genes, and Casp3, Xiap, Spal7,
Rapl1GAPI1, Sirtl are apoptosis related genes.
Comprehensive analysis of their FPKM values and fold
changes has found that the changes of the above genes
were very significant after hnRNPK knockdown.

Verification of differentially expressed genes: In order
to verify the reliability of RNA-seq results, 24 genes were
randomly selected from the differentially expressed genes
for further analysis (Supplemental Table 2). Because the
gene expression obtained by RNA-Seq and qRT-PCR are
based on different calculation methods and standards, the
two results cannot be compared directly. Therefore, we
compared the differential fold changes obtained by RNA-
Seq and qRT-PCR between the two groups. The results
showed that the expression patterns of 24 randomly
selected differential genes were same as those obtained
by RNA-Seq (Figure 2). Furthermore, Pearson
correlation analysis of the differential fold changes from
the two methods was carried out by SPSS17.0 software,
obtained r = 0.916, P <0.01, the results showed that there
was a very significant correlation between RNA-Seq and
qRT-PCR, indicating that the results of RNA-Seq were
reliable.

GO analysis of differentially expressed genes: GO
analysis mainly clustered and analyzed the molecular
functions, cellular components and biological processes
of differentially expressed genes in order to screen the
significantly enriched biological functions. The molecular
functions of differentially expressed genes after hnRNPK
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knockdown in GC-1spg cells are mainly involved in
nucleotide binding, protein binding, ion binding, receptor
activity, receptor binding and regulatory activity. Cell
components are mainly related to cellular content, cell
surface, membrane, extracellular matrix, vesicle and
envelope; biological processes are mainly related to
development, transcriptional regulation, cell proliferation
and differentiation, cell migration, immune response,
signal transduction and metabolism, apoptosis and other
life activities (Figure 3).

Pathway analysis of differentially expressed genes:
Pathway analysis of differentially expressed genes was
carried out by Biocarta and KEGG databases, and
Biocarta analysis showed that these differentially
expressed genes were involved in cell-surface molecular
pathways, cell differentiation pathways and cytokine-
mediated hematopoiesis, and KEGG results suggested
that the main enrichment pathways were ligand-receptor
interaction, cytokine receptor interaction, cell molecular
adhesion, hematopoietic cell lines and calcium signal
transduction (Figure 4). In short, the Pathway enrichment
analysis of the two databases showed that cell-molecule,
molecular-molecular interaction and activation of related
signal transduction pathways are mainly occurred in
hnRNPK knockdown GC-1spg cells.

Further analysis of proliferation and apoptosis related
genes: Further analysis of differentially expressed genes
showed that there were significant changes in
proliferation and apoptosis related genes in hnRNPK
knockdown GC-1spg cells. Therefore, we selected
Cdkn2a, Itgbl, Nanog, Igfbp6, Lstl, Oazl and Icmt
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proliferation genes regulate positively; E2f7, Spryl,
Ptpn6, Bcam, Fpgt, Nos2 proliferation genes regulate
negatively and Casp3, Xiap, Rapl GAP1, Sirtl apoptosis
related genes for further QRT-PCR analysis. The results
showed that after hnRNPK knockdown, the expression of
proliferation genes regulate positively was down-
regulated, while the expression of proliferation genes
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regulate negatively was up-regulated, the expression of
anti-apoptosis gene was down-regulated, and the
expression of pro-apoptotic genes was up-regulated. It is
suggested that hnRNPK may affect the survival of GC-
Ispg cells by regulating proliferation and apoptosis-
related genes (Figure 5).
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Figure 3. GO analysis of differentially expressed genes from siRNA-hnRNPK and siRNA-NC groups.
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Figure 4. KEGG analysis of differentially expressed genes from siRNA-hnRNPK and siRNA-NC groups.
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Figure 5. Expression of proliferation and apoptosis related gene verified by qRT-PCR.

DISCUSSION AND CONCLUSION

Transcriptome sequencing is an important tool
for in-depth study of transcriptome, which is to sequence
the reverse transcribed cDNA of RNA in tissues or cells
by high-throughput sequencing technology (Stark et al.
2019). In order to reveal the genes and signal pathway
regulated by hnRNPK during spermatogonia survival, we
used RNA-seq to analyze the expression profiles of
hnRNPK knockdown and control group GCl-spg cells.
1453 differentially expressed genes were screened, and
the GO function of these genes were further enriched. It
was found that 23 genes regulated cell proliferation and
15 genes were related to apoptosis. Among the 15 genes
involved in apoptosis, Xiap (X-linked inhibitor of
apoptosis protein) is an anti-apoptotic gene with low
expression in knockdown group, which can regulate
apoptosis by directly inhibiting the activity of caspases
(Pop et al. 2009; Hanahan et al. 2011; Nielsen et al.
2017). However, hinRNPK can regulate the expression of
Xiap gene at the transcriptional level (Xiao et al. 2013;
Chen et al. 2017). After the decreased expression of
hnRNPK in GC-1spg spermatogonia, it may inhibit the
transcriptional activity of Xiap, thus down-regulate the
expression of Xiap, weaken the inhibition of casp3 and
casp7 enzyme activity, and then induce the apoptosis of
GC-1spg cells. The highly expressed casp? and casp3
encode two important signal transduction proteins in the
apoptosis pathway. Studies have shown that casp3 gene
can induce apoptosis in insect Sf9 cells. After removing
casp3 from the extract of apoptotic cells, the ability to
induce apoptosis was lost, and after the addition of
purified casp3, the ability to induce apoptosis was
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restored (Porter et al. 1999; Wright et al. 1999). Previous
studies have also shown that casp3 is expressed in both
mammalian spermatogonia and spermatocytes. Apoptosis
of spermatogenic cells depends on the increase of casp3
expression and activity, which can promote
spermatogonia apoptosis (Kim et al. 2001; Omezzine et
al. 2003; Pasha ef al. 2016). Casp2 may also be involved
in apoptosis, but it must be activated by casp3 (Li et al.
1997). In addition to the high expression of these pro-
apoptotic genes, we also found that many genes needed
for anti-apoptosis or survival were down-regulated. For
example, RaplGAPI is the upstream negative regulator
of Rapl, while Rapl mediates the activation of p38a and
promotes cell apoptosis (Gutierrez-Uzquiza et al. 2010;
Zhang et al. 2015). The protein encoded by the down-
regulated gene Sirtl/, is a member of the histone
deacetylase family, which plays an anti-apoptotic role
through p53/bax and NF-kB/PGC-1a pathways (Vaziri et
al. 2001; Yeung et al. 2004; Morigi et al. 2018), and may
play an important role in spermatogenesis and germ cell
development (Coussens et al. 2008; Tatone et al. 2018).
Therefore, we speculate that the up-regulated pro-
apoptotic genes and down-regulated anti-apoptotic genes
will be important candidates for further study of the
effect of hnRNPK on germ cell apoptosis.

Among the 23 genes involved in regulating cell
proliferation, 13 positively regulatory genes were down-
regulated in hnRNPK knockdown GC-1spg cells, which
were [tghl, Nanog, Fabp4, Fbxw4, Crip2, Figf, Fgfl0,
117, Oazl, 1111, Tnfsf13, Fntb and Icmt; and the other 10
genes were up-regulated, which were Pwpn6, Csfl,
Cd274, Icosl, E2f7, Irs2, Spryl, Tgfbr3, Serpinel and
Nos2 (Figure 6). Further analysis of these proliferation
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regulatory genes, we found that fold changes > 4 are
Nanog, Itgh1 and Ptpn6.
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Figure 6. The differenti_al expre-ssed genes that may be
involved in GC-1spg proliferation regulation.

Previous studies have shown that the most
down-regulated gene Nanog, is expressed in both
embryonic stem cells and embryonic germ cells, and
when embryonic stem cells differentiate or male germ
cells enter the mitotic arrest phase, the expression is
down-regulated (Chambers et al. 2003; Hart et al. 2004;
Yamaguchi et al. 2005). Transcription factors T and
FOXD3 in embryonic stem cells can up-regulate the
expression of Nanog, promote cells to enter S phase and
promote cell proliferation (Pan et al. 2006; Evans et al.
2012). Our study found that the expression of Nanog was
significantly down-regulated, and transcription factor T
and FOXD family members FOXDI and FOXD2 were
also down-regulated in hnRNPK knockdown GC-lspg
cells. These results suggest that Nanog may promote
spermatogonia  proliferation and self-renewal by
interacting with a variety of transcription factors
(Saunders et al. 2013).

The integrin protein family includes two
subtypes of alpha and beta, which mainly mediate cell
migration, cell adhesion and immune response and other
life activities (Brakebusch et al. 2002; Grose et al. 2002;
Kaemmerer et al. 2015). Itgbl, which belongs to beta
subtype, is an important adhesion molecule, which can
promote the secretion of matrix metalloproteinases
(MMP) to degrade extracellular matrix, release
homogenous cell bondage and promote cell migration.
Studies have shown that Itgh! promotes cancer cell
proliferation by up-regulating the cell cycle regulatory
protein Ccnd1 (Sales et al. 2014; Song et al. 2014). These
reports are consistent with our results that the expression
of Itghl was significantly down-regulated in hnRNPK
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knockdown GC-1spg cells, and the expression of Mmp
family genes Mmpl7, Mmp10, Mmpl3 and Mmp11 were
also significantly down-regulated. These results suggest
that hnRNPK may regulate spermatogonia proliferation
through /tgb as a key factor.

To sum up, hnRNPK is a key regulator in the
process of spermatogonia survival. By analyzing the gene
expression profile of hnRNPK knockdown and control
GC-1spg cells through RNA-Seq, screening differential
genes and enriching their functions and pathways, we
found that some factors related to cell proliferation and
apoptosis may play irreplaceable roles, but the detailed
mechanism needs to be further studied. Therefore, the
revelation of the function and mechanism of hnRNPK in
spermatogonia will help to explain the complex
biological process of animal spermatogenesis and
promote its wide application in the fields of animal
reproduction, health and medicine.
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