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Abstract

Background: Long non-coding RNAs (IncRNAs) are key regulators of various biological processes and
crucial for cell development and differentiation. However, their roles in the differentiation of human
umbilical mesenchymal stem cells (HUMSCs) into male germ-like cells remain largely unknown.

Method: Here, the expression of IncRNAs and mRNAs in undifferentiated HUMSCs and HUMSCs
undergoing differentiation into male germ-like cells was analyzed. RNA-sequencing was performed to
profile the expression of non-coding RNAs. We analyzed the total expression of INcRNAs/mRNAs at three
time points during HUMSC differentiation [day (D)7, D14, and D21].

Result: Expression profiling revealed 110 IncRNAs, 584 mRNAs, and 21 miRNAs common to the three
experimental groups during HUMSC male germ-like cell differentiation. The maximum and minimum total
overall IncRNA expression occurred on D14 (638) and D21 (283), respectively. The maximum and
minimum numbers of up-regulated mRNAs were observed on D21 (2,398) and D7 (2,106), respectively.
The maximum and minimum numbers of down-regulated mRNAs were observed on D14 (3,357) and D21
(202), respectively. The expression level of mMRNA ENST00000486554 was up-regulated on D7, D14, and
D21 after induction. Pathway analysis identified meiotic signaling pathways and nitrogen metabolism as
being associated with the differentiation potential of HUMSC male germ-like cells. Non-coding RNA
expression profiles significantly differed in HUMSC male germ-like cell differentiation. One mRNA,
ENST00000486554, was crucial for differentiation.

Conclusions: Our results provide a systematic perspective on the potential functions of non-coding RNAs
and novel insights into the complicated regulatory mechanisms underlying the differentiation of HUMSCs
into male germ-like cells.

1 Introduction

Human umbilical mesenchymal stem cells (HUMSCs) are considered a promising cell type in regenerative
therapy for male infertility. A previous study showed that HUMSCs can be induced to differentiate into
male germ-like cells under certain conditions (1-3). In addition, several studies have shown that male
germ cells express a large number of different non-coding RNAs, such as long non-coding RNAs
(IncRNAs) and small RNAs, which play key roles in male germ cell-specific processes (4).

To date, the roles of IncRNAs and mRNAs during male germ-like cell differentiation of HUMSCs remain
largely unknown. In this study, we constructed a co-expression network to identify potential target
relationships between the IncRNAs and mRNAs based on microarray analysis and bioinformatic
predictions.

2 Materials And Methods
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2.1 Animals, subjects, and ethics statement

Five- to seven-day-old male Kunming mice were obtained from the Laboratory Animal Centre of
Shantouour University Medical College. The animals were maintained in a temperature- and humidity-
controlled room and given free access to water and food. The Five- to seven-day-old mice were sacrificed
by CO, asphyxiation, and the testes were collected for subsequent experiments.

All animal experiments were conducted in accordance with protocols approved by the Animal Care and
Use Committee of Shantou University Medical College (SUMC-45-2014).

Human umbilical cords were obtained from women delivering full-term male infants by caesarean
section.

Signed informed consent was obtained from each mother, and the study was approved by the Human
Ethics Committee of the Shenzhen Children’s Hospital (approval No.
SUMC-37-2014 and performed in accordance with the ethical standards on human experimentation.

2.2 Cell culture and identification
2.2.1 Preparation of HUMSC cultures

HUMSCs were isolated, cultured, and identified as previously described (1, 3). Briefly, Wharton's jelly tissue
from individual umbilical cords was cut into 1-2-mm? pieces, seeded into 24-well plates (Corning, Inc.,
Corning, NY, USA), and cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12)
medium supplemented with 2% penicillin/streptomycin, 10% fetal bovine serum (FBS, Gibco, Grand
Island, NY, USA), 5 ng/ml epidermal growth factor (R&D Systems, Minneapolis, MN, USA), and 5 ng/ml
basic fibroblast growth factor (Sigma-Aldrich, St. Louis, MO, USA). HUMSCs were cultured in a humidified
5% CO, atmosphere at 37°C without disturbance for 5-7 days, and the medium was changed every 2
days. The cells were preserved via serial passage when they reached 80-90% confluency.

2.2.2 Preparation of testicular cell-conditioned medium

Testicular cell-conditioned medium was prepared as described previously (1). Briefly, the testes were
isolated from 5-7-day-old male Kunming mice. The testes were decapsulated and disrupted physically
into tissue fractions. Sertoli cells were obtained by repeated washing and centrifugation steps to remove
the supernatant containing tissue debris. The cells were cultured in DMEM-F12 growth medium
supplemented as described above in a humidified 5% CO, atmosphere at 37°C. This conditioning
medium was collected on day 10 of primary culture, and every 3 days thereafter until day 16. The
conditioning medium was centrifuged, filtered, and stored at - 20°C or used immediately.

2.2.3 Male germ-like cell differentiation of HUMSCs

The HUMSCs used in each experiment were from passages 3—-5. The male germ-like cell differentiation
medium consisted of HDMEM-F12 (Gibco) supplemented with 5% FBS, 50% filtered testicular cell-
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conditioned medium, 2 mM all-trans retinoic acid (RA, Sigma-Aldrich) and 1 mM testosterone (Solarbio,
Beijing, China). HUMSCs were grown in differentiation medium for 7, 14, or 21 days; half of the
differentiation induction medium was replaced every 3—4 days. HUMSCs of the control group were
cultured in normal medium (DMEM-F12 containing 5% FBS and 2% penicillin/streptomycin).

2.3 RNA extraction

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNA purity and concentration were evaluated with a Nano Drop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA quality was verified using a 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and examined via RNase-free agarose gel
electrophoresis. In addition, total RNA concentrations were measured using a 2100 Bioanalyzer at 260
and 280 nm. The results indicated that the extracted RNA was suitable for downstream processing.

2.4 Raw read processing

The raw reads were generated by removing adaptor sequences (overlap = 5) using CutAdapt, poor-quality
sequences (< 10% ‘N’ bases and >85% QA >20 bases) using the FASTX-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html), and ribosomal sequences using Tophat (4).

2.5 RNA-sequencing and data analysis

The extracted RNA samples were used for cDNA synthesis. Total mMRNA was isolated by removing rRNA
using a Ribo-Zero™ Magnetic Gold Kit (Epicentre, Madison, WI, USA), and the resultant total mRNA was
broken into short fragments (~ 300 nt) by adding fragmentation buffer. First-strand cDNA was generated
by random hexamer-primed reverse transcription. Next, second-strand cDNA was synthesized using
RNase H and DNA polymerase I. The dsDNA fragments were washed with buffer prior to end-repair and
poly (A) addition and ligated to strand-marker adapters. Following polymerase chain reaction and
sequencing adapter ligation, the final cDNA library was generated (llluminaRibo-Zero Gold [MRZG12324,
lllumina, San Diego, CA, USA]). The cDNA library was sequenced on an lllumina sequencing platform
(IlluminaHiSeq™ 2500, lllumina) using paired-end technology in a single run. Processing of the original
image for sequence identification, base calling, and quality value calculations was performed with the
llluminaHiSeq 2500, and 125-bp paired-end reads were obtained. Three undifferentiated cell samples at
day 0 (CK1-1) were used as the control group, and three samples of differentiated male germ-like cells at
days 7 (T1-1), 14 (T2-1), and 21 (T3-1) were used as the experimental groups.

2.6 Profiles of IncRNA and mRNA expression

Reads that could be mapped to a gene were used to calculate expression levels. Gene expression levels
were measured according to the number of mapped fragments (paired reads) per kilobase of exon region
per million mapped reads (RPKM) using the formula shown below:

& &
10°C_ pppray — 105C

RPKM = NL/103 ~ NL/10%

(1)
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After the expression level of each gene was determined, we compared the same genes between each
combination of two samples to analyze the expression variance of IncRNAs and mRNAs. The false
discovery rate (FDR) was calculated to determine the p value threshold in multiple tests; for this analysis,
a threshold of FDR < 0.001 and absolute value of log, fold-change = 1 were used to assess the
significance of the transcript expression differences. To compare more than two samples, the union set
(or intersection set) of all differentially expressed genes was used for further analysis.

2.7 IncRNA-gene correlation analysis

We analyzed the correlations between IncRNAs that were consistently up- or down-regulated in more than
50% of samples with all mMRNAs detected at three differentiation time points. The expression levels
(FPKM values) of the IncRNAs and genes in each group were used to calculate correlation coefficients (R
values). First, the fold-change method was used to calculate fold-changes and a negative binomial
distribution was utilized to evaluate the FDR for each IncRNA and gene. Next, an FDR < 0.05 and absolute
value of log, fold-change = 2 were used as thresholds to evaluate the significance of the expression
differences and identify significant correlations of the IncRNAs and genes between different samples.
The absolute value of the Pearson correlation coefficient was used to calculate the distance between
IncRNAs, and the pairwise average-linkage method was used for hierarchical clustering. Common up-
regulated or down-regulated transcripts at the three time points during differentiation were determined by
Venn analysis.

2.8 Gene ontology (GO) and pathway analysis

GO analysis was conducted based on Gene Ontology (www.geneontology.org) which provides three
different structured networks, namely biological process, cellular component, and molecular function, to
analyze the probable functions of the differentially expressed IncRNAs from the functions of their target
genes. In addition, pathway analysis of the differentially expressed mRNAs was performed using the
latest Kyoto Encyclopedia of Genes and Genomes (KEGG) database. GO terms and KEGG pathways with
a p value < 0.05 were considered as significantly enriched.

2.9 Construction of coding—non-coding gene co-expression
network

We constructed a coding—non-coding network based on the correlation analysis of normalized signal
intensity between the IncRNAs and mRNAs that are often differentially expressed during differentiation of
HUMSCs male germ-like cells, according to the clustering coefficient and degree. IncRNAs and mRNAs
with the most significant Pearson correlation coefficients (at least 0.99) were used to create the network
using the open-source bioinformatics software Cytoscape (Institute of Systems Biology, Seattle, WA,
USA).

3 Results
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3.1 Identification of differentiated HUMSC male germ-like
cells

Differentiated HUMSC male germ-like cells were identified as described previously (1). On day 14, the
HUMSCs formed “tadpole-like” cells in differentiation medium and showed both mRNA and protein
expression of the male germ cell-specific markers Oct4 (POUF5), Ckit, CD49f (a6), Stella (DDPA3), and
Vasa (DDX4) (1-3).

3.2 Differential expression of IncRNAs, mRNAs, and
miRNAs induced in HUMSCs

We identified the expression profiles of IncRNAs and mRNAs in male germ-like cell-differentiated HUMSCs
by comparing them with the expression profile of paired undifferentiated HUMSCs. Cluster analysis
showed that the expression levels of INcRNAs and mRNAs significantly differed between the induced and
control groups (Fig. 1). Following male germ-like cell induction, 1456 differentially expressed IncRNAs
were detected; the entire expression profile is presented in Fig. 1a. The IncRNAs were predominantly
down-regulated. The maximum IncRNA expression occurred on D14 (638), whereas minimum expression
occurred on D21 (283; Fig. 2a).

In addition, 12,712 mRNAs were identified; the whole expression pattern is shown in Fig. 1b. Among them,
2106 and 2286 mRNAs were up-regulated and down-regulated, respectively, in T1-1 samples compared to
those in CK-1 samples; 2363 and 3357 mRNAs were up-regulated and down-regulated, respectively, in T2-
1 samples compared to those in CK-1 samples; and 2398 and 202 mRNAs were up-regulated and down-
regulated, respectively, in T3-1 samples compared to those in CK-1 samples (Fig. 2b); the mRNAs were
predominantly up-regulated. The number of up-regulated mRNAs reached a maximum on D21 (2,398)
and minimum on D7 (2,106).

A total of 610 differentially expressed miRNAs were detected (Fig. 2c), and they were predominantly
down-regulated. For down-regulated miRNAs, the maximum and minimum numbers were observed on
D14 (3357) and D21 (202), respectively.

Scatter plots showing differentially expressed IncRNAs between male germ-like cells at different stages
and undifferentiated HUMSCs are shown in Fig. 3. Additionally, a Venn diagram showing differentially
expressed IncRNAs, mRNAs, and miRNAs in three comparisons was also constructed (Fig. 4; CK-1 vs. T1-
1, CK-1 vs. T2-1, and CK-1 vs. T3-1).

3.3 GO analysis

The common up-regulated GO functions at all stages related to male germ-like cell differentiation,
including the regulation of immunoglobulin production, immune responses, and metabolic processes,
were investigated. Pathway analysis indicated that the nitrogen metabolism, ubiquitin-mediated
proteolysis, and cytosolic DNA-sensing pathways, which are closely related to cellular activities, were
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significantly enriched during HUMSC male germ-like cell differentiation. In contrast, the common down-
regulated GO functions were related to male meiosis, protein modification, and protein ubiquitination.
These pathways were enriched with down-regulated genes involved in the MAPK signaling pathway,
homologous recombination, and collecting duct acid secretion.

As IncRNAs can regulate genes in cis and trans, GO analysis of the common regulated cis-acting IncRNAs
showed that mitotic G1 phase, meiosis, and hippo signaling were involved; the results of pathway
analysis showed that cell cycle, meiosis, MAPK signaling pathway, and hippo signaling pathway were
involved. GO analysis of the common regulated trans-acting IncRNAs showed that RNA transcription and
pyruvate transport were involved; the results of pathway analysis showed that adherence junction, RNA
polymerase, and Fc gamma R-mediated phagocytosis were involved (Fig. 5).

3.4 Pathway analysis

Enriched KEGG pathways (p < 0.05) were selected and ranked by gene counts. Twenty significant
signaling pathways for the up-regulated and down-regulated IncRNAs are listed in Fig. 6.

3.5 Candidate mRNA of frequently regulated mRNAs

Based on our results, we found that the commonly regulated mRNA that was up-regulated in all
comparison groups was mRNA ENST00000486554, which is encoded by the glucocorticoid-induced
leucine zipper gene (Gilz/Tsc22d3-2). As reported previously (5), the Tsc22d3-2 gene plays a crucial role
in male fertility.

3.6 Co-expression network of IncRNA-mMRNA

A total of 79 IncRNAs and 67 mRNAs involved in 3180 pathways were used to generate a network map
for identifying the interactions between IncRNAs and mRNAs that are differentially expressed for both
and the interactions between the pathways. The network indicated the existence of a complex regulatory
relationship between IncRNAs and mRNAs, where one IncRNA could regulate one or more core genes in
different ways, and vice versa (Fig. 7).

4 Discussion

HUMSCs can be easily isolated and differentiated into male germ-like cells in vitro (1). Although our study
showed that HUMSCs can be differentiated into male germ-like cells, these cells could not fully undergo
germ cell differentiation, and hence, further study of the molecular mechanisms underlying differentiation
is required (1-3, 6—8). The role of epigenetic regulation, including that mediated via various RNAs in the
HUMSC-derived germ-like cell differentiation is not well-understood. The complex regulatory role of RNAs
acts as a “bridge” between DNA and proteins (4). Among all non-coding RNAs, miRNAs (20-24 nt) have
been shown to regulate cellular functions (9, 16). miRNAs bind to the 3'-untranslated regions of target
MRNAs called miRNA-binding elements and inhibit protein translation or modulate mRNA stability at the
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post-transcriptional level. IncRNAs are known to function via their interaction with DNA, RNA, or proteins
by a variety of mechanisms, such as by altering the expression of coding genes via modulation of
transcription (10, 11) and by serving as direct enhancers or as RNAs with enhancer-like functions (12, 13).
Although studies have shown that IncRNAs are important regulators of human tissue regeneration, such
as regulating stem cell differentiation (14-16), the functions of IncRNAs in the male germ-like cell
differentiation of HUMSCs are largely unknown. In this study, we performed RNA-seq to investigate the
transcriptome data set of HUMSC-derived male germ-like cell differentiation. The differential expression
profiles of IncRNAs and mRNAs were significantly different (p < 0.05) between the induction and control
groups.

The commonly expressed 110 IncRNAs, 584 mRNAs, and 21 miRNAs were altered at all time points
during HUMSC-derived male germ-like cell differentiation. The significant differences (p < 0.05) between
the experimental and control groups indicated that IncRNAs play a crucial role in the differentiation of
HUMSCs. Therefore, the results of our study improve the understanding of the roles played by IncRNAs
and mRNAs in HUMSCs during male germ-like cell differentiation.

We observed that a significant proportion of identified GO terms was related to the regulation of cell cycle
and metabolism. As previous studies have shown that metabolism is important for cell development (17),
this result indicates the important role of organelles in stem cell differentiation (i.e., coupling of organelle
inheritance with mitosis to balance growth and differentiation). Furthermore, the results of pathway
analysis showed that among the most significantly regulated pathways, metabolism and biosynthesis
may play core roles in the differentiation of HUMSCs.

In our study, the expression of mMRNA ENST00000486554 was up-regulated at days 7, 14, and 21 after
induction compared to that in undifferentiated HUMSCs, indicating its importance in HUMSC
differentiation into male germ-like cells. The mRNA, ENST00000486554 is encoded by TSC22D3-2. A
previous study reported that loss of TSC22D3-2 leads to male sterility (5), and our data supports the
suggested role of TSC22D3-2 in HUMSC differentiation into male germ-like cells. In addition, our pathway
analysis suggests that meiosis signaling pathways and nitrogen metabolism are involved in the
differentiation of HUMSCs. Thus, our results are consistent with those of previous reports and show that
TSC22D3-2 plays a crucial role in testis development and male fertility. The underlying mechanisms of
the identified IncRNAs should be further examined.

Abbreviations

IncRNAs, long non-coding RNAs; HUMSCs, human umbilical mesenchymal stem cells; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes
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Figure 1

Hierarchical cluster map showing RNA expression. (A) IncRNAs and (B) mRNAs. Control: undifferentiated
cell samples (n = 3) (CK1-1); three samples of differentiated male germ-like cells were analyzed at days 7
(T1-1),14 (T2-1), and 21 (T3-1). IncRNAs, long non-coding RNAs
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RNA expression trends during spermatogenic differentiation of HUMSCs. Expression trends of (A)
IncRNAs, (B) mRNAs, and (C) miRNAs. Fold-change >2.0, p < 0.05; up-regulation is shown in red and
down-regulation is shown in green. HUMSCs, human umbilical mesenchymal stem cells; IncRNAs, long
non-coding RNAs.
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Scatter plots showing differentially expressed IncRNAs between male germ-like cells at different stages.
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Figure 4

Common differentially expressed IncRNAs, mRNAs, and miRNAs at three timepoints versus in
undifferentiated controls. Common differentially expressed (A) IncRNAs, (B) mRNAs, and (C) miRNAs in
three comparisons: CK-1 vs. T1-1, CK-1 vs. T2-1, and CK-1 vs. T3-1. IncRNAs, long non-coding RNAs.
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Gene Ontology (GO) analysis of the probable biological functions of genes co-expressed with IncRNAs.
Significantly differentially expressed GO terms among all comparison groups: (A) biological process, (B)
cellular component, or (C) molecular function terms, ranked by fold-enrichment or listed enrichment score.
IncRNAs, long non-coding RNAs, BR, ; CC, ; MF, . biological process (BP), cellular component (CC) and
molecular function (MF)
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Figure 6

KEGG pathway analysis results. The top 20 pathways by gene counts. Control: undifferentiated cell
samples (n = 3) (CK1-1); three samples of differentiated male germ-like cells were analyzed at days 7 (T1-
1), 14 (T2-1), and 21 (T3-1). KEGG, Kyoto Encyclopedia of Genes and Genomes.

Page 15/16



[N DR S R e

_‘:-— N N T e e

cis
- '_. ._-...-“ “‘.\w

e
TOGN.392399 N
EMNSTO 43225 S U g
iy
e
(PSR S S -
ENST! 08878 TCON

@ incRnadown @ IncRNAUp

ENST 62461 [ mrRyadown [l mRNAup

Figure 7

Construction of INcRNA-mRNA co-expression network. (A) Possible cis-regulatory relationships. (B)
Possible trans-regulatory relationships. Red and green circle nodes represent up-regulated and down-
regulated IncRNAs, respectively. Red and green square nodes represent up-regulated and down-regulated

protein-coding mMRNAs, respectively. IncRNAs, long non-coding RNAs.
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