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Abstract
Spermatogenesis is a multifaceted and meticulously orchestrated process involving meiosis, chromatin build up, transcrip-
tional and translational hushing, and spermiogenesis. Male germ cell lines GC-1spg (GC-1) and GC-2(spd)ts (GC-2) pro-
vide a useful resource to comprehend the molecular events occurring during such a tightly regulated process. Using cDNA 
microarray, expression profiling of GC-1 and GC-2 cell lines was done to precisely understand their characteristics and 
uniqueness. Our observations indicate that whilst both the cell lines are indeed of testicular origin, GC-2 is not haploid as 
was originally thought. Data analysis of the 23,351 transcripts detected in GC-1 and 20,992 in GC-2 cell lines demonstrates 
an 80% transcript overlap between GC-1 and GC-2 cells and ~ 40% similarity of both with the primary spermatocyte tran-
scriptome. 3152 and 793 transcripts exclusive to GC-1 and GC-2, respectively, were identified. The presence of transcripts 
for 36 genes was validated in these cell lines including those showing testis-specific expression, as well as genes not reported 
previously. Overall, this study provides the transcriptome database of GC-1 and GC-2 cells. Analysis of the data demonstrates 
the transcriptomic transitions between GC-1 and GC-2 thus providing a glimpse to the process of germ cell differentiation 
from type B spermatogonium into preleptotene spermatocyte.
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Introduction

Spermatogenesis is a very complex process encompassing 
critical phases such as meiosis, chromatin condensation, 
transcriptional and translational silencing. Spermatogenesis 
takes place in close association with Sertoli cells and hor-
mones play a driving factor in successfully establishing the 
task. Despite extensive research being done to understand 
the molecular events occurring during such a tightly con-
trolled event, the intricacies of these processes are far from 
clear. Many factors have impeded the study of spermatogen-
esis. It is challenging to study sperm formation in an isolated 
system (in absence of Sertoli cells). Moreover, sperm are 
specialized differentiated cells which cannot be cultured or 
passaged. Availability of- and challenges in culturing sper-
matogonia stem cells (SSCs) and differentiated cell type 

like spermatid, is another road block as unlike cancer cells, 
these do not proliferate in vitro. In adult testis of mice, SSCs 
account for only 0.4% of the total testicular cell population 
and isolating and maintaining them in undifferentiated state 
is by far a challenge given the heterogeneity of the testicu-
lar cell population. As spermatogenesis takes place in close 
associations with Sertoli cells, purity of a germ cell cul-
ture is always questioned. Moreover, apart from the tough 
task of maintaining them, these primary cells are not very 
amenable for transfection, inhibitor studies and certain func-
tional assays. Additionally, reproducibility of assays using 
primary cells is an issue. All these challenges necessitated 
the development of germ cell lines. The first spermatogonial 
cell line, GC-1spg (GC-1) was developed by Hoffman et al., 
in 1992 [1]. Subsequently several cell lines representing dif-
ferent stages, such as GC-3, GC-4 representing preleptotene 
and early pachytene spermatocytes [2], A-303, A-304 and 
C-184 representing type A spermatogonia were established 
[3, 4]. Of all the germ cell lines that have been established, 
only GC-1 and GC-2 are commercially available. GC-1 cell 
line was established by isolating SSCs from 10-day-old mice 
pups and immortalizing them with large T antigen. These 
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cells express lactate dehydrogenase C-4 (testis-specific iso-
form). They were named GC-1spg as they represent the stage 
between type B spermatogonia and preleptotene spermato-
cytes. GC-1spg are arrested at an early stage of meiosis [1].

The same group reported a second cell line GC-2(spd)
ts which was derived from 6 week mouse testis and repre-
sents a stage between preleptotene spermatocyte and round 
spermatid [2]. Mouse primary germ cells that were enriched 
in preleptotene spermatocytes were isolated by unit-gravity 
sedimentation and immortalized, by co-transfecting them 
with the plasmid pSV3neo containing the Large T antigen 
gene (plasmid LTRp53cG9 containing the temperature 
mutation).

As both these cell lines are being extensively used, tak-
ing advantage of cDNA microarray technology, expression 
profiling of GC-1 and GC-2 cell lines was done to under-
stand their precise nature. Our data yielded a myriad of 
genes some of which have not been reported previously in 
the testis and some in spite of being enriched, their function 
has not been explored yet. Ploidy analysis of GC-2 cells was 
also done as there are conflicting reports over presence of 
haploid peak.

Materials and Methods

Cell Culture

The GC-1(spg) [GC-1] and GC-2spd [GC-2] cell lines were 
obtained from ATCC (CRL-2053, CRL-1296; Manassas, 
VA, USA). The cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Himedia, Mumbai, India), sup-
plemented with 10% Foetal Bovine Serum (FBS; Invitrogen, 
Carlsbad, CA, USA), 100 U of penicillin/100 µg of strepto-
mycin (Himedia, Mumbai, India) and maintained at 37 °C 
in a humidified atmosphere containing 5%  CO2.

cDNA Synthesis and PCR

The testicular origin of GC-1 and GC-2 was confirmed by 
Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR) amplification for Ldhc4, Crem, Brdt, Prss50 and 
Gfra1α. Forward and Reverse primers used for amplifica-
tion are as tabulated (Table 1). Towards this, RNA was 

extracted from these cells using TRIzol (Invitrogen, Carls-
bad, CA, USA) as per manufacturer’s protocol and resus-
pended using autoclaved diethylpyrocarbonate (DEPC) 
treated water. For cDNA synthesis, Verso cDNA synthe-
sis kit (Invitrogen, Carlsbad, CA, USA) was used. 1 μg of 
RNA was reverse transcribed using reverse transcriptase 
and oligo dT primers, at 42 °C for 1 h followed by dena-
turation at 94 °C for 5 min and then chilled on ice. To 
rule out genomic DNA contamination a ‘no reverse tran-
scriptase’ (No RT) control was also included during the 
cDNA synthesis. RT-PCR amplification was performed at 
94 °C for 5 min, followed by 35 cycles of 95 °C for 30 s, 
60 °C for 25 s, 72 °C for 45 s, for all the genes. Separation 
of the PCR products was achieved by electrophoresis of 
PCR products on 2% agarose gel.

Flow Cytometry

Ploidy of GC-2 cells was determined by flow cytometry 
analysis. GC-2 cells were cultured as mentioned above, 
trypsinized to dislodge them, collected by centrifugation 
and the pellet was washed in 0.1 M phosphate buffer saline 
(PBS). Cells were stained in a FACS buffer containing 0.1% 
sodium citrate, 0.1% Nonidet P-40 (Himedia, Mumbai, 
India), 100 mg/ml RNase A (Thermo scientific, MA, USA) 
and 50 µg/ml propidium iodide and subjected to ploidy 
detection on FACS AriaSORP with Argon laser (Becton 
Dickinson; San Jose, CA, USA) and analysed using FACS 
Diva 6.1.3 software (BD, San Jose, CA, USA).

RNA Quality Control

RNA was extracted from GC-1 and GC-2 cells as described 
above. The concentration and purity of the RNA was evalu-
ated using the Nanodrop Spectrophotometer (Thermo Sci-
entific; 2000). Integrity of the RNA was determined in the 
Bioanalyzer (Agilent; 2100 Expert). RNA was considered to 
be of good quality if their 260/280 values were between 1.8 
and 2 (Nanodrop) and an optimal RNA integrity profile was 
observed in Bioanalyzer. The microarray hybridization and 
scanning were performed at the Agilent certified microarray 
facility at Genotypic Technology, Bengaluru, India.

Table 1  Primers used for 
confirmation of testicular 
lineage of GC-1 and GC-2 cells

Gene name Forward primer (5′ To 3′) Reverse primer (5′ to 3′)

Prss50 AAG CCC AGA CTA ACC AGA CC AGA ACG GAC CCA GTA GTG TC
Brdt AGT AGC GAA TCT CCT CCG AC GTT GTT GCT GAG AGT CTG GC
ldhc4 ACT GAA GGG TTT GGC TGA TGA TCT CCC CTC AGT TTG TTC GTATC 
Crem ACA ATG GAG GGT CAT CAG CA TGA AAT GGA ATG GGG TCC A
Gfra1 GAA ATC CAA TGT ATC GGG CAGTA GCG AGA CCA TCC TTT CCG TAA 
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Microarray and Data Analysis

The samples for Gene expression were labelled using Agi-
lent Quick-Amp labelling Kit (p/n 5190-0442). Total RNA 
was reverse transcribed at 40 °C using oligo dT primer 
tagged to a T7 polymerase promoter and converted to dou-
ble stranded cDNA. Synthesized double stranded cDNA 
were used as template for cDNA generation. cDNA was 
generated by in vitro transcription and the dye Cy3 CTP 
(Agilent) was incorporated during this step. The cDNA syn-
thesis and in vitro transcription steps were carried out at 
40 °C. Labelled cDNA was cleaned up using Qiagen RNeasy 
columns (Cat No: 74106, Qiagen) and quality assessed for 
yields and specific activity using the Nanodrop ND-1000. 
Hybridization was carried out in Agilent’s Surehyb Cham-
bers at 65 °C for 16 h. The hybridized slides were washed 
using Agilent Gene Expression wash buffers (Agilent Tech-
nologies, Part Number 5188-5327) and scanned using the 
Agilent Microarray Scanner (Agilent Technologies, Part 
Number G2600D).

Raw data extraction from Images was obtained using 
Agilent Feature Extraction software. Feature extracted raw 
data were analysed using Agilent GeneSpring GX (v14.5) 
software. Normalization of the data was done in GeneSpring 
GX.

For validation of microarray data, gene expression in 
GC-1 and GC-2 cells was confirmed by PCR. RNA from 

adult mice testis was used as positive control. ‘No reverse 
transcriptase’ reaction was kept as control to rule out any 
amplification from genomic DNA. A ‘no template’ control 
was included to rule out contamination from reagents used.

Bioinformatics Tools and Databases

The functional enrichment, gene ontology and pathway anal-
ysis, chromosome distribution, classification of transcripts 
was performed using PANTHER [5, 6], KEGG [7], REAC-
TOME [8] and ShinyGO [9]. Genes list for GO terms were 
extracted from Mouse Genome Informatics (MGI)[10]. Venn 
diagrams were made using Venny 2.1.

Results

Confirmation of Testicular Lineage of GC‑1 and GC‑2

Testicular lineage of GC-1 and GC-2 was investigated by 
PCR for testis-specific genes such as Ldhc4, Crem, Gfra1α, 
Brdt and Prss50 in these cell lines. Except Ldhc4, bands for 
all other genes were seen in both the cell lines. Total testicu-
lar RNA used as positive control showed the bands for all 
the transcripts studied (Fig. 1a). Investigation of the ploidy 
of GC-2 cells showed only a diploid (2 N) and tetraploid 
(4 N) peak (Fig. 1b).

Fig. 1  RT-PCR of Ldhc, Prss50, Brdt, Crem, and Gfra in GC-1 and 
GC-2 cells and Flow cytometry analysis for ploidy of GC-2 cells. 
PCR amplification products of respective genes on 2% agarose gel 
(a). L: 100 bp ladder, Lanes 1, 2 and 3 represent amplified PCR prod-
ucts of respective genes from GC-1 cells, GC-2 cells, and mouse 
testis, respectively. Mouse testis has been used as a positive control. 
NTC: ‘No template’ control, and NRT: ‘No reverse transcriptase’ 

control. Flow cytometry analysis was performed on linear scale (b). 
X-axis indicates relative size of the genome (DNA content) of the 
cells as indicated by fluorescence intensity; Y-axis indicates relative 
number of cells with a certain genomic content. No haploid peak is 
observed (indicated by arrow). The peaks are labelled as N (haploid 
DNA content), 2 N (diploid DNA content; G1 stage), and 4 N (tetra-
ploid DNA content; G2 stage)
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Gene Ontology and Functional Enrichment Analysis 
of Transcripts Exclusive to GC‑1 and GC‑2 Cells

Using a 60 K array, gene expression analysis was done for 
GC-1 and GC-2 cell lines to determine the transcript rep-
ertoire of the two cell lines. A total of 23,351 transcripts 
were detected in GC-1 and 20,992 in GC-2 cell line. 3152 
transcripts were detected exclusively in GC-1 and 793 were 
exclusive to GC-2 cells (Fig. 2a). The transcripts for these 
were distributed more or less on all chromosomes in both 
the cell lines. Maximum number of transcripts were encoded 
from chromosome 7, followed by chromosome 11 and only 
3 from the Y chromosome in GC-1. In GC-2 cells, maxi-
mum number of transcripts were from chromosome 3, and 
no genes from the Y chromosome (Fig. 2b). In both the cell 
lines, protein coding genes had maximum representation 
with 1435 transcripts in GC-1 and 341 transcripts in GC-2 
cells. In GC-1, 200 were linc RNA, and no information was 
available for 1134 transcripts. In GC-2, 42 were RIKEN 
cDNA, 19 linc RNA and no information was available for 
391 genes (Fig. 2c). The protein coding genes were involved 
in many pathways with maximum number of genes repre-
senting Wnt signalling pathway- 25 genes in GC-1 and 13 
genes in GC-2 (Fig. 2d).

Protein classification by PANTHER and KEGG revealed 
that in GC-1 cells, 159 (25%) transcripts represented 
enzymes, 77 (12%) transmembrane signal receptors and 69 
(11%) represented gene-specific transcriptional regulators 
(Fig. 3a). Of the 69 gene-specific transcription factors, 66 
were DNA binding transcription factors comprising largely 
of Zinc finger transcription factors (23) followed by basic 
loop helix (11); 3 were cofactors, i.e. CBFA2T3, ATF7IP2, 
and VGLL2. CBFA2T3 has been identified as one of the can-
didate gene in Congenital bilateral absence of vas deferens 
(CBAVD) patients [11]. From the 35 cytoskeleton proteins, 
the majority of them were actin binding proteins, followed 
by microtubule motor proteins and intermediate filaments 
(Fig. 3a). Eight were non-motor actin binding proteins.

There were 34 genes belonging to transporter group 
of proteins (Fig. 3a). Amongst Ion channels there were 7 
potassium voltage gated ion channels and 7 ATP-binding 
cassettes (ABC) transporters as identified in PANTHER. 
Cacna1G (Calcium Voltage-Gated Channel Subunit Alpha1 

G), Trpc 3 and 4, Catsper 2 and 3 were some of the ion 
channel protein transcripts noted exclusively in GC-1 cells. 
Cacna1G encoded on chromosome 17 has been reported 
to be present in pachytene spermatocytes [12]. Canonical 
Transient receptor potential channels (TRPC) are cationic 
channels and mediate influx of  Ca2+,  Na+, and  K+ in voltage-
dependent manner. TRPC3 and TRPC4 belong to transient 
receptor potential family of ion channels. TRPC3 is present 
on different regions of sperm. It is localized to the mid-piece 
of flagella in mouse sperm [13]. In human sperm presence 
of TRPC3 has been reported on mid-piece and acrosomal 
region. TRPC4 has been observed to localize on head (weak 
expression) with a strong expression in mid-piece and tail 
region of the flagella [14]. Different localization of TRPC 
isoforms indicates that they intercede complex signalling in 
spermatozoa. Other important transcripts detected in GC-1 
cells were that of the cation channel sperm-associated pro-
teins 2 and 3 (CATSPER2 & CATSPER3), which are specifi-
cally expressed in testis [15]. CATSPER2 and CATSPER3 
along with other members of the family have a well-docu-
mented role in fertility both in human and mice. The phe-
notypes of Catsper2−/−, Catsper3−/− and Catsper4−/− mice 
were similar to that of Catsper1−/− mice, and their sperm 
lacked hyperactivated motility required for fertilization [16]. 
Whole cell patch clamp experiments on caudal sperm of 
Catsper1−/− mice showed absence of  Ca2+ current in the 
flagella [17].

Transcripts exclusive to GC-2 cells also comprised 
majorly of enzymes (24%; 45 transcripts) followed by gene-
specific transcriptional regulators (12%; 22 transcripts) of 
which 20 were DNA binding TFs (11 zinc finger family 
of transcription factors, 6 basic helix turn helix and 3 oth-
ers) and 2 were transcription cofactors (Amy1 & Maml3; 
Fig. 3b). One of the transcription factors represented in the 
list was PRDM16. PRDM16 has been shown to have a role 
in embryo development and Cryptorchidism [18, 19].

There were 14 transcripts representing cytoskeleton pro-
teins including Dnah9, Spire1, Dnali1 (Fig. 3b). DNAH9 
mutations have recently been reported in patients with 
primary ciliary dyskinesia (PCD), one of whom had very 
poor sperm motility [20, 21]. SPIRE1 is an actin nucleation 
protein, reported to be heavily expressed in testis near ecto-
plasmic specializations. In vitro and in vivo RNAi mediated 
silencing of Spire 1 leads to perturbation of actin filaments 
in the Sertoli cell–cell interface and disrupt the organiza-
tion of microtubules in the testis thereby disrupting sper-
matogenesis [22]. Another cytoskeletal protein DNALI1 is 
known to be expressed extensively in murine sperm and is 
also detected in spermatocytes [23].

GO analysis and Functional enrichment analysis for bio-
logical process, cellular component and molecular function 
was done using PANTHER (Supplementary Fig. 1a–c). In 
the GC-1 cells, in the Biological process category maximum 

Fig. 2  Chromosomal distribution, gene categories and Enriched path-
way of transcriptome genes exclusive to GC-1 and GC-2 cells. Venn 
diagram representing genes expressed exclusively in GC-1 and GC-2 
cells and those common to both (a). Based on information generated 
using Shiny tool, chromosomal distribution of transcripts of GC-1 
and GC-2 exclusive genes is depicted, sex chromosomes have been 
represented as red bars (b). Categories of transcripts expressed in 
GC-1 and GC-2 cells; maximum number of transcripts are protein 
coding genes in both the cell lines (c). Genes involved in major path-
ways have been represented based on PANTHER (d)

◂
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number of genes were identified to be part of either cellular 
process (GO: 0009987; 579 genes), biological regulation 
(GO: 0065007; 386 genes), and/or developmental process 
(GO: 0032502; 112 genes). In the reproductive process 
(GO: 0022414), there were 17 genes, amongst which 3 
genes namely, Testis expressed gene 14 (Tex14), Rimbp3 and 
Meiosis-specific protein (Mei4) are known to be expressed 
in testis. Mutations in TEX14 are associated with infertil-
ity in male [24]. As documented in protein atlas (https:// 
www. prote inatl as. org/ ENSG0 00002 75793- RIMBP3/ tis-
sue), RIM-BP3 is highly expressed and enriched in testis. 
It is associated with the manchette in elongating and elon-
gated spermatids and has an indispensable role in sperm 
morphology [25]. MEI4, which is specifically expressed in 

meiotically dividing cells is highly conserved from yeast to 
mice. Homozygous Mei4−/− mice are sterile with no post 
meiotic cells in the seminiferous tubules [26].

In GC-2 cells, GO analysis for biological process showed 
maximum number of transcripts to be part of cellular pro-
cess (GO: 0009987; 186 genes), and biological regulation 
(GO: 0065007; 122 genes). There were 44 genes identified 
to be involved in developmental process (GO: 0032502), 
and 7 genes in reproductive process (GO: 0022414). The 
cellular components and molecular functions of the genes 
identified in GC-1 and GC-2 cells are also shown (Supple-
mentary Fig. 1a–c).

We retrieved gene list from MGI database using terms 
like “spermatogenesis” (GO: 0007283), which revealed 

Fig. 3  Protein classification of genes expressed exclusively in GC-1 and GC-2 cells. Protein classification of genes expressed based on PAN-
THER has been represented for GC-1 (a) and for GC-2 (b)

https://www.proteinatlas.org/ENSG00000275793-RIMBP3/tissue
https://www.proteinatlas.org/ENSG00000275793-RIMBP3/tissue
https://www.proteinatlas.org/ENSG00000275793-RIMBP3/tissue
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578 genes having a role in spermatogenesis, of which 32 
and 11 were found in GC-1 and GC-2, respectively. Of 
these 6 and 2 were involved in cell cycle (GO: 0022402) in 
GC-1 and GC-2, respectively (Fig. 4c). For “sexual repro-
duction” (GO: 0019953) out of 920 genes, 55 and 21 were 
seen in GC-1 and GC-2, respectively. From the 1580 genes 
representing “reproductive process” (GO: 0022414), 108 
and 31 genes were present in GC-1 and GC-2, respectively. 
List of genes in each category is provided in Supplemen-
tary File 1.

Gene Overlap between GC‑1 and GC‑2 Cells

Microarray based gene expression analysis revealed 
20,199 transcripts which were common to both the cell 
lines. From the transcripts common to both the cells, 4900 
transcripts were differentially expressed between GC-1 
and GC-2 cells (Fig. 4a). Of these, 2714 transcripts were 
upregulated and 2186 were down regulated in GC-2 com-
pared to GC-1 cells (fold change ≥  log21; p value ≤ 0.05).

Fig. 3  (continued)
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The gene l i s t  f rom MGI us ing the  term 
‘spermatogenesis’(GO: 0007283), revealed 578 genes hav-
ing a role in spermatogenesis. On comparing our data of 
genes common to both GC-1 and GC-2 cells with these data, 
transcripts of 330 spermatogenesis related genes were iden-
tified in GC-1 and GC-2 cells. Of these 330 transcripts, 62 
were involved in “cell cycle” (GO: 0022402). For ‘sexual 
reproduction’ (GO: 0019953) out of 920 genes, 554 were 
noted in both the cell types and out of the 1580 genes 
reported for ‘reproductive process’(GO: 0022414), 953 were 
observed in both GC-1 and GC-2, respectively (Fig. 4b, c). 
List of genes in each category is provided in Supplementary 
File 1.

Validation of Genes by PCR

For validation of microarray data, RT-PCR was done for a few 
genes listed in both the cell lines (Klf4, Fgf3, Cabyr, Inhbb, 
Pouf2, Coro1a, Coro1b, Sgsh, Map3k4, Phf7, Wt1, Rnf 168, 
Pdlim1, Meiob, Gdnf, Syngr4, Xlr), and for some genes exclu-
sive to GC-1 (Pak7, Trpc3, Zp3, Crisp2, Mei4, Tex14, Fgf2, 
Dmrt1, Rimbp3) and GC-2 (Mesp2, Prdm16, Adam23, Trim5, 

Mef2c, Dnah9, Klf15, Trim12, Lhx9). PCR was done using 
cDNA from both the cell lines. The primers used and the PCR 
conditions are shown in Supplementary File 2.

Faint bands were seen for Trpc3 and fgf2 and good 
expression was seen for the remaining genes in GC-1 cells. 
No expression was detected for any of the gene in GC-2 cells 
(Fig. 5a). The exclusivity of all the genes tested from the 
GC-2 exclusive list were also confirmed. Trim12 and Mef2c 
were expressed in good amount as compared to other genes 
(Fig. 5b). 18 genes identified to be present in both the cell 
lines were also validated by RT-PCR. Coro1a and Coro1b 
were present in both the cell lines. Two Sertoli cell-specific 
genes Wt1 and Inhbb were present in good abundance in 
both the cell lines (Fig. 5c, d). ‘No reverse transcriptase’ 
control ruled out genomic DNA contamination.

Discussion

The molecular mechanisms involved in spermatogenesis 
are associated with features that are unique to cell types 
expressed at different stages of spermatogenesis. In vitro 

Fig. 4  Heatmap of gene expression in GC-1 and GC-2 cells and 
representation of their involvement in various processes. Heatmap 
displaying expression levels of genes in GC-2 cells with respect to 
GC-1 cells (a). Representation of genes retrieved from MGI data-
base seen in both GC-1 and GC-2 cells using GO terms specific for 
genes involved in reproductive process and sexual reproduction. Blue 
circles represent the percentage of genes in the respective category 

from MGI database. Yellow circles represent the percentage of genes 
common between GC-1 and GC-2 cells. Overlapping areas represent 
genes common in MGI database, GC-1, and GC-2 cells (b). Repre-
sentation of genes retrieved from MGI database seen in GC-1 and 
GC-2 transcriptome using GO terms specific for genes involved in 
spermatogenesis and cell cycle (c)
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germ cell lines are therefore a good avenue to study some 
of these mechanisms. Of all the germ cell lines that have 
been reported thus far GC-1 has been widely used and 
highly cited in literature followed by GC-2. We revisited 
the uniqueness of these two cell lines. The presence of 
Crem observed by us in GC-2 cells has not been previously 
reported in these cells. However, no signal was noted for 
Ldhc4 in both the cell lines. Hoffman et al. [1], reported 
the presence of LDHC4 by Immunocytochemistry but 
were unable to detect the transcript by RT-PCR in GC-1 
cells. By qRT-PCR, Godmann et al., reported Ct values 
around 34 for Ldhc4 indicating negligible Ldhc4 expres-
sion [27]. Brdt and Prss50 observed by us in both the cell 
lines, have been reported to be exclusively expressed in 
testis [28].

GC-1 cells represent a stage between type B spermato-
gonia and primary spermatocyte. Type B spermatogonia 
become primary spermatocytes which undergo meiosis and 
express proteins required for meiotic division. GC-1 being 
type B spermatogonial cells which undergo mitosis, the 
presence in this cell line of transcripts for MEI4 which is 
known to be specifically expressed in meiotically dividing 
cells, coupled with reports indicating that Mei1 deficient 
spermatocytes are arrested at the zygotene stage of meiosis 
1 [29] indicates the importance of this gene in the formation 
of a spermatid. This implies that the type B spermatogonia 
is getting ready to enter into meiosis as a primary spermato-
cyte. GC-2 cell line supposedly represents a stage between 
primary spermatocyte and round spermatid. Originally, this 
cell line was claimed to be representative of round spermatid 
on the basis of expression marker SP10. Later on, Wolkow-
icz et al., [30] from the same group reported that the cell line 
is not haploid based on absence at transcript level of various 
spermiogenesis protein markers such as Sp-10, protamine, 
acrosin, and LDHC4. We did not find a haploid peak thus 
corroborating the observations of Wolkowicz. Presence of 
transcript of premeiotic genes Osr2, Pcdh18 in both the cell 
lines suggested that both are premeiotic cell lines. Expres-
sion of testis-specific genes Dmrtb1, Prss50, Crisp2 in these 

cells affirm their germ cell origin. These genes have not been 
reported earlier in these cell lines.

A search of the literature coupled with observations 
from this study, also identified many genes such as Coro1a, 
Coro1b, Zfhx4 and the multi-copy X-linked gene Xlr 
(X-linked lymphocyte regulated) not previously reported in 
testis, or implicated in any biological functions, possibly 
due to incomplete functional annotations both in GC-1 and 
GC-2 cells. The presence of Coro1a, Coro1b and Xlr was 
confirmed by RT-PCR (Fig. 5c). For researchers wishing 
to explore the functions of these genes, these cell lines are 
a good model system. The broad coverage of gene expres-
sion analysis and data mining provided by us can be used 
as material and background reference for many pioneering 
studies exploring the novel genes.

Combing information from literature, we came across 
genes such as Rnf168 and Dmrtb1, which was observed 
by us to be present in both the cell lines. These have been 
reported to be conserved across species and important for 
spermatogenesis wherein they are crucial for the transition 
from mitosis to meiosis [31]. No phenotypic information 
for these is available in the major databases such as neXt-
Prot and MGI. As genes such as these are not available in 
the databases commonly used by search engines, they do 
not appear in the search list of the top biological processes/ 
functions.

Our microarray data also identified the presence of genes 
Tcf21, Arx, Vim, Col1A1, and Sca1 which have recently been 
reported to be present in the newly identified testicular cells 
of mesenchymal origin [32]. Genes Id2, Gata3, Cd90, Il7r, 
Il13, and Rora which were highly expressed in innate lym-
phoid type II immune cells (ILCII), were also expressed in 
both GC-1 and GC-2 cells. Drop based RNA-seq studies 
have revealed that transcriptomes of mitotic spermatogo-
nia and early preleptotene spermatocytes were very similar 
[33]. We also observed 80% similarity in the transcriptomes 
of GC-1 and GC-2 cells (Fig. 2a). Around 18–20% of the 
spermatogenesis-associated transcripts in both the cell lines 
were involved in the “cell cycle” (Fig. 4c). We compared 

Fig. 5  RT-PCR of genes expressed exclusively in GC-1 or GC-2 cells 
and genes expressed in both the cell lines. RT-PCR of genes exclu-
sive in GC-1 (a), and GC-2 (b). Lanes labelled as ‘1’ and ‘2’ repre-
sent amplification products of respective genes from GC-1 and GC-2 

cells, respectively. PCR amplification for genes identified in both the 
cell lines GC-1 (c) and GC-2 (d). L- 100 bp Ladder; NRT: No reverse 
transcriptase; NTC: No template control
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our data with the scRNA-seq data on primary spermato-
cytes described by Ernst et al. [34]. 10,694 transcripts were 
identified by Ernst et al., in primary spermatocyte. Around 
37% (8776) of GC-1, 40.4% (8481) of GC-2 transcripts 
and 41.6% (8392) transcripts common in GC-1 and GC-2 
reflected the phenotype of primary spermatocyte (Fig. 6). 
The 80% transcript overlap between GC-1 and GC-2 cells, 
their 40% resemblance to that of the primary spermatocyte 
and the increase and decrease in abundance of 10.8% and 
13.4% of the transcripts (common in both the cells) in GC-2 
as compared to GC-1 cells probably reflects the process of 
gradual cell differentiation suggesting that the transcriptome 
of these cell lines represent the process of differentiation 
from type B spermatogonia to preleptotene spermatocytes. 
Presence of chromatin remodelling and epigenetic modifiers 
Setx, Dnmt1, Asxl2, Phf1/2, Mllt10 (Dot1l), and Brd8/9 in 
both the cell lines indicates that their protein expression and 
chromatin modifications start prior to cells entering mei-
otic prophase as also suggested by Ernst et al. [34]. Also 
observed in both GC-1 and GC-2 cell lines was transcripts 
for Dmrt2c, that is known to be functional during meiosis 
and Odf2, Cabyr, Hook1, Tcp11, Phf7 that are known to be 
functional post-meiosis [35]. These studies and our observa-
tions from this study challenge a pre-existing notion about 
stage-specific expression and cell-type-specific markers in 
testis, bringing a paradigm shift in field of testis biology.

Transcripts for many genes such as Gdnf, Gata4, Wt1, 
Inha, Inhbb, Cadm1, Cdh2, Fam189a2, Fam60a, Fbxo21, 
Fgf23, Foxq1, Frmpd1, Fv1, Gas7, Gatm, Gm867, Gstm6, 
Kk2, Hmgb3, Hopx, Hspb1, and Cadm1 which are specifi-
cally expressed in Sertoli cells [36–38] were present in both 
cell lines contributing to 1–2% of their respective transcrip-
tomes (Supplementary Fig. 2). The presence of these tran-
scripts may likely be a reflection of the plausible Sertoli 
cell contamination of GC-1 and GC-2 cells which were first 
reported and deposited in repository in early nineties [1, 
2]. Our data also contain many RIKEN entries which are 

identified by RIKEN Mouse Gene Encyclopedia Project as 
a novel full-length mouse cDNA in the testis of an adult 
mouse [39, 40]. Gradually researchers are trying to under-
stand and explore the role of RIKEN cDNA, for example 
1700121C10Rik is a RIKEN cDNA, expressed exclusively 
in testis and encode 2 long coding RNA [41]. This RIKEN 
cDNA is present in both GC-1 and GC-2 cell lines.

In vivo, spermatogenesis takes place in close proximity 
of Sertoli cells and the extracellular matrix sharing hor-
mones and signalling factors with each other and its imme-
diate microenvironment. This cannot be recreated in vitro 
using testicular cell lines. Lack of cell–cell communications 
in vitro would influence the proteome and to a certain extent 
the oestrogen receptor mediated transcription in the GC-1 
and GC-2 cells. Hence these cell lines cannot be used to 
study spermatogenesis in vitro. Never the less, our microar-
ray data on GC-1 and GC-2 cell lines provide a rigorous 
analysis of the only commercially available germ cell lines. 
A couple of recent RNA-seq studies have provided a valu-
able resource of the single cell transcriptome of spermato-
genic cell types [33, 42, 43]. However, for many genes, their 
functions need to be explored. The annotated information 
on GC-1 and GC-2 cell lines provided by us can be very 
useful for studying gene functions, molecular mechanisms 
and the pathways involved, as it is easy to alter the expres-
sion of gene by silencing/overexpression or using inhibitors 
in vitro as compared to in vivo. This can help decipher male 
infertility related gene mutations and to develop strategies to 
correct these mutations. Whilst the GC-1 and GC-2 cell lines 
are closest in testicular origin as compared to other such 
cell types, our data reveal an 80% overlap in their transcrip-
tome with both the cell lines displaying about 40% primary 
spermatocyte characteristics and representing the premeiotic 
stages of differentiation from type B spermatogonia to prel-
eptotene spermatocytes. The datasets generated by us will 
be highly resourceful, and can serve as a reference for future 
research in this area.

Fig. 6  Similarity between tran-
scripts identified in GC-1 and 
GC-2 cells with the transcrip-
tome of primary spermatocytes 
Venn diagram depicts number 
of transcripts common between 
GC-1, GC-2 cells and the 
transcriptome of spermatocytes 
as reported by Ernst et al., 2019 
[34]



951Molecular Biotechnology (2021) 63:941–952 

1 3

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12033- 021- 00352-5.

Acknowledgements This work was supported by funds from Science 
and Engineering Research Board, India (EMR/2016/000612), and 
Indian Council of Medical Research. The authors acknowledge Dr. 
Srabani Mukherji, Ms Gayatri Shinde and Ms Sushma Khavale (Central 
flow cytometry facility, NIRRH) for assistance with flow cytometry and 
Mr Vaibhav Shinde for his assistance with the figures. Authors thank 
Mr. Aniket Patankar for proof reading through the manuscript, Mr. D. 
Gaikwad and M. More for maintenance of the culture facility, and DST, 
India and ICMR for SRF to Pratibha Verma.

Author Contributions PP conceptualized and designed the study. She 
was involved in the data analysis, interpretation of the results and writ-
ing of the manuscript. Pratibha Verma designed the study, was involved 
in planning and performing the experiments, analysis and interpretation 
of the observations, and writing of the manuscript.

Data Availability The data underlying this article (Accession Number 
GSE171224) are available in the Gene Expression Omnibus (GEO) 
database.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

 1. Hofmann, M. C., Narisawa, S., Hess, R. A., & Millán, J. L. (1992). 
Immortalization of germ cells and somatic testicular cells using 
the SV40 large T antigen. Experimental Cell Research, 201(2), 
417–435. https:// doi. org/ 10. 1016/ 0014- 4827(92) 90291-F

 2. Hofmann, M. C., Hess, R. A., Goldberg, E., & Millán, J. L. 
(1994). Immortalized germ cells undergo meiosis in vitro. Pro-
ceedings of the National Academy of Sciences of the United States 
of America, 91(12), 5533–5537. https:// doi. org/ 10. 1073/ pnas. 91. 
12. 5533

 3. Van Pelt, A. M. M., Roepers-Gajadien, H. L., Gademan, I. S., 
Creemers, L. B., De Rooij, D. G., & Van Dissel-Emiliani, F. M. F. 
(2002). Establishment of cell lines with rat spermatogonial stem 
cell characteristics. Endocrinology, 143(5), 1845–1850. https:// 
doi. org/ 10. 1210/ endo. 143.5. 8806

 4. Hofmann, M.-C., Braydich-Stolle, L., Dettin, L., Johnson, E., & 
Dym, M. (2005). Immortalization of mouse germ line stem cells. 
Stem Cells, 23(2), 200–210. https:// doi. org/ 10. 1634/ stemc ells. 
2003- 0036

 5. Thomas, P. D., Campbell, M. J., Kejariwal, A., Mi, H., Karlak, B., 
Daverman, R., Diemer, K., Muruganujan, A., & Narechania, A. 
(2003). PANTHER: A library of protein families and subfamilies 
indexed by function. Genome Research, 13(9), 2129–2141. https:// 
doi. org/ 10. 1101/ gr. 772403

 6. Thomas, P. D., Kejariwal, A., Guo, N., Mi, H., Campbell, M. J., 
Muruganujan, A., & Lazareva-Ulitsky, B. (2006). Applications 
for protein sequence-function evolution data: MRNA/protein 
expression analysis and coding SNP scoring tools. Nucleic Acids 
Research, 34(2), W645–W650. https:// doi. org/ 10. 1093/ nar/ gkl229

 7. Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto encyclopedia of 
genes and genomes. Nucleic Acids Research. https:// doi. org/ 10. 
1093/ nar/ 28.1. 27

 8. Fabregat, A., Sidiropoulos, K., Viteri, G., Forner, O., Marin-
Garcia, P., Arnau, V., D’Eustachio, P., Stein, L., & Hermjakob, 
H. (2017). Reactome pathway analysis: A high-performance in-
memory approach. BMC Bioinformatics, 18(1), 142. https:// doi. 
org/ 10. 1186/ s12859- 017- 1559-2

 9. Ge, S. X., Jung, D., & Yao, R. (2020). ShinyGO: A graphical 
gene-set enrichment tool for animals and plants. Bioinformatics, 
36(8), 2628–2629. https:// doi. org/ 10. 1093/ bioin forma tics/ btz931

 10. Bult, C. J., Blake, J. A., Smith, C. L., Kadin, J. A., Richardson, J. 
E., & Mouse Genome Database Group. (2019). Mouse genome 
database (MGD) 2019. Nucleic Acids Research, 47(D1), D801–
D806. https:// doi. org/ 10. 1093/ nar/ gky10 56

 11. Chiang, H. S., Wang, Y. Y., Lin, Y. H., & Wu, Y. N. (2019). The 
role of SLC9A3 in Taiwanese patients with congenital bilateral 
absence of vas deferens (CBAVD). Journal of the Formosan Med-
ical Association, 118(12), 1576–1583. https:// doi. org/ 10. 1016/j. 
jfma. 2019. 01. 019

 12. Sakata, Y., Saegusa, H., Zong, S., Osanai, M., Murakoshi, T., 
Shimizu, Y., Noda, T., Aso, T., & Tanabe, T. (2001). Analysis of 
Ca2+currents in spermatocytes from mice lacking Cav2.3 (α1E) 
Ca2+channel. Biochemical and Biophysical Research Communi-
cations, 288(4), 1032–1036. https:// doi. org/ 10. 1006/ bbrc. 2001. 
5871

 13. Ru, Y., Zhou, Y., & Zhang, Y. (2015). Transient receptor potential-
canonical 3 modulates sperm motility and capacitation-associated 
protein tyrosine phosphorylation via [Ca2+]i mobilization. Acta 
Biochimica et Biophysica Sinica, 47(6), 404–413. https:// doi. org/ 
10. 1093/ abbs/ gmv025

 14. Castellano, L. E., Treviño, C. L., Rodríguez, D., Serrano, C. J., 
Pacheco, J., Tsutsumi, V., Felix, R., & Darszon, A. (2003). Tran-
sient receptor potential (TRPC) channels in human sperm: Expres-
sion, cellular localization and involvement in the regulation of 
flagellar motility. FEBS Letters, 541(1–3), 69–74. https:// doi. org/ 
10. 1016/ S0014- 5793(03) 00305-3

 15. Lobley, A., Pierron, V., Reynolds, L., Allen, L., & Michalovich, 
D. (2003). Identification of human and mouse CatSper3 and Cat-
Sper 4 genes: Characterisation of a common interaction domain 
and evidence for expression in testis. Reproductive Biology and 
Endocrinology, 1(1), 53. https:// doi. org/ 10. 1186/ 1477- 7827-1- 53

 16. Qi, H., Moran, M. M., Navarro, B., Chong, J. A., Krapivinsky, 
G., Krapivinsky, L., Kirichok, Y., Ramsey, I. S., Quill, T. A., & 
Clapham, D. E. (2007). All four CatSper ion channel proteins are 
required for male fertility and sperm cell hyperactivated motility. 
Proceedings of the National Academy of Sciences of the United 
States of America, 104(4), 1219–1223. https:// doi. org/ 10. 1073/ 
pnas. 06102 86104

 17. Kirichok, Y., Navarro, B., & Clapham, D. E. (2006). Whole-cell 
patch-clamp measurements of spermatozoa reveal an alkaline-
activated Ca2+ channel. Nature, 439(7077), 737–740. https:// doi. 
org/ 10. 1038/ natur e04417

 18. Horn, K. H., Warner, D. R., Pisano, M., & Greene, R. M. (2011). 
PRDM16 expression in the developing mouse embryo. Acta His-
tochemica, 113(2), 150–155. https:// doi. org/ 10. 1016/j. acthis. 2009. 
09. 006

 19. Hadziselimovic, F., Verkauskas, G., Vincel, B., & Stadler, M. 
B. (2019). Testicular expression of long non-coding RNAs is 
affected by curative GnRHa treatment of cryptorchidism. Basic 
and Clinical Andrology, 29(1), 1–13. https:// doi. org/ 10. 1186/ 
s12610- 019- 0097-3

 20. Sironen, A., Shoemark, A., Patel, M., Loebinger, M. R., & Mitch-
ison, H. M. (2020). Sperm defects in primary ciliary dyskinesia 
and related causes of male infertility. Cellular and Molecular Life 
Sciences. https:// doi. org/ 10. 1007/ s00018- 019- 03389-7

 21. Fassad, M. R., Shoemark, A., Legendre, M., Hirst, R. A., Koll, F., 
le Borgne, P., Louis, B., Daudvohra, F., Patel, M. P., Thomas, L., 
Dixon, M., Burgoyne, T., Hayes, J., Nicholson, A. G., Cullup, T., 

https://doi.org/10.1007/s12033-021-00352-5
https://doi.org/10.1016/0014-4827(92)90291-F
https://doi.org/10.1073/pnas.91.12.5533
https://doi.org/10.1073/pnas.91.12.5533
https://doi.org/10.1210/endo.143.5.8806
https://doi.org/10.1210/endo.143.5.8806
https://doi.org/10.1634/stemcells.2003-0036
https://doi.org/10.1634/stemcells.2003-0036
https://doi.org/10.1101/gr.772403
https://doi.org/10.1101/gr.772403
https://doi.org/10.1093/nar/gkl229
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/s12859-017-1559-2
https://doi.org/10.1186/s12859-017-1559-2
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/nar/gky1056
https://doi.org/10.1016/j.jfma.2019.01.019
https://doi.org/10.1016/j.jfma.2019.01.019
https://doi.org/10.1006/bbrc.2001.5871
https://doi.org/10.1006/bbrc.2001.5871
https://doi.org/10.1093/abbs/gmv025
https://doi.org/10.1093/abbs/gmv025
https://doi.org/10.1016/S0014-5793(03)00305-3
https://doi.org/10.1016/S0014-5793(03)00305-3
https://doi.org/10.1186/1477-7827-1-53
https://doi.org/10.1073/pnas.0610286104
https://doi.org/10.1073/pnas.0610286104
https://doi.org/10.1038/nature04417
https://doi.org/10.1038/nature04417
https://doi.org/10.1016/j.acthis.2009.09.006
https://doi.org/10.1016/j.acthis.2009.09.006
https://doi.org/10.1186/s12610-019-0097-3
https://doi.org/10.1186/s12610-019-0097-3
https://doi.org/10.1007/s00018-019-03389-7


952 Molecular Biotechnology (2021) 63:941–952

1 3

Jenkins, L., Carr, S. B., Aurora, P., Lemullois, M., … Mitchison, 
H. M. (2018). Mutations in outer dynein arm heavy chain DNAH9 
cause motile cilia defects and situs inversus. American Journal of 
Human Genetics, 103(6), 984–994. https:// doi. org/ 10. 1016/j. ajhg. 
2018. 10. 016

 22. Wen, Q., Li, N., Xiao, X., Lui, W. Y., Chu, D. S., Wong, C. K. 
C., Lian, Q., Ge, R., Lee, W. M., Silvestrini, B., & Cheng, C. Y. 
(2018). Actin nucleator spire 1 is a regulator of ectoplasmic spe-
cialization in the testis. Cell Death and Disease. https:// doi. org/ 
10. 1038/ s41419- 017- 0201-6

 23. Rashid, S., Breckle, R., Hupe, M., Geisler, S., Doerwald, N., & 
Neesen, J. (2006). The murineDnali1 gene encodes a flagellar 
protein that interacts with the cytoplasmic dynein heavy chain 
1. Molecular Reproduction and Development, 73(6), 784–794. 
https:// doi. org/ 10. 1002/ mrd. 20475

 24. Gershoni, M., Hauser, R., Yogev, L., Lehavi, O., Azem, F., Yavetz, 
H., Pietrokovski, S., & Kleiman, S. E. (2017). A familial study 
of azoospermic men identifies three novel causative mutations in 
three new human azoospermia genes. Genetics in Medicine, 19(9), 
998–1006. https:// doi. org/ 10. 1038/ gim. 2016. 225

 25. Zhou, J., Du, Y. R., Qin, W. H., Hu, Y. G., Huang, Y. N., Bao, 
L., Han, D., Mansouri, A., & Xu, G. L. (2009). RIM-BP3 is a 
manchette-associated protein essential for spermiogenesis. Devel-
opment, 136(3), 373–382. https:// doi. org/ 10. 1242/ dev. 030858

 26. Kumar, R., Bourbon, H. M., & De Massy, B. (2010). Functional 
conservation of Mei4 for meiotic DNA double-strand break for-
mation from yeasts to mice. Genes and Development, 24(12), 
1266–1280. https:// doi. org/ 10. 1101/ gad. 571710

 27. Godmann, M., May, E., & Kimmins, S. (2010). Epigenetic mecha-
nisms regulate stem cell expressed genes Pou5f1 and Gfra1 in a 
male germ cell line. PLoS ONE, 5(9), e12727. https:// doi. org/ 10. 
1371/ journ al. pone. 00127 27

 28. Schultz, N., Hamra, F. K., & Garbers, D. L. (2003). A multitude 
of genes expressed solely in meiotic or postmeiotic spermatogenic 
cells offers a myriad of contraceptive targets. Proceedings of the 
National Academy of Sciences USA. https:// doi. org/ 10. 1073/ pnas. 
16350 54100

 29. Libby, B. J., De, R., Fuente, L., O’brien, M. J., Wigglesworth, 
K., Cobb, J., Inselman, A., Eaker, S., Handel, M. A., Eppig, J. 
J., & Schimenti, J. C. (2002). The mouse meiotic mutation mei1 
disrupts chromosome synapsis with sexually dimorphic conse-
quences for meiotic progression. Developmental Biology. https:// 
doi. org/ 10. 1006/ dbio. 2001. 0535

 30. Wolkowicz, M. J., Coonrod, S. M., Reddi, P. P., Millan, J. L., 
Hofmann, M. C., & Herr, J. C. (1996). Refinement of the differ-
entiated phenotype of the spermatogenic cell line GC-2spd(ts). 
Biology of Reproduction, 55(4), 923–932. https:// doi. org/ 10. 1095/ 
biolr eprod 55.4. 923

 31. Zhang, T., Murphy, M. W., Gearhart, M. D., Bardwell, V. J., 
& Zarkower, D. (2014). The mammalian doublesex homolog 
DMRT6 coordinates the transition between mitotic and meiotic 
developmental programs during spermatogenesis. Development, 
141(19), 3662–3671. https:// doi. org/ 10. 1242/ dev. 113936

 32. Green, C. D., Ma, Q., Manske, G. L., Shami, A. N., Zheng, X., 
Marini, S., Moritz, L., Sultan, C., Gurczynski, S. J., Moore, B. B., 
Tallquist, M. D., Li, J. Z., & Hammoud, S. S. (2018). A compre-
hensive roadmap of murine spermatogenesis defined by single-cell 
RNA-Seq. Developmental Cell, 46(5), 651–667. https:// doi. org/ 
10. 1016/j. devcel. 2018. 07. 025

 33. Chen, Y., Zheng, Y., Gao, Y., Lin, Z., Yang, S., Wang, T., Wang, 
Q., Xie, N., Hua, R., Liu, M., Sha, J., Griswold, M. D., Li, J., 

Tang, F., & Tong, M. H. (2018). Single-cell RNA-seq uncovers 
dynamic processes and critical regulators in mouse spermatogen-
esis. Cell Research. https:// doi. org/ 10. 1038/ s41422- 018- 0074-y

 34. Ernst, C., Eling, N., Martinez-Jimenez, C. P., Marioni, J. C., & 
Odom, D. T. (2019). Staged developmental mapping and X chro-
mosome transcriptional dynamics during mouse spermatogenesis. 
Nature Communications, 10(1), 1–20. https:// doi. org/ 10. 1038/ 
s41467- 019- 09182-1

 35. Jan, S. Z., Vormer, T. L., Jongejan, A., Röling, M. D., Silber, S. 
J., de Rooij, D. G., Hamer, G., Repping, S., & van Pelt, A. M. M. 
(2017). Unraveling transcriptome dynamics in human spermato-
genesis. Development, 144(20), 3659–3673. https:// doi. org/ 10. 
1242/ dev. 152413

 36. Soffientini, U., Rebourcet, D., Abel, M. H., Lee, S., Hamilton, G., 
Fowler, P. A., Smith, L. B., & O’Shaughnessy, P. J. (2017). Identi-
fication of Sertoli cell-specific transcripts in the mouse testis and 
the role of FSH and androgen in the control of sertoli cell activity. 
BMC Genomics. https:// doi. org/ 10. 1186/ s12864- 017- 4357-3

 37. Sanz, E., Evanoff, R., Quintana, A., Evans, E., Miller, J. A., Ko, 
C., Amieux, P. S., Griswold, M. D., & McKnight, G. S. (2013). 
RiboTag analysis of actively translated mRNAs in sertoli and 
leydig cells in vivo. PLoS ONE, 8(6), e66179. https:// doi. org/ 10. 
1371/ journ al. pone. 00661 79

 38. de Gendt, K., Verhoeven, G., Amieux, P. S., & Wilkinson, M. F. 
(2014). Research resource: Genome-wide identification of AR-
regulated genes translated in sertoli cells in vivo using the Ribo-
Tag approach. Molecular Endocrinology, 28(4), 575–591. https:// 
doi. org/ 10. 1210/ me. 2013- 1391

 39. Bono, H., Kasukawa, T., Furuno, M., Hayashizaki, Y., & Oka-
zaki, Y. (2002). FANTOM DB: Database of functional annotation 
of RIKEN mouse cDNA clones. Nucleic Acids Research, 30(1), 
116–118. https:// doi. org/ 10. 1093/ nar/ 30.1. 116

 40. Hayashizaki, Y. (2003). RIKEN mouse genome encyclopedia. 
Mechanisms of Ageing and Development, 124, 93–102. https:// 
doi. org/ 10. 1016/ S0047- 6374(02) 00173-2

 41. Li, C., Shen, C., Shang, X., Tang, L., Xiong, W., Ge, H., Zhang, 
H., Lu, S., Shen, Y., Wang, J., Fei, J., & Wang, Z. (2020). 
Two novel testis-specific long noncoding rnas produced by 
1700121c10rik are dispensable for male fertility in mice. Journal 
of Reproduction and Development, 66(1), 57–65. https:// doi. org/ 
10. 1262/ jrd. 2019- 104

 42. Hermann, B. P., Cheng, K., Singh, A., Roa-De La Cruz, L., 
Mutoji, K. N., Chen, I. C., Gildersleeve, H., Lehle, J. D., Mayo, 
M., Westernströer, B., Law, N. C., Oatley, M. J., Velte, E. K., 
Neidenberger, B. A., Fritze, D., Silber, S., Geyer, C. B., Oatley, 
J. M., & McCarrey, J. R. (2018). The mammalian spermatogen-
esis single-cell transcriptome, from spermatogonial stem cells to 
spermatids. Cell Reports, 25(6), 1650-1667.e8. https:// doi. org/ 10. 
1016/j. celrep. 2018. 10. 026

 43. Wang, M., Liu, X., Chang, G., Chen, Y., An, G., Yan, L., Gao, 
S., Xu, Y., Cui, Y., Dong, J., Chen, Y., Fan, X., Hu, Y., Song, K., 
Zhu, X., Gao, Y., Yao, Z., Bian, S., Hou, Y., … Qiao, J. (2018). 
Single-cell RNA sequencing analysis reveals sequential cell fate 
transition during human spermatogenesis. Cell Stem Cell, 23(4), 
599-614.e4. https:// doi. org/ 10. 1016/j. stem. 2018. 08. 007

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ajhg.2018.10.016
https://doi.org/10.1016/j.ajhg.2018.10.016
https://doi.org/10.1038/s41419-017-0201-6
https://doi.org/10.1038/s41419-017-0201-6
https://doi.org/10.1002/mrd.20475
https://doi.org/10.1038/gim.2016.225
https://doi.org/10.1242/dev.030858
https://doi.org/10.1101/gad.571710
https://doi.org/10.1371/journal.pone.0012727
https://doi.org/10.1371/journal.pone.0012727
https://doi.org/10.1073/pnas.1635054100
https://doi.org/10.1073/pnas.1635054100
https://doi.org/10.1006/dbio.2001.0535
https://doi.org/10.1006/dbio.2001.0535
https://doi.org/10.1095/biolreprod55.4.923
https://doi.org/10.1095/biolreprod55.4.923
https://doi.org/10.1242/dev.113936
https://doi.org/10.1016/j.devcel.2018.07.025
https://doi.org/10.1016/j.devcel.2018.07.025
https://doi.org/10.1038/s41422-018-0074-y
https://doi.org/10.1038/s41467-019-09182-1
https://doi.org/10.1038/s41467-019-09182-1
https://doi.org/10.1242/dev.152413
https://doi.org/10.1242/dev.152413
https://doi.org/10.1186/s12864-017-4357-3
https://doi.org/10.1371/journal.pone.0066179
https://doi.org/10.1371/journal.pone.0066179
https://doi.org/10.1210/me.2013-1391
https://doi.org/10.1210/me.2013-1391
https://doi.org/10.1093/nar/30.1.116
https://doi.org/10.1016/S0047-6374(02)00173-2
https://doi.org/10.1016/S0047-6374(02)00173-2
https://doi.org/10.1262/jrd.2019-104
https://doi.org/10.1262/jrd.2019-104
https://doi.org/10.1016/j.celrep.2018.10.026
https://doi.org/10.1016/j.celrep.2018.10.026
https://doi.org/10.1016/j.stem.2018.08.007

	Revisiting the Characteristics of Testicular Germ Cell Lines GC-1(spg) and GC-2(spd)ts
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	cDNA Synthesis and PCR
	Flow Cytometry
	RNA Quality Control
	Microarray and Data Analysis
	Bioinformatics Tools and Databases

	Results
	Confirmation of Testicular Lineage of GC-1 and GC-2
	Gene Ontology and Functional Enrichment Analysis of Transcripts Exclusive to GC-1 and GC-2 Cells
	Gene Overlap between GC-1 and GC-2 Cells
	Validation of Genes by PCR

	Discussion
	Acknowledgements 
	References




