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Abstract: The reprogramming of fibroblasts to induced pluripotent stem cells raises the possibility that a somatic cell 
can be reprogrammed to an alternative, differentiated fate without first becoming a stem/progenitor cell. Recent 
work has shown that fibroblasts can be reprogrammed to other, terminally differentiated cells with a combination 
of several transcription factors. Here, we report that a combination of four developmental transcription factors; 
GaTa4, SF-1, NGFI-B, and COUP TF2; efficiently reprogrammed human foreskin fibroblasts into functional induced 
Leydig-like cells (iLCs). The iLCs expressed Leydig-specific markers and secreted testosterone in vitro. We found that 
GaTa4 and SF-1 were particularly critical for Leydig-specific markers expression and that GaTa4, SF-1, and NGFI-B 
were necessary to generate functional iLCs that secreted testosterone. These findings demonstrate that fibroblasts 
can be directly converted into iLCs with a few, defined factors and may provide insight into potential therapies to 
treat testosterone deficiency.
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Introduction

Leydig cells are the primary source of testoster-
one in males. Testosterone is essential for 
development of the male reproductive system 
and maintenance of male reproductive func-
tions [1-3]. Testosterone deficiency in adults is 
associated with increased body fat, decreased 
muscle mass, increased fatigue, depressed 
mood, decreased cognitive function [4], and 
reduced immune response [5]. Thus, the for-
mation and maintenance of a functional Leydig 
cell population throughout adult life is of funda-
mental importance. Since 1940, testosterone 
therapy has been used clinically in men and 
women [6]. However, most of these patients 
require therapy throughout their lives and are 
at risk of experiencing a number of side effects 
[7-10]. 

Leydig-like cells, differentiated from stem cells, 
including stem Leydig cells (SLCs) [11], mesen-
chymal stem cells (MSCs) [12-14], embryonic 
stem cells (ESCs) [15-17], as well as induced 
pluripotent stem cells (iPSCs) [18], have a ste-
roidogenic capacity. However, the approach is 

limited by the small number of stem cell sourc-
es, the low efficiency of differentiation, the risk 
of tumor formation, and the possibility of cellu-
lar rejection. 

The generation of iPSCs suggests that a spe-
cific combination of defined factors could epige-
netically alter the global gene expression of a 
cell and allow greater plasticity of cell type. In 
fact, since the groundbreaking discovery of the 
iPSCs [19], numerous approaches of direct cell 
reprogramming have been documented, culmi-
nating in the development of induced cellular 
types for neurons [20], cardiomyocytes [21-23], 
hepatocytes [24, 25], oligodendrocyte precur-
sors [26], and astrocytes [27]. In addition, 
adult, pancreatic exocrine cells have been 
reprogrammed to B-cells in vivo [28]. We conse-
quently propose that differentiated somatic 
cells can be directly reprogrammed into func-
tional iLCs by defined factors. 

In this study, we examined whether key devel-
opmental Leydig regulators could reprogram 
human foreskin fibroblasts (HFFs) into iLCs. 
Four candidate factors; GaTa4, SF-1, NGFI-B, 
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and COUP-TF2; were screened and we identi-
fied a specific combination of three transcrip-
tion factors; SF-1, GaTa4 and NGFI-B (SGN 
pool); that was sufficient to generate functional 
iLCs in vitro directly from HFFs.

Materials and methods

Cell culture and transfection

We obtained the foreskin of healthy boys from 
the operating room of Shanghai Children’s 
Medical Center. The foreskin was washed alter-
nately with chloramphenicol lotion and phos-
phate buffer saline (PBS; HyClone) several 
times. The corium layer and subcutaneous con-
nective tissue was pruned away. Then, the tis-
sue was minced into 3-4 mm pieces with a ster-
ile scalpel and incubated with collagenase I 
(Sigma Aldrich) solution [1-2 mg/ml in DMEM/
F12 (HyClone)] for 4-18 hours at 37°C. The dis-
persed cells were passed through a 100-nylon 
mesh and washed several times by centrifuga-
tion in PBS. After the final wash step, the cell 
pellet was resuspended in DMEM/F12. Cells 
were seeded into culture vessels with DMEM/
F12 containing 10% fetal bovine serum (Hy- 
Clone) and 1% penicillin-streptomycin (Hy- 
Clone). The culture medium was changed every 
2 days. We chose the first three generations of 
fibroblasts for transfection, which were infect-
ed with GaTa4, SF-1, NGFI-B, and COUP TF2 (4F 
pool) overnight, and, subsequently, green fluo-
rescence protein (GFP) gene expression was 
monitored by fluorescence microscopy. 

Plasmid construction

Human GaTa4, SF-1, NGFI-B, and COUP TF2 
cDNA were amplified by polymerase chain reac-
tion (PCR) using the primers provided in Table 
S1. The transcription factors were cloned into 
the lentiviral pGMLV-CMV-MCS-EF1-Zs Green  
1 Vector (Genomeditech), and confirmed by 
sequencing. Four lentiviral particles were pack-
aged with two other homologous helper plas-
mids into NIH 293T cells to generate lentivirus 
following the manufacturer’s protocol.

RNa extraction and quantitative RT-PCR

Total RNA was isolated with TRIzol Reagent 
(Invitrogen) according to the manufacturer’s 
instructions. One microgram of total RNA was 
reverse transcribed into cDNA using the 
PrimescriptTM RT Reagent kit (TaKaRa). Power 

SYBR Green PCR Master Mix (Thermo Fisher 
Scientific) was used to perform the quantitative 
RT-PCR (qRT-PCR) assay. The primers that were 
used are listed in Table S2. The Stratagene 
Mx3000P system (Agilent Technologies) with 
MxPro QPCR Software was used to collect the 
PCR data. 

Western blotting

Western blot analysis was conducted as below 
in brief, cells were lysed in Pierce IP Lysis Buffer 
(Thermo) in the presence of a 1% protease 
inhibitor. Protein samples were normalized for 
protein concentration and applied to a 10% 
SDS-PAGE gel. Twenty µg of each protein were 
analyzed. For immunoblotting analysis, pro-
teins in the SDS gels were transferred to a poly-
vinylidene difluoride membrane by an electrob-
lot apparatus. The membranes were blocked 
with a blocking solution (5% nonfat dry milk 
protein solution in Tris-buffered saline solution 
containing 0.1% Tween 20, TBS-T). The mem-
branes were incubated with primary antibodies 
(CYP11A1, ab75497; CYP17A1, ab125022) in 
the blocking solution at 4°C overnight, washed 
with TBS-T six times (5 min each), and incubat-
ed with secondary antibodies at room tempera-
ture for 1 h. The membranes were then washed 
with TBS-T three times (5 min each) and sub-
jected to enhanced chemiluminescence detec-
tion. Protein expression was normalized to 
b-Actin (ab8227).

Cell proliferation assay by WST-8 

Cells were plated into 96 well plates at a den-
sity of 1500 per well at day 0. On days 1, 2, and 
3, 10 μl of WST-8 reagent (Dojindo, Mashiki-
machi, Kumamoto, Japan) were added to each 
well, the cells were incubated at 37°C for 4 h, 
and then absorbance at 450 nm was measured 
by a microplate reader (Synergy 2, BioTek).

Immunofluorescence 

For immunofluorescence experiments, cells 
were fixed in methyl alcohol for 10 min and 
washed thrice in PBS. Cells were blocked in a 
solution of PBS containing 1% bovine serum 
albumin (BSA; Sigma) and 0.25% Triton X-100 
(Sigma) for 30 min at room temperature. The 
primary and secondary antibodies were diluted 
in solutions of PBS containing 1% BSA and 
0.25% Triton X-100. Primary antibodies (CYP- 
11A1, ab75497; CYP17A1, ab125022; HSD- 
3B1, ab 167417) were incubated overnight at 
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4°C followed by incubation with secondary anti-
bodies for 1 h at room temperature. Nuclei 
were stained with DAPI (Invitrogen). 

Oil Red O staining

Cell culture medium was completely removed, 
and the cells were rinsed with PBS. After com-
plete aspiration of the PBS, 10% formaldehyde 
solution was added to the cells, and they were 
incubated for 10 min at room temperature. 
After removing the formaldehyde solution, the 

fixed cells were gently washed with PBS. The Oil 
Red O solution was added to the wells, and the 
samples were incubated for 60 min at room 
temperature, washed with PBS, and hematoxy-
lin stained. 

Testosterone concentration assay

Concentrations of testosterone in the culture 
medium were measured with the Access Testo- 
sterone assay (BECKMAN COULTER).

Figure 1. Gene expression analysis of the induced Leydig-like cells (iLCs). A: Scheme of the experimental proce-
dures. B-E: Kinetics analysis of the expression of key genes related using quantitative RT-PCR. The copy number of 
the mRNA of each gene was normalized to that of the housekeeping gene GAPDH. Data represent mean ± standard 
deviation (SD) of triplicate experiments. **P < 0.01, ***P < 0.001 as compared with the group of HFFs transfected 
with GFP. F and G: Western blotting for protein expression of CYP11A1 and CYP17A1 in iLCs at 3 and 4 weeks after 
infection.
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Statistical analyses

All experiments were performed at least three 
times. Log 10 transformation was applied to 
the qRT-PCR data and they are expressed as 
mean ± one standard deviation of the mean. 
Statistical analyses were performed with a 
paired t-test. The alpha value level for t-test sta-
tistical significance was P < 0.05. 

Results

a screen for Leydig-fate-inducing factors

Multiple transcription factors are presumably 
required to reprogram fibroblasts to Leydig-like 
cells. We therefore cloned a total of four genes, 
referred to as the 4F pool, that have important 
roles in Leydig cell development or that have 
been implicated in epigenetic reprogramming. 
A pool of lentiviruses containing all four genes 
was prepared to infect HFFs obtained from 
healthy children. To characterize the dynamics 
involved in Leydig-like cell reprogramming, we 
analyzed the conversion at different time points 

by quantitative RT-PCR (qRT-PCR) (Figure 1b-e). 
The results revealed that the expression of 
mRNA encoding the steroidogenic enzymes, 
including steroidogenic acute regulatory pro-
tein, cytochrome P450 family 11 subfamily A 
member 1 (CYP11a1), cytochrome P45017A1 
(CYP17a1), 3 beta- and steroid delta-isomerase 
1 (HSD3B1), was increased in iLCs as com-
pared with cells that received the mock treat-
ment, with epithelial cell marker E-Cadherin 
and mesenchymal cell marker Vimentin chang-
ing indistinctively (Figure 1b-e). The expression 
of these enzymes is required for the synthesis 
of gonadal steroid hormones. Consistent with 
qRT-PCR, Western blot showed that at 3 and 4 
weeks after infection, CYP11a1 and CYP17a1 
expression was maintained (Figure 1F, 1g). The 
full figure of western blot is shown in Figure S5. 
We consequently believe that GaTa4, SF-1, 
NGFI-B, and COUP TF2 induce fibroblasts 
toward the Leydig lineage. We also character-
ized the expression of the four transgenes in 
iLCs at different time points. qRT-PCR con-
firmed that there was a pronounced upregula-

Figure 2. Kinetic analysis of the expression of the four transgenes. The copy number of the mRNA of each gene was 
normalized to that of the housekeeping gene GAPDH. Data represent mean ± standard deviation (SD) of triplicate 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 as compared with the group of HFFs. (A) 1 week after transfec-
tion, (B) 2 weeks after transfection, (C) 3 weeks after transfection, and (D) 4 weeks after transfection.
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tion of the total amount of mRNA for the four 
genes derived from the endogenous genes and 
the transgenes in the first week, with SF-1 ris-
ing more than fifteen fold, GaTa4 thirteen fold, 
NGFI-B sevenfold, COUP TF2 fivefold in iLCs 
relative to HFFs transfected with GFP (Figure 
2). The total mRNA for the four genes in iLCs 
then declined gradually toward the levels in 
HFFs at 4 weeks, indicating that the TFs would 
be silenced after reprogramming was achieved.

Characterization of 4-factor Leydig-like cells

The iLCs changed their morphology to one that 
was smaller and rounder relative to primary 
HFFs (Figure 3a, 3b). As shown in Figure 3c, in 
the first 3 days after transfection, the iLCs 
group exhibited a faster growth rate than the 
control group and then remained constant. 
Removal of GaTa4 resulted in growth retarda-
tion, while removal of the other factors yielded 

comparable growth rates (Figure 3d). These 
results suggest that GaTa4 plays an important 
role during cell proliferation, while the other 3 
factors may have inhibitive effects. GFP expres-
sion was used as an indicator of the expression 
of the four factors in the iLCs. As assessed by 
flow cytometry, 57.09% of the total induced 
fibroblasts were GFP+ (Figure S1). The expres-
sion of Leydig-specific markers; specifically 
HSD3B1, CYP11A1, and CYP17A1; was exam-
ined by immunostaining. Some of the cells 
identified as GFP+ expressed Leydig-specific 
genes (Figure 4). The cells were also positive 
for Oil Red O staining confirming that the iLCs 
had the lipid metabolism process (Figure 5). To 
determine if the Leydig-like cells possessed the 
functional properties characteristic of adult 
Leydig cells, we measured the hormones 
secreted into the medium at time points of 1, 2, 
3, and 4 weeks after transfection. At 2 weeks, 
the testosterone level reached a peak of 1.90 

Figure 3. The morphology of iLCs under the microscope and the growth rate. (A) iLCs of 2 weeks under the fluores-
cence microscope. (B) HFFs transfected with GFP at 2 weeks after transfection. Scale bars in (A and B) represent 
200 µm. (C and D) Cell growth assay at day 3 after transfection. Data represent mean ± SD of triplicate experiments. 
*P < 0.05 as compared with the group of HFFs. iLCs refers to the 4TFs group; HFFs refers to the control group; and 
GATA4, SF-1, NGFI-B, and COUP TF2, respectively, refer to removing each of the 4 TFs.
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ng/ml and then decline to the low ebb of 0.147 
ng/ml at 4 weeks. In comparison, testosterone 
could not be detected in the control group 
(Figure 6). Upon closer examination, testoster-
one was first detected on day 3 and strongly 
up-regulated on day 6 until the peak level of 
3.69 ng/ml on day 12 (Figure 6). These obser-
vations suggest that the combination of four 
factors transduced a number of HFFs into func-
tional Leydig-like cells.

GATA4, SF-1, and NGFI-B are sufficient for 
Leydig-like cell induction

The relative contribution of each of the four 
genes toward the generation of Leydig-like cells 
was determined by removing each gene from 
the pool and assessing the efficiency of repro-
gramming. Only the omission of COUP TF2 had 
little effect on cell culture supernatant testos-
terone levels (Figure S2). As shown in Figure S3, 
although removal of any gene from the 4F pool 
did not affect Leydig-specific markers expres-
sion, the mRNA levels were significantly impact-
ed. Removal of GaTa4 or SF-1 resulted in obvi-
ously changes in mRNA, with SF-1 mRNA levels 
reduced to a greater extent than GaTa4 mRNA 
levels.

discussion

In this study, HFFs were successfully converted 
to iLCs with 4 TFs (GaTa4, SF-1, NGFI-B, and 

ESCs, MSCs, and iPSCs to acquire steroidogen-
ic capacity and then produce a variety of steroi-
dal hormones [13, 16-18, 34]. NGFI-B regulates 
testosterone production of Leydig cells in the 
rest state or when subjected to hormone stimu-
lation [35, 36]. Qin J et al. find that COUP TF2 
plays roles in progenitor Leydig cell formation 
and early testis organogenesis. The ablation of 
COUP TF2 during pre-pubertal stages of male 
development results in infertility, hypogonad-
ism and spermatogenetic arrest [37]. Herein, 
we provided evidence that these factors can 
activate the expression of mature Leydig-
specific markers, such as CYP11a1, CYP17a1, 
HSD3B1, and hydroxysteroid 17-beta dehydro-
genase 3 (HSD17B3), necessary for the acqui-
sition of the excretory functional properties of 
mature Leydig cells.

Unlike iPSCs [19], we found that the conversion 
to iLCs in our study was efficient and fast, with 
the excretion function starting at day 3 and 
reaching peak levels at day 12 after transfec-
tion. The latter result is consistent with other 
work on reprogramming, for example, neuronal 
induction [20]. Based upon this phenomenon, 
the reprogramming likely occurs without first 
passing the pluripotency stage. Consistent with 
this, no expression of the pluripotency markers 
OCT4, SOX2, or NaNOG was detected at day 3 
after transfection (Figure S4).

Figure 4. Immunofluorescent staining of HSD3B1, CYP11A1, and CYP17A1. 
The results confirmed the expression of the Leydig steroidogenic markers at 
2 weeks after infection. Nuclei were stained with DAPI (blue). Scale bars, 50 
µm.

COUP TF2). GaTa4 is a mem-
ber of GATA-binding protein 
family of transcription fac-
tors with zinc fingers, is 
involved in the embryonic 
development of various or- 
gans and plays a crucial role 
in hematopoiesis [29], car-
diogenesis [30] and in the 
early development of the tes-
tis in male sexual differentia-
tion and in steroidogenesis 
[31]. SF-1, also known as ste-
roidogenic factor-1, belongs 
to the nuclear receptor 
superfamily and is a tissue-
specific regulator of the tran-
scription of a smart of genes 
that are involved in steroido-
genesis, reproduction, and 
male sexual differentiation 
[32, 33]. Previous work sug-
gests that SF-1 can initiate a 
genetic program that enables 
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In addition, the iLCs did not appear to require 
retroviral gene silencing and became indepen-
dent of the expression of the exogenous trans-
genes, as indicated by a reduction in the ex- 
pression level of the 4 TFs over the course of 
time. As the 4F pool primarily plays a role dur-
ing the development of Leydig cells, expression 
in adult Leydig cell is generally low. Potentially, 
auto-regulatory feedback and feed forward 
activation of downstream transcriptional regu-
lators could reinforce the expression of impor-
tant cell-fate-determining genes and help to 
stabilize the induced transcriptional program. 
Once reprogramming was achieved, the TFs 
were silenced within the iLCs with the need for 
outside interference.

little effect on testosterone secretion; and 
there was no difference in testosterone levels 
when comparing the 4F and SGN pool at the 1 
week time point after transfection. Thus, effi-
cient conversion was achieved with the three 
factors of the SGN pool.

Although we succeeded in converting fibro-
blasts to iLCs in vitro, the conversion seemed 
to be transient, with the Leydig-specific mark-
ers transiently expressed and the testosterone 
level reaching a transient peak. We also lack a 
sorting method to obtain pure fully repro-
grammed passage cells. Future studies will 
focus on using the knock-in technique to sort 
the reprogrammed cells to obtain a stable cell 
line for clinical use. Despite these limitations, 

Figure 5. Oil red O staining of iLCs at 2 weeks after infection.

Figure 6. Analysis of testosterone production during culture. The line at 0.1 
ng/ml represents the test sensitivity of the Access Testosterone kit. The tes-
tosterone concentration of the HFFs was under the line. All quantitative data 
were obtained from three independent experiments and are presented as 
mean ± SD.

As stated earlier, our qRT-PCR 
results indicated that when 
COUP TF2 or NGFI-B was 
removed, the relevant mRNA 
level was comparative to the 
4F pool, whereas when SF-1 
was removed, the relevant 
mRNA level declined signifi-
cantly, approximately tenfold 
lower than the level achi- 
eved by removing GaTa4 and 
approximately one hundred-
fold lower than the 4F pool. 
This result suggests that SF-1 
plays a critical role in the 
reprogramming course. Ga- 
Ta4 is also important, poten-
tially because of its effect on 
cell proliferation. Furthermore, 
COUP TF2 was the only gene 
from the 4F pool that had a 
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the generation of iLCs is fast, of high-efficiency, 
and devoid of tumorigenic pluripotent stem 
cells, a severe complication of induced pluri- 
potent stem cell approaches in regenerative 
medicine.

In general, this study demonstrated that somat-
ic cells, such as HFFs, can be converted into 
functional Leydig-like cells through overexpres-
sion of only a minimal set of the three factors, 
GaTa 4, SF-1, NGFI-B. Furthermore, the iLCs 
may prove to be a novel and powerful system 
for studying cellular plasticity, disease model-
ing, and regenerative medicine.
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Table S1. Primers for polymerase chain reaction
Gene Sense primer Antisense primer
SF1 CCGGAATTCGCCACCATGGACTATTCGTACGACGAGGACC CCGCTCGAGTCAAGTCTGCTTGGCTTGCAGC
GATA4 CCGGAATTCGCCACCATGTATCAGAGCTTGGCCATGGC CCGCTCGAGTTACGCAGTGATTATGTCCCCGT
NGFI-B CCGGAATTCGCCACCATGCCCTGTATCCAAGCCCA CCGCTCGAGTCAGAAGGGCAGCGTGTCC
COUPTF2 CCGGAATTCGCCACCATGGCAATGGTAGTCAGCACG CCGCTCGAGTTATTGAATTGCCATATACGGCC

Table S2. Primers for quantitative reverse transcription-poly-
merase chain reaction
Gene Sense primer Antisense primer
StAR GGGGACAAAGTGATGAGTAAAG GCTCGTGAGTAATGAATGTATC
HSD3B1 AACTCTTTGCTCAGGGTGTAAT CTGTCAAGTGTTGGAAAGTTCTC
HSD17B3 AATGGCTTGGGAGAAGGTTTG AGCGGACTACAGGGAGGAGTGT
CYP11A1 TTCAGGCATCAGAATGAGGTT GGCTGAGCAAAGACAAGAACA
CYP17A1 ATTGGTTACCGCCACGAAGAC CAACAACCGTAAGGGTATCGC
Vimentin TGAATGACCGCTTCGCCAACTA GGTGTTTTCGGCTTCCTCTCTC
Ecadherin ACAATGCCGCCATCGCTTAC AACTCTCTCGGTCCAGCCCA
SF-1 CTCACCCACCTTCCCAAACAC CAACCTGCTCATCGAAATGCT
GATA4 GCCTCCTTCTTTGCTATCCTC CGTTCTCAGTCAGTGCGATGT
NGFI-B GGACTGAAGGAAAAGAAGGCT CAGTGGCTCTGACTACTATGGC
COUPTF2 TACCTACCAAACGGACGAAAA GTTGACTCAGCCGAGTACAGC
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

Figure S1. Representative flow cytometry plot for analyses of green fluorescence protein, GFP+ cells 1 week after 
infection of HFFs with lentiviruses expressing 4 factors, Cells infected with empty vector lentivirus were used as a 
control. The numbers in each plot indicate the percentage of GFP+ cells.
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Figure S2. Testosterone production in iLCs transduced with different combinations of factors 1 week after transfec-
tion. ns, not significant.

Figure S3. Quantitative RT-PCR analysis of the expression of related genes in iLCs transduced with different com-
binations of factors 1 week after transfection. Data represent mean ± SD of triplicate experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001. A: GaTa4 removed from the 4F pool. B: COUP TF2 removed from the 4F pool. C: NGFI-B 
removed from the 4F pool. D: SF-1 removed from the 4F pool.
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Figure S4. RT-PCR analysis of an ESC-specific marker at day 3 after infection. Primers (5’ to 3’): OCT4 forward, 
CTGGGTTGATCCTCG-GACCT, reverse, CACAGAACTCATACGGCGGG; SOX2 forward, AGTGGAAA-CTTTTGTCGGAGAC, re-
verse, GCAGCGTGTACTTATCCTTCTT; NANOG forward, AAAGAATCTTCACCTATGCC, reverse, GAAGGAAGAGGAGAGACA-
GT.

Figure S5. Original western images for protein expression of CYP11A1 and CYP17A1 in iLCs at 3 (A) and 4 weeks 
(B) after infection.


