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Abstract

Androgen deficiency is a common medical conditions that affects males of all ages. Transplantation of testosterone-producing cells
is a promising treatment for male hypogonadism. However, getting a cell source with the characteristics of Leydig cells (LCs) is still
a challenge. Here, a high-efficiency reprogramming of skin-derived fibroblasts into functional Leydig-like cells (LLCs) based on epige-
netic mechanism was described. By performing an integrated analysis of genome-wide DNA methylation and transcriptome profiling
in LCs and fibroblasts, the potentially epigenetic-regulating steroidogenic genes and signaling pathways were identified. Then by us-
ing CRISPR/dCas9 activation system and signaling pathway regulators, the male- or female-derived fibroblasts were reprogrammed
into LLCs with main LC-specific traits. Transcriptomic analysis further indicated that the correlation coefficients of global genes and
transcription factors between LLCs and LCs were higher than 0.81 and 0.96, respectively. After transplantation in the testes of hypog-
onadal rodent models, LLCs increased serum testosterone concentration significantly. In type 2 diabetic rats model, LLCs which were
transplanted in armpit, have the capability to restore the serum testosterone level and improve the hyperglycemia status. In conclu-
sion, our approach enables skin-derived fibroblasts reprogramming into LLCs with high fidelity, providing a potential cell source for
the therapeutics of male hypogonadism and metabolic-related comorbidities.
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Significance Statement:

Cell therapy is of fundamental importance for managing hypogonadism in future. Therefore, cell preparation is one of the most
critical steps to ensure a successful and safe treatment. Using a combination of CRISPR activation and paracrine factors, the
fibroblasts have been reprogramed into Leydig-like cells (LLCs). The cells are significantly close to real Leydig cells in phenotype
and genotype. After transplantation to the sites inside or outside the testes, the cells could not only recover the serum testosterone
concentrations, but also improve the hyperglycemia status in type 2 diabetic rat model. Our study found a more efficient way to
make the competent LLCs and demonstrated in principal that reprogrammed LLCs have potentials to treat male hypogonadism
and its-related metabolic comorbidities.

Introduction
Male hypogonadism, a common clinical syndrome caused by
testosterone deficiency, can adversely affect multiple organ func-
tions and quality of life (1). It is well established that low testos-
terone level can result in developmental abnormalities of the
male reproductive tract, decreased fertility, sexual dysfunction,
reduced muscle formation, osteoporosis, and cognitive dysfunc-
tion (2, 3). Clinically, male hypogonadism can be classified into pri-
mary, secondary, or mixed depending upon the etiology. Primary

hypogonadism is the failure of the testes to produce sufficient
testosterone despite of an elevated or unchanged luteinizing hor-
mone (LH), whereas secondary hypogonadism involves pathology
of the hypothalamus or pituitary that leads to decreased LH and
subsequently testosterone (2–4).

In males, 90% to 95% testosterone is synthesized by Leydig
cells (LCs), a process being regulated by the hypothalamus–
pituitary–gonad (HPG) axis. Upon binding to its receptor (luteiniz-
ing hormone/choriogonadotropin receptor, LHCGR), blood
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cholesterol is imported into LC and then transferred into
mitochondrial inner membrane by scavenger receptor class B
member 1 (SCARB1) and steroidogenic acute regulatory protein
(StAR), respectively. After the catalysis of cytochrome p450 family
11 subfamily A member 1 (CYP11A1), cholesterol is converted
into pregnenolone. This precursor of sex steroids is successively
converted into testosterone by a series of enzymatic reactions
mediated by 3β-hydroxysteroid dehydrogenase 1 (HSD3B1),
cytochrome P450 17-alpha-hydroxylase/17,20-lyase (CYP17A1),
and type 3 17β-hydroxysteroid dehydrogenase (HSD17B3) in the
smooth endoplasmic reticulum (Figure S1A) (5, 6). It has been
elaborated that the abnormalities in LC lineage development
and/or steroidogenesis due to congenital or acquired causes can
result in decreases of serum testosterone concentration (6–8).

The testosterone replacement is the most widely used ap-
proach for treating male hypogonadism so far. It has been ap-
proved for use in men with both primary or secondary hypog-
onadism to maintain secondary sex characteristics and relieve
androgen deficiency-related symptoms (9). However, testosterone
therapy is far from a perfect solution due to its potential adverse
effects, such as reduced sperm production and fertility, promot-
ing metastatic prostate cancer growth, and erythrocytosis (10). As
a way to search an alternation, the Leydig-like cells (LLCs) were
generated from different cell types and have them tested into
laboratory animals (11–18). The precursor cells tested included
embryonic stem cells (ESCs) (11), induced pluripotent stem cells
(iPSCs) (12, 13), stem Leydig cells (SLCs) (14, 15), adult stem cells
(ASCs) (16), and fibroblasts (17, 18). The LLCs generated from these
sources were more or less effective in improving serum testos-
terone levels when transplanted into the hypogonadal animals.

However, making LLCs that are suitable for clinical usage is
still challenging. The ideal LLCs should have key characteristics
of real LCs, such as producing only desired steroids (T), respond-
ing to proper pituitary hormones (LH), with no tumor formation,
and highly similar transcriptomic status with real LCs. However,
for the most studies involving LLCs preparations described above
(11–18), few addressed these issues. Here, we report a new way to
make LLCs from mice tail tip fibroblasts (TTFs) based on targeted
epigenetic reprogramming strategy that has better potential for
in-vivo usage.

Results
Screening epigenetic regulatory factors during
TTFs transdifferentiation to LLCs
To utilize the epigenetic-based approach to reprogram TTFs, we
first profiled genome-wide DNA methylation level and transcrip-
tome of TTFs and LCs using reduced representation bisulfite
sequencing (RRBS) and RNA-Sequencing, respectively. For DNA
methylation, differentially methylated regions (DMRs) were an-
alyzed by examining the methdif value with P < 0.001 cutoff.
A total of 20,074 DMRs were identified between TTF and LC li-
braries (Table S5). Of these DMRs, 719 regions were located within
442 gene promoters. For RNA-Sequencing, differential expression
genes (DEGs) were selected by setting a threshold with a minimal
2-fold expression changes and false discovery rate (FDR) < 0.01.
A total of 7,707 DEGs were found with 4,221 genes up-regulated
and 3,486 genes down-regulated (Table S6). These results demon-
strated that the global gene expression pattern of TTFs and LCs is
distinctly different.

We next investigated the association between expression and
DNA methylation status by integrative comparison of DMRs and

Table 1. Methylation and expression differences of steroidogenic
genes between TTFs and LCs.

Gene name
MethDifa

(P_value) DMR (distance to TSS)

Fold change of
mRNAb

(P_value)

Nr5a1 −0.524
(1.61E-46)

Promoter (<1 kb) 8.533
(1.40E-76)

Lhcgr −0.299
(7.97E-46)

Distal intergenic
(−185 kb)

3.515
(6.21E-115)

Hsd17b3 −0.289
(4.45E-08)

Promoter (<1 kb) 7.814
(4.20E-09)

Scarb1 −0.258
(7.22E-31)

Distal intergenic (68 kb) 1.601
(7.15E-17)

Nr5a2 0.216
(2.65E-34)

Distal intergenic
(−427 kb)

−3.639
(1.60E-10)

Nr1h3 0.267
(5.43E-16)

Promoter (1–2 kb) −1.934
(4.60E-05)

aThe value of methDif was presented by the different levels of DMR (TTFs ver-
sus LCs).
bThe value of expression fold change was presented as log2 format.

DEGs. A total of 3,228 DEGs containing 8,026 DMRs were identi-
fied. Among them, 2,159 genes with the inverse relationship of
DNA methylation and mRNA expression were selected to per-
form Kyoto Encyclopedia of Genes and Genomes (KEGG) analy-
sis. The significantly enriched processes included PI3K-Akt, Hippo,
p53, Notch, cAMP, Hedgehog, and TGF-β signaling pathways (Fig-
ure 1A, Figure S1B). To further explore the relationships among
these pathways, we selected 15 clusters with the best P-value to
construct the network plot. Five signaling pathways, including
PI3K-Akt, cAMP, Hippo, Hedgehog, and TGF-β were densely con-
nected, suggesting their important roles in the conversion of TTFs
to LLCs (Figure 1B and C). Based on this information, we used the
agonists or antagonist for these five pathways during the repro-
gramming, including SAG, cAMP, LH, FGF-2, and ITS, and a TGF-β
pathway inhibitor, LY2109761.

In addition, we further screened steroidogenic genes and the
transcriptional factors in these DEG lists (Table 1). By evaluating
the value of differentially methylation, the change of mRNA ex-
pression level and the function regulating LC differentiation ( 19),
three steroidogenic genes, Nr5a1, Hsd17b3, and Lhcgr, were identi-
fied . Since none of them were expressed in fibroblasts in a mean-
ingful level, a CRISPR/dCas9-VPR system with the capability of si-
multaneously changing the original expression status of multiple
targeted genes was employed to activate their expressions during
reprogramming.

gRNAs screening for activating endogenous
steroidogenic genes in TTFs
NR5A1, LHCGR, and HSD17B3 are critical functional proteins
for the development of LCs. LHCGR and HSD17B3 mediate the
first and the last step in LH-stimulating testosterone produc-
tion, respectively. NR5A1, an orphan nuclear receptor, plays es-
sential roles in the development of the reproductive system and
the differentiation of steroidogenic cells. To determine the ac-
tivating effect of single gRNA on targeted genes, seven, four,
and four gRNAs, which directly target the putative promoter re-
gions of Nr5a1, Lhcgr, and Hsd17b3, respectively, were selected
and delivered into TTFs (Figure 2A, Table S3). After cotransfection
with CRISPR/dCas9-VPR, four gRNAs (the lh-gRNA1, lh-gRNA2, lh-
gRNA3, and hsd-gRNA1) were able to sufficiently activate the ex-
pression of Lhcgr or Hsd17b3, respectively (Figure 2B). Interestingly,
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Figure 1. The functional enrichment analysis of genes with inverse relationships of expression and methylation between LCs and TTFs. (A) KEGG
pathway enrichment analysis. The ordinate represents the most enriched KEGG pathways and the abscissa represents the P-value expressed as
log10-transformed values. (B) The analysis of protein–protein interaction (PPI) network based on all enriched KEGG pathway terms. A subset of
representative terms from the full cluster were selected and converted into a network layout. (C) The connection analysis of NR5A1 and TGF-β3. Each
term is represented by a circle node, where the size is proportional to the number of input genes fall under that term, and the color represents the
cluster identity. Nodes of the same color belong to the same cluster. Terms with a similarity score > 0.3 are linked by an edge whose thickness
represents the similarity score.

the expression of Hsd17b3 induced by hsd-gRNA1 was approxi-
mate 2.2-fold higher than that of LCs (Figure 2D). For Nr5a1, the
activating ability of nr-gRNAs was low except nr-gRNA1. To opti-
mize the activation, four best performing or seven gRNAs target-
ing Nr5a1 promoter were concatenated into an all-in-one plasmid
pool. The results indicated that the expression level of Nr5a1 grad-
ually increased depending on the numbers of gRNAs (Figure 2C).

To attain successful reprogramming, it is necessary to express
the multiplex endogenous steroidogenic genes at high levels be-
sides gRNA-targeted genes. Therefore, we arranged three plas-
mid combinations, that were cotransfected with CRISPR/dCas9-
VPR into male-derived TTFs, to assess their activating efficiency
(Figure S2A). The data shows that combination A and C not only

activated the expressions of Lhcgr and Hsd17b3, but also gradually
increased the expression levels of Cyp11a1, Hsd3b1, Cyp17a1, and
Star (Figure S2B).

Previous studies have shown that SAG, FGF-2, and cAMP played
important role in LC lineage differentiation. Therefore, we further
analyzed the promoting effects of LY2109761 and ITS, respectively.
The qRT-PCR results demonstrated that 5 μM LY2109761 was able
to significantly improve the expression of Nr5a1 and steroidogenic
genes with both plasmid combinations (Figure 3A). Similar results
were also observed for ITS treatments (Figure 3B). Interestingly,
after culture with ITS for 6 d, the originally elevated expressions
of both Cyp21a1, an enzyme required for the synthesis of aldos-
terone in adrenal, and Cyp19a1, an enzyme being responsible for
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Figure 2. The optimization of dCas9-VPR activator and gRNAs targeting in TTFs for steroidogenic gene activation. (A) Promoter regions targeted by
gRNAs for reprogramming genes (Nr5a1, Lhcgr, and Hsd17b3) in relation to their transcription start sites (TSS). (B) The activation of reprogramming
genes detected by qRT-PCR, in TTFs 3 d after transiently expressed dCas9-VPR activator and single gRNA. (C) The activation of reprogramming genes
detected by qRT-PCR, in TTFs 3 d after transiently expressed four or seven gRNAs and CRISPR/dCas9-VPR vector. (D) The expression of Hsd17b3
between LCs and reprogramming cells. TTFs transfected with CRISPR/dCas9-VPR vector were used as Control. All quantitative data are from three
independently treated samples and presented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01.

estrogen production in ovary, progressively decreased. In addition,
the expression level of CRISPR/dCas9-VPR with/without signal-
ing pathway regulators was similar, suggesting that the activation
of these signaling pathway factors was not achieved by manipu-
lating the expression of dCas9-VPR (Figure 3C). Considering the
increasing expression of Nr5a1 through gRNAs in a synergistic-
effect and quantity-dependent manner, we selected the plasmid
combination C for the remaining of this study.

Differentiation of TTFs into functional LLCs in
vitro
The schematic approach for reprogramming TTFs is shown in Fig-
ure 4A. To examine whether the reprogram process mimics the
real LC developmental process, different forms of androgens were
monitored during the induction (Figure 4D). At early stage (day
6), LLCs produced high concentration of androsterone, with the
average yield of 3.03 ± 0.29 ng/106cells/24 h. However, with the ex-
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Figure 3. Expression of steroidogenic genes in TTFs treated by CRISPRa and signaling pathway regulators. (A) Expression of steroidogenic genes by
CRISPRa and LY2109761. (B) Expression of steroidogenic genes by CRISPRa and ITS. (C) The analysis of dCas9-VPR expression. Combination A: plasmids
for Nr5a1 (4 gRNAs), Lhcgr (3 gRNAs), and Hsd17b3 (1 gRNA); Combination C: plasmids for Nr5a1 (7 gRNAs), Lhcgr (3 gRNAs), and Hsd17b3 (1 gRNA). All
quantitative data are from three independently treated samples and presented as mean ± SEM, nsP > 0.05, ∗P < 0.05, and ∗∗P < 0.01.

tension of inducing process, androsterone decreased while testos-
terone increased dramatically. So by 12 d, the average concentra-
tion of testosterone reached 1.48 ± 0.15 ng/106cells/24 h, suggest-
ing a similar maturation process as real LCs do (20).

Meanwhile, the expressions of androgen-synthesized genes,
such as Lhcgr, Star, Cpy11a1, Hsd3b1, Hsd17b3, and Cyp17a1, all
up-regulated (Figure 4B). The fibroblast markers, on the contrary,
significantly decreased. The average expression levels of Col5a2
and Postn reduced to 24% and 2.3%, respectively compared with
the control (Figure 4C). Western blotting confirmed these expres-
sion results in proteins (Figure 4E). Furthermore, immunofluores-
cence staining shown that the expressed NR5A1, CYP11A1, and
HSD17B3 were distributed on the appropriate locations in LLCs,
meanwhile the ratio of positive cells was higher than 90% (Fig-
ure 4F). The signaling pathway regulators themselves could not
activate TTFs to either produce testosterone or expressing en-
dogenous steroidogenic genes, demonstrating the critical roles
played by methylation/demethylation process during LLC repro-
gramming (Figure 4B and D).

To examine whether a gender may make a difference in the re-
programming, we also tried the female-derived TTFs as the start-
ing cells. The qRT-PCR results indicated that the female cells are
capable of expressing most steroidogenic genes except Cyp17a1
(Figure 4G, Figure S3A). As a consequence, these reprogrammed
cells lack of the ability to produce testosterone, suggesting an in-
trinsic gender difference in reprogramming (Figure 4H). In further
examine whether rescue Cyp17a1 expression can make the fe-
male cells to produce testosterone, we screened the gRNAs tar-
geted the promoter of Cyp17a1 and reconstructed the activating
plasmid combination (Figure S3B to D). Eventually, the cells were
capable of expressing all steroidogenic genes, including Cyp17a1,
and producing testosterone (Figure 4I to J, Figure S3E to F). These
results suggest that there is a gender difference in reprogram-
ming androgen-producing cells. However, with a little extra effort,
female-derived skin fibroblasts could also be successfully transd-
ifferentiated into androgen-producing cells.

The LC characteristics of LLCs
The steroidogenesis of LC is strictly regulated by the HPG axis in
vivo. Since both LH and hCG can bind to the LHCGR and subse-
quently trigger the testosterone synthesis, we examined whether
our reprogrammed cells also responded to hCG stimulation. Cul-
ture of the LLCs with varying doses of hCG for 24 h resulted in
different concentrations of testosterone in the media, indicating
a dose-dependent response of the cells to hCG (Figure 5A).

Besides testosterone production, we also characterized the
cells in more details. First, fully differentiated LCs lose their prolif-
erating activity (7). With the cell reprogramming, the proliferative
rate of LLCs significantly decreased compared to the TTFs. From
day 10 to day 18, the proliferative curve of LLCs was gradually
entering plateau phase, suggesting that the cell cycle had been
arrested (Figure 5B). To confirm this conclusion, we analyzed the
expression level of Ccnd1, one of LCs proliferative marker genes,
in TTFs, LCs, and LLCs. The result indicated that the expression
of Ccnd1 in LLCs was 4.6-fold lower than that of TTFs after 18 d
reprogramming (Figure 5C).

Second, insulin-like factor 3 (INSL3) is a peptide hormone con-
stitutively produced uniquely by LCs in the testes of all mammals
(21). The measurement of Insl3 mRNA level indicated clearly that
the reprogrammed cells were able to robustly produce INSL3, sup-
porting the similarity of the LLCs and LCs (Figure 5D).

Third, LCs express HSD3B1 and contain lipid droplets in their
cytoplasm. As judged by 3β-HSD histochemical staining and lipid
staining, LLCs, not TTFs, presented these typical LC features (Fig-
ure 5E and F).

Fourth, in addition to testis, both the adrenal and the ovary
also synthesize sex steroids, such as aldosterone and estrogen.
Since all steroids share a basic structure and synthetic pathway,
it is critical that the reprogrammed cells do not produce steroids
undesired. Cyp21a1 and Cyp11b2, which are important for aldos-
terone biosynthesis, and Cyp19a1, which converts testosterone
into estrogen, were not increased significantly by reprogramming,
with comparable low levels in both LLCs and TTFs (Figure 5G).
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Figure 4. The expression of steroidogenic genes and androgen productions in LLCs during reprogramming. (A) Schematic representation of TTFs
reprogramming with CRISPRa and signaling pathway regulators. (B) The expressions of steroidogenic genes during reprogramming. (C) The
comparisons of fibroblast marker genes between TTFs and LLCs after 12 d reprogramming. (D) Shifts in androgen production during reprogramming
(∗P < 0.05 and ∗∗P < 0.01, LLCs versus TTFs for androsterone; #P < 0.05 and ##P < 0.01, LLCs versus TTFs for testosterone). (E) Representative western
blotting for the steroidogenic proteins after 12 d reprogramming. (F) Immunofluorescent staining of NR5A1, CYP11A1, and HSD17B3 in LLCs and TTFs
after 12 d reprogramming. Nuclei were stained with DAPI (blue). Scale bars, 100 μm. (G, H) Gender effects on Cyp17a1 expression and testosterone
production after 12 d reprogramming. (I) The activation of Cyp17a1 in female-derived TTFs using CRISPR/dCas9-VPR and gRNA plasmid containing
cyp-gRNAs. (J) Testosterone productions of female-derived LLCs after reprogramming 6 and 12 d. All quantitative data were obtained from three
independent experiments and presented as mean ± SEM, nsP > 0.05, ∗P < 0.05, and ∗∗P < 0.01.
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Figure 5. The assessment of LLCs for LC-specific characteristics. (A) The testosterone productions of LLCs in response to hCG doses. (B) The
proliferation assays of TTFs and LLCs. (C, D) The mRNA expressions of Ccnd1 and Insl3 in TTFs, LLCs, and LCs. (E) HSD3B enzymatic staining (purple)
for TTFs, LLCs, and LCs. (F) Oil red O staining (red) of lipids with hematoxylin counterstaining (blue) for TTFs and LLCs. (G) The mRNA expressions of
Cyp21a1, Cyp11b2, and Cyp19a1 for LLCs and TTFs at 6 and 12 d reprogramming. (H) The aldosterone and estrogen concentrations produced by LLCs
after 12 d reprogramming. All quantitative data were obtained from three independent experiments and presented as mean ± SEM, nsP > 0.05,
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. Scale bars, 50 μm.
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Radioimmunoassay (RIA) results also confirmed that LLCs just
produced trace amounts of aldosterone and estrogen (Figure 5H).
In short, our procedure specifically reprogrammed TTFs into func-
tional androgen-producing cells with LC-specific characteristics.

Transcriptomic analysis of LLCs
To further characterize LLCs, the transcriptomes of TTFs, LLCs,
and LCs were investigated that detected a total of around 33,294
genes. The transcriptomic similarities and differences among the
three groups were analyzed by Pearson’s correlation coefficient
and heatmap. The coefficients between LLCs and LCs are much
higher (0.81 to 0.85) than these between LLCs and TTFs (0.32 to
0.58), confirming that LLCs is much closer to LCs than to TTFs
(Figure 6A). Detailed analysis of 3,911 DEGs between TTFs and
LLCs found 2,303 genes up-regulated in LLCs that contained all
steroidogenic marker genes and 1,608 down-regulated genes that
enriched fibroblasts marker genes (Table S7). A two-way hierar-
chical clustering analysis shown that the DEGs between LLCs and
LCs were far more close to each other than to TTFs (Figure 6B).
Clearly, LLCs displayed a distinct gene expression pattern com-
pared to those of TTFs.

Changes in the TF expression pattern reflect cell fate deci-
sions, therefore, we next investigated the tendency of TFs ex-
pression among LLCs, TTFs, and LCs. All the 1,237 TF genes were
clustered and conducted the pairwise comparison (Table S8). The
correlation coefficient between LLCs and LCs was higher than
0.96, suggesting the TFs expression pattern of LLCs is highly pos-
itive correlation with LCs (Figure 6C). The hierarchical cluster-
ing analysis further confirmed that the TF expression tendency
of LLCs was close to that of LCs (Figure 6D). To evaluate the ac-
curacy of sequencing data, several endogenous nuclear recep-
tors involving in LC steroidogenesis were confirmed by qRT-PCR.
Compared to TTFs, these TFs, such as Nr4a3, Gata4, and Nr1h3,
were significantly up-regulated (Figure 6E). Importantly, the ex-
pression of dcas9-VPR was barely detected after induction for 12
d (Figure 6F). Collectively, these results confirmed that LLCs not
only became steroidogenic, but also gained the main LC-specific
phenotypes.

Transplantation of LLCs showed beneficial
effects for treating hypogonadism
Reduction in LC numbers due to hypoplasia or apoptosis can re-
sult in lower testosterone output and hypogonadal phenotypes.
To determine the therapeutic potential of LLCs, a primary hypogo-
nadal model was constructed by injecting EDS to eliminate the ex-
isting LCs in mice testis (Figure 7A). Seven days after EDS-treated,
the serum testosterone concentration of mice was decreased to a
level barely detectable (0.078 ± 0.05 ng/ml). Subsequently, 2 × 106

LLCs were transplanted into the parenchyma of bilateral testes.
Seven days after transplantation, serum testosterone levels of
LLCs transplanted mice increased significantly compared to both
model control and TTFs transplanted groups. By 14 d, the average
serum testosterone concentration of LLCs animals was further re-
covered to approximated 75% of intact controls (Figure 7B).

In addition to mice, we also tested the therapeutic function of
LLCs in EDS-treated rat model. Very similar to mice, transplanta-
tion of LLCs to EDS-treated rat testes also increased both serum
and intratesticular testosterone levels (Figure 7C). To test whether
the transplanted cells respond to pituitary regulation, we have in-
jected the rats with hCG (10 IU) and monitored serum testosterone
for 24 h (Figure 7D). Clearly, like the intact control rats, animals re-

ceived LLCs also responded to hCG stimulation by elevating serum
testosterone levels in 2 and 6 h.

In human, in addition to reproduction, low testosterone in pri-
mary hypogonadism is also associated with other metabolic dis-
orders, such as obesity and type 2 diabetes mellitus. We next as-
sessed the potential therapeutic effects of LLCs on metabolic dis-
orders of a type 2 diabetic rat model (Figure 7E). Four weeks after
STZ treatment, the average fasting blood glucose (FBG) was about
17.38 ± 2.10 mmol/L in model rats, which was 3.1-fold higher than
that of sham operation control (Figure S4A). The LLCs were en-
capsulated in a protective, semipermeable, cellulose-based bead
and cultured for 24 h. The testosterone concentration in culture
medium of encapsulated LLCs was similar to that of unpacked
cells, indicating that the encapsulation did not affect the LH-
mediated testosterone synthesis (Figure 7F). Transplantation of
the LLCs-containing beads restored the circulating testosterone
and TC to normal levels by 21 d after the transplantation (Fig-
ure 7G and H). Surprisingly, the administration of LLCs was also
able to ameliorate hyperglycemia of diabetic animals sustainably
with minimal changes in body weight (Figure 7I, Figure S4B). Al-
though this effect was modest, the analysis of glucose tolerance
and the hemoglobin A1C concentration confirmed that the blood
glucose level and metabolic disorders of hyperglycemia were in-
deed improved by LLCs transplantation (Figure 7J and K, Figure
S4C).

Discussion
Generating testosterone-producing LLCs by either differentiation
of stem/progenitor cells or reprogramming of differentiated cells
offers a promising therapeutic tool for treating human hypogo-
nadism. Also, the studies provide unique opportunity to help us
to understand the key regulatory mechanism involved in normal
LC development. In this study, we demonstrate a rapid and robust
approach to reprogram fibroblasts into LLCs with high fidelity by
a combination of targeted activation of the selected endogenous
steroidogenic genes and of key signaling pathways by exogenous
molecules.

The methods of reprogramming or transdifferentiation can be
classified into precise gene regulation and general induction. The
former involves the precise activation of a few key TFs that will
eventually change the fate of the cells. The latter strategy, on
the contrary, usually needs an array of hormones, growth factors,
and/or small signal modifying compounds. For reprogramming ef-
ficiency and steroidogenic capacity of LLCs, the method of gene
regulation, especially based on activation of TFs, is markedly bet-
ter than other strategies (22). Importantly, the ratio of LCs char-
acteristics possessed by LLCs directly determines whether they
are suitable for in-vivo transplantation. To implement the high-
fidelity reprogramming, it is critical to alter the expression pat-
tern of global genes, especially TFs, in starting cells to mimic
that of LCs. We analyzed the associations between gene expres-
sions and DNA methylations and focused on five signaling path-
ways, including PI3K-Akt, cAMP, Hippo, Hedgehog, and TGF-β. It
has been reported that the small chemicals, such as SAG, cAMP,
forskolin, and lithium chloride, and the biomolecules, such as
LH, insulin, IGF-1, and growth factors, play important roles in
the differentiation or transdifferentiation of various cells into
LLCs (13, 15, 18, 23–27). The selection of LY2109761, an inhibitor
of TGF-β signaling pathway, was mainly based on two bioinfor-
matic evidences: (1) The KEGG results indicated that one of the
targets enriched for DEGs between TTFs and LCs was TGF-β re-
ceptor (TGFβR) type II. (2) GO annotations shown the significant
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Figure 6. Transcriptional analysis of LLCs at day 12 of reprogramming. (A) The Pearson correlations among TTFs, LLCs, and LCs based on 33,294 global
genes. (B) Heatmap comparsions of 3,911 DEGs for TTFs, LLCs, and LCs. The scale bar is in log10 format. (C) Scatter-plots and Pearson correlations of
1,237 TFs for TTFs, LLCs, and LCs. The numbers in the up-right diagonal of the plot matrix are the Pearson correlation coefficients. (D) Heatmap of all
TFs for TTFs, LLCs, and LCs. The scale bar is in log10 format. (E) Expression of endogenous transcription factor (TF) genes (Gata4, Nr1h3, and Nr4a3)
after 12 d reprogramming. (F) Expression of dCas9-VPR mRNA at 6 and 12 d reprogramming. All quantitative data, except as noted, were obtained from
three independent experiments and presented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.
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Figure 7. The functional assay of LLCs transplanted in hypogonadal rodent models. (A) Experimental procedure for LLCs transplantation in the testis
of LC-depleted mice. (B) Time course of testosterone recovery after LLCs transplantation for the EDS-treated mice. (n = 6; one-way ANOVA, ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001). (C) Serum and intratesticular testosterone concentrations maintained by LLCs after transplantation for 21 d (#P < 0.05,
versus TTFs). (D) Serum testosterone levels in response to hCG administration for three groups of animals in vivo (∗P < 0.05, ∗∗P < 0.01, LLCs versus
TTFs; #P < 0.05, ###P < 0.001, LCs versus LLCs). (E) Experimental procedure for subcutaneous LLCs transplantation to armpit of type 2 diabetic rats. (F)
Testosterone productions by LLCs and encapsulated LLCs for 1 and 3 d in culture. (G) Testosterone concentrations of type 2 diabetic rats received LLCs
or TTFs for 21 d. (H) Serum total cholesterol (TC) of type 2 diabetic rats received LLCs and TTFs for 21 d. (I) Blood glucose concentrations at 0, 7, 14, and
21 d after LLCs transplantation (n = 5; one-way ANOVA, ∗P < 0.05, versus TTFs). (J) Blood glucose levels of an oral glucose tolerance test (OGTT)
performed on rats 21 d after transplantation (n = 5). (K) Blood glucose AUC statistics. All quantitative data, except as noted, were obtained from three
independent experiments or five individual animals and presented as mean ± SEM, nsP > 0.05, ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.
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enrichments of DEGs in collagen-containing extracellular matrix
and epithelial cell proliferation that often related to TGF-β sig-
naling. Our results have proven that application of LY2109761 not
only increased the expression of steroidogenic genes, but also sup-
pressed the proliferation of induced cells. However, the elongated
treatment of LY2109761 resulted in cell apoptosis. Adding FGF-2
simultaneously was effectively prevented such side effect, which
was probably due to the fact that FGF-2 is a potent mitogen with
a capacity of antiapoptosis (28).

NR5A1 has been shown repeatedly to be critically required for
the successful differentiation of various stem cells and fibroblasts
into LLCs (22, 29). Unlike Lhcgr and Hsd17b3, the current study
found that it was difficult to sustain a high-level Nr5a1 expression
by CRISPRa system with a single gRNA. The reason may relate to
the selection of gRNAs. To avoid the off-target effect, we preferen-
tially selected the higher specificity score of gRNAs binding to the
promoter region. Unfortunately, most of them were with lower ac-
tivating efficiency. Therefore, the decision to deliver seven gRNAs
for Nr5a1 activation was made according to the synergistic effects
of multiple gRNAs (30, 31). With such a strategy, we were able to
get a robust expression of Nr5a1.

Both male and female sex steroid hormones share very similar
structure and the synthetic pathways, therefore, we want to know
whether gender makes a difference in the reprogram of TTFs. The
female-derived cells were able to express all steroidogenic genes
up to testosterone except Cyp17a1. With an extra step to stim-
ulate Cyp17a1 expression, female TTFs were successfully repro-
grammed into testosterone-producing LLCs. But, overall, the effi-
ciency of transformation and testosterone-producing ability were
significantly lower than those of male-derived cells. The differ-
ences between the two genders and the mechanisms involved de-
serve further investigation. It is possible that the sex chromosome
plays an important role in the transdifferentiation process, and
the female-derived LLCs may have higher propensity to form ovar-
ian steroidogenic cells (32–34).

Multiple generations of LCs have been identified in mammalian
testes. For rodents, the postnatal development of the adult LC pop-
ulation undergoes four phases: stem Leydig cells (SLCs), progeni-
tor Leydig cells (PLCs), immature Leydig cells (ILCs), and adult Ley-
dig cells (ALCs). SLCs do not synthesize any androgens, while PLCs,
ILCs, and ALCs produce androsterone, 5α-androstane-3α,17β-diol,
and testosterone as final product, respectively (20, 35). During
induction in vitro, the major androgen produced by LLCs trans-
formed quickly from androsterone to testosterone, suggesting
that the reprogramming of LLCs implemented a similar develop-
mental process of LC lineage in vivo.

In this study, transplantation of LLCs inside or outside the testis
were able to survive and increase the serum testosterone concen-
tration, indicating that the niche of testicular interstitium is not
a must for the survival and functions of transplanted LLCs. If not
considering spermatogenesis, it could be more feasible, easier to
accept, and less damaging to the reproductive organ with trans-
plantation of LLCs outside the testis. As for the lower intratesticu-
lar testosterone concentrations obtained by LLCs-treated animals
than these of intact control group, the reason may relate to the
fewer LLCs transplanted compared to the full LC population gen-
erated naturally (about 70 million LCs in both rat testes) (36).

Androgen plays an important role not only in reproduction,
but also in general metabolism of the body. Androgen defi-
ciency results in reduced fertility, sexual dysfunction, decreased
muscle formation and bone mineralization, disturbances of fat
metabolism, and cognitive dysfunction (37). Moreover, low testos-
terone level and the major metabolic diseases such as type 2

diabetes mellitus, metabolic syndrome, cardiovascular disease,
and osteoporosis appear closely connected, forming a vicious cy-
cle that leads to further hypogonadism (38). Clinically, testos-
terone deficiency is associated with impaired fasting glucose and
insulin resistance in diabetic males, while supplementation of
testosterone can promote insulin sensitivity and maintain glu-
cose homeostasis. Our results indicated that the blood glucose
concentration of STZ-treated rats was improved sustainably in ac-
companied with the restoration of testosterone level by LLCs. This
insulinotropic effect of testosterone may be related to the stimu-
lation of islet insulin synthesis or the activation of the androgen
receptors to enhance glucose-stimulated insulin secretion (39–42)
among others.

In summary, we established an epigenetic strategy to repro-
gram rat skin-derived fibroblasts into LLCs with high fidelity. The
cells gained much better traits of real LCs. The transplantation of
LLCs inside or outside the testis can significantly restore serum
testosterone in hypogonadal models. Moreover, the LLCs have the
therapeutic potential for diabetes remission. By optimizing gRNA
combinations and signaling pathway modulators, this approach
may also be feasible in reprogramming human fibroblasts into
functional LLCs. Our study lays a foundation for the development
of human LLCs for the future clinical application in treating male
hypogonadism and metabolic disorders.

Materials and methods
Chemicals and reagents
Information about chemicals, cell culture media, antibodies,
primers of quantitative polymerase chain reaction, and primers
for constructing the expression cassette of guide RNAs (gRNAs)
are summarized in Table S1 to S4.

Isolation and culture of TTFs and LCs
The tail tip dermal fibroblasts (TTFs) were isolated from the adult
male SD rat (postnatal 90 d). Briefly, three tails were sterilized with
70% ethanol and rinsed three times with PBS. Then the outside
skin was removed from the tails and minced into 0.2 to 0.5 cm
pieces with scissors. These fragments were placed into T75 cell
culture flasks, added 10 mL expanding media (DMEM containing
10% FBS and 1% antibiotic solution) and cultured at 37◦C for 4
d. The tail tissues were then removed without disturbing the ad-
herent fibroblasts. The cells were splitting 1:3 for passaging with
0.05% trypsin for 1 to 2 min when they reached 90% confluence.

For the isolation of primary LCs, testes of 40 postnatal 21 d
rats were enzymatically dispersed with 0.25 mg/mL collagenase
D in Medium 199 for 10 min at 34◦C. The dispersed cells were fil-
tered through two layers of 100-μm pore size nylon mesh, cen-
trifuged at 250 × g for 10 min, and resuspended in 55% isotonic
Percoll to separate cells by buoyant density. After centrifugation
at 23,500 × g for 45 min at 4◦C, the fraction of LCs with densities
between 1.068 and 1.070 g/mL was collected. The purity of iso-
lated LCs was more than 93% according to the 3β-hydroxysteroid
dehydrogenase (3βHSD) activity staining.

The analyses of whole genome methylation and transcriptome
of the TTFs on passage 2 to 3 and the freshly isolated LCs, were
performed by Biomarker Technologies Corporation, Beijing, China
(http://www.biomarker.com.cn/).

DNA methylation analysis and DMGs detection
DNA was extracted from TTFs and LCs using cetyltrimethyl
ammonium bromide (CTAB) following standard procedure. DNA

http://www.biomarker.com.cn/
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methylation library was constructed and analyzed by reduced
representation bisulfite sequencing (RRBS) on Illumina HiSeq
X Ten (Illumina Inc., San Diego, CA, USA) platform. Raw data
were preprocessed using the pipeline. Sequencing data were first
trimmed and aligned to Genome Reference using Trim Galore and
Bowtie2, respectively (43, 44). The coverage outputs from Bismark
were imported to R package BiSeq to smooth the methylation
level. DMRs were identified using software (45). The different level
of DMRs between the TTFs and the LCs was evaluated by methdif
value (TTFs versus LCs). The DMRs with methdif value less than
−0.2 or higher than 0.2 were classified as hypomethylation and
hypermethylation regions, respectively. Then, DMGs were defined
as genes whose promoter or gene body regions overlapped with
single or multiple DMRs (46).

DEGs detection and their integrative analysis
with DMGs
Samples for RRBS were also done for transcriptomic analysis.
Total RNA was extracted from each sample by TRlzol reagent
according to the instruction manual and the mRNA was iso-
lated subsequently. The cDNA libraries were constructed, and
sequenced by an Illumina HiSeq platform. DESeq and the FDR-
adjusted P-value were employed and used to evaluate DEGs based
on the ratio of the fragments per kilobase of exon per million frag-
ments mapped (FPKM) values. The DEGs (TTFs versus LCs) were
identified and then divided into up- and down-expression groups
with fold change value ≥ 2 or ≤ 0.5, and P-value < 0.01.

The enrichment analysis of KEGG pathway was performed us-
ing the genes with the inverse relationship of expression and
methylation (TTFs versus LCs). For PPI enrichment, the analy-
sis was carried out with the databases STRING and BioGrid and
shown through the resultant network containing the subset of
proteins that form physical and functional interactions. These en-
richment analyses were performed by METASCAPE (version 3.5,
https://metascape.org/) (47) and DAVID software (Database for
Annotation, Visualization and Integrated Discovery, version 6.8,
http://david.abcc.ncifcrf.gov/).

Construction of the gRNAs expression vectors
The single or all-in-one gRNAs expression vectors were con-
structed according to the instructions of multiplex CRISPR/Cas9
assembly systems kit with some modification (48). Briefly, the orig-
inal vectors in kit, pX330A-dCas9-1 × 7 and pX330A-dCas9-1 × 4,
were digested using EcoR V and Pml l endonucleases to destroy the
dCas9 gene. These treated vectors were named pX330A-1 × 7 and
pX330A-1 × 4, respectively. The gRNAs targeted the promoters of
Nr5a1, Lhcgr, and Hsd17b3 were obtained from the on-line proto-
col (http://crispr-era.stanford.edu/index.jsp). The detailed proce-
dure for constructing gRNA vectors can be found in Supplemen-
tary Material.

The activation of targeted genes mediated by
CRISPRa or signaling pathway regulators
The TTFs were prepared from 10 male or female rats (postnatal
day 7) and used within three passages. To evaluate the activat-
ing effect of targeted genes, TTFs were inoculated to 6-well plates
(3 × 105 cells/well) in DMEM/F12 with 10% FBS and cultured for
12 h. Total of 2.5 μg DNA of PB-TRE-dCas9-VPR and recombinant
gRNA vectors was transfected into the TTFs according to the in-
struction of Lipofectamine 3000 reagent. After 6 h incubation, the
medium was replaced with fresh DMEM/F12 with 10% FBS, and
changed every 2 d.

To evaluate the activating function of signaling pathway regu-
lators, the TTFs were cultured with reprogram inducing medium
(DMEM-F12 containing 10% FBS, 0.5 μM SAG, 10 ng/mL LH, 1 mM
dbcAMP, 10 ng/mL FGF-2, and 1 × ITS) for 6 d. The medium was
replaced every other day. For the evaluation of TGF-β signaling
pathway, TGF-β inhibitor LY2109761 (5 μM or 10 μM) was added
into the medium. Then, the TTFs were transfected with CRISPR-
activating combinations and cultured with inducing medium con-
taining LY2109761 for 6 d. All experiments described above were
repeated three times and the expression of steroidogenic genes
was analyzed by qRT-PCR.

The generation of LLCs
The schematic illustration of differentiating stages from TTFs into
LLCs is shown in Figure 4A. On stage 1, TTFs were cultured in 6-
well plates (3 × 105 cells/well) with DMEM-F12 containing 10%
FBS and incubated for 12 h at 37◦C under 5% CO2. Then the cells
were transfected with the reprogramming vector combinational
solution (1.8 μg PB-TRE-dCas9-VPR and 0.7 μg all-in-one gRNA
expression vectors) by Lipofectamine 3000 for 6 h. Discarded the
medium, the cells were cultured with reprogram inducing media
1 (namely RIM 1, DMEM/F12, 10% FBS, 0.5 μM SAG, 10 ng/mL LH,
1 mM dbcAMP, 10 ng/mL FGF-2, 5 μM LY2109761, and 1 × ITS)
for 3 d. On day 4, when the cells reached ∼90% confluence, they
were digested and reseeding into 6-well plates (3 × 105 cells/well),
the second transfection was conducted. Similar to the protocol of
first transfection, the cells were continuously inoculated with re-
programming vectors and cultured with RIM1 for 2 d. On stage 2,
the reprogram inducing media 2 (namely RIM 2, DMEM/F12, 10%
FBS, 0.5 μM SAG, 10 ng/mL LH, 1 mM dbcAMP, and 1 × ITS) were
used to promote the cells differentiation into LLCs. This cultural
stage lasted 6 to 12 d and the medium was changed every 2 d. Af-
ter reprogramming, the functional analysis and RNA-Sequencing
were performed for LLCs and TTFs.

Androgen assays by UHPLC-MS/MS
The culture media of LLCs were collected at day 6, 8, 10, and 12
of reprogramming process. Androsterone and testosterone were
assayed simultaneously by ultra-high-performance liquid chro-
matography coupled with triple quadrupole mass spectrometry
method (UHPLC-MS/MS) (49). In brief, 180 μL media of each sam-
ple were mixed with 90 μl methanol and 90 μl steroids solu-
tion containing ethinylestradiol (450 pg/mL) and norethisterone
(1 ng/mL). After adding 1.2 mL methyl-tert-butyl ether and vortex
for 2 min, the upper organic phase was separated and evaporated
using nitrogen. The dried residue was dissolved in methanol and
performed the analysis. The assay sensitivities of androsterone
and testosterone were 0.002 μg/L and 0.005 μg/L, respectively. The
data were collected in centroid mode and processed using Massl-
ynx 4.1 software and Quanlynx program (Waters Co.). The results
from four separated experiments were averaged for the statistical
analysis.

The RIA of testosterone, estradiol, and
aldosterone
The RIA of the steroid concentration was performed as described
previously. Briefly, the standards, controls, and samples (50 μL,
in duplicate) were dispensed into numbered tubes. Subsequently,
100 μL of the I125-labeled tracer and 100 μL of the primary anti-
body were added to the appropriate tubes. The tubes were shaken
for 10 s and incubated in a water bath for 1 to 3 h at 37◦C. Then, 500
μL of the secondary antibody was added to all of the tubes (except

https://metascape.org/
http://david.abcc.ncifcrf.gov/
http://crispr-era.stanford.edu/index.jsp
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the total count tubes), and the mixture was incubated for 15 min
at room temperature. The tubes were then centrifuged at 1800 × g
and 4◦C for 15 min. The supernatants were decanted, and the ra-
dioactivity in the precipitate was counted for 1 min. The sensitiv-
ity of the assay systems was less than 0.05 μg/L. The intra-assay
and inter-assay variations were less than 10% and 15%, respec-
tively.

Transplantation of LLCs in vivo
The “LC knock-out” rodent models were used to test the ef-
fect of LLCs on the treatment of primary hypogonadism (17). To
eliminate existing LC population, a single intraperitoneal injec-
tion of EDS (100 mg/kg) were administered to adult C57BL/6 J
mice or SD rats. The reprogrammed LLCs at day 12 of cul-
ture were collected and resuspended in PBS for transplanta-
tion. About 1 × 106 cells/50μL PBS were transplanted into the
parenchyma of recipient mice testis at 7 d post EDS-treatment.
The EDS-treated mice that received TTFs were served as neg-
ative control. The serum were collected at 0, 7, and 14 d after
transplantation.

To assess the intratesticular testosterone concentra-
tions, we transplanted LLCs and TTFs into the testes of
EDS-treated rats (1 × 106 cells/testis). After transplanta-
tion for 21 d, the serum and the interstitial fluid of ani-
mals were collected according to the previous method (50).
The concentrations of testosterone were assayed by RIA
method.

Transplantation of LLC to armpit of diabetic rats
To evaluate the potential benefits of LLCs on the improvement
of diabetic-related phenotypes, STZ-induced type 2 diabetic rat
model was used. The reprogrammed LLCs at day 12 were col-
lected and encapsulated into the porous beads according to the in-
structions of Cell-in-a-Box Encapsulation Kit. Briefly, 2 × 106 cells
were packed and resuspended in a 1.5 mL microcentrifuge tube
with 1 mL Solution 1. The cell suspension was then dispensed in
droplets into Solution 2 diluent. After dispensing the last droplet,
stir for 5 min. The capsules were collected, washed five times by
PBS and incubated in a 6-well plate with RIM 2 medium at 37◦C for
24 h. These capsules were transplanted subcutaneously to armpit
of the diabetic rats (n = 5, 2 × 106cells/rat). The positive control
group were the diabetic rats that had received a transplantation
of TTFs. The concentrations of testosterone and fast blood glu-
cose in serum were examined at 0, 7, 14, and 21 d after transplan-
tation. The concentration of hemoglobin A1c (HbA1c) was also
analyzed at 21 d using A1C Now+ System (PTS Diagnostics, IN,
USA).

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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