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Background and Objectives: Spermatogonial stem cells (SSCs) are the most primitive cells in spermatogenesis and
are the only adult stem cells capable of passing on the genome of a given species to the next generation. SSCs are
the only adult stem cells known to exhibit high Oct4 expression and can be induced to self-reprogram into pluripotent
cells depending on culture conditions. Epigenetic modulation is well known to be involved in the induction of pluri-
potency of somatic cells. However, epigenetic modulation in self-reprogramming of SSCs into pluripotent cells has
not been studied.

Methods and Results: In this study, we examined the involvement of epigenetic modulation by assessing whether self-
reprogramming of SSCs is enhanced by treatment with epigenetic modulators. We found that second-generation se-
lective class I HDAC inhibitors increased SSC reprogramming efficiency, whereas non-selective HDAC inhibitors had
no effect.

Conclusions: We showed that pluripotent stem cells derived from adult SSCs by treatment with small molecules with
epigenetic modulator functions exhibit pluripotency i vitro and in vivo. Our results suggest that the mechanism of
SSC reprogramming by epigenetic modulator can be used for important applications in epigenetic reprogramming
research.
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pression in somatic and differentiated cells is maintained
by characteristic patterns of DNA methylation and histone
modifications, and successful reprogramming should re-es-
tablish all of these epigenetic modifications to a pluripotent
state at the whole-genome level (5).

Spermatogonial stem cells (SSCs), unipotent germ cells
programmed for spermatogenesis, are the most important
cells in spermatogenesis (6) and are responsible for pass-
ing on genetic information to the next generation. SSCs
are the only adult cell type expressing Oct4, which is es-
sential for reprogramming somatic cells into induced
PSCs (7-10). Our previous study reported that SSCs can
be reprogrammed into germline-derived PSCs (gPSCs)
and can be converted to a pluripotent state in vitro without
the presence of exogenous factors in defined culture con-
ditions with feeder cells (11). However, in these conditions,
the involvement of feeder cells in epigenetic modification
during reprogramming cannot be excluded. Therefore, a
method for inducing pluripotency in feeder-free conditions
was needed, and we later developed a feeder-free culture sys-
tem, thus excluding their effect (12). In this system, the
mechanism of SSC self-reprogramming can be studied be-
cause only homogeneous SSCs are used without the inter-
vention of feeder cells.

In chemical reprogramming that reprogramming meth-
od excluding transgene, small molecules with epigenetic
modification functions are used for induction of pluri-
potency in somatic cells. Since pluripotency induction is
impossible without such small molecules, epigenetic mod-
ification appears to be essential for pluripotency acquis-
ition (13). However, the mechanism of epigenetic mod-
ification related to self-reprogramming of SSCs and re-
programming of somatic cells has not yet been elucidated.
In this study, we screened small molecules that modulate
various epigenetic modifications such as DNA methyla-
tion and histone deacetylases (HDACs) and used them to
investigate the involvement of epigenetic modulation in
the self-reprogramming of SSCs on the basis of the exist-
ing feeder-free reprogramming induction method.

Materials and Methods

Cell culture

Establishment of SSCs from Oct4-GFP/LacZ transgenic
mice (C57BL/6 background) and Oct4-GFP transgenic
mice (C57BL/6 background) was described previously (9,
11, 14) SSCs, gPSCs, feeder-free system for derivation of
gPS cells (FF-gPSCs), and ESCs were generated and char-
acterized in previous studies and were cultured according
to protocols presented previously (9, 12, 15).

Small molecules screening and pluripotency induction
using small molecule

For screening of small molecules inducing pluripotency,
SSCs were seeded in Matrigel (Corning, Manassas, VA,
USA)-coated 96-well plates. After 1 day, the Screen-Well
Epigenetics library (Enzo Life Sciences, Doral, FL, USA)
and 7 molecules (16) were each added to the culture me-
dium (Supplementary Table S1). The library and the 7
molecules were dissolved in DMSO (Sigma-Aldrich, Saint
Louis, MO, USA).

For pluripotency induction SSCs were seed at a density
of 1x10° cells per well in 24-well plates coated with Matrigel
and cultured in expansion medium (9). The next day, me-
dium was replaced with a medium containing 5 ~«M CI-
994, 0.3 1M mocetinostat, or 1 2M entinostat and was
changed every day for 4 days. Then the medium contain-
ing the three small molecules was replaced with expansion
medium, which was changed every 2 days until Oct4-GFP
colonies were formed.

Colony counting

SSCs were plated at 2.5x10° cells per well in 24-well
plates or 5x10° cells per well in 12-well plates and cul-
tured to observe gPSC conversion. After 4 weeks, GFP-
positive colonies were counted to calculate self-reprogram-
ming efficiency.

RT-PCR analysis

Total RNA was isolated by using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). Total RNA (500 ng) was re-
verse-transcribed by using the OmniscriptRT Kit (Qiagen)
in a total volume of 20 «1. PCR analysis was performed
with gene-specific primers and Takara Ex Taq DNA poly-
merase (TaKaRa Bio Inc., Kusatsu, Shiga, Japan) accord-
ing to the manufacturer’s instructions. The PCR conditions
were as follows: 32 cycles at 94°C for 30 s, 50~65°C for
30 s, and 72°C for 30 s. The RT-PCR products were ana-
lyzed by electrophoresis in 1% agarose gels. Primer se-
quences are listed in Supplementary Table S2.

Microarray analysis

The microarray study was carried out using Illumina
Mouse Ref-8v2.0 Expression BeadChips (Illumina Inc.,
San Diego, CA, USA) as previously described (9, 11, 14).
Quality-checked cDNA samples were hybridized for 18 h
with the BeadChips, washed, stained, and scanned follow-
ing the guidelines and using materials and instrumentation
supplied or suggested by the manufacturer.
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Flow cytometry

SSCs were blocked with 0.5% BSA (Sigma-Aldrich) in
PBS and stained with Alexa Fluor™ 647 Mouse Anti-
SSEA-1 (BD Biosciences, Franklin Lakes, NJ, USA) for
30 min at room temperature (RT). Samples were analyzed
using FACSAria ITu (BD Biosciences) and FlowJo v10
software (BD Biosciences).

Immunocytochemistry analysis

Cells were fixed in 4% paraformaldehyde (Sigma-
Aldrich) for 15 min at RT, washed 3 times with DPBS, and
then incubated in DPBS containing 0.5% Triton X-100
(Sigma-Aldrich), 1% BSA fraction V (Sigma-Aldrich), and
10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA)
for 10 min at RT. The cells were briefly rinsed with DPBS
and incubated with primary antibodies overnight at 4°C or
for 1 h at RT. The cells were then washed with 0.5% BSA
(Sigma-Aldrich) in PBS and incubated with secondary anti-
bodies (anti-mouse IgG or anti-mouse IgM; 1 : 200; R&D
Systems Inc., Minnesota, USA) for 1 h at RT. Nuclei were
stained with 4’-6-diamidino-2-phenylindole (Dapi; Sigma-
Aldrich). Information on antibodies is provided in Supple-
mentary Table S3.

DNA methylation analysis

Cells were washed with PBS, and genomic DNA was
isolated using the Total DNA Extraction kit (Intron,
Liberty Lake, WA, USA) according to the manufacturer’s
protocol. Genomic DNA was treated with Epi-Tech
Bisulfite (Qiagen) according to the manufacturer’s recom-
mendations and used for PCR amplification. The PCR
products were cloned using the PCR Cloning kit (Qiagen).
Primer sequences are listed in Supplementary Table S4.

In vitro differentiation of Cl-gPSCs

To differentiate CI-gPSCs into three germ layers, pre-
viously described protocols (17, 18) were applied to embryoid
bodies derived from gPSCs. Embryoid bodies were attached
to a gelatin-coated plate and cultured in MEF medium until
beating cells were formed. MEF medium was Dulbecco’s
modified Eagle’s medium (DMEM) low-glucose (Welgene,
Gyeongsan, Korea) with the following supplements: 10%
FBS (Gibco), 50 #M B -mercaptoethanol (Gibco), 1Xpen-
icillin-streptomycin (Welgene), and 1Xminimal essential
medium non-essential amino acids (Gibco).

Chimera formation

CI-gPSCs were aggregated with denuded post-com-
pacted 8-cell-stage embryos retrieved from mice (C57BL/6
albino) at 2.5 days post coitum (dpc). Clumps of loosely

connected gPSCs (10~20 cells) after short trypsin treat-
ment were selected and transferred into microdrops of
KSOM mouse embryo medium containing 10% FBS
(Gibco) under mineral oil. Each clump was placed in a
depression in the microdrop. Batches of 30 to 40 embryos
were briefly incubated with acidified Tyrode’s solution un-
til the zona pellucida was degraded. A single embryo was
placed into each clump. All aggregates were cultured at
37°C in a humidified atmosphere containing of 5% CO,.
After 24 h, the majority of the aggregates had formed
blastocysts. Approximately 11 to 14 aggregated embryos
were transferred into the uterine horn of 2.5-dpc pseudo-
pregnant mouse.

Results

Induction of pluripotency in SSCs by small molecules

To induce pluripotency in SSCs by epigenetic regu-
lation, SSCs were treated with of Screen-Well Epigenetics
library or 7 molecules at 1~10 ~#M (16) and small mole-
cules involved in reprogramming were selected according
to the intensity of Oct4-GFP. The Oct4-GFP-positive
gPSC population increased in CI-994, a HDAC class I in-
hibitor, -treatedSSCs (Supplementary Fig. S1). To de-
termine the optimal concentration, SSCs were treated with
CI994 at 0.1~100 ~M to find the concentration at which
cell death did not occur even with continuous exposure
(Supplementary Fig. S2). Treatment for 4 days at a high-
est concentration of 5 #M did not induce cell death, and
GFP-positive colonies appeared 8 days after removal the
small molecules (Fig. 1A and 1B). Oct4-GFP-positive
CI-gPSCs had grown similar morphology as mESCs in
feeder-free culture (Fig. 1C). Positivity for alkaline phos-
phatase, SSEAI, and Nanog indicated that CI-gPSCs ex-
pressed pluripotency markers (Fig. 1C). To verify the re-
programming efficiency of CI-994 under the optimized
conditions, we compared Oct4-GFP-positive colony for-
mation with or without CI-994 treatment (Fig. 1D). We
observed that the number of Oct4-GFP-positive colonies
in CI-994 was higher than control group. These results
suggest that CI-994, induces and promotes self-reprogram-
ming of SSCs.

Gene expression profile of Cl-gPSCs

RT-PCR results indicated that CI-gPSCs expressed the
pluripotency-associated genes Oct4, Nanog, Esgl, Fgf4,
Cripto, Rex1, Eras, and Utfl (Fig. 2A). Scatter plots of mi-
croarray analysis demonstrated the difference in gene ex-
pression patterns between CI-gPSCs and SSCs and sim-
ilarity between CI-gPSCs and ESCs (Fig. 2B). Hierarchi-
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Fig. 1. Pluripotency induction into gPSCs using small molecule CI-994. (A) Schematic of pluripotency induction into GFP-positive gPSCs
using Cl-994 treatment. (B) Time frame to convert SSCs to gPSCs. (C) Phase contrast and positive for alkialine phosphatase (AP), SSEA-1,
and Nanog of CI-gPSCs. (D) Number of Oct4-GFP-positive gPSC colonies depending on Cl-994 treatment. Scale bars: 200 ~«m (B) and
100 ¢m (O).



Yukyeong Lee, et al: Enhancement of Reprogramming by Inhibition of Class I HDAC 31

A B
oot S ———
o R
Esgr IR -
Foft (i g
cripto TR °
P @
[EE SR - S S S - — | 2
Eras i 2
il =~ oo e o oy == oo | e
pactn [ ——————
O O O s v N v D, &
o 9 O @ ¢ @ ¢ @ ¥
%@g)c\?oc\)ooéoc(\’oo(\?o%
§888E
& L& & o &
-20 0.0 +2.0
C
N © N 9, >

& 4 e e e
N N
& o o

Pou5f1
Nanog
Gdf3
Utf1
Esrrb
Slc2a3
Eras
Zfp296
Zfp42

CIl-gPSC clone 1

SSsC

Oct4 Nanog
Ch17; NC_000083.6 Ché; NC_00072.6

ol

35505647 35505838 122707440 122707626

Cl-gPSC  FF-gPSC gPSC ssc

ESC

Fig. 2. Cellular and molecular characterization of Cl-gPSCs. (A) RT-PCR analysis of pluripotency marker genes in ESCs, SSCs, gPSCs, FF-gPSCs
(clone 1~2), CI-gPSCs (clone 1~3), and MEFs. &-actin was used as a loading control. (B) Comparison of global gene expression between
Cl-gPSCs and SSCs (left), and between Cl-gPSCs and ESCs (right). (C) Hierarchical clustering and a heatmap analysis of MEFs, SSCs, FF-gPSCs
(clone 1 and 6), Cl-gPSCs (clone 1, 2, and 3), gPSCs, and ESCs. (D) Bisulfite genomic sequencing of promoter regions of Oct4 and Nanog in
SSCs, gPSCs, FF-gPSCs, Cl-gPSCs, and ESCs. Open and filled circles indicate unmethylated and methylated CpGs, respectively.

cal clustering and heatmap analysis revealed that global
gene expression of CI-gPSCs was more similar to that of
gPSCs and ESCs than to that of FF-gPSCs, SSCs, and
MEFs (Fig. 2C). Bisulfite sequencing analysis showed that
Oct4 and Nanog were hypomethylated in ESCs, gPSCs,
FF-PSCs, and CI-PSCs, but were hypermethylated in SSCs
(Fig. 2D). Taken together, these results demonstrate that
the cellular and molecular characteristics of CI-gPSCs
were very similar to those of ESCs and other gPSCs.

In vitro and /n vivo differentiation of Cl-gPSCs

We carried out in vitro and in vivo differentiation to
confirm the pluripotency of CI-gPSCs. We investigated
differentiation of CI-gPSCs in embryoid bodies into three
germ layers and observed differentiated cells positive for
AFP, an endoderm lineage marker «-SMA, a mesen-
chymal cell marker; and Tujl, a neuronal cell marker
(Fig. 3A~C). The presence of the three germ layers
proved that CI-gPSCs could differentiate in vitro. To con-
firm the in vivo differentiation potential of CI-gPSCs, we
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transplanted them into immunodeficient mice to generate
teratomas. Within 4 weeks of transplantation, teratomas
formed. In the H&E analysis, staining of a teratoma sec-
tion revealed that tissues contained all three germ layers,
confirming that CI-gPSCs differentiated into the endo-
derm (gland), mesoderm (muscle), and ectoderm (neural
rosette) (Fig. 3D~F). The presence of teratomas contain-
ing three germ layers showed that CI-gPSCs could differ-
entiate in vivo. To further assess the pluripotency of CI-
gPSCs, we investigated chimera formation. The chimera
analysis showed the contribution of CI-gPSCs to all three
germ layers—endoderm (gut), mesoderm (skeletal muscle),
ectoderm (skin)—and to germ cells, as confirmed by the
presence of Oct4-GFP-positive cells in the fetal gonads of
chimeric embryos (Fig. 3G~1I). These results clearly show
that CI-gPSCs not only differentiate into the three germ
layers, but also have pluripotency to contribute to the
germline.

DNA methylation patterns of H19 and Snrpn in SSCs
and CI-gPSCs are similar

The DNA methylation patterns of differentially methy-
lated regions (DMRs) are known not to change even after
SSCs are converted to gPSCs (9). Therefore, we sought to
confirm that methylation of DMRs of the paternally im-

Fig. 3. Pluripotency of Cl-gPSCs. (A~
O In witro differentiation into three
germ layers. Stained cells positive in
AFP, aSMA, and Tuj1. (D~F) H&E
staining of teratoma-derived tissues.
(G) Staining for A-galactosidase of
chimeric mouse. (H~1) Fetal gonads
from embryo. White arrows indicate
Oct4-GFP-positive SSCs in the gonad.
Scale bars: 25 «#m (A~G), 100 «m
(D~F).

printed gene HI9 and maternally imprinted gene Swurpn
were maintained in the same CI-gPSCs as gPSCs and
feeder free derived gPSCs generated previously (19).
Bisulfite sequencing analysis revealed that H79 was hyper-
methylated, whereas Snrpn was hypomethylated (Supple-
mentary Fig. S3) in CI-gPSCs.

Class | histone deacetylase inhibitor enhances
reprogramming efficiency of SSCs into pluripotent
stem cells

CI-994 belong to class I HDAC inhibitors (Supplemen-
tary Table S5). To test whether various HDAC inhibitors
would affect reprogramming, were carried out SSC re-
programming experiments using HDAC inhibitors of vari-
ous classes. Oct4-GFP colonies were appear after 4 days of
treatment with 0.3 «M mocetinostat or 1 ~«M entinostat,
which are also class I HDAC inhibitors, followed by a week
of incubation without HDAC inhibitors (Fig. 4A and 4B),
whereas Oct4-GFP was not observed after treatment with
inhibitors of other HDAC classes such as valproic acid
(data not shown). After treatment of SSCs with CI-994, mo-
cetinostat, and entinostat the number of colonies was ap-
proximately 4.5, 11.6, and 2.2 times that of untreated SSCs,
respectively (Fig. 4C). These results indicate that class I
HDAC could act as a barrier in SSC reprogramming and
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Fig. 4. Conversion of SSCs into gPSCs using Class | HDAC inhibitors
mocetinostat and entinostat. (A) Experimental scheme for compar-
ison of self-reprogramming efficiency of SSCs by HDAC inhibitor
types. (B) Phase contrast photomicrograph and fluorescence images
of Oct4-GFP in 0.5 1+M mocetinostat and 1 M entinostat treated
SSCs. (C) Number of GFP-positive gPSC colonies depending on
class I HDAC inhibitor type. Scale bars: 100 zm.

their inhibition by small molecules such as mocetinostat
improves the efficiency of reprogramming.

Discussion

SSCs are the only adult stem cells expressing Oct4 capa-
ble of self-reprogramming through pluripotency induction
in defined culture conditions only without introducing

specific genes or treatment with small molecules that are
capable of epigenetic control for pluripotency induction
(9, 11, 14). We tried to increase the efficiency of convert-
ing these SSCs into gPSCs through chemical screening.
Although a close relation between somatic cell reprogram-
ming and epigenetic modulation is known, studies on epi-
genetic modulation related to self-reprogramming of SSCs
are still insufficient. In this study, we screened various ep-
igenetic modulators to test whether epigenetic modulation
is also related to the induction of pluripotency in SSCs,
and found through the use of an Oct4-GFP reporting cell
line that CI-994, a selective inhibitor of class I HDAC,
can convert SSCs to gPSCs by further increasing the ex-
pression of endogenous Oct4. This suggests that the ex-
pression of endogenous Oct4 in the early culture stage may
be related to the self-reprogramming of SSCs.

Studies aimed at improving the efficiency of Oct4 in re-
programming suggested that, since specific epigenetic
modifications act as a barrier to reprogramming, removing
these epigenetic modifications through genetic inactivation
or chemical inhibition using small molecules can activate
the expression of endogenous Oct4 to enhance reprogram-
ming efficiency (20). These findings are consistent with
our study, in which the expression of Oct4 was increased
by removing the barrier to reprogramming using small
molecules, thereby facilitating self-reprogramming.

In previous studies, several strategies have been devel-
oped to improve the efficiency of reprogramming using
small molecules such as HDAC inhibitors (21). In many
studies, transcription factors that enable induce pluri-
potency were replaced with compounds. Valproic acid
(VPA) reprogrammed somatic cells with Oct4 and Sox2 by
replacing c-Myc, and this combination increased induced
pluripotent stem cells (iPSCs) colony numbers by 50-fold
(22, 23). Human fetal fibroblasts were reprogrammed to
pluripotency in culture supplemented with the HDAC in-
hibitors 5-azacytidine (5, 22), RGI108 (24), TSA, and
SAHA (22, 23). These findings imply that inhibition of
a HDAC has a significant impact on the efficiency of re-
programming and are in part consistent with the results
of our study, which found improved conversion of SSC-de-
rived PSCs due to increased Oct4 expression by the
HDAC inhibitors CI-994, mocetinostat, and entinostat.

However, not all of the small molecules tested showed the
same effect in our study. VPA, a comprehensive epigenetic
modulator, was not effective (data not shown). Although
most studies on the effects of epigenetic modifications on
reprogramming efficiency used somatic cells, our study is
unique in that it used germ cells. Considering that pluri-
potency could not be induced in cancer cells (16, 25) even
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using same method that induce pluirpotency from somatic
cells, the difference in the effects of these small molecules
appears to be due to the cell type-dependent. Our study sug-
gests that different epigenetic modification mechanisms
may need to be engaged in different cells to induce pluri-
potency, as such mechanisms differ in different cells.

Although TSA and SAHA selectively inhibit class I
HDAC, like the chemicals we found, they did not show
any effect in our study. These results seem to require more
detailed HDAC control. Inhibition of specific HDACs is
known to increase reprogramming efficiency (26). TSA in-
hibits HDAC 1, 3, 4, 6, 10, and SAHA inhibits 1, 3.
Among the compounds that showed an effect on SSCs,
CI-994 inhibits 1, 2, 3, 8, mocetinostat inhibits 2, 3, 11,
and entinostat inhibits 4, 6, 8, and 10. Therefore, the
mechanism of acquiring pluripotency in SSCs appears to
be related to the inhibition of HDAC 2 and 8, which be-
long to class I HDAC. The reports that selective inhibition
of HDAC 8 increases the expression of the pluripotency
marker genes Oct4, Nanog, and Sox2 and that selective in-
hibition of HDAC 2 increases that of Oct4 and Nanog are
support the correlation between inhibition of HDAC 2
and 8 and pluripotency (26, 27). However, as mentioned
above, pluripotency induction mechanisms differ depend-
ing on the cell type, our hypothesis that HDAC 2 and 8
relate with pluripotency may be a mechanism that is spe-
cific to SSCs, which already express Oct4, unlike somatic
cells.

HDACs are classified into four classes according to
structure, enzyme function, intracellular localization, and
expression pattern (28, 29); among them, Class I, which
is selectively inhibited by small molecules that were effec-
tive in our study, is closely related to development (30).
Oct4, a gene essential for pluripotency induction, has
functions related to early embryonic development, germ
cell maintenance, stem cell pluripotency, and cell re-
programming (31-35). From these and our findings, it can
be inferred that class I HDAC is closely related to Oct4
expression and reprogramming, and inhibition of HDAC
2 and 8 of this class may play a major role in inducing
pluripotency. However, further studies are needed to un-
derstand the link between class I HDAC in general or spe-
cifically HDAC 2 and 8, and Oct4 in the self-reprogram-
ming of SSCs.

In this study, we found that class I HDAC inhibitors
are highly efficient in SSC reprogramming, suggesting that
class I HDACs play an important role in the reprogram-
ming of SSCs. This result suggests that epigenetic modu-
lation is critical for induction of pluripotency in SSCs and
specific modulation of HDACs is involved in self-re-

programming process in SSCs, which can help to identify
the unique reprogramming mechanism of SSCs in future.
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