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Although pluripotent stem cells hold great promise in the fields of
human disease modeling and regenerative medicine, the molecular basis
of Oct-4, Sox2, Klf4, and c-Myc (OSKM)-induced cellular reprogramming remains unclear. To investigate the molecular mechanisms involved
in cellular reprogramming, we studied the immediate effects of expression of the OSKM reprogramming factors on mouse embryonic fibroblasts (MEFs) in this study. Induction of the OSKM reprogramming
factors significantly altered primary MEF growth properties. Although
MEFs not expressing the reprogramming factors underwent replicative
senescence within 9–12 days in culture, MEFs expressing the four reprogramming factors proliferated continuously throughout the duration of
the experiment, suggesting that the expression of the OSKM reprogramming factors inhibits or delays replicative senescence. Cell cycle progression by the reprogramming factors was accompanied by the
accumulation of Cyclin D1 through the early stages of reprogramming
in MEFs, leading us to hypothesize that it might play a positive role in
cellular reprogramming. Consistent with this hypothesis, forced Cyclin
D1 expression enhanced reprogramming if administered concomitant
with expression of the OSKM reprogramming factors. Most importantly,
unlike wild-type MEFs expressing reprogramming factors, the number of
emerging alkaline phosphatase-positive cyclin D1-null colonies was significantly reduced and cyclin D1-null MEFs were unable to initiate mesenchymal-to-epithelial transition. Our studies demonstrate that cyclin D1
is an essential gene in the reprogramming process and that activation of
cyclin D1 by reprogramming factors is an important process for somatic
cell reprogramming.

Introduction
Cyclin D1 is an important regulator of cyclin-dependent kinase (CDK)4 and CDK6, which belong to a
family of serine/threonine protein kinases [1,2]. The
Cyclin D1-CDK4 (or Cyclin D1-CDK6) complex is
one of the critical regulators of G1 phase progression.
It is typically believed that it promotes passage

through G1 phase by inhibiting retinoblastoma
(Rb) protein [2,3]. In G1 phase, the Cyclin D1-CDK4
or -CDK6 complexes mediate the phosphorylation of
Rb, resulting in the release of Rb protein from E2F
and allowing E2F transcription factors to transcribe
genes required for entry into S phase [2,4]. Although

Abbreviations
Dox, doxycycline; EGFP, enhanced green fluorescent protein; iPSCs, induced pluripotent stem cells; MEFs, mouse embryonic fibroblasts;
rtTA-M2, reverse tetracycline-controlled transactivator-M2; TetO, tetracycline-responsive element.
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G1-to-S phase transition is tightly regulated by the
expression of Cyclin D1 [5], its biological function during cellular reprogramming is poorly characterized.
Induced pluripotent stem cells (also known as iPS
cells or iPSCs) are genetically reprogrammed pluripotent cells that can be derived directly from individual
cells by forced expression of a small number of defined
genes or factors [6]. Although much additional
research is needed, iPSCs hold great promise in the
fields of drug screening, modeling for human diseases,
and regenerative medicine including cell replacement
therapy [7,8]. Moreover, iPSCs can bypass the need
for embryos and can be generated in a patientmatched manner because they can be derived directly
from adult tissues. This can circumvent ethical and
religious concerns and allow autologous transplantation without the risk of immune rejection [9,10].
Induced pluripotent stem cells are typically generated from different species and somatic cell types by
the enforced expression of a specific set of reprogramming factors [11]. The originally identified minimally
required core set of reprogramming factors are four
genes, comprising Oct-4, Sox2, Klf4, and c-Myc
(OSKM) [12]. While this combination is most conventionally used to produce iPSCs, these cells can be
derived using an alternative combination of different
factors, Oct-4, Sox2, Nanog, and Lin28 [13]. Suppression of p53 [14–17], p21 [15,16], p16INK4a [16,18], or
p19ARF [16–18] function can greatly improve the efficiency of iPSC generation, indicating that the inactivation of a reprogramming barrier(s) is a critical step in
the reprogramming process. Although a number of
additional genes that act as roadblocks during the
reprogramming process have been reported [19–21],
current reprogramming protocols still have a low efficiency, indicating that further molecular events are
required to convert somatic cells into reprogrammed
cells. Identifying these rare events is essential for
understanding the biological mechanisms underlying
the reprogramming of somatic cells into a pluripotentlike state.
To investigate the molecular mechanisms involved in
cellular reprogramming, we studied the immediate
effects of expression of the OSKM reprogramming factors on mouse embryonic fibroblasts (MEFs). In this
study, we found that induction of the OSKM reprogramming factors significantly altered MEF growth
properties. As reported by previous studies, primary
MEFs could be continuously expanded on culture
dishes at early passages, but they underwent replicative
senescence within 9–12 days in culture. However,
MEFs expressing the four reprogramming factors proliferated continuously throughout the duration of the
4550

experiment, suggesting that expression of the OSKM
reprogramming factors inhibits or delays replicative
senescence. In addition, dissimilar from oncogenic HRas V12, which provokes premature cellular senescence by accumulation of p53 and p16INK4a [22],
expression of the OSKM reprogramming factors did
not mediate premature senescence, rather it was able
to stimulate S phase entry and inhibited replicative
senescence of MEFs. Expression of the OSKM reprogramming factors induced expression of Cyclin D1.
Interestingly, forced expression of Cyclin D1 enhanced
reprogramming if administered concomitant with the
expression of the OSKM reprogramming factors.
Unlike wild-type MEFs expressing the four reprogramming factors, the number of emerging alkaline phosphatase (AP)-positive colonies was significantly
reduced in cyclin D1-null MEFs expressing the OSKM
reprogramming factors. We further demonstrated that
cyclin D1-null MEFs were unable to initiate mesenchymal-to-epithelial transition (MET). Taken together,
these results suggest that cyclin D1 is required for cellular reprogramming and that induction of cyclin D1
by reprogramming factors is an important process for
MET.

Results
Expression of the OSKM reprogramming factors
enhances MEF proliferation during the early
stage of reprogramming
Like ES cells, iPSCs have a remarkable self-renewal
ability and can produce pluripotent daughter cells
indefinitely [6,11]. Both processes might be important
for reprogramming of somatic cells and maintaining the
stemness of iPSCs; however, little is known about the
regulation of the cell cycle progression by reprogramming factors during the early stage of reprogramming.
To investigate the molecular mechanisms involved in
cellular reprogramming, we studied the immediate
effects of expression of the OSKM reprogramming factors on MEFs using 4F2A MEFs. 4F2A MEFs are
MEFs isolated from transgenic mice homozygous for
both reverse tetracycline-controlled transactivator
(rtTA-M2) and tetracycline-responsive element (TetO)4F2A mutations [23]. rtTA-M2 is located in the Rosa26
locus and TetO-4F2A is located in the Col1a1 locus in
4F2A mice. The 4F2A cassette contains the four mouse
reprogramming genes Oct-4, Sox2, Klf4, and c-Myc
separated by three viral 2A oligopeptides that mediate
ribosomal skipping, P2A (from porcine teschovirus-1),
T2A (from insect Thosea asigna virus), and E2A
(equine rhinitis A virus) (Fig. 1A).
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Fig. 1. Stimulation of 4F2A MEF growth upon induction of the OSKM reprogramming factors. (A) Schematic representation of the
tetracycline-inducible 4F2A system in 4F2A MEFs generated from transgenic homozygous double mutant R26 rtTA-M2;Col1a1 4F2A mice.
A transgenic homozygous double mutant R26 rtTA-M2;Col1a1 4F2A mouse contains two mutant alleles, an rtTA-M2 transactivator driven
from the endogenous Rosa26 promoter and a 4F2A cassette [containing the four mouse reprogramming genes Oct-4 (O), Sox2 (S), Klf-4
(K), and c-Myc (M)] with the tetracycline response element (TetO) at the endogenous 30 UTR of the Col1a1 locus. Each of the
reprogramming factors is shown separated by different viral 2A peptides (P2A, T2A, and E2A). (B) Time-dependent effects of the induction
of OSKM on MEF growth and morphology. 4F2A MEFs (2 9 105) were plated onto 0.2% gelatin-coated 60 mm dishes and grown in ES cell
medium supplemented without (Control, top panels) or with (OSKM, bottom panels) 2 lgmL1 doxycycline. Cells were monitored daily
using an inverted phase contrast microscope (Eclipse TE300; Nikon, Tokyo, Japan). Three independent experiments gave similar results. (C)
Cell proliferation assay of MEFs expressing OSKM. 4F2A MEFs (1.5 9 105) were plated onto 0.2% gelatin-coated 35-mm dishes, grown in
ES cell medium supplemented without (Control) or with (OSKM) 2 lgmL1 doxycycline, and cultured for 3 days. Cells (1.5 9 105) were
passaged every 3 days onto 0.2% gelatin-coated 35-mm dishes without or with 2 lgmL1 doxycycline treatment. Cumulative total cell
number in the representative cultures at the indicated day is shown. Three independent experiments gave similar results. Statistical
significance was determined using an unpaired Student’s t-test. *P < 0.05 versus control cells.

In this system, the tetracycline analog, doxycycline,
can be used to induce the expression of these four
reprogramming factors. Addition of doxycycline to the
ES cell medium of 4F2A MEFs resulted in the rapid
induction of OSKM expression from the Col1a1 locus
[23]. 4F2A MEFs could be propagated as MEFs from
wild-type mice in the absence of doxycycline (labeled

Control), conditions in which the OSKM transgenes
are inactive (Fig. 1B, upper panels); however, upon
treatment with doxycycline (labeled OSKM), which
activates the 4F2A expression cassette (Fig. 1A), definite morphological changes occurred over time
(Fig. 1B, lower panels). The cells became small and
rounded, and acquired an aggregated morphology at

The FEBS Journal 283 (2016) 4549–4568 ª 2016 Federation of European Biochemical Societies

4551

Function of Cyclin D1 in reprogramming

H. Oh et al.

4–5 days after OSKM induction. This finding is consistent with a previous study that demonstrated epithelial-like morphological changes around 5 days after
reprogramming [24].
Next, we investigated the effects of the OSKM
reprogramming factors on the proliferation of MEFs
during the initial stage of reprogramming. To investigate the abilities of the OSKM reprogramming factors
to confer an enhanced proliferation ability, 4F2A
MEFs were cultured in the absence (Control) or presence (OSKM) of doxycycline and were counted at 6day intervals for 12 days. The growth properties of
4F2A MEFs expressing OSKM were markedly different from those of control 4F2A MEFs. 4F2A MEFs
cultured in the absence of doxycycline could be continuously expanded on culture dishes at early passages,
but underwent replicative senescence within 9–12 days
in culture (Fig. 1C, Control). In contrast, primary
4F2A MEFs cultured in the presence of doxycycline
proliferated continuously throughout the duration of
the experiment (Fig. 1C, OSKM), suggesting that the
expression of the OSKM reprogramming factors inhibits or delays replicative senescence. These results indicate that the induction of OSKM reprogramming
factors in MEFs significantly altered the growth properties of these cells.
Expression of the OSKM reprogramming factors
increases the incorporation of BrdU and
compromises replicative senescence ex vivo
To assess the stimulatory effect of the OSKM reprogramming factors on MEF growth over serial passages, an equal number (3 9 105 cells) of 4F2A MEFs
were plated into 60-mm plates in triplicate and
expanded every 3 days for a total of five passages (up
to passage 8). As an indicator of DNA synthesis,
BrdU incorporation of each passage was tested 2 days
after plating. Incorporation of BrdU was quantitated
using immunostaining and a fluorescence microscope
after incubation with BrdU in a culture medium for
30 min (short-term exposure) or 24 h (long-term exposure). When 4F2A MEFs cultured without doxycycline
treatment in ES cell media were serially transferred on
a 3-day schedule, a significant amount of BrdU incorporation was detected at early passages (about 20% at
passage 4 for 30 min exposure and about 50% at passages 4 and 5 for 24 h exposure), but decreased steadily thereafter (less than 1% at passage 8 for 30 min
or 24 h exposure; Fig. 2A,B). The reduction in BrdU
incorporation correlated with the rate of 4F2A MEF
proliferation, which gradually slowed and eventually
ceased as cells reached replicative crisis (Fig. 1C).
4552

However, 4F2A MEFs cultured with doxycycline treatment in ES cell media did not undergo proliferative
arrest over time and did not display hallmarks of cellular senescence, including flattened and enlarged morphologies (Fig. 1). Consistent with these results, a
dramatic difference in BrdU incorporation was seen in
4F2A MEFs expressing the OSKM reprogramming
factors compared with control MEFs when incubated
with BrdU in culture medium for 30 min (about 20%
BrdU-positive cells at passage 8; Fig. 2A) or 24 h
(about 80% BrdU-positive cells at passage 8; Fig. 2B).
These results indicated that 4F2A MEFs incorporated
BrdU in the presence of doxycycline (induction condition of the OSKM reprogramming factors) at a rate
comparable to that of the noninduced control 4F2A
MEFs.
As a separate measure of proliferation, immunocytochemical staining for Ki-67, a cellular marker of proliferation [25], was also performed through five passages
(up to passage 8 for 15 days). The percentage of Ki67-positive cells was higher among 4F2A MEFs
expressing the OSKM reprogramming factors (about
70% of total cells) at passage 4 than among 4F2A
MEFs cultured without doxycycline treatment (about
25%) at the same passage (Fig. 2C). Similar to the
results of the BrdU incorporation assay, the percentage of Ki-67-positive cells was maintained among
4F2A MEFs expressing the reprogramming factors
from that time onward (about 50% of cells were Ki67-positive through passages 5–8; Fig. 2C). However,
the percentage of Ki-67-positive cells among 4F2A
MEFs cultured without doxycycline treatment strongly
decreased thereafter (down to about 2% at passage 8).
Expression of OSKM in MEFs rapidly induced Ki67 protein expression, as determined by Western blotting of total cell extracts. 4F2A MEFs at passage 4
were harvested for the preparation of total proteins
every day for 4 days following doxycycline treatment.
The protein expression level of the proliferation marker Ki-67 at passage 4 increased with time (Fig. 2C,
right panels), indicating that the expression of the
OSKM reprogramming factors could affect the cell
cycle of MEFs.
The OSKM expression was associated with proliferation of MEFs; therefore, we also investigated whether
replicative senescence was compromised by analyzing
SA-b-Gal activity. Consistent with the absence of
microscopically visible senescent cells (Fig. 1), none of
the 4F2A MEFs cultured without doxycycline treatment were SA-b-Gal-positive at passage 4 (Fig. 2D).
However, at passage 5, SA-b-Gal-positive cells were
observed among 4F2A MEFs cultured without
doxycycline (1.3% SA-b-Gal-positive cells), and the
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Fig. 2. Quantitation of differences in proliferation based on BrdU, Ki-67, and SA-b-Gal staining after induction of the OSKM reprogramming
factors. (A, B) DNA synthesis induced by OSKM expression in 4F2A MEFs. 4F2A MEFs (3 9 105) were plated on 0.2% gelatin-coated 60-mm
dishes and cultured in the absence (Control, left panels) or presence (OSKM, right panels) of 2 lgmL1 doxycycline. Cells (3 9 105) were
passaged every 3 days into 0.2% gelatin-coated 60-mm dishes up to passage 8. Every 2 days after plating, cells were incubated with 25 lM
BrdU for 30 min (A) or 24 h (B), and scored for BrdU incorporation. Representative images of immunostaining for BrdU and 40 ,6-diamidino-2phenylindole staining of nuclear DNA in 4F2A MEFs treated with BrdU for 30 min or 24 h are shown in the left panels. The percentages of
BrdU-positive cells at the indicated passage numbers are shown in the right panels. Quantitation is presented as the total number of BrdUpositive cells among the total number of cells per field, which were counted using the nuclear marker 40 ,6-diamidino-2-phenylindole. Values
represent the average  SE. Passage numbers are indicated at the bottom. Statistical significance was determined using an unpaired
Student’s t-test. *P < 0.05 versus control cells. Three independent experiments gave similar results. (C) Effect of expression of the OSKM
reprogramming factors on Ki-67 expression in 4F2A MEFs. Cells were immunolabeled for Ki-67 and counterstained with 40 ,6-diamidino-2phenylindole. The percentage of Ki-67-positive cells was determined (left panel). Values represent the average  SE. Passage numbers are
indicated at the bottom. The protein expression level of Ki-67 in 4F2A MEFs at passage 4 was also assessed by western blotting (right panels).
The extracts were resolved by SDS/PAGE (8% gel), transferred on to a PVDF membrane, and immunoblotted with anti-Ki-67 (SP6; Abcam) or
anti-b-Actin (AbC-2002; AbClon Inc.) antibodies. b-Actin served as a loading control. Statistical significance was determined using an unpaired
Student’s t-test. *P < 0.05 versus control cells. Three independent experiments gave similar results. (D) Reduced SA-b-Gal activity in 4F2A
MEFs expressing the OSKM reprogramming factors and quantification of SA-b-Gal activity at the indicated passages. 4F2A MEFs expressing
the OSKM reprogramming factors (OSKM) or control MEFs (Control) were assayed for SA-b-Gal activity at the indicated passage number.
Oncogenic H-Ras (HrasV12) was used as a positive control. All images are at the same magnification (left panels). 4F2A MEFs expressing the
OSKM reprogramming factors were quantified for SA-b-Gal activity (right panel). Values represent the average  SE. Statistical significance
was determined using an unpaired Student’s t-test. *P < 0.05 versus control cells. Three independent experiments gave similar results.
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percentage of SA-b-Gal-positive cells gradually
increased to 8.6% at passage 6. Interestingly, the
OSKM expression rather compromised the percentage
of SA-b-Gal-positive cells (1.3% for Control and 1.1%
for OSKM at passage 5; 8.6% for Control and 2.1%
for OSKM at passage 6; Fig. 2D right panel). These
results demonstrate that expression of the OSKM
reprogramming factors is sufficient to inhibit senescence and induce proliferation in MEFs. 4F2A MEFs
infected with oncogenic H-Ras V12 (Hras V12; a constitutively active form of H-Ras [26]) were used as a
positive control for SA-b-Gal activity. These results
indicate that unlike oncogenic H-Ras V12, which provokes premature cellular senescence [22], the expression of the OSKM reprogramming factors does not
mediate premature senescence in MEFs, rather it stimulates S phase entry and inhibits replicative senescence
in MEFs.
Expression of the OSKM reprogramming factors
induces Cyclin D1
It has been well-characterized that cell proliferation is
mainly regulated by G1 regulatory molecules [27].
Among these regulatory molecules, Cyclin D1 plays
several critical roles in the regulation of the G1/S
phase transition [4,28]. To examine the effects of upregulation of the OSKM reprogramming factors on
endogenous cyclin D1 gene expression, reverse transcription (RT)-PCR was performed with total RNA
isolated from 4F2A MEFs at passage 4 cultured in the
absence (Control) or presence (OSKM) of doxycycline.
Transcript levels of cyclin D1 were increased upon upregulation of OSKM expression (Fig. 3A). In particular, the addition of doxycycline to the growth medium
of 4F2A MEFs resulted in the gradual activation of
cyclin D1 expression, as determined by RT-PCR of
total RNA extracts at 1, 2, 3, and 4 days following
doxycycline treatment (Fig. 3A, lanes 5–8).
Using quantitative real-time PCR, we were able to
quantify the mRNA levels of cyclin D1. Similar to the
RT-PCR results (Fig. 3A), in doxycycline-treated
4F2A MEFs, the cyclin D1 mRNA level gradually
increased up to 85-fold at 4 days after expression of
the OSKM reprogramming factors (Fig. 3B).
We also investigated the induction of Cyclin D1
protein when expression of the OSKM reprogramming
factors was up-regulated. Western blot analysis showed
the basal level of Cyclin D1 protein expression when
the OSKM reprogramming factors were not expressed
(Fig. 3C, lanes 1–4). However, up-regulation of the
OSKM reprogramming factors dramatically induced
Cyclin D1 protein expression, and strong and gradual
4554

induction of Cyclin D1 was observed at 4 days after
the addition of doxycycline (Fig. 3C, lanes 5–8).
Using immunofluorescence analysis, we also investigated the expression and nuclear staining of Cyclin D1
protein. Consistent with the RT-PCR, real-time PCR,
and Western blotting results, immunocytochemical
analysis indicated the strong expression and nuclear
staining of Cyclin D1 protein in 4F2A MEFs expressing the OSKM reprogramming factors (Fig. 3D, bottom panels). However, no or little expression of Cyclin
D1 was observed in parental 4F2A MEFs (Fig. 3D,
top panels). To further investigate the relationship
between S phase DNA synthesis and the level of
Cyclin D1, 4F2A MEFs at passage 4 cultured in the
presence of doxycycline were also pulse-labeled with
BrdU and subsequently stained for BrdU and endogenous Cyclin D1 protein. After comparing Cyclin D1
and BrdU staining in many microscopic fields, we
found that almost all Cyclin D1-positive cells merged
with BrdU-positive signals (Fig. 3E), confirming the
Cyclin D1-positive 4F2A MEFs expressing the four
reprogramming factors were undergoing DNA synthesis. Taken together, these results indicate that
increased Cyclin D1 expression during reprogramming
promotes continuing 4F2A MEF proliferation.
The G1 cyclin/CDK and CDK inhibitor (CDKI)
pathways are both activated during the early
stage of reprogramming
To characterize the enhanced proliferation of MEFs
induced by the OSKM reprogramming factors, we
examined the expression of several cell cycle regulatory
proteins by immunoblotting. Lysates were prepared
from 4F2A MEFs at passage 4 following doxycycline
treatment for 4 days, and the indicated proteins were
detected by Western blotting using specific antibodies
(Fig. 4, lane 2). Lysates prepared from 4F2A MEFs at
the same passage but cultured without doxycycline
treatment were used as a control (Fig. 4, lane 1).
When the cell cycle regulatory proteins were examined
in the reprogramming 4F2A MEFs, increases in G1
cyclins [Cyclin D1 (first panel), Cyclin D2 (second
panel), Cyclin D3 (third panel), and Cyclin E1 (fourth
panel)] and G1 CDKs [CDK4 (fifth panel) and CDK6
(sixth panel)] were observed immediately after OSKM
expression, explaining how expression of the OSKM
reprogramming factors enhanced cell proliferation and
compromised replicative senescence. However, paradoxically, the expression of CDKIs, such as p16INK4a
(seventh panel), p19ARF (eighth panel), and p21 (ninth
panel), and of the p53 tumor suppressor gene (11th
panel) was also increased at the same time.
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Fig. 3. Up-regulation of cyclin D1 gene expression in 4F2A MEFs expressing the OSKM reprogramming factors during the early stage of
reprogramming. (A) RT-PCR analysis of cyclin D1 mRNA expression. 4F2A MEFs were harvested to prepare total RNA at 1, 2, 3, and 4 days
following doxycycline treatment. RT-PCR analysis of cyclin D1 mRNA expression was performed in 4F2A MEFs cultured without (Control)
and with (OSKM) doxycycline treatment. b-actin was used for normalization. Following amplification, an aliquot of each product was
analyzed by staining the gel with ethidium bromide. Three independent experiments gave similar results. (B) Quantitative real-time PCR
analyses of expression of the cyclin D1 gene in 4F2A MEFs. 4F2A MEFs were analyzed for their expression of cyclin D1 mRNA as
described in the Materials and methods section. b-actin was used as a control to normalize the quantitative real-time PCR results. Each
experiment was performed at least three times. The results are the average  SE and are calculated relative to the expression of cyclin D1
in 4F2A MEFs cultured without doxycycline treatment at day 1 (which was set to 1). Statistical significance was determined using an
unpaired Student’s t-test. *P < 0.05 versus control cells. (C) Western blot analysis of Cyclin D1 expression. Total cell extracts were
prepared from 4F2A MEFs at 1, 2, 3 and 4 days following doxycycline treatment. The extracts were resolved by SDS/PAGE (12% gel),
transferred to a PVDF membrane, and immunoblotted with anti-Cyclin D1 (72-13G; Santa Cruz Biotechnology) or anti-b-Actin antibodies. bActin served as a loading control. Three independent experiments gave similar results. (D) Immunofluorescence analysis of 4F2A MEFs
expressing the OSKM reprogramming factors. 4F2A MEFs expressing the four reprogramming factors (OSKM, bottom panels) showed
strong staining of Cyclin D1, whereas very little or almost no staining was observed in control 4F2A MEFs (Control, top panels). Nuclei were
stained with 40 ,6-diamidino-2-phenylindole. (E) Profiles of BrdU incorporation and Cyclin D1 expression during the early stage of
reprogramming. For dual staining with BrdU and Cyclin D1, 4F2A MEFs were cultured in 60-mm dishes and incubated with 25 lM BrdU
(Sigma-Aldrich) for 24 h. For BrdU staining, after the last wash, cells were incubated with 2 M HCl at room temperature for 30 min to
denature DNA, washed with phosphate buffered saline, incubated with rabbit polyclonal anti-BrdU antibodies (ab152095; Abcam), and
visualized by incubation with FITC-conjugated goat anti-(rabbit IgG) (Sigma-Aldrich). For anti-Cyclin D1 immunofluorescent labeling, the same
cells were incubated with mouse monoclonal anti-Cyclin D1 antibody (72-13G; Santa Cruz Biotechnology) and were visualized by incubation
with TRITC-conjugated goat anti-(mouse IgG) (Sigma-Aldrich). 40 ,6-diamidino-2-phenylindole (Invitrogen, Carlsbad, CA, USA) was used for
nucleus staining. Immunofluorescence was detected with a fluorescence microscope (IX71; Olympus) equipped with a DP71 digital camera
(Olympus). Cyclin D1-positive 4F2A MEFs expressing the four reprogramming factors showed strong staining for BrdU. Phase contrast
microscopy views of cell morphology and fluorescence microscope views of Cyclin D1, BrdU, and DNA are shown.
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that the G1 cyclin/CDK and CDKI pathways were
both activated during the early stage of reprogramming, although the expression of the reprogramming
factors in MEFs enhances cell proliferation and suppresses cellular senescence processes.

Cyclin D1
Cyclin D2

Overexpression of Cyclin D1 improves the
reprogramming efficiency of 4F2A MEFs

Cyclin D3
Cyclin E1
CDK4
CDK6
p16INK4a
p19ARF
p21
p27
p53
Phospho Rb
Total Rb
β-Actin
1

2

Fig. 4. Effect of expression of the OSKM reprogramming factors
on cell cycle regulatory proteins. Total cell extracts were prepared
from 4F2A MEFs at 4 days following doxycycline treatment. The
extracts were resolved by SDS/PAGE and transferred to a PVDF
membrane. The indicated proteins were detected in 4F2A MEFs by
Western blot analysis using specific antibodies. b-Actin served as
an internal control (bottom panel). Three independent experiments
gave similar results.

Additionally, the p27 protein level (10th panel) was
also slightly increased when the OSKM reprogramming factors were expressed in 4F2A MEFs. Interestingly, the expression of the OSKM reprogramming
factors increased the Rb protein level (13th panel) in
4F2A MEFs, but the level of hyperphosphorylated Rb
(inhibitory phosphorylation; 12th panel) was also
increased considerably after induction of the reprogramming factors. Collectively, these results suggest
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The expression level of Cyclin D1 protein was drastically increased after induction of OSKM expression;
therefore, we hypothesized that Cyclin D1 overexpression might modulate the reprogramming efficiency. To
determine whether overexpression of Cyclin D1 plays
a positive role, Cyclin D1 cDNA under the control of
the constitutive EF1 promoter was introduced into
4F2A MEFs by lentiviral infection. It was reported
that the Cyclin D1-EGFP fusion protein is as functional as Cyclin D1 [29]; therefore, Cyclin D1 was
expressed as an EGFP fusion form to monitor expression of Cyclin D1 in 4F2A MEFs. This system also
has the advantage of distinguishing exogenous Cyclin
D1 from endogenous Cyclin D1. In addition, a pCSIIEF1 lentiviral vector expressing EGFP but lacking the
Cyclin D1 cDNA sequence (pCSII-EF1/EGFP) was
used as a negative control. The structures of the
expression vectors are shown schematically in Fig. 5A.
After lentiviral infection of 4F2A MEFs, the level of
exogenous Cyclin D1 protein expression in 4F2A
MEFs treated with doxycycline was determined by
western blot analysis (Fig. 5B). Although no Cyclin
D1-EGFP was detected in 4F2A MEFs infected with
pCSII-EF1/EGFP (labeled EGFP; Fig. 5B, lane 1),
Cyclin D1-EGFP was expressed in pCSII-EF1/Cyclin
D1-EGFP-infected 4F2A MEFs (Fig. 5B, lane 2).
Interestingly, exogenous Cyclin D1-EGFP was
expressed at a similar level as endogenous Cyclin D1
protein in doxycycline-treated 4F2A MEFs (Fig. 5B).
We investigated whether exogenous expression of
Cyclin D1 can improve the reprogramming efficiency
of 4F2A MEFs cultured in the presence of doxycycline, conditions in which the OSKM transgenes are
active. After 4F2A MEFs were transduced with a lentivirus expressing Cyclin D1-EGFP (Fig. 5C, right
panels), we observed a significant improvement in
the reprogramming efficiency compared to EGFPexpressing 4F2A MEFs also cultured in the presence
of doxycycline (Fig. 5C, left panels). We counted the
number of AP-positive colonies and found that the
overexpression of Cyclin D1 improved the reprogramming efficiency by twofold, when used in combination
with the four reprogramming transcription factors
(Fig. 5D). These results indicate that forced Cyclin D1
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Fig. 5. Forced Cyclin D1 expression enhances reprogramming. (A) Schematic representation of the expression vectors used. The expression
vector pCSII-EF1/Cyclin D1-EGFP expresses Cyclin D1 fused to EGFP. The pCSII-EF1/EGFP expression vector was used as a control. (B)
Immunoblot analysis of exogenous and endogenous Cyclin D1 expression in lentivirus-infected 4F2A MEFs following doxycycline treatment.
Total cell lysates (30 lg of protein) were fractionated by 12% SDS/PAGE and visualized by western blotting with antibodies against Cyclin
D1 (72-13G) or b-Actin (AbC-2002). b-Actin served as a loading control. Lane 1: EGFP alone; Lane 2: Cyclin D1-EGFP. (C) Improved
reprogramming efficiency with Cyclin D1 overexpression. Compared to standard OSKM reprogramming factor-mediated reprogramming,
addition of Cyclin D1 increased the reprograming efficiency. AP staining of control (EGFP) and Cyclin D1-EGFP-infected (Cyclin D1-EGFP)
4F2A MEFs is shown. (D) The twofold increase in the reprogramming efficiency caused by Cyclin D1 overexpression. Positive colonies
were counted based on AP staining after 16 days. Values represent the mean  SE. Statistical significance was determined using an
unpaired Student’s t-test. *P < 0.05 versus control cells. Similar results were obtained in three separate experiments, and representative
data are shown.

expression enhances reprogramming if administered
concomitant with expression of the OSKM reprogramming factors.
cyclin D1 is an essential gene in the
reprogramming process
To explore the role of cyclin D1 in the cellular reprogramming process, we established wild-type and cyclin
D1-null 4F2A MEFs from Tet(2);4F2A(2);Cyclin
D1+/ mice (Fig. 6A). We first intercrossed 4F2A
transgenic mice [labeled Tet(2);4F2A(2);Cyclin D1+/+]
and mice heterozygous for cyclin D1 [Tet(0);4F2(0);
Cyclin D1+/] to obtain triple heterozygous offspring
[Tet(1);4F2A(1);Cyclin D1+/ mice] in the F1 generation. Then, Tet(1);4F2A(1);Cyclin D1+/ mice were

mated with 4F2A transgenic mice [Tet(2);4F2A(2);
Cyclin D1+/+] to select the Tet(2);4F2A(2);Cyclin
D1+/ form. Selected Tet(2);4F2A(2);Cyclin D1+/
mice were used to generate 4F2A MEFs that were
wild-type for cyclin D1 [Tet(2);4F2A(2);Cyclin D1+/+]
and with a homozygous mutation in the cyclin D1
gene [Tet(2);4F2A(2);Cyclin D1/] (Fig. 6A).
To initially characterize this set of cyclin D1-null
4F2A MEFs, we tested Cyclin D1 expression during
the early stage of reprogramming as shown in Fig. 3.
As determined by Western blot analysis, Cyclin D1+/+
4F2A MEFs [Tet(2);4F2A(2);Cyclin D1+/+; labeled
Cyclin D1+/+] expressed a large amount of Cyclin D1
protein at 2 and 4 days after OSKM induction
(Fig. 6B, lanes 1 and 3), whereas Cyclin D1/ 4F2A
MEFs [Tet(2);4F2A(2);Cyclin D1/; labeled Cyclin
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Fig. 6. Growth characteristics of Tet(2);4F2A(2);Cyclin D1+/+ (Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (Cyclin D1/) MEFs treated with
doxycycline. (A) Experimental scheme used to generate heterozygous mutant Cyclin D1;4F2A mice [Tet(2);4F2A(2);Cyclin D1+/]. 4F2A mice
[Tet(2);4F2A(2);Cyclin D1+/+] were crossed with heterozygous mutant Cyclin D1 mice [Tet(0);4F2A(0);Cyclin D1+/] to generate triple
heterozygous offspring [Tet(1);4F2A(1);Cyclin D1+/ mice]. The triple heterozygous mice [Tet(1);4F2A(1);Cyclin D1+/] were then intercrossed
with 4F2A mice [Tet(2);4F2A(2);Cyclin D1+/+] to produce heterozygous mutant Cyclin D1;4F2A compound mutant mice [Tet(2);4F2A(2);Cyclin
D1+/]. MEFs of the Tet(2);4F2A(2);Cyclin D1+/+ and Tet(2);4F2A(2);Cyclin D1/ genotypes were generated by crossing Tet(2);4F2A(2);Cyclin
D1+/ compound mutant mice. (B) Western blot analysis of Cyclin D1 in Tet(2);4F2A(2);Cyclin D1+/+ (labeled Cyclin D1+/+) and Tet(2);4F2A(2);
Cyclin D1/ (labeled Cyclin D1/) MEFs treated with doxycycline for 2 or 4 days. Total cell lysates were fractionated by SDS/PAGE and
visualized by western blotting with antibodies against Cyclin D1 (72-13G) or b-Actin (AbC-2002). b-Actin served as a loading control. Lane 1: total
cell lysates of Tet(2);4F2A(2);Cyclin D1+/+ MEFs treated with doxycycline for 4 days; Lane 2: total cell lysates of Tet(2);4F2A(2);Cyclin D1/
MEFs treated with doxycycline for 4 days; Lane 3: total cell lysates of Tet(2);4F2A(2);Cyclin D1+/+ MEFs treated with doxycycline for 2 days;
Lane 4: total cell lysates of Tet(2);4F2A(2);Cyclin D1/ MEFs treated with doxycycline for 2 days. (C) Time-dependent effects of the induction
of OSKM on Cyclin D1+/+ and Cyclin D1/ MEFs growth and morphology. Tet(2);4F2A(2);Cyclin D1+/+ and Tet(2);4F2A(2);Cyclin D1/ MEFs
(5 9 104) were plated onto 0.2% gelatin-coated 60-mm dishes and grown in ES cell medium supplemented with 2 lgmL1 doxycycline. Cells
were monitored daily using an inverted phase contrast microscope (Eclipse TE300; Nikon). Three independent experiments gave similar results.
(D) Growth curves of Cyclin D1/ MEFs expressing the OSKM reprogramming factors (Cyclin D1/) and control MEFs (Cyclin D1+/+). Cyclin
D1+/+ and Cyclin D1/ 4F2A MEFs were seeded at a density of 5 9 104 cells per 0.2% gelatin-coated 60-mm dish on day 0 and grown in ES
cell medium supplemented with 2 lgmL1 doxycycline. Cells were counted every 24 h with a hemocytometer for 4 days. The averages of
representative duplicated experiments are presented and error bars are shown. Statistical significance was determined using an unpaired
Student’s t-test. *P < 0.05 versus control cells. The results shown are representative of three independent experiments. Three independent
experiments gave similar results. (E) Effects of cyclin D1 knockout on cell cycle progression during the early stage of reprogramming. The DNA
contents of Cyclin D1+/+ and Cyclin D1/ 4F2A MEF cells cultured in the presence of doxycycline for 4 days were determined by measuring
fluorescence after propidium iodide staining. M1, M2, and M3 represent gated G0/G1, S, and G2/M populations, respectively. The results
shown are representative of three independent experiments. Three independent experiments gave similar results.
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D1/] did not express Cyclin D1 protein (Fig. 6B,
lanes 2 and 4).
We investigated the effects of cyclin D1 knockout
on the proliferation of MEFs expressing OSKM reprogramming factors during the initial stage of reprogramming. Cyclin D1+/+ and Cyclin D1/ 4F2A
MEFs were cultured in the presence of doxycycline.
Cell counting at 24 h intervals for 4 days revealed that
the growth properties of cyclin D1-null MEFs expressing OSKM were markedly different from those of
Cyclin D1+/+ MEFs expressing OSKM. The cyclin
D1-null MEFs showed lower proliferation in response
to reprogramming factor induction (Fig. 6C,D), indicating that induction of Cyclin D1 in MEFs during
reprogramming is important for increasing cell proliferation potential. In order to determine whether
increased proliferation rate is associated with a
shorter G1 cell cycle phase, Cyclin D1+/+ and Cyclin
D1/ 4F2A MEFs were cultured in the presence of
doxycycline for 4 days and the DNA contents were
then analyzed by propidium iodide staining and flow
cytometry. The Cyclin D1/ 4F2A MEFs induced a
substantial accumulation of cells in the G0/G1 phase
of the cell cycle (Fig. 6E, right panel), when compared
with control Cyclin D1+/+ 4F2A MEFs (Fig. 6E, left
panel). In addition, we found that knockout of cyclin
D1 reduced the S phase population from 12% to 9%.
Thus, cyclin D1 down-regulation in MEF cells inhibits
cellular proliferation by blocking cell cycle progression
in G0/G1 at the early stage of reprogramming.
To investigate whether endogenous cyclin D1 is
essential for the initiation of reprogramming from
MEFs, wild-type and cyclin D1-null 4F2A MEFs were
plated and cultured in the presence of doxycycline to
induce the OSKM reprogramming factors, and then
the effects on the efficiency of reprogramming were
evaluated. Consistent with previous results (Fig. 5),
wild-type 4F2A MEFs (labeled Cyclin D1+/+) were
able to be reprogrammed after 16 days of doxycycline
treatment (Fig. 7A, left panels). However, the number
of emerging AP-positive cyclin D1-null 4F2A colonies
was significantly reduced compared to the wild-type
cell line (Fig. 7A, right panels), indicating that cyclin
D1 is required for efficient reprogramming. We
counted the number of AP-positive colonies and found
that knockout of cyclin D1 reduced the reprogramming efficiency by about 80%, demonstrating that a
lack of cyclin D1 strongly impairs the initiation of
reprogramming from MEFs (Fig. 7B). The DNA contents were also analyzed by PI staining and flow
cytometry after 16 days of doxycycline treatment. Similar to the data shown in Fig. 6, the knockout of cyclin
D1 led to a prolongation of G0/G1-phase and a

Function of Cyclin D1 in reprogramming

reduction in the length of S phase, when compared
with control MEF cells at day 16 (Fig. 7C,D). These
results indicate that cyclin D1 is an essential gene in
the reprogramming process and is required for cellular
reprogramming.
Although knockout of cyclin D1 reduced reprogramming efficiency by 80%, it did not completely abolish
the reprogramming process. To investigate for compensation effects by other D-type cyclins (Cyclin D2
and Cyclin D3), we first examined the status of Cyclin
D2 and Cyclin D3 expression in the cyclin D1-null
4F2A MEFs. Lysates were prepared from cyclin D1null 4F2A MEFs at passage 4 following doxycycline
treatment for 4 days, and the Cyclin D2 and Cyclin
D3 were detected by western blotting using specific
antibodies. When the level of Cyclin D2 and Cyclin
D3 proteins were examined in the reprogramming cyclin D1-null 4F2A MEFs, significant amounts of
Cyclin D2 (second panel) and Cyclin D3 (third panel)
expression were detected in cyclin D1-null 4F2A MEFs
(Fig. 8A). Next, we investigated whether Cyclin D2 or
Cyclin D3 can compensate for Cyclin D1 function in
cyclin D1-null reprogramming cells. To test this, Cyclin
D2 or Cyclin D3 cDNA under the control of the constitutive EF1 promoter were introduced into cyclin D1null 4F2A MEFs by lentiviral infection and the number of AP-positive colonies was counted. Interestingly,
the expression of Cyclin D2 or Cyclin D3 rescued the
reprogramming ability of OSKM in cyclin D1-null
4F2A MEFs (Fig. 8B). These results suggest that
Cyclin D2 or Cyclin D3 can replace Cyclin D1 function, explaining why reprogramming was reduced, but
not completely abolished in the absence of Cyclin D1.
Finally, we investigated whether c-Myc is required
for the induction of Cyclin D1 during cellular reprogramming. Three reprogramming factors, Oct-4, Sox2,
and Klf4 (FUW-SOK; A gift from Dr. Rudolf Jaenisch; Addgene plasmid # 20327) [30], were introduced
into wild-type MEFs by lentiviral infection (Fig. 9A),
and the induction of Cyclin D1 protein was investigated by western blotting. When the expression of
Cyclin D1 protein was examined in the wild-type
MEFs infected with three reprogramming factors without c-Myc, an increase in the Cyclin D1 level (first
panel) was observed immediately after the expression
of the three reprogramming factors (Fig. 9B). Cyclin
D1 induction by three reprogramming factors was also
confirmed using a different system (dox-inducible system; Fig. 9C). M2rtTA+/+ MEFs, which are MEFs
carrying R26 promoter-driven rtTA-M2 [31,32], were
infected with inducible Oct-4 (TetO-FUW-Oct-4; A
gift from Dr. Rudolf Jaenisch; Addgene plasmid #
20323), Sox2 (TetO-FUW-Sox2; A gift from Dr.
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Fig. 7. Cyclin D1 is required for OSKM-mediated cellular reprogramming of MEFs. (A) Requirement of Cyclin D1 for efficient
reprogramming. Tet(2);4F2A(2);Cyclin D1+/+ (labeled Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (labeled Cyclin D1/) MEFs were plated
onto 0.2% gelatin-coated 60-mm dishes and cultured in the presence of 2 lgmL1 doxycycline. Compared to standard OSKM
reprogramming factor-mediated reprogramming, cyclin D1-null MEFs had an impaired reprogramming efficiency. AP staining of Cyclin D1+/+
(control) and Cyclin D1/ (cyclin D1-null 4F2A) MEFs is shown. (B) Quantitation of AP-positive colonies generated from Tet(2);4F2A(2);
Cyclin D1+/+ (Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (Cyclin D1/) MEFs treated with doxycycline for 16 days. Colonies were
counted based on AP staining after 16 days. Values represent the mean  SE. Statistical significance was determined using an unpaired
Student’s t-test. *P < 0.05 versus control cells. Similar results were obtained in three separate experiments, and representative data are
shown. (C) Growth retardation of cyclin D1-null reprogramming cells. Cyclin D1+/+ and Cyclin D1/ 4F2A MEFs were seeded at a density of
5 9 104 cells per 0.2% gelatin-coated 60-mm dish on day 0 and grown in ES cell medium supplemented with 2 lgmL1 doxycycline. Cells
were counted at 16 days after doxycycline treatment with a hemocytometer. The averages of representative duplicated experiments are
presented and error bars are shown. Statistical significance was determined using an unpaired Student’s t-test. *P < 0.05 versus control
cells (Cyclin D1+/+ at day 16). The results shown are representative of three independent experiments. Three independent experiments gave
similar results. (D) Effects of cyclin D1 knockout on cell cycle progression 16 days after OSKM induction. The DNA contents of Cyclin D1+/+
and Cyclin D1/ 4F2A MEF cells cultured in the presence of doxycycline for 16 days were determined by measuring fluorescence after
propidium iodide staining. M1, M2, and M3 represent gated G0/G1, S, and G2/M populations, respectively. The results shown are
representative of three independent experiments. Three independent experiments gave similar results.
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Fig. 8. Cyclin D2 or Cyclin D3 can replace Cyclin D1 function. (A) Status of Cyclin D2 and Cyclin D3 expression in cyclin D1-null 4F2A MEFs
at the initial stage of reprogramming. Total cell extracts were prepared from Cyclin D1+/+ or Cyclin D1/ 4F2A MEFs at 4 days following
doxycycline treatment. The extracts were resolved by SDS/PAGE and transferred to a PVDF membrane. The indicated proteins were
detected in Cyclin D1+/+ or Cyclin D1/ 4F2A MEFs by western blot analysis using specific antibodies. b-Actin served as an internal control
(bottom panel). Three independent experiments gave similar results. (B) Functional compensation of Cyclin D1 by Cyclin D2 and Cyclin D3 in
reprogramming cells. The reprogramming efficiencies of Cyclin D1, Cyclin D2, and Cyclin D3 were compared using Cyclin D1/ 4F2A
MEFs. AP staining of control (EGFP), Cyclin D1-EGFP-infected (Cyclin D1-EGFP), Cyclin D2-EGFP-infected (Cyclin D2-EGFP), and Cyclin D3EGFP-infected (Cyclin D3-EGFP) Cyclin D1/ 4F2A MEFs is shown.

Rudolf Jaenisch; Addgene plasmid # 20326), and Klf4
(TetO-FUW-Klf4; A gift from Dr. Rudolf Jaenisch;
Addgene plasmid # 20322) viruses and subsequently
treated with doxycycline [32]. As shown in Fig. 9C,
the ectopic expression of Oct-4, Sox2, and Klf-4
induced Cyclin D1 expression in the M2rtTA+/+
MEFs. These findings suggest that expression of
Cyclin D1 is also induced by OSK reprogramming factors in MEFs. Taken together, our data demonstrate
that the activation of cyclin D1 by reprogramming factors is an important process for the initiation of cellular reprogramming.
cyclin D1-null MEFs cannot initiate MET
Recently, it has been reported that the generation of
iPSCs from mouse fibroblasts requires MET, and this
step is able to initiate the cellular reprogramming processes [24]. Unlike wild-type 4F2A MEFs, cyclin D1null 4F2A MEFs did not become small or rounded,
and did not acquire an aggregated morphology several
days after OSKM induction, indicating a failure to

undergo epithelial-like morphological changes during
the initial steps of nuclear reprogramming (Fig. 1B). To
verify this hypothesis, expression of E-cadherin, which
is a molecular marker of MET and is required for
reprogramming [24], was examined. Using western blot
analysis of total cell lysates 2 and 8 days after doxycycline treatment, we detected induction of E-cadherin at
8 days after induction of the four reprogramming factors (Fig. 10, lane 2). However, E-cadherin protein was
not detected in doxycycline-treated Tet(2);4F2A(2);
Cyclin D1/ MEFs (Fig. 10, lanes 3 and 4).
Using quantitative real-time PCR, we quantified the
mRNA levels of E-cadherin. A large amount of
E-cadherin mRNA was detected in wild-type 4F2A
MEFs [Tet(2);4F2A(2);Cyclin D1+/+] cultured with
doxycycline for 8 days. However, consistent with the
results of Western blot analysis, E-cadherin was not
induced in cyclin D1-null 4F2A MEFs [Tet(2);4F2A(2);
Cyclin D1/] at the same amount of time after induction of the OSKM reprogramming factors (Fig. 10).
We further investigated the expression of E-cadherin
using immunocytochemistry. Wild-type 4F2A MEFs
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Fig. 9. Expression of Cyclin D1 in MEFs expressing Oct-4, Sox2, and Klf4 reprogramming factors in the absence of c-Myc during the early
stage of reprogramming. (A) Schematic representation of FUW and TetO-FUW lentivirus constructs. LTR (long terminal repeat), w
(packaging signal), Oct-4, Sox2, Klf4, two 2A peptides (F2A and T2A), and TetO (tetracycline operator minimal promoter) are shown. (B) Upregulation of Cyclin D1 expression in wild-type MEFs infected with FUW-SOK lentiviruses. Wild-type MEFs were analyzed for expression of
Cyclin D1 protein after infection with FUW-SOK lentiviruses carrying SOK reprogramming factors. Total cell extracts were prepared from
wild-type MEFs at 4 days following introduction of SOK reprogramming factors. The extracts were resolved by SDS/PAGE (12% gel),
transferred to a PVDF membrane, and immunoblotted with anti-Cyclin D1 or anti-b-Actin antibodies. b-Actin served as a loading control.
Three independent experiments gave similar results. (C) Up-regulation of Cyclin D1 expression in M2rtTA+/+ MEFs infected with individual
dox-inducible Oct-4, Sox2, and Klf4 lentiviruses. M2rtTA+/+ MEFs were analyzed for expression of Cyclin D1 protein after infection of TetOFUW lentiviruses carrying Oct-4, Sox2, and Klf4 reprogramming factors. Total cell extracts were prepared from M2rtTA+/+ MEFs 4 days
after doxycycline treatment. The extracts were resolved by SDS/PAGE (12% gel), transferred to a PVDF membrane, and immunoblotted
with anti-Cyclin D1 or anti-b-Actin antibodies. b-Actin served as a loading control. Three independent experiments gave similar results.

[Tet(2);4F2A(2);Cyclin D1+/+] were positive for
E-cadherin at 4 days after induction of the OSKM
reprogramming factors (Fig. 10, left panels). However,
cyclin D1-null MEFs [Tet(2);4F2A(2);Cyclin D1/]
expressing the OSKM reprogramming factors did not
express the E-cadherin marker protein, revealing a failure of MET (Fig. 10, right panels). This finding suggests that the induction of Cyclin D1 during the initial
stage of cellular reprogramming is most likely necessary for MET to generate induced pluripotent cells
(Fig. 11).
4562

Discussion
Despite their importance in the field of somatic cell
reprogramming, the underlying mechanisms governing
this process have not been fully elucidated. A recent
study reported that a high proliferation rate is an early
event in cell reprogramming and that cell proliferation
influences somatic cell reprogramming efficiency [33].
Consistently, our study showed that up-regulation of
the OSKM reprogramming factors dramatically
induced Cyclin D1 expression (Fig. 3), and
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Fig. 10. Cyclin D1 is required for MET during the cellular reprogramming of MEFs. (A) Western blot analysis of E-cadherin in Tet(2);4F2A(2);
Cyclin D1+/+ (Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (Cyclin D1/) MEFs during reprogramming. Tet(2);4F2A(2);Cyclin D1+/+ (labeled
Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (labeled Cyclin D1/) MEFs were treated with 2 lgmL1 doxycycline and extracts were
prepared the indicated number of days after doxycycline treatment. The extracted proteins were resolved by 8% SDS/PAGE, transferred to
a PVDF membrane, and immunoblotted with an anti-E-cadherin antibody (24E10) (upper panel). b-Actin served as a loading control (bottom
panel). Similar results were obtained in three separate experiments, and representative data are shown. (B) Quantitative real-time PCR
analysis of the expression of E-cadherin. Tet(2);4F2A(2);Cyclin D1+/+ (Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (Cyclin D1/) MEFs
were harvested to prepare total RNA at 0 and 8 days following doxycycline treatment. Real-time PCR analysis of E-cadherin mRNA was
performed in Tet(2);4F2A(2);Cyclin D1+/+ (Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (Cyclin D1/) MEFs. E-cadherin expression was
normalized to that of b-actin. Values represent the mean  SE and are calculated relative to the expression of E-cadherin in Tet(2);4F2A(2);
Cyclin D1+/+ MEFs at day 0 (which was set to 1). Statistical significance was determined using an unpaired Student’s t-test. *P < 0.05
versus control cells. Similar results were obtained in three separate experiments, and representative data are shown. (C) Defect in the
ability to initiate MET in cyclin D1-null MEFs. Tet(2);4F2A(2);Cyclin D1+/+ (Cyclin D1+/+) and Tet(2);4F2A(2);Cyclin D1/ (Cyclin D1/) MEFs
(5 9 104 cells) were plated onto 60-mm cell culture dishes and cultured in the presence of doxycycline. The induction of E-cadherin was
monitored every other day using an anti-E-cadherin antibody (24E10) and a confocal microscope (Leica TCS SPE DMI 4000 CS; Leica
Microsystems CMS GmbH). Tet(2);4F2A(2);Cyclin D1+/+ MEFs (Cyclin D1+/+) showed strong staining of E-cadherin at 4 days after induction
of the OSKM reprogramming factors, whereas very little or almost no staining was observed in Tet(2);4F2A(2);Cyclin D1/ MEFs (Cyclin
D1/). Nuclei were stained with 40 ,6-diamidino-2-phenylindole. Scale bars indicate 100 lm. Similar results were obtained in three separate
experiments, and representative data are shown.

overexpression of Cyclin D1 improved the reprogramming efficiency of MEFs (Fig. 5). In addition, the
induction of Cyclin D1 in MEFs during reprogramming was important for increasing cell proliferation
potential and cyclin D1 down-regulation in MEF cells
inhibited cellular proliferation by blocking cell cycle

progression in G0/G1 (Figs 6 and 7). A recent study
also provided evidence that Rb inactivation promotes
the reprogramming of differentiated cells into a
pluripotent state [34]. Cyclin D1 plays an important
role in progression through the G1 phase of the cell
cycle and initiation of DNA replication by association
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Fig. 11. Proposed model to explain how Cyclin D1 facilitates the
induction of pluripotency in MEFs. At the early stage of cellular
reprogramming, induction of Cyclin D1 by the OSKM reprogramming
factors may facilitate the initiation of reprogramming from MEFs
through the activation of CDK4/6 and the inactivation of the Rb
tumor suppressor barrier to suppress senescence. However,
homozygous deletion of cyclin D1 renders cells unable to promote
MET and perturbs their ability to undergo cellular reprogramming
after induction of the OSKM reprogramming factors.

with its catalytic partners, CDK4 and 6, which phosphorylate and inactivate Rb [4,27,35]. With this in
mind, we propose a model that suggests that at the
early stage of cellular reprogramming, induction of
Cyclin D1 by the OSKM reprogramming factors may
facilitate the initiation of reprogramming from MEFs
through activation of CDK4/6 and/or inactivation of
the Rb tumor suppressor barrier to avoid senescence
(Fig. 11). However, whether MET is induced directly
by Cyclin D1 or whether the kinase activity of CDKs
is essential for control of MET during somatic cell
reprograming will be the subject of future studies.
Although the control of mammalian cell proliferation by extracellular signals occurs largely during the
G1 phase of the cell cycle and Cyclin D1 is considered
to be one of the major components in this process
[1,2], cyclin D1 seems not to be required for pluripotency maintenance of the inner cell mass during developmental stages. Interestingly, mice lacking cyclin D1
are viable and fertile, but their body sizes are consistently smaller than their heterozygous or wild-type littermates [36,37]. These results clearly indicate that
cyclin D1 is not essential, at least for the development
of most tissues and organs in mice. However, a lack of
cyclin D1 strongly impaired the initiation of reprogramming from MEFs (Fig. 7), suggesting that the
endogenous cyclin D1 gene is essential for initiation of
the cellular reprogramming process. These results indicate that the function of Cyclin D1 in reprogramming
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is to help induce the pluripotent state in MEFs. The
roles of Cyclin D1 in cellular reprogramming may not
be the same as those in developmental processes. Further studies are needed to elucidate the potential role
and molecular mechanism of Cyclin D1 in OSKMinduced MEF cell reprogramming.
Induction of the OSKM reprogramming factors also
up-regulated the expression of CDKIs, such as
p16INK4a, p19ARF, p21, and p27, in 4F2A MEFs
(Fig. 4). This is paradoxical because it was previously
reported that the Ink4/Arf locus is a barrier for reprogramming [16–18], and the p53-p21 pathway serves as
a roadblock in iPSC generation [14–17]. Silencing or
down-regulation of p16INK4a, p19ARF, or p21 increases
the reprogramming efficiency [14–18]. Cyclin D1 also
promotes the sequestration of CDKIs, such as p21 and
p27, independently of CDK activation [38,39]; therefore, it is reasonable to speculate that induction of
Cyclin D1 can eliminate p21 and p27 through sequestration and can promote the reprogramming of somatic
cells into a pluripotent state. During reprogramming of
fibroblasts into induced pluripotent cells, further characterization of CDKI inhibition through sequestration
by Cyclin D1 will provide insights in this regard.
Studies of fibroblasts suggest that the generation of
iPSCs from mouse fibroblasts requires MET and that
this process is critical for initiating reprogramming.
Indeed, during cellular reprogramming, MET is orchestrated by the suppression of proepithelial-to-mesenchymal
transition signals from the culture medium and activation of an epithelial program inside cells [24,40]. What
is the functional evidence that MET is an essential step
for the early phase during the reprogramming of
somatic cells? During the derivation of iPSCs from
fibroblasts, (a) MET occurs early during reprogramming, (b) dysregulations of MET-related genes and
microRNA involved in the regulation of MET-related
genes impair somatic cell reprogramming, (c) epithelial
cells (such as skin, keratinocytes, or mammary gland
epithelial cells) are more amenable to reprogramming
than mesenchymal cells (fibroblasts), and (d) several
inhibitors of transforming growth factor-b itself or its
signaling pathways may enhance reprogramming efficiencies by inducing MET [41]. Our current work shows
that Cyclin D1 is required for reprogramming factorinduced MET in fibroblasts (Fig. 10). Unlike wild-type
4F2A MEFs, cyclin D1-null 4F2A MEFs did not show
epithelial-like morphological changes during the initial
steps of nuclear reprogramming. Using western blotting, quantitative real-time PCR, and immunocytochemistry for E-cadherin protein or E-cadherin mRNA,
we confirmed that induction of Cyclin D1 during the
initial stage of cellular reprogramming is essential for
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MET to generate induced pluripotent cells. Although
our experiments suggest that Cyclin D1 activation is a
key event underlying the epithelial phenotype of reprogramming cells, the exact mechanisms for the functional
interplay between Cyclin D1 and pro-MET signals during the initiation of cellular reprogramming will be the
subject of future studies.
In summary, this study identified cyclin D1 as an
essential gene in the reprogramming process and demonstrated that cyclin D1-null MEFs fail to initiate MET.
Although this finding suggests that induction of Cyclin
D1 by the OSKM reprogramming factors is essential for
the inactivation of the Rb tumor suppressor protein and
MET during the initial stage of cellular reprogramming,
the functional contribution of this protein to the conversion of somatic cells into iPSCs remains unknown.
Future studies on the detailed mechanisms explaining
how Cyclin D1 contributes to reprogramming will provide insights into the mechanisms of induced pluripotency. Therefore, the close interactions between Cyclin
D1 and reprogramming barriers probably underlie the
essential functions of Cyclin D1 in regulating cellular
reprogramming and their regulatory circuitry.

Experimental procedures
Mice and genotyping
Reprogrammable 4F2A mice [a mixture of 129S4Sv and
C57BL/6 (129 9 B6) backgrounds] containing a tetracycline-inducible OSKM cassette as well as rtTA-M2 [23] were
obtained from The Jackson Laboratory (Bar Harbor, ME,
USA). Polymerase chain reaction (PCR) methods for genotyping the Rosa26 (for rtTA-M2) and Col1a1 (for 4F2A) loci
were previously described [23]. Heterozygous cyclin D1
mutant mice (Cyclin D1+/; 129 9 B6) were purchased from
The Jackson Laboratory. To generate 4F2A mice with cyclin
D1 mutation [Tet(2);4F2A(2);Cyclin D1+/], mice with
heterozygous mutation of the cyclin D1 allele were crossed
with 4F2A mice [Tet(2);4F2A(2)] to generate Tet(1);4F2A
(1);Cyclin D1+/ mice. The resulting progeny [Tet(1);4F2A
(1);Cyclin D1+/] were intercrossed with 4F2A mice to generate 4F2A mice with heterozygous mutation of the cyclin
D1 allele [Tet(2);4F2A(2);Cyclin D1+/]. All procedures
were carried out in accordance with the animal experimentation guidelines of Sogang University, Seoul, Korea.

Constructs
pBabe-puro H-Ras V12 (Hras V12) was a gift from Dr.
Bob Weinberg (Whitehead Institute for Biomedical
Research and Massachusetts Institute of Technology;
Addgene plasmid #1768). pCSII-EF1/enhanced green fluorescent protein (EGFP) was kindly provided by Dr. H.-J.
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Cha (Sogang University, Seoul, Korea). To generate
pCSII-EF1/Cyclin D1-EGFP, the gene encoding mouse
Cyclin D1 protein was amplified from the mouse cDNA
clone BU018636 (21C Frontier Human Gene Bank,
KRIBB, Daejeon, Korea) by PCR using the primers
50 CycD1(1) (50 -GATCCTCGAGATGGAACACCAGCTC
CTG-30 , XhoI site underlined) and 30 CycD1(295noTGA)
(50 -GATCGGATCCACGATGTCCACATCTCGCAC-30 ,
BamHI site underlined), and cloned into the T-Blunt vector (SolGentTM T-Blunt PCR Cloning Kit; SolGent Co.,
Ltd., Daejeon, Korea) to generate T-Blunt/Cyclin D1(NoStop). To construct pEGFP-N1/Cyclin D1, T-Blunt/Cyclin
D1(NoStop) was digested with XhoI and BamHI, and the
digested fragment was cloned into the same site of pEGFPN1 (BD Biosciences Clontech, Palo Alto, CA, USA).
pEGFP-N1/Cyclin D1 was digested with XhoI and NotI to
isolate the Cyclin D1-EGFP fragment, which was then
cloned into the same sites of the pCSII-EF1 lentiviral vector to generate the pCSII-EF1/Cyclin D1-EGFP construct.

MEF culture
Mouse embryonic fibroblasts were isolated from E13.5
embryos as described previously [42]. Cells plated after disaggregation of embryo cells were considered passage 1,
and those first replated 3 days later were considered passage 2, as described previously [43]. Wild-type MEFs were
viably frozen, thawed, expanded (passage 3), used at passage 4–8 as described previously [44], and handled similarly.

4F2A MEF growth curve
For the cell proliferation assay, a total of 1.5 9 105 cells were
plated in 0.2% gelatin-coated dishes with a diameter of
35 mm, and cultured in the presence or absence of doxycycline
(2 lgmL1) in embryonic stem (ES) cell medium [DMEM
(Dulbecco’s modified Eagle’s medium with high glucose;
Gibco, Gaithersburg, MD, USA) with 15% FBS (Sigma,
St. Louis, MO, USA), 1 mM L-glutamine (Gibco), 0.1 mM
nonessential amino acids (Sigma), 0.1 mM b-mercaptoethanol
(Amresco, Solon, OH, USA), 1 mM sodium pyruvate (Sigma),
19 Penicillin/Streptomycin (Gibco; final concentration
50 lgmL1 each), and 1000 UmL1 LIF (Leukemia inhibitory factor; Millipore, Billerica, MA, USA)]. After 3 days, the
total number of cells in each dish was counted using a hemocytometer, and 1.5 9 105 cells were replated in dishes with a
diameter of 35 mm. This procedure was repeated every 3 days
for the indicated number of passages.

5-Bromo-2-deoxy-Uridine (BrdU) incorporation
assay and immunocytochemical analysis
4F2A MEFs were seeded in 60-mm dishes at a density of
3 9 105 cells per plate on sterilized coverslips. To measure
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DNA replication, 25 lM BrdU (Sigma) was added to the culture medium for 30 min or 24 h at 48 h after plating. Cells
were fixed in ethanol, treated with 2N HCl for 30 min, and
stained with a FITC-conjugated anti-BrdU antibody (BD
Biosciences). For Ki-67 staining, cells were stained with an
Alexa Fluor 555-conjugated anti-Ki-67 antibody (BD Biosciences). DNA was visualized with 40 ,6-diamidino-2-phenylindole (Life Technologies, Carlsbad, CA, USA).
Immunofluorescence was detected using a fluorescence
microscope (IX71; Olympus, Tokyo, Japan) equipped with a
DP71 digital camera (Olympus).

Cell cycle analysis
Cyclin D1+/+ and Cyclin D1/ 4F2A MEF cells were
harvested at 4 days after doxycycline treatment, washed
twice in PBS, and fixed in 70% ethanol at 20 °C for
20 min. The fixed cells were then washed twice in PBS
again, resuspended in PBS containing 100 lgmL1 RNase
A, and incubated at 37 °C for 30 min. The cells were
stained with propidium iodide (PI) solution (33 lgmL1 PI
containing 10% NP-40) for 30 min and analyzed by flow
cytometry (FACSCalibur; BD Biosciences).

Western blot analysis
The extracts were resolved by SDS/PAGE and transferred
to a PVDF [poly(vinylidene difluoride)] membrane. Western blot analysis was performed using anti-Ki-67 (SP6;
Abcam, Cambridge, MA, USA), anti-Cyclin D1 (72-13G;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), antiCyclin D2 (DVS-3; Sigma-Aldrich, Cambridge, MA, USA),
anti-Cyclin D3 (C-16; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Cyclin E1 (M-20; Santa Cruz Biotechnology), anti-CDK4 (C-22; Santa Cruz Biotechnology), antiCDK6 (DCS-83; Santa Cruz Biotechnology), anti-p16INK4a
(M-156; Santa Cruz Biotechnology), anti-p19ARF (5-C3-1;
Santa Cruz Biotechnology), anti-p21 (F-5; Santa Cruz
Biotechnology), anti-p27 (M-197; Santa Cruz Biotechnology), anti-Rb (G3-245; BD Biosciences), anti-phospho-Rb
(Ser780; Cell Signaling Technology, Beverly, MA, USA),
anti-p53 (1C12; Cell Signaling Technology), anti-E-cadherin
(24E10; Cell Signaling), or anti-Actin (AbC-2002; AbClon
Inc., Seoul, Korea) antibodies. Reactive bands were detected
by chemiluminescence using Western Lightening Plus ECL
(PerkinElmer Life Sciences, Wellesley, MA, USA).

Senescence-associated-b-galactosidase (SA-b-Gal)
staining
Senescence-associated-b-galactosidase staining was performed using the Senescence Cells Histochemical Staining
Kit (Sigma-Aldrich).
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AP staining
Alkaline phosphatase was stained with an AP staining
kit (Sigma-Aldrich) according to the manufacturer’s
instructions.

Virus production and infection
For the H-Ras V12-induced senescence study, H-Ras V12expressing MEFs were generated by infection with hightiter ecotropic retroviruses derived using the Phoenix
retrovirus packaging system [45]. Recombinant lentiviral
particles expressing Cyclin D1-EGFP or EGFP were produced using the ViraPowerTM Lentiviral Expression Systems (Life Technologies) according to the manufacturer’s
instructions.

Reverse transcription-PCR
Total RNA was extracted from 4F2A MEFs cultured in
the presence or absence of doxycycline (2 lgmL1) using
TRIzol reagent (Life Technologies) in accordance with the
manufacturer’s protocol. RNA was reverse-transcribed with
an oligo (dT) primer using the SuperScript First-strand
Synthesis System for RT-PCR (Life Technologies) to generate first-strand cDNA, followed by PCR to detect the
expression of cyclin D1 and b-actin. The PCR primer
sequences were 50 -AGTGCGTGCAGAAGGAGATT-30
and 50 -CACAACTTCTCGGCAGTCAA-30 for cyclin D1,
and 50 -GCTCGTCGTCGACAACGGCTC-30 and 50 CAAACATGATCTGGGTCATCTTCTC-30 for b-actin.
The reaction products were separated on 2% agarose gels
and stained with ethidium bromide.

Quantitative real-time PCR
Quantitative real-time PCR was performed using an
Applied Biosystems 7500 Fast real-time PCR system
(Applied Biosystems, Foster City, CA, USA) and
TOPrealTM qPCR 29 PreMIX (SYBR Green with low
ROX) (Enzynomics, Daejeon, Korea) according to the
manufacturer’s instructions. As a control, the level of bactin mRNA was determined by real-time PCR of each
RNA sample and used to correct for experimental variation. The following primer sequences were used: 50 AGTGCGTGCAGAAGGAGATT-30 and 50 -CACAACTT
CTCGGCAGTCAA-30 for cyclin D1, 50 -CAGCCTTCTTT
TCGGAAGACT-30 and 50 -GGTAGACAGCTCCCTATGACTG-30 for E-cadherin, and 50 -GCTCGTCGTCGACAACGGCTC-30 and 50 -CAAACATGATCTGGGTCAT
CTTCTC-30 for b-actin. The relative expression levels of
the down-stream target genes were quantitated by normalizing against endogenous b-actin using the ΔCT method.
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Immunofluorescence
The 4F2A MEFs (1 9 10 ) were plated in duplicate in
0.2% gelatin-coated 12-well plates and cultured in the presence or absence of doxycycline (2 lgmL1) in ES cell medium for 4 days. Cells were washed with PBS and fixed in
ice-cold 4% paraformaldehyde prepared in PhosphateBuffered Saline (PBS, pH 7.4) for 1 h at 4 °C. After
blocking for 20 min, cells were incubated with the primary
antibodies [Cyclin D1 (72-13G; Santa Cruz Biotechnology)
or E-cadherin (24E10; Cell Signaling)] at 4 °C overnight.
TRITC-conjugated goat anti-(mouse IgG) (for Cyclin D1;
Sigma-Aldrich) or FITC-conjugated goat anti-(rabbit IgG)
(for E-cadherin; Sigma-Aldrich) served as the secondary
antibodies. Finally, 40 ,6-diamidino-2-phenylindole was used
for nucleus staining. Immunofluorescence was detected with
a fluorescence microscope (IX71; Olympus) equipped with
a DP71 digital camera (Olympus) or a confocal microscope
(Leica TCS SPE DMI 4000 CS; Leica Microsystems CMS
GmbH, Wetzlar, Germany).
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