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ABSTRACT

Although a specific group of transcription factors such as OCT4, SOX2, and NANOG are known
to play essential roles in pluripotent stem cell (PSC) self-renewal, pluripotency, and reprogram-
ming, other factors and the key signaling pathways regulating these important properties are
not completely understood. Here, we demonstrate that the PSC marker Developmental Pluripo-
tency Associated 5 (DPPA5) plays an important role in human PSC (hPSC) self-renewal and cell
reprogramming in feeder-free conditions. Compared to hPSCs grown on mouse embryonic fibro-
blasts, cells cultured on feeder-free substrates, such as Matrigel, Laminin-511, Vitronectin, or
the synthetic polymer poly[2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium
hydroxide], had significantly higher DPPA5 gene expression and protein levels. Overexpression
of DPPA5 in hPSCs increased NANOG protein levels via a post-transcriptional mechanism. Coim-
munoprecipitation, protein stability assays, and quantitative RT-PCR, demonstrated that DPPA5
directly interacted, stabilized, and enhanced the function of NANOG in hPSCs. Additionally,
DPPA5 increased the reprogramming efficiency of human somatic cells to induced pluripotent
stem cells (hiPSCs). Our study provides new insight into the function of DPPA5 and NANOG reg-
ulation in hPSCs. STEM CELLS 2016;34:588–600

SIGNIFICANCE STATEMENT

We demonstrate that the pluripotent stem cell (PSC) marker Developmental Pluripotency Asso-
ciated 5 (DPPA5) stabilizes NANOG and supports human PSC (hPSC) self-renewal and cell
reprogramming in feeder free conditions. This study provides new molecular insight into the
function of DPPA5 in hPSCs. It extends our understanding of the mechanism by which PMED-
SAH and other feeder-free conditions support hPSC self-renewal. Our findings advance our
knowledge of hPSC biology, offer improvements to current protocols in hPSC maintenance and
reprogramming, which may contribute to the future application of these cells in regenerative
medicine.

INTRODUCTION

Human pluripotent stem cells (hPSCs), which
include embryonic stem cells (hESCs) derived
from the inner cell mass of blastocyst-stage
embryos, and induced pluripotent stem cells
(hiPSCs) generated by reprogramming somatic
cells through overexpression of key transcription
factors [1–3], are promising resources for regen-
erative medicine. An improved understanding of
these pluripotent cells may also provide insight
into early human embryonic development
because these cells are able to differentiate into
specialized cell types of all three germ layers
and trophoectoderm. A key to unlocking this
stem cell potential is by advanced understanding
of the molecular mechanisms governing hPSC
self-renewal and the network of factors that
enable pluripotency. Although it is known that

an assembly of transcription factors, including
OCT4, SOX2, and NANOG, play important roles
in hPSC self-renewal and pluripotency [4–7], the
crucial signaling pathways and factors regulating
these transcription factors is not completely
understood.

The Developmental Pluripotency Associated

5 (DPPA5) gene, also designated ESG1, belongs

to the KHDC1/DPPA5/ECAT1/OOEP gene family.

These genes encode structurally related pro-

teins characterized by an atypical RNA-binding

K Homology (KH) domain and are specifically

expressed in mammalian oocytes and ESCs [8].

Because of its high expression in PSC, DPPA5

has been used as an informative marker for

pluripotency and stemness [9–14]. However,

there is limited information regarding the func-

tion of DPPA5 in mouse or human ESCs [15].
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The homeobox transcription factor NANOG has been pro-
posed as a gatekeeper of pluripotency in hPSCs. Studies indi-
cate that downregulation of NANOG in hESCs induces
differentiation [6], while overexpression of NANOG prevents
neuroectoderm differentiation and blocks progression along
endodermal and mesodermal lineages [16–18]. In methods to
reprogram somatic cells into iPSCs, the addition of NANOG to
the OCT4, SOX2, KLF4, and C-MYC (OSKM) reprograming cock-
tail enhances reprogramming kinetics [19]. Likewise, hiPSCs
have been generated by the overexpression of NANOG in
cooperation with the expression of OCT4, SOX2, and LIN28 [3].

Here, we used DPPA5 as a PSC marker to investigate the
mechanism by which synthetic polymer coatings such as
poly[2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammo-
nium hydroxide] (PMEDSAH) support hPSC self-renewal in
feeder-free conditions [20, 21]. Our data revealed higher
expression of DPPA5 in hPSCs cultured on PMEDSAH com-
pared to irradiated mouse embryonic fibroblasts (MEFs), the
most widely used culture condition [22]. This finding led us to
raise the hypothesis that DPPA5 has a unique role in hPSCs
self-renewal when cultured on synthetic substrates.

We first compared gene expression and protein levels of
DPPA5 in hPSCs cultured on MEFs and several feeder-free
conditions. In response to DPPA5 overexpression, NANOG pro-
tein levels were stabilized. Because of the central role of
NANOG in hPSC pluripotency, we investigated the mechanism
by which DPPA5 regulates NANOG and the effects of DPPA5
on NANOG target genes in hESCs. We also studied the func-
tion of DPPA5 in the derivation of hiPSCs and found DPPA5

enhanced the reprogramming efficiency when combined with
OCT4, SOX2, KLF4, and C-MYC.

MATERIALS AND METHODS

Cell Culture Substrates Preparation

All cell culture was performed in designated incubators at 378C
in 5% CO2, and high humidity. irradiated MEFs (MTI-Global-
Stem, Gaithersburg, MD, http://www.mti-globalstem.com)
were plated at a density of 23 104 cells per centimeter square
on gelatin-coated tissue culture dishes. The fibroblast culture
medium was composed of high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Grand Island, NY, http://www.
invitrogen.com), 10% fetal bovine serum (FBS; Gibco), 1% non-
essential amino acids (Gibco), 1% GlutaMax (Gibco), and 1%
penicillin streptomycin (Gibco).

The synthetic surface PMEDSAH was prepared as described
previously [23]. Briefly, through ultraviolet ozone (UVO)-initi-
ated free radical polymerization in a fume hood with connec-
tions for argon, a 500ml reaction vessel was degassed by
vacuum for 1 hour. When the reaction vessel was being evac-
uated, a monomer solution consisting of 0.25M MEDSAH
(Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com) was
dissolved in a mixture of deionized water and ethanol (4:1, v/v).
The solution was degassed for 40 minutes with an argon purge.
After the reaction vessel and solvent were degassed, the mono-
mer solution was transferred to a reaction vessel and heated to
68–708C.While the reaction vessel was being heated, tissue cul-
ture polystyrene (TCPS) dishes (BD BioSciences, San Diego, CA,
http://www.bdbiosciences.com) were activated by UVO treat-
ment (Jetlight) for 40 minutes to create initiation sites on the

surface. After activation, the dishes were transferred to a reac-
tion vessel and the temperature was increased to 76–808C.
Surface-initiated polymerization occurred over a 2.5 hour time
period under argon atmosphere at 76–808C. Once the process
was complete, TCPS dishes and control samples were removed
from the reaction vessel and rinsed in a 1% saline (w/v) solution
at 508C.

Matrigel (BD BioSciences) was diluted to a concentration of
100 lg/ml in cold DMEM/F12 (Gibco) and then applied to TCPS
dishes or flasks (BD BioSciences). The coating was allowed to
polymerize during 2 hours incubation at room temperature.
Before plating cells, excess Matrigel-DMEM/F12 solution was
aspirated, and the dishes were washed with sterilized Dulbec-
co’s phosphate buffered saline (Gibco). Human Laminin-511
(Biolamina, Sundbyberg, Sweden, http://www.biolamina.com)
was diluted to a concentration of 10lg/ml in phosphate buf-
fered saline (PBS; Gibco). Vitronectin (R&D Systems, Minneapo-
lis, MN, http://www.rndsystems.com) was diluted to 5 lg/ml in
PBS (Gibco). Coatings of Laminin or Vitronectin were applied to
TCPS dishes following the manufacturer’s protocols.

Cell Culture of hPSCs

Unless otherwise specified, hESCs (H1, NIH registration # 0043
and H9, NIH registration number # 0062 from WiCell Research
Institute, Madison, WI, http://www.wicell.org; and CHB10, NIH
registration number 0009 from Children’s Hospital Corpora-
tion, Boston, MA) and hiPSCs derived in our lab [24] from
human gingival fibroblasts and foreskin fibroblasts (hGF2-
iPSCs, hGF4-iPSCs and hFF-iPSCs) were cultured on PMEDSAH,
Matrigel, human Laminin-511, Vitronectin, and MEFs with
hPSC culture medium (human-cell-conditioned medium
(HCCM, MTI-GlobalStem) supplemented with 5 ng/ml of
human recombinant basic fibroblast growth factor (bFGF; Invi-
trogen, Carlsbad, CA, http://www.invitrogen.com), and 1%
antibiotic-antimycotic (Gibco). The hPSC culture medium was
replaced every other day. Differentiated cells were mechani-
cally removed with a sterile pulled-glass pipet under a stereo-
microscope (LeicaMZ9.5, Leica Microsystems, Buffalo Grove,
IL, http://www.leicamicrosystems.com). Undifferentiated colo-
nies were cut and passed as small cell clusters for three pas-
sages for each culture condition before analysis.

MEF-Conditioned Medium Preparation and
Extracellular Matrix Deposition

Twenty-four hours after plating irradiated MEFs at a density
of 23 104 cells per cm2 on gelatin-coated tissue culture
dishes, fibroblast culture medium was replaced with hPSC cul-
ture medium, and collected the following day, and was
labeled as MEF1-CM (conditioned medium). Then, hPSC
culture medium was replaced every other day, and CM was
collected again after 6 days (MEF7-CM). MEF-CM were stored
at 2208C before being used in hPSC culture. MEF-ECM
(extracellular matrix) deposits were prepared as described
previously [22]. Briefly, irradiated MEFs were cultured as
described above and during the same period of time. At the
time of isolating the ECM deposits, MEFs were washed twice
with PBS and then lysed in buffer containing 0.5% (v/v) of Tri-
ton X-100/PBS and 0.035ml of ammonium hydroxide solution
(NH4OH) per 100ml for 5 minutes at room temperature.
Plates with ECM deposited were washed three times with PBS
before being used in cell culture.
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RNA Isolation and Quantitative Reverse Transcriptase
Polymerase Chain Reaction

RNA was isolated and purified with the RNA easy Mini-Kit
(Qiagen, Hilden, Germany, http://www1.qiagen.com) following
the manufacturer’s protocol. RNA quality and concentration
was measured with a Synergy NEO HTS Multi-Mode Micro-
plate Reader (BioTek Instruments, Winooski, VT, http://www.
biotek.com). Reverse transcription from 1lg of total RNA into
cDNA was done using SuperScript III First-Strand Synthesis
SuperMix (Invitrogen). Quantitative polymerase chain reaction
(PCR) was performed by TaqMan probes (Applied Biosystems,
Foster City, CA, http://www.appliedbiosystems.com) and Taq-
Man Universal PCR Master Mix (Applied Biosystems) on 7900
HT Fast Real Time PCR system (Applied Biosystems). Gene
expression data were normalized to the expression levels of
GAPDH and calculated by the DDcT expression level.

Western Blot Analysis

The following antibodies were used: OCT4 antibody (1:2,000;
Cat. 4286, Cell Signaling Technology, Beverly, MA, http://www.
cellsignal.com), SOX2 antibody (1:1,000; Cat. 2748, Cell Signal-
ing Technology), KLF4 antibody (1:1,000; Cat. 12173, Cell Sig-
naling Technology), C-MYC antibody (1:1,000; Cat. 9402, Cell
Signaling Technology), NANOG antibody (1:1,000; Cat. 3580,
Cell Signaling Technology), DPPA5 antibody (2 mg/ml; Cat.
MAB3984, R&D systems), DDK antibody (1: 2,000, Cat.
TA50011, OriGene, Rockville, MD, http://www.origene.com),
a-tubulin antibody (1:3,000; Cat. sc-8035, Santa Cruz Biotech-
nology, Santa Cruz, CA, http://www.scbt.com), and b-actin
antibody (1:1,000; Cat. 4970, Cell Signaling Technology).
Whole cell lysates were prepared from cells, separated on
10% SDS-polyacrylamide gel, and transferred to polyvinylidene
difluoride membranes. The membranes were incubated with
5% milk in TBST (w/v) for 0.5 hour and then incubated with
primary antibodies overnight at 48C. Blots were incubated
with horseradish peroxidase-coupled secondary antibodies
(Promega, Madison, WI, http://www.promega.com; R&D sys-
tems) for 1 hour, and protein expression was detected with
SuperSignal West Pico Chemiluminescent Substrate or Super-
Signal West Femto Chemiluminescent Substrate (Thermo Sci-
entific, Waltham, MA, http://www.thermofisher.com). ImageJ
software (http://rsb.nih.gov/ij) was used for quantification of
Western blots.

Directed Cell-Lineage Differentiation and Embryoid
Body Formation

Embryoid body (EB) formation was achieved by culturing clus-
ters of hPSCs in suspension with DMEM (Gibco) supple-
mented with 10% FBS for 10 days. Directed cell-lineage
differentiation was performed on Matrigel coated dishes using
the following protocols [25]. hPSCs were induced to differenti-
ate in chemically defined medium (CDM) base consisting of
DMEM/F12 (Gibco) supplemented with 13N2 (Invitrogen),
13B27 (Invitrogen), 0.11mM 2-mercaptoethanol, 1mM non-
essential amino acids, 2mM L-glutamine, and 0.5mg/ml BSA
(fraction V; Sigma-Aldrich). To induce definitive endoderm
(pancreatic differentiation), 100 ng/ml human recombinant
activin A (Stemgent, Lexington, MA, http://www. stemgent.
com) was added to CDM, and cells were then cultured in this
condition for 6 days, followed by culture in CDM without

activin A for another 9 days. For mesoderm (cardiomyocyte dif-
ferentiation), cells were cultured in CDM supplemented with
50 ng/ml human recombinant bone morphogenetic protein
(BMP) 4 (Stemgent) and 50 ng/ml human recombinant activin A
(Stemgent) for 4 days, then further cultured in CDM without
activin A and BMP4 for an additional 10 days. For ectoderm
(neuronal differentiation), 100 ng/ml human recombinant Nog-
gin (Stemgent) was added to the CDM, and cells were cultured
for 8 days. In addition, to test the impact of DPPA5 on hPSCs
differentiation, neuroectoderm differentiation was induced as
previously described [17]. Briefly, hESCs were grown in chemical
defined medium with 10lM SB431542 (Sigma-Aldrich) and
12 ng/ml bFGF (Invitrogen) for 7 days.

Retrovirus Production and Transduction into Cells

Retrovirus (103) was produced with the plasmids pMXs-

hOCT3/4, pMXs-hSOX2, pMXs-hKLF4, pMXs-hC-MYC, pMXs-

DPPA5, and pMXs-GW (as control) (Addgene plasmids #:
17217, 17218, 17219, 17220, 13352, and 18656, respectively);
by the University of Michigan Vector Core using standard
protocols.

DPPA5 Overexpression

Single hPSCs (23 104) were plated on a Matrigel-coated
60mm TCPS dishes in hPSC culture medium supplemented
with 10 mM of Rho-associated coiled coil forming protein ser-
ine/threonine kinase (ROCK) inhibitor (Sigma-Aldrich) and
infected with DPPA5 retroviruses. Fibroblasts (1.53 105) were
plated on a 35mm TCPS dishes in fibroblast culture medium
and infected by 13 DPPA5 retroviruses plus polybrene (10mg/
ml; Sigma-Aldrich) when cell confluence reached about 60%.
In addition, fibroblasts were also transfected in a 35mm TCPS
dish with 2mg pCMV6-Entry plasmid containing DPPA5 human
cDNA ORF Clone (Cat. RC222509, OriGene) using FuGENE 6
transfection reagent (Promega). The construct pCMV6-Entry
(OriGene) was used as a control. DDK-tagged DPPA5 plasmid
(Cat. RC222509, OriGene) was transfected into hESCs using a
modified-reversed transfection protocol [26]. Briefly, 2 mg of
DDK-tagged DPP5 plasmid-FuGENE 6 complex were mixed
with Matrigel during the 2 hour polymerization period. Single
hESCs were then seeded on Matrigel-plasmid coated dishes,
and cell culture medium was replaced the following day.

Coimmunoprecipitation

Immunoprecipitation (IP) was performed using the ImmunoCruz
IP/WB Optima C System (Santa Cruz Biotechnology) following
the manufacturer’s protocol. Briefly, hESCs protein extracts
were prepared in CHAPS lysis and IP buffer (FIVEphoton Bio-
chemicals, San Diego, CA, http://www.fivephoton.com) with
protease inhibitor (FIVEphoton Biochemicals) and phosphatase
inhibitor (FIVEphoton Biochemicals). hESC lysate (700 mg of
total protein) was precleared with Preclearing Matrix C-mouse
(Santa Cruz Biotechnology) for 1.5 hours at 48C on a rotator.
Meanwhile, NANOG antibody (Cat. ab62734, Abcam, Cam-
bridge, U.K., http://www.abcam.com), DDK antibody (Cat.
TA50011, OriGene), OCT4 antibody (Cat. 4286, Cell Signaling),
SOX2 antibody (Cat. 2748, Cell Signaling), normal mouse IgG
(Santa Cruz Biotechnology) or normal rabbit IgG (Santa Cruz
Biotechnology) were mixed and incubated to form IP antibody-
IP matrix complex and the control-IP matrix complex, respec-
tively. After 1 hour of incubation at 48C on a rotator, IP

590 Role of DPPA5 in Human Pluripotent Stem Cells

VC AlphaMed Press 2015 STEM CELLS

http://www1.qiagen.com
http://www.biotek.com
http://www.biotek.com
http://www.appliedbiosystems.com
http://www.cellsignal.com
http://www.cellsignal.com
http://www.origene.com
http://www.scbt.com
http://www.promega.com
http://www.thermofisher.com
http://rsb.nih.gov/ij
http://www. stemgent.com
http://www. stemgent.com
http://www.fivephoton.com
http://www.abcam.com


antibody-IP matrix complex was washed with PBS (Gibco). The
supernatant was discarded after centrifugation. The precleared
hPSCs lysate supernatant was transferred to the pelleted IP
antibody-IP matrix complex and incubated at 48C on a rotator
for 4 hours. After incubation and centrifugation, pelleted matrix
was washed with PBS, and Western blot analysis was performed
to detect the interaction between DPPA5 and NANOG, OCT4 or
SOX2.Whole hPSCs lysate was used as input.

Protein Stability Assay

hPSCs were infected with DPPA5 or control (pMXs-GW) retro-
viruses. After 72 hours, cycloheximide (CHX; Sigma-Aldrich)
was added to the culture medium at a concentration of
45mg/ml. CHX treatment lasted until cells were harvested at
different time points (0.5 hours, 1 hours, 1.5 hours after CHX
addition). Equal amounts of protein were loaded from each
treated sample and analyzed by Western blot assays.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde for 30 minutes at
room temperature and then permeabilized with 0.1% Triton

X-100 for 10 minutes. Primary antibodies against DPPA5 (Cat.
MAB3984, R&D systems), NANOG (Cat. ab62734, Abcam),
SSEA4 (Cat. sc-21704, Santa Cruz Biotechnology), OCT4 (Cat.
sc-8629, Santa Cruz Biotechnology), SOX2 (ab5603, Millipore,
Billerica, MA, http://www.millipore.com), TRA-1-81 (Cat.
mab4381, Millipore), SSEA3 (Cat. mab4303, Millipore), TRA-1-
60 (Cat. sc-21705, Santa Cruz Biotechnology) were diluted in
1% normal serum (v/v) and incubated overnight at 48C and
detected with respective secondary antibodies. Sample images
were captured using a Nikon TE2000-S inverted microscope
with a Nikon DS-Ri1 camera or using Nikon confocal micro-
scope system A11.

Derivation of hiPSCs and Quantification of

Reprogramming Efficiency

For iPSC reprogramming, 1.53 105 human gingival fibroblasts
were plated on 35mm TCPS dishes in fibroblast culture
medium. When cell confluence reached about 60%, cells were
infected by retroviruses (KLF4, C-MYC, OCT4, and SOX2;

KMOS) using the method described above. In experimental
groups, fibroblasts were also infected with retroviruses

Figure 1. Differences in DPPA5 gene expression and protein levels in human pluripotent stem cells (hPSCs) cultured on irradiated MEFs
and feeder-free substrates. (A): Relative transcript levels of DPPA5 were higher in human embryonic stem cells (hESCs) (H9) cultured on
PMEDSAH compared to that on MEFs, while relative transcript levels of OCT4, SOX2, KLF4, C-MYC, and NANOG showed no significant
differences in expression. (B): Relative transcript levels of DPPA5 were higher in multiple types of hPSCs (H9, CHB10, hFF-iPSCs, hGF2-
iPSCs, and hGF4-iPSCs) cultured on PMEDSAH compared to MEFs. (C): Western blot analysis and relative signal intensity of DPPA5,
NANOG, OCT4, SOX2, KLF4, and C-MYC proteins in hESCs cultured on MEFs and PMEDSAH. a-Tubulin was used as a loading control. (D):
Compared to when cultured on MEFs, the relative transcript levels of DPPA5 were higher in hESCs (CHB10) cultured on feeder-free sub-
strates such as PMEDSAH, Matrigel, Laminin, and Vitronectin. Plot data presented as mean6 SD from three independent experiments
(*, p< .05). Abbreviations: DPPA5, developmental pluripotency associated 5; hGF, human gingival fibroblasts; hFF, human foreskin fibro-
blasts; iPSCs, induced pluripotent stem cells; MEFs, mouse embryonic fibroblasts; PMEDSAH, poly[2-(methacryloyloxy) ethyl dimethyl-(3-
sulfopropyl) ammonium hydroxide].
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carrying DPPA5 on day 0, day 6, day 9, and day 12, respec-
tively. Three days after KMOS infection, cells were trypsinized
and passed to Matrigel-coated or MEF-plated flasks (75 cm2).
At that time, the fibroblast culture medium was replaced by
hPSC culture medium supplemented with 10 mM of ROCK
inhibitor (Sigma-Aldrich). The hPSC culture medium with
ROCK inhibitor was refreshed every day until day 23, when
cells were either analyzed by alkaline phosphatase (AP) activ-
ity or submitted for flow cytometry analysis. AP activity and
colony morphology (well defined borders and high nuclei per
cytoplasmic ratio) were used to identify reprogrammed hiPSC
colonies (Supporting Information Fig. S3C, S3D). The number
of hiPSC colonies in control and experimental groups were
quantified and used to calculate the reprogramming effi-
ciency as follows: the number of hiPSC colonies in each
group was divided by 1.53 105, which was the original
number of fibroblasts plated for each group before
reprogramming.

Alkaline Phosphatase Staining

AP staining was done with the Alkaline Phosphatase Staining
Kit (Stemgent). Cells were fixed with fixing solution for 2–5
minutes, then rinsed and incubated in AP Substrate Solution
in the dark at room temperature for 15 minutes. Cells were
rinsed and covered with 13 PBS to prevent drying before
quantitative analysis.

Flow Cytometry Analysis

Cells were washed with PBS and harvested by incubation in
0.25% trypsin-EDTA (Gibco). After trypsinization, the cells
were incubated first with human IgG to block nonspecific
binding and then with SSEA-4 phycoerythrin (PE)-conjugated
antibody (Cat. FAB1435p, R&D systems) or mouse anti-human

TRA-1-60 PE-conjugated antibody (Cat. 560193, BD
Pharmingen, San Diego, CA, http://www.bdbiosciences.com)
and then analyzed by flow cytometry. Analysis was carried
out with MoFlo Astrios (Beckman Coulter, Brea, CA, http://
www.beckmancoulter.com) using standard procedures. Back-
ground fluorescence and autofluorescence were determined
using cells incubated with Mouse IgG1 PE isotype control
(Cat. 1c002p, R&D systems).

Statistical Analysis

At least three independent replicates of each experiment
were performed. Two data sets were compared using the Stu-
dent’s t test function in Excel (Microsoft, Seattle, WA) to cal-
culate p values. Multiple data sets were compared using one-
way ANOVA analysis followed by the Tukey’s post hoc test to
calculate p values. Level of statistical significance was set at
p< .05.

RESULTS

DPPA5 Expression in hPSCs is Higher when Cultured
on Feeder-Free Substrates than on MEFs

To investigate the mechanism by which synthetic substrates
such as PMEDSAH support hPSC self-renewal in feeder-free
conditions, we compared the expression of pluripotency-
related genes in H9 hESCs cultured on PMEDSAH versus MEFs
after three consecutive passages. Quantitative RT-PCR analysis
demonstrated that DPPA5 gene expression levels were signifi-
cantly higher in hESCs cultured on PMEDSAH compared to on
MEFs, while the expression of other pluripotency-related fac-
tors such as OCT4, SOX2, KLF4, C-MYC, and NANOG was not
significantly changed (Fig. 1A). Similar results were obtained
with the CHB10 hESC line and three independent hiPSC lines

Figure 2. Soluble factors and ECM secreted by irradiated MEFs inhibited DPPA5 expression in human pluripotent stem cells (hPSCs)
compared to feeder-free conditions. The control culture condition was PMEDSAH (substrate) plus HCCM (medium). (A): Relative tran-
script levels of DPPA5 in hESCs cultured in control culture condition, PMEDSAH plus day 1 MEF-CM, and PMEDSAH plus day 7 MEF-CM.
(B): Relative transcript levels of DPPA5 in hESCs cultured in control culture condition, day 1 MEF-ECM plus HCCM, and day 7 MEF-ECM
plus HCCM. OCT4 gene expression was used as a marker indicating the undifferentiated state of the collected hESCs. Data presented as
mean6 SD from three independent experiments (*, P<.05). Abbreviations: CM, conditioned media; DPPA5, developmental pluripotency
associated 5; ECM, extracellular matrix; HCCM, human-cell-conditioned medium; MEF, mouse embryonic fibroblast; PMEDSAH, poly[2-
(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide].
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(Fig. 1B). Western blot analysis demonstrated that protein lev-
els of DPPA5 and NANOG were higher in hPSCs cultured on
PMEDSAH compared to MEFs, while other pluripotency-
related factors showed no significant differences (Fig. 1C). The
mRNA expression of DPPA5 in hPSCs was then compared to
cells cultured on MEFs and other feeder-free conditions

(Matrigel, Laminin-511, and Vitronectin). Quantitative RT-PCR
analysis demonstrated higher gene expression of DPPA5 in
hPSCs grown on feeder-free substrates compared to cells cul-
tured on MEFs, while no significant mRNA expression differen-
ces were observed among hESCs cultured in these feeder-free
conditions (Fig. 1D).

Previously, we demonstrated that both the ECM and solu-
ble factors secreted by MEFs significantly impact the self-
renewal of hESCs [22]. Therefore, we hypothesized that the
ECM and soluble factors secreted by MEFs may inhibit DPPA5

expression in hPSCs, compared to feeder-free conditions.
MEF-CM and ECM deposits were prepared on TCPS dishes as
described in the Materials and Methods section and used to
culture hESCs for three passages. The combination of PMED-
SAH and HCCM was set as the control culture condition. In
addition, cells were cultured on PMEDSAH plus day 1 or day
7 MEF-CM and day 1 or day 7 MEF-ECM plus HCCM. The
mRNA expression of OCT4 was used as an indicator of the
undifferentiated state of hESCs. Quantitative RT-PCR analysis
demonstrated that, compared to the control condition, hPSCs
expressed significantly lower levels of DPPA5 in PMEDSAH
with day 7 MEF-CM (Fig. 2A), indicating that soluble factors
secreted by MEFs inhibit DPPA5 expression. Similarly, com-
pared to the control condition, the expression of DPPA5 was
significantly lower in hPSCs cultured on MEF-ECM plus HCCM
(Fig. 2B), indicating that the ECM deposited by MEFs also
inhibits DPPA5 expression in hPSCs. Taken together, these data
suggested that soluble factors and ECM deposited by irradi-
ated MEFs inhibit DPPA5 gene expression in hPSCs.

We analyzed DPPA5 gene expression levels in hPSCs and
their differentiated derivative cells. Quantitative RT-PCR dem-
onstrated that DPPA5 expression levels were significantly
upregulated in hiPSCs compared to their corresponding paren-
tal fibroblasts (Fig. 3A). Conversely, when compared to undif-
ferentiated hESCs, DPPA5 expression levels significantly
decreased after EB formation (Fig. 3B) and in cells induced to
endodermal, mesodermal, and ectodermal lineages (Fig. 3C).
Cell lineage differentiation and EB formation was confirmed
by increasing expression of factors representative of each
germ layer (Supporting Information Fig. S1; Table S1).

Immunocytochemistry analysis demonstrated that DPPA5
and NANOG protein were observed in undifferentiated hESCs
and decreased in differentiated cells (Supporting Information
Fig. S2A, S2B). Our finding that DPPA5 expression was higher
in undifferentiated hPSCs compared to differentiated cells is
consistent with other studies that used DPPA5 as a PSC

Figure 3. Differences in DPPA5 expression between undifferenti-
ated and differentiated human pluripotent stem cells and somatic
cells. (A): Relative transcript levels of DPPA5 increased in iPSCs
(hFF-iPSCs, hGF2-iPSCs, and hGF4-iPSCs) compared to correspond-
ing parental fibroblasts. (B): Relative transcript levels of OCT4,
SOX2, and DPPA5 decreased after EB formation from hESCs. (C):
Relative transcript levels of DPPA5 decreased after directed cell
lineage differentiation from hESCs into endodermal, mesodermal,
and ectodermal derivatives. Data presented as mean6 SD from
three independent experiments (*, p< .05). Abbreviations:
DPPA5, developmental pluripotency associated 5; EB, embryoid
body; hESCs, human embryonic stem cells; hFF, human foreskin
fibroblasts; hGF, human gingival fibroblasts; iPSCs, induced pluri-
potent stem cells.
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marker [9, 12–14, 27–30]. This specific expression pattern sug-
gested that DPPA5 might play an important role in hPSC self-
renewal and pluripotency.

DPPA5 Regulates NANOG Protein Levels

The higher expression of DPPA5 in hPSCs cultured under
feeder-free conditions compared to MEFs provoked our inter-
est in elucidating the function of DPPA5. Overexpression of
DPPA5 in fibroblasts did not significantly affect gene expres-
sion of OCT4, SOX2, KLF4, C-MYC, and NANOG (Fig. 4A). How-
ever, in fibroblasts with overexpressed DPPA5, in addition to
detecting a significant increase in DPPA5 protein levels, we
also observed an increase in NANOG protein levels via West-
ern blot analysis (Fig. 4B). No change in protein levels was
detected for other pluripotency-related factors. The same pat-
tern was observed when DPPA5 was overexpressed in hESCs.
NANOG protein levels dramatically increased without
significant changes in gene expression (Fig. 4C, 4D). These

data indicated that DPPA5 functions as a positive regulator of
NANOG protein at a post-transcriptional level.

DPPA5 Protein Interacts with and Stabilizes

NANOG Protein

Next, we investigated the extent to which DPPA5 may affect
NANOG protein levels in hPSCs. Immunofluorescence staining
and confocal microscopy analysis illustrated that DPPA5 was
localized in both the cytoplasm and nucleus of hESCs. In addi-
tion, DPPA5 colocalized with NANOG in the nucleus (Fig. 5A),
indicating a potential interaction between these two proteins.

Co-immunoprecipitation was performed to determine the
interaction between DPPA5 and NANOG in hESCs. Western
blot analysis demonstrated that NANOG was successfully
immunoprecipitated with a NANOG IP antibody-IP matrix com-
plex (Fig. 5B). Concurrent with this finding, DPPA5 was
strongly coprecipitated with NANOG (Fig. 5B). IP of DPPA5
was achieved by pulling-down DDK protein from hESCs

Figure 4. Regulation of NANOG protein levels by DPPA5 in human pluripotent stem cells (hPSCs). (A): Relative transcript levels of
DPPA5, NANOG, OCT4, SOX2, KLF4, and C-MYC between control fibroblasts and with DPPA5 overexpression. (B): Western blot analysis
and relative signal intensity of DPPA5, NANOG, OCT4, SOX2, KLF4, and C-MYC proteins between control fibroblasts and fibroblasts with
DPPA5 overexpression. b-Actin was used as a loading control. (C): Relative transcript levels of DPPA5, NANOG, OCT4, SOX2, KLF4, and C-
MYC between control hESCs and hESCs with DPPA5 overexpression. (D): Western blot analysis and relative signal intensity of DPPA5,
NANOG, OCT4, SOX2, KLF4, and C-MYC proteins between control hESCs and hESCs with DPPA5 overexpression. b-Actin was used as a
loading control. Plot data are presented as mean6 SD from three independent experiments (*, p< .05). Abbreviations: DPPA5, develop-
mental pluripotency associated 5; hESCs, human embryonic stem cells.
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transfected with a DDK-tagged DPPA5 plasmid. NANOG was
coprecipitated with DDK-tagged DPPA5 (Fig. 5C). These data
indicated the interaction between DPPA5 and NANOG protein.
No protein was coprecipitated by the normal mouse IgG-IP
matrix complex, suggesting nonspecific binding did not play a
role in these experiments. Furthermore, DPPA5 was not
coprecipitated with OCT4 or SOX2 (Supporting Information
Fig. S2C, S2D), which suggested the specificity of interaction
between DPPA5 and NANOG proteins. Protein stability assays
were then performed to determine the extent to which
DPPA5 inhibits NANOG protein degradation in hESCs. Western
blot analysis demonstrated that the degradation of NANOG
was significantly delayed by DPPA5 overexpression in the
presence of cycloheximide (Fig. 5D). Taken together, these
data indicated that DPPA5 interacts with NANOG and stabil-
izes NANOG in hPSCs.

DPPA5 Enhances the Function of NANOG

NANOG increases the transcription of SALL4 and represses the
transcription of GATA6 and SOCS3 through binding to their
proximal gene promoters [31–35]. To study the extent to
which DPPA5 enhances the function of NANOG in hPSCs, we
examined the expression of NANOG target genes (SALL4,

GATA6, and SOCS3) in response to DPPA5 overexpression. The
overexpression of DPPA5 in hESCs is shown in Figure 4C, 4D.
We found that gene expression of SALL4 was increased, while
GATA6 and SOCS3 were repressed after DPPA5 overexpression
(Fig. 6A). This evidence suggested that DPPA5 not only
increased NANOG protein levels through post-translational
stabilization but also facilitated the function of NANOG on its
target genes.

To test the impact of DPPA5 on NANOG in hESC differen-
tiation, we induced hPSC neuroectoderm differentiation in

Figure 5. Protein interaction and stabilization between DPPA5 and NANOG in human pluripotent stem cells (hPSCs). (A): Representative
confocal microscopy images of immune fluorescent staining of human embryonic stem cells (hESCs) with NANOG and DPPA5 primary
antibodies. DAPI shows nuclear staining. The merged images indicate the colocalization of DPPA5 and NANOG in hESC nucleus. Scale
bars5 5 mm. (B): Co-IP of endogenous NANOG and DPPA5 in hESCs. hESCs extracts prepared in CHAPS lysis and IP buffer were immuno-
precipitated with anti-NANOG or control IgG antibody. The immune complexes and the input (whole hESC lysate) were analyzed by
Western blot with antibodies specific to NANOG or DPPA5. (C): Co-IP of DDK-DPPA5 and NANOG in hESCs. hESCs were transfected with
DDK-tagged DPPA5 plasmid. hESC extracts prepared in CHAPS lysis and IP buffer were immunoprecipitated with anti-DDK or control IgG
antibody. The immune complexes and the input (whole hESC lysate) were analyzed by Western blot with antibodies specific to DDK and
NANOG. (D): The protein levels of NANOG and DPPA5 in control hESCs or hESCs with DPPA5 overexpression were analyzed at the indi-
cated time points after CHX (45mg/ml) treatment. Western blot analysis and relative signal intensity indicated that DPPA5 supports
NANOG protein stability in hESCs. b-Actin was used as a loading control. Plot data is presented as mean6 SD from three independent
experiments (*, p< .05). Abbreviations: CHX, cycloheximide; DAPI, 40,6-diamidino-2-phenylindole; DPPA5, developmental pluripotency
associated 5; IP, immunoprecipitation.

Qian, Kim, Tong et al. 595

www.StemCells.com VC AlphaMed Press 2015



control and DPPA5 overexpressed hESCs with the knowledge
that overexpression of NANOG blocks neuroectoderm differen-
tiation [17]. We observed that after induced neuroectoderm
differentiation in hESCs, the expression levels of pluripotency
markers such as OCT4 and SOX2 were decreased, while neuro-
ectordern markers SOX1 and NEUROD1 were increased in both
control and DPPA5 overexpressed cells (Fig. 6B). Interestingly,
in neuroectoderm differentiated cells, the expression levels of
SOX1 and NEUROD1 were lower in DPPA5 overexpressed cells
compared to controls (Fig. 6B). Taken together, these data indi-
cated that DPPA5 promotes the function of NANOG.

DPPA5 Increases hiPSC-Reprogramming Efficiency

Because of the stabilizing action of DPPA5 on NANOG in hESCs
and the critical role of NANOG in hPSCs self-renewal and in the
generation of hiPSCs [3, 19], we investigated whether DPPA5
could have a positive effect during reprograming of fibroblasts
into hiPSCs (Supporting Information Fig. S3A, S3B). DPPA5 was

added to the KLF4, C-MYC, OCT4, SOX2 (KMOS) reprogramming
cocktail to determine its effect on reprogramming of fibroblast
into hiPSCs. Retroviruses encoding the KMOS cocktail were
used to infect fibroblasts in both control and experimental
groups on day 0. Experimental groups were additionally
infected with retroviruses encoding DPPA5 on day 0, day 6, day
9, and day 12 (experimental group-d01D, d61D, d91D and
d121D, respectively). On day 23, hiPSC colonies were classified
as successfully reprogrammed, or as pre-iPSCs by the following
criteria: reprogrammed colonies should have positive AP stain-
ing, well-defined borders and cells should have a high nucleus:-
cytoplasm ratio (Supporting Information Fig. S3C). Pre-iPSCs
were identified by undefined borders even if exhibiting AP
activity (Supporting Information Fig. S3D). We found that over-
expression of DPPA5 on day 6, day 9, day 12, but not day 0,
significantly (p< .05) enhanced the generation of hiPSC colo-
nies compared to the control group (Fig. 7; Supporting Infor-
mation Table S2). The reprogramming efficiency was increased

Figure 6. DPPA5 enhances the function of NANOG in human pluripotent stem cells (hPSCs). (A): The expression of NANOG target
genes regulated by DPPA5. Relative transcript level of SALL4 was higher, while GATA6 and SOCS3 were lower in hESCs with DPPA5 over-
expression compared to the control hESCs. (B): hESC differentiation regulated by DPPA5. After induced neuroectoderm differentiation in
hESCs, the expression levels of pluripotency markers such as OCT4 and SOX2 decreased, while neuroectordern markers SOX1 and NEU-
ROD1 increased in both control and DPPA5 overexpressed cells. In neuroectoderm differentiated cells, the expression levels of SOX1 and
NEUROD1 were lower in DPPA5 overexpressed cells compared to controls. Data presented as mean6 SD from three independent
experiments (*, p< .05). Abbreviations: bFGF, basic fibroblast growth factor; DPPA5, developmental pluripotency associated 5; hESCs,
human embryonic stem cells.
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from 0.023% to 0.076% between the control group and the
d91D group. In addition, flow cytometry analysis at day 23
confirmed that the percent of both TRA-1-601 cells and
SSEA41 cells was higher in d61D groups compared to controls
without DPPA5 and in cells reprogrammed in feeder-free condi-
tions compared to cells on feeder cells (Supporting Information
Fig. S4).

The derived hiPSCs from both control and d61D groups
were characterized by immunostaining with markers for pluri-
potency (Supporting Information Fig. S3E, S3F) and analysis of
representative genes of the three germ layers after EB forma-
tion (Supporting Information Tables S3, S4). Taken together,
our results indicate that DPPA5 had an additive effect to the
reprogramming cocktail of OCT4, SOX2, KLF4, and C-MYC by
increasing hiPSC-reprogramming efficiency.

DISCUSSION

The potential for successful therapeutic application of hPSCs
and their derivatives will depend, in part, on the ability to
develop clinically compliant strategies for large-scale produc-
tion of therapeutically relevant cells [36–38]. The large-scale
expansion of hPSCs has been limited by xenogeneic compo-
nents and poorly defined culture conditions that use feeder
cells and other animal-based products to support hESC self-
renewal [1, 39, 40]. To overcome these limitations, the use of
feeder-free conditions with human recombinant proteins like
Laminin and Vitronectin have been tested for long-term main-
tenance of hESCs [41, 42]. The combination of these

xenogeneic-free substrates and chemically defined media such
as mTesR, E-8, and X-VIVO10 [41, 43–45] represents significant
progress in the development of hPSC culture systems.

Moreover, synthetic substrates such as PMEDSAH [20, 21]
have demonstrated great potential for large-scale propagation
of hESCs [46]. Our data suggest that in MEF conditions, the
synthesis of soluble factors and the deposition of undefined
ECM proteins inhibit DPPA5 expression in hPSCs compared to
feeder-free culture conditions. These findings are consistent
with our previous report that showed the capacity of c-
irradiated MEFs to support hESC self-renewal is compromised
over time due to changes in the secretion of soluble factors
and ECM [22]. These data support the trend in the evolution
of hPSC culture from feeder-cell dependence and ill-defined
conditions, to feeder-free and defined microenvironments [47].

Pluripotency and self-renewal are maintained in PSCs by a
network of interacting transcription factors, influenced by spe-
cific signaling pathways [48], and these interactions may be
different depending on the in vitro culture conditions. Our
data identifies DPPA5 as a new component in this regulatory
network of pluripotency that is differentially expressed
depending on the culture conditions. DPPA5 is highly
expressed in feeder-free conditions (PMEDSAH, Matrigel,
Laminin-511, and Vitronectin) compared to feeder-dependent
conditions (MEFs), suggesting that DPPA5 may play a more
important role in hPSC maintenance under feeder-free condi-
tions. Our findings that the molecular mechanisms supporting
hPSC pluripotency are different depending on the culture con-
ditions, as well as species differences between human and
mouse ESCs, may explain discrepancies with a previous finding
of no significant impact on mouse ESC self-renewal when
DPPA5 was knocked-out and cells were cultured on MEFs
[11].

The identification of a functionally significant role for DPPA5
in hPSC self-renewal may contribute to a better understanding
of how feeder-free conditions support hPSC self-renewal. This is
especially important since the use of hPSCs in regenerative med-
icine will likely be dependent on the use of xenogenic and
feeder-free conditions. Our data indicate that in hPSCs, DPPA5
regulates NANOG protein stability and enhances its function on
target genes, which may result in pro-pluripotency conditions
that better support self-renewal. This new finding in the regula-
tion of NANOG by DPPA5 is important because of the central
role that this transcription factor plays in PSC regulatory net-
works. NANOG is a homeodomain protein that regulates the
transcriptional levels of other genes, such as SALL4, GATA6, and
SOCS3 [31–35, 49]. Previous findings demonstrating that down-
regulation of NANOG in hESCs induces differentiation [6], while
its overexpression prevents differentiation [16–18], suggest that
sufficient levels of NANOG are critical for hPSC self-renewal. Our
study suggests that DPPA5 plays an important role in supporting
hPSC self-renewal by facilitating the protein levels of NANOG, a
master transcriptional regulator for hPSC pluripotency. DPPA5
stabilizes NANOG protein levels and enhances the upregulatory
effects of NANOG on SALL4, a transcription factor required for
ESC pluripotency, and the downregulatory effects of NANOG on
GATA6, and SOCS3, well-known NANOG target genes that func-
tion in early stages of differentiation [35, 50, 51].

Another novel and potentially important finding is the
mechanism by which DPPA5 facilitates NANOG protein levels.
Previous studies reported transcriptional regulation of NANOG

Figure 7. DPPA5 (Developmental Pluripotency Associated 5)
overexpression has an additive effect in hiPSC reprogramming.
Day 6, day 9, and day 12-DPPA5 added groups (d61D, d91D,
d121D) had higher iPSC colony number compared to control
group and day 0-DPPA5 added group (d01D). In control group
(Con), fibroblasts were infected on day 0 with retroviruses encod-
ing KLF4, C-MYC, OCT4, and SOX2 (KMOS) while in experimental
groups in addition to this cocktail of reprogramming factors, cells
were also infected with retrovirus encoding DPPA5 on day 0
(d01D), day 6 (d61D), day 9 (d91D), and day 12 (d121D). hiPSC
colonies were identified by positive alkaline phosphatase staining
and morphological characteristics of colonies, quantified and com-
pared among groups. Plot data are presented as mean6 SD from
three independent experiments (*, p< .05). Abbreviation: hiPSC,
human induced pluripotent stem cell.
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by other pluripotency-related factors such as OCT4, SOX2, and
KLF4 [52, 53]. Meanwhile, DPPA5 has been reported to be an
RNA binding protein because it contains a KH domain [8]. Inter-
estingly, we found that NANOG protein levels increased after
DPPA5 overexpression without significant changes at NANOG

mRNA levels. We also found that both mRNA and protein levels
of other key pluripotent-related transcription factors (OCT4,
SOX2, and KLF4) remained unchanged after DPPA5 overexpres-
sion. These findings led us to raise the hypothesis that DPPA5
directly interacts with and stabilizes NANOG proteins, which is
supported by the co-IP and protein stability results. In support
of these findings, a previous study showed that DPPA5 does
not bind to and regulate NANOG mRNA after an IP-microarray
screening [15]. In addition, our findings of the post-
translational regulation of NANOG are consistent with other
studies showing that, like other pluripotency-related transcrip-
tion factors such as OCT4, KLF4, and C-MYC, NANOG is also an
unstable protein with a relatively short half-life in hPSCs. These
transcription factors are degraded through ubiquitin-
dependent proteolysis [54–58], while proteasome inhibitors
are able to block NANOG protein degradation in hPSCs and
extend its half-life [59]. Our finding that DPPA5 interacts with
and stabilizes NANOG provides an additional mode of regula-
tion of NANOG in hPSCs, suggesting that in addition to the
broadly investigated transcriptional regulation of pluripotency-
related transcription factors, post-translational regulation also
plays a role in the hPSC pluripotency regulatory network. We
also observed that DPPA5 protein, like NANOG and other
pluripotency-related factors, is degraded in a rapid manner in
hPSCs (Fig. 5D). Thus, this regulatory model not only supports
the hypothesis that DPPA5 is able to regulate NANOG, but also
furthers our understanding of the molecular mechanisms that
define hPSC pluripotency on synthetic substrates.

Human iPSCs reprogrammed from adult somatic cells by
the process of induced pluripotency holds great potential for
disease modeling, drug screening, and cell replacement ther-
apy [60]. We found that the addition of DPPA5 at 6, 9, or 12
days after initial OSKM cocktail treatment increased the gener-
ation of hiPSCs by threefold compared to controls, or when
DPPA5 is overexpressed with OSKM on day 0. This observation
suggests that DPPA5 may have an optimal window for being
overexpressed in cells to efficiently promote iPSC-
reprogramming and may be related to the timing of NANOG
expression in the reprogramming process [61]. The central role
of NANOG in reprogramming of somatic cells into iPSCs [3, 19,
62, 63], combined with our finding that DPPA5 regulates
NANOG protein levels, suggests that DPPA5 may promote
hiPSC-generation efficiency by enhancing NANOG stability and
its function. This new finding is also consistent with a recent
study showing the benefit of sequential introduction of reprog-
ramming factors [64] in which a sequential epithelial-to-
mesenchymal transition followed by mesenchymal-to-epithelial
transition mechanism optimizes reprogramming. Interestingly,
we observed a significant (p< .05) increase in the number of

cells expressing the pluripotent markers TRA-1-60 and SSEA4 in
cells that were infected with DPPA5 at day 6 compared to con-
trols when MEFs were used as a substrate compared to the
Matrigel group. This is consistent with our conclusion that fac-
tors secreted by MEFs negatively affected the expression and
function of DPPA5 and NANOG and may affect the reprogram-
ming efficiency of hiPSCs as well. Taken together, our data sug-
gest an additive effect of DPPA5 in hiPSC generation extends
our knowledge of iPSC reprogramming, and may further
advance current reprogramming protocols.

CONCLUSION

We provide new molecular insight into the function of the
PSC marker DPPA5 in hPSCs. We established a role for DPPA5
in hPSCs and identified new functions of DPPA5 in hPSC biol-
ogy, NANOG regulation and iPSC reprogramming. In vitro cul-
ture conditions influence the expression of DPPA5 in hPSCs.
The ECM deposited by irradiated MEFs, as well as secreted
soluble factors, inhibit the expression of DPPA5 in hPSCs,
while its expression and function is permissive under feeder-
free conditions. DPPA5 stabilizes NANOG and enhances the
function of NANOG, a key transcription factor for hPSC pluri-
potency, which results in support of hPSC self-renewal. Finally,
DPPA5 increases the reprogramming efficiency of somatic cells
into human iPSCs when transduced with OCT4, SOX2, KLF4,
and C-MYC. In conclusion, DPPA5 plays an important role in
supporting hPSC self-renewal and reprogramming on synthetic
substrates. Our findings advance our knowledge of hPSC biol-
ogy and offer improvements to current protocols in hPSC
maintenance and reprogramming, which may contribute to
the future application of these cells in regenerative medicine.
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