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‘We have previously reported that Ahnak-mediated TGFf sig-
naling leads to down-regulation of c-Myc expression. Here, we
show that inhibition of Ahnak can promote generation of
induced pluripotent stem cells (iPSC) via up-regulation of
endogenous c-Myc. Consistent with the c-Myc inhibitory role
of Ahnak, mouse embryonic fibroblasts from Ahnak-deficient
mouse (Ahnak™’~ MEF) show an increased level of c-Myc
expression compared with wild type MEF. Generation of iPSC
with just three of the four Yamanaka factors, Oct4, Sox2, and
KIf4 (hereafter 3F), was significantly enhanced in Ahnak ™/~
MEF. Similar results were obtained when Ahnak-specific
shRNA was applied to wild type MEF. Of note, expression
of Ahnak was significantly induced during the formation of
embryoid bodies from embryonic stem cells, suggesting that
Ahnak-mediated c-Myc inhibition is involved in embryoid body
formation and the initial differentiation of pluripotent stem
cells. The iPSC from 3F-infected Ahnak ™'~ MEF cells (Ahnak™/~-
iPSC-3F) showed expression of all stem cell markers examined
and the capability to form three primary germ layers. Moreover,
injection of Ahnak™/~-iPSC-3F into athymic nude mice led to
development of teratoma containing tissues from all three pri-
mary germ layers, indicating that iPSC from Ahnak™'~ MEF are
bona fide pluripotent stem cells. Taken together, these data pro-
vide evidence for a new role for Ahnak in cell fate determination
during development and suggest that manipulation of Ahnak
and the associated signaling pathway may provide a means to
regulate iPSC generation.

It has been well established that the so-called Yamanaka fac-
tors, Oct4 (octamer-binding transcription factor 4), Sox2 (SRY
(sex determining region Y)-box 2), KIf4 (Kruppel-like factor 4),
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and c-Myc, together stimulate the generation of induced pluri-
potent stem cells (iPSC)? from diverse types of somatic cells
including embryonic fibroblast cells (1-5). Oct4 belongs to the
family of POU transcriptional factors and binds to an octamer
sequence motif, AGTCAAAT, leading to expression of target
genes in developing germ cells (6, 7). Sox2 is a member of Sox
transcriptional factor family containing the high mobility
group domain and is known to be required for maintenance of
diverse types of stem cells throughout life (8). KLF4 is a member
of Kruppel-like factor transcriptional factor family that binds to
CACCC sequence regulating gene expression during embry-
onic development (9, 10). c-Myc is a well known basic helix-
loop-helix transcriptional factor that plays important roles in
cell cycle regulation, cellular transformation, and maintenance
of pluripotency (11, 12).

Ahnak is an exceptionally large protein (~700 kDa) and has
an extended central region composed of 36 repeat units that
serve as a scaffolding motif for interaction of phospholipase C-y
with PKC in regulation of cell proliferation and migration (13—
16). Moreover, the central repeated unit is known to bind to
R-Smad protein in response to TGF-B and mediate down-reg-
ulation of c-Myc expression and cell growth retardation. Spe-
cifically, nuclear localization of Ahnak in complex with phos-
pho-Smad3 and binding to promoter of ¢-Myc were strongly
enhanced in response to TGF-3, indicating that Ahnak down-
regulates the expression of c-Myc as Smad3 target genes. Con-
sistently, Ahnak-deficient MEF cells show a significant up-reg-
ulation of c-Myc expression (17).

There have been efforts to exclude c-Myc from the mix of
ectopically expressed transcription factors for iPSC generation
mainly because of its potential transforming activity. Exclusion
of c-Myc, however, led to a dramatic reduction in efficiency
(18-20). Therefore, developing a method to efficiently utilize
endogenous c-Myc activity for iPSC generation could represent
an important progress. Here, we present that Ahnak knock-out
MEF or wild type MEF expressing shRNA specific to Ahnak can
be converted to iPSC at a high efficiency without infection of
c-Myc retrovirus. Further dissection of Ahnak pathway may
provide novel strategies for regulation of iPSC generation and
reducing the potential danger from cellular transformation.

3 The abbreviations used are: iPSC, induced pluripotent stem cell(s); MEF,
mouse embryonic fibroblast(s); AP, alkaline phosphatase; EB, embryoid
body; ES, embryonic stem; HFF, human foreskin fibroblast; OSK, Oct4, Sox2,
and Kif4; OSKM, Oct4, Sox2, KIf4, and c-Myc.
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Materials and Methods

Isolation of Mouse Embryonic Fibroblasts—MEF were iso-
lated from embryos at embryonic day 13.5. The uterus was dis-
sected out from each mouse and rinsed with PBS. After isola-
tion of each fetus, the head and internal organs were removed to
isolate only the trunk, which was subsequently finely minced by
ejection through a 10-ml syringe. The mixture of cells and small
tissue masses was incubated with 5 ml of trypsin-EDTA at 37 °C
with shaking for 30 min. Digestion was terminated with addi-
tion of FBS, and cells were resuspended in fresh medium
(DMEM, 10% FBS) and transferred to 150-mm culture dishes.
The MEF were grown to 70 —80% confluence prior to passage.
MEF from two- or four-passage cultures were used in all
experiments.

Cell Cultures—MEF and human foreskin fibroblasts (HFF;
ATCC, Manassas, VA) cells were cultured at 37 °C in an atmo-
sphere of 5% CO, in DMEM supplemented with 10% FBS and
1% antibiotic-antimycotic solution (Welgene, Daegu, Korea).
CF1 MEF feeder cells were cultured in DMEM supplemented
with 10% FBS, 0.1 mM MEM nonessential amino acid (Invitro-
gen, Waltham, MA), 2 mMm GlutaMAX (Gibco), 100 units/100
pg/ml penicillin/streptomycin (Gibco), and 0.1 mMm -mercap-
toethanol (Gibco). J1 mouse ES cells (ATCC) and iPSC were
maintained on mitomycin C-treated MEF feeder cells (CF1
strain) in DMEM supplemented with 15% FBS, 0.1 mm MEM
nonessential amino acid (Invitrogen), 2 mm GlutaMAX
(Gibco), 1 mm sodium pyruvate (Gibco), 100 units/100 pg/ml
penicillin/streptomycin (Gibco), 0.1 mm B-mercaptoethanol
(Gibco), and 1000 units/ml leukemia inhibitory factor (Milli-
pore, Billerica, MA). For production of retroviruses, 293GPG
packaging cells were maintained in DMEM containing 10%
FBS, 0.1 mm MEM nonessential amino acid (Invitrogen), 2 mm
GlutaMAX (Gibco), 100 units/100 ug/ml penicillin/streptomy-
cin (Gibco), 10 mm HEPES buffer, 8 mm NaOH, 2 ug/ml tetra-
cycline (Sigma), 2 ug/ml puromycin (Sigma), and 300 ug/ml of
geneticin (Gibco).

Production of Retrovirus Encoding OCT4, SOX2, KLF4, or
c-Myc—The pMXs-IRES-Puro-based retroviral expression
vectors for mouse OCT4, SOX2, KLF4, and c-Myc were
obtained from Addgene (Cambridge, MA). For knockdown of
Ahnak in mouse and human cells, an shRNA targeting Ahnak in
a microRNA scaffold (miR-shRNA) was utilized (21). A long
duplex oligonucleotide containing an Ahnak targeting
sequence, 5'-ATCTCCATGCCTGATGTGG-3', within the
mir-30 context was synthesized in pGEM-T Easy cloning vector
(Bioneer Inc., Daejeon, Korea). To target human Ahnak for the
control, a scrambled sequence was utilized. The construct was
ligated 5’ to IRES-GFP in LZRS retroviral vector as previously
described.

The day before transduction, 293GPG packaging cells were
seeded at 6 X 10° cells per T-75 flask. Retroviral vectors were
transfected using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. After transfection, cells were
selected using 2 pg/ml tetracycline (Sigma), 10 wg/ml puromy-
cin (Sigma), and 300 ug/ml of geneticin (Gibco). After growth
with selection, DMEM without antibiotics were applied to cells
to induce production of retroviruses. Virus-containing super-
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natants derived from these 293GPG cell cultures were filtered
through a 0.45-um syringe filter (Pall Corporation, Port Wash-
ington, NY) and supplemented with 4 pug/ml Polybrene
(Sigma). Target MEF were seeded at 1.5 X 10 cells per 35-mm
dish 24 h prior to infection and treated twice with the virus/
Polybrene-containing supernatants for 24 h. The cells were
subsequently cultured in mouse ES medium (DMEM supple-
mented with 15% FBS, 0.1 mM MEM nonessential amino acid
(Invitrogen), 2 mM GlutaMAX (Gibco), 1 mm sodium pyruvate
(Gibco), 100 units/100 ug/ml penicillin/streptomycin (Gibco),
0.1 mm B-mercaptoethanol (Gibco) containing leukemia inhib-
itory factor (Millipore). Puromycin at a final concentration of
1.5 ug/ml for selection was applied to transduced cells. Colo-
nies were AP-stained (see below) and counted for comparative
quantitation 18 days after viral transduction. Some colonies
were also isolated from the culture for expansion. Clones
WT-iPSC-4F-19, WT-iPSC-3F-6, Ahnak /~-iPSC-4F-31, and
Ahnak ™/~ -iPSC-3F-8 were used for detailed characterization.

HFF derived iPSC were generated by three factors (OSK) in
combination with retrovirus encoding scrambled control
shRNA or Ahnak-specific shRNA. HFF cells were cultured in
DMEM containing 10% FBS. At day 2, about 5 X 10° cells were
infected with concentrated viral preparations with 8 ug/ml
Polybrene (Sigma-Aldrich). The next day, the medium was
replaced with fresh medium and cultured for another 3 days. At
the end of day 5, cells were transferred to mitotically inactivated
MEE. Cells were subsequently cultured in DMEM containing
10% FBS for another 2 days, and the medium was replaced with
human ES cell medium (DMEM-F12 with 20% KOSR (Knock-
Out Serum Replacement, Gibco). Colonies were AP-stained
and counted 14 days after the viral transduction.

Alkaline Phosphatase (AP) Staining—To detect AP activity,
the cells were washed with PBS, fixed with 4% paraformalde-
hyde in PBS for 10 min at room temperature and washed with
distilled water. They were stained with 5-bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium color development
substrate kit (Promega, Fitchburg, WTI) according to the man-
ufacturer’s protocol. The stained cells were photographed, and
the colonies were counted.

Embryoid Body (EB) Formation and in Vitro Differen-
tiation—J]1 mouse ES or iPSC colonies were harvested by
trypsinization and suspended in mouse ES medium without
leukemia inhibitory factor. The single cells were cultured in
suspension in untreated Petri dishes to generate embryoid bod-
ies. After 7 days, aggregated cells were plated onto gelatin-
coated coverslips in 12-well plates and incubated for another 14
days. The cells were stained with anti-BIII-tubulin (Millipore),
anti-smooth muscle actin (clone 1A4; Dako, Glostrup, Den-
mark), and anti-a-fetoprotein (Dako).

Immunofluorescence Staining—J1 mouse ES cells and iPSC
were plated in 12-well plates on coverslips. Cells were fixed with
4% paraformaldehyde in PBS for 10 min at room temperature,
washed with PBS, and then permeabilized in 0.5% Triton X-100
for 10 min. After blocking with PBS containing 1% bovine
serum albumin for 1 h at room temperature, the cells were
incubated with primary antibodies against anti-Oct4 (H-134;
Santa Cruz Biotechnology, Santa Cruz, CA), anti-Sox2 (Milli-
pore), and anti-stage-specific embryonic antigen 1 (SSEAL;
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Santa Cruz Biotechnology) in PBS overnight at 4 °C. After
washing three times with PBS and incubating with the second-
ary antibodies, rhodamine-conjugated goat anti-mouse IgG
(KPL, Gaithersburg, MD), or Alexa Fluor® 594-conjugated goat
anti-rabbit IgG (Life Technologies, Inc.) for 1 h at room tem-
perature in the dark, cells were counterstained with DAPI cells
and examined with a LSM510 meta confocal laser scanning
microscope (Carl Zeiss, Oberkochen, Germany).

RNA Extraction and Quantitative Real Time PCR—Total
RNA was prepared with TRIzol reagent (Molecular Research
Center, Inc., Cincinnati, OH) following the manufacturer’s pro-
tocol. cDNA was synthesized using 1 ug of RNA/20 ul of reac-
tion volume with GoScript™ reverse transcription system
(Promega). Quantitative PCR analysis was performed in dupli-
cate using an Applied Biosystems (Foster City, CA) model 7300
instrument with TagMan® PCR master mix (Kapa Biosystems,
Wilmington, MA) or SYBR® Green PCR master mix (Kapa Bio-
systems) according to the manufacturers’ protocols. Prede-
signed, gene specific TagMan® mouse Ahnak and GAPDH
probe were purchased from Applied Biosystems. The relative
quantitation of gene expression was obtained using the com-
parative CT method, and the results were normalized against
GAPDH or 18S rRNA as the endogenous control. The following
oligonucleotide primers were used in PCR: total OCT4 F, 5'-
CTGAGGGCCAGGCAGGAGCACGAG-3'; total OCT4 R,
5'-CTGTAGGGAGGGCTTCGGGCACTT-3’; endogenous
OCT4 F, 5'-TAGGTGAGCCGTCTTTCCAC-3'; endogenous
OCT4 R, 5'-GCTTAGCCAGGTTCGAGGAT-3’; total SOX2
F, 5'-GGTTACCTCTTCCTCCCACTCCAG-3’; total SOX2
R, 5'-TCACATGTGCGACAGGGGCAG-3'; endogenous
SOX2 F, 5'-TTAACGCAAAAACCGTGATG-3'; endogenous
SOX2R,5-GAAGCGCCTAACGTACCACT-3'; total KLF4F,
5'-CACCATGGACCCGGGCGTGGCTGCCA-3'; total KLF4
R, 5'-TTAGGCTGTTCTTTTCCGGGGCCACGA-3’; endog-
enous KLF4 F, 5'-GCGAACTCACACAGGCGAGAAACC-3';
endogenous KLF4 R, 5'-TCGCTTCCTCTTCCTCCGAC-
ACA-3'; total c-Myc F, 5'-TCTCCACTCACCAGCACAACT-
ACG-3'; total ¢-Myc R, 5'-ATCTGCTTCAGGACCCT-3';
endogenous c-Myc F, 5'-TGACCTAACTCGAGGAGGAGC-
TGGAATC-3'; endogenous c-Myc R, 5'-AAGTTTGAGGCA-
GTTAAAATTATGGCTGAAGC-3"; FGF5 F, 5'-TGTACTG-
CAGAGTGGGCATC-3'; FGF5 R, 5'-ACAATCCCCTGAG-
ACACAGC-3’; Nestin F, 5'-CCCTGAAGTCGAGGAGCTG-
3’; Nestin R, 5'-CTGCTGCACCTCTAAGCGA-3’; Eomes F,
5'-GCGCATGTTTCCTTTCTTGAG-3'; Eomes R, 5'-GGG-
GTTGAGTCCGTTTATGTT-3’; Brachyury F, 5'-CTGCGC-
TTCAAGGAGCTAAC-3’; Brachyury R, 5'-CCAGGCCTGA-
CACATTTACC-3’; Mixll F, 5'-ACGCAGTGCTTTCCA-
AACC-3'; Mixll R, 5'-CCCGCAAGTGGATGTCTGG-3';
Gata4 F, 5'-CCCTACCCAGCCTACATGG-3'; Gata4 R, 5'-
ACATATCGAGATTGGGGTGTCT-3'; Sox17F, 5 -CGAGC-
CAAAGCGGAGTCTC-3'; Sox17 R, 5'-TGCCAAGGTCAA-
CGCCTTC-3'; 18S rRNA F, 5'-AGGAATTGACGGAAGG-
GCACC-3’; and 18S rRNA R, 5'-GTGCAGCCCCGGACA-
TCTAAG-3'.

Western Blot Analyses—Cells were lysed in lysis buffer (50
mM Tris-HCI, pH 7.4, 1% Triton X-100, 0.5% Nonidet P-40, 150
mM NaCl, 1 mm EDTA, 0.1 um 4-(2-aminoethyl) benzenesulfo-
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nyl fluoride, 1 mm Na;VO,, 1 mm sodium fluoride, 1 ug/ml
aprotinin, 1 ug/ml leupeptin, and 10% glycerol) at 4 °C for 30
min and sonicated (at 10% amplitude for 3 s in a Branson soni-
fier (Branson, Danbury, CT) equipped with a microtip), fol-
lowed by centrifugation at 14,000 rpm for 30 min. Proteins were
then quantified using BCA assay kit (Pierce). Cell lysates were
boiled at 95 °C for 5 min in Laemmli protein sample buffer. The
samples were subjected to SDS-PAGE and electrotransferred to
nitrocellulose membranes. The membrane was immunoblotted
with the anti-c-Myc (Cell Signaling, Danvers, MA), anti-Ahnak
(17), anti-OCT4 (H-134; Santa Cruz Biotechnology), anti-
SOX2 (Millipore), anti-KLF4 (Santa Cruz Biotechnology), anti-
phospho-Smad3 (Cell Signaling, Danvers, MA), or anti-Smad3
(Invitrogen) antibody followed by horseradish peroxidase-con-
jugated secondary antibody. Bands were visualized by chemilu-
minescence (Fujifilm LAS-3000; Fujifilm, Stamford, CT). All
the Western blot experiments were repeated three times.

Teratoma Formation and Histological Analysis—iPSC
(Ahnak /" -iPSC-3F-8) were suspended at 1 X 107 cells/ml in
DMEM containing 10% FBS. Nude mice were anesthetized with
diethyl ether. Injection of 100 ul of the cell suspension (1 X 10°
cells) was applied subcutaneously into the dorsal flank. Four
weeks after the injection, tumors were surgically dissected
from the mice. The samples were weighed, fixed in PBS con-
taining 4% formaldehyde and embedded in paraffin. The sec-
tions were stained with hematoxylin and eosin for histolog-
ical examination.

Statistics—The data are expressed as the means = S.D. or =
S.E. of values from three to five independent experiments. Sta-
tistical analyses were performed with a two-tailed Student’s ¢
test. p values of <0.05 were considered statistically significant.
All Western blots in the figures were representative of three
independent experiments.

Results

Mutually Exclusive Expression of Ahnak and c-Myc—We
have previously demonstrated that Ahnak plays an inhibitory
role in c-Myc expression through TGFB-Smad3 signaling cas-
cade in epithelial cells (17). To evaluate whether Ahnak regu-
lates c-Myc expression in embryonic fibroblasts, we examined
Ahnak knock-out (Ahnak /~) MEF. It was readily seen that
c-Myc expression was significantly enhanced in Ahnak ™/~
MEF compared with that in wild type MEF (Fig. 1A4). Because
c-Myc is expressed in ES cells and is ectopically expressed for
efficient iPSC generation, we sought to examine the possible
utility of Ahnak in induction of iPSC. We first questioned
whether Ahnak expression is dynamically regulated during EB
formation from ES cells. Indeed, Ahnak expression was sharply
increased during EB formation from ES cells (Fig. 1B), whereas
expression of Oct4, Nanog, and c-Myc showed changes in the
opposite direction. These results are consistent with the idea
that the inhibition of Ahnak may provide a favorable condition
for maintenance of ES cells in undifferentiated states and pos-
sibly induce iPSC in the absence of expressing c-Myc, a
proto-oncogene.

Efficient Generation of Ahnak™’~ iPSC without Ectopic
c-Myc—We sought to check whether ectopic expression of
three of the Yamanaka factors (Oct4, Sox2, and Klf4) is suffi-
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FIGURE 1. Expression of Ahnak in ES cells and during EB formation. A, expression of c-Myc in wild type and Ahnak ~’~ MEF. Lysates of MEF cells from wild
type and Ahnak /"~ mice were subjected to SDS-PAGE and Western blot (WB) analysis with antibodies to c-Myc or B-actin. B, time course of gene expression in
mouse ES (mES) cells and ES cell-derived embryoid bodies. Real time PCR analyses of Ahnak and pluripotent gene (OCT4, Nanog, and c-Myc) expression at day
0 (undifferentiated ES cells), day 3, day 6, and day 10 during EB formation by J1 mouse ES cells. Gene expression levels were normalized to the amount of GAPDH
mRNA. OCT4 and Nanog represent ES cells-specific genes. Error bars signify means = S.E. from five independent experiments.

cient for efficient iPSC formation in Ahnak ’/~ MEF without
ectopic expression of c-Myc. Indeed, infection of Ahnak ™/~
MEEF with the retroviruses encoding the three factors resulted
in significantly increased iPSC generation compared with the
level seen with wild type MEF (Fig. 2, A and B). This may have
resulted from the fact that c-Myc expression was increased in
Ahnak deficient cells. To evaluate the effect of c-Myc on iPSC
generation, c-Myc gene was transfected in wild type MEF cells
in various doses along with the other three transcription fac-
tors. Efficiency in iPSC generation clearly increased in a c-Myc
dose-dependent manner (Fig. 2, C and D).

We next questioned whether knockdown of Ahnak has sim-
ilar effects on iPSC generation. A miR-shRNA specific to Ahnak
was constructed for retroviral delivery via infection of wild type
MEF cells. We found that knockdown of Ahnak expression
resulted in a sharp up-regulation of c-Myc expression as we saw
in Ahnak /" cells (Fig. 34). Consistently, infection of wild type
MEF cells with retrovirus expressing Ahnak-specific miR-
shRNA led to a significantly increased level of iPSC generation
compared with infection of control miR-shRNA retrovirus (Fig. 3,
B and C). The difference was seen either with all four Yamanaka
factors or with three of them (i.e. without c-Myc) consistent with
the c-Myc dose-dependent efficiency of iPSC generation. We next
examined whether knockdown of Ahnak has similar effects in
human fibroblasts. As was the case in MEF, we saw clear increase
in c-Myc protein level and a concomitant increase in AP-positive
colonies (Fig. 3, D and E), indicating that the Ahnak regulation can
be applied in human iPSC generation as well.

Characterization and Development of iPSC—We character-
ized the expression of the Yamanaka factors (Oct4, Sox2, Klf4,
and c-Myc) in iPSC generated from wild type (WT-iPSC-4F-#5,
SASBMB

JANUARY 8, 2016+VOLUME 291-NUMBER 2

-#6, -#16, -#17, -#19; WT-iPSC-3F-#1, -#3, -#4, -#6, -#8) and
Ahnak ™/~ MEF (Ahnak ™/~ -iPSC-4F-#5, -#29, -#31, -#38, -#46;
Ahnak ™/~ -iPSC-3F-#3, -#4, -#6, -#7, -#8) cells after infection
with four (4F) or three (3F; i.e. without c-Myc) of the Yamanaka
factors. We found that the combined expression level of endog-
enous (Fig. 44, open bars) and transgenic transcripts (Fig. 44,
solid bars) for each of the four factors was higher in the four
different iPSC (five independent cell lines of each WT-iPSC-4F;
Ahnak ™/~ -iPSC-4F; WT-iPSC-3F; Ahnak '~ -iPSC-3F) tested
than that in undifferentiated J1 ES or uninfected MEF cells. All
four iPSClines derived from MEF expressed significant levels of
endogenous Oct4, Sox2, KlIf4, and c-Myc, consistent with all
cell lines ultimately achieving sustainable stemness. Moreover,
we investigated the expression of Oct4, Sox2, and SSEA1 of the
four different iPSC lines at the protein level via immunocyto-
chemical analyses. Expression of Oct4 and Sox2 was readily
observed in the nuclei of iPSC, as well as mouse embryonic J1
cells (Fig. 4B). SSEA1 was also detected in cell surface of all iPSC
lines and J1 cells (Fig. 4B). These results indicate that the four
different iPSC have been successfully endowed with properties
of pluripotent stem cells (Fig. 4B). We next examined the
molecular connection between Smad3 phosphorylation as an
indication of TGFf activation and c-Myc expression as the
downstream event during iPSC generation. Wild type or
Ahnak ™/~ MEF cells were transduced with all four Yamanaka
factors (4F; Oct4, Sox2, KIf4, and c-Myc) or three factors (3F;
Oct4, Sox2, and Klf4), and then these cells were tested for the
levels of SMAD3 phosphorylation and c-Myc expression during
iPSC generation (WT-4F; Ahnak /'~ -4F; WT-3F; Ahnak /" -
3F). As expected, infection of Ahnak ™/~ MEF cells with 4F or
3F resulted in significantly increased c-Myc expression, com-
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FIGURE 2. Efficient reprogramming of Ahnak '~ MEF without c-Myc. A, alkaline phosphatase staining of wild type and Ahnak ~/~ iPSC generated with four
(OSKM) or three Yamanaka factors (OSK). Wild type and Ahnak ™/~ MEF (1.5 X 10°) were transduced with a mixture of the retroviral medium containing four
factors (OCT4, SOX2, KLF4, and c-Myc) or three factors (OCT4, SOX2, and KLF4). Alkaline phosphatase-positive colonies were counted on day 18. B, the number
of alkaline phosphatase-positive colonies from wild type and Ahnak ~/~ iPSC 18 days after retroviral transduction. Error bars represent means + S.D.from three
independent experiments. ¥, p < 0.05. C, increased efficiency of iPSC generation by c-Myc expression in a dose-dependent manner. Reprogrammed cells
stained for Alkaline phosphatase. Wild type MEF (1.5 X 10°) were transducted with a mixture of the retroviral medium containing just the three factors (OCT4,
SOX2, and KLF4) or in addition with varying doses of c-Myc virus. Alkaline phosphatase-positive colonies were counted on day 18. D, the number of Alkaline
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pared with wild type MEF cells infected by 4F or 3F (Fig. 4C).
However, phosphorylation of Smad3 in Ahnak /= MEF
infected with 3F was only slightly lower than that in WT MEF
infected with 3F (Fig. 4C). This implies that the lack of phos-
pho-Smad3 does not contribute much to c¢-Myc expression
during iPSC generation. It follows that the initial level of c-Myc
in Ahnak ™/~ MEF likely plays an important role in the contri-
bution of iPSC generation.

To further examine the pluripotency of iPSC from wild type
and Ahnak /"~ MEF cells generated either with four or three of
Yamanaka factors, we analyzed the expression of representative
markers for endoderm, mesoderm, and ectoderm after differ-
entiation. The iPSC were induced to form EBs and then exam-
ined by immunocytochemistry with antibodies to BIII tubulin
(for ectoderm), smooth muscle actin (for mesoderm), and a-fe-
toprotein (for endoderm). We found that all three markers were
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expressed in WT-iPSC-4F-#19 and Ahnak ™/~ -iPSC-4F-#31, as
well as in WT-iPSC-3F-#6 and Ahnak ™/~ -iPSC-3F-#8, indicat-
ing pluripotency of the four different iPSC lines we generated
(Fig. 5A). To evaluate transcriptional expression of three germ
layer marker genes, expression levels of ectoderm marker genes
(FGF5 and Nestin), mesoderm marker genes (Eomes, Brachyury,
and Mixl1), and endoderm marker genes (Gata4 and Sox17) dur-
ing EB formation (up to day 10) were investigated. Expression lev-
els of representative marker genes for the three germ layers during
EB differentiation of four established cell lines were shown to be
similar to those seen with mES (Fig. 5B).

Finally, we tested whether Ahnak ™/~ -iPSC-3F-#8 cells can
form teratoma. To this end, the cells were injected into immu-
nodeficient SCID/beige mice, and induced nodules were histo-
logically examined for the presence of all three embryonic germ
layers (ectoderm, mesoderm, and endoderm). Indeed we found
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FIGURE 3. Increased efficiency of iPSC generation by down-regulation of Ahnak expression. A, expression of c-Myc in Ahnak knockdown MEF. Lysates of
MEF cells were subjected to SDS-PAGE and Western blot (WB) analysis with antibodies to Ahnak, c-Myc, and B-actin. B, alkaline phosphatase staining of wild
type iPSC generated by four factors (OSKM) or three factors (OSK) in combination with scrambled control shRNA or Ahnak-specific shRNA. Wild type MEF (1.5 X
10°) were transduced with a mixture of the retroviral medium containing four factors (OCT4, SOX2, KLF4, and c-Myc) and scrambled shRNA, four factors (OSKM)
and Ahnak-specific shRNA, three factors (OCT4, SOX2, and KLF4) and scrambled shRNA, or three factors (OSK) and Ahnak-specific shRNA. Alkaline phosphatase-
positive colonies were counted on day 18. C, the number of alkaline phosphatase-positive colonies counted 18 days after retroviral transduction. Error bars
represent means = S.D. from three independent experiments. *, p < 0.001; **, p < 0.005. D, expression of c-Myc in Ahnak knockdown HFF cells. Lysates of HFF
cells were subjected to SDS-PAGE and Western blot analysis with antibodies to Ahnak, c-Myc, and B-actin. £, the number of alkaline phosphatase-positive

colonies from HEF cells counted 14 days after retroviral transduction. Error bars represent means = S.D. from three independent experiments (p = 0.05).

that neural-like tissues (Fig. 6, arrowheads in panels a, b, e, and
/) and epidermis (Fig. 6, arrowheads in panels ¢, d, g, and h)
representing ectoderm, cartilage (Fig. 6, arrowheads in panels i,
j,» m, and n) and muscle tissues (Fig. 6, arrowheads in panels k, |,
0, and p) representing mesoderm, and gut-like epithelium (Fig.
6, arrowheads in panels g—x) representing endoderm in nodules
from seven of eight mice. Together with results from examina-
tion of EB, these data indicate that Ahnak /"~ -iPSC-3F-#8 cells
are bona fide pluripotent stem cells.

Discussion

Because the four transcription factors Oct4, Sox2, Klf4, and
c-Myc have been shown to activate reprogramming of somatic

SASBMB
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cells to pluripotent stem cells, efforts have been continually
made to improve the efficiency of the induction and safety of
the iPSC application. The chief safety concern for iPSC is the
potential for tumorigenesis. In particular, the inclusion of
c-Myc, a powerful proto-oncogene, in the induction process
has represented the major hurdle for medical application of
these cells (2). Specifically, it has been reported that tumors
from iPSC often show reactivation of exogenous c-Myc (2).
Multiple studies have reported successful iPSC generation
without exogenous c-Myc. For example, generation of human
iPSC has been successfully carried out with the combination of
Oct4, Sox2, Nanog, and Lin28 (22). Also, N-Myc or L-Myc can
replace c-Myc for the generation of iPSC (18, 19). Inclusion of
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FIGURE 5. Differentiation of iPSC derived from wild type and Ahnak '~ MEF. 4, in vitro differentiation of wild type and Ahnak ~’~ iPSC generated with four
(OSKM) or three factors (OSK). Immunofluorescence staining showing the expression of the three germ layer marker genes, Blll-tubulin (for ectoderm), smooth
muscle actin (SMA; for mesoderm), and a-fetoprotein (for endoderm) in the differentiated mouse ES cells, wild type MEF-derived iPSC, and Ahnak~/~ MEF-
derived iPSC. Nuclei are stained with DAPI (blue). A representative image is shown for each combination of cell type and marker. Scale bar, 20 um. B,
time-dependent expression of three germ layer marker genes in mouse ES cells or four different established iPSC (WT-iPSC-4F; Ahnak ~/~-iPSC-4F; WT-iPSC-3F;
Ahnak /" -iPSC-3F). Expression levels of ectoderm markers (FGF5, Nestin), mesoendodermal marker (Eomes), mesoderm marker (Brachyury, MixI1), and
endoderm markers (Gata4, Sox17) were investigated during EB formation (days 0, 3, 6, and 10) in mouse ES cells and four different established iPSC. Gene
expression levels were normalized to the amount of GAPDH mRNA. Error bars signify means = S.E. from three independent experiments.

FIGURE 4. Characterization of iPSC derived from wild type and Ahnak ™/~ MEF. A, confirmation of pluripotency marker gene expression in iPSC. Quantita-
tive real time PCR analyses of OCT4, SOX2, KLF4, and c-Myc expression in mouse ES cells, MEF cells, wild type MEF-derived iPSC, and Ahnak /~ MEF-derived
iPSC. Gene expression levels were normalized to the amount of 18S rRNA. “Endogenous” means that oligonucleotide primers located in the 5’- and 3'-un-
translated regions were used to measure the expression of the endogenous genes only. “Total” means that primers in coding regions were used to measure the
expression of both the endogenous and viral transcripts. B, immunofluorescence staining showing the expression of the pluripotency marker proteins OCT4,
SOX2,and SSEA1 (red) in mouse ES cells, wild type MEF-derived iPSC, and Ahnak ~/~ MEF-derived iPSC. Both types of iPSC (i.e. those generated with four factors
and those with three factors) were examined. Nuclei are counterstained with DAPI (blue). A representative image is shown for each combination of cell type and
marker. Scale bar, 10 um. C, expression of the OCT4, SOX2, KLF4, c-Myc, and phosphorylation level of Smad3 during iPSC generation. Wild type and Ahnak ~/~
MEF were infected with retrovirus containing four factors (OCT4, SOX2, KLF4, and c-Myc) or three factors (OCT4, SOX2, and KLF4) and then subjected to Western
blot (WB) analysis with antibodies against OCT4, SOX2, KLF4, c-Myc, phospho-Smad3, Smad3, and actin.
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FIGURE 6. Teratoma formation by iPSC generated from Ahnak ~’~ MEF. Histology of teratomas formed after injection of iPSC from Ahnak ~/~ MEF with three
factors into immunodeficient SCID/beige mice. The teratoma contained derivatives of all three embryonic germ layers. Panels a-d, i-I, and g-t, low magnifi-
cation (100 X; bar, 100 um) views of the teratoma tissue sections. Panels e- h, m-p, and u-x, high magnification (200<; bar, 50 um) views of panels a-d, i-I,and
g-t, respectively. Panels a, b, e, and f, arrowheads point to neural-like tissues. Panels ¢, d, g, and h, arrowheads point to epidermis-like tissues. Panels i, j, m, and
n, arrowheads point to cartilage-like tissues. Panels k, I, 0, and p, arrowheads point to muscle-like tissues. Panels g-x, arrowheads point to gut-like epithelium. All
images were obtained from formalin-fixed and paraffin-embedded teratoma sections stained with hematoxylin and eosin.

UTF1 and siRNA for p53, as well as expression of poly(ADP-
ribose) polymerase 1, also could replace c-Myc and lead to effi-
cient iPSC generation (23, 24). Still, studies involving direct
comparisons demonstrated that efficiency of iPSC generation
decreases in the absence of c-Myc (18 -20, 25).

Ahnak, a scaffold protein, binds to R-Smad, potentiates
TGEFB-mediated cell signaling, and thereby induces down-reg-
ulation of c-Myc expression (13). Given that Ahnak expression
is increased during the differentiation of ES cells to EB, whereas
Oct4 and Nanog, representative markers of iPSC, are down-
regulated, it was possible to hypothesize that Ahnak is a gene
with an anti-stemness property. Our success in improving the
efficiency in the absence of ectopic expression of c-Myc via
down-regulating Ahnak suggests another possible way of gen-
erating safer iPSC.

We have in fact found multiple reports indicating that inhi-
bition of TGF-B signaling promotes induction of pluripotency
(26 —29). This is consistent with our results that at least during
the initial phase of induction, TGF- signaling should be inhib-
ited rather than enhanced for an efficient induction of pluripo-
tency. It is likely that some TGF-f signaling is in taking place in
ES or iPSC given that some p-Smad3 is detected (Fig. 4C). How-
ever, it is clear that the signaling is not strong enough to turn off
c-Myc expression. It could be in this context that the p-Smad3
level we observed can be interpreted (Fig. 4C). In fact, given that
Ahnak ™/~ mice are viable and that p-Smad3 is detected in
Ahnak ™'~ cells, we could safely conclude that Ahnak-indepen-
dent mechanism can mediate a certain level of TGF- B signaling,
and this is not mutually exclusive with c-Myc expression. Alter-
natively, it is also possible that once iPSC is established, c-Myc
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expression attains a measure of independence from TGEF-f3 sig-
naling, which allows coexistence of TGF-8 signaling and c-Myc
expression in iPSC.

Importantly, the iPSC (Ahnak™’~-iPSC-3F-#8) generated
from Ahnak~’~ MEF without c-Myc could differentiate into all
three germ layers in vitro and could generate teratoma effi-
ciently in vivo. Although Ahnak plays an important role in
many biological processes, deficiency of Ahnak apparently did
not affect manifestation of pluripotency. That transient knock-
down expression of Ahnak also improved iPSC generation
without c-Myc implies the potential for a broad application of
Ahnak regulation in generation and differentiation of iPSC.
With the detailed molecular mechanism by which Ahnak reg-
ulates c-Myc in various context elucidated, Ahnak and molec-
ular components of pathways Ahnak regulates could develop
into important targets in regulating generation of safe iPSC
with efficiency.
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