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(Bacl(ground: Strategies on the basis of doxycycline-inducible lentiviruses in mouse cells allowed the examination of mech-
Results: Using a doxycycline-inducible human reprogramming system, we identified unreported miRs enhancing reprogram-
Conclusion: We generated a drug-inducible human reprogramming reporter system as an invaluable tool for genetic or

Significance: These cellular systems provide a tool to enable the advancement of reprogramming technologies in human cells.
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Reprogramming of somatic cells into induced pluripotent
stem cells is achieved by the expression of defined transcription
factors. In the last few years, reprogramming strategies on the
basis of doxycycline-inducible lentiviruses in mouse cells
became highly powerful for screening purposes when the
expression of a GFP gene, driven by the reactivation of endoge-
nous stem cell specific promoters, was used as a reprogramming
reporter signal. However, similar reporter systems in human
cells have not been generated. Here, we describe the derivation
of drug-inducible human fibroblast-like cell lines that express
different subsets of reprogramming factors containing a GFP
gene under the expression of the endogenous OCT4 promoter.
These cell lines can be used to screen functional substitutes for
reprogramming factors or modifiers of reprogramming effi-
ciency. As a proof of principle of this system, we performed a
screening of a library of pluripotent-enriched microRNAs and
identified hsa-miR-519a as a novel inducer of reprogramming
efficiency.

Induction of pluripotency in somatic cells by the transcrip-
tion factors OCT4, SOX2, KLF4, and cMYC represented a
breakthrough in regenerative medicine (1). Initially, generation
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of mouse-induced pluripotent stem cells (miPSCs)?> relied on
the retroviral transduction and integration of the transcription
factors Oct4, Sox2, KIf4, and cMyc (1). miPSC colonies were
selected on the basis of the neomycin resistance provided by the
reactivation of the Fbx15 promoter (1), a gene specifically
expressed in mouse embryonic stem cells and in the early
embryo. However, although these miPSCs were able to contrib-
ute to all three germ layers after injection into blastocysts, no
live chimeric mice were obtained, most likely because of the
incomplete reprogramming of the miPSCs (1). Later reports
showed that selection based on the promoter reactivation of
alternative stem cell markers, such as Oct4 or Nanog, rendered
miPSCs capable of generating germ line-competent live chime-
ric mice (2—4) and even all-miPSC mice (5-7), demonstrating
the full pluripotency of these cells. Together, these reports
highlighted the importance in the use of selective stem cell
markers to identify fully reprogrammed iPSC colonies.

In the last few years the development of reprogramming sys-
tems on the basis of doxycycline-inducible lentiviruses express-
ing the reprogramming factors enabled strategies for examin-
ing the mechanisms governing cell reprogramming (8, 9). This
system was used to generate chimeric mice by injecting into
blastocysts doxycycline-inducible miPSCs or mouse embryonic
stem cells containing an inducible reprogramming cassette
expressing the four factors (10—11). Cells derived from these
mice allowed for the generation of “secondary” miPSCs from a
wide variety of somatic tissues (10—11). Importantly, somatic
cells from these mice can be reprogrammed only by the addi-
tion of doxycycline and are easily traceable by their re-expres-

3 The abbreviations used are: miPSC, mouse-induced pluripotent stem cell;
MEF, mouse embryonic fibroblast; AP, alkaline phosphatase; miR,
microRNA; MET, mesenchymal-to-epithelial transition; GFP, green fluores-
cent protein; hES cell, human embryonic stem cell; hiPSC, human-induced
pluripotent stem cell; OSKC, OCT4, SOX2, KLF4 and cMYC combination;
0OSK, OCT4, SOX2 and KLF4 combination; SCID, severe combined immuno-
deficiency; bFGF, basic fibroblast growth factor; NEAA, non essential
amino acids.
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sion of a GFP gene driven by the Nanog or Oct4 promoters.
Interestingly, these somatic cells reprogram with 25- to 50-fold
greater efficiencies than those observed using direct infection
and drug selection for pluripotent markers (11). Furthermore,
the generation of transgenic mice with defined doxycycline-
inducible subsets of the four reprogramming factors has been
reported (12). Mouse embryonic fibroblasts (MEFs) isolated
from these transgenic mice could generate secondary GFP-pos-
itive miPSC only when the missing factor was reintroduced
(12). Altogether, these systems have greatly facilitated the char-
acterization of the reprogramming process and will serve as an
invaluable tool for genetic or chemical screenings to identify
functional substitutes of the reprogramming factors with easy
fluorescent traceable markers.

Importantly, although these mouse reporter tools to date
have provided methods of examining reprogramming that can-
not be performed in a human system, the fact that there are key
molecular mechanistic differences between mouse and human
somatic cell reprogramming warrants the development of a
similar reporter system using human cells. Previous studies
have reported the generation of drug-inducible reprogram-
ming systems in human cells with higher efficiencies compared
with retroviral-based protocols (13—-14). However, although
these cellular systems can be used to dissect the underlying
molecular and epigenetic events occurring during the repro-
gramming of human cells, the absence of a pluripotent reporter
in these systems, which could allow for the identification of
bona fide hiPSC colonies on the basis of the reactivation of
endogenous stem cell promoters, have precluded their use for
screening purposes. In this work, we report the generation of a
drug-inducible human reprogramming system that incorpo-
rates a reporter gene driven by the OCT4 promoter, as it has
been shown that its reactivation is a very reliable marker to
identify fully reprogrammed cells (15-16).

EXPERIMENTAL PROCEDURES

hES Cell Culture and Differentiation—The H1 (WAO01), H7
(WAO07), H9 (WAO09), and H1-OCT4** embryonic stem (17)
cell lines were obtained from the WiCell Research Institute and
maintained on MEFs or Matrigel (BD Biosciences) using
mTeSR1 medium (Stem Cell Technologies). hESC colonies
were split using a solution of dispase (2 mg/ml) or collagenase (1
mg/ml) and scraping the colonies with a glass pipette. Derived
hiPSCs were cultured similarly as described above for hESCs.
293T cells, dFib-OCT4SF" fibroblast-like cells (18), and BJ
human fibroblasts (ATCC, CRL-2522) were cultured in DMEM
(Invitrogen) supplemented with 10% FBS and 0.1 mm non-es-
sential amino acids. Commercial primary cells obtained from
the ATCC, Lonza, and Promocell (supplemental Table S1) were
cultured according to the recommendations of the supplier.

Human hiPSC Generation—For the generation of human
primary hiPSCs derived from dFib-OCT4S*? cells, a mix of
retroviruses plus lentiviruses was used to infect the fibroblast-
like cells by spinfection at 800 X g for 1 h at room temperature
in the presence of polybrene (4 wg/ml). As an example, for the
generation of hiPSC-OCT4*"-indSKC, the ratio of viruses
used was 0.5:0.05:0.05:0.05:0.15 (pMX-OCT4:pLVFUtetO-
SOX2:pLVFUtetO-KLF4:pLVFUtetO-cMYC:FUdeltaGW -
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rtTA). Similarly, the rest of hiPSC lines were obtained by using
different combinations of retroviruses and lentiviruses. After
infections at day 0 and day 1, cells were plated on day 2 onto
fresh MEFs with DMEM (Invitrogen), 10% FBS, and 0.1 mm
non-essential amino acids supplemented with 100 ng/ml
(unless other specified) of doxycycline. The day after, cells were
switched to hESC medium: DMEM/F12 (Invitrogen) supple-
mented with 20% knockout serum replacement (Invitrogen), 1
mM L-glutamine, 0.1 mM non-essential amino acids, 55 um
B-mercaptoethanol, 10 ng/ml bFGF (basic fibroblast growth
factor, Joint Protein Central) and 100 ng/ml doxycycline. For
the derivation of the hiPSC lines, GFP-positive colonies were
manually picked and maintained on fresh MEF feeder layers for
five passages before growth in Matrigel/mTesR1 conditions.
For the generation of secondary hiPSC lines, the corresponding
dFib-OCT4FP~ind fibroblast-like cells were serially infected
twice with retroviruses encoding the missing reprogramming
factor or with miR-encoding lentiviruses. Immediately after the
second infection, cells were incubated with DMEM (Invitro-
gen), 10% FBS, and 0.1 mm non-essential amino acids supple-
mented with 100 ng/ml (unless other specified) of doxycycline
and, 2 days later, plated onto fresh MEFs or Matrigel. The day
after, cells were switched to hESC medium supplemented with
doxycycline until colonies appeared in the well. In all cases,
hiPSC colonies were stained for either alkaline phosphatase or
Nanog expression or used to establish independent cell lines.

The hiPSC43A2, hiPSC43B2, hiPSC43D6, hiPSC57A5,
hiPSC57A7, and hiPSC57B7 lines were generated from the
human fibroblasts lines CRL-2429 and CRL-2522 respectively,
using the commercial polycistronic lentivirus STEMCCA
encoding the four reprogramming factors (Millipore, SCR510).
The F1hiPSC4F line was generated from F1 fibroblasts using
the polycistronic lentivirus STEMCCA. The CBhiPSC2F3,
CBhiPSC3F12, and CBhiPSC4F3 lines were generated from
human cord blood samples by retroviral infection. These hiPSC
lines were maintained on MEFs or human feeder fibroblasts
using KO DMEM medium (Invitrogen) in the presence of
knockout serum replacement (Invitrogen) supplemented with
0.1 mM non-essential amino acids, 0.1 mMm mercaptoethanol,
1X glutamax, and 10 ng/ml bFGF (Invitrogen).

Evaluation of Reprogramming Efficiency—To calculate the
efficiency of reprogramming, we plated the same number of
dFib-OCT4S*" fibroblast-like cells on MEFs after infection
with either retroviruses (to supply the missing factor) or lenti-
viruses (to supply the indicated miR). Eighteen days (in exper-
iments where OSKC were expressed) or 25 days (in experi-
ments where OSK were expressed) after the initial infection, the
cell cultures were fixed and stained to detect AP activity or
NANOG expression. Reprogramming efficiency was assessed
by the number of AP or NANOG ™ hiPSC colonies per num-
ber of initial seed cells or as a relative percentage of AP™ or
NANOG * hiPSC colonies. This percentage was calculated as
fold change relative to the value of the number of colonies gen-
erated with dFib-OCT4€*® fibroblast-like cells infected with
pmiR-000 lentiviruses (which encoded for a control miRNA).
At least three independent experiments were performed in
triplicate in each case.
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Reprogramming with miR Mimics—For the evaluation of
reprogramming efficiency after transfection with miR mimics,
BJ fibroblasts were infected only once by spinfection with a mix
of retroviruses encoding OCT4, SOX2, and KLF4 (day 0). At
days 0 and 5 after initial infection, cells were transfected with
miR mimics (obtained from Qiagen) at 30 num final concentra-
tion using Lipofectamine (Invitrogen) following the recom-
mendations of the manufacturer. At day 6, cells were trans-
ferred onto fresh MEFs with DMEM (Invitrogen), 10% FBS, and
0.1 mm non-essential amino acids. The day after, cells were
switched to hESC medium (see above) until hiPSC colonies
developed.

Derivation and Validation of dFib-OCT4%""-ind Cells—An
embryoid body-mediated protocol was used to differentiate
pluripotent cells into fibroblast-like cells. Pluripotent cell colo-
nies growing on Matrigel were loosely detached by dispase
treatment, resuspended in DMEM/F12 supplemented with
10% FBS (Atlanta Biologicals), 0.5 mMm L-glutamine, 0.1 mm
non-essential amino acids, and 55 um 3-mercaptoethanol, and
maintained on low attachment plates with daily media changes.
After 4 days on suspension, embryoid bodies were plated onto
gelatin-coated tissue culture plates and maintained in
embryoid body medium for two additional days, followed by
their maintenance in DMEM, 10% FBS, and 1% nonessential
amino acids (NEAA) until cells showed fibroblast morphology.
Derived fibroblasts-like cells were serially passaged by using
Tryple (Invitrogen) and tested for loss of pluripotent markers as
well as GFP expression and gain of expression of fibroblast
markers.

Statistical Analyses—Results are reported as mean *= S.D.
(see the figure legends for specific details regarding the number
of biological replicates, independent experiments, and techni-
cal replicates). Statistics were performed using two-tailed Stu-
dent’s ¢ tests. Values with p < 0.05 were considered statistically
significant.

RESULTS

Generation of a Drug-inducible Human Reporter System for
Reprogramming—We have previously developed a human
reporter system where the expression of a GFP gene is driven by
the endogenous OCT4 promoter (18). This system was
obtained by differentiating a knockin OCT4%* human H1
embryonic stem cell line (17) into a fibroblast-like population of
cells (dFib-OCT4C*") (18). We verified that the population of
dFib-OCT4S*" cells displayed the expected morphology and
expressed fibroblast markers at a similar level to what is
observed in human fibroblasts (18). Moreover, we determined
that these cells no longer expressed GEP because of the silenc-
ing of the OCT4 promoter, or several pluripotent markers,
detected in the HI-OCT4S" cell line. After reprogramming
dFib-OCT4S*" cells by transduction with a combination of ret-
roviruses encoding for OCT4, SOX2, KLF4, and/or cMYC
(OSKC), we were able to observe the reactivation of the endog-
enous OCT4 locus, which correlated with the appearance of
GFP (18). However, we were not able to reprogram dFib-
OCT4EFP cells by transduction of only OCT4 or OCT4/SOX2
(supplemental Fig. S1).
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To first create a similar human reprogramming reporter sys-
tem that was drug-inducible (Fig. 14), we transduced dFib-
OCTA4S™? cells with inducible lentiviruses expressing the four
factors and selected two primary hiPSC-OCT4%*"~ind-OSKC
cell lines for further analysis (Fig. 1B). We first verified that
these hiPSC lines had regained the expression of GEFP,
expressed endogenous pluripotent markers, down-regulated
fibroblast markers, and contributed in vivo to the three embry-
onic germ layers (Fig. 1, B—D). We then differentiated the
hiPSC-OCT4S*? cell lines toward fibroblast-like cells (dFib-
OCT4S*?-ind-OSKC) (Fig. 1E). We determined that these cells
regained the expression of fibroblast markers, down-regulated
the expression of pluripotent markers, and lost the expression
of GFP (Fig. 1C). Furthermore, we verified that treatment of
dFib-OCT4%*"-ind-OSKC cells with doxycycline induced the
expression of the lentiviral-delivered reprogramming factors
(Fig. 1F) and, when grown under hESC culture conditions, gen-
erated secondary hiPSCs that re-express GFP, pluripotent
markers, and down-regulated fibroblasts markers (Fig. 1, C and
G). These data demonstrated the generation of a human repro-
gramming reporter system that can be used to investigate the
process of reprogramming.

We were next interested in expanding this approach to gen-
erate additional cellular systems that expressed different sub-
sets of reprogramming factors to use them as a tool to screen for
functional substitutes of the reprogramming factors or to iden-
tify new mediators in the reprogramming process. To do this,
we took advantage of the fact that retroviral-mediated expres-
sion of exogenous reprogramming factors is epigenetically
silenced after the reactivation of the pluripotent endogenous
network, whereas the expression of reprogramming factors
delivered by lentiviruses can still be modulated by doxycycline
independent of the somatic or pluripotent cell state. Thus,
infecting dFib-OCT4"" cells with a combination of retrovirus
expressing one factor and a mix of inducible lentiviruses
expressing the remaining three factors would allow us to gen-
erate primary hiPSCs (hiPSC-OCT4S*?) (see Fig. 2, A and B).
Then, these cells can be differentiated toward fibroblast-like
cells that will retain the ability to re-express the three lentiviral-
delivered reprogramming factors after the addition of doxycy-
cline, whereas the remaining retroviral-delivered factor would
no longer be expressed. For example, by infecting dFib-
OCT4CF? cells with retroviruses expressing OCT4 (pMX-
OCT4) and lentiviruses expressing SOX2, KLF4, and cMYC
(pLVFUtetO-SOX2, -KLF4, and -cMYC), we would generate
hiPSCs-OCT4%""~indSKC that could be further differentiated
toward fibroblast-like cells (dFib-OCT4%**~indSKC) (Fig. 2, A
and B). dFib-OCT4S**—indSKC cells will express SOX2, KLF4,
and cMYC after the addition of doxycycline but not OCT4.
Under the proper culture conditions, these cells would not
reprogram unless exogenous OCT4 or a functional OCT4 sub-
stitute is supplied to the cells where detection of GFP can be
used to identify fully reprogrammed cells (Fig. 2B). Thus, this
cellular system represents an ideal tool to screen for functional
substitutes of the reprogramming factors or new modifiers of
the reprogramming process.

We infected dFib-OCT4S*" cells with different combina-
tions of retroviruses and drug-inducible lentiviruses and

JOURNAL OF BIOLOGICAL CHEMISTRY 40769


http://www.jbc.org/cgi/content/full/M112.384024/DC1

Human Reprogramming Reporter System for Screening Purposes

dFib-OCT4GFP

hESCs

A

1' hiPSC-OCT4CFP.ind

dFib-OCT4CFP-ind

2' hiPSC-OCT4C%FP-ind

EB-mediated it § ; EB-mediated A . :
fibroblast ': totion o i fibroblast r: uction o
differentiation P urlpotency d|fferent|at|°n pl urlpotency ,
_) .
DOX- Inducnble
lentiviruses
B hESC (d)Fib hiPSC (d)Fib 2'hiPSC hESC (d)Fib hiPSC (d)Fib 2'hiPSC
‘é’, 108 m OCT4 ) 108 m SOX2
hiPSC-OCT4CFP 2 _ 402 £ _ e
-indOSKC-1 °e L 9 103
=20 = 2
8% 10 o »8-, 10
82 28 10
= =
s s 1
hiPSC-OCT4GFP g o4 Y
AndOSKE:7 . hESC (d)Fib hiPSC (d)Fib 2'hiPSC o hESC (d)Fib hiPSC (d)Fib 2'hiPSC
2 14 2 3
s W KLF4 S 25 mcMYC
c 1.2 o 2
S 2 15
D hiPSC-OCT4C%FP.indOSKC-1 £ o8 -ﬁ :
.GZ’ 0.4 ~ 2 1
5 T 05
2 g o
hESC (d)Fib hiPSC (d)Fib 2'hiPSC hESC (d)Fib hiPSC (d)Fib 2'hiPSC
@ [
o 103 o 104
E , m NANOG E i m GFP .
AFPIFOXA2/DAPI  TUJ1/GFAPIDAPI ] ©3 102
< Q T
S5 10 8% 1
© 0 20 1
> = >
= 1 =
] s 01
] ]
x 01 € o001 8-
¥ K % 0 o°
& hESC (d)Fib hiPSC (d)Fib 2'hiPSC & \“g' o‘»“ 09“‘69*09 oe.
g, 10 %\9 Q{° Q? E\ («Q K (Q '\QQ ,\g?q ,\“Qq &
ASMA/ASAIDAPI s s m COL6A2 o’\" o o’\“oo’\" P
; 6 ‘@ec"@e" < Q\v@?;_,c;‘{\s;_,c;
E dFib-OCT4%FP  dFib-OCT4GFP e, . (-
indOSKC-1 indOSKC-7 o
: : £ 2
k]
2 o0 . .
= X cf?\,s\@ &° (A A G
U » 2 L2
A > 2 l\,\‘&o A°°°;\°°°;\“°;\°5°\°°
R\ SR 52 5 e e e
PUIP U LU U
00 ) 90 0:' ' o0
& S
2 9
F 160 m OCT4 300, m SOX2 40 \w KLF4 :50 = cMYC
g, 140 © 250 o 35 o 400 .
o & 120 o 2 02 30 o 2 60
28 100 > 5 200 2 G 25 2 g 300
85 w0 TS 150 ®5 20 5 ggg
&,% ig @32 10 g2 18 &3 150
w S s 2 L2 100 )
L 5 50 2' hiPSC-OCT4%FP
0 k=== ' 0 0 -indOSKC-2
pox - #* DOX - & DOX - + DOX -

FIGURE 1. Generation of the dFib-OCT4% " -ind-OSKC reporter system. A, schematic representation of the methodology used to obtain dFib-OCT4*P-ind
fibroblast-like cells expressing the four reprogramming factors. £B, embryoid body; DOX, doxycycline. B, primary hiPSC colonies obtained from dFib-OCT4%"?
after infection with inducible lentiviruses expressing the four reprogramming factors. Note that hiPSC colonies have regained the expression of GFP. Scale
bar = 100 um. C, real-time PCR analysis was performed for the pluripotent markers OCT4, SOX2, NANOG, the reprogramming factors KLF4 and cMYC, the
fibroblast marker COL6A2, and for GFP. Data are shown as relative means =+ S.D. of two biological replicates analyzed in triplicate. D, teratoma formation was
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body-mediated differentiation. Scale bar = 50 um. F, dFib-OCT4%FP~indOSKC-7 cells were treated with 100 ng/ml doxycycline for 48 h. Real-time PCR analysis
was performed for OCT4, SOX2, KLF4, and cMYC. Data are shown as relative means = S.D. of two biological replicates analyzed in triplicate. G, Secondary hiPSC
colonies isolated from dFib-OCT4%P-ind-OSKC cells after doxycycline treatment. Note that hiPSC colonies are GFP-positive. Scale bar = 100 um.

40770 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMB\  VOLUME 287-NUMBER 48-NOVEMBER 23, 2012



Human Reprogramming Reporter System for Screening Purposes

dFib-OCT4GFP

N

Induction of
pluripotency

/

EB-mediated
fibroblast
differentiation

1' hiPSC-OCT4CFP-ind

dFib-OCT4CFP-ind

pMX-OCT4

pLVFUtetO-SOX2
pLVFUtetO-KLF4
pLVFUtetO-cMYC

EB-mediated pFUdeltaGW-rtTA

fibroblast

pMX-SOX2

pLVFUtetO-OCT4
pLVFUtetO-KLF4
pLVFUtetO-cMYC
pFUdeltaGW-rtTA

differentiation pMX-KLF4

pLVFUtetO-OCT4

pMX-cMYC
pLVFUtetO-OCT4

Retrovirus DOX-Inducible pLVFUtetO-SOX2 pLVFUtetO-SOX2
lentiviruses PLVFUtetO-cMYC | pLVFUtetO-KLF4
pFUdeltaGW-rtTA | pFUdeltaGW-rtTA
*
B D OCT4 SOX2
hESC (d)Fib hiPSC hESC (d)Fib hiPSC
o 104 04 4
2
. g 103 103 4
dFib-OCT4CFP.Ind-SKC Ss
= 102 102 -
k=]
° -
- D 4 sl
2=
w 14 14
2' hiPSC-OCT46FP <
&£ o1 0.1
» g, ::- KLF4 1.8 4 cMYyC
N _;:v 1.4] hESC (d)Fib hiPSC 11 nesc (@Fib hiPSC
G 12 1.2
] 1 1
L 0.8+ 0.8 -
g 0.6 0.6
\ £ 0.4 0.4
° 0.2 0.2 4
. o 0- 04
+“OCT4 substitute”
NANOG GFP
C dFib-0CT4%" o 103, NESC (@Fib hiPSC 104+ NESC (@Fib hiPSC
j=2]
pMX-OCT4 PMX-SOX2 pPMX-cMYC s 1031
< _ 1027
pLVFUtetO-SOX2 pLVFUtetO-OCT4 pLVFUtetO-OCT4 o 3 102
PLVFUtetO-KLF4  pLVFUtetO-KLF4  pLVFUtetO-SOX2 T8 101
PLVFUtetO-cMYC  pLVFUtetO-cMYC  pLVFUtetO-KLF4 e 101
pFUdeltaGW-rtTA  pFL tTA  pFL rtTA g o
= L 11
K]
[]
®  04- 0.1~
QB R o » IS
o«h \@8‘6\& 85*0 8’9‘60 °$0°6$ 0‘5*
[ 4 - O & o
S 10 COL1A1 & 8".{0 R R 2 e RS
O
E 103 hESC (d)Fib hiPSC gt pg’\“ <&
ST L FE G S
T 5 1027 TSR
(=]
s 8 101
2=
k- 1
€ o4
: ' NN
o o & &

%

(P N Ve
P S SN g,
v“e\\{?@‘;{?e‘g@c’

FIGURE 2. Generation of hiPSC lines with doxycgrcline-inducible expression of different subsets of reprogramming factors. A, schematic representation
of the rationale followed to obtain dFib-OCT4*"~ind fibroblast-like cells expressing different subsets of reprogramming factors. The right panel shows the

different combination of retroviruses and lentiviruses used to express the reprogramming factors. B, schematic representation showing the example of dFib-OCT4%P-
ind-SKC that would not reprogram by only the addition of doxycycline (DOX) unless either OCT4 or a functional substitute for OCT4 was provided to the cells. C, primary

hiPSC colonies obtained from dFib-OCT4%" after the infection with the comb

ination of viruses depicted at the top of the images. Note that hiPSC colonies are

GFP-positive. D, real-time PCR analysis was performed for the pluripotent markers OCT4, SOX2, NANOG, the reprogramming factors KLF4 and cMYC, the fibroblast

marker COL1AT, and for GFP. Data are shown as relative means =+ S.D. of two biol

successfully generated primary hiPSC-OCT4S*" colonies

(Fig. 2, A and C). Unfortunately, we were unable to obtain
hiPSC-OCT4S*" lines when KLF4 expression was driven by
retroviruses for unknown reasons. We isolated and
expanded, in the absence of doxycycline, four hiPSC-
OCT4S*P-SKC, four hiPSC-OCT4%""~OKC, and nine
hiPSC-OCT4SFP~OSK lines. On the basis of a similar level of
expression between the reprogramming factors after the
addition of doxycycline in these hiPSC-OCT4S"" lines (data

NOVEMBER 23,2012 +VOLUME 287 +NUMBER 48

logical replicates analyzed in triplicate.

not shown), we selected the hiPSC-OCT4%*’—SKC-2 and -4,
hiPSC-OCT4%*"~OKC-2, and hiPSC-OCT4“""-OSK-10
and -11 lines for further analysis. We first verified that these
reprogrammed cells had regained the expression of GFP,
expressed endogenous pluripotent markers, and down-reg-
ulated fibroblast markers (Fig. 2D). Moreover, we confirmed
the pluripotency of these hiPSC lines as they differentiated
in vitro (Fig. 3A) and contributed in vivo (B) to the three
embryonic germ layers.
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FIGURE 3. hiPS-OCT4%P-ind cells are pluripotent. A, embryoid bodies derived from the indicated hiPS-OCT4"-ind cells lines were differentiated for 15
days. Immunofluorescence was performed for specific differentiation markers from the three embryonic germ layers as defined by the expression of meso-
dermal (a-smooth muscle actin (SMA)), ectodermal (TUJT), and endodermal (FoxA2) markers. Scale bar = 50 um. B, teratoma formation was assessed by
injection of the hiPS-OCT4% P~ind cells lines into the testes or kidney of SCID mice. Immunofluorescence analysis demonstrate the existence of the three main
embryonic germ layers as defined by the expression of specific endodermal (a-fetoprotein (AFP) and FoxA2), ectodermal (TUJT and glial fibrillary acidic protein
(GFAP), and mesodermal (ASMA and « sarcomeric actin (ASA)) markers. All images were obtained from the same tumor. DAPI was used to visualize the nuclei.

Scale bar = 50 um.

We then differentiated the hiPSC-OCT4S"" lines using an
embryoid body-mediated protocol to obtain morphologically
fibroblast-like cells (dFib-OCT4""-ind) (Fig. 44 and supple-
mental Fig. S2A) (18). We next determined that the different
dFib-OCT4SF"-ind fibroblast-like cells regained the expression
of fibroblasts markers, down-regulated the expression of pluri-
potent markers, and lost the expression of GFP (Fig. 4B). Fur-
thermore, we verified that treatment of dFib-OCT4%""-ind
cells with doxycycline induced the expression of the lentiviral-
delivered reprogramming factors but not the expression of the
factor initially supplied by retroviral infection (Fig. 4C and sup-
plemental Fig. S2B).

Functional Validation of the Human Reprogramming System—
We next validated that each population of dFib-OCT4**-ind

40772 JOURNAL OF BIOLOGICAL CHEMISTRY

cells had the ability to reprogram back into pluripotency by the
addition of doxycycline and exogenous expression of the miss-
ing respective reprogramming factor. To test this, we infected
dFib-OCT4€*?-indSKC, dFib-OCT4%""-indOKC, and dFib-
OCT4€*?-indOSK cells with retroviruses encoding OCT4,
SOX2, and cMYC, respectively, and grew the cells in the pres-
ence or absence of doxycycline and compared them with unin-
fected cells to evaluate their reprogramming abilities. We first
determined the optimal concentration of doxycycline to repro-
gram the dFib-OCT4%""-ind cells, as it has been reported that
the level of expression of the reprogramming factors can influ-
ence the efficiency of the reprogramming process (supplemen-
tal Fig. S2C) (19). Next, we observed that dFib-OCT4*"-ind-
SKC and dFib-OCT4*?-indOKC cells reprogrammed only
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FIGURE 4. Generation of dFib-OCT4%""-ind lines with doxycycline-inducible expression of different subsets of reprogramming factors. A, morphology
of the dFib-OCT4% P -ind fibroblasts-like cells (at passage 7) after embryoid body-mediated differentiation. Scale bar = 50 um. B, real-time PCR analysis was
performed for the pluripotent markers OCT4, SOX2, NANOG, the reprogramming factors KLF4 and cMYC, the fibroblast marker COL1A1, and for GFP. Data are
shown as relative means = S.D. of two biological replicates analyzed in triplicate. C, dFib-OCT4°~indSKC, dFib-OCT4%*P-ind-OKC, and dFib-OCT4%"~ind-OSK
cells were infected with retroviruses encoding OCT4, SOX2, and cMYC, respectively, and either treated or not treated with 100 ng/ml of doxycycline for 48 h.
Real-time PCR analyses were performed to detect the transcripts corresponding to the four reprogramming factors. Note that there is no residual expression
from any of the factors delivered by retroviruses to generate the original primary hiPSC lines. Data are shown as relative means = S.D. of two biological

replicates analyzed in triplicate.

when doxycycline and the missing factor (OCT4 or SOX2,
respectively) was supplied to the cells (Fig. 5, A—D). However,
dFib-OCT4%**-indOSK could reprogram, although with much
lower reprogramming efficiency, by the addition of doxycycline
only (Fig. 5, E and F). This is in agreement with reports demon-
strating that cMYC is not required for reprogramming but con-
tributes to enhance the efficiency of the process (20). The
appearance of reprogrammed colonies from dFib-OCT4S"-
ind cells correlated with the expression of GFP (Fig. 5). More-
over, GFP-positive hiPSCs also expressed pluripotent markers
such as NANOG or TRA-1-60 (Fig. 5). These hiPSC colonies
could be isolated and expanded as independent hiPSC cell lines
that retained GFP expression, showed the expression of endog-
enous pluripotent markers, and down-regulated fibroblast
markers (Fig. 4B). Furthermore, we also determined that dFib-
OCT4S"-ind can be reprogrammed in feeder-free conditions
(data not shown). Together, these data demonstrate a simple
and reliable human reprogramming reporter system that uti-
lizes a GFP signal to visualize pluripotency. This system can be
used to screen functional substitutes for the reprogramming
factors or identify new mediators in the reprogramming pro-
cess in a high-throughput manner by the addition of doxycy-
cline only without any requirement of further viral
manipulation.
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Expression of hsa-miR-519a Increases Reprogramming
Efficiency—MicroRNAs are 22-nucleotide-long non-coding
RNAs that regulate the expression of downstream targets by
mRNA destabilization and translational inhibition (21). Most
of the mRNA-miR targeting occurs through incomplete nucle-
otide complementation between a short sequence located in
the 5’ region of the miR, the so-called seed sequence, and its
mRNA target. A single miR can target hundreds of different
mRNAs and multiple pathways, which makes them powerful
regulators of cell function. In the last few years, miRs have
emerged as critical factors in regulating cell fate as well as in the
maintenance and acquisition of the pluripotency during cell
reprogramming (22). In fact, introduction of mouse embryonic
stem cell-specific miRs, such as members of the miR-290 clus-
ter (mmu-miR-291, mmu-miR-294, or mmu-miR295), the
miR-106b~25 cluster (mmu-miR93 and mmu-miR106b), miR-
302b~367, or depletion of fibroblast-specific miRs such as
mmu-miR-21 or mmu-miR-29a promoted the formation of
miPSCs in the absence of cMYC (23-26). Furthermore, the
expression of specific subsets of different miRs is sufficient to
reprogram somatic cells (27-28). Although the role of miRs in
self-renewal and pluripotency or during the generation of
iPSCs from mouse cells has been reported (23-26), little is
known about their role in a human context. Therefore, we rea-
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FIGURE 5. Validation of the dFib-OCT4 -ind reporter system. A, C, and E, GFP detection and NANOG/TRA-1-60 immunofluorescence analysis in dFib-
OCT4%FP_indSKC-2 (A), dFib-OCT4%FP—indOKC-1 (C), and dFib-OCT4%P—indOSK-11 (E) cells infected with retroviruses encoding the missing factor and/or
treated with doxycycline (DOX) for 18 days. Scale bar = 150 um. B, D, and F, evaluation of reprogramming efficiency in dFib-OCT4°"-indSKC-2 (B), dFib-
OCT4SFP—indOKC-1 (D), and dFib-OCT4°F -indOSK-11 (F) cells infected with retroviruses encoding the missing factor and/or treated with doxycycline for 18
days. Reprogramming efficiency was evaluated as the number of Nanog + colonies per 50,000 dFib-OCT4%P-ind plated cells on MEFs after retroviral infection.

soned that a thorough analysis of the effect on the reprogram-
ming efficiency of hESC-specific miRs would probe the utility
of the screening system described above and provide new
insights in miR regulation of cell reprogramming.

We first profiled the miR population of 18 samples compris-
ing different subsets of pluripotent and somatic cells (supple-
mental Table S1). Statistical analysis on the basis of similarity
with the hsa-miR-302a expression profile and principal compo-
nent analysis combined with expression level comparisons led
us to the identification of 26 miRs specifically expressed in plu-
ripotent cells or strongly down-regulated in somatic cells (sup-
plemental Fig. S3, A and B and supplemental Table S2). We
identified different miRs belonging to clusters that have already
been described to have a role in stem cell maintenance or cell
reprogramming, such as hsa-miR-302a-d, hsa-miR-372, and
hsa-miR-373 (human orthologous to mouse mmu-miR-290);
hsa-miR-200; or hsa-miR-520 (supplemental Fig. S3B) (23-26,
29, 30).

To screen for novel miRs that can enhance reprogramming
efficiency, we investigated whether the expression of these
miRs influence reprogramming efficiency in the absence of

40774 JOURNAL OF BIOLOGICAL CHEMISTRY

c¢cMYC in human fibroblasts. To this end, we infected dFib-
OCT4S*P-indOSK-11 cells with lentiviruses encoding 19 miRs
selected for analysis, added doxycycline to the medium, and
followed the formation of hiPSC colonies. We observed that
although the expression of hsa-miR-200b, -520c, -371, -512—
3p, or -20b promoted the formation of hiPSC colonies to some
extent, the expression of hsa-miR-367, -372, -373, -429, and
-519a greatly improved reprogramming efficiency in the
absence of cMYC (Fig. 6A4). Moreover, to validate these effects,
we performed a similar reprogramming experiment using BJ
fibroblasts and observed similar results (Fig. 6B). Overall, these
data demonstrate that expression of stem cell-specific miRs, as
reported for mouse cells, have a profound impact on repro-
gramming efficiency. We next focused on investigating hsa-
miR-519a, not only because of its previously unreported dra-
matic enhancement of reprogramming efficiency but also
because of the fact that this miR is only found in primates. We
first analyzed the effect of hsa-miR-519a in the presence of
cMYC. It has been shown that expression of some miRs, such as
mmu-miR-429 or members of the mmu-miR-290 cluster, is
directly regulated by the binding of cMYC to their promoters in
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FIGURE 6. Expression of hsa-miR-519a enhances reprogramming efficiency. A, cell cultures of dFib-OCT4°"~indOSK-11 were infected with lentiviruses
encoding the indicated miRs. Relative reprogramming efficiency normalized to the efficiency observed in pmiR-000-infected cells is shown, with the fold
changes indicated. Uninfected cells were used as a negative control for all experiments. n = number of independent experiments. The number of alkaline-
positive (AP) colonies was used to calculate the relative reprogramming efficiency. Error bars depict the S.D. pmiR-000, control miR. *, p < 0.05; **, p < 0.01.
Band C, similar experiment as described in A, but BJ fibroblasts infected with retroviruses encoding the three factors (B, OSK) or the four factors (C, OSKC) plus
lentiviruses encoding the indicated miRs, were used instead. *, p < 0.05; **, p < 0.01. The number of Nanog-positive colonies was used to calculate the relative
reprogramming efficiency. D and E, cultures of BJ fibroblasts (D) or dFib-OCT4P-ind cells (E) were infected with retroviruses encoding the three factors (OSK)
and transfected at days 0 and 5 with 30 nm of the indicated miR mimics. Relative reprogramming efficiency normalized to the efficiency observed in mimic
control cells is shown with the fold changes indicated. n = number of independent experiments. Error bars depict the S.D. *, p < 0.05; **, p < 0.01. The number
of NANOG-positive colonies was used to calculate the relative reprogramming efficiency. F, alignment of different embryonic stem cell-enriched miRs. The seed
sequence is highlighted in the box. G, schematic representation of the putative target sites of miR-519a for the TGFBRII mRNA. H, real-time PCR analysis to
detect the transcripts of TGF BRIl in BJ fibroblasts that were either uninfected or infected with the indicated lentiviruses. Data are shown as relative means = S.D.
of two biological replicates analyzed in triplicate.

ES cells (31). Thus, although the expression of these miRs human orthologs (Fig. 6F) (23). Several of these miRs (i.e. mmu-
enhances reprogramming efficiency when cMYC is absent, this  miR-302b, -372, -106a, or -93 and has-miR-302 and -372) target
positive effect is reduced when cMYC is coexpressed with them  TGFBRII which, when down-regulated, has been shown to
(23-24). Similarly, expression of hsa-miR-429 and -373 showed enhance reprogramming efficiency (24, 29). Interestingly, the
little increase in the formation of hiPSC colonies when exoge- 3’ UTR region of the TGFBRII mRNA contains two well con-
nous cMYC is included in the reprogramming experiments, served recognition sequences for hsa-miR-519a (Fig. 6G). We
whereas the effect of hsa-miR-519a was further increased in a  observed that expression of hsa-miR-519a down-regulates the
similar experimental setting (Fig. 6C). Furthermore, we also level of TGFBRII mRNA in fibroblasts and, therefore, could
determined that reprogramming efficiency increased after explain, at least partly, its effect on reprogramming efficiency
transfection of hsa-miR-519a mimics in BJ fibroblasts or dFib-  (Fig. 6H).

OCT4C*® cells (Fig. 6, D and E). We next sought to identify the Taken together, these data describe the existence of human
putative targets of hsa-miR-519a. On the basis of bioinformatic  pluripotent-specific miRs able to increase reprogramming effi-
predictions, we chose a subset of genes to test whether their ciency. Of those, hsa-miR-519a emerged as a new promoter of
expression was modulated by hsa-miR-519a (see supplemental  pluripotency.

Experimental Procedures). Thus, we performed real-time PCR Expression of hsa-miR-519a Promotes an Increase in
analysis on RNA obtained from BJ fibroblasts infected with hsa-  Proliferation—We next investigated the possible molecular
miR-519a and its corresponding control. We determined that mechanisms by which hsa-miR-519a could mediate the
about half of the genes assayed were down-regulated after the observed increase in reprogramming efficiency. Recent reports
expression of hsa-miR-519a (supplemental Fig. S44). Impor- have shown that fibroblasts undergo a process of mesenchy-
tantly, hsa-miR-519a shares almost the identical seed sequence  mal-to-epithelial transition (MET) during the reprogramming
recently described for many mouse embryonic stem cell-spe-  process (26, 32-33). Interestingly, the expression of certain
cific cell cycle-regulating microRNAs and their corresponding ESCC (hsa-miR-302b and hsa-miR-372) accelerated the kinet-
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FIGURE 7. Expression hsa-miR-519a increases proliferation. A, BJ fibroblasts were infected with three (OSK) or four (OSKC) reprogramming factors together
with either hsa-miR-519a or has-miR-000 (scrambled control). Expression of E-cadherin was monitored by immunofluorescence analysis at different time
points during reprogramming. DAPI was used to visualize the nuclei. d, day. Scale bar = 200 um. B, real-time PCR analysis to detect the endothelial (Ep-CAM,
E-cadherin, and OCLN) and mesenchymal (ZEBT) markers were performed with RNA obtained from BJ fibroblasts infected with three (OSK) or four (OSKC)
reprogramming factors together with either hsa-miR-519a or has-miR-000 (scrambled control). RNA extraction was performed 6 days after infection. Data are
shown as mean *+ S.D. of two biological replicates analyzed in triplicate. C, graph showing the percentage of BrdU™ cells in BJ fibroblast 6 days after infection
with OSKC plus lentiviruses expressing the indicated miRs (upper panel). Three independent experiments were performed, and the results are represented as
means = S.D. of at least 200 cells in four different fields in each experiment. Immunofluorescence analysis showed a representative field (lower panel). DAPl was

used to visualize nuclei. Scale bar = 200 pum.

ics of MET, increasing reprogramming efficiency (26, 29). This
effect is mediated by down-regulation of specific targets, such
as TGEBRII or RHOC, that regulate the choice between epithe-
lial and mesenchymal fates (29). Thus, we hypothesized that
hsa-miR-519a could facilitate MET through a similar mecha-
nism, as we have shown that this miR can also down-regulate
the expression of TGFBRII. To test this possibility, we infected
BJ fibroblasts with three (OSK) or four (OSKC) reprogramming
factors, together with either hsa-miR-519a or its corresponding
control, and followed the expression of the epithelial marker
E-cadherin through the reprogramming process at different
time points. E-cadherin has been shown to be crucial for
embryonic stem cell pluripotency and is as a very reliable
marker to identify bona fide hiPSCs derived from mesenchymal
cells (34, 35). We observed that modulating hsa-miR-519a lev-
els did not affect the kinetics of E-cadherin induction indepen-
dently of the expression of cMYC (Fig. 7A). Furthermore, we
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also analyzed the endogenous expression of several pluripotent
markers (OCT4, NANOG, ZPF42, and DPPA4) in BJ fibro-
blasts infected with three (OSK) or four (OSKC) reprogram-
ming factors, together with either hsa-miR-519a or its corre-
sponding control. Real-time PCR analysis 6 days after the initial
infection determined that expression of hsa-miR-519a does not
influence the induction of pluripotent markers during the first
steps of reprogramming (supplemental Fig. S4B). Additionally,
we analyzed the expression of different epithelial (Ep-CAM,
E-cadherin and OCL (Occludin)) and mesenchymal (ZEB1)
markers in RNA obtained form BJ fibroblasts expressing OSK
or OSKC and either hsa-miR-519a or its corresponding control.
We observed a small increase in the expression of Ep-CAM and
OCLN when hsa-miR-519a was coexpressed with OSKC com-
pared with its respective control (Fig. 7B). However, we did not
detect changes in the expression of E-cadherin in similar exper-
imental conditions (Fig. 7B). Moreover, we also observed a
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decrease in the expression of ZEB1 when hsa-miR-519a was
coexpressed with OSK compared with its respective control
(Fig. 7B). Importantly, these small changes in the expression of
epithelial and mesenchymal markers could reflect not a change
in the kinetics of MET but an increase in the number of cells
being reprogrammed. Thus, we monitored the proliferation
level of BJ fibroblasts infected with OSKC and either hsa-miR-
519a or its corresponding control 6 days after viral infection.
We observed a consistent increase in the number of BrdU™
cells when hsa-miR-519a was expressed compared with cells
expressing the control miR (Fig. 7C). Overall, these results sug-
gest that hsa-miR-519a increases reprogramming efficiency by
modulating the proliferation levels of the cells subjected to
reprogramming.

DISCUSSION

Somatic cell reprogramming in induced pluripotent stem
cells is a process not yet completely understood. Different
parameters such as low reprogramming efficiency, heterogene-
ity among the cellular systems, or variable protocols used for
cell reprogramming further complicate the analysis of this
process. In the last few years, the development of reprogram-
ming strategies on the basis of doxycycline-inducible lentivi-
ruses, which allowed for temporal control of the expression of
the reprogramming factors, facilitated the definition of the
molecular cornerstones that occur during the transition toward
the iPSC state (8, 9). Moreover, these systems have also been
very valuable for screening purposes using mouse cells when
drug-inducible somatic cell lines harbor reporter genes that
allow for the identification of fully reprogrammed cells (15, 16).
These screenings have led to the identification of numerous
chemical compounds or transcription factors that shed light
onto how cell reprogramming occurs. Importantly, although
similar reprogramming systems have been developed using
human cells (13, 14), the absence of reporter genes precluded
their implementation in high-throughput screenings. Further-
more, the existence of molecular and mechanistic differences
between the reprogramming process in mouse and human cells
warrants the generation of human reporter reprogramming
systems in human cells.

In this work, we report a drug-inducible human reprogram-
ming reporter system that serves as a reliable and simple system
that can be used for screening purposes in a high-throughput
manner. The reprogramming of these cells can be readily
tracked by the reactivation of the endogenous OCT4 promoter
through the appearance of GFP and by the addition of doxycy-
cline without the need of additional viral infections. We
described the derivation of drug-inducible human fibroblast-
like cell lines that express the four reprogramming factors or
different subsets of them that can be used to screen functional
substitutes of the factors as well as to gain insight into the repro-
gramming process. When performing a high-throughput
screening (e.g. to identify chemical substitutes of reprogram-
ming factors) using these types of cellular tools, proper screen-
ing optimization is critical. For example, we determined that
different concentrations of doxycycline yield a variable number
of hiPSC colonies. Moreover, the selection of specific endpoints
in the screening must be defined carefully. The kinetics in the
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appearance of GFP-positive colonies can vary depending on the
experimental setting (e.g. performing reprogramming on MEFs
versus Matrigel) and the type of screening being performed (e.g.
drug screenings involving chemicals in solvents such as
dimethyl sulfoxide could alter reprogramming kinetics).
Importantly, the development of automated devices able to
scan multi-well plates, obtain live-cell images, and readily
detect GFP-positive colonies can rapidly facilitate high-
throughput screens. Positive “hits” obtained by this type of
streamlined method should still be validated in different
somatic cell types (e.g. primary fibroblasts). This process of val-
idation is important to rule out any false positives that may exist
(e.g. chemical molecules that activate the previously silenced
retroviral constructions used to generate the fibroblast-like cell
lines).

As a proof of principle of this system, we performed a screen-
ing of pluripotent-enriched miRs that allowed us to identify
miRs that significantly enhance the reprogramming process. Of
those, we found hsa-miR-519a as a novel inducer of reprogram-
ming efficiency. Furthermore, we determined that results
obtained from our human reprogramming reporter system
were validated in independent human somatic cells.

To get insights into the molecular mechanisms by which hsa-
miR-519a can increase reprogramming efficiency, we first
sought to identify its putative targets. Among them, we
observed that expression of hsa-miR-519a down-regulates
TGFPBRII. Importantly, a variety of different miRs with a similar
seed sequence had been described to increase reprogramming
efficiency by down-regulating TGFBRII (24, 29). In fact, inhibi-
tion of TGF 3 signaling facilitates the induction of iPSC forma-
tion, whereas its activation blocks reprogramming (16, 36).
This effect seems to be mediated by facilitating the process of
MET during reprogramming (26, 29). Although we observed
small increases in the expression of certain epithelial markers
when hsa-miR-519a is coexpressed with OSKC, we did not
detect accelerated kinetics in the appearance of E-cadherin™
hiPSC colonies. We determined that this might be due to the
accelerated proliferation mediated by hsa-miR-519a, which
increases the number of cells that are being reprogrammed. In
fact, it has been reported that a high proliferation rate in repro-
gramming cells resulted in accelerated kinetics of iPSC forma-
tion (17, 37). Although down-regulation of TGEFBRII could help
to promote proliferation after hsa-miR-519a expression, we
cannot exclude the possibility that modification in the levels of
direct or indirect additional targets could also contribute to
that effect. Overall, this cellular system provides a valuable tool
to enable the advancement of reprogramming technologies in
human cells.
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