ARTICLE

BIOTECHNOLOGY

[= N W=

BIOENGINEERING

A Medium-Throughput Analysis of Signaling
Pathways Involved in Early Stages of Stem Cell

Reprogramming

Ashley L. Fritz,! Sunnie R. Mao,’ Mary G. West,? David V. Schaffer'>*

IDepartment of Chemical and Biomolecular Engineering, University of California,

Berkeley, California 94720

ZBerkeley Stem Cell Center, University of California, Berkeley, California 94720
3Department of Bioengineering, University of California at Berkeley, Berkeley, California

94720

*Helen Wills Neuroscience Institute, University of California, Berkeley, California 94720;
telephone: 510 643 5963; fax: 510 642 4778; e-mail: schaffer@berkeley.edu

ABSTRACT: The induction of pluripotency from adult cells
has enormous potential in regenerative medicine. While
initial efforts to study mechanisms and improve efficiency of
induced pluripotent stem cell (iPSC) reprogramming focused
on the direct roles of transcriptional regulators, increasing
evidence indicates that cellular signal transduction pathways
can modulate this process. Here, we present a medium-
throughput system to study the effect of signaling pathways
on the early stages of reprogramming. We generated a set of
lentiviral vectors encoding 38 genes that upregulate or
downregulate major signal transduction pathways and
quantified each signaling factor’s effect on reprogramming.
This approach confirmed the role of several factors previously
implicated in reprogramming, as well as identified several
GTPases-factors that to date have not been largely studied in
reprogramming-that improve or hinder iPSC reprogram-
ming. In addition, this methodology is useful in determining
new targets for enhancing pluripotency reprogramming,
lineage reprogramming, and/or cell differentiation.
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Yamanaka’s groundbreaking work found that expression of
only four transcription factors-OCT4, SOX2, KLF4, and C-
MYC (OSKM)-was sufficient to revert differentiated adult
cells to embryonic phenotypes (Takahashi and Yamanaka,
2006). The resulting induced pluripotent stem (iPS) cells,
which have the capacity to form all three germ layers and
subsequently all cell types in an adult organism, offer
immense biomedical potential including the use of patient-
derived iPS cells for cell-replacement therapies or for in vitro
models of human disease. However, further understanding of
reprogramming mechanisms is necessary for this relatively
new technology, particularly to develop safer and potentially
more efficient reprogramming methodologies for down-
stream applications.

Signal transduction, the relay of a microenvironmental
input into the interior of a cell, is mediated through protein-
protein and second messenger interactions and is a central
regulator of nearly all facets of cell behavior. In many cases,
these signaling pathways can modulate the activity of key
transcription factors, including the Yamanaka factors and
other factors involved in pluripotency, strongly suggesting
that signaling may modulate reprogramming. For instance,
leukemia inhibitor factor (LIF) and bone morphogenic
protein 4 (BMP4) activate signaling pathways and down-
stream effectors such as STAT3, which in turn activates C-
MYC as well as Inhibitor of Differentiation (ID) proteins to
maintain murine embryonic stem cell pluripotency (Boeuf
etal., 1997; Cartwright et al., 2005; Matsuda et al., 1999; Niwa
et al., 1998; Raz et al., 1999; Ying et al., 2003). To date several
signaling pathways have indeed been implicated in the
reprogramming process. For example, early work demon-
strated that small molecule inhibitors of TGFp signaling can
replace SOX2 (Ichida et al., 2009; Maherali and Hochedlinger,
2009), BMP signaling is important in the early state
mesenchymal to epithelial transition (Samavarchi-Tehrani
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et al., 2010), and exogenous WNT3A can create pluripotent
colonies in the absence of exogenous C-MYC (Marson
et al., 2008).

Guided by the candidate approach that originally led to the
identification of the four canonical reprogramming factors
(Takahashi and Yamanaka, 2006), we have systematically
investigated upstream signal transducers that could modulate
reprogramming. Specifically, we generated a set of lentiviral
vectors encoding 38 constitutively-active, dominant-nega-
tive, or wild-type versions of signal transduction proteins to
probe several intracellular signaling pathways. By measuring
the effect of each on reprogramming in a medium-
throughput, quantitative manner, we both validated the
methodology by comparison to previously published results
as well as discovered new roles for GTPase-mediated signal
transduction pathways in early stages of reprogramming.
Additionally, we have created an accessible and quantitative
system to study signaling pathways for downstream
applications in cellular biology.

Results

To study the effect of signaling pathways on OSKM iPS cell
reprogramming, we first inserted 38 genes encoding signal
transduction proteins into the lentiviral vector pHIV IG loxP,
a modified version of the self-inactivating vector pHIV-EGFP
(Welm et al., 2008) (Fig. 1A). The signaling factors (Table I)
are representative of several pathways important in mamma-
lian cell biology: calcium-modulated, cytoskeletal, G-protein
receptor-mediated, hypoxia-mediated, JAK-STAT, canonical
tyrosine kinase receptor-mediated, NF«kB, Notch, Hedgehog,
TGFp, and Wnt-f-catenin signaling pathways.

After separately packaging vectors encoding the signaling
factors, viral titer was determined via GFP expression on
either HEK293T or MEF cells as previously described (Peltier
and Schaffer, 2014). Briefly, 72h after infection, viral
transgene expression was assayed with high-content imaging
and analysis to measure GFP expression (Fig. 1B-C). GFP
fluorescence levels within the MEF cells were lower than in
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(A) Schematic of the lentiviral vectors used for the reprogramming study. pHIV IG loxP is a self-inactivating lentiviral vector in which a signal transduction gene and

GFP are transcribed from an EF1a promoter. pHIV CTRL is an empty vector used as an infection control. (B) Example images from titering the control virus and a virus containing a
constitutively-active ACVRT on MEF cells. GFP signal was amplified through immunostaining. Nuclei were stained with DAPI. Scale bars are 200 um. (C) Titers from two batches for
signal transduction gene packaged into lentivirus. Cells were assayed for GFP expression 72 h post-infection by high-throughput imaging and analysis. Error bars represent 95%

confidence interval.
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Table I. Signal transduction genes used in the study.

Gene symbol Common name Accession Species Modifications
CA ACVRI ALK2 NP_001096 Human Q207D

CA MAP2K3 MEK3 NP_002747 Human S189E, T193E, FLAG N-term (E312K mutation)
CA MAP2K6 MEK6 NP_002749 Human S207E, T211E, FLAG N-term
DN RHOA RhoA NP_001655 Human T19N, Myc epitope N-terminus
CA RHOA RhoA NP_001655 Human Q63L, Myc epitope N-terminus
CA RACI Racl NP_008839 Human Q61L

DN RACI Racl NP_008839 Human T17N

CA CDC42 CDC42 NP_001782 Human Q61L

DN CDC42 CDC42 NP_001782 Human T17N

WT Aktl Aktl NP_033782 Mouse

DN Aktl Aktl NP_033782 Mouse T308A, S473A, K179A

CA Aktl Aktl NP_033782 Mouse T308D, S473D

CA Camk2a CaMKII NP_037052 Rat T286D

WT Camk2n2 CaMKIIN NP_067710 Rat

WT Camk4 CaMKIV NP_036859 Rat

CA HRAS H-Ras NP_005334 Human Gl12vV

DN HRAS H-Ras NP_005334 Human S17N

CA CTNNBI B-Catenin NP_001895 Human S374G, 2xFLAG C-terminus
WT RELA RelA NP_068810 Human

CA NFKBIA IkBa NP_065390 Human S32A, S36A

CA Tgfbrl ALK5 P80204 Rat GSM after N148, T202D, FLAG N-terminus
CA Hifla HIFla Q61221 Mouse M1-1400, Q614-STOP(837)
WT MAPK3 ERK1 NP_002737 Human HA tag N-terminus

DN MAPK3 ERK1 NP_002737 Human K71R, HA tag N-terminus

WT Mapkl ERK2 NP_446294 Rat

DN Mapkl ERK2 NP_446294 Rat K52R

CA GNAII Gail NP_002060 Human Q204L

CA GNAI2 Gal2 NP_031379 Human Q231L

CA GNAQ Gaq NP_002063 Human Q209L

CA GNAS Gas NP_000507 Human Q227L

CA Notchl Notchl EDL08321 Mouse V1744-52184, 6 Myc epitopes (C-terminus)
CA Smo Smo NP_036939 Rat W539L

CA STAT3 STAT3 NP_003141 Human A662C, N664C

DN STAT3 STAT3 NP_644805 Human M1-K685

KD, DN Gsk3b Gsk3B NP_114469 Rat K85R

DN Gsk3b Gsk3B NP_114469 Rat R96A

CA Gsk3b Gsk3p NP_114469 Rat S9A

DN TGFBR2 TGFB-RII NP_003233 Human M1-1219

Abbreviations: CA, constitutively-active; DN, dominant-negative; KD, kinase-dead; WT, wild-type.

HEK293Ts, presumably due to differences in cell shape/
volume or promoter strength, and immunocytochemistry
was necessary to amplify GFP expression for high-content
imaging. The infectious viral titers were similar between cell
lines and batches (with the exception of constitutively-active
HRAS, whose calculated titer was higher on MEF cells than
HEK293T cells). Given the similarity in titers, 293T titers
were used in reprogramming experiments.

Similar to the quantification of viral titer for viruses
encoding signal transduction genes, the cassette virus
expressing only Oct4, Sox2, Kif4, and c-Myc, STEMCCA-loxP
(Sommer et al., 2010), was titered by immunocytochemistry
to quantify OCT4 expression in HEK293T and MEF cells, as
the transgene cassette size was close to the lentiviral vector
packaging limit and thus precluded the addition of a
fluorescent reporter gene (Fig. S1). However, unlike the
viruses encoding signaling factors, the STEMCCA titer was
much lower (approximately 7.5-fold) on MEF cells than
HEK293Ts (6.9 x 10* versus 5.2 x 10° infectious units/mL,

respectively). The viral titer for STEMCCA-loxP on MEFs
was thus used in subsequent experiments.

To investigate each gene’s effect on reprogramming, 7,500
MEEF cells at passage three were plated into 48 well plates. To
equalize vector dosages based on the measured titers, virus
was added to the supernatant at a multiplicity of infection
(MOI) of one (resulting in approximately 63% of cells
infected) for the signaling factors. As the sole exception, cells
were infected with vector encoding constitutively-active
GNAQ, which had the lowest viral titer, at an MOI of 0.83
(56% of cells infected). In all cases, cells were infected with
the STEMCCA virus at a MOI of 0.13 (~12% of cells
infected).

Forty-eight hours post-infection, each well was split into
triplicate and plated on mitomycin c-treated MEF feeder
layers in mouse embryonic stem cell conditions. Nine days
post-infection, the cells were fixed and stained for alkaline
phosphatase activity, an early marker of reprogramming
(Brambrink et al, 2008). Utilizing the high content

211

Fritz et al.: Signaling Pathway Analysis in Reprogramming

Biotechnology and Bioengineering



ImageXpress Micro Screening System (Molecular Devices),
71% of each well was imaged and analyzed for alkaline
phosphatase positive colonies (Fig. 2C). We created
customizable analysis software that allowed for the identifi-
cation of colonies based on a minimum threshold of alkaline
phosphatase expression and threshold of colony area.
Additionally, this analysis measured individual colony
metrics, such as colony area, intensity ranges, and shape
factor (Fig. 2B). Example images from the positive control
well infected with the control virus (pHIV CTRL) and wells
infected with constitutively-active GNAQ or dominant-
negative Mapk! are presented in Figure 2C.

Numbers of alkaline phosphatase positive colonies for each
condition are shown in Figure 3. While an exact efficiency-
i.e., the fraction of cells infected on day 0 that subsequently
underwent reprogramming-cannot be calculated due to
conceivable differences in cell division rates among cells
expressing different transgenes, an increase in colony number

likely corresponds to an increase in reprogramming
efficiency. In particular, constitutively-active MAP2K3, con-
stitutively-active NFKBIA, constitutively-active Hifla, domi-
nant-negative Mapkl, constitutively-active GNAII, and
constitutively-active Smo exhibited a significant (P < 0.05)
increase in colony number compared to the control virus
sample. Three of these signaling pathways have been
previously implicated in reprogramming biology. First, PD
0325901, a small molecule inhibitor of MAP2K1 and
MAP2K2, has been found to help stabilize the pluripotent
state when added with a GSK3f inhibitor (Silva et al., 2008).
MAP2K1 and MAP2K2 are activators of MAPKI, and as
shown in Figure 3, inhibition of MapkI increased the colony
number. Inhibition of MAPK1 and inhibition of MAP2K1
and MAP2K2 during reprogramming thus presumably act
similarly by preventing differentiation (Ying et al., 2008).
Second, hypoxia has been previously found to increase
reprogramming efficiency (Yoshida et al., 2009). Analogously,

Alkaline
A Nuclear Mask Phosphatase

Nuclear Mask

CA GNAQ pHIV CTRL

DN Mapk1

Figure 2.

Alkaline Phosphatase

Colony Mask

Object # 6
Area (ym?) 46522
Average intensity (RFU) 959
Minimum intensity (RFU) 303

Maximum intensity (RFU) 3312
Intensity Std. Dev. (RFU) 335
Shape factor 0.675

Colony Mask

(A) Example of a stained colony from the wild-type Akt7 condition. The nucleus was stained with HCS Nuclear Mask red stain. The alkaline phosphatase was stained

with a fluorescent enzymatic-based kit (ATCC). The images are shown individually and merged, and the resultant computer-generated mask from the analysis software from which
the area and intensity metrics are measured is shown. Scale bars are 200 wm. (B) Example of individual colony metrics from the analysis. (C) Three wells are shown: the control pHIV
CTRL condition, the constitutively-active GNAQ condition, and the dominant-negative Mapk1 condition. Constitutively-active GNAQ and dominant-negative MapkT represent
extreme changes in reprogramming efficiency. The minimum colony size measured in the colony mask was 15,000 wm? Scale bars are 3 mm.
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Figure 3. Number of alkaline phosphatase positive colonies 9 days post-infection with a signal transduction gene and Oct4, Sox2, KIf4, and ¢c-Myc as determined by high-
contentimaging and analysis. Statistical significance was measured using ANOVA with a post-hoc Dunnett test relative to the infection control, pHIV CTRL. The minimum colony size

measured was 15,000 pmz. Error bars represent standard deviation.

a constitutively-active Hifla, which mimics a hypoxic
environment, increased the number of alkaline phosphatase
colonies (Fig. 3). Third, soluble SHH in combination with
OCT4 was able to induce pluripotent stem cells by enhancing
an intermediate neural stem cell (NSC)-like state (Moon
etal, 2011). While it is unclear whether MEF reprogramming
would similarly proceed through a NSC state, in our study a
constitutively-active Smo, which activates the SHH signaling
pathway, similarly increased the number of alkaline phospha-
tase colonies (Fig. 3).

Figure 3 also highlights signaling pathways that are
detrimental to reprogramming. Constitutively-active ver-
sions of MAP2K6, RACI, HRAS, GNAI2, and GNAQ all led to
significant reductions in alkaline phosphatase colonies. While
none of the factors has been directly implicated in
reprogramming, their signaling pathways offer interesting
implications for reprogramming mechanisms.

The STEMCCA loxP vector has been previously utilized
for reprogramming (Sommer et al., 2010; Sommer
et al.,, 2009), and we further characterized the effect of
signaling factors on such OSKM reprogramming. First, we
confirmed that signaling factors that promoted alkaline
phosphatase colony formation subsequently led to expression
of late-stage markers SSEA1 and NANOG. Specifically, CA
MAP2K3, CA GNAII, and CA Smo - which increased the

number of colonies-were introduced in combination with
OSKM, and cells were assayed for pluripotency marker
expression by immunofluorescence nine days post-infection.
As shown in Figure S2, the cells infected with a given signaling
factor and OSKM had similar SSEA1 and NANOG expression
levels and localization compared to the positive control
infected with OSKM plus the empty control vector pHIV
CTRL.

Second, we quantified gene expression levels for three
classes of genes-reprogramming-associated endogenous
genes, pluripotency-related genes, and mesenchymal genes-
in reprogramming conditions with signaling factors. We used
quantitative PCR to measure endogenous mRNA transcript
levels nine days post-infection in selected conditions that
either increased (CA MAP2K3, CA Hifla, CA GNAII, CA Smo)
or decreased colony number (CA MAP2K6 and CA GNAQ)
(Fig. 4, S3 normalized to the positive control or negative
control, respectively).

First, we quantified endogenous expression of the
pluripotency factors Oct4, Nanog, and Sox2, which become
transcriptionally-activated during reprogramming. For the
conditions that increased colony number (CA MAP2K3, CA
Hifla, CA GNAII, CA Smo), we found similar endogenous gene
expression levels with or without signaling factor infection,
with few exceptions (CA MAP2K3 and CA Smo had slightly
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Figure 4. Relative mRNA levels 9 days post-infection with a signal transduction gene and Oct4, Sox2, KIf4, and c-Myc as determined by quantitative PCR. The CA MAP2K3, CA
Hif1a, CA GNAI1, and CA Smo conditions represent signaling factors that enhanced reprogramming. The CA MAP2K6 and CA GNAQ conditions represent signaling factors that
inhibited reprogramming. The relative mRNA levels were quantified for (A) reprogramming-associated endogenous genes, (B) pluripotency-related genes, or (C) mesenchymal
genes. Each gene expression was normalized to the internal control gene, Hprt. Each condition was subsequently normalized to the 0SKM condition. Error bars represent s.d. (n =2—
3, biological). Statistical significance was measured using a Students t-Test (two-tailed, homoscedastic) with * P< 0.05 and ** P < 0.005. This data is also normalized to the negative

control in Figure S3.

reduced Oct4 and Sox2 expression levels relative to OSKM
alone) (Fig. 4). Conversely, as expected the potential
reprogramming repressors CA MAP2K6 and CA GNAQ, as
well as the pHIV CTRL negative control, had significantly
lower Oct4, Nanog, and Sox2 gene expression compared to the
pHIV CTRL and OSKM positive control with one exception
(CA MAP2K6 did not have reduced Nanog expression levels)
(Fig. 4).

Second, we studied the pluripotency-associated genes Utf]
and Dppa5, which are also transcriptionally-activated during
reprogramming (Kaji et al.,, 2009). The signaling factor
conditions that increased colony number subsequently led to
significantly increased (P<0.005) Utfl and Dppa5 gene
expression (Fig. S3B), and there were no significantly
differences compared to the positive control (pHIV CTRL
and OSKM, Fig. 4B). Finally, the signaling factor conditions
that decreased colony number exhibited a significant decrease
in pluripotency gene expression compared to the positive
control for all cases (Fig. 4B).

Third, we studied the mesenchymal genes Cdh2 and Snail,
which are transcriptionally repressed during reprogramming.
The signaling factor conditions that increased colony number
resulted in a significant reduction (P < 0.05) in Cdh2 and Snail
expression compared to the negative reprogramming control
(Fig. S3C). In addition, compared to the positive control
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(OSKM and pHIV CTRL infected cells), the potential
reprogramming repressor CA GNAQ resulted in significantly
higher Cdh2 expression (P < 0.05) (Fig. 4C). Interestingly for
all signaling factor conditions, there was no significant
change in Snail expression compared to the positive OSKM
control with one exception-CA MAP2K3 had lower Snail
expression (Fig. 4C). These results indicate that early alkaline
phosphatase expression in response to key signaling factor
expression is a valid indicator of later pluripotency gene
expression.

These initial results were based on a minimum colony size of
15,000 um®. However, the custom module for the high-
throughput imaging analysis readily allows for changes in the
colony size parameter. Figure S4 shows the resultant number
of colonies for a smaller size (8,000 um’) or a larger size
(25,000 pm?) cutoff. Within the 15,000 um’ analysis dis-
cussed above, 11 signal transduction factors significantly
(P < 0.05) altered the number of colonies. However, additional
signaling factors were found to significantly modify reprog-
ramming in both the 8,000 and 25,000 pm? cutoff analysis (13
and 12 genes, respectively). For instance, dominant-negative
Akt was found to increase reprogramming efficiency in both
the 8,000 and 25,000 wm” analysis but was not statistically
significant (P < 0.05) in the 15,000 wm? analysis. Additionally,
in the 25,000 wm? analysis, constitutively-active Gsk3b was



found to be significantly (P < 0.01) deleterious to reprogram-
ming when considering larger colony sizes, which may act viaa
previously described mechanism (Ying et al., 2008).

In addition to quantifying the number of colonies after
reprogramming, the custom module also measures the total
area of all colonies (Fig. S5, or Fig. S6 for smaller 8,000 pm?
or larger 25,000 wm? size cutoffs), which in the hypothetical
event that individual colonies were difficult to define and
segment could serve as a more effective metric for
reprogramming. There were three important differences
between the colony number and colony area analysis. First,
unlike the 15,000 wm? cutoff colony number analysis, for the
total area analysis constitutively-active Gsk3(3, which de-
creased colony area, and constitutively-active CTNNBI, which
increased colony area, were statistically significant and
further highlighted the importance of the Wnt--catenin
pathway in reprogramming. Second, both constitutively-
active RHOA and RACI significantly decreased colony area,
which may further elucidate signaling mechanisms detri-
mental to reprogramming. Third, constitutively-active ACVR1
caused a significant increase in colony area. ACVRI, an
important protein in osteogenesis, reportedly yields alkaline
phosphatase positive, bone-like cells (Aoki et al., 2001)
(Fig. S7). The observed cells-which were large and well-
spread—are distinct from the hallmark ES cell colonies of
high nucleus to volume ratio cells are thus readily
distinguishable as false-positives. In summary, co-expression
of signaling factors along with OSKM, coupled with high-
content imaging analysis, enables rapid investigation of how
numerous cellular signaling pathways impact the early stages
of pluripotency reprogramming.

Discussion

We have developed a medium-throughput system to
investigate the likely complex interactions between signal
transduction pathways and early reprogramming mecha-
nisms. In this system, we upregulated and/or downregulated
numerous signaling pathways and analyzed their effects on
reprogramming using high-content imaging and analysis. In
particular, we inserted 38 signaling factors into individual
lentiviral vectors, packaged small volumes of each virus,
banked frozen viral supernatant, and used high-content
imaging to titer lentiviruses and thereby normalize among
different viral packaging efficiencies.

By utilizing a robust enzymatic stain with little-to-no
background signal for the early reprogramming marker
alkaline phosphatase, we generated a quantitative and high-
throughput system to assay reprogramming colonies, which
are otherwise often counted by hand. The software is capable
of measuring numerous population metrics, including final
colony number and total area of colonies, as well as individual
colony area and a shape factor. These data may yield future
insights into the uniformity and distribution of a population
of colonies. For instance, a condition with larger colonies
compared to the control may be a result of increased
reprogramming kinetics or a growth advantage. Additionally,

the shape factor may be an indicator of the stability or
stochasticity of reprogramming.

By evaluating the factors that increased the number of
alkaline phosphatase positive colonies, we found several
pathways that were previously known to affect reprogram-
ming. MAPKI, Hifla, and Smo had a significant effect on
colony number and reprogramming in this study, consistent
with prior work (Moon et al., 2011; Silva et al., 2008; Yoshida
etal., 2009). Furthermore, when we analyzed the total area of
alkaline phosphatase positive colonies, Wnt-3-catenin
pathway, which has been previously implied in mouse
embryonic stem cell biology (Hao et al., 2006) and
reprogramming (Silva et al., 2008), was found to alter the
area of reprogramming. Specifically elevating B-catenin
signaling with a constitutively-active CTNNBI resulted in
increased colony area, and conversely decreasing the
signaling, with a constitutively-active Gsk3f, reduced colony
area and reprogramming efficiency.

However, we found that while activation of the AKT
pathway did not alter reprogramming, a dominant-negative
Aktl increased colony number. This result is contrary to
previously published studies showing that AKT binds and
positively regulates SOX2 to reprogram cells, and that an
inhibitor of PTEN, an AKT pathway antagonist, improves
reprogramming efficiency (Jeong et al, 2010; Liao
et al., 2013). That said, a small molecule inhibitor of PI3K
and thus of the AKT pathway has previously been found to
increase reprogramming efficiency (Chen et al., 2011).

Constitutively active versions of MAP2K3, RACI, HRAS,
GNA12, and GNAQ, which yielded fewer alkaline phosphatase
positive colonies and were thus detrimental to reprogram-
ming, have interesting implications for reprogramming
biology. First, HRAS combined with KLF4 can induce
oncogenic transformation of MEFs (Rowland et al., 2005),
which here could counteract pluripotency reprogramming;
however, this possibility is unlikely since constitutively-active
HRAS expression did not induce any apparent expansion of
alkaline phosphatase negative colonies (Fig. S8). Alternative-
ly, constitutively-active HRAS has been shown to induce
premature senescence in mouse embryonic fibroblasts
(Serrano et al., 1997), and HRAS may thus block reprogram-
ming by initiating senescence (Ichida et al., 2009). Finally,
constitutively-active RAS, with RACI as a possible effector, is
important in the epithelial to mesenchymal transition (Edme
et al., 2002), which may run counter to the mesenchymal to
epithelial transition that is a necessary early event in
reprogramming (Li et al., 2010).

In addition, GNAQ and MAP2K3 may act though similar
mechanisms to suppress reprogramming. GNAQ signals via
MAP2K3 and MAP2K6, which ultimately activate MAPK14
(also known as p38 MAPK) (Yamauchi et al., 2001). GNAQ
activation of MAP2K3 is independent of RHOA, whereas its
activation of MAP2K6 occurs in a RHOA-dependent manner
(Yamauchi et al., 2001). Thus, constitutively-active GNAQ,
RHOA, and MAP2K6, which each decreased reprogramming
efficiency, may potentially act via the same pathway.
Conversely, constitutively-active MAP2K3 increased the
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number of alkaline phosphatase colonies, which indicates
MAP2K3 may be acting though an alternative mechanism to
the GNAQ signaling pathway. Lastly, constitutively-active
GNAI12-which resulted in significantly fewer alkaline phos-
phatase colonies in our system—has been shown to
upregulate expression of the tumor suppressor p53 (Kim
et al., 2007), shown to be a barrier to reprogramming (Hong
et al., 2009; Kawamura et al., 2009).

Ultimately, the results of this study may further our
understanding of signaling and reprogramming. For in-
stance, our screen has revealed that reprogramming is
dramatically impacted by several GTPases, whose role in
induced pluripotency has not previously been studied. Not
only did we discover activating small GTPases (HRAS, RHOA,
RACI) reduced OCT4, SOX2, KLF4, and C-MYC mediated
reprogramming, but activating alpha subunits of heterotri-
meric GTPases (GNAII, GNAI2, GNAQ) also had significant
impacts in reprogramming, wherein GNAI2 and GNAQ
decreased and GNAII increased efficiency.

In summary, we have created a medium-throughput,
quantitative system to modulate major signaling pathways
and analyze effects on the early stages of the reprogramming
process. These findings can be further explored in future
studies to determine their effect on late stage reprogramming
in addition to elucidating the mechanistic roles of key
canonical signaling pathways in induced pluripotency or in
direct lineage reprogramming. In addition, this methodology
could readily be implemented to determine whether these
signaling pathways could substitute for individual Yamanaka
factors. This would benefit reprogramming efforts, since Kif4
and c-Myc are known oncogenes, and even OCT4 expression
has been linked with tumor dedifferentiation and progression
to a cancer stem cell phenotype (Kumar et al., 2012).
Therefore, replacing genes with small molecule or growth
factor modulators of signaling could in general enhance the
safety of pluripotency or lineage reprogramming. Finally, this
lentiviral vector resource can be harnessed to study other
roles of signal transduction in mammalian cell and
developmental biology, such as stem cell differentiation or
lineage reprogramming from one differentiated cell state to
another.

Methods

Cell Culture and Plasmid Construction

HEK293T cells were maintained in IMDM with 10% FBS and
1% penicillin/streptomycin. 129 MEF cells were a kind gift of
Lin He (University of California, Berkeley), isolated as
previously described (McCurrach and Lowe, 2001). MEFs
were maintained in DMEM (high glucose), 10% FBS, 1%
GlutaMAX, and 1% penicillin/streptomycin (Invitrogen).
Cells undergoing reprogramming were maintained in mouse
embryonic stem cell conditions: DMEM (high glucose), 15%
FBS (Hyclone, SH3007003E), 0.5% penicillin/streptomycin,
1% GlutaMAX, 1% Sodium Pyruvate, 1% MEM NEAA,
0.1 mM 2-mercaptoethanol (Invitrogen), and 1000 U/mL LIF
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(Millipore, ESG1106). Cells were maintained at 37°C with
5% CO..

Plasmids were obtained from several sources. STEMCCA-
loxP was a kind gift of Gustavo Mostoslavsky (Boston
University) (Sommer et al., 2010). The following plasmids
were obtained from Addgene: pHIV EGFP (plasmid 21373)
(Welm et al., 2008), pCMV5 ALK-2 Q207D (plasmid 11740)
(Macias-Silva et al., 1998), pRC/RSV Flag MKK3(glu)
(plasmid 14670) (Raingeaud et al., 1996), and pCDNA3-
Flag MKK6(glu) (plasmid 13518) (Raingeaud et al., 1996).
pCDNA3.1 + Gail Q204L pCDNA3.1+4+Gal2 Q231L,
pCDNA3.1 4+ Gaq Q209L, and pCDNA3.1 4+ Gas Q227L
were obtained from Missouri S&T cDNA Resource Center
(www.cdna.org). CLGPIT myc DN RhoA T19N, CLGPIT myc
CA RhoA Q63L, CLGPIT CA Rac1(Q61L), CLGPIT DN Racl
(T17N), CLGPIT CA Cdc42(Q61L), CLGPIT DN Cdc42
(T17N), pBS SK SP Smo, pEN RelA, CLGPIT Aktl, and
CLGPIT Akt AAA were described previously (Keung
et al., 2011; Lai et al., 2003; Miller-Jensen et al., 2012; Peltier
et al., 2007). CLPIT GSK3[3 K85R, CLPIT GSK3[3 R96A, and
CLPIT GSK3p S9A, cloned from rat cDNA and mutagenized,
were kind gifts from Smita Agrawal. MIG STAT3 and MIG
DN STAT3 were kind gifts from II-Hoan Oh (Oh and
Eaves, 2002). pCS2-ICV-6MT mNICD was a kind gift of
Raphael Kopan (Washington University) (Kopan et al., 1996),
and CLPIT mNICD was a kind gift of Smita Agrawal. pEN
IkBa, cloned from ¢cDNA, was a kind gift of Kathryn Miller-
Jensen (Yale University). Wild-type constructs containing
CaMKII, CaMKIIN, and CaMKIV were a kind gift of Thomas
Soderling (Oregon Health & Science University) (Chang
et al., 1998; Wayman et al., 2008), and CLGPIT CaMKII
T286D, CLGPIT CaMKIIN, CLGPIT CaMKIV were a kind
gift from Joseph Peltier. The RasG12V construct was a kind
gift of Paul Khavari (Stanford University) (Reuter and
Khavari, 2006), and CLGPIT HRas G12V was a kind gift of
Joseph Peltier. CLGPIT Akt DD and CLGPIT HRas S17N,
were mutagenized from WT Akt and HRas G12V constructs,
respectively, and were kind gifts of Joseph Peltier. CLPIT
CTNNBI was a kind gift from Anand Asthagiri (Northeast-
ern University). pRKSF FLAG TbRI T202D was a kind gift
from Rik Derynck (UCSF) (Choy and Derynck, 1998).
pCDNA3.1 + HIF AODD was a kind gift from David Young
(UCSF) (Mace et al., 2007). pCEP4 ERK1, pCEP4 ERK1
K71R, 3XFLAG-CMV7 ERK2, and 3XFLAG-CMV7 ERK2
K52R were kind gifts from Melanie Cobb (University of Texas
Southwestern Medical Center) (Robbins et al., 1993). Plas-
mids containing CTNNBI, Hifla, NFKBIA, Smo, and STAT3
required site directed mutagenesis following the QuikChange
protocol (Strategene). Using standard cloning techniques, all
genes were inserted into the murine leukemia virus (MLV)
retroviral vector CLGPIT (Yu and Schaffer, 2006) and
subsequently transferred to the lentiviral vector, pHIV IG
loxP. pHIV 1G loxP was created by insertion of three oligo
constructs into the pHIV EGFP backbone (Welm
et al., 2008). The oligos encoded the lox66 site, a multiple
cloning site, or the lox71 site. DNA was prepared with
QIAGEN Plasmid Midi Kit per manufacturer’s instructions.


http://www.cdna.org/

Plasmid sequences were verified by restriction enzyme digest
and sequencing. These proteins were not functionally tested,
and we relied on prior extensive studies as a basis for the
screen.

Viral Production and Titering

For the signal transduction vectors, lentiviral supernatant
was produced by HEK293T cells in six well plates using
calcium phosphate transfection as previously described
(Peltier and Schaffer, 2014). Supernatant was collected 48 h
post transfection, aliquoted, and stored at —80°C. For the
reprogramming cassette, STEMCCA loxP, the lentiviral
transfection and centrifugation were performed as previou-
sly described (Peltier and Schaffer, 2014; Sommer et al,,
2010). STEMCCA loxP is a second-generation lentivirus,
and CLPIT Tat-mCherry (Leonard et al., 2008) was thus
added during transfection to promote viral genomic mRNA
expression. 0.45 wm bottle top filters (Thermo Scientific, 09-
740-28D) were used to filter the virus, and no sucrose layer
was used in ultracentrifugation. The concentrated virus was
aliquoted and stored at —80°C. Aliquots were only thawed
once.

To quantify the amount of virus produced, 1,600 MEF or
HEK293T cells were plated in black-walled 96 well plates
(E+K Scientific) coated with gelatin or poly-D-lysine,
respectively. After the cells attached, virus was added to the
media.

Vector-mediated gene expression was analyzed 72h
post-infection. For the signal transduction viruses,
HEK293T cells were incubated with Hoescht stain
(Sigma-Aldrich, B2261) to visualize nuclei. MEF cells
were fixed in 4% paraformaldehyde for 15 min. The cells
were blocked and permeabilized with 5% donkey serum
with 0.3% Triton X-100 in PBS. The anti-GFP primary
antibody (Invitrogen, A-11122, 1:500 dilution) was
incubated overnight at 4°C. The secondary antibody
(Invitrogen, A-21206, 1:250 dilution) was incubated for
2h at room temperature. DAPI (Invitrogen, 1:2000
dilution) was used as a nuclear stain. For STEMCCA-
loxP virus, both cell types were fixed and stained. An anti-
Oct4 antibody (Santa Cruz Biotechnology, sc-5279, 1:100
dilution) and a secondary antibody (Invitrogen, A-21235,
1:250 dilution) were used.

GFP or OCT4 expression was imaged with the Molecular
Devices ImageXpress Micro and analyzed with MetaXpress
software. Infectious titers were calculated as previously
described (Peltier and Schaffer, 2014).

iPS Cell Reprogramming and Analysis

7,500 passage 3 MEF cells were plated into 48 well plates. One
signal transduction virus (85-500 wL) and 14.3pL of
STEMCCA-loxP virus were added to each well 8h after
plating. The following day, the media were replaced with fresh
MEF media. 48 h post-infection, each 48 well was split into
triplicate onto MEF feeder layers (GlobalStem, GSC-6101M)

in mouse embryonic stem cell media. Media were changed
every day.

Nine days post-infection, cells were fixed with 4%
paraformaldehyde for 15 min. Alkaline phosphatase expres-
sion was assayed using the ELF Phosphatase Detection Kit
(ATCC, SCRR-3010) per manufacturer’s instructions. (Note
that ATCC kit has been discontinued, and we have found the
ELF 97 Endogenous Phosphatase Detection Kit (Invitrogen,
E-6601) to be an appropriate substitute). HCS NuclearMask
Red stain (Invitrogen, H10326, 1:1000 dilution) was used to
visualize nuclei.

The 24 well plates were imaged with a Molecular Devices
ImageXpress Micro high-throughput imager, where 71% of
each well’s surface area was imaged, avoiding the imaging
distortion present near the edges of the plates. A custom filter
cube (Semrock BrightLine filters, Excitation: FF01-377/50-
25, Dichroic: FF409-Di03-25 x 36, Emission: FF01-536/40-
25) was necessary to detect alkaline phosphatase expression.
For image analysis, a custom journal was created in the
MetaXpress software to merge the images and identify
colonies/regions of alkaline phosphatase expression. Signifi-
cance was measured in Prism software (GraphPad) using
ANOVA with post-hoc Dunnett tests.

Quantitative PCR

7,500 passage 3 MEF cells were plated for each condition, and
one day later cells were infected at an MOI of 0.13 infectious
particles/cell with the OSKM virus and an MOI of 0.8-1.0
infectious particles/cell with each signaling factor virus. The
cells were passaged into triplicate wells (24 well plates) and
media changes were conducted as described above in iPS cell
reprogramming and analysis. Nine days post-infection, RNA
was isolated using a RNeasy Micro Kit (Qiagen, 74004) per
manufacturer’s instructions. RNA was quantified, normal-
ized, and reverse-transcribed using ThermoScript RT-PCR
for First-Strand cDNA Synthesis (Invitrogen, 11146) per
manufacturer’s instructions. The samples were analyzed for
gene expression on a BioRad iQ5 with standard curves, water
samples, reverse-transcription control, and melt curves.
gPCR primers are listed in Table S1. Data were analyzed by
the AACt method compared to the Hprt control gene and the
negative control (pHIV CTRL) or positive control (OSKM
and pHIV CTRL infected condition), respectively. Statistics
were calculated as described in the ABI manual, and
significance was measured using a Student’s t-Test (two-
tailed, homoscedastic).
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the code throughout the analysis. This work was funded by National
Science Foundation Graduate Fellowship (ALF) and NIH ROl
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