bioRxiv preprint doi: https://doi.org/10.1101/522680; this version posted January 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

KLF4 protein stability regulated by interaction with pluripotency transcription factors

overrides transcriptional control

Navroop K Dhaliwal, Luis E Abatti, Jennifer A Mitchell

Department of Cell and Systems Biology, University of Toronto, Toronto, ON, Canada.

Running Title: KLLF4 protein stability is modulated in ES cells


https://doi.org/10.1101/522680

bioRxiv preprint doi: https://doi.org/10.1101/522680; this version posted January 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

Embryonic stem (ES) cells are regulated by a network of transcription factors which maintain the
pluripotent state. Differentiation relies on downregulation of pluripotency transcription factors
disrupting this network. While investigating transcriptional regulation of the pluripotency
transcription factor KlIf4, we observed homozygous deletion of distal enhancers caused 17 fold
decrease in Klf4 transcript but surprisingly decreased protein levels by <2 fold indicating post-
transcriptional control of KLF4 protein overrides transcriptional control. The lack of sensitivity
of KLF4 to transcription is due to high protein stability (half-life of >24hr). This stability is
context dependent and disrupted during differentiation, evidenced by a shift to a half-life of <2hr.
KLF4 protein stability is maintained through interaction with other pluripotency transcription
factors (NANOG, SOX2 and STAT3) that together facilitate association of KLF4 with RNA
polymerase II. In addition, the KLF4 DNA binding and transactivation domains are required for
KLF4 protein stability. Post-translational modification of KLF4 destabilizes the protein as cells
exit the pluripotent state and mutations that prevent this destabilization also prevent
differentiation. These data indicate the core pluripotency transcription factors are integrated by
post-translational mechanisms to maintain the pluripotent state, and identify mutations that

increase KLF4 protein stability while maintaining transcription factor function.
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Introduction

Differentiaiton of embryonic stem (ES) cells requires disruption to the regulatory network that
maintains pluripotency gene expression. Kruppel-like factor 4 (KLF4), a member of the Kruppel-
like factor family of conserved zinc finger transcription factors, is known to interact with the
core network of pluripotency transcription factors (NANOG, SOX2 and OCT4) in order to
regulate genes required for maintenance of pluripotency and reprogramming (Dhaliwal et al.,
2018; Wei et al., 2013; Wei et al., 2009; Xie et al.,, 2017; Zhang et al., 2010). Sustained
expression of constitutively nuclear KLF4 prevents differentiation of ES cells indicating that a
loss of KLF4 protein function is required for differentiation (Dhaliwal et al., 2018). It is
generally accepted that differentiation occurs due to a loss of pluripotency transcription factor
activity at enhancers which disrupts pluripotency gene expression and allows for the expression
of differentiation associated genes, however, the molecular mechanisms through which this

disruption occurs are not well defined.

Genome-wide binding of transcription factors and coactivators can identify enhancers required
for gene transcription in a particular cellular context (Chen et al., 2012; Chen et al., 2008;
Moorthy et al., 2017; Visel et al., 2009). These enhancers are often located multi kb distances
from the genes they regulate and form physical loops with their target gene promoters (Carter et
al., 2002; Schoenfelder et al., 2015; Tolhuis et al., 2002). In pluripotent ES cells, specific
enhancers have been identified that regulate Sox2, Klf4, Nanog and Oct4 (Pou5fl) at the
transcriptional level (Blinka et al., 2016; Li et al., 2014; Xie et al., 2017; Yeom et al., 1996; Zhou
et al.,, 2014). In addition to these intrinsic mechanisms that regulate the expression of
pluripotency transcription factors, the balance between maintaining the pluripotent state and
inducing differentiation is also modulated by cell extrinsic factors and cell signaling cascades.
LIF maintains the pluripotent state by activating JAK-STAT signaling causing phosphorylation
and activation of STAT3 (Matsuda et al., 1999; Niwa et al., 1998). Activated STAT3 induces
transcription of Klf4 through binding to the enhancers downstream of KIf4 (Hall et al., 2009; Xie
et al., 2017; Zhang et al., 2010). In addition, dual inhibition (2i, GSK3 and MEK inhibition)
maintains ES cells in a naive state closest to that of the precursor cells from the pluripotent
epiblast of pre-implantation embryos (Nichols and Smith, 2009; Tosolini and Jouneau, 2016;
Wray et al., 2010).
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As pluripotency master regulators are transcription factors reduced transcription of specific
genes is generally considered the mechanism through which differentiation of ES cells occurs,
however, changes in gene transcription do not always correlate with changes in protein levels. At
a genome scale, evaluation of the correlation between mRNA abundance and protein abundance
estimates that, for cells in a steady state, 50-80% of the variability in protein levels can be
explained by the levels of mRNA present (reviewed in (Liu et al., 2016). For cells undergoing
dynamic transitions, for example during monocyte to macrophage differentiation, protein and
mRNA levels become decoupled during the early differentiation phase, mainly due to a delay in
translation compared to transcription (Kristensen et al., 2013). In both cases exceptions exist
where mRNA and protein levels do not correlate even when delays in translation are taken into
account, however, the mechanism through which this occurs is not well understond.
Transcription factors generally display low protein stability which allows rapid cell state
transitions (Hochstrasser and Varshavsky, 1990; Jovanovic et al., 2015; Zhou et al., 2004). In
this study, however, we show that KLF4 protein levels are highly decoupled from the mRNA
levels due to exceptional stability of the KLF4 protein in ES cells maintained in LIF/2i.
Homozygous deletion of downstream KIf4 enhancer regions caused a 17 fold reduction in KlIf4
transcript levels whereas KLF4 protein levels were reduced by <2 fold. Surprisingly, we
observed a greater reduction of KLF4 protein levels (>3 fold) in ES cells with compromised
SOX2 expression, despite the observation that the transcript levels are unchanged in these cells.
We found that these discrepancies in KLF4 protein and transcript levels are due to modulation of
KLF4 protein stability by interaction with SOX2, NANOG and activated STAT3 as well as
domains within the KLF4 protein that anchor KLF4 in the nucleus. During pluripotency exit
KLF4 protein becomes destabilized. Preventing this destabilization through mutation of KLF4
destabilizing motifs blocks pluripotency exit. The core pluripotency maintenance transcription
factors are known to function in a highly integrated way to maintain transcriptional control of the
pluripotent state. Here we show a new way in which these factors regulate each other that

bypasses transcriptional control but maintains post-translational control of KLF4 function.
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Results

KIf4 transcript and protein levels are uncoupled in embryonic stem cells maintained in

LIF/2i

In ES cells maintained in LIF/serum, KIf4 has been shown to be regulated by three enhancers 54-
68kb downstream of the gene; deletion of this region was found to reduce Klf4 transcription by
90%, greatly affecting KLF4 protein levels (Xie et al., 2017). For ES cells maintined in the more
naive state by LIF/2i, we determined that although the enhancers remain important for
maintaining transcript levels, functional KLF4 protein is maintained in the absence of the
enhancers. We used F1 (Mus musculus'® x Mus castaneus) ES cells, allowing allele-specific
deletion screening and gene expression analysis (Moorthy and Mitchell, 2016; Zhou et al., 2014).
Upon deletion of two (A1, 8 fold reduction in RNA), or all three enhancers (A2, 17 fold reduction
in RNA) we observed a dramatic reduction in Klf4 transcript levels but a much more subtle
change in KLF4 protein levels (Figure 1 and S1). KLF4 protein levels are significantly reduced
only in cells with the A2 homozygous deletion (A2'2°C%%) and in these cells, which displayed a 17
fold reduction in mRNA, protein was reduced by <2 fold. To confirm this was not an effect of
recent enhancer deletion, we investigated Klf4 transcript and protein levels in cells maintained to
later passages (P9), but identified no significant differences between early and late passages.
Transcript and protein levels of other pluripotency transcription factors, Oct4, Sox2 and Nanog,

remained unchanged in KIf4 enhancer deleted clones (Figure 1 and S1).
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Figure 1: KIf4 transcript and protein levels are uncoupled in embryonic stem cells
maintained in LIF/2i. A) Genome browser view (left) of enhancer regions downstream of Klf4,
indicating A1 and A2 deletions. Red bars show binding of transcription factors involved in
pluripotency obtained from the CODEX database. Data are displayed on the mm10 assembly of
the University of California at Santa Cruz (UCSC) Genome Browser. Total KIf4 transcript levels
(right) quantified relative to Gapdh from three biological replicates of both early and late
passages of KIf4 enhancer deleted clones. B) Immunoblots (left) showing the levels of
pluripotency transcription factors in both ecarly and late passages for Klf4 enhancer deleted
clones. GAPDH levels indicate equal sample loading. KLF4 quantified relative to GAPDH
(right) from three biological replicates of early and late passages for Klf4 enhancer deleted

clones. In A/B error bars represent standard deviation, statistical differences determined by two

way ANOVA (P <0.05) are indicated by different letters.
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KLF4 protein stability is regulated by LIF and MAPK signaling pathways

The finding that a dramatic reduction in KIf4 transcript levels does not greatly affect KLF4
protein levels suggested KLF4 protein may be highly stable. Investigation of KLF4 protein
stability in undifferentiated ES cells maintained in LIF/2i and cells differentiated for 24hr
revealed that KLF4 protein is more stable in undifferentiated cells with a t., >24hrs. After
removal of LIF/2i for 24hr, KLF4 becomes unstable with a t;; <2 hours (Figure 2A). By contrast,
the other pluripotency transcription factors, OCT4, SOX2 and NANOG, are unstable (t» 2-4hr)
in undifferentiated cells and their stability was not affected by differentiation (Figure S2). KLF4
protein stability was not affected by deletion of its downstream enhancers, explaining the modest

reduction in KLF4 protein in these clones (Figure S2).

Reduced KLF4 protein stability upon differentiation by removal of LIF/2i suggested extrinsic
factors that activate signaling cascades could be involved in regulating KLF4 protein stability.
Upon investigating the effect of individual signaling pathways on KLF4 stability, we observed
that activation of the MAPK pathway, which occurs after MEKi removal, has the most
significant effect on KLF4 stability, followed by inhibition of the JAK-STAT pathway by LIF
removal (Figure 2B). Removing GSK3i, allowing activation of Wnt signaling for 24hr, did not
show a significant effect on KLLF4 stability. Previous studies demonstrated that these external
signaling pathways regulate gene transcription (Dhaliwal et al., 2018; Nichols and Smith, 2009;
Theunissen et al., 2011; Zhang et al., 2010); therefore, we investigated the effect of individual
signaling pathways on KIf4, Nanog, Oct4 and Sox2 transcription. We observed that the removal
of MEKi alone or in combination with LIF/GSK3i for 12hr significantly reduces KIf4 and Nanog
transcription, but Oct4 and Sox2 transcription remains unaffected (Figure S3). As changes to
KIf4 transcription could confound the analysis of KLF4 stability during differentiation, we
investigated the stability of KLF4-GFP controlled by a CMV promoter upon removal of MEKi,
LIF or GSK3i (Figure S4). The stability of KLF-GFP in these conditions was similar to the
stability of the endogenous protein, with removal of MEKi or LIF reducing KLF4 stability more
dramatically than removal of GSK3i.

The MAPK pathway has been shown to have a role in KLF4 nuclear localization, ubiquitination
and degradation (Dhaliwal et al., 2018; Kim et al., 2012; Kim et al., 2014). As early as 6hr after

MEKi removal, KLF4 was observed to exit the nucleus, and cytoplasmic KLF4 undergoes
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proteosomal degradation (Dhaliwal et al., 2018). In addition, nuclear export was found to depend
on the presence of both a KLF4 nuclear export signal (NES1 at 97-107) and the ERK
phosphorylation site in KLF4 at S132 (Dhaliwal et al., 2018). KLF4 nuclear export after MEKi
removal, allowing ERK activation, could explain the observed reduction in KLF4 protein
stability; to investigate this further we used ES cells with stable integration of wild-type (WT)
KLF4-GFP, the NESI mutant (KLF4(NES1)-GFP), KLF4(S132A)-GFP and a nuclear
localization sequence (NLS) mutant, KLF4(NLS)-GFP. WT KLF4-GFP displayed stability
similar to endogenous KLF4 with a t, >24hr in undifferentiated cells, reduced to <Zhr after 24hr
differentiation (Figure 2C). Both of the constitutively nuclear mutants, KLF4(NES1)-GFP and
KLF4(S132A)-GFP, were highly stable proteins (t. >51hr) and this stability was not affected by
differentiation. By contrast, the constitutively cytoplasmic KLF4(NLS)-GFP was unstable, with
a t» <2hr in both undifferentiated and differentiated cells. Together these data indicate nuclear

localization is critical for KLF4 protein stability.
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Figure 2: KLF4 protein stability is regulated by the LIF and MAPK signaling pathways,
nuclear anchoring and post-translational modifications to KLLF4. A) Immunoblots for KLF4
and GAPDH in ES cells cultured with LIF/2i (undifferentiated) and 24hr after removal of LIF/2i,
sampled at 0, 2, 4, 6, 8 and 12hr after CHX treatment. GAPDH levels were used as a control and
displayed the expected half-life (t/2 >30hr). On the bottom percent remaining KLF4 or GAPDH
protein was calculated from the intensity of CHX treatment immunoblots, measured in three
biological replicates. KLF4 or GAPDH protein half-life in the indicated clones maintained in the
presence or absence of LIF/2i was calculated for each time series replicate by best fit to
exponential decay. Error bars represent standard deviation of three biological replicates.
Statistical differences determined by two-tailed t-test are indicated by *** (P < 0.001). B)
Immunoblots for KLF4 and GAPDH in ES cells cultured with LIF/2i and 24hr after removal of
individual media components (GSK3i, LIF, or MEKi), sampled at 0, 2, 4, 6, 8 and 12hr after
CHX treatment. On the bottom percent remaining KLF4 protein was calculated from the
intensity of CHX treatment immunoblots, measured in three biological replicates. Half-life was
calculated for each time series replicate by best fit to exponential decay. The error bars represent
standard deviation. Statistical differences between protein half-life in different culture conditions
compared to LIF/2i were determined by two-tailed t-test (P < 0.001) and are indicated by ***. C)
Immunoblots for WT KLF4-GFP, the indicated mutants, and GAPDH from ES cells cultured
with LIF/2i and 24hr after LIF/2i removal, sampled at 0, 2, 4, 6, 8 and 12hr after CHX treatment.
In the middle a schematic of mouse KLF4 is shown depicting nuclear export signals (NES), ERK
phosphorylation site S132, ubiquitination site K249, sumoylation site K275, nuclear localization
signal (NLS) and zinc fingers (ZNFs). At the bottom the calculated KLF4 protein half-life is
shown in the indicated mutants cultured with LIF/2i and 24hr after LIF/2i removal. Half-life was
calculated for each time series replicate by best fit to exponential decay. Error bars represent
standard deviation of three biological replicates. Statistical differences determined by two-way
ANOVA (P < 0.05) are indicated by different letters. D) Nuclear and cytoplasmic fractions
prepared from WT KLF4-GFP and the indicated mutants, immunoblots probed with anti-GFP,
indicated the expression and localization of KLF4-GFP. UBF1 and CYPA were used to analyze
the purity of nuclear and cytoplasmic fractions respectively. E) Box-and-whisker plots display
the number of KLF4-GFP/RNAPII proximity ligation amplification (PLA) foci per nucleus for

WT and the indicated mutants. Boxes indicate interquartile range of intensity values and
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whiskers indicate the 10th and 90th percentiles; outliers are shown as black dots. Images were
collected from at least three biological replicates and >100 nuclei were quantified for each
sample. Statistical differences determined by two way ANOVA (P < 0.05) are indicated by

different letters.

KLF4 association with DNA and RNAPII is required to maintain protein stability through

nuclear anchoring

As localization to the nucleus increased the stability of KLF4, we next investigated protein
stability of mutants with disrupted KLF4 transcription factor function. KLF4 contains two c-
terminal zinc finger (ZNF) domains required for DNA binding (Schuetz et al., 2011; Wei et al.,
2009) and a sumoylation site at K275 shown to be important for transactivation of target
promoters in reporter assays (Du et al., 2010). The amino acids surrounding K275 are highly
conserved highlighting conservation of the KLF4 sumoylation site (Figure S5). Stable expression
of KLF4 loss of function mutants, with a mutated sumoylation site (KLF4(K275R)-GFP) or
deleted zinc fingers (KLF4AZNF-GFP), were disrupted in their nuclear localization (Figure 2D)
and were more unstable compared to WT KLF4-GFP protein with a t. of ~3hr (Figure 2C).
Mutation of S132, together with K275 or zinc finger deletion, restored nuclear anchoring and
increased the stability of KLF4 (Figure 2C/D). Interestingly, disruption of either KLF4
sumoylation (K275R) or DNA binding (AZNF) interfered with recruitment to RNAPII-S5P
nuclear compartments, as shown by the decrease in the number of proximity ligation
amplification (PLA) foci per nucleus compared to WT KLF4-GFP (Figure 2E). Introducing the
S132 mutation into the KLF4 loss of function mutants restored nuclear anchoring but did not
restore RNAPII association, indicating that sumoylation and DNA binding are required for KLF4
association with RNAPII.

Ubiquitination of KLF4 is required for nuclear export and degradation during the course

of differentiation

Upon phosphorylation by ERK and subsequent nuclear export, KLF4 has been shown to be
ubiquitinated and degraded causing ES cell differentiation (Dhaliwal et al., 2018; Kim et al.,

11
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2012). As expected, treatment with the proteasome inhibitor (MG132) increased levels of KLF4
protein in cells differentiated for 24hr (Figure 3A). A previous study showed that K232 was the
most critical residue in human KLF4 for ubiquitination and degradation (Lim et al., 2014). KLF4
is highly conserved in this region with K249 in the mouse sequence predicted as a ubiquitination
site by UbPred and NetChop (Figure S5)(Kesmir et al., 2002; Radivojac et al., 2010). In order to
further investigate the role of K249 in KLF4 function, we generated stable ES lines expressing a
KLF4 ubiquitination site mutant, KLF4(K249R)-GFP. KLF4(K249R)-GFP is nuclear in
undifferentiated ES cells, similar to the WT protein (Figure 2D), but displayed an increased t;; of
53hr independent of culture conditions similar to the S132 and NESI mutants (Figure 2C),
indicating that blocking KLF4 ubiquitination prevents the loss of KLF4 stability upon
differentiation. Blocking KLLF4 ubiquitination by mutation of K249 does not disrupt interaction
with RNAPII-S5P in undifferentiated cells and prevents the loss of KLF4/RNAPII-S5P
interaction associated with differentiation (Figure 2E). As this was similar to what occurs in the
KLF4 S132 and NESI mutants, which showed disrupted nuclear export and no interaction with
Xportin 1 (XPO1) (Dhaliwal et al., 2018), we investigated the interaction between
KLF4(K249R)-GFP and XPO1 in differentiating ES cells by PLA. Indeed mutation of K249 did
disrupt the interaction between KLF4 and XPO1 normally observed in differentiating cells
(Figure 3B).

We next investigated the ubiquitination status of KLF4 in nuclear and cytoplasmic fractions and
the effect of K249 mutation on KLF4 ubiquitination (Figure 3C). KLF4-GFP protein has a
predicted molecular weight of 81 kDa; in ES cells immunoblot for KLF4-GFP protein identifies
a prominent band at 84 kDa (Figure 3C, input). WT KLF4-GFP immunoprecipitated from the
nuclear fraction using an anti-GFP antibody displayed a prominent ubiquitin band at 95 kDa
(Figure 3C), which could correspond to monoubiquitation of KLF4-GFP as ubiquitin has a
molecular weight of 8.5 kDa. This band was only apparent after removal of LIF/2i and was
absent from the KLF4(K249R)-GFP mutant, revealing that ubiquitination depends on the
presence of K249. WT KLF4-GFP immunoprecipitated from cytoplasmic fractions using an anti-
GFP antibody revealed more of a high molecular weight laddering pattern above 105 kDa which
could correspond to polyubiquitination of cytoplasmic KLF4-GFP in MGI132-treated,
differentiated (-LIF/2i) cells. The presence of bands below 95 kDa could represent partial KLF4-

GFP degradation (Figure 3C). These ubiquitin immunoreactive bands were not detected in the
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absence of MGI132 suggesting cytoplasmic polyubiquitinated KLF4 is rapidly degraded.
KLF4(K249R)-GFP was not detected in the cytoplasmic fraction by either ubiquitin or GFP
antibodies, indicating that mutation of the ubiquitination site blocked nuclear export of KLF4-

GFP.
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Figure 3: Ubiquitination of KLF4 is required for nuclear export and degradation during
differentiation. A) Immunoblots for KLF4 in whole cell lysate prepared from ES cells cultured
with LIF/21, and 24hr after removal of LIF/21, treated or not with proteasome inhibitor MG132.
GAPDH levels indicate equal loading. On the right quantification of KLF4 protein intensity level
relative to GAPDH and ES cell levels (+LIF/2i, - MG132), in three biological replicates. Error
bars represent standard deviation. Statistical differences determined by one way ANOVA (P <
0.05) are displayed by different letters. B) Proximity ligation amplification (PLA) displays the
interaction between KLF4-GFP/XPO1 in WT and K249R mutant expressing cells cultured with
LIF/2i and 24hr after removal of LIF/2i. Images shown are maximum-intensity projections.
Merged images display DAPI in blue and PLA in red. Scale bar = 10 um. C) KLF4-GFP
immunoprecipitation (IP) using anti-GFP from nuclear and cytoplasmic fractions of WT and the
K249R mutant expressing cells cultured with LIF/2i and 24hr after removal of LIF/2i, treated
and untreated with proteosomal inhibitor MG132. Input and pull-down (PD) samples were
probed with anti-Ubiquitin. To the right of the Ubiquitin blot molecular weight markers are
indicated by black lines; from the top 250, 150, 100, 75, 50 kDa. The red lines indicate bands
with calculated molecular weights of 95 kDa in the nuclear fraction and 105, 84 and 72 kDa in
the cytoplasmic fraction. Cyclophilin A (CYPA) and the nucleolar protein upstream binding
factor (UBF1) were detected simultaneously for all samples and reveal purity of the cytoplasmic

and nuclear fractions, respectively.

The loss of KLLF4 protein stability is required for ES cell differentiation

To evaluate the role of KLF4 stability in pluripotency maintenance and exit from the pluripotent
state, we differentiated cells expressing WT KLF4-GFP or mutant proteins for 5 days in the
absence of LIF/2i. Cells in the pluripotent state exhibit high alkaline phosphatase activity which
is lost upon differentiation (Stefkova et al., 2015). Cells that express KLF4 mutants with
increased protein stability [KLF4(K249R)-GFP and KLF4(S132A)-GFP] maintain alkaline
phosphatase activity 5 days after removal of LIF/2i, indicating a block in differentiation (Figure
4A). In addition, expression of either KLF4(K249R)-GFP or KLF4(S132A)-GFP prevented
decreased expression of endogenous pluripotency transcription factors normally downregulated

during differentiation after removal of LIF/2i (Figure 4B).

15


https://doi.org/10.1101/522680

bioRxiv preprint doi: https://doi.org/10.1101/522680; this version posted January 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

To further investigate the importance of the role of KLLF4 as a transcription factor in this context,
we evaluated the role of the sumoylation site that we found was important for recruitment to the
RNAPII compartment and which has been shown to be involved in transactivation (Du et al.,
2010). Although expression of the K275 sumoylation site mutant does not affect differentiation,
mutation of this site in an SI32A ERK phosphorylation site mutant background abolished the
ability of the compound mutant to maintain naive pluripotency (Figure 4). Similarly, we found
that KLF4 requires the ability to bind DNA through its zinc finger domains, as differentiation
occurred in cells expressing the compound mutant, KLF4(S132AAZNF)-GFP, indicating this
mutant was unable to maintain pluripotency in the absence of LIF/2i. Together these data
indicate that maintaining high KLF4 protein stability blocks pluripotency exit and KLF4 requires
the ability to bind DNA and associate with RNAPII to maintain the pluripotent state.
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Figure 4: Loss of KLF4 protein stability is required for ES cell differentiation. A) Alkaline
phosphatase staining of untransfected E14 ES cells, WT and the indicated KLF4-GFP mutant
expressing cells in undifferentiated ES cells and 5 days after LIF/2i removal. Scale bar = 50um.
After 5 days of LIF/2i removal positive and negative colonies were counted from at least three
replicates for each indicated mutant, revealing that expression of WT KLF4-GFP does not block
differentiation whereas expression of the S132A or K249R mutant does. Error bars represent
standard deviation. Statistical differences between each type of colony compared to WT KLF4-
GFP determined by t test are indicated by AAA P < 0.001 for dark colonies, * P < 0.5, *** P <
0.001 for light colonies and + P < 0.5 for negative colonies. B) Transcripts for endogenous Klf4,
Nanog, Oct4 and Sox2 were quantified relative to Gapdh levels, in three biological replicates of
untransfected E14 ES cells, WT and the indicated KLF4-GFP mutant cells revealing that only
KLF4(S132A)-GFP, KLF4(K249R)-GFP blocked differentiation. Error bars represent standard

deviation.

Phosphorylated STAT3 stabilizes KLF4 protein in nuclear complexes

Removal of LIF only from cells maintained in LIF/2i significantly reduced KLF4 protein
stability from ty = 26hr to t, = 6hr after 24hr (Figure 2B). LIF signaling activates the JAK-STAT
pathway in ES cells causing phosphorylation and activation of STAT3 (Hirai et al., 2011;
Ohtsuka et al., 2015; Raz et al., 1999; Zhang et al., 2010). After removal of LIF/2i the levels of
phosphorylated STAT3 (pSTATS3) in the nucleus decrease rapidly and are undetectable after 6hr
of differentiation (Figure S6). PLA for STAT3/KLF4 during early differentiation showed that
interaction between these two proteins occurs in undifferentiated cells but is lost during the first
24hr of differentiation (Figure S6). We next examined whether a short 1hr LIF induction in cells
differentiated for 24hr could restore STAT3/KLF4 interaction and KLF4 protein stability. The tv.
of KLF4 increased form <2hr to 24hr after a 1hr treatment with LIF (Figure 5A). This short LIF
treatment also increased the levels of KlIf4 transcript and protein in 24hr differentiated cells
(Figure 4D/E), and restored the interaction between KLF4 and STAT3 (Figure 5B-D). As LIF
regulated KLF4 at both the transcriptional and post-transcriptional levels, we repeated the lhr
LIF treatment in cells treated at the same time with the protein synthesis inhibitor cycloheximide

(CHX). Even in the presence of CHX, inhibiting de novo protein synthesis, an increase in KLF4
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stability was observed after lhr LIF treatment (Figure S7). Next, we investigated KLF4
association with RNAPII by PLA which revealed a significant increase in the number of
interaction foci per nucleus after the lhr LIF induction (Figure 5E). These data indicate that
pSTAT3 stabilizes KLF4 protein in ES cells and is involved in recruiting KLF4 to the RNAPII

compartment.
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Figure 5: Phosphorylated STAT3 stabilizes KLF4 protein in nuclear complexes. A)
Immunoblots for KLF4 and GAPDH in ES cells 24hr after LIF/2i removal and in cells 24hr after
LIF/21 removal followed by a 1hr pre-treatment with LIF, sampled at 0, 2, 4, 6, 8 and 12 hr after
CHX treatment. GAPDH levels were used as a control and displayed the expected half-life (t/2
>30hr). On the right percent remaining KLF4 was calculated from the intensity of CHX
treatment immunoblots, measured in three biological replicates. Half-life was calculated for each
time series replicate by best fit to exponential decay. Error bars represent standard deviation.
Statistical differences between protein half-life determined by two-tailed t-test (P < 0.001) are
indicated as ***. B) Transcript levels for KIf4 were quantified relative to Gapdh and ES levels,
in three biological replicates of ES cells cultured with LIF/2i, 24hr after LIF/2i removal and in
cells 24hr after LIF/2i removal followed by a lhr treatment with LIF. Error bars represent
standard deviation. Statistical differences were determined by one-way ANOVA (P < 0.05) and
displayed by different letters. C) Immunoblots for pSTAT3 (Tyr705) and total STAT3 in ES
cells cultured with LIF/2i, 24hr after LIF/2i removal and in cells 24hr after LIF/2i removal
followed by a 1hr treatment with LIF. GAPDH levels indicate equal sample loading. On the right
KLF4 protein relative to GAPDH and ES levels, in three biological replicates of ES cells
cultured with LIF/21, 24hr after LIF/2i removal and in cells 24hr after LIF/2i removal followed
by a lhr treatment with LIF. Error bars represent standard deviation. Statistical differences
determined with one-way ANOVA (P < 0.05) are displayed by different letters. D) KLF4
immunoprecipitation (IP) in ES cells cultured with LIF/21, 24hr after LIF/2i removal and in cells
24hr after LIF/2i removal followed by a 1hr treatment with LIF, probed with anti-STAT3 (PD,
pull down). GAPDH reveals equal loading of the input. E) Box-and-whisker plots display the
number of KLF4/RNAPII PLA foci per nucleus for ES cells cultured with LIF/2i, 24hr after
LIF/21 removal and in cells 24hr after LIF/21 removal followed by a 1hr treatment with LIF.
Boxes indicate interquartile range of intensity values and whiskers indicate the 10th and 90th
percentiles; outliers are shown as black dots. Images were collected from at least three biological
replicates and >100 nuclei were quantified for each sample. Statistical differences determined

with one way ANOVA (P < 0.05) are indicated by different letters.
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SOX2 and NANOG regulate KLLF4 post-translationally by stabilizing KLF4 protein in

nuclear complexes

As association with STAT3 increased the stability of KLF4 protein after a 1hr treatment with
LIF, we next investigated whether additional pluripotency transcription factors, SOX2 and
NANOG, had a role in controlling KLF4 stability. We first investigated KLF4 protein stability
when SOX2 protein levels are low due to a homozygous deletion of the Sox2 control region
(ASCR!?/Cast) " the enhancer that regulates Sox2 in ES cells (Li et al., 2014; Zhou et al., 2014).
The ASCR!?7C3t cells are female F1 ES cells which are partially differentiated; they have one
inactivated X chromosome and display upregulation of genes normally expressed in trophoblast
stem cells; the expression of the remaining pluripotency transcription factors (KIf4, Oct4, Nanog,

Esrrb, Sall4 and Tbx3), was not significantly affected at the RNA level (Zhou et al., 2014).

KLF4 protein is unstable in ASCRZ”C3t cells with a tw <2hrs and stability is unaffected by

removal of LIF/2i (Figure 6A). In addition, although KIf4 transcript levels are not significantly

129/Cast

affected by SCR deletion, KLF4 protein levels are significantly reduced in ASCR cells

(Figure 6B/C). To evaluate the role of SOX2 in stabilizing KLF4 protein, ASCR!'?%*t cells were
transfected with Sox2-t2A-GFP. Transfection restored S0x2 mRNA and protein to wild type
levels and significantly increased KLF4 protein but not transcript levels, indicating regulation of
KLF4 occurs post-transcriptionally by SOX2 (Figure 6B/C). In addition, the stability of KLF4
protein increased significantly from tx=2hr to t=17hr after SOX2 protein levels were restored
(Figure 6D). To investigate whether SOX2 stabilizes KLF4 through protein-protein interaction,
KLF4 was immunoprecipitated to investigate its interaction with SOX2. Indeed KLF4 and SOX2
do interact and this interaction is restored in Sox2-t2A-GFP transfected cells (Figure 6E).
Similarly, increased nuclear interaction between KLF4 and SOX2 was observed by PLA in Sox2-
t2A-GFP transfected cells (Figure 6F). Although, the number of PLA foci/nucleus for KLF4 with
RNAPII-S5P was unchanged when SOX2 protein levels were restored, the signal intensity per
focus increased significantly, suggesting SOX2 protein is involved in stabilizing KLLF4 protein in

nuclear transcriptional complexes (Figure 6G).
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Figure 6: SOX2 stabilizes KLF4 protein in nuclear complexes. A) Immunoblots for KLF4 in
the ASCR!'?®! clone (ASCR), cultured with LIF/2i and 24hr after removal of LIF/2i, sampled at
0,2, 4, 6, 8 and 12hr after CHX treatment. GAPDH levels were used as a control and displayed
the expected half-life (t/2 >30hr). The percent remaining KLF4 protein was calculated from the
intensity of CHX treatment immunoblots, measured in three biological replicates. KLF4 protein
half-life in the presence or absence of LIF/2i was calculated for each time series replicate by best
fit to exponential decay. Error bars represent standard deviation of three biological replicates.
Statistical differences determined by two-tailed t-test are indicated by *** (P < 0.001). B) Sox2
and KIf4 transcripts of were quantified relative to Gapdh and F1, in three biological replicates of
F1, ASCR'?Cst and SOX2-2A-GFP transfected ASCR'?”C*' Error bars represent standard
deviation. Statistical differences for each transcript were determined by one way ANOVA (P <
0.05) and displayed as upper case letters for Sox2 and lower case letters for Klf4. C)
Immunoblots for SOX2 and KLF4 in F1, ASCR'?”®®' and SOX2-2A-GFP transfected
ASCR!?€ast cells in LIF/2i. GAPDH levels indicate equal sample loading. Quantification of
KLF4 and SOX2 relative to GAPDH and F1, in three biological replicates. Error bars represent
standard deviation. Statistical differences for each protein were determined by one way ANOVA
(P < 0.05) and displayed as upper case letters for SOX2 and lower case letters for KLF4. D)
Immunoblot for KLF4 and GAPDH in untransfected and SOX2-2A-GFP transfected
ASCR!?7Cat cells in LIF/2i sampled at 0, 2, 4, 6, 8 and 12hr after CHX treatment. GAPDH levels
were used as a control and displayed the expected half-life (t/2 >30hr). Percent remaining KLF4
protein at 0, 2, 4, 6, 8, and 12hr was calculated from the intensity of CHX treatment
immunoblots, measured in three biological replicates. Half-life was calculated for each time
series replicate by best fit to exponential decay. Error bars represent standard deviation.
Statistical differences determined by two-tailed t-test (P < 0.001) are indicated as ***. E) KLF4
immunoprecipitation (IP) from F1 ES, untransfected and SOX2-2A-GFP transfected ASCR!2%/¢ast
cells probed with anti-SOX2 and anti-KLF4 (PD, pull down). GAPDH levels reveal equal
loading of the input. F-G) Box-and-whisker plots boxes indicate interquartile range of intensity
values and whiskers indicate the 10th and 90th percentiles; outliers are shown as black dots.
Images were collected from at least three biological replicates and >100 nuclei were quantified
for each sample. Statistical differences determined by t test (P < 0.001) are indicated as ***. In F

the number of KLF4/SOX2 PLA foci per nucleus are shown. In G the number of KLF4/RNAPII
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PLA foci per nucleus are shown (left) and the total intensity value of each PLA focus is shown

(right).

As the levels of NANOG protein in the nucleus are drastically reduced by 24hr of differentiation,
whereas SOX2 levels remain high at this time (Dhaliwal et al., 2018), we hypothesized that loss
of NANOG protein, in addition to the loss of pSTAT3, could be involved in reduced KLF4
stability after 24hr of differentiation. To test this hypothesis, cells differentiated for 24hr were
transfected with Nanog-t2a-GFP to restore NANOG levels. After an additional 24hr in
differentiation media, KLF4 protein levels were restored in Nanog-t2a-GFP transfected cells
without any change in KIf4 transcript levels, indicating a post-transcriptional regulatory
mechanism (Figure 7A/B). Similar to what was observed for SOX2, NANOG expression in
differentiated cells restores KLLF4 protein stability from t; = 1.5hr to t, =25hr (Figure 7C). To
investigate whether NANOG stabilizes KLF4 through protein-protein interaction, KLF4 was
immunoprecipitated to investigate interaction with NANOG; indeed KLF4 and NANOG do
interact in differentiated cells transfected with Nanog-t2A-GFP (Figure 7D). Restoring NANOG
levels in differentiated cells not only increased the interaction between KLF4 and NANOG but
also restored the interaction of KLF4 with RNAPII-S5P that is normally lost by 48hr of
differentiation, as revealed by PLA (Figure 7E). Together these data reveal that NANOG has a
role in both stabilizing KLF4 protein and recruiting KLF4 to RNAPII compartments in the
nucleus. Together these data indicate that nuclear anchoring, through interaction with RNAPII
complexes, pluripotency transcription factors, and association with DNA, prevents KLF4 nuclear
export and degradation by the proteasome and maintains the stability of the KLF4 protein in

pluripotent cells.
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Figure 7: NANOG stabilizes KLLF4 protein in nuclear complexes. A) Transcript levels of KIf4
and Nanog were quantified relative to Gapdh and undifferentiated ES cells in three biological
replicates of ES cells cultured with LIF/21 (ES), 24 and 48hr after removal of LIF/21, and in ES
cells 48hr after removal of LIF/2i where NANOG-2A-GFP was transfected 24hr after removal of
LIF/2i. Error bars represent standard deviation. Statistical differences for each transcript were
determined by one way ANOVA (p<0.05) and displayed as lower case letters for KIf4 and upper
case letters for Nanog. B) Immunoblots for KLF4 and NANOG in ES cells cultured with LIF/21,
24 and 48hr after removal of LIF/2i, and in ES cells 48hr after removal of LIF/2i where
NANOG-2A-GFP was transfected 24hr after removal of LIF/2i. GAPDH levels indicate equal
sample loading. On the right quantification of KLLF4 and NANOG relative to GAPDH for three
biological replicates. Error bars represent standard deviation. Statistical differences for each
protein were determined by one way ANOVA (p<0.05) and displayed as lower case letters for
KLF4 and upper case letters for NANOG. C) Immunoblot for KLF4 and GAPDH in ES cells
48hr after removal of LIF/21, and in ES cells 48hr after removal of LIF/2i where NANOG-2A-
GFP was transfected 24hr after removal of LIF/2i, sampled at 0, 2, 4, 6, 8 and 12 hr after CHX
treatment. GAPDH levels were used as a control and displayed the expected half-life (t/2 >30hr).
On the right the percent remaining KLF4 was calculated from the intensity of CHX treatment
immunoblots, measured in three biological replicates. Half-life was calculated for each time
series replicate by best fit to exponential decay. Error bars represent standard deviation.
Statistical differences between protein half-life determined by two-tailed t-test (P < 0.001) are
indicated as ***. D) KLF4 immunoprecipitation (IP) from ES cells cultured with LIF/2i, 24 and
48hr after removal of LIF/2i, and in ES cells 48hr after removal of LIF/2i where NANOG-2A-
GFP was transfected 24hr after removal of LIF/2i, probed with anti-NANOG (PD, pull down).
GAPDH levels reveal equal loading of the input. E) Box-and-whisker plots indicate the number
PLA foci per nucleus for the interaction between KLF4 and RNAPII. Boxes indicate interquartile
range of intensity values and whiskers indicate the 10th and 90th percentiles; outliers are shown
as black dots. Images were collected from at least three biological replicates and >100 nuclei
were quantified for each sample. Statistical differences determined by one-way ANOVA (P <

0.05) are indicated by different letters.
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Discussion

The naive pluripotent state of ES cells is regulated by pluripotency associated transcription
factors, which act in a complex interconnected network by binding their own regulatory
elements, as well as the regulatory elements of other genes throughout the genome to regulate
transcription. Klf4 is regulated at a transcriptional level by downstream enhancers which are
required to maintain Klf4 transcript and protein levels in mouse ES cells maintained in
LIF/serum (Xie et al., 2017). By contrast, we found that for ES cells maintained in LIF/2i the
same enhancers had little role in maintaining KLF4 protein levels as the high stability of the
KLF4 protein in LIF/2i conditions buffered against the greatly reduced levels of Klf4
transcription in the absence of the enhancers. Removal of MEK inhibition greatly disrupted
KLF4 stability, accounting for the dramatic differences between the requirements for KIf4
enhancers in LIF/serum compared to LIF/2i conditions. Furthermore, we found that KLF4
protein is stabilized both by domains within the protein that anchor KLF4 in the nucleus and by
interaction with RNAPII, SOX2, NANOG and pSTAT3. These findings detail a new way in
which the function of the core pluripotency regulatory circuitry is integrated at a post-

translational level by controlling KLF4 protein stability.

Nuclear localization and retention of KLF4 plays a key role in its regulation. KLF4 requires an
intact NLS for nuclear import as NLS mutant KLF4 protein is cytoplasmic (Dhaliwal et al.,
2018). KLF4 nuclear localization increases protein stability as the NLS mutant displayed greatly
reduced stability compared to the wild type protein. Mutations which disrupted KLF4 nuclear
anchoring also disrupted KLF4 protein stability in LIF/2i conditions. Deletion of the KLF4 DNA
binding zinc finger domains or mutation of the K275 sumoylation site, involved in
transactivation, caused a partial disruption to KLF4 nuclear anchoring. An important
consequence of these mutations is that the stability of the protein was completely abolished,
suggesting that even a small disruption to nuclear anchoring can greatly affect KLF4 protein
stability. By contrast, in COS-1 cells expression of a KLF4 K275 mutant did not affect protein
stability further indicating that regulation of KLF4 protein stability is context dependent (Du et
al., 2010). The transactivation function of KLF4 has been shown to be regulated in a SUMOI-
dependent manner; mutation of K275 in mouse KLF4 impairs the ability of KLF4 to
transactivate target promoters by disrupting the SUMO-interacting motif in KLF4 (Du et al.,
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2010). We found that this mutation also reduced recruitment of KLF4 to RNAPII rich nuclear
compartments which would explain reduced transactivation and reduced nuclear anchoring of the
K275 mutant protein. Restoring nuclear anchoring in this transactivation mutant did not restore
interaction with RNAPII indicating that K275 is indeed required for interaction with RNAPII
and KLF4 function.

ERK activation-induced KLF4 nuclear export is a critical first step in pluripotency exit which
relies on KLF4 phosphorylation at S132 and intact NES allowing for interaction with XPOI
(Dhaliwal et al., 2018). We determined that mono-ubiquitination of KLF4 at K249 is also
required for KLF4 nuclear export and pluripotency exit although this event occurs later after
24hr of differentiation. Three regions, S132, K249 and the KLF4 NES, are required for the
disruption to KLF4 stability that occurs as ES cells exit the pluripotent state and preventing
KLF4 phosphorylation, ubiquitination or interaction with XPO1 blocks pluripotency exit which
normally occurs after removal of LIF/2i. By contrast, even in the presence of LIF/2i, KLF4
stability can be disrupted by interfering with KLF4 function by deletion of the DNA binding zinc
finger domains or mutation of the K275 sumoylation site, involved in transactivation. The
compound mutants (SI32AAZNF, S132AK275R), however, maintain KLF4 stability but not
KLF4 regulatory activity or interaction with RNAPII and therefore do not block ES cell

differentiation.

Naive pluripotent ES cells cultured in LIF/2i are thought to maintain a more balanced and stable
state than ES cells maintained in LIF/serum, through higher and more uniform expression of the
major pluripotency transcription factors in the cell population (Sim et al., 2017; Tosolini and
Jouneau, 2016). Protein interactome studies determined that the core pluripotency transcription
factors bind each other and form nuclear complexes in order to maintain the pluripotent state
(Gao et al., 2013; Gao et al., 2012; Morey et al., 2015). Removal of LIF/2i from the media
interrupts the balanced state by disrupting transcription factor/RNAPII complexes (Dhaliwal et
al., 2018). Disruption in these complexes begins with loss of nuclear pSTAT3 due to the absence
of LIF (Niwa et al., 1998), loss of nuclear KLF4 due to phosphorylation by ERK2 (Dhaliwal et
al., 2018), and reduced levels of NANOG protein during the first 24hr of differentiation
(Dhaliwal et al., 2018; Zhang et al., 2010). KLF4 protein stability is maintained in ES cells
through interaction of KLF4 with pSTAT3, NANOG, and SOX2 in RNAPII rich nuclear
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complexes. Co-immunoprecipitation revealed that these interactions are maintained in the
absence of both DNA and RNA as these were removed by nuclease treatment during co-
immunoprecipitation suggesting they are protein-protein interactions in nature. KLF4 is
exceptional in that the stability of other pluripotency factors are not affected in the same way by
these complexes as their stability does not change during pluripotency exit. Although KLF4 is
not required during mouse development (Segre et al., 1999), its downregulation through a
disruption in protein satbility is likely important during development as we found that preventing
protein destabilization blocks pluripotency exit and differentiation. Furthermore, the mutations to
the KLF4 protein that increase KLF4 stability, without affecting KLF4 function as a transcription
factor, could be deployed in a reprogramming context to improve the efficiency of

reprogramming protocols by prolonging KLF4 protein function in reprogramming cells.

In addition to the role of KLF4 protein in pluripotency maintenance and reprogramming, KLF4
protein modulation is involved in both the oncogenic and tumor suppressor roles of KLF4 in
adult tissues. Increased stability of the KLF4 protein, mediated by the ubiquitin-proteosomal
pathway, is linked to an oncogenic role in breast cancer (Hu et al., 2012) and decreased stability
is linked to its tumor suppressor role in colorectal cancer (Gamper et al., 2012). KLF4 stability
modulation by interaction with the pluripotency transcription factors may also be important in
tumorigenesis as co-expression of these factors is associated with a variety of cancers such as
breast cancer, squamous cell carcinoma, and gastrointestinal cancer progression (Almozyan et
al., 2017; Gwak et al., 2017; Hu et al., 2012; Lu et al., 2014; Piva et al., 2014; Soheili et al.,
2017).

Materials and Methods
Embryonic stem Cell culture

The mouse ES cell line E14TG2a (E14) was obtained from the ATCC (CRL-1821). F1 (M.
musculus'® x M. castaneus) ES cells were obtained from Barbara Panning (Mlynarczyk-Evans
et al.,, 2006). All cells were maintained in feeder free conditions on 0.1% gelatin in DMEM
supplemented with 15% (v/v) fetal bovine serum (FBS), 0.1mM non-essential amino acids, ImM
sodium pyruvate, 2mM GlutaMAX, 0.lmM 2-mercaptoethanol, 1,000U/mL LIF, 3uM
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CHIR99021 (GSK3p inhibitor, Biovision) and 1puM PD0325901 (MEK inhibitor, Invivogen);
referred to as LIF/2i medium. 18 hr prior to differentiation the cells were seeded at 10,000
cells/cm?. The differentiation medium contained the same components with the exception of LIF

and the two inhibitors.

For protein half-life analysis cells were treated with 10pug/ml cyclohexamide (Sigma Aldrich) for
2, 4 6, 8 and 12hr, collected as cell pellets, and lysed in RIPA buffer containing protease
inhibitor complete EDTA free (Roche) and phosphatase inhibitor cocktail (Millipore) to generate
cell lysates for further analysis by western blotting. Treatment with 10uM MG132 proteasome
inhibitor (Sigma Aldrich) was used to indicate the role of proteosomal degradation in KLF4

function.
Cellular fractionation, co-immunoprecipitation and western blotting

Nuclear and cytoplasmic fractions were generated according to the protocol described in
(Dhaliwal and Mitchell, 2016). Protein was extracted from cell fractions using RIPA buffer
containing protease inhibitor complete EDTA free (Roche) and phosphatase inhibitor cocktail
(Millipore) and quantified using bicinchoninic acid (Thermo Fisher Scientific). Protein samples
were analyzed by SDS-PAGE (Bis-Tris, 5% stacking, 10% resolving). Blots were probed with
primary antibodies followed by horseradish peroxidase-conjugated secondary antibodies (Table
S1). Blots were quantified by relative intensity using background correction from adjacent

regions. At least three biological replicates were analyzed for each experiment.

For co-immunoprecipitation of protein, fractions or total cell lysates in RIPA were treated with
Benzonase nuclease (Sigma-Aldrich) to remove RNA and DNA and then incubated overnight
with the appropriate antibody and then incubated overnight with a 50:50 mixture of protein A
and protein G Dynabeads (Thermo Fisher Scientific). Beads were washed three times with non-
denaturing lysis buffer (20 mM Tris-HCI, 137 mM NacCl, 10% glycerol, 1% NP-40, 2 mM
EDTA, 1 mM PMSF, and proteinase inhibitors), twice with PBS, eluted in SDS-PAGE loading
buffer, and analyzed by SDS-PAGE. Antibodies used are listed in table S1.

Proximity Ligation Amplification (PLA)

PLA was conducted using Duolink (Sigma-Aldrich) following the manufacturer's instructions.

Images were collected using a Leica TCS SP8 and a 63 magnification objective lens. The
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number of PLA foci per nucleus was quantified using Imaris 7.1 by manual 3D masking of
nuclei in ESC colonies defined by the DAPI signal. All PLA experiments were carried out on at

least three biological replicate samples.
CRISPR/Cas9 mediated deletion

Cas9-mediated deletions were carried out as described (Moorthy and Mitchell, 2016; Zhou et al.,
2014). Cas9 targeting guides flanking KIf4 enhancer regions were selected (Table S2). Only
gRNAs predicted to have no off-target binding in the F1 mouse genome were chosen. Guide
RNA plasmids were assembled in the gRNA vector (Addgene, ID#41824) using the protocol
described by (Mali et al., 2013). The sequence of the resulting guide plasmid was confirmed by
sequencing. F1 ES cells were transfected with 5 nug each of 5" gRNA, 3’ gRNA, and pCas9 GFP
(Addgene, ID#44719)(Ding et al., 2013) plasmids using the Neon Transfection System (Life
Technologies). Forty-eight hours post-transfection, GFP-positive cells were collected and sorted
on a BD FACSAria. Ten to twenty thousand GFP positive cells were seeded on 10-cm
gelatinized culture plates and grown for 5-6 d until large individual colonies formed. Colonies
were picked and propagated for genotyping and gene expression analysis. All deletions were
confirmed by sequence analysis using primers 5’ and 3’ from the gRNA target sites; SNPs within

the amplified product confirmed the genotype of the deleted allele.
Real-Time qPCR

Total RNA was purified as per manufacturer’s protocol using RNAeasy (Qiagen). Following a
DNasel (turbo DNasel from Invitrogen) digestion to remove DNA, total RNA was reverse
transcribed with random primers using the High Capacity ¢cDNA Synthesis Kit (Applied
biosystems). Gene expression was monitored by qPCR using genomic DNA to generate standard
curves. Gapdh expression was used to normalize expression values. At least three biological
replicates were analyzed for each experiment. Primers used are listed in Table S3. All samples
were confirmed not to have DNA contamination by generating a reverse transcriptase negative
sample and monitoring Gapdh amplification. Allele specific primers were determined to amplify
only the specified allele by testing amplification on C57BL/6 (same genotype as 129 at the target

sequence) and castaneus genomic DNA.

Expression of KLF4 Mutants
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A mouse KLF4-GFP vector (RG206691) obtained from Origene and KLF4(S132A)-GFP mutant
published in Dhaliwal et al. 2018 were subjected to site-directed mutagenesis (SDM,
QuikChange Lightning, Agilent Technologies) to introduce additional mutations. Primers for
SDM are indicated in Table 4. A Mlul/Alel restriction digestion deleted zinc fingers from the
KlIf4 sequence cloned in the pUC 19 vector. KIf4 in pUC19 without Zinc fingers (3881bp) was
ligated by blunt end ligation. After sequence confirmation, the zinc finger deleted Klif4 fragment
was inserted into a Kpnl/Notl digested KLF4-GFP vector. Sequence-confirmed plasmids were
transfected by electroporation into E14 ES cells and selected with 400 pg/mL G418. The cells
were sorted by fluorescence-activated cell sorting, and individual clones selected and maintained

in 50 ug/mL G418 to obtain KLF4-GFP-positive clones.
Transient transfections

CMV-Sox2-T2A-GFP was generated by amplifying the human SOX2 sequence from a donor
construct (HsCD00079917, Harvard Institute of Proteomics)(Zuo et al., 2007) using Nhel and
Xbal overhang primers and Phusion High-Fidelity Polymerase (NEB). A T2a-GFP backbone
was subcloned from pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-GFP (Addgene plasmid
#71237, a gift from Charles Gersbach)(Thakore et al., 2015) and inserted into hCas9 (Addgene
plasmid #41815, a gift from George Church)(Mali et al., 2013) using Agel/Xbal digestion and
T4 DNA ligase (Thermo Fisher Scientific). Next, dCas9-KRAB was excised out using
Nhel/Xbal to create a lineralized CMV-T2a-GFP construct. The SOX2 PCR product was purified
and inserted into CMV-T2a-GFP using the In-Fusion HD cloning kit (Takara Bio USA) and
transformed into Stellar Competent Cells (Takara Bio USA). Bacterial colonies were PCR-
screened, and positive inserts were sequence confirmed. CMV-Sox2-T2A-GFP was extracted

with an Endotoxin-free Plasmid Midiprep Kit (Geneaid™ Midi Plasmid Kit Endotoxin Free).

The SOX2 compromised SCR!?C%t deleted cells were transfected with CMV-Sox2-T2A-GFP
and 24hr differentiated ES cells were transfected with Nanog-2A-GFP wusing neon
electroporation transfection system as per manufacturer’s instruction manual (Thermo Fisher
Scientific). Nanog-2A-GFP was a gift from Rudolf Jaenisch (Addgene plasmid # 59994)(Faddah
etal., 2013).
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