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Abstract

Akt/PKB is a kinase involved in the regulation of a wide variety of cell processes. Its activity
is modulated by diverse post-translational modifications (PTMs). Particularly, conjugation of
the small ubiquitin-related modifier (SUMO) to this kinase impacts on multiple cellular func-
tions, such as proliferation and splicing. In embryonic stem (ES) cells, this kinase is key for
pluripotency maintenance. Among other functions, Akt is known to promote the expression
of Nanog, a central pluripotency transcription factor (TF). However, the relevance of this
specific PTM of Akt has not been previously analyzed in this context. In this work, we study
the effect of Akt1 variants with differential SUMOylation susceptibility on the expression of
Nanog. Our results demonstrate that both, the Akt1 capability of being modified by SUMO
conjugation and a functional SUMO conjugase activity are required to induce Nanog gene
expression. Likewise, we found that the common oncogenic E17K Akt1 mutant affected
Nanog expression in ES cells also in a SUMOylatability dependent manner. Interestingly,
this outcome takes places in ES cells but not in a non-pluripotent heterologous system, sug-
gesting the presence of a crucial factor for this induction in ES cells. Remarkably, the two
major candidate factors to mediate this induction, GSK3- and Tbx3, are non-essential play-
ers of this effect, suggesting a complex mechanism probably involving non-canonical path-
ways. Furthermore, we found that Akt1 subcellular distribution does not depend on its
SUMOylatability, indicating that Akt localization has no influence on the effect on Nanog,
and that besides the membrane localization of E17K Akt mutant, SUMOylation is also
required for its hyperactivity. Our results highlight the impact of SUMO conjugation in the
function of a kinase relevant for a plethora of cellular processes, including the control of a
key pluripotency TF.
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Introduction

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass (ICM) of
mammalian blastocysts [1, 2]. Under specific culture conditions, they can indefinitely self-
renew and preserve their potential to differentiate to derivatives of all the three germ layers [3].
The cytokine Leukemia Inhibitory Factor (LIF), along with its receptor, constitutes the starting
point of several signal transduction cascades that play a crucial role in maintaining the pluripo-
tent state of mouse ES cells. In these cells, LIF activates three signaling pathways: JAK/STATS3,
PI3K/Akt and MEK/ERK. While the last one promotes mouse ES cells differentiation, the oth-
ers facilitate their self-renewal ultimately inducing the expression of the fundamental tran-
scription factors (TFs) Oct4, Sox2 and Nanog [4]. These TFs constitute the core network of
pluripotency promoting the expression of key pluripotency genes and repressing genes associ-
ated with cell differentiation [5, 6]. Specifically, Nanog has a central role in pluripotency of
both cells from the ICM and ES cells; and sustains self-renewal in ES cells in the absence of LIF
[7, 8]. Nanog gene regulation is exerted by the balance of multiple TFs binding to its regulatory
region, highly dependent on the cell context (reviewed in [9]).

Particularly, Nanog transcription is induced through the activation of PI3K/Akt signaling
pathway by LIF followed by phosphorylation and the subsequent inactivation of GSK3-p [10];
and also through Akt induction of Tbx3 [11].

Akt, also known as Protein Kinase B, is a serine/threonine kinase involved in a wide variety of
cellular processes and its deregulation is associated to several human diseases [12]. Multiple post-
translational modifications (PTMs), such as phosphorylation in several residues, acetylation or pep-
tide conjugation, have been reported to regulate Akt activity and substrate specificity thus modulat-
ing particular cellular responses [13]. Akt activation is downstream of the LIF signaling pathway [4]
in mouse ES cells, and it occurs as a consequence of the highly characterized events of phosphoryla-
tion at T308 by PDK1 and $473 by mTORC?2 [14]. Akt signaling maintains ES cell pluripotency
and regulates stemness in several stem cell systems, like mouse and primate ES cells [15].

SUMO (small ubiquitin-related modifier) is a small peptide from the ubiquitin family that can
be covalently attached to different target proteins modifying their activity, structure, sub-cellular
localization and interactions with protein partners or nucleic acids [16]. This reversible and tran-
sient PTM, known as SUMO conjugation or “SUMOylation”, involves the activation and ultimate
ligation of the SUMO peptide to lysine residues by the SUMO conjugase enzyme Ubc9 [17]. This
process can be reversed by deconjugating SUMO protease enzymes, making SUMOylation a
dynamic process that depends on the cell context [18]. Particularly, it has been reported that mod-
ification of Akt by SUMO conjugation regulates the activity of this kinase with direct conse-
quences in splicing patterns, cell growth, survival and oncogenic potential of cultured cell lines
[19-22]. However, the relevance of this specific PTM of Akt in ES cells had yet to be explored.

Based on the widely known relevance of Akt in ES cells, and the gap in our understanding
of how signaling pathways interact with the intrinsic network of pluripotency TFs, we aimed
to explore the impact of Akt SUMOylatability on Nanog gene regulation. Here, we show that
the SUMO-conjugation susceptibility of Akt impacts on the previously reported inductor
effect of this kinase on Nanog gene expression, evidencing a novel link between this Akt PTM
and a key pluripotency TF in ES cells.

Materials and methods
Cell culture

W4 ES cell line was provided by the Rockefeller University Core Facility. Cells were routinely
cultured in ES cell medium (referred as 2i + LIF medium within the manuscript) containing
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DMEM, 2 mM Glutamax, 100 mM MEM NEAA, 0.1 mM 2-mercaptoethanol, 100 U/ml peni-
cillin, 100 mg/ml streptomycin and 15% FBS (Gibco), LIF and the two-inhibitors (2i) cocktail
consisting of 1 uM PD0325901 (Tocris) and 3 uM CHIR 99021 (Tocris). Cells were plated on
0.1% gelatin coated dishes at 37°C in a 5% CO, (v/v) incubator and passaged every three days.
All experiments were performed in these conditions unless it is indicated otherwise. For the
experiment in S2 Fig, NIH/3T3 cells (ATCC) were cultured as previously reported [23].

Transfection and luciferase activity assay

For the luciferase activity assay, ES cells were plated in a 24-well plate (36000cells/well) using
ES cell medium. For the experiment in S2 Fig, NIH/3T3 cells were plated in a 24-well plate
(17000 cells/well) as previously reported [23-25]. After 24 h, medium was replaced for the cul-
ture medium according to the specified conditions of each experiment and cells were co-trans-
fected with 650 ng of each Akt1 variant vector [19] along with 600 ng of Nanog5P reporter.
This Luciferase reporter is a kind gift from Austin Cooney (Addgene plasmid # 16337) [26]. In
experiment from Fig 1C, 500 ng of Ubc9(C93S) [27] vector were additionally co-transfected.
Transfection was carried out using PEI (Linear Polyethylenimine 25 kDa, Polysciences Inc.)
with a DNA/PEI ratio of 1:3. After overnight incubation, medium was replaced again, and 48
h later cells were lysed and assayed for luciferase activity using the Dual Luciferase kit (Pro-
mega) on a GloMax Multi Detection System (Promega). Total protein mass was measured by
Bradford protocol and used for normalization in each transfection assay. Experiments were
performed in triplicate and repeated at least three times.

Immunostaining

Immunofluorescence was performed as previously described [28, 29] with minor modifica-
tions: cells were fixed by treatment with 4% paraformaldehyde for 15 minutes and permeabi-
lized with 0.1% Triton X-100 in PBS for 10 minutes. Blocking was performed with 1% normal
goat serum (Sigma) in PBS-Tween 0.1% solution for 1 hour. Primary antibodies in blocking
solution were added to the samples that were incubated at room temperature for 1 hour and
washed three times in PBS-Tween 0.05% for 5 minutes. Secondary antibodies solutions were
prepared in blocking solution including DAPI (Sigma) and were incubated with the samples at
room temperature for 1 hour. Samples were washed as described above and imaged in an
Olympus IX71 or FV1000 microscope. All the antibodies used are listed in S1 Table.

Western blot analysis

Western blot was performed as previously described [28, 29] with minor modifications: pro-
teins were collected from cell lysates with RIPA buffer, run in 12% SDS-polyacrylamide gel
electrophoresis and transferred to PVDF membranes (Amersham). Membranes were blocked
for 1 hour at room temperature in 0.1% Tween-20 Tris-Buffered Saline solution (TBST) con-
taining 5% nonfat dry milk. Primary antibodies were incubated overnight at 4°C in blocking
solution. Secondary antibodies were incubated at room temperature for 1 hour. Membranes
were washed three times with TBST and were revealed with ECL Prime Western Blotting
Detection (GE Healthcare) in an Amersham imager 600 (GE Healthcare). All the antibodies
used are listed in S1 Table.

Construction of Tbx3 knockout ES cell line

The Tbx3 knockout ES cell line was generated using CRISPR/Cas9 technology on W4 ES cell
line as previously reported [28, 29]. PSpCas9(BB)-2A-Puro vectors containing sgRNA for
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Fig 1. SUMO conjugation of Akt impacts on Nanog promoter activity in ES cells. (A) Cartoon representing the main features of the Akt variants most used
in this work. SUMO group is represented by violet balloons, hyperactivity-inducing E17K mutation is depicted with thorny edges and mutated lysines in 2KR
and E17K/2KR variants are indicated by the Xs. (B) ES cells were transfected with Nanog5P reporter along with an expression vector encoding for either wt
Akt1, the Aktl mutants 2KR, D274N/E278Q, E17K, E17K/2KR or the empty vector (basal). Luciferase activity was measured in extracts obtained from
transfected cells maintained in standard medium in the presence of LIF and 2i for 72 h. Results were referred to the control condition (basal) and are shown as
mean + SEM of three independent experiments. Statistical analysis was performed by linear mixed models (LMM) with a randomized block design (RBD).
Significant differences were assessed using the DGC test. Different letters indicate significant differences among cellular conditions (p< 0.05). (C) ES cells were
transfected with Nanog5P reporter along with the wt, 2KR, E17K and E17K/2KR Akt1 variants or the empty vector (basal, solid bars) and also including (+) or
not (-) a vector encoding the dominant negative Ubc9(C93S) (dot-patterned bars), as indicated. Results were referred to the corresponding control condition
(basal, indicated as a dashed line) and are shown as fold change mean + SEM of three independent experiments. Statistical analysis among groups was
performed by lineal mixed models (LMM) with a randomized block design (RBD) and comparisons were performed using the Tukey’s HSD test. Fold change
comparisons between groups were assessed by two-tailed paired ¢ test. Asterisks indicate significant differences and NS above bars denote no significant
differences of each condition compared to the basal (p< 0.05). Hashes indicate significant differences between fold change of the same Akt1 variant with (+) or

without (-) Ubc9(C93S) (p<0.05).

https://doi.org/10.1371/journal.pone.0254447.9001
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CRISPR guided Tbx3 knockout were designed and kindly supplied by Dr. Judith Davie [30].
Sequences for sgRNA are listed in S2 Table. Briefly, wild type W4 ES cells were transfected
with both plasmids using Linear Polyethylenimine (PEI, Polysciences) with a DNA/PEI ratio
of 1:5 and selected with 3 pug/ml puromycin from 24 to 72 h post-transfection. After limiting
dilution, multiple individual clonal ES cell lines were obtained. Tbx3 knockout was analyzed
and confirmed by western blotting and immunostaining against Tbx3 protein (S4A Fig).

Confocal imaging

As previously detailed [28, 31], confocal images were acquired in a FV1000 laser scanning
microscope (Olympus) using an Olympus UPlanSApo 60x oil immersion objective

(NA = 1.35). Cy3 were excited using a He-Ne green laser at 543 nm (average power at the sam-
ple, 700 nW). Fluorescence was detected with a photomultiplier set in the pseudo photon-
counting detection mode, using 560-660 nm filtering for Cy3 detection. An averaged image
was obtained from 10 consecutive images acquired per cell.

Bioinformatics analysis

The Stemformatics web tool (https://www.stemformatics.org) [32, 33] was used to evaluate
Nanog gene expression (from LC-MS and RNAseq experiments) and epigenetic marks on its
promoter (from H3K4me3 and H3K27me3 ChIP-seq, and whole genome bisulfite sequencing
experiments), in both ES cells and MEFs from publicly available datasets for S2B Fig. Data nor-
malization, transformation and annotation methods are available at Stemformatics documen-
tation (https://www.stemformatics.org/Stemformatics_data_methods.pdf). The ChIP-Atlas
database (http://chip-atlas.org) [34] was used to evaluate the enrichment profile of Tbx3 in the
2.5 Kbp region of the Nanog genomic locus included in Nanog5P reporter in S4C Fig. The
results shown correspond to the analysis of public ChIP-seq data from experiments performed
in ES cells. Data was visualized using the Integrative Genomics Viewer (IGV) software [35].
Data normalization, transformation and annotation methods are available at ChIP-Atlas docu-
mentation (https://github.com/inutano/chip-atlas/wiki). Full meta-data of all analyzed datasets
is available at S3 Table.

Statistical analysis

Data was shown and analyzed as previously described [28, 31]. Experimental results were
expressed as mean =+ standard error of the mean (SEM) of at least three biological replicates. In
general, statistical significance between groups was analyzed using randomized block design
(RBD) ANOVA. Residuals fitted normal distribution and homogeneity of variance. Otherwise,
transformation of data (log) was applied in some cases to meet both assumptions.

Additionally, post-hoc multiple comparisons between means were assessed using the
Tukey’s HSD test for experiments with equal sample size, or DGC [36] test when treatments
presented unequal sample sizes. Differences were regarded as significant at least with a p-value
of <0.05. We used letters to indicate significant differences when comparisons were performed
among multiple treatments. While different letters indicate significant differences, identical
letters correspond to non-significant differences between treatments. Contrary, when each
sample was only compared to the control condition, we used asterisks. In some experiments,
significance between groups was analyzed by linear mixed models (LMM) due to imbalance of
data. Specific information about analysis is presented in each figure legend. All the statistical
analysis was performed using Infostat Software [37]. Data in Fig 4C was analyzed using the
Marascuilo’s test [38], for comparing multiple proportions.
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Results
Akt SUMOylation induces Nanog promoter activity in ES cells

To explore a possible involvement of Akt SUMOylation in Nanog gene regulation, we first
evaluated the effect of Akt1 variants with different capacities of being SUMOylated on the
Nanog promoter activity in ES cells. These variants are schematized in Fig 1A and described
below. Also, we took advantage of a luciferase gene reporter driven by a 2.5 Kbp fragment of
the promoter region from mouse Nanog genomic locus (Nanog5P) [26]. This reporter has
been previously used in different cellular contexts and evidenced to be a good model to study
the endogenous gene [26, 39-41]. We co-transfected this reporter with each of the expression
vectors encoding the different Aktl variants and evaluated their effect by measuring the lucif-
erase activity. We first verified by immunofluorescence (IF) that the proportion of cells trans-
fected with the different Aktl variants was similar (S1A Fig), and that they showed comparable
expression levels assessed by Western blot (S1B Fig). No substantial differences were detected.

Then, we evaluated the effect of wild type Aktl (wt) and a SUMOylation-deficient mutant
in which lysines 276 (K276) and 301 (K301) were replaced by arginines, Aktl 2KR [19]. As
expected, wt Akt1 induced the Nanog promoter producing a significant increase in luciferase
activity, in agreement with the previously reported Nanog induction by Akt [11]. In contrast,
luciferase levels determined upon over-expression of Aktl 2KR were similar to the levels deter-
mined in the basal condition in which cells were co-transfected with an empty vector. These
results indicate that the 2KR mutations introduced in Aktl completely abolished its effect on
the Nanog reporter (Fig 1B, left panel). We also assayed another Aktl mutant that, while pre-
serving the SUMOylation target K276, it displays reduced SUMOylation due to the replace-
ment of the negatively charged residues flanking the SUMO consensus sequence (D274N/
E278Q) [19]. This mutant produced the same effect on Nanog reporter than Aktl 2KR (Fig
1B, left panel), further supporting the role of this PTM of Akt.

We next evaluated the effect of a hyperactive Aktl mutant, Aktl E17K. Relevantly, this
mutation has been found in somatic cells of human breast, colorectal and ovarian cancer [42].
Moreover, this mutant was reported to display higher SUMO conjugation levels than the wt
version [19]. According to the luciferase assay, Aktl E17K induced Nanog reporter even to a
higher extent than Akt wt (Fig 1B, middle panel). Remarkably, the Aktl variant E17K/2KR
which combines the three mutations described above (E17K/K276,301R) and shows dimin-
ished SUMOylation [19], had no effect on the transcription of Nanog reporter (Fig 1B, right
panel), adding new evidence in support of the relevance of Akt SUMOylatability. Interestingly,
this effect seems to be specific of ES cells, or at least not generalized to different cell types nor a
bias of this reporter, since the response of Nanog5P reporter to Akt variants was completely
different in NIH/3T3 cells (S2A Fig). These cells are a terminally differentiated mouse embry-
onic fibroblast (MEF)-derived cell line in which we have not detected Nanog expression [23]
and have previously used it as a heterologous non-pluripotent system [23-25]. In order to fur-
ther explore differences in Nanog gene expression between MEFs and ES cells, we performed
omics analysis from publicly available data [43, 44] to investigate Nanog mRNA and protein
levels, and the epigenetic status of Nanog locus in both cell types (S2B Fig). These results high-
light the differences in Nanog gene status between these two cell types, since in MEF, both
Nanog mRNA and protein are undetectable and its promoter region presents the repressive
marks, H3K27me3 and 5-mC, while the opposite pattern is observed in ES cells, which displays
high Nanog expression and the mark associated with active chromatin, H3K4me3. Interest-
ingly, not only no induction is exerted by the different Aktl variants on the Nanog reporter,
but they even seem to repress this promoter in this non-pluripotent cell context, indicating the
existence of a at least, a non-generalized mechanism by which Aktl exerts its effect on Nanog.
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Up to this point, the induction exerted by wt and E17K Akt variants in ES cells and the lack
of this effect with the mutants with diminished SUMOylatability strongly suggest that this
PTM of Akt is required for Nanog gene regulation in the context of pluripotent cells.

With the purpose of further exploring this, we challenged the requirement of this Aktl
PTM by interfering with the SUMO-conjugation pathway, exploiting a dominant-negative
mutant of Ubc9, the enzyme responsible of SUMO conjugation to the target protein [17]. We
evaluated the effect of the Akt variants on the Nanog promoter in the presence of Ubc9
(C93S), an Ubc9 mutant that lacks SUMO conjugase activity [45] and that also impedes the
activity of the endogenous protein [27]. As shown in Fig 1C, co-transfection of the dominant-
negative Ubc9 impaired the inductive effect on the Nanog reporter of both Aktl SUMOylata-
ble variants, wt and E17K. Specifically, Ubc9(C93S) completely abolished the effect of wt Aktl
and significantly reduced the induction exerted by the E17K hyperactive mutant. As expected,
no changes were observed in the results obtained with the SUMOylatability diminished Aktl
mutants, 2KR and E17K/2KR. As a whole, these results demonstrate that SUMO conjugation
to Akt1 is required for the induction of Nanog promoter activity.

Nanog protein levels are increased by SUMOylatable Akt variants

We next studied if Akt SUMOylatability affects Nanog protein levels. For this purpose, we
transfected the Akt variants described in the previous section and analyzed Nanog protein lev-
els by IF. The fluorescence intensity of Nanog immunostaining in those transfected cells was
compared to Nanog signal in non-transfected ES cells within the same field. The transfected
cells were identified by IF against the HA tag included at the N-terminus of the sequence of all
Akt variants utilized (Fig 2A). Fig 2B shows that both wt Aktl and the hyperactive E17K
mutant produced an increase in Nanog protein levels compared with non-transfected cells.
Notoriously, 2KR and E17K/2KR mutants did not affect Nanog levels. Moreover, transfected
and non-transfected cells displayed similar Nanog protein levels in the presence of these
SUMOylation-impaired mutants confirming that the transfection process per se does not affect
Nanog expression. Consistently, ES cells transfected with the empty vector (control) also pre-
sented similar levels of Nanog (Fig 2A). Noteworthy, the increase in Nanog levels seems to be
independent of the amounts of HA-Akt1 expressed since we observed a similar effect on
Nanog when comparing all transfected cells within the same condition. Remarkably, this can
be observed even in those cells with very low HA-Akt1 levels (Fig 2A, arrows), suggesting that
minimal amounts of transfected SUMOpylatable variants are enough to exert its inductive effect
on Nanog expression. Altogether, these results suggest that Akt SUMOylatability is required to
increase endogenous Nanog protein levels.

ES cells were transfected with the indicated expression vector encoding for either wt Aktl,
the Aktl mutants 2KR, E17K, E17K/2KR or with the empty vector (control). After transfec-
tion, cells were maintained in standard ES cell medium in the presence of LIF and 2i for 72 h
and then fixed for immunofluorescence analysis. Nuclei were stained with DAPI. Nanog pro-
tein and transfected Akt were visualized by immunostaining against Nanog and HA tag,
respectively. Transfected cells were identified by HA positive signal. (A) Representative epi-
fluorescence microscopy images of Nanog and HA immunostaining for cells transfected with
each Akt variant. Nuclei of transfected cells are indicated with red continuous lines and nuclei
of non-transfected cells with yellow discontinuous lines. Gray long arrows indicate
HA-Akt1-high-expressing cells and purple short arrows, HA-Akt1-low-expressing cells. Scale
bars represent 10 pm. (B) Nanog intensity signal was quantified and compared between trans-
fected and non-transfected cells from the same field. Bars represent fluorescence intensity
mean + SEM of 350-360 cells from four independent experiments relative to the mean signal
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Fig 2. Nanog protein levels are increased by SUMOylatable Akt variants while mutants with diminished SUMOylatability have no

effect.

https://doi.org/10.1371/journal.pone.0254447.9g002

of the corresponding non-transfected cells. Asterisk indicates significant differences and NS
denotes no significant differences between transfected and the corresponding non-transfected
cells, evaluated using a two-tailed paired t test (p<<0.0001). Hash indicates significant differ-
ences between relative fluorescence intensity of treatments evaluated by superposition of 95%
confidence intervals of the means.

Neither GSK3-p nor Tbx3 are essential mediators of the effect exerted by
SUMOylatable Akt1

In order to delve into the molecular signaling underlying the Nanog gene regulation by Akt,
we analyzed if the interference of any of the two main Aktl mediators that ultimately affect
Nanog expression in ES cells, GSK3-4 [10] and Tbx3 [11, 46], modifies the effect on the Nanog
reporter described previously. We hypothesized that the perturbation of an essential factor
would interfere with the induction exerted by the SUMOylatable Akt variants. Therefore, if

PLOS ONE | https://doi.org/10.1371/journal.pone.0254447  July 9, 2021 8/20


https://doi.org/10.1371/journal.pone.0254447.g002
https://doi.org/10.1371/journal.pone.0254447

PLOS ONE

SUMO conjugation susceptibility of Akt affects Nanog expression in ES cells

the induction of the Nanog reporter occurs in a condition of interference, it would be indica-
tive that the factor interfered is dispensable. Specifically, in the case of disrupting an essential
mediator, we would expect that the reporter activity in the presence of wt Akt was lower than
that observed in the control condition without disruption (schematized in S3 Fig, panel i), just
as we had previously observed in Fig 1C when the dominant-negative Ubc9 was co-trans-
fected. On the contrary, if the factor evaluated is non-essential in the SUMOylatable Akt effect,
the response should be similar to the control condition. S3 Fig, panel ii, schematizes the
expected outputs of the experiments in those cases in which the disrupted factor is a mediator
or is non-essential to the studied effect (panel iii).

Standard ES cell culture conditions require LIF, which is sufficient to maintain pluripotency
[47-49], and may include the 2i’ inhibitors set, CHIR 99021 (CHIR) and PD 0325901 (PD)
that inhibit GSK3 and MEK, respectively [50], promoting together the ground state of pluripo-
tency [51]. As mentioned above, Nanog expression is induced upon the activation of PI3K/Akt
signaling pathway by LIF and the subsequent phosphorylation and inactivation of GSK3-f
[10], making GSK3-p a major candidate to mediate the effect observed. Up to this point, we
have demonstrated that Aktl SUMOylatability is required for Nanog induction in ES cells rou-
tinely cultured with LIF and the 2i inhibitors set. From these observations, we thus speculated
that neither GSK3-8 nor MEK downstream pathways are essential for this regulation because
they were already inhibited in our assays. In order to confirm this hypothesis, we evaluated the
effect by dissecting the 2i cocktail and culturing the cells with LIF plus either CHIR or PD and
with LIF alone. In all these three conditions, wild type Aktl induced the reporter whereas 2KR
Akt mutant had no effect in the studied conditions (LIF+CHIR, LIF+PD and LIF alone; Fig
3A). These results demonstrate that Aktl SUMOylatability is required to enhance the Nanog
reporter regardless of the presence of these inhibitors, revealing that neither GSK3- nor MEK
pathway are essential for this effect.

As abovementioned, Tbx3 is a key TF involved in ES cells pluripotency proposed to induce
Nanog gene transcription and to be regulated by the PI3K/Akt pathway [11, 46]. Interestingly,
this TF is not detected in MEFs, including the NIH/3T3 cell line [52], in which we have found
that the Akt1 effect on the Nanog reporter is completely different (S2 Fig). This evidence
defined this TF as a strong candidate to mediate the effect. To study if Tbx3 is essential for this
effect we generated a Tbx3 knockout ES cell line by CRISPR-Cas9 technology (S4A and S4B
Fig). Since Tbx3 binds to the Nanog promoter region included in the reporter used (S4C Fig),
we studied the effect of Akt variants on the Nanog reporter in the KO ES cell line. As shown in
Fig 3B, the basal activity of the reporter was lower in the Tbx3 KO ES cell line in comparison to
the wild type parental ES cell line, as expected from the inductor activity of this TF on Nanog
expression [11], thus evidencing that this reporter is responsive to Tbx3. Unexpectedly, Fig 3C
shows that the absence of Tbx3 did not modify the effect of the Akt variants on the Nanog
reporter assay, showing an induction by wt Aktl and no effect with the 2KR mutant. These
results absolutely exclude this candidate TF as an essential mediator of the studied effect.

In summary, the disruption of none of these two strong candidates produced loss of Nanog
induction by SUMOylatable Akt, demonstrating that GSK3-f and Tbx3 are non-essential play-
ers for this effect. We might be facing a complex mechanism involving crosstalk among non-
canonical pathways.

SUMOylation susceptibility does not impact on Akt1 subcellular
distribution

Finally, after discarding the major candidates for mediators of the observed effect, we focused
on the subcellular distribution of Aktl and its SUMOylatability-dependance. It is known that
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Fig 3. GSK3-p and Tbx3 are non-essential factors for the effect exerted by SUMOylatable Akt1. (A) ES cells were transfected with
Nanog5P reporter along with an expression vector encoding for either wt Aktl, the Aktl mutant 2KR or the empty vector (basal), as
indicated under each bar. Cells were maintained in standard ES cell medium in the presence of LIF and either CHIR 99021 (CHIR) or
PD 0325901 (PD), as indicated in each panel. Luciferase activity was measured in cell extracts obtained 72 h after transfection. Results
were referred to the control (basal) of each condition and are shown as mean + SEM of three independent experiments. Statistical
analysis was performed by linear mixed models (LMM) with a randomized block design (RBD). Comparisons were performed using the
Tukey’s HSD test. Different letters indicate significant differences between treatments (p< 0.05). (B,C) wt and Tbx3-KO ES cells were
maintained in standard ES cell medium (LIF+2i). Transfection and luciferase activity measurement was performed as indicated above.
Results were referred to the control condition (B: parental, C: basal) and are shown as mean + SEM of three independent experiments.
Statistical analysis was performed by linear mixed models (LMM) with a randomized block design (RBD). Significant differences were
assessed using the Tukey’s HSD test (p< 0.01, panel B). Asterisk indicates significant differences between the Tbx3 KO ES cell line and
the parental ES cell line and different letters indicate significant differences among conditions (p< 0.05).

https://doi.org/10.1371/journal.pone.0254447.9003

different subcellular distributions could define a different set of interacting proteins, thus we
speculated that exploring this feature of the different Akt variants could provide a clue of the
intermediate involved in this effect. For this purpose, we studied the subcellular localization of
the different Aktl variants by confocal microscopy of transfected cells. Fig 4A shows that wt
Aktl and the 2KR mutant display a qualitatively similar, relatively homogeneous distribution
within the cell cytoplasm. On the other hand, the E17K mutant seems to preferentially localize
at the cell boundaries, suggesting its association to the cell membrane in agreement with previ-
ous reports [42]. Remarkably, its SUMOylation-diminished counterpart, E17K/2KR, showed a
similar localization, keeping the E17K phenotype. Furthermore, the quantitative analysis of the
distribution of Akt variants confirmed the homogeneous distribution of wt and 2KR variants
and the preferential localization at the cell boundaries of the E17K and E17K/2KR mutants
(Fig 4B and 4C). These results demonstrate that Aktl localization does not depend on its
SUMOylatability, at least in this cellular context of mouse ES cells, suggesting that the different
modulation of Nanog expression observed with the Akt variants is not associated to their dif-
ferential subcellular distribution.
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Different letters indicate significant differences among transfectants, evaluated using the Marascuilo’s test (p<0.05).
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Discussion

SUMO-conjugation modifies the activity of a wide variety of proteins with consequence in
cancer and neural diseases [53, 54], and in diverse biological processes like senescence, DNA
damage, replication and gene regulation at different levels [55]. In addition, SUMO modifica-
tion competes with ubiquitination occurring at Lys residues in some proteins, and also cooper-
ates with this last PTM affecting protein stability. Particularly, SUMO-conjugation of multiple
TFs, including Oct4 [56] and Sox2 [57], regulates their stability, subcellular localization, DNA
binding and activation capabilities [58].

Similar to other PTMs that influence Akt activity [13], SUMO-conjugation also plays a rele-
vant role in the regulation of this kinase with consequences in multiple cellular functions such
as proliferation, migration and tumorigenesis [19, 20]. Relevantly, the effect of Akt SUMOyla-
tion in stem cells was not previously explored.

In this work, we report that the SUMO-conjugation susceptibility of Akt in ES cells impacts
on the capability of Akt to induce the expression of the pluripotency TF Nanog. Specifically,
we found that SUMOylation-susceptible versions of Akt induced the activity of the Nanog pro-
moter, evidenced by a reporter, and increased the levels of the endogenous Nanog protein,
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whereas the corresponding SUMOylatability-diminished mutants had no effect. Additionally,
the lack of induction of the Nanog reporter by the Aktl mutant that preserves K276 but has
altered its SUMOylation consensus sequence, reinforces the evidence that this PTM, and not
the lysine itself, is required for this effect. Finally, the abrogation of the induction exerted by
the SUMOylatable Akt1 variants through co-transfection of a dominant-negative of Ubc9
reveals the role of Akt SUMOylation on Nanog promoter activity in ES cells.

Interestingly, despite the highly common oncogenic and hyperSUMOylated E17K mutant
[42, 59, 60] produced a greater induction of the reporter construct than the wt version, the
induction of the endogenous Nanog protein produced by both SUMOylatable versions was
similar. These results suggest that an unknown regulatory mechanism may impede the overex-
pression of Nanog in pluripotent stem cells. In agreement, we observed that different levels of
the SUMOylatable Akt variants do not produce a different increase in Nanog protein levels
(Fig 2A, arrows). Noteworthy, multiple reports associate ectopic expression or anomalous
activity of Nanog with oncogenic transformation [61-64] and thus this specific alteration
involving Nanog induction could be also a mechanism related to the to the oncogenic proper-
ties of Akt E17K mutant.

Opverall, the induction exerted on Nanog by the two SUMOylatable Akt1 variants, wt and
E17K, the absence of the effect with the SUMOylatability-diminished mutants, and the inter-
ference of the induction exerted by the dominant negative mutant of the SUMO conjugase
enzyme, altogether demonstrate the requirement of this Akt PTM for the regulation of the
expression of the central pluripotency TF Nanog in ES cells.

Noteworthy, this effect seems to be specific to ES cells, or at least not to be part of a general-
ized cellular mechanism, since the response of the Nanog reporter to Akt variants was different
in another cell context. We have found that all Akt1 variants repressed Nanog reporter in
NIH/3T3 MEFs, a terminally differentiated cell type that does not express Nanog and which
we have previously used as a heterologous non-pluripotent system in previous works [23-25].
Particularly, besides the lack of expression of the pluripotency transcription factors present in
ES cells, they are also derived from mice, so they share a significant genetic background.
Remarkably, the induction exerted by the SUMOylatable Akt variants on Nanog promoter in
ES cells but not in MEFs, infers the existence of one or more essential mediators of this effect
within ES cells’ context exclusively.

As mentioned above, SUMO-conjugation can modify not only the activity but the protein-
protein interactions and even the proteins’ subcellular localization [16, 53, 55]. We assumed
that the effect of this Aktl PTM on Nanog expression should be mediated by at least a down-
stream target of this kinase which ultimately impacts on Nanog expression. To explore the pos-
sible mechanism underlying Nanog gene regulation by Akt SUMOylatability, we focused on
the two main reported candidates for mediators involved in Nanog induction by Akt: GSK3-4,
an ubiquitous kinase crucial for ES cell pluripotency maintenance [10], and Tbx3, a key pluri-
potency TF present in ES cells [11, 46] but not in MEFs [52]. Unexpectedly, disruption of none
these factors and consequently, their downstream targets, impeded the reporter induction
exerted by Akt, evidencing that they are completely dispensable for this effect. We would have
expected that at least one of them was an essential mediator of this effect.

On the other hand, since it is known that subcellular localization could have an impact on
the protein-target interactions, and thus protein function, we speculated that exploring the dis-
tribution of the different Aktl variants could provide a clue of the mediator involved in this
effect. The lack of a parallelism found between the distribution of the Akt variants and their
effect on Nanog promoter led us to conclude that the mechanism involved is not associated
with a specific Akt subcellular compartmentalization. Additionally, the obtained results
strongly suggest that SUMOylation does not affect Akt1 localization in ES cells, since wt and
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2KR Aktl variants presented a similar homogeneous localization. On the other hand, the
E17K mutant concentrates at the cell boundaries, in agreement with the previously reported
association of this mutant with the plasma membrane [42]. Notably, its counterpart with
diminished SUMOylation capability, E17K/2KR, displayed a similar distribution suggesting
that SUMOylation does not affect E17K association to the membrane. These results also sug-
gest that this PTM is a novel requirement for the hyperactivity of the E17K Aktl mutant, since
membrane localization of Akt is not sufficient to induce Nanog when its SUMO-conjugation
is impaired.

We cannot rule out that, besides the effect found on Nanog reporter, SUMOylated Akt
could also impact on Nanog protein stability adding an extra level of complexity on gene
expression control. In this direction, there are reports of Akt phosphorylation regulating the
stability of multiple proteins [65-68], emphasizing the relevance of this kinase in diverse cellu-
lar processes such as cell differentiation, unfolded protein response, oncogenesis and telomere
protection. Interestingly, Nanog stability is known to be regulated by phosphorylation in ES
cells [69-71] and cancer [72]. Additional studies are required to elucidate if Akt SUMOylation
also influences Nanog stability.

Finally, how Akt SUMOylation is modulated in stem cells rises as another relevant question.
Multiple proteins such as PIAS proteins and proteases from the SNEP family modulate either
SUMO-conjugation or deconjugation to Akt, respectively, in different contexts [20]. Recently,
the SUMO-activating enzyme SAE1 was found to promote human glioma progression by
enhancing Akt SUMOylation-mediated signaling and propose targeting Akt SUMOylation as
a promising therapeutic strategy [73]. However, further research is necessary to establish the
relevance of these regulatory pathways in pluripotent stem cells in relation with Akt. More-
over, it would be of great interest to evaluate whether this Akt PTM is involved in the regula-
tion of other relevant genes in stem cells such as other pluripotency TFs, besides Nanog. This
analysis could provide information on putative unknown regulators and mediators of Akt
SUMOylation in stem cells.

Conclusion

In conclusion, we demonstrated that both the Akt SUMOylatability and a functional SUMO
conjugase activity are required for the induction of Nanog expression in ES cells, highlighting
the impact of this PTM in Akt function. This induction does not take place in a non-pluripo-
tent heterologous system, strongly suggesting a context-dependent effect. Remarkably, GSK3-
B and Tbx3 are non-essential players in this regulation. Furthermore, we found that Akt sub-
cellular distribution does not depend on its SUMOpylatability and that this feature is not associ-
ated with the effect observed. Further research is required to completely elucidate the players
behind Nanog regulation by Akt. We speculate that we might be facing a highly complex
mechanism probably involving crosstalk among non-canonical pathways. Unraveling the
mechanisms that control key pluripotency TFs would enrich our understanding of stem cells’
fundamental properties.

Supporting information

S1 Fig. Aktl variants were equally transfected. ES cells were transfected with an expression
vector encoding for either wt Aktl, the Aktl mutants E17K, 2KR, E17K/2KR or the empty vec-
tor (control). After transfection, cells were maintained in standard ES cell medium for 72 h
and then fixed for immunofluorescence (A) or lysed for Western blot analysis (B). Akt variants
were visualized with an antibody against HA tag. The last column shows a magnified view cor-
responding to the region of the yellow rectangle in each case. Scale bars: 100 pm for both
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columns. GAPDH was revealed as loading control. A cropped region of the whole blot is
shown. Grouped lanes are indicated by a white space. Full blots are available at S1 File.
(TIF)

S2 Fig. Akt1 variants repress Nanog promoter activity in a heterologous non-pluripotent
system. (A) NIH/3T3 cells were transfected with Nanog5P reporter along with an expression
vector encoding for either wt Aktl, the Akt]l mutants 2KR, E17K, E17K/2KR or the empty vec-
tor (basal). Luciferase activity was measured in extracts obtained 48 h after transfection.
Results were referred to the control condition (basal) and are shown as mean + SEM of three
independent experiments. Statistical analysis was performed by lineal mixed models (LMM)
with a randomized block design (RBD). Significant differences were assessed using the Tukey’s
HSD test. Different letters indicate significant differences among cellular conditions (p< 0.05).
(B) Omics data analysis of Nanog expression in MEF and ES cells. Data analysis was performed
in Stemformatics (https://www.stemformatics.org) data-mining platform from fully publicly
available data. Upper panel shows Nanog gene expression from RNA-seq (transcript) and
LC-MS (protein) and lower panel shows epigenetic marks in Nanog promoter region from
Histone CHIP-seq (H3K4me3, associated to active promoters and H3K27me3, associated to
repressive marks) and genome-wide methylomic profiling experiments (associated to
repressed genes). Full meta-data of analyzed datasets is available at S3 Table.

(TIF)

S3 Fig. Experimental design and possible outputs. Cartoon representing the expected results
of the study to explore candidate factors to mediate SUMOylatable Akt induction of Nanog
reporter. The Aktl effect was evaluated by the luciferase assay in different conditions. (i)

effect evaluated in conditions of chemical inhibition, downregulation or knockout of the pre-
sumed mediators. If the factor studied is crucial for the effect, we expect no induction by wt
Aktl, resulting in luciferase activity similar to that of the basal condition (ii). On the contrary,
if the factor evaluated is not involved, luciferase activity should be induced by wt Akt1 (iii). In
all cases Aktl 2KR mutant is evaluated as a negative control of reporter induction since this
mutant has no effect on the reporter.

(TIF)

S4 Fig. Generation of Txb3 knockout (KO) ES cell line and Tbx3 binding on Nanog pro-
moter region used. (A) Generation of Txb3 knockout (KO) ES cell line: Diagram of the Tbx3
gene (violet), mRNA (green) and the CRISPR-guided cleavage sites (red). CRISPR sgRNAs
sgTBX3m E1 and E2 targeted the first and second coding exons, respectively [30]. The illustra-
tion was prepared using SnapGene Viewer (GSL Biotech; available at snapgene.com). (B) Left
panel shows representative images of TBX3 immunostaining for wt and Tbx3-KO ES cell lines.
Scale bar: 10 um. Right panel shows Western blot demonstrating the absence of Tbx3 protein
in Tbx3-KO ES cell line. Full blots are available at S1 File. (C) Visualization of representative
enrichment profile (reads per million) of the Tbx3 TF in the 2.5 kpb region of the Nanog geno-
mic locus included in Nanog5P reporter. The results shown correspond to the analysis of pub-
lic ChIP-seq data from experiments performed in ES cells (Chip Atlas database: http://chip-
atlas.org) [34]. Data was visualized using the Integrative Genomics Viewer (IGV) software
[35]. Full meta-data of analyzed datasets is available at S3 Table.

(TIF)

S1 Table. Antibodies used. List of the antibodies used in this work.
(XLSX)
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S2 Table. CRISPR sgRNA sequences. List of the sgRNA sequences used for the generation of
the Tbx3 CRISPR-guided knockout ES cell line used in this work.
(XLSX)

$3 Table. Omics datasets analyzed in this work. Publicly available datasets used in this work.
(XLSX)

S1 File. Full blots. Uncropped blots of the western blot figures shown in this work.
(PDF)
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