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. The signaling mechanisms controlling somatic cell reprogramming are not fully understood. In
. this study, we report a novel role for mitochondrial Akt1 signaling that enhanced somatic cell
. reprogramming efficiency. The role of mitochondrial Akt in somatic cell reprogramming was
investigated by transducing fibroblasts with the four reprogramming factors (Oct4, Sox2, Klf4, c-Myc)
in conjunction with Mito-Akt1, Mito-dnAkt1, or control virus. Mito-Akt1 enhanced reprogramming
. efficiency whereas Mito-dnAkt1 inhibited reprogramming. The resulting iPSCs formed embryoid bodies
© in vitro and teratomas in vivo. Moreover, Oct4 and Nanog promoter methylation was reduced in the
iPSCs generated in the presence of Mito-Aktl. Aktl was activated and translocated into mitochondria
after growth factor stimulation in embryonic stem cells (ESCs). To study the effect of mitochondrial Akt
in ESCs, a mitochondria-targeting constitutively active Aktl (Mito-Akt1l) was expressed in ESCs. Gene
expression profiling showed upregulation of genes that promote stem cell proliferation and survival
and down-regulation of genes that promote differentiation. Analysis of cellular respiration indicated
- similar metabolic profile in the resulting iPSCs and ESCs, suggesting comparable bioenergetics. These
. findings showed that activation of mitochondrial Akt1 signaling was required during somatic cell
reprogramming.

: Uncovering the molecular mechanisms underlying somatic cell reprogramming and stem cell differentiation will
: present new opportunities to modulate cell fate decision and help realize the potential of regenerative medicine'.
Recent investigations indicate a role for metabolism in the regulation of stem cell differentiation and somatic cell
reprogramming?. Differentiation of stem cells and reprogramming of somatic cells are accompanied by changes
in cell respiration and oxidative phosphorylation®. Accumulating evidence suggests a complex cross-talk network
that comprises cellular signaling, metabolic pathways, and cell fate specification®®. How growth factor signaling
. and metabolic regulation modulate reprogramming of induced pluripotent stem cells (iPSCs) is just beginning
© to unfold.
ESCs are known to depend on glycolysis for cell growth and metabolism®’. Glucose is transported into cells
- and metabolized to pyruvate. ESC mitochondria respiration is low and an increase in glycolysis is not associated
- with higher mitochondrial oxidative phosphorylation. The increased glycolysis products in ESCs are diverted to
: anabolic pathways for cell growth and proliferation rather than the mitochondria oxidative phosphorylation (the
: Warburg effect)®. In addition, reprogramming of fibroblasts into iPSCs was accompanied by an increase in glyc-
- olysis before the expression of stemness genes”*, consistent with the high glycolysis state in ESCs. Mitochondria
- play a pivotal role in the regulation of oxidative phosphorylation and oxidative stress. Inhibition of mitochondrial
© oxidative phosphorylation complex III increased the stemness of hESCs’. A transition from anaerobic glycolysis
© to aerobic oxidative phosphorylation occurred during ESCs differentiation into specialized cells'®. These studies
suggested that proper state of mitochondrial oxidative metabolism may play a role during specification of cell fate
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in differentiation and dedifferentiation, however, the mechanism underlying mitochondrial regulation of somatic
cell reprogramming is not fully understood.

Akt/PKB is a serine/threonine kinase that was first discovered as an oncogene within the mouse leukemia
virus AKT8!!. Three isoforms comprise the protein kinase B family: Akt1, Akt2, and Akt3. Akt is a downstream
target of phosphatidylinositol 3-kinase (PI3K), and mediates diverse signaling cascades regulating cell prolifer-
ation, survival, growth, glucose metabolism, cell migration/invasion, genome stability, and angiogenesislz’”. In
addition to the classical signaling pathways in the cytosolic compartment, recent studies showed that Akt1 can
be activated and translocated to the mitochondria'#-'%. Our laboratory had shown that impaired translocation of
Akt1 to mitochondria in cardiac muscle led to myocardial metabolic dysfunction'’-%. Inhibition of cellular Akt
signaling negatively modulated ESC pluripotency and self-renewal?!. Expression of an active Aktl anchored to
the plasma membrane helped maintain the pluripotency of ESC??, and increased the efficiency of iPSC induc-
tion?. However, these previous studies on ESC/iPSC used experimental approaches that modulated global Akt
signaling or cytosolic Akt action, and therefore could not address the effect of mitochondrial Akt signaling on
somatic cell reprogramming. The aim of this study was to investigate whether mitochondrial Akt1 signaling plays
arole in the regulation of somatic cells reprogramming.

Results

Mitochondrial Aktl signaling enhanced somatic cell reprogramming efficiency. The first series
of experiments were to study the effect of mitochondrial Aktl on reprogramming of somatic cells into iPSCs. To
this end, we altered mitochondrial Aktl signaling during reprogramming of somatic cells. Mouse embryonic
fibroblasts (MEFs) were infected with retroviral vectors carrying four transcription factors, Oct4, Sox2, K1f4 and
c-Myc (OSKM) to induce reprogramming. At the end of reprogramming, presumptive mouse iPSC colonies were
selected based on their morphology?, and the colonies were further expanded. To define the role of mitochon-
drial Akt signaling, we used two adenoviral constructs to dissect mitochondria Akt signaling in this study, a dom-
inant negative and a constitutively active Akt (Fig. 1A). Mitochondria targeting of the constructs was achieved
by the mitochondria-targeting sequence (Fig. 1B), which was clipped upon entry into mitochondria*. We had
used this strategy to dissect mitochondrial Akt signaling in various cells in our previous studies, without pertur-
bation of cytosolic Akt signaling'’-*". To confirm mitochondria-targeting, we subfractionated mitochondria and
cytoplasmic fractions and used western blots to analyze the presence of transgene products (Fig. 1C). The results
showed that the mutant Akt proteins exclusively localized to mitochondria. To verify the activity of the Akt kinase
activities were modulated as we had intended, we also analyzed Akt kinase activities (Fig. 1D), which showed spe-
cific modulation of Akt kinase activities in mitochondria without altering cytoplasmic kinase activity. The experi-
mental protocol of reprogramming was outlined in Fig. 2A%. Stem cell-like cells appeared around day 12. On day
20, the colonies were fixed and stained for alkaline phosphatase activity (Fig. 2B). More alkaline phosphatase-pos-
itive colonies were observed in the MEFs transduced with the OSKM four factors and Mito-Aktl as compared
to MEFs transduced with the four factors and Ad-GFP (Fig. 2B). These results suggested that mitochondrial
Aktl signaling either enhanced reprogramming of somatic cells or increased the transduction efficiency of the
four reprogramming factors. To exclude the potential effect of the constitutively active mitochondria-targeting
Akt (Mito-Akt1) on enhancing the transduction efficiency of the four factors, Mito-Akt1 and control Ad-GFP
were introduced into MEFs stably transduced with a doxycycline-inducible Oct4-Sox2-KlIf4-cMyc polycistronic
cassette (MEFe A)?’-%. Expression of the four factors in MEFe A was induced with doxycycline and the number of
cells that expressed SSEA-1 was determined by flow cytometry. On day 18 after induction with doxycycline, more
SSEA-1-positive cells were observed in cells transduced with Mito-Akt1 than Ad-GFP control (Fig. 2C). These
results confirmed that activation of mitochondrial Akt signaling during somatic cell reprogramming increased
the efficiency of reprogramming. To determine whether mitochondrial Akt signaling was required for 4 factor
reprogramming, mitochondria Akt action was inhibited with the mitochondria-targeting dominant negative
Aktl construct (Mito-dnAkt1). Transduction of the MEFeA cells with Mito-dnAktI significantly reduced the
number of cells stained positive for SSEA1, thus confirmed the essential role of mitochondrial Akt signaling dur-
ing reprogramming (Fig. 2C). To determine of the effect of mitochondrial Akt1 signaling on human somatic cell
reprogramming, Mito-Akt1 and control adenoviruses were introduced into human dermal fibroblasts simultane-
ously with the 4 reprogramming factors (Fig. 2D). An increased number of alkaline phosphatase-positive colonies
were observed in the human fibroblasts co-transduced with the Mito-Akt1 as compared to the Ad-GFP control
suggesting that mitochondrial Akt-1 signaling also enhances reprogramming of human somatic cells.

Stem cell marker and pluripotency of the iPSCs. At passage 8, AP staining was used to re-confirm the
presumptive mouse iPSC lines, and cells derived from the same line were expanded, and at passage 10 the cells
were used for characterization of pluripotency markers. Mouse iPSCs derived from the 4-factor (Oct4, Sox2,
KIf4 and c-Myc) and Mito-Akt1 transduction were morphologically indistinguishable from mouse ESCs (data
not shown), both Mito-Akt1 iPSCs and Ad-GFP iPSC colonies were stained positive for Oct4, Sox2, Nanog and
SSEA-1 (Fig. 3A). To analyze pluripotency, we carried out embryoid body formation assay in vitro and teratoma
formation assay in vivo. For embryoid body formation, equal number of Mito-Aktl miPSCs and mESCs were
cultured in suspension for 10 days, then allowed to adhere to a tissue culture-treated dish for an additional 5 to 7
days. At day 10, the size of the embryoid bodies was similar in both groups (Fig. 3B). A variety of cell types were
observed after 5-7 days in adherent culture and were positive for three germ layers markers. (Fig. 3C). For tera-
toma formation, an equal number of Mito-Akt1 iPSCs and mESCs were injected into severe combined immuno-
deficiency (SCID) mice. After 6 weeks, the teratomas that had formed were sectioned, stained with hematoxylin
and eosin. Based on cell morphology, the tumors contained cells derived from three primary germ layers (Figs 3D

SCIENTIFICREPORTS| (2019) 9:9919 | https://doi.org/10.1038/s41598-019-46359-6 2


https://doi.org/10.1038/s41598-019-46359-6

www.nature.com/scientificreports/

>
-]

Control Mito-dnAkt1 Control Mito-Akt1l

Mito-Aktl HA T08yD308 G473y aT
|

/ |
YO8 | eroomain ] Kinasepomain [} coon
His

MSVLTPLLLRGLTGSARRLPVPRAKIHSL
Mitochondrial targeting signal

Mito-dnAkt1 K1795A17 TBBIS-) A8 54:9_) A3

NH; PH Domai. Kinase Domain

His Tag
HA Tag

10um 10um

Mitotracker Red

Mito Cyto
C E E D
g < g <
X C R4 f = .
<79 <3 Mitochondrial Cytoplasmic
-2 28 — 8 8 03 06
- 2 - 2 =
== 8= 2
*k
. £ o £ 04
Actinin p—— s 02 S
< <

Mitotracker Red

10um

Merge
Merge

10um.

His ’ m
-
0.0 —_—

VDACL | vt ==

Crl Mito-Aktl  Mito-dnAktl Ctrl Mito-Aktl  Mito-dnAkt1

Figure 1. Mitochondria-targeting adenoviral vectors. (A) Constructs of adenoviral vectors expressing
mitochondria-targeting constitutively active and dominant negative Akt. The constructs were tagged with either
HA or His. (B) Mitochondria-targeting was achieved in murine fibroblasts (MEF). The cells were transduced
with the control adenovirus, Mito-dnAkt1 or Mito-Akt1 and the protein products of transgene was stained

with anti-His tag or anti-HA tag antibodies, and mitochondria stained with Mitotracker Red. Scale bar —10 um.
(C) Distribution of mutant Akt in MEF mitochondria and cytoplasmic fractions. MEFs were transduced with
adenoviral vectors and harvested 48 hours post transduction. Mitochondria and cytoplasmic fractions were
subfractionated as described in the method section. Both Mito-Akt1 and Mito-dnAkt1 were His-tag labelled.
Actinin was used as cytoplasmic marker, while VDACI1 was used as mitochondrial marker. The mutant Akts
specifically localized to mitochondria. (D) Akt activity assays. Protein lysates from mitochondria (20 ug) and
cytoplasmic fractions (60 ug) were used to determine Akt kinase activity assay as described in the Methods
section. Bar graph represents the results summarized from 3 independent experiments in duplicates. **p <0.01.

and S2). These studies showed that the iPSCs derived with mitochondrial Akt1 activation during reprogramming
were capable of differentiating into endoderm, mesoderm and ectoderm in vitro and in vivo.

Methylation of oct4 and nanog promoters in the iPSCs. Negative regulation of Oct4 and Nanog
promoter methylation had been linked to increased pluripotency™. To further characterize Mito-Akt1 iPSCs,
we analyzed the methylation profile of Oct4 and Nanog promoters in the Mito-Akt1 iPSCs, mESC, and MEFs
(Fig. 4). At passage 10 after reprogramming, mouse iPSC colonies that were positive with AP staining were used
for DNA isolation and bisulfite sequencing. Oct4 and Nanog promoters were heavily methylated in MEFs and
unmethylated in mESCs, the methylation profile in the iPSCs reprogrammed from Mito-Akt1-transduced fibro-
blasts is very similar to that for mESCs. Interestingly, iPSCs reprogrammed with the 4 factors in the absence of
Mito-Akt1 were more methylated than the iPSCs reprogrammed with the 4 factors in the presence of Mito-Akt1.
These data indicate that mitochondrial Akt1 signaling during reprogramming was associated with more profound
de-methylation of pluripotency gene promoters in the resulting iPSCs.

Aktl is activated and translocated into mitochondriain hESC. Akt is a major downstream effector
of PI3K. Akt can be phosphorylated at Thr308 by PDK1 and Ser473 by mTORC2. Upon growth factor stimula-
tion, Aktl was phosphorylated and translocated to mitochondria in human embryonic stem cell (hESC) (Fig. 5).
Increased Akt phosphorylation in mitochondria could be attributed to a combination of Akt activation and
translocation to mitochondria (Fig. 5B). Confocal microscopy analysis showed that a significant proportion of
activated Akt translocated to mitochondria (Fig. 5C). These data indicated that Akt can be translocated to mito-
chondria and became activated in the human embryonic stem cells. Since mitochondrial Akt positively promoted
reprogramming of somatic cells, we speculated that mitochondrial Akt may modulate hESC stemness. We used
our adenoviral constructs to study the effect of mitochondrial Akt on hESC gene expression. In H9 hESC, 97% of
the cells were successfully transduced with the adenoviral constructs (Fig. 6A).
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Figure 2. Mitochondrial Aktl enhanced reprogramming of murine and human fibroblasts. (A) The scheme of
iPSC induction procedure. O: Oct4. S: SOX2. K: K1f4. M: c-Myc. VPA: valporic acid. Detailed reprogramming
protocol is described in the Materials and Methods. (B) The number of mouse iPSC colonies was determined
by counting the number of alkaline phosphatase-positive colonies on day 20. Photos were taken from a 6 well
plate from each group. Representative photo of AP staining is shown here. Bar graph represents the results
summarized from 3 independent experiments in triplicates. *p < 0.0001. (C) Reprogramming efficiency
analyzed by SSEAL1 positive cells. Mito-Akt1 significantly increased the number of cells stained positive for
SSEA1, while Mito-dnAkt1 reduced SSEA1 staining to background level. Ctrl: control media. RFP: lenti-RFP
virus. GFP: Ad-GFP virus. The percentage of SSEA1-positive cell was determined by flow cytometry on day
21. Bar graph represents the results summarized from 3 independent experiments in triplicates. *p < 0.005,
**%p < 0.0001. (D) The number of human iPSC colonies was determined by counting the number of alkaline
phosphatase-positive colonies in each well on day 20. Representative photo of AP staining is shown here. Bar
graph represents the results summarized from 3 independent experiments in triplicates. *p < 0.01.

In order to explore the effect of mitochondria Akt signaling on hESCs, we analyzed gene expression profile
with the Affimetrix DNA microarray. Genes were defined to be significantly up (or down) regulated if the mean
expression is greater (or less) with a BH adjusted Cyber-T p-value < 0.05. Compared to the H9 cells transduced
with control Ad-GFP, expression of 209 genes was significantly up-regulated while expression of 578 genes was
down-regulated in the hESCs transduced with Mito-Akt1. Over-representation of GO annotations was analyzed
with the DAVID tool. A term is considered significantly overrepresented if the BH corrected EASE (adjusted
Fisher Exact Test) p-value < 0.05. The most significant annotations for the up and down-regulated genes are listed
in Table 1 and the complete gene list can be found in Supplementary Table 1. The up-regulated genes are involved
in positive regulation of nucleosome positioning, chromatin assembly/organization, nucleotide synthesis, and cell
survival. The down-regulated genes are involved in cell differentiation, and regulation of biological processes of
differentiated cells. These results suggest that mitochondrial Akt1 signaling might lead to retention of stem cell
attributes in hESCs by promoting expression of genes involved with cell self-renewal and survival, and suppress-
ing genes involved in cell differentiation.

The expression of genes characteristic of pluripotent cells, Oct4, Sox2, and FGFR1, was increased in the hESC
transduced with Mito-Akt1 in our microarray study. To confirm that mitochondrial Akt1 signaling increased the
protein expression, we analyzed Oct4, Sox2, and FGFR1 proteins in the H9 cells transduced with Mito-Akt1 or
Ad-GFP by western blots (Fig. 6B). Oct4, Sox2, and FGFR1 proteins were increased in the cells with Mito-Akt1 as
compared to the control cells which were transduced with Ad-GFP, thus confirmed induction of selective pluripo-
tency genes after mitochondrial Akt1 activation. Mitochondrial Aktl activation increased the number of H9 cells
(Fig. 6C), which collaborates the results of GO analysis and supported our hypothesis that Mito-Akt1 promoted
self-renewal and survival of hESC.
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Figure 3. Characterization of iPSC pluripotency. (A) The iPSCs expressed embryonic stem cell surface
markers. iPSC colonies derived from both groups were stained for SSEA1, Sox2, and Nanog. (B) In vitro
differentiation assay. iPSCs from both groups were subjected to embryoid body formation. Embryoid bodies
were plated onto 6 well plates, various cell types emerged from embryoid bodies. (C) The resulting tissues from
EB were subjected to immunostaining with lineage markers of three germ layers. 3III tubulin for ectoderm,
Desmin for mesoderm and a-fetoprotein (AFP) for endoderm. Representative pictures were taken at 200X
magnification. (D) In vivo differentiation assay. iPSC from both groups injected to SCID mice for teratoma
formation. After 6 weeks, teratomas were sectioned and stained with Hematoxylin and Eosin. Representative
photos of three germ layers are shown.

Mitochondrial Aktl modulated cellular bioenergetics.  Since somatic cell reprogramming is associ-
ated with changes of cellular respiration, we evaluated cellular bioenergetics with a Seahorse analyzer. The oxygen
consumption rate (OCR) represents measurements of oxidative respiration and extracellular acidification rate
(ECAR) represents magnitudes of glycolysis (Fig. 7). The respiration profile of the Mito-Aktl miPSCs was nearly
identical to the mESCs, whereas the OCR of the control miPSCs was similar to that of MEFs (Fig. 7A). In con-
trast, the gylcolysis profile (ECAR) of both Mito-Aktl miPSCs and control miPSCs was similar to mESCs and
differed from that of MEFs (Fig. 7B). MEFs had lower ECAR and higher OCR than the mESCs. These findings
suggest activation of mitochondrial Aktl pathway during reprogramming helped generate a miPSC respiration
state comparable to mESC.

Since more efficient respiration could have helped MEFs tolerate the stress during reprogramming, we also
investigated the effect of mitochondrial Aktl signaling on cellular respiration in MEFs (Fig. 7C,D). Although
Mito-Aktl did not alter ECAR, it significantly reduced OCR. Since the ATP levels in these cells were not altered
(Fig. 7E), the reduction of OCR in Mito-Akt1 iPSCs and mESCs suggests tightly coupled oxidative phosphoryl-
ation. In unstressed MEFs the levels of mitochondria ROS were the same in all groups, and mitochondrial Akt1
did not change ROS levels. When the MEFs were under stress, mitochondria ROS was lowered in the MEFs
transduced with Mito-Akt1 (Fig. 7F). It is possible that activation of mitochondrial Akt1 reduced mitochondrial
oxidative stress in MEFs during reprogramming.

Discussion

Gurdon et al. demonstrated the basic concept that somatic cells could be reprogrammed to pluripotency in
19583!. The reprogramming factors were defined by Takahashi and Yamanaka in 2006. Using the four factors,
Oct4, Sox2, K1f4, and c-Myc, iPSCs were recreated from somatic cells?®. Subsequently, various laboratories devel-
oped different protocols and vehicles to produce iPSCs by genetically manipulating critical transcription factors
or with small molecule chemical compounds. However, the exact signaling network underlying reprogramming
remains elusive and the efficiency of reprogramming has been relatively low. Our study indicates that mitochon-
drial Akt1 is involved in the signaling network regulating somatic cell reprogramming.
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Figure 4. Methylation of Oct4 and Nanog promoters in mouse iPSCs. (A) Bisulfite sequencing of the promoter
region of Oct4. (B) Bisulfite sequencing of the promoter region of Nanog. Genomic DNA were extracted from
MEEF, mouse ESC and iPSCs for bisulfite sequencing to determine the methylation status of the CpG islets at
Oct4 and Nanog promoters. 10 random colonies from each group were used for this assay.

In our DNA microarray analysis, the top ranking genes positively modulated by activation of mitochondrial
Aktl in hESCs were those regulating nucleosome positioning and chromatin organization. Chromatin remode-
ling through changing nucleosome positioning and histone modification is a critical mechanism that modulates
gene transcription. Nucleosome positioning and DNA methylation are important components of epigenetic reg-
ulation of transcription initiation and gene expression. While the pattern of nucleosome positioning and reg-
ulators of positioning are just beginning to be recognized, its role in cell fate decision in ESCs and iPSCs are
not fully understood. Recent studies suggested that nucleosome occupancy correlated with histone modifica-
tion and the length of nucleosome occupancy increased with differentiation®’. Our laboratory have completed
a map of genome-wide nucleosome positioning in hESC (http://www.dtd.nlm.nih.gov/geo/query/acc.cgi?ac-
c=GSE49140)%, future studies may reveal the mechanisms through which growth factor signaling such as Akt1
modulates nucleosome organization and cell fate specification.

ESCs and iPSCs shared significant similarity in pluripotency. But there are distinctive differences in epigenetic
signatures between iPSCs and ESCs. Unique pattern of DNA methylation in iPSCs has been reported when com-
pared to ECSs*%, and aberrant DNA methylation in iPSCs showed striking resemblance to cancer cells***’. The
results of our control iPSC methylation data are consistent with these literatures. Epigenetic regulation not only
played an important role in the reprogramming process, but also affected the quality of iPSCs*. The findings in
this paper suggest that activation of mitochondrial Akt1 signaling modulated mitochondria respiration during
somatic cell reprogramming, increased the efficiency of reprogramming, and enhanced demethylation of Oct4
and Nanog promoters in the resulting iPSCs.

Regulation of stem cell differentiation and reprogramming falls into two major mechanisms, intrinsic and
extrinsic’. The intrinsic mechanisms included transcription factors and epigenetic factors, while the extrinsic
mechanisms include local environment and growth factor signaling. Recent studies have begun to investigate the
complex interplay between intrinsic and extrinsic factors®. Mitochondrial Akt1 regulation of cellular oxidative
phosphorylation, ROS, and cell survival was independent of cytosolic Aktl and nuclear Akt1'. Stem cells have
lower mitochondrial oxidative phosphorylation and oxidative stress than the differentiated cells’. In terminally
differentiated cells, glycolysis decreases while mitochondria respiration increases. Reprogramming of fibroblasts
into iPSC is accompanied by increased glycolysis and reduced oxidative phosphorylation. However, to support
active cell division, embryonic stem cells rely on glycolysis for anabolic biosynthesis, i.e. the classical Warburg
effect. Only part of the pyruvate generated from glycolysis enters mitochondria and TCA cycle for oxidative phos-
phorylation®. Recent studies have shown that certain mitochondria metabolites, such as 2-hydroxyglutarate and
FAD, modulated DNA and histone methylation and thereby regulated gene transcription*»*. Therefore, alter-
ation of metabolism may play a role in modulating gene transcription during the interplay of extrinsic growth
factor singling and intrinsic epigenetic mechanism of reprogramming. Mitochondrial Aktl signaling lowered
oxygen consumption without affecting ECAR and ATP production in MEFE, which suggested tighter coupling of
oxidative phosphorylation. Although we could not assess how mitochondrial Akt1 signaling affected respiration
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Figure 5. Akt translocation to mitochondria in human embryonic stem cells. (A) Akt1 was activated and
translocated into mitochondria following growth factor stimulation in H9 hESC. H9 cells were serum deprived
with E8 basal medium for 8 hours, stimulated with E8 full medium for 10 min, and collected for mitochondria
subfractionation. Whole cell lysate (WCL), mitochondria fraction (Mito), and cytosolic fraction (Cyto) were
solubilized and resolved with SDS-PAGE for immunoblots with anti-Akt1, anti-pAkt, anti- Actinin, or anti-
VDACI antibodies. C: Control. S: Serum stimulation. The presence of VDAC indicated mitochondria fraction.
(B) Quantitation of pAkt in mitochondria. Western blots from 3-4 independent experiments were analyzed for
the content of pAkt, Akt, and pAkt/Akt ratio in hESC in response to growth factor stimulation. The contents

of pAkt and Akt were determined by densitometry and normalized with the content of VDAC in each sample.
**p < 0.01, *p < 0.05. (C) Mitochondrial translocation of pAkt in H9 cells. H9 cells were serum-deprived

for 8 hours and then stimulated with full medium for 10 minutes when indicated. The cells were fixed for
immunofluorescence study, pAkt1 were stained with anti-pAkt1 antibodies and mitochondria were stained with
Mitotracker Red. Significant proportions of pAkt localized to mitochondria upon serum stimulation. Nuclei
were stained with DAPI in blue. Scale bar —10 um.

during reprogramming in each individual cell as it was not possible to identify the specific cell that would repro-
gram, we had compared the changes of cell respiration before and after reprogramming and confirmed reduction
of mitochondria respiration (OCR) and increase of glycolysis (ECAR) in both iPSCs and ESCs.

Akt is the main downstream effector of PI3K signaling pathway*:. The activated Akt interacts with differ-
ent proteins at various subcellular localizations to exert concerted biological actions. PI3K/Akt pathway pos-
itively regulates embryonic stem cell self-renewal and inhibition of PI3K led to differentiation of hESC?!4>4¢,
Convergence of Wnt and Akt pathways could alter lineage determination in stem cells*’. Activation of Akt sign-
aling increased the pro-stemness Nanog expression in hESCs*®. These observations suggested that Akt signaling
was involved in the extrinsic mechanisms modulating cell renewal and cell fate determination in stem cells. Only
small fractions of somatic cells could be successfully reprogrammed into pluripotent stem cells. Current methods
can not reliably measure Akt activities specifically in those cells that will be reprogrammed at the end of experi-
ment, therefore we do not know how Akt activities change during reprogramming process. Previous studies on
PI3K/Akt pathway used tools that altered global Akt signaling in stem cells, whereas our study focused on the
effect of mitochondrial Akt signaling without changing cytosolic Akt actions. Our group and other laboratories
identified Akt translocation to mitochondria as a key component of Akt signaling in cells'*’. Akt family has
three members Aktl, Akt2 and Akt3, but only Akt1 can be translocated to mitochondria®. When we inhibited
mitochondrial Aktl signaling with the mitochondria-targeting dominant negative construct, fibroblasts failed
to reprogram with the four factors. Therefore, activation of mitochondrial Akt1 signaling is required for somatic
cell reprogramming. In our study, we used adenovirus construct Mito-Akt1 in the reprogramming experiments.
Type 5 Adenovirus vectors allowed transient and efficient expression of mitochondria-targeting Aktl during
reprogramming without disrupting nucleus genome.

Understanding the mechanisms underlying the signaling network that modulates cell metabolism and epi-
genetic regulation of gene transcription may help identify new opportunities that can be used to develop new
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Figure 6. The effect of mitochondrial Akt in human embryonic stem cells. (A) Transduction efficiency of
adenoviral vector in H9 cells. H9 cells were transduced with Ad-GFP (control) for 72 h. After viral transduction,
the cells were washed and analyzed with FACS. 97% of cells were positive for GFP expression. (B) Mitochondrial
Akt] enhanced stem cell pluripotency marker expression in hESC. H9 cells were transduced with Mito-Akt1

or Ad-GFP (control) in hES media without bFGF for 72 hours. Protein lysates were resolved with SDS-PAGE
and immunoblotted with specific antibodies. The abundance of Oct4, Sox2, and FGFR1 was increased in the
cells transduced with Mito-Akt1 (full size western blot image in Supplementary Information), actinin and actin
served as loading control. (C) Activation of mitochondrial Akt1 increased cell proliferation in hESC. H9 cells
were transduced with Mito-Akt1 or control virus for 65hours and the cell number per microscopic field was
counted in 10 random fields on each plate. The bar graph represents the results from 4 independent experiments
in triplicates. *P < 0.01.

strategy to control somatic cell reprogramming and stem cell differentiation. To this end, our findings suggest that
mitochondrial Akt1 signaling is a piece of the puzzle that regulates the cell fate specification process.

Methods

Reagents. Knockout serum replacement (KOSR), Knockout DMEM/F-12 medium, fetal bovine serum
(FBS), Glutamax, non-essential amino acids, Dulbecco’s modified eagle medium-GlutaMax, 3-mercaptoeth-
anol, basic fibroblast growth factors (bFGF), leukemia inhibitory factor (LIF),collagenase IV, 0.25% trypsin/
EDTA, MitoTracker®, Florophore 2" antibodies, were purchased from Invitrogen (Carlsbad, CA, USA). Rho
kinase (ROCK) inhibitor was from Calbiochem (Gibbstown, NJ, USA). Immobilon-P membranes were from
Millipore Co. (Bedford, MA). Anti-SRY (sex determining region Y)-box 2(SOX2), anti-Oct3/4, anti-KIf4, anti-
cMyc, anti-Nanog, anti-SSEA1, anti-beta tubulin 3, anti-alpha-fetoprotein, anti-desmin were purchased from
GeneTex Inc. (Irvine, CA). Anti-3 actin, anti-a-actinin anti-phospho-Aktl and anti-Akt antibodies were pur-
chased from Santa Cruz Biolabs (Santa Cruz, CA). Anti-porin antibody was purchased from MitoSciences
(Eugene, Oregon, CA). Antio-HA tag, anti-His tag antibodies were purchased from Cell Signaling Technology.
Peroxidase-conjugated 2nd antibodies were purchased from Santa Cruz Biolabs (Santa Cruz, CA) or GeneTex
Inc. (Irvine, CA). RNeasy kit was from QIAGEN (Valencia, CA, USA). Human gene 1.0 ST microarray was
purchased from Affymetrix (Santa Clara, CA, USA). All other chemicals were purchased from Sigma or Fisher
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GOBPID | P Value | Odds Ratio | Function
Up-Regulated Genes GO Analysis

0016584 0 45 Nucleosome positioning

0009219 | 0.003 45 Pyrimidine deoxyribonucleotide metabolic process
0008634 | 0.007 22 Negative regulation of survival gene product expression
0019692 0.007 22 Deoxyribose phosphate metabolic process
0048286 | 0.007 22 Lung alveolus development

0006334 | 0 20 Nucleosome assembly

0009948 0.01 18 Anterior/posterior axis specification

0070227 0.01 18 Negative regulation of apoptosis

0006323 | 0 13 DNA packaging

0006333 | 0 12 Chromatin assembly or disassembly

0019321 0.02 11 Pentose metabolic process

Down-Regulated Genes GO Analysis

0002645 | 0.01 33 Positive regulation of tolerance induction
0006568 | 0.01 33 Tryptophan metabolic process

0008347 | 0.01 33 Glial cell migration

0030219 | 0.01 33 Megakaryocyte differentiation

0042572 | 0.01 33 Retinol metabolic process

0043616 | 0.01 33 Keratinocyte proliferation

0045060 | 0.01 33 Negative thymic T cell selection

0045110 | 0.01 33 Nntermediate filament bundle assembly
0045408 | 0.01 33 Regulation of interleukin-6 biosynthetic process
0045620 | 0.01 33 Regulation of lymphocyte differentiation
0046218 | 0.01 33 Indolalkylamine catabolic process

0060052 | 0.002 |25 Neurofilament cytoskeleton organization
0050772 | 0.019 16 Positive regulation of axonogenesis

Table 1. GO Analysis of the differentially expressed genes in the H9 cells transduced with mitochondria-
targeting constitutively active Akt.

Scientific. H9 hESCs were obtained from WiCell (Madison, WI) and human fibroblasts were from ScienCell
Research Laboratories (Carlsbad, CA).

Cell culture and transduction of viral constructs.  Undifferentiated hESC H9 line were maintained
on mouse embryo fibroblast feeder layer in DMEM/F12 supplemented with 20% (vol/vol) KnockOut serum
replacement, 0.1 mM nonessential amino acids, 2mM Glutamax, 0.1 mM 2-mercaptoethanol, and 4 ng/ml bFGE
Cultures were passaged with collagenase IV at a 1:2-1:4 split ratio every 5-7 days.

For those experiments for Akt activation/phosphorylation, E8 medium was used for hESC culture and main-
tained in pluripotent state. E8 full medium were removed from human ES cells and washed twice with PBS.
hESCs were then incubated in E8 basal medium (no supplement) at 37 °C for 15 minutes. After washing, hESCs
were incubated in E8 basal medium at 37 °C for 8 hours for serum deprivation. Thereafter, hESCs were stimulated
with E8 full medium at 37 °C for 10 minutes and collected for western blot experiment to study mitochondrial
translocation of Akt. When indicated, hESCs were transduced with adenoviral vectors. The experimental proce-
dure and protocol were approved by the Human Stem Cell Research Oversight Committee at the University of
California, Irvine.

Mouse embryonic fibroblasts (MEF) were isolated from E13.5 embryos by standard isolation procedures.
Mouse embryonic stem cells were derived from C57BL/6 mice. MEF (MEFeA) transgenic for the reprogram-
ming factors were a kind gift from Dr. Konrad Hochedlinger (Boston, MA). MEF were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 1% non-essential amino acid
(NEAA), and 1% sodium pyruvate (MEF media). Mouse embryonic/induced pluripotent stem cells were cul-
tured in DMEM containing 15% FBS, 1% NEAA, 1% sodium pyruvate and 55 M (-mercaptoethanol, sup-
plemented with 10 ng/ml leukemia inhibitory factor (LIF) (ES media). All cells were incubated at 37°C, 5%
CO2. Constitutively active Aktl was created by mutating Thr308 and Ser473 to aspartic acid residues, which
mimics phosphorylation. Mitochondrial targeting was achieved by fusing a mitochondria targeting sequence
(MSVLTPLLLRGLTGSARRLPV PRAKIHSL) to the N-terminus as we reported earlier'’-2°. The fused construct
was subcloned into an adenoviral vector (Mito-Aktl). A His-tagged dominant negative Aktl (substitutions at
K179A, T308A, and S473A) with the mitochondria targeting sequence at the N-terminus was subcloned into the
adenoviral vector (Mito-dnAkt1)!7-*. Human fibroblasts were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS), 1% non-essential amino acid (NEAA), and 1% sodium
pyruvate.
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Figure 7. Mitochondrial Aktl modulated cellular respiration. iPSCs at passage 10 were used for these studies.
(A) Basal oxygen consumption rate (OCR) in MEF, mESC, and iPSC. (B) Basal extracellular acidification

rate (ECAR) in MEE, mESC, and iPSC. (C) The effect of mitochondrial Akt1 activation on OCR. MEFs were
transduced with Ad-Mito-Aktl (Mito-Akt1) or Ad-GFP (control). 72 hours after transduction, the cells were
analyzed with a Seahorse XF24 analyzer. Bar graph represents the results summarized from 3 independent
experiments in triplicates. *p < 0.005 (D) The effect of mitochondrial Akt1 activation on ECAR in MEF. The
cells were transduced with Ad-Mito-Aktl (Mito-Aktl) or Ad-GFP (control). 72 hours after transduction, cells
were studied with a Seahorse XF24 analyzer. (E) Cellular ATP contents in MEFE. ATP level was quantified by
mass spectrometry. (F) The effect of Mito-Akt1 on oxidative stress in MEE. Mitochondrial ROS was analyzed
with MitoSOX Red and quantified by flow cytometry. Bar graph represents the results summarized from 3
independent experiments in triplicates. *p < 0.005. DXR: Stress induction with doxorubicin.

Gene expression profiling and gene ontology annotation. Total RNA was extracted and the quality
of each RNA sample was assessed with the Agilent Bioanalyzer 2100. Each RNA sample used for this experi-
ment was pooled from 3 independent cell preparations, and all RNA samples used in this study passed quality
assurance from electrophoresis. Three RNA samples were included in each experimental group. Double-stranded
cDNA was generated for in vitro transcription reactions to produce labeled cRNA for hybridization onto the
GeneChip Human Genome U133A 2.0 Array (Affymetrix, Santa Clara, Calif) at the University of California,
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Irvine Genomics High-Throughput Facility as we previously reported®. All analysis was performed using the R
statistical environment (http://www.r-project.org). Microarray data was normalized and probeset summarized
using the ‘affy’ and ‘vsn’™! packages of the Bioconductor suite (http://www.bioconductor.org). Then, non-specific
filtering was applied to limit the size of the dataset and improve statistical power in differential expression anal-
ysis®. Datasets not mapping to an Entrez ID were removed. Then, Entrez ID representation was de-duplicated
by retaining only the probeset with the highest interquartile range (IQR) for each Entrez ID. Finally, 50% of the
remaining datasets with the lowest IQR were removed.

Differential expression was determined using the Bayes-regularized t-test CyberT (p < 0.05) (http://cybert.
ics.uci.edu/)*>*%. The Benjamini and Hochberg method (BH) was used to control the false discovery rate. NIAID’s
Database for Annotation, Visualization and Integrated Discovery (DAVID) tool (http://david.abcc.ncifcrf.gov/)
was used to cluster and analyze over over-represented Gene Ontology annotations from the GO FAT term set™.
Only the non-specifically filtered data were used as the background for enrichment analysis. Unsupervised hier-
archical clustering was performed in the R environment.

Reprogramming of fibroblasts. Plasmid DNA encoding the Yamanaka factors were purchased from
Addgene and plasmid DNA were prepared using QIAGEN Plasmid Midi Kit. Retroviruses carrying Yamanaka
factors were produced according to the original literature®. For retroviral vector reprogramming, 5 x 10*/well
P3-6 MEF were plated on 6 well plate on day 0. Retroviral vectors carrying Oct4, Sox2, KIf4 and c-Myc were
spinoculated at 1200 g, 120 minutes, room temperature on day 1 and day 2. Adenoviral vectors carrying either
Mito-Aktl or GFP (control) were added on day 3. From day 4-7, cells were incubated with media supplemented
with 2mM valporic acid. Adenoviral vectors carrying either Mito-Akt1 or GFP (control) were added again on
day 8. Cells were trypsinized and counted, equal number of cells was plated into each well of a 6 well plate or
10 cm dish of feeders on day 9. From day 9 to 20, cells were maintained in ES media. For doxycycline-induced
reprogramming, P3-6 MEFeA carrying polycistronic cassette expressing Oct4, Sox2, Klf4 and c-Myc were plated
at 5 x 10* cell/well on 6 well-plate on day 0. Four factors expression was induced with 2 ug/ml doxycycline in
mouse ES media throughout the whole procedure as described previously?”-?. Adenoviral vectors carrying either
Mito-Akt1 or GFP (control) were added on day 2 and day 6. Cells were trypsinized and counted, and equal num-
ber of cells was plated into each well of a 6 well plate or 10 cm dish of feeders on day 7. From day 7 to 20, cells were
maintained in mouse ES media.

Alkaline phosphatase and immunofluorescence staining. For alkaline phosphatase (AP) stain-
ing, paraformaldehyde-fixed cells were rinsed with deionized water and stained with FastRed/Napthol or
nitroblue tetrazolium/ 5-Bromo-4-chloro-3-indolyl phosphate (NBT/BCIP). For immunofluorescence staining,
paraformaldehyde-fixed cells were rinsed with PBS and blocked with 10% normal goat serum. After blocking,
cells were incubated with indicated primary antibodies overnight at 4 °C, followed by PBS wash and 1hour incu-
bation with conjugated secondary antibodies, counter-stained with DAPI, and analyzed with an Eclipse Ti fluo-
rescence microscope (Nikon). To visualize the effect of insulin on Akt1 subcellular localization, MEFs were fixed
with 4% formaldehyde for 30 min at room temperature. After washing with PBS, cells were treated with 0.05%
saponin in ddH,O for 20 min and blocked with 10% normal sera for 30 min. The fixed cells were incubated with
specific primary antibodies overnight at 4 °C, conjugated secondary antibodies for 1 hour, counter-stained with
DAPI, and analyzed with Eclipse Ti fluorescence microscope (Nikon)®.

Mitochondria preparation and subfractionation. Mitochondria fractionation procedure was modified
from the previous studies!’-2%. Briefly, cells were harvested 48 hours post transduction and subjected to mito-
chondria isolation using a mitochondria isolation kit according to the manufacturer’s instruction (Miltenyi Biotec
#130-096-946). Briefly, cells were homogenized with 20 strokes of loose pestle and 50 strokes of tight pestle in a
lysis buffer supplemented with protease inhibitors cocktails (Sigma Aldrich #58830) and phosphatase inhibitors
(20mM NaF, and 2mM Na;VO,). Homogenates were centrifuged at 1000 g for 10 minutes at 4 °C to remove
nucleus and unbroken cells. The supernatants were incubated with Anti-TOM22-conjugating MicroBeads, the
magnetically labeled mitochondria were isolated by magnet and column. The flow through containing cytoplas-
mic fraction was collected and concentrated by a centrifugal filter (Millipore #UFC500396).

Akt kinase assay. Identical amount of protein lysates isolated from the mitochondrial and cytoplasmic frac-
tions were used for kinase assay, the protein contents were quantified by the Bradford method. 20 ug of mito-
chondrial lysates and 60 ug of cytoplasmic lysates were analyzed with a Akt kinase assay kit (Abcam #ab139436)
following the manufacturer’s instructions.

Western blots. Western blots method was modified from the previous studies'’-%’. Briefly, equal amounts of
proteins from each sample were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane,
and incubated with a blocking buffer (3% BSA in 20 mM Tris-HCI [pH7.5], 137 mM NaCl, and 0.1% Tween 20)
for 1 hour at room temperature. The membranes were incubated sequentially with primary antibodies overnight
at 4°C, washed three times with TBS-T (20 mM Tris-HCI [pH7.5], 137 mM NaCl, and 0.1% Tween 20), incubated
with respective horseradish peroxidase-conjugated secondary antibodies (1:5000 to 1:20,000 dilution in TBS-T),
washed three times with TBS-T, and then incubated with West Pico Chemiluminescent Substrate to visualize the
proteins (Thermo Scientific, Pittsburgh, PA).

In vitro and In vivo differentiation assay. For in vitro differentiation assay, induced pluripotent stem
cells were trypsinized into cell chunks and grown in suspension culture in low-attachment plates for 10 days. This
was followed by plating into 6-well plates or 10 cm dishes and grown for another 5-7 days. iPSC-derived cells
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were then fixed and stained with the indicated primary antibodies. For in vivo differentiation assay, 1 x 10° of
iPSC from different groups were injected into severe combined immunodeficiency (SCID) mice (Charles River).
Teratomas were formed after 4-6 weeks.

The animal experimental procedures were approved by the Institutional Animal Care and Use Committee at
University of California, Irvine.

DNA methylation. Genomic DNA was extracted and purified using the Wizard Genomic DNA Purification
Kit (Promega) according to the manufacturer’s instruction. Bisulfite conversion of DNA was performed using the
EZ DNA Methylation Kit (Zymo Research). For maximal conversion, 500 ng genomic DNA was used for bisulfite
reaction. Converted DNA was amplified by PCR using primers that are specific for the promoter region of OCT4
and NANOG. Each 50 ul PCR reaction mix contained 3 pl of bisulfite-treated DNA, 200 nM of forward and
reverse primers, 200 uM of ANTP, and 0.5 unit Taq DNA polymerase and PCR buffer (Invitrogen). PCR was per-
formed under the following conditions: the initial denaturation of 10 min at 95°C, followed by 35 cycles of 1 min
at 95°C, 30sec at 55°C, and 30sec at 72 °C; and the final extension of 10 min at 72 °C. The PCR products were
extracted from the gel and purified using QIAquick Gel Extraction Kit (Qiagen). The purified PCR products were
subcloned using CloneJET PCR Cloning Kit (Thermo Sientific). For each region, 10 clones were randomly picked
and the plasmid DNA was prepared with QuickLyse Miniprep Kit (Qiagen) for DNA sequencing (GENEWIZ).

Analysis of mitochondrial O, respiration by extracellular flux measurement.  Cellular respiration
analysis was performed according to the previous studies'’ 2. To measure mitochondrial function in cells, we
employed a Seahorse Bioscience XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA)
and follow the manufacturer’s protocol. Briefly, cells were plated in a 0.2% gelatin or Matrigel coated 24-well
Seahorse XF-24 assay plate at 7.5 x 10* cells/well, and grown for 16 hrs before analysis. On the day of meta-
bolic flux analysis, cells were washed once with freshly prepared KHB buffer (111 mM NaCl, 4.7 mM KCl, 2mM
MgSO,, 1.2mM Na,HPO,, 2.5 mM glucose and 0.5 mM carnitine; pH 7.4) and incubated in KHB buffer at 37°C
in a non-CO, incubator for 1hr. Three baseline measurements of oxygen consumption rate (OCR) were taken
before sequential injection of following mitochondrial inhibitors and final concentration: oligomycin (1 pg/ml),
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (3 uM) and rotenone (0.1 uM). Three measure-
ments were taken after addition of each inhibitor. OCR values were automatically calculated and recorded by
the Seahorse XF-24 software. The basal respiration was calculated by averaging the three measurements of OCR
before injection of inhibitors.

FACS analysis. To analyze GFP expression in embryonic stem cells, the cells were infected with the ade-
noviral construct for 72 hours, washed twice with PBS and dissociated with 0.05% trypsin. The cell pellets were
resuspended in PBS with 3%BSA and analyzed with BD LSR II Flow Cytometer. The fluorescence was measured
with FITC setting (excitation at 488 nm and emission at 530 nm). The data was analyzed with the BD FACSDiVa
software.

Statistical analysis. Data are presented as mean + SD, unless noted otherwise. FACS data were analyzed
with BD FACSDiVa software. Student’s t test and one-way repeated measures ANOVA with Holm-Sidak method
were performed with SigmaStat 3.11. The statistical significance level was set at p < 0.05.

Ethics and regulatory statement.  All experiments were done in accordance with the standards of the
US federal and state guidelines and regulations. The experimental procedure and protocol were approved by the
Human Stem Cell Research Oversight Committee at the University of California, Irvine. The animal experimen-
tal procedures were approved by the Institutional Animal Care and Use Committee at University of California,
Irvine.

References
1. Mason, C. & Dunnill, P. A brief definition of regenerative medicine. Regenerative Medicine 3, 1-5 (2008).
2. Jin, Z., Esther, N. & George, D. Metabolic Regulation in Pluripotent Stem Cells during Reprogramming and Self-Renewal. Cell stem
cell 11, 589-595 (2012).
. Burgess, R. J., Agathocleous, M. & Morrison, S. J. Metabolic regulation of stem cell function. J. Intern Med. 276, 12-24 (2014).
4. Chandrasekaran, S. et al. Comprehensive Mapping of Pluripotent Stem Cell Metabolism Using Dynamic Genome-Scale Network
Modeling. Cell Rep. 21, 2965-2977 (2017).
5. Zhang, J. et al. Metabolism in Pluripotent Stem Cells and Early Mammalian Development. Cell Metab. 27, 332-338 (2018).
6. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the Warburg Effect: The Metabolic Requirements of Cell
Proliferation. Science 324, 1029-1033 (2009).
7. Folmes, C. D. L. et al. Somatic oxidative bioenergetics transitions into pluripotency-dependent glycolysis to facilitate nuclear
reprogramming. Cell Metab. 14, 264-271 (2011).
8. Folmes, C. D. L. et al. Metabolic Plasticity in Stem Cell Homeostasis and Differentiation. Cell stem cell 11, 596-606 (2012).
9. Varum, S. et al. Enhancement of human embryonic stem cell pluripotency through inhibition of the mitochondrial respiratory
chain. Stem Cell Res. 3, 142-156 (2009).
10. Xu, X. et al. Mitochondrial Regulation in Pluripotent Stem Cells. Cell Metab. 18, 325-332 (2013).
11. Staal, S. P, Hartley, ]. W. & Rowe, W. P. Isolation of transforming murine leukemia viruses from mice with a high incidence of
spontaneous lymphoma. Proc. Natl. Acad. Sci. USA 74, 3065-3067 (1977).
12. Testa, J. R. & Tsichlis, P. N. AKT in normal and malignant cells. Oncogene 24, 7391-7393 (2005).
13. Manning, B. D. & Cantley, L. C. AKT/PKB Signaling: Navigating Downstream. Cell 129, 1261-1274 (2007).
14. Miyamoto, S., Murphy, A. N. & Brown, J. H. Akt mediates mitochondrial protection in cardiomyocytes through phosphorylation of
mitochondrial hexokinase-II. Cell Death and Differentiation 15, 521-529 (2008).
15. Antico Arciuch, V. G. et al. Akt intramitochondrial cycling is a crucial step in the redox modulation of cell cycle progression. PLoS
One 4, €7523, https://doi.org/10.1371/journal.pone.0007523 (2009).

w

SCIENTIFICREPORTS| (2019) 9:9919 | https://doi.org/10.1038/s41598-019-46359-6 12


https://doi.org/10.1038/s41598-019-46359-6
https://doi.org/10.1371/journal.pone.0007523

www.nature.com/scientificreports/

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.
34.
35.
36.

37.

44,
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.
. Huang, D. W,, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID Bioinformatics

56.

57.

Bijur, G. N. & Jope, R. S. Rapid accumulation of Akt in mitochondria following phosphatidylinositol 3-kinase activation. J.
Neurochem. 87, 1427-1435 (2003).

Yang, J. Y., Yeh, H. Y, Lin, K. & Wang, P. H. Insulin stimulates Akt translocation to mitochondria: Implications on dysregulation of
mitochondrial oxidative phosphorylation in diabetic myocardium. J. Mol. Cell Cardiol. 46, 919-926 (2009).

Su, C. C,, Yang, J. Y, Leu, H. B., Chen, Y. & Wang, P. H. Mitochondrial Akt-regulated mitochondrial apoptosis signaling in cardiac
muscle cells. Am. J. Physiol. Heart Circ. Physiol. 302, H716-H723 (2012).

Yang, J. Y. et al. Impaired translocation and activation of mitochondrial Akt1 mitigated mitochondrial oxidative phosphorylation
Complex V activity in diabetic myocardium. J. Mol. Cell Cardiol. 59, 167-175 (2013).

Deng, W. et al. Protein Kinase B (PKB/AKT1) Formed Signaling Complexes with Mitochondrial Proteins and Prevented Glycolytic
Energy Dysfunction in Cultured Cardiomyocytes During Ischemia-Reperfusion Injury. Endocrinology 155, 1618-1628 (2014).
Paling, N. R., Wheadon, H., Bone, H. K. & Welham, M. J. Regulation of Embryonic Stem Cell Self-renewal by Phosphoinositide
3-Kinase-dependent Signaling. J. Biol. Chem. 279, 48063-48070 (2004).

Watanabe, S. et al. Activation of Akt signaling is sufficient to maintain pluripotency in mouse and primate embryonic stem cells.
Oncogene 25, 2697-2707 (2006).

Yu, Y. et al. Stimulation of somatic cell reprogramming by ERas-Akt-FoxO1 signaling axis. Stem Cells 32, 349-363 (2014).

Neely, M. et al. Induced Pluripotent Stem Cells (iPSCs): An Emerging Model System for the Study of Human Neurotoxicology. In:
Aschner, M., Sunol, C. & Price, A., editors Neuromethods - Springer Protocols: Cell Culture Techniques. New York, NY: Humana Press
(2011).

Omura, T. Mitochondria-targeting sequence, a multi-role sorting sequence recognized at all steps of protein import into
mitochondria. J. Biochem. 123, 1010-1016 (1998).

Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 126, 663-676 (2006).

Stadtfeld, M., Maherali, N., Borkent, M. & Hochedlinger, K. A reprogrammable mouse strain from gene-targeted embryonic stem
cells. Nat. Methods 7, 53-55 (2010).

Polo, J. M. et al. Cell type of origin influences the molecular and functional properties of mouse induced pluripotent stem cells. Nat.
Biotechnol. 28, 848-855 (2010).

Eminli, S. et al. Differentiation stage determines potential of hematopoietic cells for reprogramming into induced pluripotent stem
cells. Nat. Genet. 41, 968-976 (2009).

Young, R. A. Control of Embryonic Stem Cell State. Cell 144, 940-954 (2011).

Gurdon, J. B,, Elsdale, T. R. & Fischberg, M. Sexually mature individuals of Xenopus laevis from the transplantation of single somatic
nuclei. Nature 182, 64-65 (1958).

Teif, V. B. et al. Genome-wide nucleosome positioning during embryonic stem cell development. Nat. Struct. Mol. Biol. 19,
1185-1192 (2012).

Yazdi, P. G. et al. Nucleosome Organization in Human Embryonic Stem Cells. PLoS One 10, e0136314, https://doi.org/10.1371/
journal.pone.0136314 (2015).

Nishino, K. et al. DNA Methylation Dynamics in Human Induced Pluripotent Stem Cells over Time. PLoS Genetics 7, €1002085,
https://doi.org/10.1371/journal.pgen.1002085 (2011).

Doi, A. et al. Differential methylation of tissue- and cancer-specific CpG island shores distinguishes human induced pluripotent
stem cells, embryonic stem cells and fibroblasts. Nat. Genet. 41, 1350-1353 (2009).

Bock, C. et al. Reference Maps of Human ES and iPS Cell Variation Enable High-Throughput Characterization of Pluripotent Cell
Lines. Cell 144, 439-452 (2011).

Panopoulos, A. D. et al. Aberrant DNA Methylation in Human iPSCs Associates with MYC-Binding Motifs in a Clone-Specific
Manner Independent of Genetics. Cell Stem Cell. 20, 505-517 (2017).

. Chen, J. et al. H3K9 methylation is a barrier during somatic cell reprogramming into iPSCs. Nat Genet. 45, 34-42 (2013).
. Planello, A. C. et al. Aberrant DNA methylation reprogramming during induced pluripotent stem cell generation is dependent on

the choice of reprogramming factors. Cell Regen. 3, 4, https://doi.org/10.1186/2045-9769-3-4 (2014).

. Lister, R. et al. Hotspots of aberrant epigenomic reprogramming in human induced pluripotent stem cells. Nature 471, 68-73 (2011).
. Ohi, Y. et al. Incomplete DNA methylation underlies a transcriptional memory of somatic cells in human iPS cells. Nat. Cell Biol. 13,

541-549 (2011).

. Karytinos, A. et al. A novel mammalian flavin-dependent histone demethylase. J. Biol. Chem. 284, 17775-17782 (2009).
. Wu, H. & Zhang, Y. Mechanisms and functions of Tet protein-mediated 5-methylcytosine oxidation. Genes Dev. 25, 2436-2452

(2011).

Miyamoto, S., Rubio, M. & Sussman, M. A. Nuclear and mitochondrial signalling Akts in cardiomyocytes. Cardiovasc. Res. 82,
272-285 (2009).

Huang, T. S. et al. A Regulatory Network Involving 3-Catenin, e-Cadherin, PI3k/AKkt, and Slug Balances Self-Renewal and
Differentiation of Human Pluripotent Stem Cells In Response to Wnt Signaling. Stem Cells 33, 1419-1433 (2015).

McLean, A. B. et al. Activin A Efficiently Specifies Definitive Endoderm from Human Embryonic Stem Cells Only When
Phosphatidylinositol 3-Kinase Signaling Is Suppressed. Stem Cells 25, 29-38 (2007).

Singh, A. M. et al. Signaling network crosstalk in human pluripotent cells: a Smad2/3-regulated switch that controls the balance
between self-renewal and differentiation. Cell Stem Cell 10, 312-326 (2012).

Storm, M. P. et al. Regulation of Nanog Expression by Phosphoinositide 3-Kinase-dependent Signaling in Murine Embryonic Stem
Cells. J. Biol. Chem. 282, 6265-6273 (2007).

Santi, S. A. & Lee, H. The Akt isoforms are present at distinct subcellular locations. Am. J. Physiol. Cell. Physiol. 298, C580-C591
(2010).

Li, T. et al. Using DNA microarray to identify Sp1 as a transcriptional regulatory element of insulin-like growth factor 1 in cardiac
muscle cells. Circ. Res. 93, 1202-1209 (2003).

Huber, W., Von Heydebreck, A., Siiltmann, H., Poustka, A. & Vingron, M. Variance stabilization applied to microarray data
calibration and to the quantification of differential expression. Bioinformatics 18, S96-5104 (2002).

Bourgona, R., Gentlemanb, R. & Huber, W. Independent filtering increases detection power for high-throughput experiments. Proc.
Natl. Acad. Sci. USA 107, 9546-9551 (2010).

Baldi, P. & Long, A. D. A Bayesian framework for the analysis of microarray expression data: regularized t -test and statistical
inferences of gene changes. Bioinformatics 17, 509-519 (2001).

Kayala, M. A. & Baldi, P. Cyber-T web server: differential analysis of high-throughput data. Nucleic Acids Res. 40, W553-559 (2012).

Resources. Nature Protoc. 4, 44-57 (2009).

Frezza, C., Cipolat, S. & Scorrano, L. Organelle isolation: functional mitochondria from mouse liver, muscle and cultured fibroblasts.
Nat Protoc. 2, 287-95 (2007).

Chen, Y., Chernyavsky, A., Webber, R. J., Grando, S. A. & Wang, P. H. Critical Role of the Neonatal Fc Receptor (FcRn) in the
Pathogenic Action of Antimitochondrial Autoantibodies Synergizing with Anti-desmoglein Autoantibodies in Pemphigus Vulgaris.
J Biol Chem. 290, 23826-37 (2015).

SCIENTIFICREPORTS| (2019) 9:9919 | https://doi.org/10.1038/s41598-019-46359-6 13


https://doi.org/10.1038/s41598-019-46359-6
https://doi.org/10.1371/journal.pone.0136314
https://doi.org/10.1371/journal.pone.0136314
https://doi.org/10.1371/journal.pgen.1002085
https://doi.org/10.1186/2045-9769-3-4

www.nature.com/scientificreports/

Acknowledgements

This study was supported by the National Institutes of Health (R01HL096987), Ko Family Foundation, and
Oxnard Foundation (to PH.W.). Y.H.C. is supported by a predoctoral fellowship from UCI Stem Cell Training
Grant from the California Institute of Regenerative Medicine.

Author Contributions

Project design: YH.C.,, C.S., L.L,, PD,, Y.C. and PW. Execution of experiments: Y.H.C., C.S., H.L.,, W.D. Data
analysis: YH.C., W.D., M.K,, P.B,, Y.C., PW. Manuscript composition: YH.C., C.S., L.L., H.L., PW. Overall
supervision: PW.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46359-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:9919 | https://doi.org/10.1038/s41598-019-46359-6 14


https://doi.org/10.1038/s41598-019-46359-6
https://doi.org/10.1038/s41598-019-46359-6
http://creativecommons.org/licenses/by/4.0/

	Mitochondrial Akt Signaling Modulated Reprogramming of Somatic Cells

	Results

	Mitochondrial Akt1 signaling enhanced somatic cell reprogramming efficiency. 
	Stem cell marker and pluripotency of the iPSCs. 
	Methylation of oct4 and nanog promoters in the iPSCs. 
	Akt1 is activated and translocated into mitochondria in hESC. 
	Mitochondrial Akt1 modulated cellular bioenergetics. 

	Discussion

	Methods

	Reagents. 
	Cell culture and transduction of viral constructs. 
	Gene expression profiling and gene ontology annotation. 
	Reprogramming of fibroblasts. 
	Alkaline phosphatase and immunofluorescence staining. 
	Mitochondria preparation and subfractionation. 
	Akt kinase assay. 
	Western blots. 
	In vitro and In vivo differentiation assay. 
	DNA methylation. 
	Analysis of mitochondrial O2 respiration by extracellular flux measurement. 
	FACS analysis. 
	Statistical analysis. 
	Ethics and regulatory statement. 

	Acknowledgements

	Figure 1 Mitochondria-targeting adenoviral vectors.
	Figure 2 Mitochondrial Akt1 enhanced reprogramming of murine and human fibroblasts.
	Figure 3 Characterization of iPSC pluripotency.
	Figure 4 Methylation of Oct4 and Nanog promoters in mouse iPSCs.
	Figure 5 Akt translocation to mitochondria in human embryonic stem cells.
	Figure 6 The effect of mitochondrial Akt in human embryonic stem cells.
	Figure 7 Mitochondrial Akt1 modulated cellular respiration.
	Table 1 GO Analysis of the differentially expressed genes in the H9 cells transduced with mitochondria-targeting constitutively active Akt.




