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Induced pluripotent stem (iPS) cells
share some basic properties, such as
self-renewal and pluripotency, with can-
cer cells, and they also appear to share
several metabolic alterations that are
commonly observed in human tumors.
The cancer cells’ glycolytic phenotype,
first reported by Otto Warburg, is neces-
sary for the optimal routing of somatic
cells to pluripotency. However, how iPS
cells establish a Warburg-like metabolic
phenotype and whether the metabolic
pathways that support the bioenerget-
ics of iPS cells are produced by the same
mechanisms that are selected during
the tumorigenic process remain largely
unexplored. We recently investigated
whether the reprogramming-competent
metabotype of iPS cells involves changes
in the activation/expression status of the
H*-ATPase, which is a core component
of mitochondrial oxidative phosphoryla-
tion that is repressed at both the activity
and protein levels in human carcino-
mas, and of the lipogenic switch, which
refers to a marked overexpression and
hyperactivity of the acetyl-CoA carbox-
ylase (ACACA) and fatty acid synthase
(FASN) lipogenic enzymes that has been
observed in nearly all examined cancer
types. A comparison of a starting popu-
lation of mouse embryonic fibroblasts
and their iPS cell progeny revealed that
somatic cell reprogramming involves
a significant increase in the expres-
sion of ATPase inhibitor factor 1 (IF1),
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accompanied by extremely low expres-
sion levels of the catalytic B-F1-ATPase
subunit. The pharmacological inhibition
of ACACA and FASN activities markedly
decreases reprogramming efficiency, and
ACACA and FASN expression are nota-
bly upregulated in iPS cells. Importantly,
iPS cells exhibited a significant intra-
cellular accumulation of neutral lipid
bodies; however, these bodies may be a
reflection of intense lysosomal/autopha-
gocytic activity rather than bona fide
lipid droplet formation in iPS cells, as
they were largely unresponsive to phar-
macological modulation of PPARgamma
and FASN activities. The AMPK agonist
metformin, which endows somatic cells
with a bioenergetic infrastructure that is
protected against reprogramming, was
found to drastically elongate fibroblast
mitochondria, fully reverse the high IF1/
B-F1-ATPase ratio and downregulate
the ACACA/FASN lipogenic enzymes
in iPS cells. The mitochondrial H*-ATP
synthase and the ACACA/FASN-driven
lipogenic switch are newly characterized
as instrumental metabolic events that, by
coupling the Warburg effect to anabolic
metabolism, enable de-differentiation
during the reprogramming of somatic
cells to iPS cells.

The enforced aerobic glycolysis that
generally accompanies the metabolic
reprogramming of cancer cells is also a
fundamental phenotypic trait of induced

207

©2013 Landes Bioscience. Do not distribute.



ATPase Inhibitory Factor 1 (IF1)

Untreated

Metformin

METABOLIC
REPROGRAMMING

OXPHOS

ewcowsus(

HIGH ANABOLIC ACTIVITY

SSEA1 DNA

Wy,
3

v

Untreated

SSEA1 DNA

6 Stemness metabotype

DNA SSEA1

Metformin

Metformin

DNA SSEA1

Figure 1. The AMPK agonist metformin suppresses the upregulation of the ATPase inhibitory factor 1 (IF1) of the mitochondrial H*-ATPase in iPS
colonies. iPS cells were maintained in an undifferentiated stage on gelatin-coated tissue culture surfaces in the presence of LIF. After 48 h of treat-
ment with vehicle or 10 mmol/L metformin, IF1 protein levels (white staining) were analyzed by immunofluorescent confocal microscopy. DNA was
counterstained with Hoechst 33258 (blue). Images are representative of five independent experiments testing two individual iPS clones. Images show
also representative images of untreated and metformin-treated iPS colonies that were captured using different channels for SSEA-1 (green) or Hoechst

33258 (blue).

pluripotent stem (iPS) cells. Indeed, the
glycolytic phenotype of cancer cells—first
reported by Otto Warburg, who suggested
that the increased glucose consumption
of cancer cells under aerobic conditions
might result from an impairment in the
bioenergetic activity of their mitochon-
dria—is necessary for the optimal routing
of somatic cells to pluripotency.'” Somatic
mitochondria within iPS cells drastically
alter their morphology and functionality
to acquire embryonic features, includ-
ing an immature organelle shape with
underdeveloped cristae and low levels of
oxidative stress. These changes impact
the cellular bioenergetic profile, which is
shifted from oxidative phosphorylation
(OXPHOS) to glycolysis upon repro-
gramming, and returns to OXPHOS dur-
ing subsequent iPS cell differentiation.
However, it remains unclear how iPS cells
establish a Warburg-like metabolic pheno-
type and whether the metabolic pathways
that support the bioenergetics of iPS cells
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are a direct or indirect result of the same
mechanisms that are selected during the
tumorigenic process.

Mitochondrial H*-ATP
Synthase-Mediated Energy
Adaption: A Shared Role
in Carcinogenesis and
in Induced Pluripotency

The fuel-sensing enzyme AMP-activated
protein kinase is one regulator of bioen-
ergetic metabolism that may account for
the activation and/or maintenance of the
Warburg effect in iPS cells. Pluripotent
stem cells exhibit downregulated expres-
sion of the PRKAAI gene, which
encodes the catalytic subunit of AMPK.
Conversely, the pharmacological activa-
tion of AMPK has been shown to estab-
lish a metabolic barrier to somatic cell
reprogramming that cannot be bypassed
even through p53 deficiency, which is a
fundamental mechanism used to greatly
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improve the efficiency of stem cell produc-
tion.? In this scenario, we hypothesized
that iPS cells might acquire distinctive
AMPK-related bioenergetic signatures by
employing molecular strategies that simi-
larly induce and maintain the repression
of mitochondrial OXPHOS
cells.

in cancer

On one hand, many tumor cells have
developed mechanisms to reduce AMPK
activation and, thus, escape from the
growth-restraining effects of AMPK.!*!2
Accordingly, AMPK underexpression is
frequently observed in human carcino-
mas, and AMPK inactivation promotes
carcinogenesis of epithelial cells.” On
the other hand, recent pre-clinical and
clinical findings have indicated that the
mitochondrial H*-ATP synthase, a revers-
ible engine in the inner mitochondrial
membrane that regulates energy conser-
vation by synthesizing or hydrolyzing
ATP in response to changes in metabolic
cellular conditions, is repressed at both
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Figure 2. The AMPK agonist metformin upregulates the expression of the catalytic B-F1-ATPase subunit, the rate-limiting component of mitochondri-
al OXPHOS in iPS colonies. iPS cells were maintained in an undifferentiated stage on gelatin-coated tissue culture surfaces in the presence of LIF. After
48 h of treatment with vehicle or 10 mmol/L metformin, B-F1-ATPase protein levels (white staining) were analyzed by immunofluorescent confocal
microscopy. DNA was counterstained with Hoechst 33258 (blue). Images are representative of five independent experiments testing two individual
iPS clones. Figure also shows representative images of untreated and metformin-treated iPS colonies that were captured using different channels for

SSEA-1 (green) or Hoechst 33258 (blue).

the activity and protein levels in human
carcinomas.'*® The overexpression of the
ATPase inhibitor factor 1 (IF1) in both
normal and cancer cells limits the activ-
ity of H*-ATP synthase and triggers the
metabolic switch to an enhanced aerobic
glycolysis; the silencing of IF1 has the
opposite metabolic effects.'®” The expres-
sion of IF1 is negligible in normal tissues,
and IF1 is highly overexpressed in numer-
ous carcinomas, which is sufficient to
limit the activity of H*-ATP synthase and
promote the acquisition of the Warburg
phenotype without any genetic changes.
The cellular content of H*-ATP synthase,
which directly correlates with OXPHOS
activity and inversely correlates with the
rate of glucose utilization by aerobic gly-
colysis,'® can be regulated either by the
translational silencing of the mRNA cod-
ing for the catalytic f-F1-ATPase subunit
via interaction with B-mRNA-binding
proteins (e.g., HuR and G3BP1)"* or by
limiting 3-mRNA transcription through

www.landesbioscience.com

hypermethylation of the B-F1-ATPase
gene (A7TP5B) promoter.”? To explore a
scenario in which AMPK is expected to
play a central role during the metabolic
reprogramming of somatic cells to iPS
cells, we delineated a testable working
model in which AMPK might interfere
with H*-ATP synthase during the short-
term (i.e., H*-ATP synthase activity) or
long-term (i.e., H*-ATP synthase expres-
sion) to repress the somatic mitochon-
drial OXPHOS, which, in turn, would
functionally link the acquisition of the
Warburg phenotype with the mainte-
nance of stemness in iPS cells.

The IF1 ATPase inhibitor is highly
expressed in iPS cells. To test this model,
we employed iPS cells derived from mouse
embryonic fibroblasts (MEFs) and the
AMPK agonist metformin. iPS clones
were initially selected by morphological
criteria, i.e., flat colonies that were com-
posed of small cells with a high nucleus to
cytoplasm ratio and prominent nucleoli.
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The iPS clones were then further evalu-
ated by immunostaining for stemness
markers, including alkaline phosphatase
(AP), Ssea-1, Oct4, Sox2 and Nanog,
as well as for their ability to form bona
fide teratomas (data not shown). First, we
investigated whether the pharmacological
agonism of AMPK activity impacted the
expression status of the IF1 ATPase inhib-
itor. Immunofluorescence microscopy
studies revealed abundant IF1 within the
small amount of cytoplasm in iPS cells
(Fig. 1). It is tempting to suggest that IF1
provides a greater protection of iPS cells
against energy dissipation upon H*-ATP
synthase reversal for several reasons:
(1) IF1 is predominantly compartmental-
ized inside the mitochondrial matrix; (2)
IF1 interacts with the catalytic subunit of
H*-ATP synthase, thereby inhibiting the
hydrolysis of ATP under conditions that
favor the reversion of the enzyme activ-
ity; and (3) increased IF1 protein expres-
sion is associated with greater H*-ATP
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Figure 3. The AMPK agonist metformin induces mitochondrial biogenesis and elongation in
MEFs. Low-passage MEFs were cultured in the absence or presence of 10 mmol/L metformin

for 48 h. Mitochondrial morphology and organization was detected by transient transfection
with mito-DsRed or by staining with an antibody against the B1-subunit of the mitochondrial
F1-ATPase complex. Figure shows representative images of untreated or metformin-treated MEFs
that were captured using different channels for mito-DsRed or 31-ATPase (white) or Hoechst
33258 (blue). Note that metformin-treated MEFs showed significantly more organized and elon-

gated mitochondria.

synthase binding efficiency.” However, it
should be noted that the binding of IF1
to B-F1-ATPase is regulated not only by
the energetic state of the mitochondria,
but also by the mass action ratio of these
two proteins. Thus, in situations in which
mitochondria are scarce and IF1 expres-
sion is significantly increased, as we have
demonstrated occurs in iPS cells, it is
likely that the IF1 protein inhibits both
the synthetic and hydrolytic activities of
the H*-ATP synthase.”? Therefore, the
high mitochondrial content of IF1 in iPS
cells may negatively control the activ-

ity of OXPHOS, thus mediating and/
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or ensuring the metabolic shift of iPS
cells to enhanced aerobic glycolysis while
guaranteeing iPS cell viability by prevent-
ing mitochondria from becoming ATP
consumers. Importantly, exposure to the
AMPK agonist metformin resulted in
drastically decreased levels of IF1, accom-
panied by reductions in the size of iPS
colonies (Fig. 1). Although the mecha-
nisms that trigger the upregulation of
IF1 in human carcinomas are presently
unknown, the present findings provide the
first indication that AMPK can operate as
an upstream regulator of IF1 in iPS cells.
These observations reveal a previously
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unrecognized AMPK-dependent meta-
bolic axis that may account for the pro-
motion of the metabolic switch in iPS
cells by acting directly at the level of mito-
chondrial OXPHOS activity.

AMPK regulates the expression sta-
tus of the catalytic B-F1-ATPase sub-
unit in iPS cells. Second, we evaluated
whether the pharmacological agonism
of AMPK impacted the expression of the
catalytic B-F1-ATPase subunit. A specific
repression of B-F1-ATPase, which is the
rate-limiting component of mitochon-
drial OXPHOS, occurred in iPS colonies;
this phenomenon is also observed in rat
hepatocarcinomas and human tumors.”
A comparison of the starting population
of MEFs and their iPS cell progeny using
immunofluorescence microscopy clearly
revealed that somatic cell reprogram-
ming was accompanied by a significant
decrease in the cellular content of the
catalytic B-F1-ATPase subunit. Thus,
whereas the cytoplasmic accumulation of
B-F1-ATPase was prominent in MEFs,
the B-F1-ATPase content within indi-
vidual iPS cells was significantly reduced
(Fig. 2). Importantly, metformin treat-
ment promoted a significant augmenta-
tion of the B-F1-ATPase content within
the small cytoplasm of individual iPS
cells (Fig. 2).

We next wanted to assess whether
the alteration of the mitochondrial
H*-ATPase-geared energy
metabolism impacted the pluripotent sta-
tus of iPS cells. To this end, we monitored
the expression status of the early embry-
onic antigen, SSEA-1, an initial stemness
marker gene absent in parental fibroblasts
that becomes activated at early time points
during the reprogramming of somatic cells
in response to pharmacological agonism of
AMPK activity.**® iPS cells maintained
in an undifferentiated stage on Matrigel-
coated dishes in the presence of leukemia
inhibitory factor (LIF) were exogenously
supplemented with metformin for 48 h.
Remarkably, metformin treatment at con-
centrations that drastically regulated the
activity/expression status of H*-ATPase,
significantly induced a switch to a SSEA1-
negative state in iPS cell colonies (Figs. 1
and 2).

Three  independent
affect the overall bioenergetic activity of

switch of

mechanisms
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Figure 4. Coordinate activation of lipogenic enzymes in iPS cells. Top: Robust and metformin-sensitive expression of the lipogenic enzymes acetyl-
CoA carboxylase (ACACA) and fatty acid synthase (FASN) in iPS cells as measured by western blot (left) and immunofluorescence microscopy (right).
Note that iPS cells express significantly higher levels of ACACA and FASN than MEFs. Figure shows also representative images of untreated and met-
formin-treated (10 mmol/L; 48 h) iPS cells that were captured using different channels for ACACA or FASN (green) or Hoechst 33258 (blue). Bottom: The
intracellular accumulation of neutral lipids in iPS cells was evaluated with LipidTOX™ Green neutral lipid stain. The significant neutral lipid aggregates
within iPS cells might reflect accumulation of organelles of lysosomal/autophagic origin.

H*-ATP synthase in cancer. One mecha-
nism limits the activity of the complex,
and the two remaining mechanisms limit
the tumor content of the catalytic B-F1-
ATPase. The present findings represent
the first evidence that the same mecha-
nisms that control the activity and expres-
sion of the mitochondrial H*-ATPase
in cancer cells also operate in iPS cells.
These results provide preliminary mecha-
nistic indications that can explain the
abnormal biogenesis and/or bioactivity
of mitochondria in iPS cells. Because
AMPK activity tightly regulates the activ-
ity and/or content of the essential mito-
chondrial H*-ATPase, it is reasonable to
suggest that metabolic switches in iPS
cells involve the inhibition of AMPK
expression and/or activity to allow the
correct reprogramming of the metabolic

www.landesbioscience.com

machinery that is required to fuel stem-
ness and pluripotency. Indeed, our previ-
ous findings showed that AMPK agonists
endow somatic cells with a bioenergetic
infrastructure that is protected against
reprogramming,’ and they also showed
that this protection could be explained by
the upregulation of OXPHOS machinery
that is refractory to nuclear reprogram-
ming. Interestingly, treatment of MEFs
with the AMPK agonist metformin,
which is known to notably reduce the
efficiency of reprogramming and to pro-
mote mitochondrial biogenesis,?*** stim-
ulated mitochondrial elongation through
a mechanism that apparently involves an
unobstructed mitochondrial fusion pro-
cess (Fig. 3).”%° Elongated mitochon-
dria have more cristae, increased levels of
dimerization and increased H*-ATPase
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activity, and they also maintain ATP pro-
duction and are protected from autopha-
gic degradation.”*® Indeed, metformin
treatment counterintuitively recapitulates
both the morphological and functional
effects of the mitochondrial division
inhibitor mdivi-1. Mdivi-1 is a pharma-
cological inhibitor of mitochondrial fis-
sion that rapidly induces the formation
of mitochondrial netlike or collapsed
perinuclear mitochondrial structures that
largely impede somatic cell reprogram-
ming to pluripotency.’® Therefore, the
inhibition of mitochondrial division, by
either unrestricted fusion or fission inhi-
bition, has similar effects on the repro-
gramming factor-driven transcriptional
network, preventing the epigenetic events
that specify the unique phenotype of iPS
cells.

211

Do not distribute.

I0Science.

©2013 Landes B



De novo FA
SYNTHESIS

1.0

0.5

Reprogramming efficiency (x-fold)

0.0

Phospholipids.
Triglycerides
Cholestorol esters
Acylated proteins.

Pentose sugars _( Faty acids.

C75
0.
¥ ackd Oﬁ/ B S S
@ H,C COOH

Imit

.m..mm

Malonyl-CoA

Soraphen A

« OCH,
i

51

- o+ - o+

Soraphen A C75

Figure 5. Pharmacological inhibition of endogenous lipogenesis decreases reprogramming
efficiency. Early passage MEFs infected with retroviruses encoding Oct4, Sox2 and KIf4 (OSK) were
cultured in ES medium in the continuous presence or absence of a non-cytotoxic concentration
of soraphen A, C75 or DMSO alone as control, as specified. The numbers of alkaline phosphatase
(AP)* colonies (microphotographs of representative reprogramming experiments are shown) were
counted 14 d after the initial infection and were plotted for each condition relative to the controls
(x-fold), as specified. The error bars indicate the SEM.

The Lipogenic Switch and
Somatic Cell Reprogramming:
The Anabolic Side
of the Warburg Effect

While it may be speculated that fast-grow-
ing cancer and iPS cells will require more
energy than normal cells, it might appear
counterintuitive that cancer and iPS cells
preferentially use a more primitive and
inefficient reaction, aerobic glycolysis, to
generate high amounts of energy. One
possible reason for this bioenergetic altera-
tion is that other metabolic end products
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of aerobic glycolysis are required to sup-
port the rapid growth and proliferation of
these cells.*>¢ Rapid cell growth requires
the active synthesis of proteins, rRNA
and lipids, all of which are switched off
by the activation of AMPK. As suggested
by Prigione et al.,! iPS cells may suppress
the activation of AMPK, which is a master
regulator of energy homeostasis that can
switch off biosynthetic pathways to avoid
anabolic inhibition, similar to the phe-
nomenon observed in cancer cells.

The de novo biosynthesis of fatty acids
is a particularly active anabolic process in
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proliferating cells, including tumor cells.
Indeed, the activation of endogenous fatty
acid biogenesis is increasingly recognized
as a hallmark of aggressive cancers.>*!
Increased lipid production has been
repeatedly linked to an increased need
for membrane synthesis during rapid cell
proliferation and is considered to be part
of a more general metabolic transforma-
tion that provides cancer cells with more
autonomy and a greater supply of building
blocks for growth. However, the role of
tumor-associated lipogenesis may extend
beyond bulk membrane biosynthesis to
meet the needs of rapid cell proliferation.
We and others have demonstrated that
protection from cell death and the activa-
tion of growth factor signaling are just a
few of the newly recognized roles of the
lipogenic phenotype in cancer cells.®*4¢
Moreover, shifting lipid acquisition from
lipid uptake toward de novo lipogen-
esis enables cancer cells to dramatically
alter their membrane properties and pro-
tects tumor cells from both endogenous
and exogenous insults.” As lipogenicity
increases, the degree of lipid saturation
also decreases, and monounsaturated lip-
ids are less susceptible to lipid peroxida-
tion; together, these observations indicate
that the lipogenic switch may protect can-
cer from free radicals.”” We speculated that
iPS cells must create an AMPK-regulated
cellular state characterized not only by
suppressing the mitochondria-related oxi-
dative stress pathway, but also by evoking
a high rate of lipid synthesis to overcome
the detrimental effects of toxic free radical
generation.

The pivotal lipogenic enzymes acetyl-
CoA carboxylase (ACACA) and fatty
acid synthase (FASN) are upregulated
in iPS cells. We first assessed whether
somatic cell reprogramming significantly
impacted the expression levels of the piv-
otal lipogenic proteins ACACA and FASN.
A comparison of the starting population of
mouse embryonic fibroblasts (MEFs) and
their iPS cell progeny using immunoblot-
ting and immunofluorescence microscopy
techniques clearly revealed that somatic
cell reprogramming is accompanied by a
significant upregulation of the ACACA
and FASN proteins (Fig. 4, top). Indeed,
cytoplasmic accumulation of ACACA and
FASN was highly prominent in bona fide
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Figure 6. The Warburg effect and de novo fatty acid biogenesis: Metabolic reprogramming permits repression of differentiation in iPS cells. The a pri-
ori bioenergetic-anabolic signature of somatic cells correlates with their reprogramming efficiencies and with the acquisition of stemness properties.
Cells that demonstrate an active glycolysis-lipogenesis axis reprogram more quickly and efficiently than those demonstrating a metabotype closer

to the oxidative/non-lipogenic state of normal, non-proliferative somatic cells. We now reveal that, similarly to cancer cells, the Warburg effect in iPS
cells can be established by decreasing the activity and expression of 3-F1-ATPase, a key subunit of the mitochondrial ATP synthase. Furthermore, iPS-
associated metabolic reprogramming also involves an exacerbated activation of ACACA- and FASN-catalyzed de novo-fatty acid synthesis. Activation
of H*-ATPase and inhibition of endogenous lipogenesis can endow somatic cells with a metabolic infrastructure protected against reprogramming.

iPS clones. In contrast, unreprogrammed iPS cells accumulate neutral lipid as a negative regulator of fatty acid oxida-
control cultures of MEFs were almost bodies. ACACA produces malonyl-CoA, tion. The ACACA-catalyzed synthesis of
negative for ACACA and FASN staining an intermediate metabolite that functions  malonyl-CoA is the first committed step
(data not shown). as a substrate for fatty acid synthesis and  of fatty acid synthesis and is the most
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highly regulated step of de novo lipogen-
esis.®®® In contrast, FASN is the principal
biosynthetic enzyme involved in fatty acid
synthesis, which catalyzes the NADPH-
dependent condensation of malonyl-CoA
and acetyl-CoA to predominantly produce
palmitate, a 16-carbon-saturated free fatty
acid.’®' However, it should be acknowl-
edged that the accumulation of fatty acids
and neutral lipids in non-adipose cells
may be cytotoxic. Excess intracellular
free fatty acids can disrupt phospholipid
bilayer membrane integrity, alter signaling
pathway activity and induce apoptotic cell
death. In this scenario, we sought to deter-
mine whether somatic cell reprogramming
established a lipogenesis/lipolysis-joining
point that enabled iPS cells to circum-
vent endogenous palmitate toxicity while
securing palmitate into fat stores to avoid
a negative palmitate feedback on FASN
function.’®5% We performed fluorescent
high-content imaging assays using the flu-
orescent LipidTOX™ Green neutral lipid
stain, which has an extremely high affin-
ity for neutral lipid deposits. Compared
with unreprogrammed MEFs, iPS cells
exhibited intense LipidTOX™ Green
staining (Fig. 4, bottom). Although sev-
eral fixation methods for the study of lipid
droplets by immunofluorescence micros-
copy have been tested,’ fixation with
paraformaldehyde, which was performed
here, has been described as the method
of choice, because cells retain their lipid
content, and the structure of cytoplasmic
neutral lipid deposits is unaffected by
this fixation method.”>® Together, these
assays initially suggested that the somatic
reprogramming to stemness activates the
expression of pivotal lipogenic enzymes
(i.e., ACACA and FASN) and actively
promotes the conversion and storage of
excess fatty acids to triglycerides, which
accumulate as lipid droplet-like neutral
lipid depots. As a preliminary test of this
counterintuitive hypothesis, bona fide iPS
colonies maintained in an undifferenti-
ated state were cultured in the presence of
bisphenol A diglycidyl ether (BADGE), a
synthetic antagonist of the prime inducer
of adipogenesis, PPARgamma, which
has been shown to regulate LIF-induced
growth and self-renewal of mouse embry-
onic stem (ES) cells.””° BADGE treat-
ment, which is well-known to potently
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inhibit lipid droplet formation in several

experimental systems,**®!

slightly reduced
the size of iPS colonies but largely failed
to affect the levels of LipidTOX-positive
intracellular bodies (data not shown). The
pharmacological suppression of the lipo-
genic activity of FASN using a synthetic,
chemically stable inhibitor of FASN
that inactivates the B-ketoacyl synthase
(3-oxoacyl synthase), enoyl reductase and
thioesterase partial activities of FASN,62-6¢
similarly failed to significantly alter the
LipidTOX-positive
intracellular bodies in iPS cells (data not
shown). To address the functional effects
of a deficit in de novo fatty acid biogen-

accumulation  of

esis on the generation of iPS cells, we per-
formed experiments using the three-factor
(Oct4, Sox2 and KIlf4) induction protocol
in early-passage MEFs in the absence or
presence of ACACA- and FASN-directed
blockers. MEFs were first transduced with
individual lentiviruses encoding Oct4,
Sox2 and KIf4 at a 1:1:1 ratio on day 0,
and the transduction was repeated every
12 h for 2d using the same batches of all
three lentiviruses. On day three, after the
first transduction, the culture medium
was switched to human ES cell growth
medium with or without two drugs that
have been shown to reverse the lipogenic
phenotype in cancer cells: the FASN
inhibitor C75 and Soraphen A, a naturally
occurring macrocyclic polyketide that
functions as a highly potent blocker of
ACACA activity by inhibiting the biotin
carboxylase domain of ACACA at nano-
772 Importantly,
the early pharmacological manipulation
of endogenous lipogenesis significantly
impacted the generation of iPS cells. The
treatment of MEFs at the early stages of
reprogramming (i.e., before the appear-
ance of iPS colonies) with non-cytotoxic
concentrations of Soraphen A or C75,
was sufficient to significantly reduce the
efficiency of iPS colony formation by
more than 50% (Fig. 5). Importantly,
the pharmacological inhibition of endog-
enous lipogenesis after iPS colony appear-
ance did not significantly affect the total
number of colonies or the expression sta-
tus of pluripotency markers in individual
colonies (data not shown). These find-
ings suggest that the observed effects of
lipogenesis inhibition on reprogramming

molar concentrations.
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efficiency were likely due to the impair-
ment of the reprogramming process itself
and not to an impairment of iPSC colony
survival or growth.

The AMPK agonist metformin sup-
presses the expression of lipogenic
enzymes in iPS cells. Finally, we exam-
ined whether the increased expression
of the lipogenesis markers described
above depended on the activation status
of AMPK. We used the AMPK agonist
metformin to indirectly explore the puta-
tive contribution of the AMPK pathway
to the increases in FASN and ACACA
expression during the reprogramming
of MEFs to iPS cells. At concentrations
that suppressed the expression of the early
self-renewal marker, SSEA-1, metformin
significantly and specifically blocked the
increase in FASN and ACACA in iPS
cells compared with MEFs (Fig. 4, top).
Immunofluorescence analysis using con-
focal microscopy confirmed that metfor-
min exposure drastically decreased the
levels of the ACACA and FASN lipogenic
proteins compared with vehicle-treated

1PS cells.

The Mitochondrial H*-ATP
Synthase and the Lipogenic
Switch: New Core Components
of Metabolic Reprogramming
in iPS Cells

There are conspicuous similarities between
the reprogramming of somatic cells to
iPS cells and cancer development.”>”® To
develop safe iPS-based tissue engineer-
ing and cell replacement therapies, much
research in the field has focused on the
tumorigenic traits of iPS cells. While
unraveling how reprogramming strategies
may avoid enhancing tumor risk, a better
understanding of the molecular details
underlying the reprogramming to pluri-
potency would provide crucial insights
into how cancers might arise. Moreover,
we can rapidly evaluate whether specific
cancer cell traits also necessarily occur in
iPS cells, thus indicating further poten-
tial routes to a normal and/or cancerous
stem cell-like state. Recent studies have
provided strong evidence that cancer cells
are identical to their undifferentiated
ancestors or embryonic stem cells, not
only in terms of their metabolism, but also
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in terms of the molecular pathways they
invoke, 32347384

Here, we tested the hypothesis that the
H*-ATPase synthase-geared metabolism
switch,” a mitochondria-mediated energy
adaptation that is sufficient to promote the
acquisition of the Warburg phenotype, is
also employed during somatic reprogram-
ming to limit the bioenergetic activity of
mitochondria and mediates the shift of
iPS cells to enhanced aerobic glycolysis. As
in the majority of cancer cells, in which
the Warburg phenotype can be acquired
without any genetic alteration, the pecu-
liar energy metabolism of iPS cells is a
“reversible trait” that is rapidly modulated
in response to changes in AMPK activa-
tion status. Knoepfler's group recently
confirmed that oncogenic transforma-
tion and induced pluripotency are closely
related processes.® Importantly, in their
experimental model comparing transfor-
mation and cellular reprogramming, they
observed that normal fibroblasts must first
acquire changes that lead to a downregula-
tion of cell differentiation machinery and
a concomitant upregulation of glycolysis
and other metabolic pathways; only then
do the oncogenic transformation/induced
pluripotency pathways diverge depend-
ing on other factors, such as the activity
of pluripotency genes.® Thus, the present
study adds to the growing body of knowl-
edge that will aid the discovery of meta-
bolic reprogramming-targeted methods
for making iPS cells less tumorigenic. Our
findings also support further exploration
of the specific metabolic pathways that
allow pluripotent cells to acquire onco-
genic traits. We have recently observed
that the AMPK agonist metformin, which
endows somatic cells with a bioenergetic
infrastructure that is largely refractory
to reprogramming,’ also prevents the
occurrence of or drastically reduces the
size and weight of teratoma-like masses
after the transplantation of iPS cells into
immunodeficient mice, but that iPS cells
implanted into metformin-treated mice
retain full pluripotency. The present
hypothesis that metformin drastically
elongates fibroblast mitochondria and
fully reverses the cancer-like high IF1/3-
F1-ATPase ratio in iPS cells may explain,
at least in part, its ability to efficiently and
specifically control the tumorigenic fate of
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teratoma-initiating iPS cells without inter-
fering with their pluripotency. Further
studies will more clearly elucidate the roles
of the IF1/B-F1-ATPase ratio and of the
H*-ATPase activation status on the cre-
ation and/or maintenance of cancer stem
cell (CSC) cellular states.

We also tested for the first time whether
the activation of de novo fatty acid bio-
genesis is an instrumental metabolic event
that might enable the de-differentiation
process during the reprogramming of
somatic cells to iPS cells, beyond a cancer-
like, energy metabolism switch toward
increased glycolysis and decreased mito-
chondrial OXPHOS (i.e., the “Warburg
effect”). Similar to some subsets of can-
cer cells, iPS cells supercharge lipogen-
esis by triggering regulatory circuits that
activate and provide substrates for the
lipogenic enzymes ACACA and FASN.
Some aggressive cancers use oncogenic
lipid metabolism for cell proliferation
and survival, because fatty acid synthe-
sis facilitates a Warburg-like glycolysis
instead of mitochondrial OXPHOS for
energy production.’*#*%¢ Oxygen does not
serve as the terminal electron acceptor in
cells exhibiting Warburg-like glycolytic
metabolism. To avoid low NAD*/NADH
ratios that would eventually inhibit gly-
colysis through feedback mechanisms,
electrons are incorporated into other
molecules, such as lactate, with the con-
comitant regeneration of NAD". Thus, de
novo fatty acid synthesis enables a rapid
regeneration of NAD* by consuming
large amounts of nicotinamide adenine
dinucleotide phosphate (NADPH), which
is necessary for the lipogenic pathway,
because both synthesis and elongation of
fatty acids use NADPH as a cofactor. As
a result, the cells can continue to catab-
olize glucose and maintain high rates of
glycolysis.?#

iPS cells are not only metabolically
altered to depend on glycolysis and fatty
acid synthesis for energy production (i.e.,
by coupling the Warburg effect with
anabolic metabolism) eatly in the repro-
gramming process, but also may establish
further molecular mechanisms aimed to
avert lipotoxicity and palmitate feedback
onlipogenicactivity. The previously unrec-
ognized ability of iPS cells to accumulate
significant amounts of neutral lipid depots
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recapitulates the ability of fat-addicted
HER2-overexpressing cancer cells to pro-
mote the conversion and storage of excess
fatty acids to triglycerides.’>>* The neutral
fat stain BODIPY 493/503 shows that
HER2-positive breast cancer cells exhibit
approximately 20-fold higher levels of
accumulated fat in lipid stores than nor-
mal human mammary epithelial cells.’>*
The neutral fat stain LipidTOX similarly
revealed that iPS cells exhibit notably
higher levels of accumulated fat in intra-
cellular lipid stores. However, these lipid
depots were fully refractory to changes in
the activation status of the PPARgamma
nuclear receptor, which is a central regula-
tor of lipid droplet formation, and of the
key lipogenic enzyme, FASN. Indeed, we
failed to detect perilipin, a member of the
perilipin family of structural lipid droplet
proteins that stabilize lipid droplets and
control lipolysis by localizing to the sur-
face of intracellular neutral lipid droplets
(data not shown).”*' LipidTOX-positive
lipid bodies may represent dense forma-
tions of “biological debris” within the
iPS cells.”> We are currently investigating
whether the striking finding of dense for-
mations co-localized with lipid staining,
which were mainly observed in the peri-
nuclear and peripheral area of iPS cells,
might indeed reflect an intense lysosomal/
autophagocytic activity within iPS cells.
In contrast to the situation in some cancer
cells, the metabolic reprogramming of iPS
cells does not cause products of glycolysis
to be stored as triglycerides by upregulat-
ing enzymes involved in fatty acid storage,
but rather involves the accumulation of
glycolytic byproducts, such as lactate and
acetate.

The occurrence of parallel metabolic
changes in oncogenesis and the induc-
tion of pluripotency supports the notion
that cell reprogramming is a naturally
occurring phenomenon but not a mere
technology.”® Nevertheless, the present
results strongly suggested that individual
somatic cells’ ability to enter reprogram-
ming at different time points after trans-
gene induction and the length of time
required to complete the reprogramming
sequence is greatly impacted by the bio-
energetic and anabolic status of the cell,
namely the AMPK status (Fig. 6). AMPK
activation allows fewer cells to undergo
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the required stochastic epigenetic events
and consequently proceed to a fully repro-
grammed state of transgene independence.

Sustained OXPHOS

and the suppression of cell anabolism in

mitochondrial

response to continuous AMPK activation
will, therefore, reduce the number of cells
that activate the endogenous expression
of essential transcriptional factors that
regulate self-renewal and pluripotency
(e.g., Nanog and Oct4). We now propose
an operating model in which the devel-
opment of a Warburg-like and anabolic
cellular metabotype is a crucial stochas-
tic event that imposes an a priori road-
block on the path of transformation from
somatic cells to pluripotent stem cells
that does not require the participation of
oncogene-driven metabolic changes. In
this scenario, the remodeling of energy
and biosynthetic metabolism is an active
participant (rather than a consequence) in
defining cell fate, and both the flexibility
and reversibility of such metabolic road-
block, if similarly operational for transi-
tion among non-CSC to CSC cellular
states, may have important implications
for the pharmacological manipulation of
the self-renewal and pluripotency underly-

ing CSC-driven tumorigenesis.”**’
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