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Abstract

Mitochondria play a vital role in proliferation amtifferentiation and their remodeling in the
course of differentiation is related to the vareabhergy and metabolic needs of the cell. In
this work, we show a distinctive mitochondrial resiebng in human induced pluripotent stem
cells differentiated into neural or mesenchymalgerators. While leading to upregulation of
the slow-running segment of the Krebs cycle andeased respiratory chain activities and
respiration in the mesenchymal stem cells, the bodita switch in the neural stem cells
resulted in downregulation af-ketoglutarate dehydrogenase and upregulation amfitiate
dehydrogenase 2 concomitant with the accumulatiank@toglutarate. The distinct, lineage-

specific changes indicate an involvement of theebK cycle enzymes in cell differentiation.
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Introduction

The embryonic and fetal development requires aatiatabolism to undergo the multiple
stages of proliferation and differentiation leaditg a fully developed organism. The
mechanisms underlying metabolic shift during speatll lineage commitment have been
the focus of many studies in recent years espgciitice the development of human

pluripotent stem cells cultures including embryosiem cells (ESC) and induced pluripotent
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stem cells (iPSC). The ESC and iPSC are highlyifprative cells that use aerobic glycolysis
as the primary source of ATP [1,2]. When exitingrfdotency, they are frequently reported
to undergo obligatory metabolic switching to oxidatphosphorylation (Oxphos) for more
efficient energy production [1,2,3,4,5] . Howevkistmetabolic prerequisite for pluripotency
exit has recently been challenged, as it was stibaina high glycolytic flux was maintained
in the early ectoderm [6] thus indicating the ligeapecific requirements for ATP production
during differentiation. In addition to the shift @mergy supply, differentiation may necessitate
and/or induce germ layer-specific changes in mibochial metabolites especially in Krebs
cycle intermediates known to be at the crossroadmaftiple signaling and metabolic
pathways. Indeed, Krebs cycle fuels biosynthesidipidis, proteins and carbohydrates, it
affects the activities of proteins through allosteéegulation or postranslation modifications,
regulates the availability of ions or acts as hareibke molecules activating metabolite-
specific receptors (reviewed in [7,8] ). Intereghn several metabolites of the Krebs cycle,
includinga-ketoglutarate (aKG), succinate and fumarate aspea@tive cofactor and inhibitors
of HIF prolyl hydroxylases (PHDs) and for DNA angtone demethylases thus participating
directly in the epigenetic modulation of gene espren and providing a possible connection
to the cell fate specification [9,10]. In this wonksing iPSC and iPSC-derived neural and
mesenchymal stem cells, we evaluated the actiVitgeoKrebs cycle enzymes and report here

their distinct, unexpected remodeling.

Material and M ethods

Fibroblast Reprogramming and pluripotent Stem Cell Culture

Human fibroblasts were cultured in fibroblasts madiconsisting of DMEM, high glucose,
GlutaMAX Supplement, supplemented with 10% of fdtalvine serum (Sigma), 1% non-
essential amino acids (Invitrogen) and 1mM Sodiupnuyate (Invitrogen). The Human
IPSCs control line (WT, i90c16) was derived fromRMO lung fibroblast cell (ATCC CCL-
186). Human iPSCs were obtained as previously testiby Yu et al. [11] using Addgene
plasmid 20925, 20926 and 20927. The iIPSCs lineg werplified up to the 15th passage
before differentiation. Molecular characterizatwpluripotency and self-renewal capacities
of these cells was performed as described prewidddl]]. Human iPSCs (passages 25-40)
were cultured on matrigel coated dishes in StemMB&Brew XF, human (Miltenyi).

Cultures were fed daily and passaged every 4-5 daigh TrypLE Express (Life



technologies). Cultures were verified for mycoplasmonthly using Mycoalert kit (Lonza
LT07-318).

Pluripotent Stem Cell differentiation

Differentiation into Neural Stem Cells (NSCs) wasrfprmed in the following way:
commitment of iPSCs to the neural lineage was perd as described in [12]. At day 8-10,
neural rosettes were manually collected and plategbly-ornithine/laminin-treated culture
dishes in N2B27 medium consisting of DMEM/F12, raasal, N2 and B27 supplement, 50
uM B-mercaptoethanol and Penicilline/Streptomycin (Li#ehnologies) supplemented with
fibroblast growth factor-2 (FGF2, 10ng/ml) and egidal growth factor (EGF, 10ng/ml). At
confluence, the cells were passed using trypsia sisigle-cell suspension with a density of
50000cellscm2. Mass amplification of NSCs was performed inBR2 medium until
passages 6-8 and cells were frozen in a mixturéagong 10% dimethyl sulfoxide and 90%
fetal bovine serum (Invitrogen). The Rock inhibid®d27632 was used at the time of thawing
to enhance cell recovery.

Mesenchymal stem cells (MSCs) were obtained usmnagdaptation of a previously described
protocol [13]. Briefly, differentiation was inducday plating 4 to 6 iPSCs colonies/cm2 on
0.1% gelatin coated dishes in MSCs medium congistinDMEM/F12 supplemented with
20% fetal bovine serum (FBS) (Sigma), 1% nonessergiminoacids, 50uM B[]
mercaptoethanol, 10 ng/mL recombinant human FGF2&¢m Life technologies) and 1 mM
L T1Ascorbic acid 2/ phosphate (Aa2P) (SigmalAldrich). Medium was changed every other
day and cells were passaged with TrypLE Expres® (ieichnologies) to new gelatin coated
dishes when they reached confluence. MSCs wereriradter 5 passages. Cultures were

verified for mycoplasma monthly using Mycoalert fibnza LT07-318).

mFISH karyotype analysis

Cells were conditioned with colchicine (Eurobio) f80 min, warmed with a hypotonic
solution (5mg/mL KCL) and fixed with a Carnoy fixat. mFISH 24Xcite probe
(Metasystem) and ProLong Gold Antifade MountanthwDAPI (Life technologies) were
used for mFISH staining. 30-70 metaphases were ir@chwith Metafer MetaSystems
software coupled to an Axiolmager Zeiss Z2 micrggcequipped with a camera cool cube

and 10X and 63X objectives. Images were analyzéid ksis software (MetaSystems).

I mmunocytochemistry



Cells were seeded on glass coverslips and groviteingells of a 12 well-plate until 70-90%
confluency in standard growth media at 37 °C, 5%2C@ells were fixed in 4%
paraformaldehyde (15 min, room temperature) bepemeneabilization and blocking in PBS
supplemented with 0.1% Triton X-100 and 1% BSA (SagAldrich St. Quentin, Falavier,
France). Primary antibodies were incubated ovetregid°C in 1% BSA (Sigma-Aldrich).
Antibodies used were: Nestin (Milipore MAB5326),&i (Dako M7240), Oct4 (Santa Cruz),
Tra-1-60 (Cell signaling 4746), Nanog (Cell signgli4903), SSEA4 (Cell signaling 4755),
Sox2 (Milipore AB5603). Secondary antibodies and HDAr Hoechst counterstain were
applied for 1 h at room temperature. Images adipis were performed on a fluorescence
microscope equipped with epi-fluorescence illumorat(ImagerZl; Carl Zeiss, LePecq,
France) using the Axiovision image capture equipnaenl software or with Leica TCS SP8

confocal laser microscope and LasX Leica software.

Enzymatic analyses and Cellular Respiration

Cells were collected by enzymatic digestion withypllE Express (Life technologies),
washed twice with cold PBS and frozen as dry peliétlx106 cells. Cells were subsequently
thawed using 10Q1l of ice-cold solution consisting of 0.25 M sucrp8 mM Tris—HCI (pH
7.2), 2 mM EGTA, 40 mM KCI, 0.01% digitonin (w/vAAfter 5 min incubation on ice, cells
were centrifuged (2500g, 5 min, 4 °C), and thegtellsuspended in 100! of the same
solution. Activities of respiratory chain complexesd Krebs cycle enzymes were
spectrophotometrically measured in both fractiorsoluble cytosolic fraction and
mitochondria containing membrane fraction) with BIB ug of proteins using a Cary 60 UV-
visible spectrophotometer (Varian Inc, Les Ulisarkge) as previously described [14,15,16)].
Cellular respiration was measured with intact cetiBected immediately before the analysis
using the Optode device fitted to a handmade cagitler 50ul or 250 pl thermostated cell
as previously described [22]. For the aKG and swatei levels analysis, cell pellets were
collected as previously and organic acids wereaeted with 0.05N Perchloric acid in PBS
incubated in ice for 5 min then sonicated and eléday centrifugation (16000g, 5 min, 4 °C).
The levels of aKG were measured spectrofluoronatyiavith alpha-ketoglutarate assai kit
according to manufacturer instructions (Sigma-AldriMAKO54). The levels of succinate
was measured spectrophotometrically by a coupledticn in which succinate was first
converted to succinyl-CoA with Succinyl-CoA thiokse (Succinate converter MAK184B,
Sigma-Aldrich St. Quentin, Falavier, France) in liesence of 3fM Coenzyme A, 2.5Mm



MgCl2, 0.5mM ATP in 100mM KPO4 pH 7.8. Then ADP guted in this reaction was
determined following NADH oxidation in PEP+PK/LDHssai as described previously [14,
15]. All chemicals were from Sigma-Aldrich (St. Quie, Falavier, France). Protein was

estimated using the Bradford assay (Sigma-Aldi&thQuentin, Falavier, France).

Gel electrophoresis and |mmunohistochemistry

For the Western blot analysis, total protein exgd60ug) were separated by SDS—PAGE on
a 6, 10 or 12% polyacrylamide gel [18], transfertec nitrocellulose membrane and probed
overnight with primary antibodies against the pirotef interest: IDH2 (Abcam ab129180),
OGDH (Abcam ab137773) and CS (Abcam ab 96600), AédZzam ab110321). Secondary
antibodies (Thermofisher Scientific 32460 and 3248@&re applied for 1 h at room
temperature. The antibody complexes were visualizé@t the Western Lightning Ultra
Chemiluminescent substrate kit (Perkin Elmer, Fednand images acquisitions were

performed with G-Box Chemi XT16 camera.

Results and Discussion

Human induced pluripotent stem cells differentiation

As a cellular model for studying the impact of noitondrial metabolism on differentiation,
we used human induced pluripotent stem cells (iP&@grentiated into mesenchymal or
neural progenitors. The iPSC were generated framguy fibroblasts by using the episomal
vector based reprogramming strategy [11]. Homogsnmopulations of neural stem cells
(NSC) and mesenchymal stem cells (MSC) have betaingtl using previously developed
and validated protocols [12,13]. All cell types wgrhenotypically verified (Fig S1).

Respiratory capacity of iPSC and iPSC-derived neural and mesenchymal stem cells

In order to assess mitochondrial involvement infedéntiation we first analyzed the

mitochondrial network, as changes in mitochondmalirphology may reflect the respiratory
capacity of the cell. Using antibodies against ofitandrial citrate synthase, we

immunostained the mitochondrial network in iPSC &f8C-derived stem cells. We detected
a large amount of mainly spherical mitochondriaalaed perinuclearly in iPSC cells (Fig 1).

Upon neural and mesenchymal differentiation, weeoled a reshaping of the mitochondrial
network with the appearance of more elongated,cukti mitochondria in the NSC

accompanying important changes in cell morpholody tloese cells and a highly



interconnected network in MSC. Apparently immatomigochondria are frequently associated
with elevated glycolytic metabolism of the plutipot stem cells [1,19]. In contrast, the well-
developed network is generally observed in thealygecommited progenitors and in the
differentiated somatic cells and is thought to ¢adé the activation of Oxphos [1,20,23]. The
better developed and connected mitochondria obdem&SC and MSC could thus point to a
change in energy production.

We next measured cellular respiration and the idetsvof the respiratory chain (RC) in these
cells. As revealed by a 2 fold increase in the aditexygen consumption and in thetivities

of mitochondrial Respiratory Complexes Il (Succenfuinone DCPIP Reductase, SQDR),
Il (QCCR, Quinone Cytochrome ¢ Reductase) and GOX), MSC appeared to have
undergone remodeling towards higher mitochondridivily (Fig 2). However, we did not
detect any changes in cellular respiration or Rtivides in NSC (Fig 2) indicating the lack
of Oxphos activation in these cells.

These results show that although Oxphos was aethé@tring differentiation, this occurred in
the lineage-specific manner. While observed inmtesenchymal progenitors, Oxphos switch
was not required for neural induction and NSC peddition arguing against the obligatory
shift from glycolysis to Oxphos for pluripotency iexand differentiation [1,2,4,5].
Importantly, a sustained high aerobic glycolytiexfiwas recently reported in early ectoderm,
and Oxphos switching was reported only after nepragenitor cells transition to midbrain
floor plate precursors [6]. As the apparent Oxphegression persists in the late cortical
progenitors, used in our study, this suggests fardifitial Oxphos switching during cortical

differentiation.

Krebscycle profilein iPSC and iPSC-derived neural and mesenchymal stem cells

The Krebs cycle not only fuels the RC with reduceguivalents, used for ATP production,
but is also a source of several key metabolitesoli@d in cell proliferation and
differentiation. To test whether its activity chasgafter lineage commitment, we analyzed
Krebs cycle enzymes in iPSC and iPSC derived piitgsn

The analysis revealed a 2-fold increase in theviactof citrate synthase (CS) and a 4-fold
induction of the mitochondrial aconitase 2 (ACO2RD-dependent isocitrate dehydrogenase
3 (IDH3) and a-ketoglutarate dehydrogenase (aKGBttjvities in MSC compared to the
parental iPSC cells (Fig 3A). In contrast, the\atiis of mitochondrial fumarate hydratase
(mt-FH) and mitochondrial malate dehydrogenase (NMpé&s well as mitochondrial NADP-
dependent isocitrate dehydrogenase 2 (IDH2) werhamged. Interestingly, the strongly



upregulated enzymes are part of the slow runniggsat of the Krebs cycle, the latter being
shown functionally split into two complementary fraycles between oxaloacetate amd
ketoglutarate (Fig 4B) [21]. Induced activity ofiglrsegment in MSC could allow for more
efficient use of pyruvate in the Krebs cycle. letmgly, low expression of ACO2 and IDHs
has been reported in human pluripotent stem cellsitthas been associated with preferential
glycolysis in these cells [22]. Increased activitfythe CS — aKGDC segment, which we
measured in MSC, might therefore allow Oxphos dwitg and induced respiration in

mesenchymal progenitors.

An important, yet distinct Krebs cycle remodelingoaoccurred during neural differentiation.
Indeed, in the NSC, we observed no change in theitgoof the CS—IDH3 segment of the
Krebs cycle, strongly induced in MSC. Instead, dlaévity of the aKGDH, which catalyzes
the oxidative decarboxylation of alpha-ketoglutarab succinyl-CoA, was significantly
reduced. The 3-fold reduction of this rate-limitistgp, regulating the entry of aKG into the
suggested fast-running segment of the Krebs cwas,accompanied by a 3-fold induction of
aKG-forming IDH2 (Fig 3A).

These activity profiles were then confirmed by weestblot analysis (Fig 3B). Accordingly,
the MSC displayed a significant increase in the amof CS, IDH2, ACO2, and OGDH (E1
component of akGDH). In contrast, 3-fold upreguatof IDH2 and 3-fold downregulation
of aKGDH could be detected in the NSC resultingéarly 10-fold difference in the ratio of
both enzymes as compared to the parental iPSC Tellsxclude the influence of the genetic
background, this remodeling was further confirmedNiISC derived from another iPSC cell
line, as shown by western blot analysis of IDH2 @@IDH (Fig 2S).

The opposite changes in the activities of IDH2 adSDH in the NSC could lead to
increased accumulation of aKG in these cells. Tafywét, we have measured its level in
IPSC, NSC and MSC. We found the intracellular lesfehKG significantly (3-fold) higher in
the NSC compared to iPSC cells, while the leveswdcinate was unchanged (Fig 4A). In
contrast, we did not detect any aKG increase ocisate accumulation in MSC, which is
consistent with an overall upregulation of Krebsleyand respiratory activities in these cells
(Fig 4A). Since the increased metabolism of gluteriould be an additional cellular source
of aKG, through the action of glutamate dehydrogenéGlutDH), we also measured the
activity of this enzyme that didn’t significantlyhange in NSC (Fig 3A). However, we
observed a slight but significant GlutDH inductiormesenchymal stem cells, consistent with

induced mitochondrial activities in these progensit@-ig 3A).



Our results showed a robust, 3-fold increase irattiwvity of akG-forming IDH2 and a 3-fold

decrease in the activity of aKG-consuming aKGDHNIBC. We also detected significantly
elevated level of this metabolite in neural progensi As a cofactor for the oxoglutarate
dependent dioxygenases (OGDDs), aKG is known toutatel gene expression and affect the
pluripotency exit and differentiation [9,10; review in 24] which suggests that the
remodeling of the Krebs cycle and the accumulatibaKG in the NSC, reported here, may

be associated with neural commitment and cordif&drentiation.

In conclusion, using iPSC-derived neural and mesgmal stem cells, we showed an
important mitochondrial remodeling during both kges differentiation. In MSC, we
detected a significant upregulation of the slowaing segment of Krebs cycle,
simultaneously with increased respiratory chainvaies and cellular respiration, indicating
the involvement of Oxphos switching in the diffetiation of these progenitors. Inverse
changes in the mitochondrial activities occurredrdyneural differentiation. There was no
activation of the CS — IDH3 segment of the Krebsleyand no induction of the respiratory
chain activities. Instead, we detected a significaduction in the activity of aKGDH, the rate
limiting Krebs cycle complex, simultaneously withsaong induction of the mitochondrial
IDH2. This opposite change in aKG-producing IDH2 aiKG-consuming aKGDH, might be
responsible for increasing the intracellular lew#l aKG, detected in NSC. Taking into
account the key signaling and epigenetic role @ thetabolite, this remodeling might be a
neural specific checkpoint during differentiationdafuture work will help to describe its

molecular basis.
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Figurelegends

Figure 1. Mitochondrial network in iPSC and iPSC-derived rawand mesenchymal stem

cells. A) Punctuate perinuclear mitochondria in@P&nd reshaped mitochondrial network
with appearance of elongated, reticular mitochandni NSC and MSC as visualized by

immunofluorescence staining of the mitochondridtae Synthase (green; Abcam ab96600).
The nuclei were labelled with Hoechst (blue, Irogten 33342). B) Morphological features of
IPSC, NSC and MSC as observed with phase contiasbsoopy.

Figure 2. Respiratory activities in iPSC and iPSC-derived rak@and mesenchymal stem
cells. A) Cellular respiration was measured withtddie device;n=5 and B) Activities of
mitochondrial Respiratory Chain Complexes Il (Sneté Quinone DCPIP Reductase,
SQDR), Il (QCCR, Quinone Cytochrome c Reductase)l &/ (COX) were analyzed
spectrophotometrically; n=5 (Clll, CIV), n=4 (Cllit is one independent culture; Values are

means + SD. Data were analyzed with Graphpad Risgng two-tailed t-test.

Figure 3. Krebs cycle remodeling in neural and mesenchynahstells. A) Activities of
Krebs cycles enzymes were analyzed spectrophotmalétr Citrate Syntase (CS), Isocitrate
dehydrogenase 2 (IDH2), n=5; Aconitase 2 (ACO2ycitsate dehydrogenase 3 (IDH3),
mitochondrial Fumarate Hydratase (mt-FH), a-ketgdebgenase complex (aKGDH), n=4;
Malate dehydrogenase 2 (MDH2), n=3; Aspartate Amnarsferase (ASAT), n=5; Values are
means + SD; B) Accumulation of IDH2, OGDH (Oxoglaite dehydrogenase component E1
of aKGDH; CS and ACO2 as visualized by Western (ft panel - representative picture
showing two independent cultures for each cell fyypgaantified with ImageJ and reported as
percentage of iPS; n=4 ; n is one independent yltdalues are means + SData were

analyzed with Graphpad Prism using two-tailed t-tes



Figure 4. Intracellular levels 0BKG and remodeled Krebs cycle in iPS and iPS-ddrstem
cells.A) Intracellular levels of aKG were measured sp#kiorometrically in NSC and MSC
(n=3) and in iPS (n=4). Succinate levels were measgpectrophotometrically (n=3); is
one independent culture; Values are means + SDg vate analyzed with Graphpad Prism
using two-tailed t-test. B) Summary of Krebs cymenodeling in the iPS-derived NSC and
MSC. The functional splitting of the Krebs cyclecgons represented as two complementary
mini-cycles: the fast running cycle from aKG to meaxetate (large arrow, left cycle) and the

slow running segment (narrow arrow, right cyclee(sext for explanation).

Supp Figure 1. Molecular verification of i90c16 human-induced phatent stem cells and
its derivatives. (A) mFISH chromosome analysis 60cl6-iPSCs showing a normal
caryotype (46, XX). (B) Immunostaining showing #aepression of the pluripotency markers
OCT4, SSEA4, TRA1-60 and NANOG. Scale bars = 200 (@) Representative phase-
contrast image of i90c16-iPSCs colonies on feed#s.cScale bars = 200 um. (D) Sample
bright-field image of i90c16-iPSCs derived neutahs cells (NSCs). Scale bars = 50 um. (E)
Immunostaining showing the expression of the ne(IESTIN, SOX2) and proliferating
(Ki67) markers in NSCs. (F) Phase-contrast imagé&®0{iPSCs derived MSCs. (G) Flow
cytometry analysis of MSCs markers (CD29, CD44, BDUD105 and CD166) expression in
190c16-iPSCs derived MSCs. Scale bars = 200 um.

Supp Figure 2: The aKGDH/IDH2 remodeling in iPS1869-derived NSC.

Accumulation of IDH2, OGDH and CS as visualized Western blot (left panel -
representative picture showing three independdtires for each cell type), quantified with
ImageJ and reported as percentage of iPS. n=3pmeisndependent culture; Line containing
Molecular weight marker is covered. Values are meanSD. Data were analyzed with
Graphpad Prism using two-tailed t-test. This cdntP&C line was published previously as
1869 (Boissart et al., 2013) and was reprogrammad SM01869 fibroblasts obtained from
the Coriell's biorepository (Coriell Institute fdvledical Research, NJ, USA). It was
differentiated into NSC using the same procedurdeasribe for i90c16.
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