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MTORC2/RICTOR exerts differential levels
of metabolic control in human embryonic,
mesenchymal and neural stem cells

Dear Editor,

Stem cells, including pluripotent stem cells and adult stem
cells, possess the remarkable capability of being able to self-
renew while at the same time having potential to differentiate
into different cell lineages and functionally distinct cell types.
Human embryonic stem cells (hESCs) can differentiate into
all adult stem cell types, including human mesenchymal
stem cells (hMSCs) and human neural stem cells (hNSCs),
but can also give rise to all terminally differentiated cell types
(Wang et al., 2021a). Through the continuous replenishment
of differentiated cells, stem cells support tissue homeostasis
and respond to tissue injuries. Given the promising appli-
cations of stem cells in cell therapy and regenerative medi-
cine, insights into molecular events underlying stem cell
maintenance, self-renewal ability and pluripotency, continue
to garner strong interest (Shan et al., 2021). Although
metabolic pathways have been implicated in the reciprocal
regulations of stem cell self-renewal and differentiation as
well as organ homeostatic maintenance (Garcia-Prat et al.,
2017), central aspects of how metabolic requirements differ
and are regulated across the various types of human stem
cells in our body remain enigmatic.

The mammalian target of rapamycin (mTOR) pathway is
one of the most important metabolic pathways in mammals,
and accordingly, it is pivotal for multiple cellular activities in
stem cells (Meng et al., 2018). The mTOR pathway com-
prises two distinct protein complexes, complex 1 (mMTORC1)
with associated regulatory protein RAPTOR, and complex 2
(mTORC2) with the rapamycin-insensitive companion RIC-
TOR, as respective core unique components. Given that
numerous clinical trials have been funded to investigate the
safety and efficacy of mTOR inhibitors, it is of both scientific
and clinical importance to gain a deeper knowledge about
the role of mTOR pathway, and especially for the lesser
known mTORC2, in the homeostatic maintenance of differ-
ent types of human stem cells.

To investigate whether and how RICTOR may regulate
human stem cells, we used CRISPR/Cas9-mediated gene
editing in hESCs to introduce indels in exon 1 of the RICTOR
gene (Fig. 1A and 1B). This approach successfully knocked

out RICTOR as validated by western blot analysis showing
the ablation of RICTOR protein. Alongside, S473 phospho-
rylation of AKT, which is a major substrate of mTORC2
(Wang et al., 2021b), was also downregulated in RICTOR ™~
hESCs (Figs. 1C and S1A). RICTOR-deficient hESCs were
karyotypically normal (Fig. S1B) and maintained genomic
integrity, as exemplified by genome-wide copy number
variation (CNV) analysis (Fig. S1C). However, RICTOR
deficiency caused aberrant colony morphology (Fig. 1D),
shown as a marginal differentiation of the clone, a phenotype
frequently observed in hESCs with compromised pluripo-
tency. Concomitantly, the expression of stem cell pluripo-
tency markers OCT4, SOX2 and NANOG, along with others,
were downregulated (Figs. 1E, S1D and S1E). Disrupted
alkaline phosphatase staining and attenuated capability
for teratoma formation further confirmed the impaired
pluripotency of RICTOR™'~ hESCs (Fig. 1F—1H). Additionally,
RICTOR deficiency attenuated clonal expansion ability and
disrupted hESC cell cycle kinetics (Figs. 11 and S1F). Alto-
gether, these observations suggest that RICTOR deficiency
attenuates hESC self-renewal and pluripotency.

Next, we differentiated RICTOR™* and RICTOR™"
hESCs into hMSCs and hNSCs to assess how RICTOR
loss-of-function (LOF) impacts on human adult stem cells
(Fig. 1A). As expected, RICTOR protein was depleted in
RICTOR™ hMSCs along with decreased AKT S473 phos-
phorylation (Fig. S1G and S1H). Yet, RICTOR™ hMSCs
maintained genomic integrity as demonstrated by CNV
analysis (Fig. S11) and normal cellular morphology along
with the expression of hMSC-specific markers including
CD73, CD90 and CD105 as previously described (Bi et al.,
2020) (Figs. 1J and S1J). By contrast, RICTOR deficiency
led to decreased self-renewal ability in hMSCs, as evidenced
by lower clonal expansion ability, fewer Ki67 positive cells
(Fig. 1K and 1L). RICTOR deficiency also impeded the dif-
ferentiation potentials of hMSCs into osteoblasts, chondro-
cytes and adipocytes (Figs. 1M and S1K). As for RICTOR™"
hNSCs, RICTOR protein was completely absent together
with decreased AKT S473 phosphorylation (Fig. S1L and
S1M). Likewise, RICTOR™™ hNSCs expressed hNSC-
specific markers PAX6 and SOX2 (Figs. 1N and S1N) as
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< Figure 1. RICTOR deficiency attenuates pluripotency and
differentiation abilities of hESCs, hMSCs and hNSCs.
(A) Schematic diagram of the generation of RICTOR-deficient
hESCs and hESC-derived hMSCs and hNSCs. (B) Schematic
of the deletion of RICTOR via CRISPR/Cas9-mediated non-
homologous end-joining (NHEJ). The diagram shows the first 2
out of 38 exons of RICTOR along with the edited sequence in
exon 1. (C) Western blot analysis of RICTOR, phosphorylated
AKT Serd73 and total AKT expression in RICTOR™ and
RICTOR™~ hESCs. GAPDH was used as the loading control.
(D) Representative phase-contrast images of RICTOR** and
RICTOR™™ hESC colonies. Scale bar, 200 ym and 100 pm
(zoomed-in image). (E) Western blot analysis of the pluripo-
tency markers OCT4, SOX2 and NANOG expression in
RICTOR'* and RICTOR™™ hESCs. B-Tubulin was used as
the loading control. (F) Representative alkaline phosphatase
staining of hESCs. Scale bar, 200 ym. Data are representative
of three biological repeats. ***P < 0.001. (G) Average diameters
of teratomas formed by RICTOR"* and RICTOR™~ hESCs.
Scale bar, 10 mm. Data are presented as mean + SEM of five
biological repeats. ***P < 0.001. (H) Immunofluorescence
staining of the differentiation markers for three germ layers
in teratoma, Scale bar, 50 ym. (I) Clonal expansion analysis of
RICTOR*" and RICTOR™™ hESCs. Data are presented as
mean + SEM of three independent experiments. **P < 0.01.
(J) Flow cytometry analysis of hMSC-specific surface markers
CD73, CD90 and CD105 in RICTOR'* and RICTOR™™
hMSCs (passage 3). (K) Clonal expansion analysis of
RICTOR"* and RICTOR™™ hMSCs (passage 4). Data are
presented as mean + SEM of three independent experiments.
*P < 0.05. (L) Immunofluorescence analysis of Ki67 expression
in RICTOR'"* and RICTOR™~ hMSCs (passage 4). Scale bar,
10 um. Data are presented as mean + SEM of three biological
repeats. **P < 0.01. (M) Characterization of the multilineage
differentiation potentials of hMSCs (passage 4). Left, osteoge-
nesis of RICTOR"" and RICTOR™~ hMSCs evaluated by von
Kossa staining. Scale bar, 250 ym. Middle, chondrogenesis of
RICTOR"* and RICTOR™~ hMSCs evaluated by Toluidine blue
staining. Scale bar, 50 um. Right, adipogenesis of RICTOR"*
and RICTOR™'~ hMSCs evaluated by Oil Red O staining. Scale
bar, 50 um. (N) Immunofluorescence staining for ANSC-specific
markers PAX6 and SOX2 in RICTOR™" and RICTOR™ of
hNSCs (passage 3). Scale bar, 20 ym. (O) Clonal expansion
analysis of RICTOR"* and RICTOR™™ hNSCs (passage 5).
Data are presented as mean * SEM of three independent
experiments. *P < 0.05. (P) Immunofluorescence analysis of
Ki67 expression in RICTOR** and RICTOR™™ hNSCs (pas-
sage 5). Scale bar, 10 um. Data are presented as mean + SEM
of three biological repeats. *P < 0.05. (Q) Immunofluorescence
staining of hNeuron-specific markers MAP2 and Tud1 in
RICTOR*"™* and RICTOR™'~ hNeurons. Scale bar, 50 pm.
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previously described (Wang et al., 2020) and maintained
genomic integrity, as shown by CNV analysis (Fig. S10). In
line with our findings in hMSCs, RICTOR deficiency led to
decreased proliferative ability (Fig. 10 and 1P) and impaired
neuronal differentiation in hNSCs, as reflected by lower
percentage of cells positive for neuron-specific markers
MAP2 (Figs. 1Q and S1P). Altogether, these results indicate
that RICTOR deficiency impairs self-renewal and differenti-
ation of hMSCs and hNSCs.

To elucidate molecular mechanisms underlying RICTOR
LOF and how these contribute to compromised hESC self-
renewal and differentiation capabilities, we carried out gen-
ome-wide RNA sequencing (RNA-seq) analysis. In total, we
identified 585 upregulated genes and 530 downregulated
genes in RICTOR™™ hESCs (Fig. S2A and S2B). Pathway
and gene ontology (GO) enrichment analysis revealed that
the upregulated genes were mainly associated with oxidative
phosphorylation (exemplified by genes such as ATP5MCS3,
ATP5MF) and mitochondrial organization (FIS1, TOMM7),
and that the downregulated genes were related to extracel-
lular structure organization (COL1A2, COL5A2) and stem-
ness maintenance (KIT, ZIC3) (Fig. 2A). These findings likely
pinpoint mitochondrial modulation as the core mechanism
causing dysregulation of hESC homeostasis upon RICTOR
deficiency. Given that glycolysis regulates hESC self-re-
newal (Gu et al., 2016), we examined the changes in gly-
colysis in hESCs with RICTOR deficiency. Consistent with
the aforementioned impaired hESC self-renewal upon RIC-
TOR ablation, we observed decreased glycolysis in RIC-
TOR™'~ hESCs (Fig. 2B). Subsequently, we evaluated the
changes in the mitochondria between RICTOR"* and RIC-
TOR™ hESCs and detected increases in mitochondrial
number per cell and relative mitochondrial mass, suggesting
higher mitochondrial content associated with RICTOR defi-
ciency (Figs. 2C, 2D and S2C). By contrast, the ablation of
RICTOR in hESCs caused disarranged cristae structure
(Fig. 2C), increased mitochondrial ROS and decreased
mitochondrial membrane potential (Fig. S2D and S2E),
indicative of impaired mitochondrial fitness. Overall, although
baseline mitochondrial respiration was comparable between
RICTOR'™ and RICTOR™~ hESCs, the maximal respiratory
ability was higher in RICTOR™™ hESCs likely due to
increased mitochondrial content (Fig. 2E). Altogether, these
data indicate that RICTOR deficiency causes changes in
glycolytic capacity and mitochondrial fithess in hESCs, likely
contributing to impaired self-renewal capability.

To determine the molecular mechanisms underlying
RICTOR deficiency in human embryonic and adult stem
cells, we performed RNA-seq analysis of hMSCs and
hNSCs derived from RICTOR** and RICTOR™~ hESCs. In
total, we identified 814 upregulated genes and 1,113 down-
regulated genes in hMSCs, and 1,056 upregulated genes
and 530 downregulated genes in hNSCs (Fig. S2A and
S2B). However, when we compared the DEGs identified in
hMSCs and hNSCs to those of hESCs, we found that shared
genes were relatively few, with only 14 upregulated and 29
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< Figure 2. RICTOR deficiency exerts differential effects on

mitochondrial fitness in hESCs, hMSCs and hNSCs.
(A) GO and pathway enrichment analysis of differentially
expressed genes in RICTOR"* and RICTOR™™ hESCs.
(B) Representative quantifications of extracellular acidification
rates (ECAR) of RICTOR™* and RICTOR™~ hESCs. Data are
presented as mean = SEM of three biological repeats. ***P <
0.001. (C) Representative transmission electron microscopy
images of RICTOR"* and RICTOR ™'~ hESCs. Scale bars, 2 ym
and 200 nm (zoomed-in image). (D) Flow cytometric analysis of
mitochondrial mass in hESCs. Data are presented as mean +
SEM of three independent experiments. ***P < 0.001. (E) Cel-
lular oxygen consumption rates (OCR) of RICTOR™* and
RICTOR™™ hESCs in response to indicated mitochondrial
modulators. Data are presented as mean + SEM of three
biological repeats. ns, not significant, **P < 0.01. (F) Represen-
tative quantifications of extracellular acidification rates (ECAR)
of RICTOR'™ and RICTOR™™ hMSCs (passage 4). Data are
presented as mean + SEM of three biological repeats. ***P <
0.001. (G) Representative transmission electron microscopy
images of RICTOR"* and RICTOR™™ hMSCs (passage 4).
Scale bars, 2 pm and 200 nm (zoomed-in image). (H) Flow
cytometric analysis of mitochondrial mass in hMSCs (passage
4). Data are presented as mean + SEM of three independent
experiments. *P < 0.05. (I) Cellular oxygen consumption rates
(OCR) of RICTOR'" and RICTOR™™ hMSCs (passage 4) in
response to indicated mitochondrial modulators. Data are
presented as mean + SEM of four biological repeats. *P <
0.05, **P < 0.001. (J) Representative quantifications of
extracellular acidification rates (ECAR) of RICTOR'* and
RICTOR™™ hNSCs (passage 5). Data are presented as mean
+ SEM of three biological repeats. ns, not significant. (K) Rep-
resentative transmission electron microscopy images of RIC-
TOR** and RICTOR™™ hNSCs (passage 5). Scale bars, 1 um
and 200 nm (zoomed-in image). (L) Flow cytometric analysis of
mitochondrial mass in hNSCs (passage 5). Data are presented
as mean + SEM of three independent experiments. ns, not
significant. (M) Cellular oxygen consumption rates (OCR) of
RICTOR"* and RICTOR™~ hNSCs (passage 5) in response to
indicated mitochondrial modulators. Data are presented as
mean + SEM of three biological repeats. ns, not significant.

downregulated genes in common (Fig. S2F). Of these
downregulated were BTF3 and TOX, previously reported to
be related to stem cell maintenance and differentiation (de
Jesus Domingues et al., 2016; Hu et al., 2019). By contrast,
none of the overlapping genes were related to mitochondrial
metabolism (Fig. S2F-S2H), suggesting that RICTOR defi-
ciency impacts on cell type-specific mitochondrial regulatory
mechanisms. Accordingly, we measured the changes in
mitochondria and metabolism in RICTOR-deficient hMSCs
and hNSCs. We found decreased glycolysis in RICTOR ™~
hMSCs (Fig. 2F), similarly as seen in RICTOR™'~ hESCs.
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Besides, RICTOR deficiency did not cause any
detectable changes in mitochondrial cristae structure nor
mitochondrial ROS levels between RICTOR'* and RIC-
TOR™~ hMSCs, but led to increased mitochondrial mass and
membrane potential, likely indicative of enhanced mito-
chondrial respiratory capacity in RICTOR’~ hMSCs
(Figs. 2G, 2H, S2I and S2J). Indeed, we found that RICTOR
deficiency increased both basal and maximal mitochondrial
respiration in hMSCs (Fig. 2I). By comparison, in RICTOR-
deficient ANSCs, we found RICTOR deficiency did not affect
the glycolytic capacity (Fig. 2J), mitochondrial cristae struc-
ture, mitochondrial mass nor mitochondrial ROS production
in hNSCs (Figs. 2K, 2L and S2K). In contrast to RICTOR ™~
hMSCs, we detected RICTOR deficiency led to decreased
mitochondrial membrane potential in hNSCs (Fig. S2L).
However, both basal and maximal mitochondrial respiration
were normal in RICTOR™'~ hNSCs (Fig. 2M), suggesting that
the mitochondrial dysregulation caused by RICTOR defi-
ciency in hNSCs is tolerable. Altogether, our findings indicate
that RICTOR s critical to the maintenance of mitochondrial
fitness in hMSCs, but less important to mitochondrial func-
tion in hNSCs.

Here, for the first time, we systematically compared the
effects of RICTOR deficiency in human embryonic stem cells
and two adult stem cell types. By generating RICTOR-defi-
cient hESCs and executing directed differentiation of these
into hMSCs and hNSCs derivatives, we provided a valuable
experimental platform for further studying biological roles of
RICTOR in human embryonic and adult stem cell types. Our
comprehensive analysis demonstrated that RICTOR defi-
ciency adversely affected both self-renewal and differentia-
tion abilities in all three human stem cell types. In addition,
we offered novel insights into distinct mitochondrial and
metabolic phenotypes caused by RICTOR deficiency in dif-
ferent human stem cells. Specifically, our data show that
RICTOR was essential for glycolytic capacity and mito-
chondrial homeostatic maintenance in hESCs and hMSCs,
but its absence led to tolerable mitochondrial defects without
changing cell respiration in hANSCs. Our findings suggest that
RICTOR maintains the stemness of hESCs and hMSCs
likely associated with altered glycolysis and oxidative phos-
phorylation, and that mitochondrial respiration is largely
independent of RICTOR in hNSCs. Overall, our data provide
new knowledge about the differential roles of RICTOR in the
homeostatic maintenance and mitochondrial regulation of
different types of human stem cells.

Because the dysregulation of the mTOR pathway is a
hallmark feature of diseases, including metabolic disorders,
neurological disease and cardiovascular disease, mTOR is
viewed with interest as a potential therapeutic target. To
date, most studies on mTOR pathways has focused on
mTORC1 via genetic manipulations or targeted pharmaco-
logical inhibitors such as rapamycin (Schreiber et al., 2019).
By contrast, much less is known about the cellular conse-
quences by interfering with mTORC2. In mice, depletion of
Rictor, the unique core regulatory component of mMTORC2,
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leads to embryonic growth arrest (Zhu et al., 2019) and
impedes cardiac differentiation of embryonic stem cells
(Zheng et al., 2017). In this study, we found that RICTOR
deficiency impaired hESC self-renewal. In addition, our data
revealed that RICTOR deficiency had varied impacts on
differentiated derivatives and thus brought clarity to its piv-
otal roles in human stem cell maintenance and highlighting
potential molecular and metabolic vulnerabilities in different
human progenitor populations, which help us better under-
stand the possible consequences of RICTOR inactivation in
clinical cases.

Mitochondrial metabolism impacts on both the self-re-
newal and differentiation potentials of embryonic stem cells.
Pluripotent stem cells have fewer mitochondria and produce
energy mainly through glycolysis whereas differentiated cells
rely primarily on oxidative phosphorylation and have
increased mitochondrial mass. Additionally, attenuated
mitochondrial activity negatively regulates cell proliferation
and transcriptional activation of genes involved in early dif-
ferentiation in both mouse and human ESCs (Mandal et al.,
2011). Here, we found that RICTOR deficiency led to
increased mitochondrial content and respiration in pluripo-
tent hESCs and multipotent hMSCs, likely contributing to
their compromised stem cell maintenance. Yet, in multipotent
hNSCs, RICTOR deficiency only induced minimal, func-
tionally tolerable changes in mitochondria, suggesting that
impaired proliferation and differentiation capabilities of
hNSCs lacking RICTOR are uncoupled from mitochondrial
respiratory function. Notably, RICTOR has been implicated
in multiple signaling pathways related to mitochondria. For
instance, mTORC2-AKT-GSK3 signaling pathway partici-
pates in the maintenance of mitochondrial fithess and cel-
lular metabolism (Bantug et al., 2018) and mTORC2-
mitochondrial Connexin 43 signaling pathway directly mod-
ulates mitochondrial function (Wang et al., 2021b). There-
fore, it awaits further investigations of the differential
molecular mechanisms by which RICTOR deficiency inter-
rupts mitochondrial homeostasis in hESCs and hMSCs, but
not in hNSCs. Overall, our comparative data reveal RIC-
TOR-dependent diverse mitochondria-regulatory and stem-
ness maintenance mechanisms in human stem cell
populations, possibly reflecting different metabolic needs in
specific cell types or different degrees of pluripotency.

Taken together, our findings provide a molecular and
functional basis for understanding how RICTOR regulates
cellular and mitochondrial homeostasis in different human
stem cells. As such, our data send a cautionary note for
considering potential adverse effects resulting from treat-
ment of various diseases using mTOR inhibitors, and offer
important hints for the prognosis and even prevention of
possible cellular and mitochondrial consequences in human
stem cells in therapeutic strategies targeting RICTOR or
other components of the mTOR pathway.
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Supplemental Materials

Materials and Methods

Cell culture

RICTOR™* and RICTOR”-hESCs were cultured on feeder cells (mouse embryonic fibroblasts,
MEFs) in hESC medium with DMEM/F12 (Invitrogen) supplemented with 20% Knockout
Serum Replacement (Invitrogen), 2 mM GlutaMAX (Invitrogen), 0.1 mM non-essential amino
acids (NEAA, Invitrogen), 1% penicillin/streptomycin (Invitrogen), 55 pM B-mercaptoethanol
(Invitrogen), and 10 ng/mL FGF2 (Joint Protein Central) or on Matrigel (BD Biosciences) in
mTeSR medium (STEMCELL Technology) in an incubator at 37°C with 5% CO..

Generation of RICTOR-knockout (RICTOR-) hESCs

CRISPR/Cas9-mediated gene knockout was performed as previously described with minor
modifications (Cheng et al, 2019). Specifically, the guide RNA (gRNA) (5’-
AATATGGCGGCGATCGGCCGCGG-3’) targeting the exon 1 of the RICTOR gene was
cloned into the pCAG-mCherry-sgRNA vector (Addgene, #87110). H9 ESCs were cultured on
Matrigel-coated plates for 4-5 days and then treated with ROCK inhibitor (Selleck Y-27632)
overnight. The following day, 5x10° single cells were obtained via trypsinization and mixed
with 100 uL Opti-MEM containing 14 pg pCAG-Cas9-2AGFP vectors (Addgene #87109) and
7 ung pCAG-mCherry-Rictor-gRNA vectors before the electroporation. After the
electroporation, the cells were seeded on Matrigel-coated plates with mTeSR medium
containing ROCK inhibitor. After 48 hr, cells were digested into single cells, and purified by
fluorescence activated cell sorting (FACS) to obtain GFP and mCherry double-positive cells.
Purified cells were seeded and cultured on MEF-coated plates. Clones were finally collected
after about 10 days and subjected to the verification of gene editing success as well as

downstream analyses.

Generation and characterization of hMSCs

Differentiation of hESCs into hMSCs was described previously (Zhang et al., 2019). Briefly,
embryoid bodies (EBs) were formed from hESC clones in an ultralow attachment 6-well plate
(Corning) in low-FGF2 hESC medium and were transferred to a Matrigel-coated plate in hMSC
differentiation medium (hMSC culture medium supplemented with additional 9 ng/mL FGF2
and 5 ng/mL TGFp (HumanZyme)). After 7 to 10 days, the cells became confluent and were
further maintained in hMSC culture medium. hMSCs with triple positivity for CD73, CD90



and CD105 were sorted by flow cytometry and subjected to downstream analyses. The
following antibodies were used: CD73-PE (BD Biosciences, 550257), CD90-FITC (BD
Biosciences, 555595) and CD105-APC (Biolegend, 800508). The differentiative abilities of
hMSCs were tested by differentiation into osteoblasts, chondrocytes and adipocytes as
previously described (Zhang et al., 2019) and assessment with von Kossa staining
(osteogenesis), toluidine blue staining (chondrogenesis) and Oil red O staining (adipogenesis),

respectively.

Generation and characterization of hNSCs

hNSC differentiation from hESCs was conducted as previously described (Cheng et al., 2019).
Briefly, hRESCs were cultured on MEF feeders in neural induction medium-1 (neural stem cell
maintenance medium supplemented with 1 uM CHIR99021, 1 puM SB431542, 2 uM
dorsomorphin (Sigma) and 0.1 pM Compound E (EMD Chemicals Inc.) for two days, followed
by neural induction medium-2 (neural induction medium-1 without dorsomorphin) for five
days. The cells were subsequently cultured in Matrigel-coated plates in neural stem cell

maintenance medium.

Neuronal differentiation from hNSCs

hNSCs were plated at a density of 3x10* cells per well in Matrigel-coated 24-well plates and
cultured in neural stem cell maintenance medium for one to three days. The cells were then
cultured in neuronal differentiation medium containing DMEM/F12, 1x N2, 1x B27, 200 uM
Ascorbic acid (Sigma), 400 pM dbcAMP (Sigma), 10 ng/mL GDNF (Peprotech) and 10 ng/mL
of BDNF (Peprotech) for two days before 20 pg/mL laminin (Sigma) was added to promote

further differentiation.

Quantification of mRNA using real-time RT-PCR

Total RNAs were extracted from the cells with TRIzol Reagent (Thermo Fisher Scientific).
Next, 2 pg of total RNA per sample was used for cDNA synthesis with the GoScript Reverse
Transcription System (Promega) following the manufacturer’s instruction. RT-qPCR was
performed on a QuantStudio™ 5 Real-Time PCR System (Applied Biosystems) using
THUNDERBIRD SYBR qPCR Mix (TOYOBO). The relative expression of each gene was
normalized to the GAPDH transcript. The primer sequences are listed in Supplementary Table

S1.



Western blot analysis

The cells were lysed in RIPA buffer (Beyotime, PO013B) supplemented with a protease
inhibitor cocktail (Roche, 4693159001) and a phosphatase inhibitor (Roche, 4906837001) and
then centrifuged at 14,000 g for 15 min at 4°C. The supernatants were collected and quantified
using a BCA protein quantification kit (Beijing Dingguo Changsheng Biotechnology, BCA-
02), heat-denatured in 1x SDS loading buffer (Beijing Dingguo Changsheng Biotechnology,
WB-0091) at 105°C for 5 min. The samples were then subjected to SDS-PAGE separation and
electrotransferred onto 0.2 um PVDF membrane (Millipore, ISEQ00010). The membrane was
incubated with 5% (w/v) nonfat powdered milk (BBI Life Sciences, a600669-0250) for 1 hr at
room temperature and then incubated with primary antibodies at 4°C overnight. HRP-
conjugated secondary antibodies were used for incubation at room temperature for 1 hr before
the visualization by using a ChemiDoc XRS+ system (Bio-Rad) and the data were analyzed
with ImageJ. The primary antibodies used were as follows: RICTOR (Cell Signaling
Technology, 2114), OCT3/4 (Santa Cruz, sc-5279), SOX2 (Santa Cruz, sc-17320), NANOG
(Abcam, ab21624), AKT (Cell Signaling Technology, 4691), phospho-AKT (Ser473) (Cell
Signaling Technology, 4060), B-Tubulin (Immunoway, YM3030), GAPDH (Santa Cruz, sc-
69879), HRP-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, 115-
035-003) and HRP-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories,
111-035-003).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 20 min, permeabilized in 0.4% Triton X-100
in PBS for 20 min and incubated with 10% donkey serum in PBS for 20 min at room
temperature. The cells were then incubated with primary antibodies at 4°C overnight followed
by incubation with secondary antibodies as appropriate and Hoechst 33342 (Invitrogen) for 5
min at room temperature. The following antibodies were used: Ki67 (ZSGB-Bio, ZM-0166),
PAX6 (Biolegend, 901301), SOX2 (Santa Cruz, sc17320), MAP2 (Sigma, M4403), B-tubulin
I (TuJ1, Sigma, T2200), a-SMA (ZSGB-Bio, ZM-0003), FOXA2 (Cell Signaling Technology,
8186), Alexa 488 donkey anti-mouse IgG (Thermo Fisher Scientific, A21202), Alexa 568
donkey anti-rabbit IgG (Thermo Fisher Scientific, A10042) and Alexa 647 donkey anti-goat
IgG (Thermo Fisher Scientific, A21447).

Alkaline phosphatase (AP) staining



An alkaline phosphatase detection kit (STEMGENT, 00-0055) was used for monitoring hESC
undifferentiation through AP activity by immunocytochemistry staining. In brief, hRESCs were
fixed at room temperature for 3 min and washed with PBST (PBS containing 0.05% Tween-
20). Fixed cells were then incubated in freshly prepared AP staining solution in the dark at

room temperature for 15 min. The relative AP staining intensity was measured using Imagel.

Teratoma formation assay

Teratoma formation assay was performed as previously described (Diao et al., 2021). In brief,
4x10% hESCs were collected and mixed with Matrigel:mTeSR (1: 4) solution. The mixture was
then injected subcutaneously into the inguinal region of 6-week male NOD/SCID mice. The
mice were monitored for teratoma formation and euthanized at about 10 weeks after the
injection before the teratomas were collected for further analysis. The animal experiments
performed in this study were approved by the Chinese Academy of Sciences Institutional

Animal Care and Use Committee.

Clonal expansion assay

Briefly, 2x10° cells were seeded in 12-well plates and cultured for approximately 13 days. The
cells were then fixed with 4% PFA for 30 min and stained with 0.2% crystal violet (Biohao,
C0520) for 1 hr at room temperature and washed gently with running tap water. The relative

cell density was measured using ImageJ.

Cell cycle analysis
For cell cycle analysis, 1x10° cells were collected and fixed in 75% ice-cold ethanol at -20°C
overnight. Then, cells were washed twice with PBS and stained with 0.02 mg/mL propidium
iodide and 0.2 mg/mL RNase at 37°C for 30 min. Cells were then analyzed by flow cytometry
(BD LSR Fortessa).

Transmission electron microscopy

Transmission electron microscopy was performed to observe mitochondrial ultrastructure as
previously reported (Diao et al., 2021). In brief, the cells were seeded onto Matrigel-coated
microscope coverslips and fixed with 2.5% (vol/vol) glutaraldehyde at 4°C. The samples were
dehydrated with graded alcohol and embedded in SPI-PONS&12 resin. Ultrathin sections with
70-nm thickness were obtained and then double-stained with uranyl acetate and lead citrate.

Spirit Transmission Electron Microscope (FEI Company) was used to observe ultrastructure.



Mitochondrial numbers per cell were analyzed using ImageJ.

Measurement of mitochondrial mass, reactive oxygen species (ROS) and membrane
potential

For mitochondrial mass measurement, cells were incubated with 10 uM of nonyl acridine
orange (NAO, Thermo Fisher Scientific, A1372) for 10 min at 37°C and then measured by flow
cytometry (BD LSRFortessa). For mitochondrial ROS level determination, cells were stained
with MitoSOX Red (Thermo Fisher Scientific, M36008) for about 20 min at 37°C in the dark,
and then analyzed by flow cytometry (BD LSRFortessa). For the assessment of mitochondrial
membrane potential, cells were incubated with 1x JC-10 dye-loading solution (AAT Bioquest,
22801) at 37°C for 30 min, then measured by flow cytometry (BD LSRFortessa) and analyzed
using FlowJo software. The ratio of fluorescence intensities Ex/Em =490/590 (JC-10 aggregate
emission) and 490/530 nm (JC-10 monomer emission) (FL590/FL530) were calculated to

define mitochondrial membrane potentials.

Seahorse XF analysis

Cells were seeded onto a 96-well Seahorse XF96 extracellular analyzer plate at a density of
4x10* cells per well for hESCs, 3x10* cells per well for hMSCs and 4x10* cells per well for
hNSCs. One day prior to the experiment, calibrant solution was added to XFe96 sensor
cartridges and incubated overnight under 37°C without CO». On the day of the experiment,
cells were washed twice and incubated for 45 min at 37°C with Seahorse assay media
containing 10 mM Glucose, 1 mM sodium pyruvate and 2 mM L-Glutamine for mitochondrial
stress protocol and 2 mM L-Glutamine only for glycolysis stress protocol. After 15 min of
equilibration, for oxygen consumption rate (OCR) measurement, oligomycin, FCCP and
rotenone/antimycin A were loaded into ports of the XF cartridge to achieve final concentrations
of 1.5 uM, 1 pM and 0.5 uM in the reaction, respectively. For extracellular acidification rate
(ECAR) analysis, glucose, oligomycin, 2-DG were loaded into ports of the XF cartridge to
achieve final concentrations of 10 mM, 1 uM and 50 mM in the reaction, respectively. After
the analysis, cells were fixed in 4% formaldehyde for 30 min and then incubated with Hoechst
33342 for 15 min at room temperature to perform nuclei count for data normalization for each

well.

RNA-seq library construction and sequencing

Briefly, total RNAs were extracted using TRIzol Reagent and genomic DNA was removed



using a DNA-free Kit. Library preparation was achieved by using a NEBNext® UltraTM
Directional RNA Library Prep Kit for [llumina (New England Biolabs). Quality control and
sequencing on [llumina HiSeq X Ten platforms were performed by Novogene Bioinformatics

Technology Co., Ltd.

RNA-seq data processing

For RNA-seq data, Trim Galore (version 0.5.0) was used to trim and filter reads. The filtered
data were mapped to the UCSC human hg19 genome using HISAT?2 (version 2.0.4) (Kim et al.,
2015). Then, the mapped data for each gene were counted using HTSeq (version 0.11.0)
(Anders et al., 2015). Differentially expressed genes (DEGs) were identified using the DESeq2
(version 1.26.0) (Love et al., 2014) with the cutoff Benjamini-Hochberg adjusted P value of
0.05 and the absolute fold change more than log>(1.5). Enrichment analysis was performed
using Metascape (http://metascape.org/gp/) (Zhou et al., 2019). The DEGs are listed in
Supplementary Table S2.

CNYV analysis

Raw data were trimmed using Trim Galore software. Trimmed data were mapped to the human
reference genome (hg19) using Bowtie2 (version 2.2.9) (Langmead and Salzberg, 2012). Then,
duplicate reads were removed using Picard (http://broadinstitute.github.io/picard) software.
ReadCounter was used to calculate reads number for each 0.5 Mb and the R package

HMMcopy (version 1.28.1) (Ha et al., 2012) was used to calculate CNVs.

Statistical analysis
Data are presented as the mean = SEM. GraphPad Prism software was used to perform a two-
tailed Student’s #-test. Statistical significance was presented as *P <0.05, **P <0.01 and ***P

<0.001.

Data availability

Whole genome sequencing and RNA-seq data generated in this study have been deposited in
the Genome Sequence Archive in the National Genomics Data Center, Beijing Institute of
Genomics (China National Center for Bioinformation) of the Chinese Academy of Sciences,
under accession number HRA001236 that are publicly accessible at http://bigd.big.ac.cn/gsa-
human. These data can also be accessed via an interactive user-friendly webtool at Aging Atlas

(https://bigd.big.ac.cn/aging/index) (Aging Atlas Consortium, 2021).
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Supplemental Figure Legends

Figure S1. Phase-contrast images, quantifications of multiple RNAs and proteins, and
functional analyses of RICTOR-deficient hESCs, hMSCs and hNSCs.

(A) Quantification of normalized phosphorylated AKT Ser473 levels to total AKT expression
in RICTOR™" and RICTOR™- hESCs. Data are presented as mean + SEM of three independent
experiments. ***P < (.001. These quantitative results are related to Fig 1C. (B) Karyotype
analysis of RICTOR” hESCs. (C) Genome-wide analysis of copy number variations (CNVs)
by whole genome sequencing in RICTOR™* and RICTOR™- hESCs. (D) Heatmap showing the
mRNA expression of the pluripotency markers OCT4, SOX2, NANOG and a few other genes
related to stem cell population maintenance in RICTOR™" and RICTOR” hESCs. (E) Western
blot analysis of protein expression of hESC pluripotency markers OCT4, SOX2 and NANOG
in RICTOR™" and RICTOR’ hESCs. B-tubulin was used as the loading control. Data are
presented as mean + SEM of three independent experiments. **P < 0.01, *P < 0.05. These
quantitative results are related to Fig 1E. (F) Cell cycle analysis of RICTOR"* and RICTOR”"
hESCs. Data are presented as mean + SEM of three biological repeats. **P <0.01. (G) Western
blot analysis of RICTOR, phosphorylated AKT Ser473 level and total AKT expression in
RICTOR™* and RICTOR” hMSCs. GAPDH was used as the loading control. (H)
Quantification of normalized phosphorylated AKT Ser473 levels to total AKT expression in
RICTOR™* and RICTOR”- hMSCs. Data are presented as mean + SEM of three independent
experiments. ***P < (0.001. (I) Genome-wide analysis of copy number variations (CNVs) by
whole genome sequencing in RICTOR"" and RICTOR’ hMSCs. (J) Representative phase-
contrast images of RICTOR™" and RICTOR’ hMSC colonies. Scale bar, 100 pm. (K)
Quantifications of the multilineage differentiation potentials of hMSCs. Left, osteogenesis of
RICTOR™" and RICTOR”"hMSCs evaluated by von Kossa staining. Data are presented as mean
+ SEM of three biological repeats. **P < 0.01. Middle, chondrogenesis of RICTOR"" and
RICTOR”-hMSCs evaluated by Toluidine blue staining. Data are presented as mean = SEM of
eight biological repeats. ***P < 0.001. Right, adipogenesis of RICTOR™* and RICTOR”
hMSCs evaluated by Oil Red O staining. Data are presented as mean + SEM of three biological
repeats. **P < 0.01. These quantitative results are related to Fig 1M. (L) Western blot analysis
of RICTOR, phosphorylated AKT Ser473 level and total AKT expression in RICTOR™* and
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RICTOR”-hNSCs. GAPDH was used as the loading control. (M) Quantification of normalized
phosphorylated AKT Ser473 levels to total AKT expression in RICTOR™" and RICTOR™
hNSCs. Data are presented as mean + SEM of three independent experiments. **P < 0.01. (N)
Quantifications of immunofluorescence staining for hNSC-specific markers PAX6 and SOX2
in RICTOR™* and RICTOR"" of hNSCs. Data are presented as mean = SEM of three biological
repeats. ns, not significant. These quantitative results are related to Fig IN. (O) Genome-wide
analysis of copy number variations (CNVs) by whole genome sequencing in RICTOR™* and
RICTOR’ hNSCs. (P) Quantifications of the percentages of MAP2-positive cells in TuJ1-
positive cells in RICTOR™" and RICTOR”" hNeurons. Data are presented as mean + SEM of

three biological repeats. *P < 0.05. These quantitative results are related to Fig 1Q.

Figure S2. RNA sequencing analysis and functional analysis of RICTOR-deficient hESCs,
hMSCs and hNSCs.

(A) Heatmap showing the Euclidean distance between RNA-seq replicates of RICTOR"" and
RICTOR” hESCs, hMSCs and hNSCs. (B) Volcano plot of differentially expressed genes in
RICTOR™* and RICTOR” hESCs, hMSCs and hNSCs. (C) Transmission electron microscopy
analysis of mitochondrial number in RICTOR"* and RICTOR™- hESCs. Data are presented as
mean + SEM of 50 cells. ***P < 0.001. These quantitative results are related to Fig 2C. (D)
Flow cytometric analysis of mitochondrial ROS in RICTOR™* and RICTOR”-hESCs. Data are
presented as mean + SEM of three independent experiments. **P < 0.01. (E) Flow cytometric
analysis of relative mitochondrial membrane potential in RICTOR™" and RICTOR” hESCs.
Data are presented as mean = SEM of three independent experiments. **P < 0.01. (F) Shared
upregulated and downregulated genes in RICTOR"* and RICTOR”"hESCs, hMSCs and hNSCs.
Red indicates upregulated gene and blue indicates downregulated gene. (G) Shared
mitochondria-related genes in RICTOR™* and RICTOR- hESCs, hMSCs and hNSCs. (H)
Heatmaps showing the expression levels of mitochondria-related genes in RICTOR™" and
RICTOR”- hESCs, hMSCs and hNSCs. (I) Flow cytometric analysis of mitochondrial ROS in
RICTOR™* and RICTOR” hMSCs. Data are presented as mean + SEM of four independent
experiments. ns, not significant. (J) Flow cytometric analysis of relative mitochondrial

membrane potential in RICTOR"" and RICTOR”-hMSCs. Data are presented as mean = SEM
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of three independent experiments. *P < 0.05. (K) Flow cytometric analysis of mitochondrial
ROS in RICTOR"* and RICTOR’ hNSCs. Data are presented as mean + SEM of three
independent experiments. ns, not significant. (L) Flow cytometric analysis of relative
mitochondrial membrane potential in RICTOR™* and RICTOR”-hNSCs. Data are presented as

mean + SEM of three independent experiments. **P < 0.01.

Supplemental Table Legends
Table S1. RNA primers for qRT-PCR assay.
Table S2. DEGs in RICTOR"- versus RICTOR** hESCs, hMSCs and hNSCs.
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