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MTORC2-NDRGI-CDC42 axis couples
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Fasting triggers diverse physiological adaptations including increases

in circulating fatty acids and mitochondrial respiration to facilitate
organismal survival. The mechanisms driving mitochondrial adaptations
andrespiratory sufficiency during fasting remain incompletely
understood. Here we show that fasting or lipid availability stimulates
mTORC2 activity. Activation of mMTORC2 and phosphorylation of its
downstream target NDRGI at serine 336 sustains mitochondrial fission

and respiratory sufficiency. Time-lapse imaging shows that NDRGI, but

not the phosphorylation-deficient NDRG1%"***" mutant, engages with
mitochondria to facilitate fission in control cells, as well as in those lacking
DRP1. Using proteomics, a small interfering RNA screen, and epistasis
experiments, we show that mTORC2-phosphorylated NDRG1 cooperates
with small GTPase CDC42 and effectors and regulators of CDC42 to
orchestrate fission. Accordingly, Rictor*®, NDRG1%***¢A® mutants and
Cdc42-deficient cells each display mitochondrial phenotypes reminiscent of
fission failure. During nutrient surplus, mTOR complexes perform anabolic
functions; however, paradoxical reactivation of mTORC2 during fasting
unexpectedly drives mitochondrial fission and respiration.

Dynamic mitochondrial networks are essential for mitochondrial
function and organismal wellbeing'. Mitochondrial networking is in
turn controlled by coordinated fission and fusion events regulated by
proteinslocalized at endoplasmic reticulum (ER)-mitochondria con-
tacts (mitochondria-associated membranes, MAMs)”. Indeed, block-
ing fission by deleting dynamin-related protein 1 (DRP1) (refs. 3,4) or
mitochondrial fission factor (MFF)* or inhibiting fusion by silencing
optic atrophy 1 (OPAL1) (ref. 5) and mitofusin (MFN) proteins® alters

mitochondrial morphology and function. Although, recent work has
identified a role of AMPK in mitochondrial fission’, we do not com-
pletely understand how dietary stressors such as fasting influence
mitochondrial dynamics in intact organisms. Since nutrient signal-
ling is coupled to healthspan, it remains critical to understand how
impairment in these processes lead to age-related diseases.

In this Article, we show that nutrient-responsive mTORC2 is
paradoxically reactivated by fasting to stimulate mitochondrial fission.

'Department of Medicine, University of California Los Angeles, Los Angeles, CA, USA. 2Vatche and Tamar Manoukian Division of Digestive Diseases,

University of California Los Angeles, Los Angeles, CA, USA. *Department of Medicine, Albert Einstein College of Medicine, Bronx, NY, USA. “Liver Basic
Research Center at University of California Los Angeles, Los Angeles, CA, USA. *Department of Developmental and Molecular Biology, Albert Einstein
College of Medicine, Bronx, NY, USA. ®Department of Radiology, Weill Cornell Medicine, New York, NY, USA. "Department of Anatomy and Structural
Biology, Albert Einstein College of Medicine, Bronx, NY, USA. ®Department of Biochemistry, Albert Einstein College of Medicine, Bronx, NY, USA. °UK
Dementia Research Institute, London, UK. ?UCL Queen Square Institute of Neurology, London, UK. "Present address: Neuronal Control of Metabolism
Laboratory, Institut d’'Investigacions Biomediques August Pii Sunyer (IDIBAPS), Barcelona, Spain. <le-mail: rajatsingh@mednet.ucla.edu

Nature Cell Biology | Volume 25 | July 2023 | 989-1003 989


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-023-01163-3
http://orcid.org/0000-0002-1332-7454
http://orcid.org/0000-0001-9389-8574
http://crossmark.crossref.org/dialog/?doi=10.1038/s41556-023-01163-3&domain=pdf
mailto:rajatsingh@mednet.ucla.edu

Article

https://doi.org/10.1038/s41556-023-01163-3

We show that the mTORC2-SGK1 cascade phosphorylates a known
target NDRGI (ref. 8) at Ser336, which then engages with mitochon-
dria to drive fission. NDRGI, but not the phosphorylation-deficient
NDRGI5¢33%4 mytant, interacts with CDC42 (ref. 9), a cytokinetic pro-
teinwith intrinsic GTP hydrolysis activity'®, to drive fission. mTORC2,
NDRG1and CDC42 eachlocalize to MAMs, and silencing Rictor, Ndrgl
or Cdc42oridentified CDC42 effectors blocks fission. Thus, paradoxical
reactivation of anmTORC2-NDRG1°*"***~-CDC42 axis drives mitochon-
drial fission during fasting.

Results

Fasting or lipid availability activates mTORC1/2 signalling
Fasting increases circulating free fatty acids (FFAs), which undergo
mitochondrial oxidation to support organismal sustenance'. To
understand the mechanisms driving metabolic adaptations during
fasting or fatty acid availability, we sought to identify the signalling
cascades that are activated under these conditions. To this purpose,
we performed unbiased quantitative phosphoproteomics in livers of
mice that were (1) basal fed; (2) overnight (14-16 h) fasted; or fasted
overnightand then gavaged with (3) dietary triglycerides as corn oil; or
(4) BODIPY FL C,¢/palmitic acid; or (5) refed a high-fat diet (Fig. 1a). Corn
oilor BODIPY FL C,, groups served as models for exogenous lipid avail-
ability, while refeeding served as a control to simulate physiological
feeding. Corn oil is absorbed as FFA and repackaged and secreted by
enterocytes as lipoproteins and subsequently delivered toliver as FFA.
Delivery of BODIPY FL C,; to livers was confirmed by direct fluorescence
of liver slices (Extended Data Fig. 1a). Phosphoproteomics in the five
groups identified 2,160 phosphosites across 942 phosphoproteins,
of which 863 phosphosites (39.95%) were significantly modulated.
Unsupervised hierarchical clustering analyses grouped basal and refed
cohorts into one cluster, while lipid-exposed groups (that is, fasted,
cornoiland BODIPY FL C) clustered into the second group (Extended
Data Fig. 1b and Supplementary Table 1). A second clustering analy-
sis to determine phosphoproteins that are coordinately modulated
revealed a major ‘green cluster’ encompassing 86.9% of significantly
modulated phosphosites (Fig. 1b and Supplementary Table 2). The
average normalized abundance of phosphosites belonging to the green
cluster (to better appreciate group-to-group modulation rather than
phosphoprotein expression differences) was significantly higher in
lipid-exposed groups, when compared with basal and refed groups
(Fig. 1c). Interestingly, despite strong reduction in phosphorylations
intherefed group, the green cluster-normalized abundance was rela-
tively higher in the refed cohort compared with the basal fed cohort,
indicating qualitative differences in phosphopeptides between basal
fed and refed groups (Fig. 1c).

To predict the kinases putatively modulating the phosphosites
inthe green cluster, we used GPS algorithm with the interaction filter,
orinvivo GPS (iGPS)", which revealed that these phosphosites are tar-
gets of cyclin-dependent kinases (CDKs), Ca®*/calmodulin-dependent
kinases, mitogen-activated protein kinases (MAPKs) and Ser/threonine

(Thr) cAMP-dependent, cGMP-dependent and protein kinase C (AGC)
kinases (Fig.1d, Extended Data Fig.1cand Supplementary Table 2). Pair-
wise comparisons showed upregulation of CDK2/CDK8 and MAPK1dur-
ing fasting when compared with basal group (Fig. 1e). Corn oil, which
isdevoid of proteins, and BODIPY FL C,,, each perturbed a number of
kinase groups albeit to a lesser extent when compared with fasting.
Interestingly, iGPS revealed enrichment of downstream substrates
of mTORC1/2signalling, thatis, RPS6KA2/B2 (ref.13), AKT1-3 (ref. 14),
PRKCB/D (refs.15,16) and SGK1-3 (ref. 17) in livers of corn oil-gavaged
mice, and SGK1-3 (ref.17) in livers of BODIPY FL C,¢-treated mice, indi-
catinglipid-driven mTORC1/2 activation (Fig. 1f,g). Refeeding reduced
the overall kinase network, but expectedly activated nutrient-sensitive
kinases, for example, AKT1-3 and SGK1-3, and suppressed thoseinduced
by fasting, for example, CDK2 (Extended Data Fig. 1d).

Confirming that dietary triglycerides stimulate mTORC1/2
signalling, immunoblotting showed higher levels of P-P70™"% and
P-S6°¢2%23 (MmTORC1 markers) and P-AKT®¢*> (mTORC2 marker) in
liversinresponseto cornoil without perturbing other nutrient-sensitive
kinases, for example, AMPK" (Extended Data Fig. 1e,f). Since insulin
activatesmTOR, we asked ifinsulindrives mTOR activationinresponse
tocornoil. Interestingly, low-dose streptozotocin (STZ), which depletes
insulin, causing hyperglycaemia due to B-cell destruction (Extended
Data Fig. 2a—c), failed to block lipid-driven mTORC1 (P-S6%¢235/23¢),
mTORC2 (P-AKT*™7%) and AKT (P-AKT™"®) activation (Extended Data
Fig.2d-g). Furthermore, corn oil per se did not elicitinsulin secretion
(Extended Data Fig. 2b) excluding a role for insulin in lipid-driven
mTOR activation. Similarly, equivalent serum levels of adipokine leptin
or IGF-1in corn-oil-treated and untreated mice excluded their role in
lipid-driven mTOR activation (Extended Data Fig. 2h,i).

Since fasting redistributes FFA from adipose tissue to liver'""”, we
asked whether fasting-induced increases in FFA (Extended DataFig.1g)
reactivate mTORCI1/2signallingin liver, as noted with corn oil exposure.
Interestingly, fasting for 14 hreactivates mTORC1/2 signallinginliver,
indicated by phosphorylation of their respective targets*, P70
(mTORC1) and AKT**™*73, SGK1™2** and NDRG1™"*¢ (mTORC?2) (Fig. 1h).
By contrast, fasting did not affect phosphorylated levels of PKA™7,
PKC(X/B"Thr638/641’ PKCsThrSOS, PKCa/eSer643/676 and PKC(/}\Thr410/403 in liver
(Extended Data Fig. 2j,k), suggesting that fasting specifically reacti-
vates the AKT and SGK1, but not PKA/PKC, arms of mTORC2 signalling.
Hence, exogenous lipids or endogenous FFA availability during fasting
activates mTORC1/2 signalling.

11,19

mTORC2 supports mitochondrial respiration during fasting

Todetermine the physiological roles of mTOR reactivation during fast-
ing, we inactivated mTORC1 or mTORC2 or hyperactivated mTORC1
by knocking out Raptor®, Rictor? or Tscl (ref. 23), respectively, using
liver-restricted AAV8-TBG-iCre (Fig. 2a,b and Extended DataFig.3a,b).
Loss of Rictor/mTORC2 activity in liver, and not fat or muscle, was con-
firmed by reduced AKT**"*”> phosphorylation (Extended DataFig. 3c).
Since fasted livers accumulate triglyceride, we examined the effect of

Fig.1|Phosphoproteomics reveal kinases that respond to fasting or lipids.
a, Phosphoproteomicsin livers as per planin cartoon. b, Heat map and hierarchical
clustering of phosphosites across groups indicated in a. ¢, Phosphoproteome-
wide comparisons viaz score normalization of phosphositesin green cluster.
Grey dots represent individual phosphosites. Blue diamonds represent group
means. ***P < 0.001, non-parametric ANOVA (Kruskal-Wallis statistic 797.3,
P<0.0001) followed by Dunn’s multiple comparisons test. d, iGPS prediction of
upstream individual kinases that respond to lipids across groups indicated and
identified in the green cluster in b. e-g, Pairwise comparisons between indicated
groups (fasted versus basal (e), corn oil versus fasted (f), and BODIPY FLC,4
versus fasted (g)), showing upregulated or downregulated kinase networks.
Fora-g, n=4mice.Ford, darker colour intensity reflects higher kinase score.

h, Immunoblots (IB) and quantification for indicated proteins in livers of
2-10-month-old male and female mice that were fed or fasted for indicated

durations. Nvalues for number of mice analysed at each timepoint for individual
phosphoproteins are indicated in parentheses. P-P70™%/P70: 0 h (n=27),3 h
(n=21),8h(n=5),14 h(n=16) and 20 h (n =14); P-S65%%2¢/S6: 0 h (n=26),3 h
(n=20),8h(n=5),14 h(n=16) and 20 h (n=14); P-AKT>*"*?/AKT:0 h(n=26),3 h
(n=21),8h(n=5),14 h(n=16) and 20 h (n =15); P-SGK1™?¢/SGK1: 0 h (n=11),3 h
(n=9),8h(n=4),14 h(n=9)and 20 h (n =12); P-NDRG1™***/NDRG1: 0 h (n =17),
3h(n=14),8h(n=5),14 h(n=12)and 20 h (n=13); and P-AKT™3%/AKT: 0 h
(n=27),3h(n=20),8h(n=5),14 h(n=16) and 20 h (n =15). Ponceauis loading
control. Individual replicates and means are shown. *P < 0.05and **P< 0.01,
one-way ANOVA followed by Tukey’s multiple comparisons test (h). Please refer
to Supplementary Table 10 statistical summary, and Supplementary Tables 1
and 2. Source numerical data are available in Source Data Extended Data Table1,
and unprocessed blots are available in the Source Data for this figure.
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loss of each gene on fasting-induced increases in liver triglycerides.
While controland mTORClinactivated (Raptor*©) livers showed equiva-
lent liver triglycerides during fasting, hyperactivation of mTORC1

(TscI*®) lowered liver triglycerides (Fig. 2c) consistent with the role of
mTORClinVLDL secretion®. Surprisingly, in contrast to the established
triglyceride lowering effect of Rictorloss in fed/obesogenic states?,
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Fig.2| mTORC2 supports mitochondrial respiration and triglyceride
disposal during fasting. a, Generation of liver-specific knockout (KO) of Rictor,
Tsclor Raptor.b, Representativeimmunoblots to validate deletion of Rictor gene
in livers of 4-6-month-old Rictor*° male and female mice. Quantifications and
percentage reduction of protein levels for RICTOR and P-AKT**"*3/AKT in Rictor*®
livers are shown (n =12 mice). c,d, Liver triglyceride (TGs) in 3-7-month-old Con,
TscI* and Raptor® (c) or 4-5-month-old Con and Rictor*° (d) male and female
mice that were fed or fasted for 14-16 h. N values for number of mice per group
areindicated in parentheses. For ¢, fed Con (n = 27), fasted Con (n =11) and fed or
fasted TscI® or Raptor*® mice (n = 4).Ford, fed Con (n=24), fasted Con (n=13),
fed Rictor*® (n=23) and fasted Rictor*® (n =12). e, Representative Oil Red O stains
inlivers of 6-month-old Con or Rictor*° male mice fasted for 14-16 h (n = 5 mice).
f, Serum FFA levels in fed or 14-16 h fasted 3-6-month-old Con or Rictor*° male
mice. Fed Con (n=8), fasted Con (n =9), fed Rictor*® (n = 7) and fasted Rictor®
(n=5) mice.g, Areaunder curve (AUC) for OCRs in Con and Rictor*° livers from

fed or 14-16 h fasted mice. Fed Con (n =12), fasted Con (n =11), fed Rictor*®
(n=12) and fasted Rictor® (n =10) mice. h, Acylcarnitine (AC) content in

livers of 4-5-month-old Con or Rictor*® male mice (n = 4 mice). i, MitoTracker
CMXRos fluorescence in serum-deprived and OA-treated siControl (siCon) or
siRictor NIH3T3 cells (siCon 59 cells and siRictor 59 cells from n = 3 independent
experiments). j, Representative 3D-TEM images of mitochondriain livers

of 4-5-month-old Con or Rictor*® male mice (n =3 mice). Please refer to
Supplementary Video 1(Con) and Supplementary Video 2 (Rictor*®). Ponceau is
loading control. Individual replicates and means are shown. *P < 0.05, **P < 0.01,
***P < (0.001and ***P< 0.0001, two-tailed unpaired Student’s ¢-test (b, hand

i); two-way ANOVA followed by Tukey’s multiple comparisons test (c,d and g).
Please refer to Supplementary Table 10 statistical summary. Source numerical
dataare available in Source Data Extended Data Table 1, and unprocessed blots
are available in the Source Data for this figure.
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inactivatingmTORC2 (Rictor*°) markedly increased liver triglycerides
and lipid droplet content during fasting (Fig. 2d,e) without affecting
circulating FFA (Fig. 2f). Interestingly, Rictor*° livers displayed lower
oxygen consumption rates (OCRs) (Fig. 2g) and accumulation of sub-
strates for mitochondrial respiration, acyl carnitines (Fig. 2h), which
in conjunction with reduced mitochondrial membrane potential in
siRictor cells (Fig. 2i) indicate mitochondrial insufficiency. Decreased
OCR was not due to impaired expression of FFA oxidation or electron
transport genes. In fact, fasted Rictor*® livers displayed increased
expression of genes involved in fat oxidation (Ppara, Cptla, Cptlb,
Cactand Cpt2), electron transport (Cox4, Nd1and Cytb) and mitochon-
drial biogenesis (Ppargcla) (Extended Data Fig. 3d-s). Levels of mito-
chondrial fatty acid uptake proteins (CPT1A/CPT2/CACT) and electron
transport chain components, NDUFB8 (complexI), SDHB (II), UQCRC2
(111), MT-CO1 (IV) and ATP5A (V) were also comparable in control and
Rictor*°livers (Extended DataFig. 3t,u). Interestingly, loss of Rictorled
toincreased expression of mitochondrial fusion genes Mfn2 and Opal
during fasting without affecting fission genes Mff and Dnmil (DRP1)
(Extended Data Fig.3v-z). Consistent with mitochondrial insufficiency,
3D transmission electron microscopy (TEM) revealed mitochondrial
distention and blunted networking (Fig. 2j and Supplementary Videos 1
and2) suggesting thatreactivation of mMTORC2 during fasting supports
mitochondrial dynamics.

Loss of mTORC2 blocks fasting-induced mitochondrial fission
To determine whether mTORC2 regulates mitochondrial dynamics
during fasting, we first determined how fasting impacts mitochon-
drialdynamics. TEM of fasted livers revealed increased mitochondrial
number and higher frequency of mitochondria with reduced area,
perimeter and length (Extended Data Fig. 4a—c), reflecting increased
fission. Increased mitochondrial number during fasting occurred
independently of changes in mitochondrial massindicated by similar
VDAC1and CYT clevels in fed or fasted livers (Extended Data Fig. 4d).
By contrast, Rictor*° livers and livers silenced for Mff*° or Dnm1{¥, each
failed toincrease their mitochondrial number during fasting (Fig. 3a)
and displayedincreased mitochondrial area and perimeter (Extended
Data Fig. 5a-d) indicating fission failure. Consistently, TEM of fasted
Rictor*® livers showed reduced mitochondrial-ER contacts (MAMs)
(Fig. 3b), which are contact sites regulating mitochondrial fission*.
Since perturbations in membrane lipids or ER stress could alter
mitochondrial dynamics, we tested if these changes associate with
impaired fission in our model. Loss of Rictor mildly affected lipid
composition of MAMs (Supplementary Table 3) without inducing
ER stress or proteostasis failure (Extended Data Fig. 5e), excluding
their contribution to impaired fission. Because mTORC2 localizes to
MAMs to regulate Ca* homeostasis and apoptosis®, we envisioned that

mTORC2 at MAMs also regulates fission. Indeed, MAMs from 14-16 h
fasted control livers revealed the presence of RICTOR, fission proteins*
MFF and DRP1, and fusion proteins OPAI1 (ref. 29), MFN1 and MFN2
(Fig. 3¢). By contrast, MAMs from fasted Rictor*® livers showed mark-
edly reduced MFF levels without affecting P-DRP15¢"¢'¢, P-DRP1°¢"%,
DRP1, MFN1, MFN2 or OPAl levels (Fig. 3c) supporting that loss of
mTORC2 impairs mitochondrial fission.

Confirmingthe role of mTORC2 infission, time-lapse microscopy
revealed markedly reduced fission rates in siRictor cells that were
comparable to fission failure in siDnm1il cells (Fig. 3d,e and Supple-
mentary Videos 3-5). Fusion rates were identical in siCon and siRictor
cells, excluding the contribution of excessive fusion to the mitochon-
drial phenotype in siRictor cells. Furthermore, AML12 and HepG2
hepatocytessilenced for Rictor/RICTOR, and Rictor’~ mouse fibroblasts
(Fig. 3fand Extended Data Fig. 5f-i), each showed decreased mitochon-
drialnumberandcircularity,and markedlyincreased mitochondrial area
and perimeter,demonstratingthatmTORC2 drivesfissionin diverse cell
types. Since mTORCI1 stimulates mitochondrial fission via the fission
protein MTFP1 (ref. 30), we examined whether impaired fission
in Rictor*® livers is due to altered mTORCI signalling. Loss of Rictor
did not affect levels of P-P70™3% (mean + s.e.m.: Con (n =6 mice)
versus Rictor® (n=10 mice): 0.77 + 0.17 versus 0.81 + 0.13; P= 0.85) or
MTFP1(Con (n =7 mice) versus Rictor® (n =10 mice): 1.00 + 0.20 versus
1.06 + 0.12; P= 0.80) or affect levels of DRP1or DRP1%"'¢ and DRP1°¢"¢*”
phosphorylation (Extended DataFig. 5j), which regulate mitochondrial
dynamics®. Hence, reactivation of mTORC2 during fasting drives
fission, independent of MTORCI signalling.

mTORC2-SGK1 phosphorylates NDRG1 at Ser336

To determine whether phosphorylated targets of mTORC2 (ref. 32)
support fission, we used quantitative nano liquid chromatography cou-
pled online with tandem mass spectrometry (nLC-MS/MS) in control
and Rictor* livers (Fig. 4a), which identified 4,553 phosphosites from
1,712 phosphoproteins. Of these, 309 phosphosites (145 upregulated
and 164 downregulated) (6.79%) on 212 phosphoproteins (12.38%)
were significantly modulated in Rictor*® livers (Extended Data Fig. 6a
and Supplementary Table 4). Gene Ontology and enrichment map
network analysis® revealed that the hypophosphorylated clusters
in Rictor*® livers were related to cytoskeleton and cellular architec-
ture, mMRNA processing and splicing, protein targeting and regulation
of cellular catabolic processes (Fig. 4b and Supplementary Tables 2
and 5). The denser cluster populated by both upregulated and
downregulated phosphoproteins contained the term ‘regulation of
metabolism’. Since protein function is modulated by site-specific
phosphorylation or cumulative phosphorylation of multiple phos-
phosites®, we measured the overall phosphorylation status (APs) of

Fig.3|Loss of mTORC2 blocks fasting-induced mitochondrial fission.

a, Conventional TEM in 14-16 h fasted Con, Rictor*°, siMff or siDnm1llivers of
4-9-month-old male mice. N values for number of mice per group are indicated
in parentheses. Con or Rictor*® mice (n = 6), and siMff or siDnm1lmice (n=4).
Quantification for mitochondrial number isshown.b, TEMinfed or14-16 h
fasted Con and Rictor*® livers of 4-9-month-old male mice. Fed Con (n = 7), fasted
Con (n=9) and fed or fasted Rictor*® mice (n = 5). Quantification for percentage
of mitochondria-ER contacts is shown. Red arrowheads depict contact sites.

¢, Immunoblots and quantification of indicated proteins in homogenates
(Hom), pure mitochondria (Mp), MAMs, cytosol (Cyt) and ER fractions from
14-16 hfasted Con (n = 3) and Rictor*° livers (n =5). Two livers were pooled to
generate one sample. d, Live cellimaging and quantification for fission and
fusionrates in siCon, siRictor or siDnm1I/NIH3T3 cells cultured in serum-free
medium for 30 min in presence of MitoTracker green to stain for mitochondria
(siCon12cells, siRictor11 cells (fission rate) and n =12 cells (fusion rate), and
siDnmil11cells from n = 8 independent experiments; each cell was tracked on
anindependent plate). White arrowheads depict mitochondrial constriction
sites. Yellow arrowheads depict daughter mitochondria arising from fission at

amitochondrial constriction. Scale bar, 2 pm. Please refer to Supplementary
Videos 3 (siCon cells), 4 (siRictor cells) and 5 (siDnm1Il cells). e, Representative

IB for indicated proteins in siCon, siDnm1il and siRictor NIH3T3 cells. Blots are
representative of n =8 (DRP1) and n =4 (RICTOR) independent experiments
obtaining similar results. f, Representative confocal images of (top) AML12 and
(bottom) HepG2 cells knocked down for Rictor, and corresponding controls

in serum-free medium for 30 min in presence of MitoTracker green to stain for
mitochondria. Magnified insets are shown. Quantifications for mitochondrial
number and mitochondrial size/shape descriptors (area, perimeter and
circularity) are shown (AML12 45 siCon or siRictor cells; HepG2 35 siCon and 38
SiRICTOR cells from n =3 independent experiments each). Ponceau is loading
control. Individual replicates and means are shown. *P < 0.05, **P < 0.01and
***+p < (0.0001, one-way ANOVA followed by Tukey’s multiple comparisons test
(aand d); two-way ANOVA followed by Tukey’s multiple comparisons test (b);
two-tailed unpaired Student’s t-test (c and f). Please refer to Supplementary
Table 10 statistical summary. Source numerical data are available in Source Data
Extended Data Table 1, and unprocessed blots are available in the Source Data for
this figure.
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phosphoproteinsinour dataset, which revealed hyperphosphorylation

(APs>20)in37 phosphoproteins and hypophosphorylation (APs <

-20)

in 49 phosphoproteins (Fig. 4c). Interestingly, phosphorylation of
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isphosphorylated onits C-terminus by the mTORC2 target SGK1 (refs.
8,35), and regulates lipid droplet content®. Although NDRG1 showed
trends towards hypophosphorylation in Rictor*® total homogenates

(Fig. 4e and Extended Data Fig. 6¢), phosphoproteomics from fasted
livers showed marked NDRG1%**¢ hypophosphorylation in Rictor®®
MAMs when compared with controls (Extended Data Fig. 6d-f and
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Fig. 4| mTORC2 signalling drives mitochondrial fission via NDRG1%¢"*3¢
phosphorylation. a, Experimental plan for b-e. b, Enrichment map-based
network visualization of Gene Ontology enrichment for differentially modulated
phosphosites. Blue edges show similarity between decreased phosphosites,
and red nodes show similarity between increased phosphosites. Node
sizeindicates the number of proteins per node; major clusters are circled.
Associated name represents the major functional association. ¢, Global APs
analyses of phosphoproteins. Hyperphosphorylated and hypophosphorylated
peptidesin each comparison are shown. Labels indicate the genes encoding
the proteins. Dotted lines: APs = +20.d, e, Volcano plot for BNIP3 (d) or NDRG1
(e) phosphorylation in Rictor®® versus Con livers fasted for 14-16 h. For

a-e, n=3mice.f, Representative MitoTracker green fluorescence in serum-
deprived siCon and siNdrgI NIH3T3 cells (siCon 84 cells and siNdrg1 91 cells

from n =5 independent experiments). Quantifications for mitochondrial
number and mitochondrial size/shape descriptors are shown. g-i, TEM with
mitochondrial quantifications (n = 6 mice) (g), AUC for liver OCR (n =3 mice)

(h) and immunoblots and quantification (i) for indicated proteinsinindicated
fractions from livers of 3-4-month-old fasted (14-16 h) male mice expressing
NDRG1"" or NDRG1%*¢4 after silencing endogenous Ndrgl by siRNAs (n =4
mice). Ponceauis loading control. Individual replicates and means are shown.
*P<0.05, two-tailed unpaired Student’s ¢-test (c-fand i); one-way ANOVA
followed by Tukey’s comparisons test (g and h). NS, not significant. Please refer to
Supplementary Table 10 statistical summary, and Supplementary Tables 4 and 5.
Source numerical dataare available in Source Data for Extended Data Table 1, and
unprocessed blots are available in the Source Data for this figure.

Supplementary Table 6).Since NDRGlis presentinMAMs (Extended Data
Fig. 6g), we sought to confirm that mTORC2-SGK1 indeed phos-
phorylates NDRG1 at Ser336. Accordingly, phosphoproteomics and
relative quantification of extracted ion chromatogram of peptide
SRTASGSSVTS(p)LEGTRSR, corresponding to Flag-NDRGI, fromsiCon
orsiRictor cells (Extended Data Fig. 6h-jand Supplementary Table 7)
revealed reduced enrichment in siRictor cells compared with siCon
cells, confirming that mTORC2 phosphorylates NDRG1 at Ser336.

Phosphorylated NDRG1%¢** drives mitochondrial fission

To determine whether mTORC?2 drives fission by phosphorylat-
ing BNIP3 at Ser79 or Ser88 or NDRG1 at Thr328, Ser332 or Ser336,
we used in vitro Seahorse-based mito-stress screens. We expressed
Flag-tagged phosphorylation-deficient or phosphomimetic BNIP3 or
NDRGI1 mutants by switching these Ser or Thr residues to Ala or Asp,
respectively (Extended DataFig.7a,b). Serum-deprived and oleic acid
(OA)-treated cells (to emulate fasting) expressing BNIP3" (wild type,
WT) or BNIP3%7°A2 oy BNIP35¢r%%42 showed equivalent mitochondrial
respiration (Extended Data Fig. 7¢), eliminating that P-BN]P35¢r79/5ers8
regulates mitochondrial function. Expressing NDRG1T"328A12,
NDRGI15¢?32Aa NDRG1™3284P or NDRG1%*"*?A mutants also failed to
impact respiration; however, blocking NDRG1%** phosphorylation
reduced basal and maximal respiration and ATP production (Extended
Data Fig. 7d-g), while phosphomimetic NDRG15¢"**%4" stimulated
respiration compared with NDRG1"" (Extended Data Fig. 7f,h).
Furthermore, silencing Ndrgl (Extended Data Fig. 7i,j) or expressing
each phosphorylation-deficient NDRG1 mutant (Extended Data Fig.
7k) substantially lowered mitochondrial membrane potential, sug-
gesting that mTORC2 supports mitochondrial function viaNDRG15¢%
phosphorylation. Indeed, the mTORC2-SGK1 axis mediates fission via
NDRGI1%**¢ phosphorylation, since silencing Sgk1-3 or Ndrgl, but not
Akt1/2, significantly reduced mitochondrial number and increased

mitochondrial area, perimeter and elongation (Fig. 4f and Extended
DataFig.8a) as observed in siDnm1l”’ or siMff° cells. Consistently, silenc-
ing Sgkland Ndrgl,but not Akt1/2, reduced cellular respirationin vivo
(Extended DataFig. 8b,c).

NDRG1%¢336A2 mutant livers exhibit fission failure

To determine whether NDRGI®"**%A® mutant livers recapitulate the mito-
chondrial phenotype of Rictor*° livers, we expressed Flag-NDRGIV"
or Flag-NDRGI15*4 jn [ivers silenced for endogenous Ndrgl and
confirmed equivalent Flag expression by immunohistochemistry
(Extended Data Fig. 8d). Consistent with our observations in Rictor®
livers, fasted NDRG1%"**A [iyers showed enlarged mitochondria with
reduced mitochondrial number, and increased area and perimeter
when compared with NDRG1"" and untransfected livers (Con) (Fig. 4g),
reflecting impaired fission. As observed in Rictor*® livers, fasted
NDRG1%¢3%1 [ivers showed reduced cellular respiration (Fig. 4h).
Furthermore, when compared with corresponding controls, MAMs
from Rictor*° (Fig. 3c) and NDRG15¢3*%A4 |ivers (Fig. 4i), each showed
lower levels of MFF without affecting levels of total and phosphorylated
DRP1%"*' and DRP1%**, which modulate dynamics® (Fig. 3c). Hence,
our data support a role for the mTORC2-NDRG1%***¢ axis in driving
mitochondrial fission.

NDRGI requires MFF, but not DRP1, for mitochondrial fission

To determine how NDRGI facilitates fission, we used time-lapse micros-
copy to test if NDRG1"" interacts with mitochondria. Interestingly,
NDRG1"" frequently co-localized with a constricted region of mito-
chondria, culminatingin fission (Fig. 5a-c and Supplementary Video 6).
Quantifications revealed that, while NDRG1"™-mitochondrial inter-
actions caused fission within ~90.8 + 11.1 s of contact (Fig. 5a-c and
Supplementary Video 6), NDRG1%*"**%A maintained its co-localization
with ER (Extended Data Fig. 8e-g and Supplementary Videos 7 and

Fig. 5| Phosphorylated NDRG1%°¢**¢ requires MFF, but not DRP1, for
mitochondrial fission. a, Live cellimaging of mCherry-NDRGI"" or mCherry-
NDRGI%**"2 and MitoTracker green in siCon NIH3T3 cells or live cell imaging of
mCherry-NDRGI"" and MitoTracker in siRictor or siDnm1INIH3T3 cells cultured
inserum-free medium for 30 min. Orange arrowheads: NDRG1 (mCherry). White
arrowheads: mCherry/MitoTracker contact reflecting NDRG1/mitochondria
contact before fission. Yellow arrowheads: divided mitochondria after

scission by NDRG1 (mCherry). Magnified insets are shown. Please refer to Supple-
mentary Video 6 (mCherry-NDRG1""/MitoTracker), Supplementary Video 9
(mCherry-NDRG1%™*"%/MitoTracker), Supplementary Video 10 (siRictor;
mCherry-NDRG1""/MitoTracker) and Supplementary Video 11 (siDnm1l;
mCherry-NDRGI1""/MitoTracker). b, Quantification for duration/fate (fission
versus no fission) of interaction between NDRG1 (mCherry) and mitochondria
(MitoTracker). Quantifications are also shown for duration of NDRG1 (mCherry)-
mitochondrial (MitoTracker) interaction events and whether each interaction
led to fission (useful) or not (futile) as recorded via live cell imaging. The X axis
represents time in seconds—reflecting duration of contact of NDRG1 (mCherry)

with mitochondria (MitoTracker). Each individual-coloured bar on the Y axis
represents one interaction per individual cell. The length of each coloured bar
represents the time from the initiation of interaction of NDRG1 (mCherry) with
mitochondria (MitoTracker) till end of interaction. ¢, Quantification for mean
duration of mCherry-NDRG1/mitochondria (MitoTracker) interaction is shown.
Forband ¢ (NDRG1"" 11 cells, NDRG1%">*4215 cells, siRictor/NDRG1"" 10 cells and
siDnm1l/NDRG1%" 9 cells from n = 4 independent experiments; each tracked cell
was monitored on anindependent plate). d,e, Representative images of siDnm1Il
(n=4independent experiments) (d) or siMff (n = 3 independent experiments)
(e) NIH3T3 cells expressing mCherry-NDRG1"" or not and cultured in serum-
free medium for 30 minin presence of MitoTracker green. Magnified insets are
shown. Quantifications for mitochondrial number and mitochondrial size/shape
descriptors are shown. Individual replicates and means are shown. *P < 0.05,
**P<0.01,**P<0.001and ***P < 0.0001, one-way ANOVA followed by Tukey’s
multiple comparisons test. Please refer to Supplementary Table 10 statistical
summary. Source numerical data are available in the Source Data to Extended
Data Table1.
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8) but exhibited extended futile interactions (-289.8 + 26.7 s) with
mitochondriathat did notlead to fission (Fig. 5a-cand Supplementary
Video 9). Consistently, silencing Rictor led to extended futile inter-
actions of NDRGI"" with mitochondria (409.5 + 63.7 s) and blocked the
ability of NDRG1"" to divide mitochondria (Fig. 5a—c and Supplemen-
tary Video10), linking mTORC2-driven NDRG1**** phosphorylation to
mitochondrial fission. To determine whether NDRG1-mediated fission
requires DRP1, we attempted to KO DnmIlusing CRISPR, but failed to
generate viable healthy cells, and therefore this limit in interpreta-
tionremains. However, upon using small interfering RNAs (siRNAs) to
deplete Dnm1il, mitochondrial division viaNDRG1" remained intactin
siDnm1l cells (Fig. 5a-cand Supplementary Video 11). Indeed, despite
>90% loss of Dnm1l, NDRG1"" continued to engage with mitochondria
resulting in fission in ~102 + 24.6 s. In fact, expressing NDRG1"" com-
pletely restored the altered mitochondrial number, area, perimeter
and circularity in siDnm1il cells (Fig. 5d and Extended Data Fig. 9a).
By contrast, NDRGI" failed to restore the alterations in mitochon-
drialnumber, area, perimeter and circularity in siMff cells (Fig. 5e and
Extended DataFig. 9b) suggesting that, although DRP1is akey regula-
tor of fission, itappears to notinfluence mitochondrial fission via the
mTORC2-NDRG1 axis. By contrast, the mTORC2-NDRG1 axis requires
MFF for fission, supported by data showing reduced MFF enrichment
in MAMs from Rictor*® (Fig. 3c) and NDRGI%3%A% [ivers (Fig. 4i) and
that siMff cells resist NDRG1%"-mediated fission (Fig. Se).

Phosphorylated NDRG1°***¢ binds CDC42 to drive fission

Since NDRG1 does not exhibit theintrinsic GTPase activity required for
membrane scission®®*, we asked whether P-NDRG1%*** engages with
proteinswithintrinsic GTPase activity to facilitate fission. Accordingly,
proteomics to identify proteins bound to Flag-tagged NDRG1"", but
not NDRGI*"**4% revealed interaction with CDC42,aRHO GTPase that
regulates actin cytoskeleton* and cytokinesis’ (Fig. 6a and Supple-
mentary Table 8).Indeed, when compared with NDRGI"T, NDRG15¢r336A1a
displayed reduced, albeit modest, binding to CDC42, ARHGEF10 (RHO
GEF that activates RHO GTPases by stimulating GDP/GTP exchange)*,
and ARHGAP35 (RHO GAP that facilitates GTP hydrolysis toinactivate
RHO GTPases)*.. Consequently, we hypothesized that GTPase CDC42
mediates the effects of mMTORC2-NDRG1°¢**¢ on mitochondrial fis-
sion. Supporting this hypothesis, co-immunoprecipitation (co-IP)
confirmed that exogenously expressed GFP-CDC42 interacts with
Flag-NDRGI"" but fails to interact with mutant NDRG1%*A% (Fig, 6b).
Furthermore, Flag-NDRGI1"" interacts with both mCherry-CDC42""
and mutant CDC42™74" which is expected to be predominantly
GDP-bound (Extended Data Fig. 9¢), indicating that CDC42-GTP
loading is not required for CDC42-NDRG1 interaction. However,
NDRG1%"**¢ phosphorylation and CDC42-GTPloading are each critical

for mitochondrial fission. Indeed, silencing Cdc42 (Extended Data
Fig.9d)led to prolonged and futile engagement of NDRG1"" with mito-
chondria and blocked fission (Fig. 6¢c—e and Supplementary Videos
12 and 13). Furthermore, while CDC42%" engaged with, and divided,
mitochondriain-157 + 26 s, mutant CDC42™7A" ex hibited prolonged
(-339 £ 58 s) and futile interactions with mitochondria (Extended Data
Fig. 9e-g and Supplementary Videos 14 and 15). Supporting that the
mTORC2-NDRGI1-CDC42 axis drives fission, knocking down Rictor
or Ndrgl or Cdc42 each reduced mitochondrial number and circu-
larity, and increased mitochondrial area, perimeter and elongation
(Fig. 6f), recapitulating the fission failure phenotype of siMffor siDnm1il
cells (Fig. 6f). Consistently, silencing Cdc42 reduced mitochondrial
membrane potential (Fig. 6g), suggesting that CDC42 cooperates with
P-NDRG1%*** to support mitochondrial division.

CDC42regulators and effectors modulate fission

Since CDC42 activity is tightly orchestrated by regulators or effectors,
we used proteomics to identify CDC42 interactors that may potentially
regulate fission (Fig. 7a and Supplementary Table 9). Using NIH3T3 cells
expressing GFP-CDC42 or GFP-empty vector as negative controland
analysing fold-change interaction (using cut-off P value of 4.32), we
short-listed 11 proteins that were significantly enriched in GFP-CDC42
pulldowns when compared with empty vector (Fig. 7b and Extended
DataFig.10a). Of note, the five enriched targets were CDC42 effectors
(CDC42EP4/BORG4, CDC42EP1/BORGS and CDC42EP2/BORG21), RHO
GTPase inhibitor RHO GDP Dissociation Inhibitor (GDI) alpha (ARHG-
DIA/RHOGDII) and 1Q motif-containing GTPase-activating protein 1
(IQGAP1), which is a downstream effector and upstream scaffold
protein for CDC42 (ref. 42) (Fig. 7b and Extended Data Fig. 10a). We
also observed enrichment (albeit insignificant) in GFP-CDC42 pull-
downs of aknown driver of CDC42in muscle cells, bridging integrator
3 (BIN3), the atypical RHO GTPase/RHO-Related BTB Domain Contain-
ing1(RHOBTB1) and RHO GTPase inhibitor beta (ARHGDIB/RHOGDI2)
(Fig. 7band Extended Data Fig.10a). Inaddition, we included to screen
fortwoidentified NDRG1binding partners, ARHGEF10 and ARHGAP35,
which serve as GEF and GAP*, respectively (Fig. 6a).

To examine if the identified candidates regulate mitochondrial
fission, we transfected NIH3T3 cells with siRNAs against each target
(Extended Data Fig. 10b), except Cdc42ep2 since silencing it severely
reduced viability. Our results indicate that CDC42 and its family of
effectors/regulators control mitochondrial fission, since deleting
Cdc42 or CDC42 activators, Arhgefl0 and Bin3, or CDC42 downstream
effectors, Cdc42ep4/BORG4 or Cdc42ep1/BORGS, each resulted in
increased mitochondrial area, perimeter and elongation, reflecting
impaired fission (Fig. 7c). RHOGDI proteins can act as negative regula-
tors of RHO GTPases by retaining RHO GTPases in the cytosol, inhibiting

Fig. 6 | Phosphorylated NDRGI**"**¢ interacts with CDC42 to drive
mitochondrialfission. a, The log,-transformed fold change (FC) of interaction
of Flag-NDRGI"" or Flag-NDRG1%¢**" with CDC42, ARHGAP35 and ARHGEF10
(n=3independent experiments). b, Pulldowns of Flag (using Flag M2 agarose)
and immunoblots and quantification for GFP and Flag levels in OA-treated

(2.5 h) NIH3T3 cells co-expressing Flag-NDRGI"" or Flag-NDRG1%***A and
GFP-CDC42"" (n =3 independent experiments). Flag-tagged empty vector is
the negative control. Ponceau is loading control. Quantification for relative
enrichment of GFP in Flag pulldowns was calculated by normalizing the
densitometric value of GFP to the densitometric value of Flag. ¢, Representative
live-cellimaging of mCherry-NDRGI"" and MitoTracker greenin siCon or
siCdc42NIH3T3 cells. Magnified insets are shown. Orange arrowhead: NDRG1
(mCherry) mediating fission. White arrowhead: mCherry/MitoTracker reflecting
NDRGI1/mitochondrial co-localization before fission. Yellow arrowheads:
divided mitochondria after fission. Please refer to Supplementary Video 12
(siCon cells; mCherry-NDRG1"") and Supplementary Video 13 (siCdc42 cells;
mCherry-NDRGI1"").d, Graphical representation for duration of interaction
between mCherry-NDRGI and mitochondria (MitoTracker) in siCon or siCdc42
cells, and whether interactions lead to division or are futile. e, Quantification for

mean duration of mCherry-NDRGI1""/mitochondria (MitoTracker) interaction
isshown (siCon 6 cells and siCdc4211 cells from n = 3 independent experiments;
each tracked cell was monitored on anindependent plate). f, Representative
confocalimages of NIH3T3 cells transfected with indicated siRNAs and cultured
in serum-free medium with MitoTracker green for 30 min. Magnified insets are
shown. Quantifications for mitochondrianumber and mitochondrial size/shape
descriptors are shown (siCon 142 cells, siRictor105 cells, siNdrgl 91 cells, siCdc42
64 cells, siMff106 cells, siDnm1[128 cells, siOpal 86 cells and siMfn1 83 cells from
n=38(siCon), n= 6 (siRictor and siMff), n =5 (siNdrgl, siOpal and siMfnl),n =4
(siCdc42) and n =7 (siDnm1l) independent experiments). Grey areas indicate
mitochondria fission-deficient models. g, MitoTracker CMXRos fluorescence
insiConand siCdc42 cells cultured in serum-free medium in presence of OA for
5h(siCon102 cells and siCdc42116 cells from n = 3 independent experiments).
Individual replicates and means are shown. *P < 0.05, **P < 0.01, **P < 0.001 and
P < 0.0001, two-tailed unpaired Student’s t-test (a, b, e and g); one-way ANOVA
and Dunnett’s multiple comparisons test (f). Please refer to Supplementary
Table 10 statistical summary, and Supplementary Table 8. Source numerical data
areavailablein Source Data Extended Data Table 1, and unprocessed blots are
available in the Source Data for this figure.
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their GTPase activity, and preventing their interaction with GEFs, GAPs
and effectors***. Accordingly, we suspect that silencing Arhgdia/
RHOGDI1 releases CDC42 from the inhibitory effect of ARHGDIA/
RHOGDIL, leadingto fission. Consistently, silencing Arhgdia/RHOGDI1
(butnot Arhgdib/RHOGDI2) increased mitochondrial number (Fig.7c),
reflecting increased fission. Not all RHO GTPases impact mitochon-
drial dynamics, since depleting the RHO GTPase RhobtbI gene had no
effect on mitochondrial morphology, suggesting specificity of RHO
GTPase CDC42 towards fission. We also found that silencing IQGAP1,
which regulates CDC42 as an upstream scaffold and as adownstream
effector of CDC42 (ref. 42), increased mitochondrial number
(Fig. 7c). Indeed, as a scaffold protein, IQGAP1 provides a molecular
link between Ca*'/calmodulinand CDC42-mediated processes*, while
as a downstream effector, CDC42 enhances the F-actin-cross-linking
activity of IQGAP1 during actin reorganization*®. Since ARHGAP35
inactivates GTPases, we anticipated that depleting Arhgap35 would
stimulate CDC42, leading to fission; however, knocking down Arhgap35
decreased mitochondrial number, reflecting fission failure (Fig. 7c).
This probably reflects the complex regulation of CDC42 requiring
subsequent inactivation to complete its function**%, as well as speci-
ficity among the different effectors and regulators in stimulating fis-
sion. Alternatively, ARHGAP35 is perhaps not active towards CDC42
and affects, instead, an antagonistic GTPase. Consistent with these
findings, in addition to CDC42, we detected the presence in MAMs of
CDC42 effector, CDC42EP1/BORGS, and ARHGAP35 and ARHGDIA/
RHOGDII (Extended DataFig.10c,d). Interestingly, levels of ARHGAP35,
CDC42EP1/BORG5 and ARHGDIA/RHOGDI1 in MAMs from Rictor®
(Extended DataFig.10c) and NDRGI%™**2 expressing livers (Extended
Data Fig. 10d) were comparable to those in corresponding controls,
indicating that fissionis probably regulated at the level of recruitment
of CDC42 to MAMs.

Since CDC42 action is regulated by membrane binding*’ and GTP
loading®®, we suspect that mTORC2-driven NDRG1%*"**¢ phosphoryla-
tion is a signal to recruit CDC42 to MAMs for its activation to drive
fission. Indeed, CDC42 and RHOA® (Fig. 7d), but not dynamins, were
abundantly present in MAMs from fasted livers. By contrast, MAMs
from fasted Rictor®° (Fig. 7d) and NDRG1%¢3%A% ljvers (Fig. 7e) each
showed markedly reduced CDC42 levels without affecting RHOA
levels, suggesting that the mTORC2-NDRGI axis recruits CDC42 to
MAMs. Given the enrichment of CDC42 in MAMs in an mTORC2- and
NDRGI-sensitive manner, it is likely that CDC42 governs local down-
stream mechanisms that control fission. Since dynamic cycling of actin
through populations of mitochondria controls fission****, we asked
whether CDC42 mediates the effect of MTORC2-NDRG1on mitochon-
drial fissionby remodelling actin cytoskeleton. Indeed, in control cells,
actinassembled around mitochondriato generate ring-like structures
consistent with maintained fission®® (Fig. 7f). By contrast, silencing
Cdc42 decreased co-localization of actin with mitochondria, which

correlated with elongated mitochondria (Fig. 7f), suggesting that
CDC42 facilitates the organization of actin around mitochondria to
enable fission.

Discussion

Insum, we show that the typically nutrient-responsive mTORC2 is para-
doxically reactivated by fasting to regulate NDRG1%** phosphoryla-
tion, which serves to recruit CDC42 to MAMs to drive mitochondrial
fission. In support of this model (Fig. 7g), NDRGI engages with mito-
chondrial constrictions to facilitate fission, and that fission events are
blocked in cells expressing phosphorylation-deficient NDRG15¢73¢A1
or in cells lacking Rictor or Cdc42 or the identified CDC42 effector/
regulators (Fig. 7g), thus revealing an mTORC2-NDRG1-CDC42 axis
facilitating mitochondrial fission during fasting.

Fasting and feeding are hormonally distinct physiological states".
While nutrient deprivation in cultured cells blocks mitochondrial
fission to preserve ATP synthesis and cell viability>**, cultured cells do
not completely recapitulate the complex physiology of intact organ-
isms. Infact, we show that the highly integrated liver exhibits marked
increases in fission during an acute fast. Indeed, switching between
nutrient availability and deprivation modulates mitochondrial cristae
and ER contacts, which per se impact mitochondrial dynamics®**’. In
keeping with this, we suspect that fasting-induced increasesin adipose
lipolysis and increased availability of lipids reactivate mTOR during
fasting. Indeed, cholesterol**and phosphatidic acid® activate mTORC1
invitro, and we show here that exposure to dietary corn oil or fasting
each activates mTORC2 in liver, as has been shown for mTORCl in
starved cultured cells®’. Although no function has been assigned to
fasting-induced reactivation of mTOR, we demonstrate that paradoxi-
calreactivation of mTORC2 during fasting s required for mitochondrial
remodelling to possibly support the increased energetic demands of
fasting. In fact, enzymatic reactions, for example, those part of the
Krebs cycle, appear to be sensitive to changes in mitochondrial shape,
volume and connectivity®'. Consistently, not only does loss of Rictor
impact mitochondrial fission, we also noted marked accumulation
of acylcarnitines, a metabolic signature consisted with dampened
mitochondrial respiration.

Mitochondrial division is tightly orchestrated by recruitment
of dynamin-related GTPase DRP1 from the cytosol to MAMs by the
mitochondrial outer membrane receptor MFF*. DRP1 oligomeriza-
tion and interaction with actin filaments promote scission in a GTP
hydrolysis-dependent manner. Indeed, overexpression of MFF fails
to restore fission in cells co-expressing the assembly-defective DRP1
mutant, indicating that MFF acts via DRP1 (ref. 4). Yet, our data show
that DRP1is dispensable formTORC2-NDRGI1-mediated mitochondrial
fission, since overexpressing NDRG1" restores mitochondrial fis-
sion in DRP1-deficient cells, and perhaps most surprisingly, NDRGIV"
fails to restore fission when MFF is depleted. These data suggest that

Fig.7|CDC42regulators and effectors modulate fission. a, Experimental
plan to pull down GFP-tagged CDC42 to identify interactors that regulate
mitochondrial fission. b, Cartoon representing significantly (P < 0.05) enriched
interacting partners of CDC42 (in bold) identified via proteomics, some of
which belong to the RHO family of GTPases (n =4 independent experiments).
¢, Representative images of NIH3T3 cells knocked-down for indicated CDC42-
binding partners and cultured in serum-free medium for 30 minin presence

of MitoTracker green. Magnified insets are shown. Quantifications for
mitochondrial number and mitochondrial size/shape descriptors are shown
(siCon, siArhgef10, silggap, siArhgdib, siRhobtbl and siArhgap35 39 cells, siBin3
andsiCdc42ep4 40 cells, siCdc42epl 43 cells and siArhgdia 37 cells fromn=3
independent experiments). Grey areas indicate mitochondria fission-deficient
models. d,e, Immunoblots and quantification forindicated proteinsin
indicated fractions from livers of 14-16 h-fasted 5-6-month-old Con (n=3)

and Rictor*® (n = 5) mice (d), and 3-4-month-old mice expressing NDRGI""

or NDRG1%™3¢41 plasmids after silencing endogenous Ndrgl with siRNAs (e).

Nvalues for number of mice per fraction are indicated in parentheses. CDC42: all
fractions from NDRGI*" and NDRG1%**A mice are n = 5 except for NDRG1¢r336Ala
MAMs where n = 4; RHOA: n = 6 mice for all groups. Ponceau is loading control.

f, Representative confocal images of siCon or siCdc42 NIH3T3 cells expressing
mCherry-Lifeact-7 and cultured in serum-free medium for 30 min in presence of
MitoTracker green. Magnified insets are shown. Quantification for percentage
co-localization of mCherry-Lifeact-7 with mitochondria is shown (siCon 33

cells and siCdc4230 cells from n =5 (siCon) or n =4 (siCdc42) independent
experiments). g, Reactivation of mTORC2 during fasting phosphorylates

NDRG1 at Ser336, which engages with mitochondria and recruits CDC42

to mitochondria-ER contact sites wherein CDC42 and its effector proteins
orchestrate fission. Individual replicates and means are shown. *P < 0.05 and

**P < 0.01, two-tailed unpaired Student’s ¢-test. NS, not significant. Please refer
to Supplementary Table 10 statistical summary, and Supplementary Table 9.
Source numerical data are available in Source Data Extended Data Table 1, and
unprocessed blots are available in the Source Data for this figure.
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mTORC2-NDRGI-mediated fission is dependent on MFF but appears to
notrequire DRP1. Supporting this possibility, loss of Rictor or express-
ing the NDRG1%¢"**4 mutant each markedly reduced MFF levels in
MAMs without affecting DRP1levels. These findings suggest that roles
for MFF in fission are complex and not restricted to merely serving as
areceptor for DRP1recruitment”.

How then does NDRGI drive mitochondrial fission? Since
NDRG1 lacks GTP hydrolysis activity, a requirement for fission®**,
we examined whether NDRGI1 engages with additional GTPases to
facilitate fission. Here we identify the small GTPase CDC42
as a binding partner of NDRGI that fails to interact with the
phosphorylation-deficient NDRG1%"**** mutant. Indeed, time-lapse
imaging revealed that NDRG1 and CDC42 both engage at mitochon-
drial constrictions to facilitate fission, and that in absence of Cdc42
or presence of inactive GDP-bound CDC42™7As" mutant, NDRG1
fails to cut mitochondria. Furthermore, we detected the presence of
CDC42 in MAMs, the enrichment of which appears to depend on an
intact functionalmTORC2-NDRGI axis since loss of Rictor or express-
ing the NDRGI%¢"**** mutant each markedly reduced CDC42 levels
in MAMs. Given that CDC42 modulates the actin cytoskeleton®, it
is tempting to speculate that recruitment of CDC42 to MAMs by the
mTORC2-NDRGI axis orchestrates a local interplay between actin
tubulesand ERin drivingscission, although careful future assessments
are needed to conclusively demonstrate the same. Since Rictor insuf-
ficiency shortens lifespan®>®®, and given the age-related impairment
in mitochondrial function, it is also tempting to speculate that stimu-
lation of mMTORC2 to sustain mitochondrial fission could potentially
delay age-related diseases in which defective mitochondrial dynamics
playapart.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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References

1. Sharma, A., Smith, H. J., Yao, P. & Mair, W. B. Causal roles of
mitochondrial dynamics in longevity and healthy aging. EMBO
Rep. 20, 48395 (2019).

2. Barazzuol, L., Giamogante, F. & Cali, T. Mitochondria associated
membranes (MAMSs): architecture and physiopathological role.
Cell Calcium 94,102343 (2021).

3. Loson, O.C., Song, Z., Chen, H. & Chan, D. C. Fis1, Mff, MiD49,
and MiD51 mediate Drp1 recruitment in mitochondrial fission.
Mol. Biol. Cell 24, 659-667 (2013).

4. Otera, H. et al. Mff is an essential factor for mitochondrial
recruitment of Drp1 during mitochondrial fission in mammalian
cells. J. Cell Biol. 191, 1141-1158 (2010).

5. Ge,Y.etal. Two forms of Opal cooperate to complete fusion of
the mitochondrial inner-membrane. eLife https://doi.org/10.7554/
elLife.50973 (2020).

6. Chen, H. et al. Mitofusins Mfn1 and Mfn2 coordinately
regulate mitochondrial fusion and are essential for embryonic
development. J. Cell Biol. 160, 189-200 (2003).

7. Toyama, E. Q. et al. Metabolism. AMP-activated protein kinase
mediates mitochondrial fission in response to energy stress.
Science 351, 275-281(2016).

8. Mason, J. A. et al. SGK1 signaling promotes glucose metabolism
and survival in extracellular matrix detached cells. Cell Rep. 34,
108821 (2021).

9. Drechsel, D. N., Hyman, A. A., Hall, A. & Glotzer, M. A requirement
for Rho and Cdc42 during cytokinesis in Xenopus embryos.
Curr. Biol. 7,12-23 (1997).

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

Johnson, D. |. Cdc42: an essential Rho-type GTPase controlling
eukaryotic cell polarity. Microbiol Mol. Biol. Rev. 63, 54-105 (1999).
Cabhill, G. F. Jr. Fuel metabolism in starvation. Annu. Rev. Nutr. 26,
1-22 (2006).

Song, C. et al. Systematic analysis of protein phosphorylation
networks from phosphoproteomic data. Mol. Cell Proteom. 11,
1070-1083 (2012).

Sridharan, S. & Basu, A. Distinct roles of mTOR targets S6K1and
S6K2 in breast cancer. Int. J. Mol. Sci. https://doi.org/10.3390/
ijms21041199 (2020).

Sarbassov, D. D., Guertin, D. A., Ali, S. M. & Sabatini, D. M.
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR
complex. Science 307, 1098-1101 (2005).

Basu, A., Sridharan, S. & Persaud, S. Regulation of protein kinase C
delta downregulation by protein kinase C epsilon and mammalian
target of rapamycin complex 2. Cell Signal 21, 1680-1685 (2009).
Baffi, T. R. et al. mMTORC2 controls the activity of PKC and Akt by
phosphorylating a conserved TOR interaction motif. Sci. Signal
https://doi.org/10.1126/scisignal.abe4509 (2021).
Garcia-Martinez, J. M. & Alessi, D. R. mMTOR complex 2 (mTORC2)
controls hydrophobic motif phosphorylation and activation of
serum- and glucocorticoid-induced protein kinase 1(SGK1).
Biochem. J. 416, 375-385 (2008).

Egan, D. F. et al. Phosphorylation of ULK1 (hATG1) by
AMP-activated protein kinase connects energy sensing to
mitophagy. Science 331, 456-461(2011).

Geisler, C. E., Hepler, C., Higgins, M. R. & Renquist, B. J. Hepatic
adaptations to maintain metabolic homeostasis in response to
fasting and refeeding in mice. Nutr. Metab. 13, 62 (2016).

Zinzalla, V., Stracka, D., Oppliger, W. & Hall, M. N. Activation of
mTORC2 by association with the ribosome. Cell 144, 757-768
(20M).

Sancak, Y. et al. The Rag GTPases bind raptor and mediate amino
acid signaling to mTORC1. Science 320, 1496-1501 (2008).
Sarbassov, D. D. et al. Rictor, a novel binding partner of mTOR,
defines a rapamycin-insensitive and raptor-independent pathway
that regulates the cytoskeleton. Curr. Biol. 14,1296-1302 (2004).
Kwiatkowski, D. J. et al. A mouse model of TSC1 reveals
sex-dependent lethality from liver hemangiomas, and
up-regulation of p70S6 kinase activity in Tsc1 null cells. Hum. Mol.
Genet 1, 525-534 (2002).

Quinn, W. J. 3rd et al. mTORC1 stimulates phosphatidylcholine
synthesis to promote triglyceride secretion. J. Clin. Invest. 127,
4207-4215 (2017).

Hagiwara, A. et al. Hepatic mTORC2 activates glycolysis and
lipogenesis through Akt, glucokinase, and SREBP1c. Cell Metab.
15, 725-738 (2012).

Takeichi, Y. et al. Non-alcoholic fatty liver disease in mice with
hepatocyte-specific deletion of mitochondrial fission factor.
Diabetologia 64, 2092-2107 (2021).

Wang, L. et al. Disruption of mitochondrial fission in the liver
protects mice from diet-induced obesity and metabolic
deterioration. Diabetologia 58, 2371-2380 (2015).

Betz, C. et al. Feature Article: mTOR complex 2-Akt signaling at
mitochondria-associated endoplasmic reticulum membranes
(MAM) regulates mitochondrial physiology. Proc. Natl Acad. Sci. USA
10, 12526-12534 (2013).

Frezza, C. et al. OPA1 controls apoptotic cristae remodeling
independently from mitochondrial fusion. Cell 126, 177-189 (2006).
Morita, M. et al. mTOR controls mitochondrial dynamics and cell
survival via MTFP1. Mol. Cell 67, 922-935 €925 (2017).

Chang, C. R. & Blackstone, C. Cyclic AMP-dependent protein
kinase phosphorylation of Drp1 regulates its GTPase activity and
mitochondrial morphology. J. Biol. Chem. 282, 21583-21587
(2007).

Nature Cell Biology | Volume 25 | July 2023 | 989-1003

1002


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-023-01163-3
https://doi.org/10.7554/eLife.50973
https://doi.org/10.7554/eLife.50973
https://doi.org/10.3390/ijms21041199
https://doi.org/10.3390/ijms21041199
https://doi.org/10.1126/scisignal.abe4509

Article

https://doi.org/10.1038/s41556-023-01163-3

32. Cameron, A. J., Linch, M. D., Saurin, A. T., Escribano, C. &

Parker, P. J. nTORC2 targets AGC kinases through Sin1-dependent
recruitment. Biochem. J. 439, 287-297 (2011).

33. Merico, D., Isserlin, R., Stueker, O., Emili, A. & Bader, G. D.
Enrichment map: a network-based method for gene-set
enrichment visualization and interpretation. PLoS ONE 5, €13984
(2010).

34. Wang, Z. et al. Quantitative phosphoproteomic analysis of
the molecular substrates of sleep need. Nature 558, 435-439
(2018).

35. Park, K. C. et al. Identification of differential phosphorylation and
sub-cellular localization of the metastasis suppressor, NDRG1.
Biochim. Biophys. Acta, Mol. Basis Dis. 1864, 2644-2663 (2018).

36. Sevinsky, C. J. et al. NDRG1 regulates neutral lipid metabolism in
breast cancer cells. Breast Cancer Res. 20, 55 (2018).

37. Fonseca, T. B., Sanchez-Guerrero, A., Milosevic, |. & Raimundo, N.
Mitochondrial fission requires DRP1 but not dynamins. Nature 570,
E34-E42 (2019).

38. Kamerkar, S. C., Kraus, F., Sharpe, A. J., Pucadyil, T. J. & Ryan, M. T.
Dynamin-related protein 1 has membrane constricting and
severing abilities sufficient for mitochondrial and peroxisomal
fission. Nat. Commun. 9, 5239 (2018).

39. Mears, J. A. et al. Conformational changes in Dnm1 support a
contractile mechanism for mitochondrial fission. Nat. Struct.
Mol. Biol. 18, 20-26 (2011).

40. Erickson, J. W., Cerione, R. A. & Hart, M. J. Identification of an
actin cytoskeletal complex that includes IQGAP and the Cdc42
GTPase. J. Biol. Chem. 272, 24443-24447 (1997).

41. Muller, P. M. et al. Systems analysis of RnoGEF and RhoGAP
regulatory proteins reveals spatially organized RAC1 signalling
from integrin adhesions. Nat. Cell Biol. 22, 498-511 (2020).

42. Choi, S. & Anderson, R. A. IQGAP1 is a phosphoinositide effector
and kinase scaffold. Adv. Biol. Regul. 60, 29-35 (2016).

43. Dovas, A. & Couchman, J. R. RhoGDI: multiple functions in the
regulation of Rho family GTPase activities. Biochem. J. 390, 1-9
(2005).

44, Cho, H.J., Kim, J. T., Baek, K. E., Kim, B. Y. & Lee, H. G. Regulation
of Rho GTPases by RhoGDls in human cancers. Cells https://doi.
org/10.3390/cells8091037 (2019).

45. Ho, Y.D., Joyal, J. L., Li, Z. & Sacks, D. B. IQGAP1 integrates Ca*'/
calmodulin and Cdc42 signaling. J. Biol. Chem. 274, 464-470
(1999).

46. Fukata, M. et al. Regulation of cross-linking of actin filament by
IQGAP1, a target for Cdc42. J. Biol. Chem. 272, 29579-29583
(1997).

47. Atkins, B. D. et al. Inhibition of Cdc42 during mitotic exit is
required for cytokinesis. J. Cell Biol. 202, 231-240 (2013).

48. Onishi, M., Ko, N., Nishihama, R. & Pringle, J. R. Distinct roles
of Rho1, Cdc42, and Cyk3 in septum formation and abscission
during yeast cytokinesis. J. Cell Biol. 202, 311-329 (2013).

49. Johnson, J. L., Erickson, J. W. & Cerione, R. A. C-terminal
di-arginine motif of Cdc42 protein is essential for binding to
phosphatidylinositol 4,5-bisphosphate-containing membranes
and inducing cellular transformation. J. Biol. Chem. 287,
5764-5774 (2012).

50. Hong, L. et al. Characterization of a Cdc42 protein inhibitor
and its use as a molecular probe. J. Biol. Chem. 288, 8531-8543
(2013).

51. Lee, J. E., Westrate, L. M., Wu, H., Page, C. & Voeltz, G. K. Multiple
dynamin family members collaborate to drive mitochondrial
division. Nature 540, 139-143 (2016).

52. Hatch, A. L., Gurel, P. S. & Higgs, H. N. Novel roles for actin in
mitochondrial fission. J. Cell Sci. 127, 4549-4560 (2014).

53. Moore, A. S., Wong, Y. C., Simpson, C. L. & Holzbaur, E. L.
Dynamic actin cycling through mitochondrial subpopulations
locally regulates the fission-fusion balance within mitochondrial
networks. Nat. Commun. 7, 12886 (2016).

54. Rambold, A. S., Kostelecky, B., Elia, N. & Lippincott-Schwartz,

J. Tubular network formation protects mitochondria from
autophagosomal degradation during nutrient starvation. Proc.
Natl Acad. Sci. USA 108, 10190-10195 (2011).

55. Gomes, L. C., Di Benedetto, G. & Scorrano, L. During autophagy
mitochondria elongate, are spared from degradation and sustain
cell viability. Nat. Cell Biol. 13, 589-598 (2011).

56. Castro-Sepulveda, M. et al. The fasting-feeding metabolic
transition regulates mitochondrial dynamics. FASEB J. 35, e21891
(2021).

57. Sood, A. et al. A Mitofusin-2-dependent inactivating cleavage of
Opal links changes in mitochondria cristae and ER contacts in the
postprandial liver. Proc. Natl Acad. Sci. USA 111, 16017-16022 (2014).

58. Castellano, B. M. et al. Lysosomal cholesterol activates mTORC1
via an SLC38A9-Niemann-Pick C1 signaling complex. Science
355, 1306-1311 (2017).

59. Menon, D. et al. Lipid sensing by mTOR complexes via de novo
synthesis of phosphatidic acid. J. Biol. Chem. 292, 6303-6311
(2017).

60. Yu, L. et al. Termination of autophagy and reformation of
lysosomes regulated by mTOR. Nature 465, 942-946 (2010).

61. Lizana, L., Bauer, B. & Orwar, O. Controlling the rates of
biochemical reactions and signaling networks by shape and
volume changes. Proc. Natl Acad. Sci. USA 105, 4099-4104 (2008).

62. Soukas, A. A.,Kane, E. A., Carr, C. E., Melo, J. A. & Ruvkun, G.
Rictor/TORC2 regulates fat metabolism, feeding, growth, and life
span in Caenorhabditis elegans. Genes Dev. 23, 496-511 (2009).

63. Lamming, D. W. et al. Depletion of Rictor, an essential protein
component of mMTORC2, decreases male lifespan. Aging Cell 13,
9MN1-917 (2014).

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

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

© The Author(s) 2023

Nature Cell Biology | Volume 25 | July 2023 | 989-1003

1003


http://www.nature.com/naturecellbiology
https://doi.org/10.3390/cells8091037
https://doi.org/10.3390/cells8091037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41556-023-01163-3

Methods

This research complies with all relevant ethical regulations including
animal protocol approval fromthe IACUC of Albert Einstein College of
Medicine (protocol number 00001051).

Animal models

C57BL/6 (000664), Rictor™/™* (020649), Raptor™/™* (013188) and
Tsc1™/1x(005680) mice were fromJackson Laboratory. Studies were
performedin 2-10-month-old male and female mice fed regular chow
(5058; Lab Diet) and maintained in barrier facility at 22-23 °C under
40-60% humidity anda12 h:12 hlight/dark cycle. Liver-specific Rictor*°,
Raptor®® or TscI* mice were generated via retro-orbital injections of
2 x10"genome copies per mouse of AAVS-TBG-iCre adenovirus (Vector
Biolabs, VB1724) and mice were humanely killed after 8 weeks®*.
AAVS8-TBG-eGFP (Vector Biolabs, VB1743)-injected mice were controls.
Mice were fasted with free access to water and were compared with ad
libitum mice. Fasted mice were treated with: oral gavage of (1) corn oil
(400 pl; Sigma-Aldrich, 8267), (2) BODIPY FL C,, (10 mg kg%; Invitrogen,
D3821) or (3) refed high-fat diet (60% kcal in fat; Research Diets, D12492)
for30 min. Mice were mock-gavaged for 5 days before experiment, and
control animals were gavaged with vehicle (10% dimethyl sulfoxide—
saline solution) to match for volume and distension. STZ (40 mg kg™;
Sigma-Aldrich, S0130) was injected intraperitoneally once a day for 5
consecutive days. The protocol was repeated after 8 weeks, and tissues
were collected 2 weeks after the lastinjection.

Cornoil
Cornoil (Sigma-Aldrich, 8267) is protein free, and provides fatty acids
and monoacylglycerols, which are absorbed by the gut and delivered
systemically. The composition of corn oil is detailed in Supplementary
Table1l.

Cell culture

NIH3T3 (ATCC, CRL-1658) and HepG2 (ATCC, HB-8065) cells were
cultured in high-glucose Dulbecco’s modified Eagle medium (DMEM)
(Gibco, 11965118) supplemented with 10% (v/v) foetal bovine serum
(FBS) (Sigma-Aldrich, 12106C) and 1% (v/v) penicillin-streptomy-
cin (Gibco, 15140). AML12 cells (ATCC, CRL-2254) were cultured in
DMEM/F-12 medium (Gibco, 11320033) supplemented with 10% FBS,
1% insulin-transferrin-selenium (Gibco, 41400-045),40 ng ml" dexa-
methasone (Sigma-Aldrich, D4902) and 1% penicillin-streptomycin.
Cells were maintained at 37 °Cin 5% CO,. Wherever indicated, NIH3T3
cells were washed once with PBS and incubated in serum-free DMEM/
P/Sin presence of 0.25 mM OA (Sigma-Aldrich, 03008) for indicated
durations.

Primary mouse embryonic fibroblasts were isolated from
Rictor™1°* mice as described®. Rictor®/1°x cells were plated
at ~-80% confluency and infected with 50 multiplicity of infec-
tion of adenoviral-null Ad(RGD)-fLuc (Vector Biolabs, 9999) or
Ad(RGD)-CMV-iCre (Vector Biolabs, 1769) in serum-free medium for
24 h. The virus-containing mediumwas replaced by 10% FBS medium,
and 72 h post-infection cells were used for experiments.

Plasmid DNAs

Mouse NDRG1_OMu19504D, BNIP3_OMul3517D and CDC42_
OMul16203C_cDNA expression plasmids were synthesized by
GenScript USA. NDRG1_OMu19504D and BNIP3_OMul3517D were
each cloned into pcDNA3.1+/C-(K)-DYK vector. CDC42_OMu16203C
was cloned into pcDNA3.1(+)-N-eGFP vector. cDNA encod-
ing NDRGIThr}ZSAIa, NDRGlThr328ASP, NDRGlser332Ala, NDRGISer332Asp’
NDRG15¢336Al NDRG15¢r3364P) BNP35¢7412 o r BNIP35¢88M2 hcDNA3.1+/C-
(K)-DYK mutants was generated by site-directed mutagenesis.
pcDNA3.1+/C-(K)-DYK or pcDNA3.1(+)-N-eGFP vectors were negative
controls. For live-cellimaging, mouse NDRG1_OMu19504D WT, mutant
NDRGI%3%42 and CDC42_OMul6203C WT plasmids were each cloned

into a pcDNA3.1(+)-mCherry vector. cDNA encoding CDC42T17Asn
pcDNA3.1(+)-mCherry mutant was generated by site-directed mutagen-
esis.mCherry-Lifeact-7 was a gift from M. Davidson (Addgene, 54491).

In vitro transfections of nucleic acids

In vitro transfections were performed using Lipofectamine 3000
(Invitrogen, L3000). For expression of DNA plasmids, 120,000 NIH3T3
cells mI™ of growth medium were transfected with 1 pg of DNA and
plated in 12-well plate dishes for 48 h. For gene silencing, 120,000
cells ml™ of growth medium were transfected with siRNA for 48 h
(Supplementary Table 12). Scrambled RNA was used as negative
control (siCon). Silencing efficiency was confirmed by western
blotting or qPCR.

Invivo delivery of nucleic acids

In vivo delivery of plasmid DNAs was performed via in vivo-jetPEI
(Polyplus-transfection SA, 201-50G) as per the manufacturer’s
instructions. Briefly, 100 pg of NDRG1"" or NDRG1%¢33¢41 pcDNA3.1+/
C-(K)-DYK was diluted in glucose solution and combined with 7 pl of
invivo-jetPEIfor 15 min atroom temperature. Then 200 pl of transfec-
tion mix was administered retro-orbitally to C57BL/6 mice in a single
injection 24 h before tissue collection. Transfection efficiency was
determined by immunohistochemistry. Livers from non-transfected
mice were used as negative controls. In vivo siRNA delivery was per-
formed using Invivofectamine 3.0 Reagent (Invitrogen, IVF3005) as
per the manufacturer’s instructions. Briefly, 50 pg of siRNAs was mixed
with complexation buffer, added to Invivofectamine 3.0 Reagent (1:1
ratio) and incubated for 30 min at 50 °C. The mix was diluted in PBS
(pH 7.4), and 200 pl of siRNA mix was administered retro-orbitally to
C57BL/6 mice every 24 hfor 3 consecutive days before tissue collection.

RNA isolation and real-time PCR

mRNA expression was performed as described®® using M-MLV Reverse
Transcriptase (Invitrogen, 28025). The primers are detailed in
Supplementary Table 13.

Westernblotting

Total cell lysates from cells in culture were prepared using lysis buffer
(20 mM Tris pH 7.5, 50 mM NacCl, 0.5%,1 mM EDTA, 1 mM EGTA and
1% Triton X-100) supplemented with complete EDTA-free protease
inhibitor (Roche, 11873580001) and phosphatase inhibitor cocktails
2 and 3 (Sigma-Aldrich, P5726 and PO044). Total protein from liver or
epididymal adipose tissue was isolated in RIPA buffer (50 mM Tris pH
8.0, 150 mM NacCl, 0.5% sodium deoxycholate, 1% SDS and 1% NP-40)
supplemented with protease/phosphatase inhibitors. Total protein
from soleus muscle was isolated as described®. Lysates were centri-
fuged at 17,000g for 30 min at 4 °C, and supernatants were immu-
noblotted by denaturing 20-30 pg of protein at 95 °C for 5min in 3x
Laemmlibuffer. For analysis of OXPHOS, samples were boiled at 50 °C
for 5 minandresolved by SDS-PAGE as described®®. Protein bands were
normalized to Ponceau S and quantified by ImageJ (National Institutes
of Health, NIH). Antibodies are detailed in Supplementary Table 14.

Subcellular fractionation

Fresh livers were fractionated for isolation of MAMs, pure mitochon-
dria, cytosol and ER fractions as described®. Cytochrome c (CYT ¢) and
Voltage Dependent Anion Channel1(VDACI) were used as enrichment/
purity markers for mitochondria, long-chain fatty acid coenzyme A
ligase 4 (FACL4) as marker for MAM, calreticulin as marker for MAMs
and ER, and tubulin as marker for cytoplasm.

Co-IP

For Fig. 6b, lysates (1,000 pg) from NIH3T3 cells co-expressing Flag-
NDRGI"" or Flag-NDRG1%"**A yith GFP-CDC42 were incubated with
30 pl of Anti-Flag M2 Affinity Gel (Sigma-Aldrich, A2220) and eluted
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with 3x Flag peptide (Sigma-Aldrich, F4799) by incubating for 2 h at
4 °Cinrotation. Co-IP eluents were immunoblotted. Cells expressing
Flag empty vector were negative controls. For Extended Data Fig. 9¢c,
lysates (1,000 pg) from NIH3T3 cells co-expressingmCherry-CDC42%"
or mCherry-CDC42™7As" with Flag-NDRGI"" were subjected to
Flag pulldowns as above. For identification of Flag-NDRG1"" or
Ser336Ala-interacting partnersin Fig. 6a, lysates (700 pg) from NIH3T3
cellsexpressing Flag-NDRGI"" or Flag-NDRGI%™** were subjected to
Flag pulldowns, and eluents were subjected to mass spectrometry using
S-trap columns and nLC-MS/MS as below. Non-transfected cells were
negative controls. For identification of CDC42-interacting partners
in Fig. 7b, lysates (700 pg) from NIH3T3 cells expressing GFP-CDC42
or GFP-empty vector were incubated with 25 pl of GFP-Trap Magnetic
Agarose (Chromotek, gtma) for2 hat4 °Cinrotation after whichbeads
were washed and subjected to on-beads digestion for mass spectro-
metry using S-trap columns and nLC-MS/MS as below.

Sample preparation for phosphoproteomics

Liver (500 pg), liver MAM fractions (700 pg) or co-IP eluents from Flag
pulldowns performed intotal cell lysates (700 pg) of siCon or siRictor
NIH3T3 cells co-expressing Flag-NDRG1"" were homogenized in 2%
SDS/5 mM dithiothreitol (with protease/phosphatase inhibitors) to
retrieve proteinsinsolution and incubated for1 hatroomtemperature
for disulfide bond reduction. Proteins were alkylated using 20 mM
iodoacetamide for 30 minin the dark. Protein digestion was performed
utilizing S-trap mini cartridges (ProtiFi) as per the manufacturer’s
instructions. Phosphorylated peptides were enriched from the S-trap
eluate using titanium dioxide beads (TiO,, GL Sciences) as described”.
Following TiO, enrichment, peptides were concentrated with aspeed
vac, desalted in HLB resin (Waters) and concentrated in a speed vac
once more before analysing peptides by nLC-MS/MS.

nLC-MS/MS acquisition
Samples were resuspended in 10 pl of water/0.1% trifluoroacetic acid
and loaded onto a Dionex RSLC Ultimate 300 (Thermo Scientific) cou-
pled online with an Orbitrap Fusion Lumos (Thermo Scientific). The
two-column chromatographic separation system consisted of a C18
trap cartridge (300 pum internal diameter (ID), 5 mm length) and a
picofrit analytical column (75 pm ID, 30 cm length) packed in-house
with reversed-phase Repro-Sil Pur C18-AQ 3 pum resin. Peptides were
separated using a 180 min gradient from 2% to 28% buffer B (buffer
A: 0.1% formic acid; buffer B: 80% acetonitrile/0.1% formic acid) at a
flow rate of 300 nl min™. The mass spectrometer acquired spectraina
data-dependentacquisitionmode. Briefly, the full MSscan was set to 300-
1,200 m/zinthe Orbitrap witharesolution of 120,000 (at200 m/z) and an
AGCtarget of 5 x10°. MS/MSwas performed in theiontrap using top speed
mode (2s), an AGC target of 10 x 10* and higher collisional dissociation
(HCD) collision energy of 30. Two additional targeted scans were added
in each instrument duty cycle to detect the low-abundance NDRG1%*
peptide: aselected ion monitoring scan for the intact mass quantification
and atargeted MS/MS scan for identification of the peptide.

Phosphoproteomics data analysis was conducted using Proteome
Discoverer v2.4 (Thermo Scientific) at standard settings for tolerances,
modifications and filters, and phosphorylation on Ser/Thr/tyrosine
as dynamic modifications. SwissProt mouse proteome database was
used (downloaded August 2019). Peptide abundance was obtained
using the intensity of the extracted ion chromatogram; values were
log, transformed and normalized, and missing values were imputed as
described”. Comparisons between groups were performedinabinary
manner; each sample type was compared with the fasted condition
utilizing atwo-tails heteroscedastic ¢-test (significant, if Pvalue < 0.05).
The data distribution was assumed to be normal.

Significantly modified proteins were selected by Benjamini-
Hochberg correction (P < 0.05). When false discovery rate correc-
tion led to no hit, inspection of uncorrected P value distribution was

performed: if an anti-conservative distribution was observed, we
applied an alternative method of false discovery rate control by com-
bining threshold for significance (P < 0.05) with fold-change cut-off
(fold-change >1.5) as suggested’. Phosphorylation state change
(APs) for individual proteins was calculated as described®, as the
sum of log,(fold change) value of all phosphopeptides with statisti-
cally significant changes (P < 0.05) compared to control. If none of
the phosphopeptide Pvaluesis below 0.05, the APs value will be zero.
We applied astringent cut-off for APs value at two standard deviations
(20) to represent the concept of cumulative phosphorylation. Gene
Ontology was performed using BINGO or Enrichr”. In the enrichment
map-based network visualization of Gene Ontology enrichment of
differentially modulated phosphosites, blue edges show similarity
between decreased phosphosites while red nodes show similarity
between increased phosphosites; node size indicates the number of
proteins per node; major clusters are circled, and the associated names
represent major functional associations. The enrichment map was
generated in Cytoscape (3.8.1) using Enrichment map plugin (3.3.0)
(ref. 33) using Pvalue <0.05, false discovery rate <0.001. Data handling
and statistical analyses were performed using Python (Python soft-
ware foundation; v.3.7.4 available at https://www.python.org/) and
Scientific Python Stack: SciPy (v.1.3.1) (ref. 74), NumPy (v.1.17.2) (ref. 75)
and Matplotlib (v.3.1.1). Phosphosites showing significant regulation
between groups were used to predict the kinase responsible for their
catalysis using the iGPS software®. Significantly regulated phospho-
rylation events were used to predict the kinases responsible for their
catalysis using iGPS™. Positive kinase scores represent most confident
and frequent predictions for upregulated phosphosites, with blue
representing downregulated phosphosites. The higher the cumula-
tive score retrieved from iGPS, the more intense the colour coding of
the bubblesinthe network. Upregulated and downregulated refers to
numerator and denominator as defined inthe header of each panel. The
bubble size is scaled on the basis of the number of phosphorylation
events predicted to be catalysed by the given kinase. The connector
lines represent previously associated genetic interactions between
listed proteins retrieved from the database STRING v.11 (ref. 76). The
network was displayed using Cytoscape”.

Biochemical analyses

Blood glucose was measured using Ascensia Contour glucometer
(Bayer). Serum insulin (ALPCO, 80-INSNS-EOQ1), leptin (R&D Systems,
DY49805), IGF-1 (R&D Systems, DY791), FFAs (FUJIFILM, NEFA-HR (2)),
serum triglyceride (Sigma-Aldrich, T2449, F6428) and liver triglyc-
erides (BioVision, K622) were evaluated as per the manufacturer’s
instructions.

Seahorse XF Cell Mito Stress Test was performed as per the manu-
facturer’sinstructions (Agilent Technologies). Briefly, 12,000 NIH3T3
cellsper200 pl of mediumwere transfected with DNAs and/or siRNAs
and seeded onto a Seahorse XF96 Cell Culture Microplate (Agilent
Technologies, 101085-004) for 32 h. After 16 h of stressin low-glucose
medium (1g17; Agilent Technologies, 103577), cells were washed with
PBS, cultured in 165 pl of XF Base Medium (Agilent Technologies,
103335) supplemented with 1g 1™ p-glucose, 2 mM sodium pyruvate
(Gibco, 11360) and 4 mM L-glutamine (Gibco, 25030) and incubated at
37 °Cwithout CO,for1h.OA (0.25 mM)was added, and the microplate
wasloadedinto XF Analyzer. Basal OCR measurements were recorded
four times (mix 3 min, wait 2 min, measure 3 min) after sequential
injections of oligomycin (1 uM), carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP; 20 pM) and rotenone/antimycin (1 pM) with
four readings (mix 3 min, wait 2 min, measure 3 min) after each injec-
tion. OCR was normalized to cellnumber estimated with CyQUANT Cell
Proliferation Assay (Invitrogen, C7026) as per the manufacturer’s
instructions. Mitochondrial parameters were calculated as per the
manufacturer’s instructions. OCRs of liver explants were performed
as described®.
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Histological analyses

Flag was detected using a Mouse on Mouse (MOM) ImmPRESS
HRP (Peroxidase) Polymer Kit (Vector Laboratories, MP-2400).
Paraffin-embedded livers were cutinto 5 pm sections, deparaffinated
inxylene and rehydrated in a series of graded alcohols and water. For
antigen unmasking, sections were incubated in citrate-based anti-
gen unmasking solution (pH 6.0; Vector Laboratories, H-3300) at
hightemperature for 20 min. After blockingin BLOXALL Endogenous
Blocking Solution (Vector Laboratories, SP-6000) for10 minandalh
incubationin MOM Mouse IgG Blocking Reagent, sections were stained
with mouse monoclonal anti-DYKDDDDK Tag antibody (1:100; Cell
Signaling Technology, 8146) in2.5% normal horse serum MOM solution
overnight at4 °C. DYKDDDDK signal was revealed by incubation with
MOM ImmPRESS Reagent for 10 min and enhanced with ImmPACT
DABEqV Peroxidase (HRP) Substrate (Vector laboratories, SK-4103) for
1min. Sections were counterstained with haematoxylin, dehydrated,
mounted with Permount mounting medium (Fisher, SP15) and imaged
inaZeiss Axiolab 5 microscope/Axiocam 305 colour camera (Carl Zeiss
Microscopy). Quantification of Flag percentage area was performed
asdescribed’.

Oil Red O staining
Oil Red O staining was performed as described”.

Confocal microscopy

Was performed as described®®. For Flag detection, DYKDDDDK Tag
Rabbit antibody was used at1:100 dilution (Cell Signaling Technology,
14793). Where indicated, 30 min before fixation with 4% paraformal-
dehyde, cells were incubated with 100 nM MitoTracker Red CMXRos
(Invitrogen, M7512) to assess mitochondrial membrane potential.
Mounted coverslips were imaged on a Leica TCS SP8 Confocal Laser
Scanning Microscope (Leica Microsystems) with x63 objective and
1.4 numerical aperture. Quantification of MitoTracker Red CMXRos
fluorescenceintensity per cell was performed using ImageJ (NIH) and
expressed as mean integrated density. For detection of BODIPY FL
C,s in vivo, sections from freshly isolated livers were mounted with
Fluoromount-G medium (SouthernBiotech, 0100) andimaged on Leica
TCS SP8 Confocal Laser Scanning Microscope with x10 objective and
1.4 numerical aperture.

Live cellimaging

Cells were transfected with siRNA and/or DNA as above and seeded
onto a glass-bottom 35 mm culture dish (MatTek Corporation,
P35G-1.5-14-C) for 48 h. After PBS washing, cells were incubated
in serum-free DMEM in presence of MitoTracker Green FM (500 nM;
Invitrogen, M7514) or ER-Tracker Green (500 nM; Invitrogen, E34251)
for 30 min to stain mitochondria and ER, respectively. Cells
were washed once with PBS and incubated in red phenol-free
DMEM (Gibco, 31053) with 4 mM L-glutamine and 12 mM HEPES
(pH 7.4), and imaged using a Leica TCS SP8 confocal laser scanning
microscope (Leica Microsystems) and single planes were acquired
with x63 objective and 1.4 numerical aperture. For time-lapse
imaging, cells were tracked at a rate of one frame per 13 or 27 s
(for single or simultaneous dual-channel acquisition, respectively)
over 10 min.

Image analysis was done with ImageJ (NIH). Individual frames were
denoised by applying Gaussian filter and a region of interest (ROI) of
35 um?was selected across the different experimental conditions. After
image auto-thresholding, quantification of mitochondrialnumber and
morphology parameters was performed using the ‘analyze particles’
macro as described®’. Mitochondrial elongation was calculated as the
inverse of circularity®. Mitochondrial fission and fusion frequency
were calculated as described® and expressed as number of events per
cell per second. Percentage co-localization was calculated using the
JACoP plugin as described®®.

TEM

Freshly isolated livers were fixed with 2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 M sodium cacodylate, post-fixed with 2%
osmium tetroxide, 1.5% potassium ferrocyanide, 0.15 M sodium caco-
dylate, 2 mM CaCl,, followed by 1% thiocarbohydrazide, and then 2%
osmium tetroxide, en bloc stained with 1% uranyl acetate and fur-
ther stained with lead aspartate. Samples were dehydrated through
graded series of ethanoland embedded in LX112 resin (LADD Research
Industries). Ultrathin (55 nm) sections were cut on a Leica ARTOS 3D
ultramicrotome and collected ontosilicon wafers. Sections were exam-
ined on Zeiss Supra 40 Field Emission Scanning Electron Microscope
(Carl Zeiss Microscopy, LLC North America) in backscatter mode
using an accelerating voltage of 8.0 kV. The number of mitochon-
dria was counted manually in an ROI of 71.2 pum?. Quantification
of mitochondrial shape descriptors was performed by manual
tracing of individual mitochondria using freehand tool. Contact
sites between mitochondria and ER (defined to be at 10-30 nm dis-
tance®) were quantified, normalized to total number of mitochondria
and expressed as percentage. For 3D reconstruction, regions of
interest were collected using ATLAS 5.0, with a pixel size of 6.0 and
dwell time of 6 ps. Stacks were aligned, and segmentation was done
using IMOD®*, Tomographic reconstruction was performed as
described®.

Lipidomic analyses

Lipid extracts from liver homogenates, MAM, pure mitochondriaand
ER fractions were prepared using modified Bligh and Dyer method,
spiked with appropriateinternal standards, and analysed onan Agilent
1260 Infinity HPLC integrated to Agilent 6490 A QQQ mass spectro-
meter controlled by Masshunterv 7.0 (Agilent Technologies). Glycero-
phospholipids and sphingolipids were separated with normal-phase
HPLC as described®, with afew modifications. An Agilent Zorbax Rx-Sil
column (2.1 x100 mm, 1.8 um) at 25 °C was used under the following
conditions: mobile phase A (chloroform:methanol:ammonium hydrox-
ide, 89.9:10:0.1, v/v) and mobile phase B (chloroform:methanol:water
:ammonium hydroxide, 55:39:5.9:0.1, v/v); 95% A for 2 min, decreased
linearlyto30% A over 18 minand further decreased to 25% A over 3 min,
before returning to 95% over 2 min and held for 6 min. Separation of
sterols and glycerolipids was carried out on a reverse phase Agilent
Zorbax Eclipse XDB-C18 column (4.6 x 100 mm, 3.5 pm) using an iso-
cratic mobile phase, chloroform:methanol:0.1 M ammonium acetate
(25:25:1) at a flow rate of 300 pl min™.

Quantification of lipid species was accomplished using multi-
ple reaction monitoring transitions®**® under positive and negative
ionization modes and using internal standards: phosphatidic acid (PA)
14:0/14:0, phosphatidylcholine (PC) 14:0/14:0, phosphatidylethan-
olamine (PE) 14:0/14:0, phosphatidylgylcerol (PG) 15:0/15:0, phos-
phatidylinositol (PI) 17:0/20:4, phosphatidylserine (PS) 14:0/14:0,
bis[monoacylglycerolphosphate (BMP) 14:0/14:0, acylphosphati-
dyl glycerol (APG) 14:0/14:0, lysophosphatidylcholine (LPC) 17:0,
lysophosphatidylethanolamine (LPE) 14:0, lysophosphatidylinositol
(LPI) 13:0, ceramide (Cer) d18:1/17:0, sphingomyelin (SM) d18:1/12:0,
dihydrosphingomyelin (dhSM) d18:0/12:0, galactosylceramide
(GalCer) d18:1/12:0, glucosylceramide (GluCer) d18:1/12:0, lactosylcera-
mide (LacCer) d18:1/12:0, D7-cholesterol, cholesterol ester (CE) 17:0,
monoglyceride (MG) 17:0,4ME16:0 diether DG, D5-TG 16:0/18:0/16:0
(Avanti Polar Lipids). Lipids per sample were calculated by summing
total moles of all lipid species measured by all three LC-MS methodo-
logies, and normalizing to mol % (Supplementary Table 3).

Data collection and analysis softwares

The following devices and softwares were used: (1) Zeiss Axiolab 5
microscope with Axiocam 305 colour camera forimmunohistochem-
istry (ZeissZEN v3.7), (2) Leica TCS SP8 confocal laser scanning micro-
scope (LAS X v.5.7.23225), (3) Zeiss Supra 40 Field Emission Scanning
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Electron Microscope to acquire transmission electron microscope
(Zeiss SmartSEM v6.0) and 3D Modeling (3DMOD v4.9.10), (4) XF96
and X24 Seahorse analyzers (Agilent Technologies) to collect OCRs
(WAVE Prov10.0.1.84; v2.6.1.56, respectively), (5) Synergy HTX (BioTek)
multi-mode plate reader (Gen5 v3.12), (6) StepOnePlus Real-Time
PCR System (Applied Biosystems) for mRNA expression (StepOne
v2.3), (7) Microsoft Excel v16.48, Microsoft Word v16.48, Microsoft
PowerPoint v16.47, (8) Prismv8.4.3, (9) Endnote X9.3.3 and (10) Image)
v2.0.0-rc-69/1.52p. Enrichment map was generated in Cytoscape v3.8.1,
Enrichment map plugin v3.3.0. Handling and analyses of proteomics
data were performed via Python v.3.7.4 and Scientific Python Stack:
SciPyv.1.3.1, NumPyv.1.17.2 and Matplotlib v.3.1.1. Phosphosites show-
ing significant regulation between groups were used to predict the
kinase responsible for their catalysis using the iGPS software.

Illustration
The proposed modelinFig. 7g was created with BioRender (BioRender.
com).

Statistics

All data are mean of a minimum of three independent experiments
unless otherwise stated. Statistical significance was assessed by
two-tailed unpaired Student’s ¢-test, one-way or two-way analyses
of variance (ANOVAs) followed by Tukey’s, Sidak’s or Dunnett’s
multiple-comparisons test. n numbers indicate biological replicates.
Statistical summary is presented in Supplementary Table 10. Raw
source data are presented in Source Data Extended Data Table 1.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE® partner repository, and
data are available via ProteomeXchange with identifier PXD041696.
Data from this study are available at https://doi.org/10.6084/
m9.figshare.22670575. Source data have been provided with this paper.
All other data supporting the findings of this study are available from
the corresponding author on reasonable request.

Code availability
Allthe Python codes used in proteomic analyses are fully available on
GitHub (https://github.com/MathieuBo/mTorc2_mito_fission).
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Extended Data Fig. 1| Kinases responsive to fasting or fatty acids. (a) Direct
BODIPY fluorescencein liver slices of 8 mo-old C57BL/6 male mice subjected to
30 min gavage with vehicle or 10 mg/kg of BODIPY FL C,, after 14-16 h fasting
(n=5mice). (b) Dendrogram of hierarchical clustering analysis (Euclidean
distance) between experimental groups based on phosphorylation status of 863
phosphosites. (c) Prediction for kinases that putatively target the phosphosites
identified within the green cluster in main Fig. 1b. Darker color intensity reflects
higher kinase score. (d) Pairwise comparisons showing upregulated (red) or
downregulated (blue) kinase networks in mice refed high fat diet (HFD) for

30 min after 14-16 h fasting. For b-d (n = 4 mice). (e) Representative IB, and (f)
quantification for the indicated proteinsin livers of 2-8 mo-old C57BL/6 male
or female mice kept fasted for 14-16 h or treated with corn oil or BODIPY FL C¢
or refed aHFD for 30 min after fasting. N values for number of mice analyzed
forindividual proteins and conditions are indicated in parentheses. RAPTOR

and P-AMPK™"72/AMPK: n = 4 per group; RICTOR: fasted (n = 8), cornoil (n = 8),
BODIPY FL C;, (n =4), refed (n =4); P-P70™%/P70: fasted (n = 23), corn oil
(n=22), BODIPYFLC 4 (n =8), refed (n = 4); P-S6°2%/2%/S6 fasted (n = 23), corn oil
(n=24),BODIPYFLC, (n=9), refed (n =4); P-AKT**"*”>/AKT: fasted (n=17), corn
0il (n=13), BODIPY FL C;s (n=9), refed (n = 4); P-AKT™%8/AKT: fasted (n =4), corn
oil (n=3),BODIPY FL C;x (n = 4), refed (n = 4). Ponceau is the loading control. (g)
Circulating free fatty acids (FFA) in 2-7 mo-old male mice fasted for: 0 h (n =20
mice),3 h (n=9mice), 14 h (n =3 mice) or 20 h (n =15 mice). Individual replicates
and mean values are shown. *P < 0.05, **P < 0.001 and ****P < 0.0001, One-way
ANOVA followed by Sidak’s multiple comparisons test (f); One-way ANOVA
followed by Tukey’s multiple comparisons test (g). Please refer to Supplementary
Table 10_statistical summary, and Supplementary Tables 1, 2. Source numerical
dataare available in SourceData_Table 1, and unprocessed blots are available in
Source Data Extended Data Fig. 1.
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Extended Data Fig. 2| See next page for caption.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01163-3

Extended Data Fig. 2| Protein kinases A and Cs are not activated by fasting
inliver, and lipid-driven mTORC1/C2 activationis leptin, IGF-1or insulin-
independent. (a) Experimental plan for generation of insulin-deficient diabetic
mice using streptozotocin (STZ). (b) Serum insulin levels in 3 mo-old STZ-treated
C57BL/6 male mice that were fed or fasted for 14-16 h and then gavaged with
corn oil for 30 min. N values for number of mice in each group are in parenthesis.
Fed (n=7);fed+STZ (n=7); fed +cornoil (n=8); fed + STZ +cornoil (n=8);
fasted (n = 8); fasted + STZ (n = 8); fasted + corn oil (n = 8); fasted + STZ + corn oil
(n=8).(c) Blood glucose levels 6 weeks after the first injection with STZ (n=16
mice). (d) Representative IB, and (e-g) quantification for indicated proteins
normalized to corresponding total proteinin livers of 3 mo-old STZ-treated
C57BL/6 male mice that were fed or fasted for 14-16 h and then gavaged with
cornoil for 30 min. For e, fed (n = 6); fed + STZ (n = 6); fed + corn oil (n = 6); fed +
STZ +cornoil (n = 6); fasted (n = 5); fasted + STZ (n = 6); fasted + corn oil (n=5);
fasted + STZ + corn oil (n =5). For fand g, all indicated groups consist of n = 5mice
each. (h, i) Serum (h) leptin and (i) IGF-1levels in 3 mo-old C57BL/6 male mice

that were fed or fasted for 14-16 h and then gavaged with corn oil for 30 min. For
h, fed (n = 8); fed + corn oil (n = 8); fasted (n = 6); fasted + corn oil (n=9). Fori, all
indicated groups consist of n = 9 mice each. (j) IB and (k) quantification for the
indicated proteins in livers of 2-10 mo-old mice fed or fasted for the indicated
durations. Nvalues for number of mice analyzed at each time-point for individual
phosphoproteins are indicated in parentheses. P-PKA™”/PKA: O h (n=3),3

h-20 h (n = 5); P-PKCa/BII™"38/641/PKCa (all time-points are n = 5); P-PKCE ™05/
PKCS (all time-points are n = 5); P-PKC8/657*¥¢76/PKCS (all time-points are n = 5);
and P-PKCZ/A™"419493/pKCT: 0 h (n =4),3 h-20 h (n=5). Ponceau is the loading
control. Individual replicates and mean values are shown. *P < 0.05, **P < 0.01 and
***+P < 0.0001, 2-way ANOVA followed by Tukey’s multiple comparisons test

(b, e, f, hand i); two-tailed unpaired Student’s t-test (c). ns=not significant. Please
refer to Supplementary Table 10_statistical summary. Source numerical data are
available in SourceData_Table 1, and unprocessed blots are available in Source
Data Extended Data Fig. 2.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Effect of loss of mMTORC2 on expression of genes and
proteinsrelated to mitochondrial oxidative metabolism and dynamics. (a, b)
Representative IB to validate deletion of the indicated genes in livers of 4-6 mo-
old Con, TscI*® or Raptor*® male and female mice. Blots for TSC1and RAPTOR are
representative of n =7 Con or corresponding KO mice obtaining similar results.
(c) IB for mTORC2 signaling and quantification of RICTOR protein levelsin liver
(n=5mice), epididymal white adipose tissue (eWAT) (n=5Con and n = 4 Rictor*®
mice) and soleus (n =5 mice) of 4-6 mo-old Con and Rictor*® male mice fasted
for14-16 h. (d-s and v-z) Relative mRNA expression of indicated genes in livers of
4-6 mo-old Con and Rictor®® male mice that were fed or fasted for14-16 h (n=7

fed Con or Rictor®® mice, and n = 5 fasted Con or Rictor*® mice). (t) Representative
IB for proteins involved in mitochondrial fatty acid uptake, and (u) OXPHOS in
whole homogenates (Hom) and pure mitochondrial (Mp) fractions from livers

of 5-6 mo-old Con and Rictor*® male mice after 14-16 h fasting (n=3 Conand
n=>5Rictor*° mice). Ponceau is the loading control. Individual replicates and
mean values are shown. *P < 0.05, **P < 0.01, **P < 0.001 and ****P < 0.0001, two-
tailed unpaired Student’s t-test (c); 2-way ANOVA followed by Tukey’s multiple
comparisons (d-s and v-z). ns=not significant. Please refer to Supplementary
Table 10_statistical summary. Source numerical data are availablein SourceData_
Table 1, and unprocessed blots are available in Source Data Extended Data Fig. 3.
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Extended Data Fig. 5| Fasting-induced mitochondrial fissionis mTORC2-
dependent. (a) Experimental plan and (b-c) representative IB for indicated
proteinsin (b) livers and (c) eWAT of 4-9 mo-old male mice injected with siCon,
siMffor siDnm1iland fasted for 14-16 h (n =4 mice). Quantifications for loss

of MFF and DRP1 protein levels in liver are shown. (d) Frequency histograms
depicting distribution of mitochondrial area and perimeter in Con, Rictor*® and
siMffor siDnm1Illivers. Nvalues for number of mice are in parenthesis: Con (n=6),
Rictor*® (n=6), siMff (n=4), and siDnm1l (n = 4). Mean + SEM is shown. (e) IB and
quantification for indicated ER-stress and proteostasis markersin Hom and ER
fractions from livers of 6 mo-old Con and Rictor*® mice fasted for14-16 h (n=5
mice). (f-h) Representative IB for RICTOR in siCon or siRictor (f) AML12 or ()
HepG2 cells, orin (h) Rictor *'* and Rictor  MEFs. RICTOR blots are representative
ofindependent experiments obtaining similar resultsin AML12 (n =4), HepG2

(n=3),and MEF (n =7) cells. (i) Representative confocal images of Rictor **

and Rictor” MEFs cultured in serum-free medium for 30 minin presence of
MitoTracker green. Magnified insets are shown. Quantification for mitochondrial
number and mitochondria size/shape descriptors is shown (Rictor”* 36 cells and
Rictor” 43 cells from n = 3independent experiments). (j) Representative IB for
indicated proteinsin Rictor”* and Rictor’” MEFs (n = 3 independent experiments).
Ponceau is loading control. Individual replicates and mean values are shown.

*P < 0.05,**P < 0.01,***P < 0.001and ****P < 0.0001 are versus Con; “P < 0.05
versus Rictor*®, two-tailed unpaired student’s t-test (b, e and i); One-way ANOVA
followed by Tukey’s multiple comparisons test (d). Please refer to Supplementary
Table 10_statistical summary. Source numerical data are available in SourceData_
Table1, and unprocessed blots are available in Source Data Extended data Fig. 5.
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Extended Data Fig. 6 | Phosphoproteomics reveal nTORC2 phosphorylation
of NDRG1 at Ser336 in MAMs. (a) Volcano plot for phosphoproteomics in

14-16 hfasted Con and Rictor*® livers. The numbers indicate total phosphosites.
Red and blue dots represent significantly increased (P < 0.05 and log2(fold
change)>1.5) and decreased (P < 0.05 and log2(fold change)<1.5) phosphosites,
respectively. (b, ¢) Tables showing fold-change and log2 transformed P-values for
indicated phosphorylations on liver (b) BNIP3, and (c) NDRGI1 from 3-4-mo-old
liver-specific Rictor* mice fasted for 14-16 h. For a-c (n = 3 mice). (d) MAMs of
4-6 mo-old Con and Rictor*° livers from 14-16 h fasted mice were subjected

to phosphoproteomics. () Annotated MS/MS spectrum of phosphopeptide
SRTASGSSVTS(p)LEGTRSR in NDRG1, wherein S(p) represents phosphorylated
Ser336. (f) Quantification for SRTASGSSVTS(p)LEGTRSR peptide in NDRG1

in MAMs is shown, with relative abundance of SRTASGSSVTS(p)LEGTRSR in

Con or Rictor*® MAMs. For d-f (n = 3 samples wherein 2 livers were pooled to
generate 1sample). (g) Representative IB and quantifications for indicated
proteins in Hom and MAM fractions from livers of 2-10 mo-old male mice fed

or fasted for indicated time points. N values for number of mice at each time

pointare in parenthesis: Hom 0 hand 14 h (n=5); Hom 3 h (n = 6); and all time
points for MAMs (n = 6). Ponceauis the loading control. (h) Experimental plan

to pulldown FLAG-NDRG1*" in siCon or siRictor NIH3T3 cells co-transfected with
FLAG-NDRG1"" plasmid for assessment of phosphorylation of FLAG-NDRGIW"
via phosphoproteomics. FLAG-NDRGI"" pulled-down from total lysates of
serum-deprived siCon or siRictor NIH3T3 cells in presence of OA for 2.5 h. (i)
Representative extracted ion chromatograms of SRTASGSSVTS(p)LEGTRSR in
FLAG-NDRG1insiCon and siRictor NIH3T3 cells, and (§) quantification for relative
abundance of SRTASGSSVTS(p)LEGTRSR peptide from pulled-down FLAG-
NDRG1 from siCon and siRictor cells expressing FLAG-NDRG1"". For h-j(n=3
independent experiments). Individual replicates and means are shown. *P < 0.05,
two-tailed unpaired Student’s t-test (a-c, fand j). p=phosphorylation. Please
refer to Supplementary Table 10_statistical summary. Please refer to Supple-
mentary Table 4 (a-c), Supplementary Table 6 (e and f), and Supplementary
Table 7 (iandj). Source numerical data are available in SourceData_Table 1,

and unprocessed blots are available in Source Data Extended Data Fig. 6.
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Extended DataFig. 7 | Phosphorylation of NDRG1 at Ser336 supports
mitochondrial respiration and membrane potential. (a) Experimental plan
for Seahorse mitochondrial stress tests shown through c-h. (b) Representative
IB for FLAG in NIH3T3 cells expressing the indicated FLAG-tagged NDRG1 wild
type (WT) or FLAG-tagged Ser/Thr>Ala mutant of NDRG1 (n = 3 independent
experiments). (c) Seahorse mitochondrial stress test in serum-deprived
NIH3T3 cells expressing FLAG-tagged BNIP3 WT or FLAG-tagged Ser79Ala or
Ser88Alamutant BNIP3in presence of 0.25 mM OA, followed by sequential
addition of oligomycin (O), FCCP (F), and rotenone +antimycin (R + A) to assess
mitochondrial respiratory function (n = 5independent experiments). (d-f)
Seahorse mitochondrial stress tests in NIH3T3 cells expressing the indicated
FLAG-tagged NDRG1WT or Ser/Thr>Ala or Ser/Thr>Asp mutant of NDRG1.
Quantifications for mitochondrial respiratory function in cells expressing (g)
FLAG-tagged NDRG1 WT or Ser/Thr>Ala mutants of NDRG], or (h) FLAG-tagged
NDRG1WT or Ser336Ala and Ser336Asp mutants of NDRG1 are shown. Ford-h

(n=S5independent experiments). (i) Cartoon depicting experimental plan for
confocal microscopy performed injand k. Representative blots for NDRG1
insiCon and siNdrgl NIH3T3 cells are shown ini, right (n = 5independent
experiments). (j) MitoTracker CMXRos red fluorescence in siCon or siNdrg1
cells (siCon 58 cells and siNdrglI 62 cells from n =3 independent experiments).
(k) MitoTracker CMXRos red fluorescence in FLAG (green fluorescence)-
tagged WT or phosphorylation-deficient mutants of NDRG1 (NDRGI"" 37 cells,
NDRG1™3284 34 cells, NDRG1%**A1 32 cells, and NDRG1%™*A" 33 cells from

n =4independent experiments). Ponceau is loading control. For c-f, values
aremean + SEM. For g, h, jand k, individual replicates and means are shown.

*P < 0.05,*P < 0.01and ***P < 0.001, One-way ANOVA followed by Tukey’s
multiple comparisons test (g, h and k); two-tailed unpaired Student’s t-test (j).
Please refer to Supplementary Table 10_statistical summary. Source numerical
dataare available in SourceData_Table 1, and unprocessed blots are available in
Source Data Extended Data Fig. 7.
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Extended DataFig. 8| Silencing NDRG1 and SGK1, but not AKT1/2,
recapitulates mitochondrial fission failure observed in Rictor silenced cells.
(a) Representative confocal images of NIH3T3 cells silenced for Sgk1/2/3, Ndrg1 or
Akt1/2 and cultured in serum-free medium for 30 min in presence of MitoTracker
green. Magnified insets are shown. Quantifications for mitochondrial

number and mitochondrial size/shape descriptors are shown (siCon 71 cells,
siSgk1/2/3 36 cells, siNdrgl 62 cells, and siAkt1/2 36 cells fromn =5 (siCon) and
n =3 (siSgkl1/2/3, siNdrgl, and siAkt1/2) independent experiments). (b) IB and
quantifications for indicated proteins in livers of 3-4 mo-old male mice injected
with siRNAs against Sgk1, Aktl/2 or Ndrgl and subjected to 14-16 h fasting.
Nvalues for number of mice analyzed for indicated proteins are in parentheses.
SGK1:siCon (n=4) and siSgkl (n=3); AKT1and 2: siCon (n = 4) and sidkt1/2
(n=4); NDRG:siCon (n=4) and siNdrgI (n = 3); P-NDRG1™*/NDRG1:siCon
(n=4),siSgkI (n=4) and siAkt1/2 (n =3). (c) AUC for OCRinlivers of 14-16 h
fasted Con (n =5), siSgkI (n =3), siNdrgl (n = 4), and siAkt1/2 (n = 3) mice. (d)
Immunohistochemistry and quantification for equivalent FLAG expression in
livers silenced for endogenous Ndrgl and then injected with FLAG-tagged WT or

Ser336Ala NDRGI plasmid (n =3 mice). 2° Ab-only control is shown. (e) Cartoon
depicting experimental plan performed in Fig. 5a and Extended Data Fig. 8f. (f)
Representative live-cellimaging of mCherry-NDRGI"" or mCherry-NDRG15¢r336A
and ER-Tracker green in NIH3T3 cells cultured in serum-free medium for

30 min. Magnified insets are shown. White arrowheads: NDRG1 (mCherry)/

ER (ER-Tracker) contacts. (h) Quantification for % colocalization of mCherry
with ER-tracker ing. Values are mean + SEM (n = 3 independent experiments).
Please refer to Supplementary Video 7 (mCherry-NDRG1"V"/ER-Tracker), and
Supplementary Video 8 (mCherry-NDRG1%*/ER-Tracker). Ponceau is
loading control. Individual replicates and means are shown. *P < 0.05, **P < 0.01,
***P < 0.001and ***P < 0.0001, One-way ANOVA followed by Tukey’s multiple
comparisons test (a, c and d); two-tailed unpaired Student’s t-test (b); 2-way
ANOVA followed by Tukey’s multiple comparisons test (g). ns=not significant.
Please refer to Supplementary Table 10_statistical summary. Source numerical
dataare availablein SourceData_Table 1, and unprocessed blots are availablein
Source Data Extended Data Fig. 8.
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Extended Data Fig. 9 | Validating silencing of Dnml1, Mff and Cdc42in NIH3T3
cells, and time-lapse imaging showing loss of fission in cells expressing

the mcherry-CDC42™7A" GTP-binding mutant. (a, b) Representative IB for
indicated proteins in NIH3T3 cells silenced for (a) Dnml1 or (b) Mffand expressing
mCherry-tagged NDRG1"". Blots are representative of n =3 independent
experiments obtaining similar results. (c) IB for FLAG and mCherry in OA-treated
(2.5h) NIH3T3 cells co-expressing FLAG-NDRG1"" and mCherry-CDC42%" or
mCherry-CDC42™"7A" mutant and subjected to pulldown of FLAG using FLAG M2
agarose (n =4 independent experiments). Quantification for relative enrichment
of mCherry in FLAG pulldowns was calculated by normalizing the densitometry
value of mCherry to the densitometry value of FLAG. (d) Representative IB for
indicated proteins in NIH3T3 cells silenced for Cdc42 and expressing mCherry-
tagged NDRGI"". CDC42 blot is representative of n = 3 independent experiments
obtaining similar results. (e) Representative live-cellimaging in cells expressing
mcherry-CDC42"" or dominant negative mcherry-CDC42™"74" mutant in
presence of MitoTracker green to label mitochondria. Red arrowheads: CDC42

(mCherry). White arrowheads: CDC42 (mCherry)/mitochondria (MitoTracker)
contacts prior to fission. Yellow arrowheads: divided mitochondria after
contact with CDC42 (mCherry). Magnified insets are shown. Please refer to
Supplementary Video 14 (mCherry-CDC42""/MitoTracker), and Supplementary
Video 15 (mCherry-CDC42™7s"/MitoTracker). (f) Graphical representation for
duration of interaction between mCherry-CDC42"" or mCherry-CDC427Asn
and mitochondria (MitoTracker), and whether interactions lead to division

or are futile. (g) Quantification for mean duration of interaction (mCherry-
CDC42"" 10 cells, and mCherry-CDC42™"7A 7 cells from n = 3 independent
experiments. Each tracked cell was monitored on anindependent plate).
Ponceau is loading control. Individual replicates and means are shown. **P < 0.01,
two-tailed unpaired Student’s t-test (c and g). ns=not significant. Please refer

to Supplementary Table 10_statistical summary. Source numerical dataare
available in SourceData_Table 1, and unprocessed blots are available in Source
Data Extended Data Fig. 9.
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Extended Data Fig.10 | An siRNA screen to target interacting partners of
CDC42reveals effectors and regulators of CDC42 controlling mitochondrial
dynamics. (a) Significantly enriched interacting partners of CDC42 that belong
to the RHO family of GTPases. A log2 transformed P-value cut-off of 4.32 was
used as threshold (n = 4 independent experiments). (b) qPCR in NIH3T3 cells

to validate the silencing of selected CDC42-binding partners identified by
proteomics (n =3 independent experiments). (c, d) IB and quantification for
indicated proteinsin Hom, Mp, MAMs, Cyt, and ER fractions from livers of (c) 5-6
mo-old Con or Rictor®® male mice, and (d) 3-4 mo-old NDRG1"" or NDRG15¢r336At
male mice co-injected with siRNA against endogenous NdrgI and fasted for
14-16 h. Nvalues for number of mice analyzed for individual proteins in indicated
fractions are in parentheses. For ¢, ARHGAP35: all fractions from Con (n = 4)

and Rictor*® (n = 4) mice; CDC42EP1: all fractions, Con (n = 6) and Rictor*® (n = 8)
mice except Rictor*® Hom where n = 7 mice; ARHGDIA: all fractions from Con

(n=6) mice except Mp, MAMs and ER where n = 5 mice, and all fraction from
Rictor*® (n = 8) mice except Hom and ER where n = 7 mice. For d, ARHGAP35:

all fractions from NDRGI"" and NDRG1%¢**¢*" mice are n = 6 except Mp, MAMs
and ER from NDRG1"" mice where n = 5; CDC42EP1: all fractions from NDRGI""
and NDRGI%™**"% mice are n = 6 except MAMs inboth groups wheren = 5;
ARHGDIA: all fractions from NDRG1"" and NDRGI%">***" mice are n = 6 except
Cytin NDRGI>**%A mice where n = 5. Ponceau is loading control. Individual
replicates and means are shown. *P < 0.05, ***P < 0.001and ****P < 0.0001,
two-tailed unpaired Student’s t-test (a-d). GAP: GTPase activating protein; GDI:
GDP dissociation inhibitors. Please refer to Supplementary Table 10_statistical
summary, and Supplementary Table 9. Source numerical data are available in
SourceData_Table 1, and unprocessed blots are available in Source Data Extended
DataFig.10.
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Software and code

Policy information about availability of computer code

Data collection  Commercial acquisition softwares accompanying the following devices were used to collect data. Acquisition softwares for (a) Zeiss Axiolab 5
microscope with Axiocam 305 color camera for immunohistochemistry (Zeiss ZEN v3.7), (b) Leica TCS SP8 Confocal Laser Scanning Microscope
for fluorescence images and live-cell videos (LAS X v.5.7.23225), (c) Zeiss Supra 40 Field Emission Scanning Electron Microscope to acquire
transmission electron microscope images and videos (Zeiss SmartSEM v6.0) and 3D Modeling (3DMOD v4.9.10), (d) XF96 and X24 Seahorse
analyzers (Agilent Technologies) to collect oxygen consumption rates (WAVE Pro v10.0.1.84; v2.6.1.56, respectively), and normalized to cell
number determined by using Synergy HTX (BioTek) multi-mode plate reader (Gen5 v3.12), (e) StepOnePlus™ Real-Time PCR System (Applied
Biosystems) for mRNA expression (StepOne v2.3).

Data analysis Microsoft Excel v16.48, Microsoft Word v16.48, Microsoft PowerPoint v16.47 were used for processing and representation. Prism v8.4.3. was
used for data analyses. Endnote X9.3.3. was used for assimilating citations. ImageJ v2.0.0-rc-69/1.52p was used for the quantification of
western blot images. MitoTracker™, Red CMXRos fluorescence intensity, and mitochondria and/or ER shape parameters. The enrichment map
was generated in Cytoscape v3.8.1 using Enrichment map plugin v3.3.0. Data handling and statistical analyses were performed using Python
v.3.7.4 and scientific python stack: SciPy v.1.3.1, NumPy v.1.17.2, and Matplotlib v.3.1.1. Phosphosites showing significant regulation between
groups were used to predict the kinase responsible for their catalysis using the iGPS software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE88 partner repository, and data are available via
ProteomeXchange with identifier PXD041696. All the Python codes used in proteomic analyses are fully available on Github (https://github.com/MathieuBo/
mTorc2_mito_fission). No restrictions.
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Reporting on sex and gender N/A

Population characteristics N/A

Recruitment

Ethics oversight

N/A

N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

A minimum of three independent experiments were performed unless otherwise stated. N numbers indicate biological replicates. Sample
sizes were determined based on power calculations from previous studies in our laboratory. Measurements were taken from distinct samples
except from live cell imaging experiments when the same cell was recorded for a period of time.

Statistically-validated outliers were determined (via Prism v8.4.3) by Grubb’s method (alpha=0.05) and those verified were eliminated.

All replication attempts in this study were successful. In vivo experiments comprising Con and RictorKO mice were performed 6 independent
times including a minimum of n=3 mice per group per repetition. Experiments comprising mice expressing WT or Ser366Ala mutant NDRG1
were performed 3 independent times including a minimum of n=3 mice per group per repetition. Experiments comprising corn oil gavage
were performed 6 times including a minimum of n=3 mice per group per repetition. Experiments comprising Bodipy FL C16-gavage were
performed 3 independent times including a minimum of n=3 mice per group per repetition.

All mice used in this study were randomly assigned to the different experimental groups. Equal sex and age were maintained across the
different animal groups within each of the experiments.

The persons performing the electron microscopy imaging were unaware of the sample identity. For experiments comprising confocal imaging
acquisition and image/video processing, experimental settings (i.e., laser intensity, channel intensity, etc.) were standardized using the control
cells as a reference, and similar settings were applied to the rest of the experimental groups/conditions within the experiment. Quantification
for mitochondrial number and shape descriptors was performed blindly. For the rest of the analyses, blinding was not relevant because
sample identification was required to conduct the analyses, e.g., for MAM preparations which require pooling to mice and western blotting.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines IZI |:| Flow cytometry

Palaeontology and archaeology IZ D MRI-based neuroimaging
Animals and other organisms
Clinical data
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Antibodies

Antibodies used All primary and secondary antibodies were commercially available from the following sources: Rabbit polyclonal anti-AKT (#9272; Lot
#30), Rabbit polyclonal anti-AKT1 (#2938; Lot #4), Rabbit polyclonal anti-AKT2 (#30638), Rabbit monoclonal anti-Phospho AKT
(Thr308) (#13038; Lot #9), Rabbit monoclonal anti-Phospho AKT (Ser473) (# 4060; Lot #27), Rabbit polyclonal anti-AMPK? (#2532; Lot
#21), Rabbit polyclonal anti-Phospho AMPK? (Thr172) (#2531; Lot #19), Rabbit polyclonal anti-p190-A RhoGAP (ARHGAP35) (#2513;
Lot #1), Rabbit monoclonal anti-CDC42 (#2466; Lot #6), Rabbit monoclonal anti-CHOP (#5554; Lot #5), Rabbit monoclonal anti-
CYTOCHROME c (#11940; Lot #4), Rabbit polyclonal anti-DYNAMIN I/Il (# 2342; Lot #1), Rabbit monoclonal anti-DRP1 (#8570; Lot #5),
Rabbit monoclonal anti-Phospho-DRP1 (Ser616) (# 4494; Lot #4), Rabbit monoclonal anti-Phospho-DRP1 (Ser637) (#6319; Lot #2),
Rabbit monoclonal anti-DYKDDDDK Tag (#14793; Lot #5), Rabbit polyclonal anti-Phospho-elF2a (Ser51) (#9721; Lot #21), Rabbit
polyclonal anti-K48-linkage Specific Polyubiquitin (#4289; Lot #2), Rabbit monoclonal anti-MFF (#84580; Lot #1), Rabbit monoclonal
anti-MFN2 (#9482; Lot #4), Rabbit polyclonal Phospho-NDRG1 (Thr346) (#5482; Lot #5), Rabbit monoclonal anti-OPA1 (#80471; Lot
#1), Mouse monoclonal anti-PARKIN (#4211; Lot #8), Rabbit monoclonal anti-PKA C-a (#5842; Lot #4), Rabbit monoclonal anti-
Phospho-PKA C (Thr197) (#5661, Lot # 3), Rabbit polyclonal anti-PKCa (#2056; Lot #5), Rabbit monoclonal anti-PKCS (#9616; Lot #3),
Rabbit monoclonal anti-PKCT (#9368; Lot #4), Rabbit polyclonal anti-Phospho-PKCa/B Il (Thr638/641) (#9375; Lot #5), Rabbit
polyclonal anti-PKC8 (Thr505) (#9374; Lot #7), Rabbit polyclonal anti-PKC8/0 (Ser643/676) (#9376; Lot #6), Rabbit polyclonal anti-
Phospho-PKCZ/A (Thr410/403) (#9378; Lot #10), Rabbit polyclonal anti-p70 (#9202; Lot #21), Rabbit monoclonal anti-Phospho-p70 S6
Kinase (Thr389) (#9234; Lot #12), Rabbit monoclonal anti-RAPTOR (#2280; Lot #11), Rabbit monoclonal anti-RHOA (#2117; Lot #6),
Rabbit monoclonal anti-RICTOR (#2114; Lot #7), Rabbit monoclonal anti-S6 (#2217; Lot #10), Rabbit monoclonal anti-Phospho-S6
Ribosomal Protein (Ser235/236) (#4858; Lot #21), Rabbit polyclonal anti-?-Tubulin (#2144; Lot #7) and Rabbit monoclonal anti-TSC1
(#6935; Lot #4) were purchased from Cell Signaling Technology. Rabbit polyclonal anti-FACL4 (#ab227256; Lot #1035983-1), Rabbit
monoclonal anti-CALRETICULIN (#ab92516; Lot # GR3287998-1), Rabbit polyclonal Anti-MTP18/MTFP1 (#ab198217; Lot #
GR3381113-12), Rabbit polyclonal anti-VDAC1 (# ab15895; Lot # GR3452674-3), and Total OXPHOS Rodent WB Antibody Cocktail
(#ab110413; Lot # 2101014434) were purchased from Abcam. Mouse monoclonal anti-elF2a (#133132) was purchased from Santa
Cruz Biotechnology. Mouse monoclonal anti-BiP/GRP78 (#610978; Lot #1277761) was purchased from BD Biosciences. Mouse
monoclonal anti-XBP-1s (#647502; Lot #8131918) was purchased from Biolegend. Rabbit polyclonal anti-MFN1 (#GTX64398; Lot #
822103891) was purchased from GeneTex. Rabbit monoclonal anti-CDC42EP1 (#MA5-37968; Lot # XA3483164) and Rat monoclonal
anti-mCherry (#M11217; Lot # XJ359389) were purchased from Invitrogen. Rabbit polyclonal anti-ARHGDIA (#MBS9413899; Lot
#4801) was purchased from MyBioSource. Goat polyclonal anti-GFP (#NB100-1770; Lot #48180) was purchased from Novus
Biologicals. Rabbit polyclonal anti-NDRG1 (#TA327295; Lot # 3515658101) and Rabbit polyclonal anti-SGK1 (#TA326894; Lot #
3561864002) were purchased from Origene. Rabbit polyclonal anti-Phospho-SGK1 (Thr256) (#44-1260G; Lot #2530313) was
purchased from ThermoFisher Scientific. Secondary HRP Antibody Goat anti-Rabbit 1gG (#074-1506; Lot # 10440068) was purchased
from KPL, Secondary HRP Antibody Rabbit anti-Mouse (#61-6520; Lot # XC342755A) and Secondary HRP Antibody Goat anti-Rat
(#31470; Lot # XG344754) were purchased from Invitrogen. All primary antibodies were used at a concentration of 1:1000, and
secondary antibodies were used at a concentration of 1:5000. See Supplementary Table 6.

Validation All primary and secondary antibodies were used following Manufacturer's instructions. Molecular size markers have been included
on each of the western blots, and the molecular weights for each of the antibodies were validated as per manufacturer's datasheets.
Specificity for RICTOR, RAPTOR and TSC1 antibodies was also validated using knock-out mouse models for each of the corresponding
gene products. Specificity for MFF, DRPL, NDRG1, SGK1, AKT1/2, CDC42, OPA1 and MFNs antibodies was confirmed knock-down
mouse models or knock-down cells for each of the corresponding gene products. Additionally, application validations can be
obtained from the relevant vendor websites for the antibodies using the supplied catalog numbers.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) NIH3T3 cells (CRL-1658), HepG2 cells (HB-8065) and AML12 cells (CRL-2254) were used in this study and purchased from
ATCC. lIsolation of embryonic fibroblasts from Rictor flox/flox mice was performed as described (Bio Protoc. 2013 Sep
20;3(18):908).

Authentication The cells used in this study were not independently authenticated by us.

Mycoplasma contamination All experiments in this study were performed used mycoplasma-free cells. Cell culture medium was periodically subjected to
PCR using REDTaq® ReadyMix™ PCR reaction mix (Sigma; R2523) for the detection of mycoplasma.
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Commonly misidentified lines  No misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6 (#000664), Rictor flox/flox (#020649), Raptor flox/flox (#013188) and Tsc1 flox/flox (#005680) mice were purchased from
the Jackson Laboratory. Studies were performed in 2-10-month-old male and female mice fed regular chow (5058; Lab Diet, St Louis,
MO, USA) and maintained in barrier facility at 22-23 C under 40-60% humidity and a 12h:12h light/dark cycle.

No wild animals were use in this study.
Studies were performed in 2-8-month-old male and female mice.
No field-collected samples were used in this study.

This research complies with all relevant ethical regulations including animal protocol approval from the IACUC of Albert Einstein
College of Medicine (Protocol Number: 00001051).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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