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How metabolic pathways required for epidermal tissue growth and remodeling influence the ability of keratinocytes to survive
stressful conditions is still largely unknown. The mechanistic target of rapamycin complex 2 (mTORC2) regulates growth and
metabolism of several tissues, but its functions in epidermal cells are poorly defined. Rictor is an adaptor protein essential for
mTORC2 activity. To explore the roles of mTORC2 in the epidermis, we have conditionally deleted rictor in mice via K14-Cre-
mediated homologous recombination and found that its deficiency causes moderate tissue hypoplasia, reduced keratinocyte
proliferation and attenuated hyperplastic response to TPA. Noteworthy, rictor-deficient keratinocytes displayed increased lifespan,
protection from senescence, and enhanced tolerance to cellular stressors such as growth factors deprivation, epirubicin and X-ray
in vitro and radioresistance in vivo. Rictor-deficient keratinocytes exhibited changes in global gene expression profiles consistent
with metabolic alterations and enhanced stress tolerance, a shift in cell catabolic processes from glycids and lipids to glutamine
consumption and increased production of mitochondrial reactive oxygen species (ROS). Mechanistically, the resiliency of rictor-
deficient epidermal cells relies on these ROS increases, indicating stress resistance via mitohormesis. Thus, our findings reveal a
new link between metabolic changes and stress adaptation of keratinocytes centered on mTORC2 activity, with potential
implications in skin aging and therapeutic resistance of epithelial tumors.
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Adaptation to stressful conditions is key for organisms
evolution and the epidermis contributes to this function
providing a barrier against physical and chemical injuries,
dehydration and pathogens infection.1

From yeast to mammals, stress tolerance and lifespan
extension are favored by low-nutrient conditions leading to
increased metabolic rates.2,3 Caloric restriction, low glucose
intake and inhibition of the insulin/IGF pathway parallel with
extended lifespan and mild increases of reactive oxygen
species (ROS).4,5 Albeit traditionally considered as purely
harmful, ROS are physiological regulators of stress-response
mechanisms that prevent cellular damage (refs 3,6 and
references therein). Mitohormesis is a process initiated by
moderate increases of mitochondrial ROS, which enhance
resistance to stressors by engaging programs of cell protec-
tion (ref. 3 and references therein). Although molecular
pathways including Akt, p53, Nrf2, NFκB and AP1 regulate
the epidermal responses to oxidative damage, UV and X-ray
radiations and chemotherapic drugs,7–9 whether mitohorm-
esis has a role in keratinocyte stress adaptation is unknown.
The mechanistic target of rapamycin (mTOR), an evolutio-

narily conserved serine/threonine protein kinase, is a signaling
hub integrating cell growth, metabolism and energy stress
responses.10 mTOR signaling is activated by extracellular
cues such as nutrients and growth factors, and favors cellular
and organismal growth by stimulating biosynthesis of macro-
molecules. mTOR inhibition causes lifespan extension via

mitohormesis in yeast,11 and prevents energy expenditure by
promoting autophagic recycling of cellular components.12

mTOR kinase is the catalytic subunit of two signaling
complexes, mTORComplex1 (mTORC1) andmTORComplex
2 (mTORC2).13 Although most mTOR biological functions
have been attributed to mTORC1,14 mTORC2 regulates AGC
family protein kinases such as Akt and PKC isoforms
necessarily adjuvated by the evolutionarily conserved adaptor
protein Rictor.13 By phosphorylating Akt proteins at a
regulatory residue (Ser473 in Akt1) in response to growth
factors, mTORC2 promotes maximal Akt kinase activity and
cell survival in mammals, and regulates actin cytoskeleton via
PKC signaling.15,16

In mammals, germline ablation of rictor is incompatible with
development.17 Although tissue-specific embryonic ablation of
rictor interferes with morphogenesis in the vascular endothe-
lium and nervous systems,18,19 its deletion in skeletal muscle,
adipose tissue and liver impairs lipogenesis and glucose
metabolism.20–22

Here we show that rictor conditional ablation during
epidermal development causes tissue hypoplasia in the
newborn mice paralleled with attenuated keratinocyte prolif-
eration rates. Importantly, rictor/mTORC2 deficiency in kera-
tinocytes causes delayed senescence, enhanced resistance
to cellular stressors, and a shift of catabolic functions towards
glutaminolysis, elevated mitochondrial activity and ROS
production. These ROS increases have a mitohormetic role,
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being crucial for the resiliency of rictor-deficient keratinocytes.
Thus, our work implicates rictor/mTORC2 as a novel signaling
node integrating epidermal metabolismwith stress adaptation.

Results

Rictor/mTORC2 disruption in murine epidermis leads to
tissue hypoplasia in newborn mice. To conditionally delete
rictor in the epidermis, mice carrying a rictor allele in which
exon 3 is flanked by two loxP sites17 were bred with mice
expressing Cre recombinase under the control of the keratin
14 (K14) promoter23 (Figure 1a). Newborn mice with K14-
Cre-mediated homozygous deletion of rictor (E-RiKO mice)
displayed undetectable levels of rictor protein in the
epidermis while the mTORC1-specific raptor levels were
unchanged (Figure 1b) compared with control (CT) mice.
E-RiKO mice were born at the expected Mendelian rate and
did not show obvious epidermal or hair follicle abnormalities
from birth until 1 year of age (not shown). Immunoblotting
analysis confirmed ablation of rictor in E-RiKO keratinocytes
paralleled by nearly abrogated phosphorylation of Ser473 Akt
in response to growth factors, whereas phosphorylation of
Thr308 Akt was preserved. Keratinocytes, like other cell
types, exhibited reduced total Akt and PKCα levels following
rictor ablation (Figure 1c)13 without significant alterations of
mTORC1 signaling or Akt targets phosphorylation, except for
attenuated phosphorylation of FoxO1 and -3 (ref. 24 and
Supplementary Figure S1a), thereby displaying features
typical of mTORC2 disruption.
Compared with CTs, E-RiKO epidermis was stratified but

thinner (Figure 1d) in newborn animals. Such hypoplasia was
unlikely the result of cell death as we did not detect TUNEL- or
cleaved caspase-3 positivity in the epidermis (not shown). In
contrast, positivity for the PCNA proliferative marker was
reduced in E-RiKO mice (Figure 1e). p63 and loricrin, used
as readouts of progenitor and differentiated keratinocytes,
respectively, were expressed with proper spatial tissue
distribution albeit at lower levels in mutant mice (Supp-
lementary Figures S1b and c), suggesting that hypoplasia
reflects impaired cell growth affecting the cellularity of different
epidermal compartments. Instead, the thickness of adult
murine epidermis, composed by only two to three cellular
layers, was comparable between CT and mutant mice
(Figure 1f). TPA treatment of adult epidermis induces rapid
keratinocyte proliferation resulting in hyperplasia by 48 h.25

Seven-week-old E-RiKOmice displayed attenuated epidermal

thickening upon TPA exposure (Figure 1f), paralleled by a
decreased BrdU incorporation (Figure 1g). Thus, mTORC2
deficiency restrains growth and hyperplasia of the epidermis in
part by attenuating mitogenic responses.

Rictor/mTORC2 deficiency impairs keratinocytes prolif-
eration and delays senescence in vitro. We compared
primary keratinocytes derived from CT or E-RiKO newborn
littermates under proliferating conditions (low calcium med-
ium; LCM) and monitored cultures until CT cells reached
senescence. Consistent with the hypoplastic phenotype, the
number of keratinocytes isolated from E-RiKO epidermis was
reduced relative to CT counterparts (Figure 2a). E-RiKO
keratinocytes displayed attenuated growth rates (Figure 2b),
decreased percentages of BrdU+ cells (Figure 2c and
Supplementary Figure S2a), reduced cell density
(Figure 2d), decreased S-phase and a proportional increase
in the G0/G1 phase (Supplementary Figure S2b). Notably,
whereas CT keratinocytes acquired a senescent-like mor-
phology, E-RiKO cells exhibited proliferative appearance until
at least 20–25 days from plating (Figure 2d) and lower levels
of p16, p19 and p53 senescence markers (Figure 2e) and β-
galactosidase activity (Figure 2f). Moreover, albeit LCM
culture conditions are unfavorable for spontaneous keratino-
cyte immortalization,26 E-RiKO cultures became immorta-
lized with 100% efficiency as compared with ~ 18% of CTs
(Supplementary Figures S2c–e).

Rictor-deficient keratinocytes are protected from death
induced by multiple cellular stressors. Several molecular
determinants of cell senescence are also implicated in cell
death. Upon growth factors deprivation, E-RiKO cells dis-
played reduced morphological death signs (Supplementary
Figure S3a), delayed/attenuated caspase-3 cleavage
(Cl-Casp3; Figure 3a) and decreased cell death by Annex-
inV/DAPI analysis (Figure 3b). By comparing the responses to
epirubicin, an anticancer drug that induces cell death via DNA
damage and oxidative stress,27 the majority of CT cells
detached after 15 h of treatment, whereas many E-RiKO cells
seemed unaffected (Supplementary Figure S3a) and dis-
played lower Cl-casp3 levels (Figure 3c) and reduced death
(Figure 3d). As the S-phase of the cell cycle renders cells
vulnerable to epirubicin, we verified whether the reduced
sensitivity of E-RiKO keratinocytes reflected their reduced
division rates by exposing cells to the drug under comparable
growth arrested conditions (Figure 3e). Even in this case,

Figure 1 Loss of rictor/mTORC2 in the epidermis results in tissue hypoplasia and impaired TPA response. (a) Diagram of the breeding strategy used to obtain K14-cre-
mediated homozygous deletion of rictor (E-RiKO). WT: wild-type mouse, CT: WT mouse with exon 3 flanked by two LoxP sites. White tile: hexon; Black arrowhead: LoxP site.
(b and c) Representative western blotting analysis with the indicated antibodies of (b) epidermal extracts of CTand E-RiKO newborn (P3) littermates (n= 3); (c) cell extracts of CT
and E-RiKO MPKs subjected to starvation/stimulation treatment for the indicated times. (d and e) Skins of E-RiKO and CT littermates (P3): (d) representative H&E staining (left
panels) and histograms of the epidermal thickness; Epi: epidermis, Der: dermis; scale bar: 30 μm; (e) PCNA staining (left panels) and histograms of the percentage of PCNA+

epidermal area. Arrows: brightest PCNA+ cells in epidermal basal layers; scale bar: 50 μm. (f) Representative H&E images of skin section obtained from E-RiKO and CT
littermates (7-week old) on 48 h of TPA or vehicle treatment, (n= 3); scale bar: 30 μm. Histograms represent epidermal thickness. (g) Representative confocal images of IF
performed on skin sections, obtained from mice treated as in f and injected with BrdU for the final hour of the experiment, with anti-BrdU antibody (red) and counterstained with
anti-LaminA antibody (green). Arrowheads: BrdU+ cells; scale bar: 50 μm. The percentage of BrdU+ cells/area (μm2) was quantified (right histograms). Quantification of
epidermal thickness (mean±SEM) for three mice/genotype; the standard error and the significance of the differences between groups were determined with linear regression
using GEE. ***Po0.0005. PCNA and BrdU histograms represent the mean± S.D. of 30 fields/genotype (n= 3). ***Po0.0005
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E-RiKO cells displayed lower Cl-casp3 levels (Figure 3f),
suggesting that their resiliency does not simply depend on
attenuated proliferation.
We next evaluated the effects of different X-ray doses.

E-RiKO cells retained higher clonogenic ability upon X-ray
exposure (Figure 3g), confirming enhanced stress tolerance.

Keratinocytes are highly refractory to X-ray-induced apopto-
sis;28 hence, we evaluated cell death by AnnexinV/DAPI
analysis after one 60 Gy dose, which induces ~30% of
cell death in CT keratinocytes. E-RiKO cells had a ~25%
reduction in cell death (Figure 3h). Irradiated E-RiKO cells
showed attenuated Cl-casp3 (Supplementary Figure S3d),

Figure 2 Rictor-deficient keratinocytes display reduced proliferation and delayed senescence in vitro. (a) Quantification of MPKs derived from at least 10 skins of CT and
E-RiKO newborn mice (P3). Histograms represent mean± S.D. ***Po0.0005. E-RiKO and CT MPKs were isolated from littermates P3 (n= 5) and analyzed as follows.
(b) Growth curve: MPKs (both adherent and suspended/differentiated cells) were detached and counted at the indicated times upon plating. Data are mean± S.D. obtained from
triplicate samples/genotype of three independent experiments. CompareGrowthCurve function was used (see the ‘Materials and Methods’ section); P= 0.029. (c) Confluent
MPKs, were subjected to a single BrdU pulse (3 h) under basal conditions. Histograms represent mean± S.D. of the percentage of BrdU+ cells determined from at least 200
cells/genotype of three independent experiments; ***Po0.0005. (d) Representative phase contrast images of MPKs cultured in LCM for the indicated times. Note that E-RiKO
cells show at 3 days reduced density compared with CT counterparts; at 5–10 days, they display a comparable confluency; while at 25 days, they maintained an undifferentiated
proliferative morphology; whereas CT cells show a flattened, senescent appearance; scale bar: 100 μm. (e) Western blotting analysis for the indicated markers of MPKs extracts
of 25-day cultures. (f) Representative images of 25-day-old MPKs stained for SA-βGal (left panel). The percentage of SA-βGal+ cells is quantified in the histograms (right) as
mean± S.D. of at least 200 cells/genotype of three independent experiments; scale bar: 50 μm; *Po0.05
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and displayed a reduction in both senescence
(Supplementary Figures S3e and S3f) and growth arrest in
response to X-ray (Supplementary Figure S3g). Mutant
keratinocytes exhibited reduced H2AX phosphorylation
(γH2AX) suggestive of lower DNA damage (Supplementary
Figure S3d), and decreased Chk1 and Chk2 levels
(Supplementary Figure S3d) similarly to cancer cells sub-
jected to rictor or mTOR ablation.29 Interestingly, in CT cells,
Ser473 Akt phosphorylation decreased early on after X-ray
exposure. In contrast, treatment of E-RiKO and CT keratino-
cytes with the DNA-damaging agent cisplatin did not reveal
significant differences in morphology, sensitivity to apoptosis,
levels of Cl-casp3 and γH2AX, and in CT cells Akt Ser473
phosphorylation was not reduced at early times
(Supplementary Figures S3a–c). Thus, E-RiKO keratinocytes
are not resistant to death per se and retain functional apoptotic
machinery.
To verify whether rictor deficiency protects keratinocytes

from X-ray-induced cell death in vivo, we analyzed the skins of
irradiated E-RiKO and CT littermates by TUNEL assay.
Consistent with previous reports, positivity to the staining
was minimal in the interfollicular epidermis,30 and TUNEL+

keratinocytes were confined within the hair follicle matrix31

(Figure 3i). Notably, E-RiKO mice displayed a significant
decrease in TUNEL+ cells compared with CT littermates
(Figure 3j).

Gene expression profiles of rictor-deficient keratinocytes
indicate metabolic alterations under basal conditions
and upon X-ray exposure. To identify specific genes and
pathways involved in the enhanced stress tolerance of
E-RiKO keratinocytes, we performed a RNA-seq transcrip-
tome analysis by comparing mutant and CT cells under basal
growing conditions, and at different times after X-ray
exposure (Supplementary Table S1). Under basal conditions,
589 genes were differentially regulated between E-RiKO and
CT cells, that is, 336 downregulated and 253 upregulated
genes in the former (Figure 4a, Supplementary Tables S2
and S3). Gene Ontology (GO) enrichments were considered
significant with a nominal P-value less than 10− 3 with Fisher’s
exact test. Rictor deficiency was associated with significant
enrichment of genes involved in lipid metabolism, keratino-
cyte differentiation, oxidation–reduction process, lipid
catabolic process and lipid biosynthetic process among
downregulated genes, and genes involved in cell motility,
signal transduction, inflammatory response, response to
stress and defense response among upregulated genes
(Figure 4b). The complete GO analysis is provided in
Supplementary Tables S4 and S5.
By evaluating the number of modulated genes after 1 h of

X-ray exposure versus basal conditions, E-RiKO keratinocytes
displayed a dramatically reduced response to the treatment
(i.e., 94 versus 794 genes), while after 24 h the differences
between genotypes were attenuated (Figure 4c).
Based both on these results and the greater stress

tolerance of mutant cells, we hypothesized that genes
modulated in CT cells following treatment might be similarly
up- or downregulated in E-RiKO under basal conditions. To
this aim, we compared differentially expressed genes (DEGs)
in CT cells under X-ray treated (1 h) versus basal conditions,

with DEGs in E-RiKO versus CT cells under basal conditions
(Figure 4d). Notably, we found a highly significant 27.5%
genes overlap (P= 5.44E− 57), corresponding to 161 DEGs
(62% downregulated and 38% upregulated). The majority of
these genes were expressed at similar levels in basal E-RiKO
cells and X-ray exposed CT cells (Supplementary Tables S1).
GO analysis of this subgroup of genes revealed an enrichment
in lipid metabolic process, lipid catabolic process, response to
hypoxia and lipid biosynthetic process in the downregulated
classwhereas fewGO survived in the upregulated class at this
stringency, among which regulation of epithelial cell prolifera-
tion and response to glucose (Figure 4e, Supplementary
Tables S6–7). These data suggest that rictor deficiency alters
the metabolic functions of keratinocytes under basal condi-
tions, and because several metabolic genes that were rapidly
turned down in CT cells in response to X-ray were basally
downregulated in E-RiKO cells, this suggests a link between
metabolic changes and stress adaptation.

Rictor deficiency in keratinocytes promotes metabolic
rewiring and ROS production. ROS contribute to cell death
mechanisms triggered by growth factors deprivation, epir-
ubicin and X-ray, while cisplatin, to which E-RiKO cells
are sensitive, promotes cell death primarily via direct DNA
damage independently of ROS.32 To our surprise, we
detected higher basal levels of ROS (~1.7-fold) in E-RiKO
keratinocytes relative to CT counterparts (Figure 5a), while
24 h after X-ray exposure CT cells displayed a more robust
increase (~2.9-fold versus 1.2-fold; Supplementary
Figure S3f). Mitochondrial ROS were also higher in E-RiKO
cells (Figures 5b and c). By contrast, the activity of aldose
reductase, a source of cytosolic ROS,33 was reduced of 20%
in E-RiKO (Figure 5d) while NADPH oxidase activity, which
also generates cytosolic ROS, was similar (Figure 5e). The
electron transport chain (Figure 5f) and the amounts of
mitochondrial ATP (Figure 5g) were instead increased,
suggesting that rictor deficiency promotes increases of
mitochondrial ROS and respiration.
Consistent with mTORC2 deficiency being coupled with

defective lipogenesis,21,22 E-RiKO cells had reduced triglycer-
ides levels (Figure 5i), as suggested by GO analysis. We then
analyzed the activity of catabolic pathways that may impinge on
ROS production by fueling mitochondrial oxidative phosphor-
ylation. Fatty acid β-oxidation was reduced to ~60% of CT
values in E-RiKO cells (Figure 5h), in agreement with RNA-seq
data (Figure 4b). Moreover, E-RiKO cells showed decreased
glucose uptake and glycolysis (Figures 5j–l). The glutamino-
lysis energetic pathway provides carbon source alternative to
lipids and glycids, nitrogen for nucleotide biosynthesis and
NADPH for redox maintenance.34 E-RiKO keratinocytes
showed increased activity of both glutaminase (2.3-fold) and
glutamic dehydrogenase (1.5-fold), which catalyze the first and
the second step of glutaminolysis, respectively, although we did
not detect alterations in their mRNA and/or protein levels
(Figures 5m and n, Supplementary Table S1 and data not
shown). Moreover, in both L-[14C]-glutamine- or L-[14C]-gluta-
mate-labeled cells, the flux through the tricarboxylic acid (TCA)
cycle was higher in rictor-deficient keratinocytes, and was redu-
ced by the glutaminase inhibitor BPTES ((1Z,1’Z)-N’,N’’-(5,5’-
(thiobis(ethane-2,1-diyil))bis(1,3,4-thiadiazole-5,2-diyil))bis(2-
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phenylacetimidic acid); Supplementary Figure S4a), in L-[14C]-
glutamine-treated cells but not in L-[14C]-glutamate-labeled
cells (Figures 5o and p), suggesting that TCA cycle was
strongly fueled by the glutaminolytic anaplerotic reaction in
E-RiKO cells.

As the production of glutamate represents the first obligatory
step in glutamine catabolism, the ratio between intracellular
L-glutamate versus L-glutamine – after pulsing cells with L-[14C]-
glutamine – was used as readout of glutamine consumption:
although glutamine uptake was similar between genotypes, in
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E-RiKO cells both the production of glutamate and the ratio
between L-glutamate and L-glutamine was more elevated
(Figures 5q–s). Thus, rictor deficiency promotes keratinocyte
metabolic reprogramming, diverting the catabolism from lipids
and glycids to glutamine consumption.

To verify whether E-RiKO cells possessed higher antioxidant
capacity, we measured the activities of the main antioxidant
enzymes, cytosolic and mitochondrial superoxide dismutases
(SODs) and catalase.Mitochondrial SODactivity wasmore tha-
n doubled in E-RiKO cells compared with CTs (Figures 5t–v),

Figure 4 RNA-Seq analysis of rictor-deficient keratinocytes suggests a link between metabolic changes and stress adaptation. E-RiKO and CT MPKs were isolated from
newborn littermates (n= 6/genotype), grown in LCM and analyzed by RNA-Seq analysis under basal conditions (24 h LCM) and upon X-ray exposure (8 Gy) for 1 h and 24 h. (a)
Upregulated and downregulated genes detected in E-RiKO versus CT cells under basal conditions. (b) Selected gene ontology (GO) categories enriched in differentially
expressed genes as in a. The number of genes belonging to each GO category is indicated. Rictor deficiency was coupled with downregulation of genes involved in lipid
metabolism (P= 1.08E−16), keratinocyte differentiation (P= 1.68E− 9), oxidation–reduction process (P= 1.89E− 6), lipid catabolic process (P= 2.41E− 6), lipid biosynthetic
process (P= 2.7E− 6) and upregulation of genes involved in cell motility (P= 2.62E− 18), signal transduction (P= 3.15E− 15), inflammatory response (P= 1.66E− 12),
response to stress (P= 3.11E− 7) and defense response (P= 2.28E− 6) as in b. (c) Upregulated and downregulated genes of X-ray treated MPKs of the indicated genotype
relative to basal conditions. (d) Differentially regulated genes overlap between CT MPKs X-ray treated for 1 h and E-RiKO MPKs under basal conditions (27.5% gene overlap;
P= 5.44E− 57, Fisher’s exact test). (e) Selected GO categories enriched in overlapping differentially regulated genes (DEGs) subgroup as in d

Figure 3 Rictor-deficient keratinocytes display resistance to death-inducing stimuli both in vitro and in vivo. (a–h) E-RiKO and CT MPKs (P3) were analyzed at confluency
(5–6 days in culture) as follows. (a) Representative western blotting analysis of extracts obtained from E-RiKO and CT MPKs on starvation (st) for the apoptosis marker cleaved
caspase-3 (Cl-casp3) and Rictor. Loading control: Tubulin. (b) Representative AnnexinV/DAPI flow cytometry plots of E-RiKO and CT MPKs kept in complete LCM (− ) or
starvation (St) for 72 h. Histograms are mean±S.D. of dead cells expressed as variation of the fraction of dead cells in response to starvation (72 h) (see the ‘Materials and
Methods’ section) *Po0.05. (c and d) MPKs grown in LCM for 24 h were kept untreated (− ) or treated with epirubicin (10 μM) for 18 h: (c) Representative Western blotting
analysis for the indicated proteins. (d) Representative AnnexinV/DAPI flow cytometry plots of E-RiKO and CT MPKs kept untreated (− ) or treated with Epirubicin for 15 h.
Histograms are mean±S.D. of dead cells determined as in b; *Po0.05. (e) MPKs maintained in LCM or starved (St) for 18 h were treated with a single BrdU pulse. BrdU+ cells
were determined out of 200 cells (DAPI+)/genotype in three independent experiments. Histograms represent mean±S.D. of BrdU+ cells. Note that on St 18 h, cells display
comparable BrdU uptake; *Po0.05; ***Po0.0005. (f) MPKs were starved as in e and then treated with the indicated doses of epirubicin for 4 h. Cell extracts were analyzed by
western blotting for Rictor, Cl-casp3 and Tubulin, loading control. Ratio between Cl-casp3 and Tubulin is reported. (g) Histograms represent mean colony number±S.D. from
duplicate plates determined in untreated (− ) and treated (X-ray) MPKs colony-forming efficiency assay, relative to the value obtained with CT (− ) cells set as unitary. Data are
representative of at least two independent experiments; ***Po0.0005, **Po0.005. (h) Representative AnnexinV/DAPI flow cytometry plots of E-RiKO and CT MPKs kept
untreated (− ) or X-ray treated (60 Gy) analyzed after 96 h. Histograms are mean±S.D. of dead cells determined as in b; *Po0.05. (i) Representative confocal images for
TUNEL (red) and DAPI (blue) stainings of skin sections obtained from E-RiKO and CT littermates (P3) subjected to a full-body single dose of X-ray radiation (8 Gy) and sacrificed
24 h later; scale bar: 100 μm; n= 5 mice/genotype. (j) Quantification of TUNEL staining of X-ray-treated skins with 4 Gy and 8 Gy as in i. Histograms represent mean± S.D. of
TUNEL+ cells/area (103 μm2) of at least 30 hair follicles of four mice/genotype. Note that the TUNEL+ area was limited to the hair follicle matrix, with similar cellular density and
sensitive to radiations; ***Po0.0005
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whereas cytoplasmic SOD and catalase activities did not differ
significantly. Because the levels of catalase, SOD1 and SOD2
proteins, which account for SOD activities in cytosol and
mitochondria, respectively, were unchanged (Supplementary
Figure S4b, Supplementary Table S1 and data not shown), the
enhanced mitochondrial SOD activity of E-RiKO cells may rely
on post-translational modifications of SOD2.

Rictor-deficient keratinocytes are sensitized to
epirubicin-induced cell death by antioxidant treatment
and glutaminase inhibition. To define whether the increased
ROS of E-RiKO cells are responsible for their stress-resistant
phenotype, we treated E-RiKO and CT keratinocytes with
epirubicin in the presence of ROS scavenger N-acetyl cysteine
(NAC) at a concentration able to lower total and mitochondrial
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ROS in E-RiKO cells to levels close to untreated CT cells
(Figures 6a and b). Without NAC, E-RiKO keratinocytes resulted
more resistant to apoptosis in response to epirubicin, whereas
NAC-treated E-RiKO keratinocytes displayed Cl-casp3 and
AnnexinV/DAPI profiles close to those of CT cells unexposed to
NAC (Figures 6c and d), indicating that this compound
sensitizes E-RiKO cells to epirubicin-induced apoptosis. This
was apparently in contrast to findings reporting that cells are
protected from epirubicin-induced death by a NAC pretreatment
up to 24 h.35 Under these conditions, we could detect a
significant reduction of Cl-casp3 (Supplementary Figure S5a) in
CT keratinocytes, but we were unable to restore normal ROS
levels in E-RiKO cells (Supplementary Figure S5b). These data
suggest that prolonged versus transient ROS scavenging has
different effects on the stress tolerance of normal keratinocytes.
Also Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), a distinct antioxidant compound, restored normal ROS
levels in E-RiKO cells and increased Cl-casp3 levels in
response to epirubicin (Supplementary Figure S5c and d).
NAC exposure of CT and E-RiKO cells did not affect other

metabolic parameters (Supplementary Figure S5e), apart
from the decrease of mitochondrial SOD activity in mutant
cells to levels similar to untreated CT cells.
These data suggest that the activity of NAC is primarily due

to its antioxidant capacity, and that the increased ROS are not
the inducers of the metabolic changes produced by rictor
deficiency but rather their consequence.
The increased ROS of E-RiKO cells may depend on

increased glutaminolytic activity. Consistent with this hypoth-
esis, BPTES effectively reduced glutaminase activity in both
genotypes and restored in E-RiKO-treated cells ROS levels
similar to CT cells (Figures 6e and f), indicating glutaminase as
a major determinant of ROS increases. Importantly, sustained
glutaminase inhibition also phenocopied the effects of NAC in
E-RiKO cells, as it increased both Cl-casp3 levels and cell
death in response to epirubicin (Figures 6g and h). Thus, both
the re-establishment of normal ROS levels and the inhibition of
their principal metabolic source sensitize E-RiKO cells to
stressors to which they are typically resistant. ROS scaven-
ging by NAC also attenuated features of E-RiKO cells beyond
stress response such as their decreased BrdU uptake
(Supplementary Figure S5f) and protection from senescence
(Supplementary Figure S5g), suggesting the involvement of
ROS also in these phenotypes.

The epidermal metabolic, molecular and stress-response
phenotypes of E-RiKO mice indicate a critical role of ROS
in stress protection. To determine whether metabolic
alterations observed in cultured E-RiKO keratinocytes were

present in the epidermis of mutant mice in vivo, we compared
several metabolic parameters in fresh epidermal extracts
obtained from CT and E-RiKO mice (Figure 7a). Relative to
CT mice, total and mitochondrial ROS, electron transport
chain activity, ATP content, glutaminase and glutamic
dehydrogenase activities were all more elevated in mutant
mice, while lipid β-oxidation and hexokinase activities were
reduced, reflecting closely the findings on cultured cells.
We next analyzed in CT and E-RiKO epidermis the

expression of a sample of DEGs between CT and E-RiKO
keratinocytes emerged from RNA-seq analysis. As shown in
Figure 7b, the levels of Gadd45α, -β and -γ, Glul and Il1-α
genes, involved in DNA repair, glutamine metabolism and
inflammation, upregulated in E-RiKO cells (Supplementary
Table S1), were also higher in the mutant epidermis, whereas
the levels of Acsl1, Faah and Fabp4, involved in lipid
metabolism, were decreased.
To determinewhether NAC treatment could sensitize E-RiKO

hair follicle keratinocytes to X-ray-induced death in vivo, we
established a NAC treatment regimen restoring ROS levels in
mutant mice to levels close to CTs (Figure 7d). As shown in
Figures 7c–e,NAC-treatedE-RiKOmice exhibited a statistically
significant increase in the number of TUNEL+ cells in the hair
follicle matrix upon irradiation, suggesting that restoring normal
ROS levels in E-RiKO mice sensitizes hair follicle keratinocytes
to X-ray-induced cell death in vivo. Moreover, NAC slightly
increased the number of TUNEL+ CT cells (Figure 7e and data
not shown). Thus, many aspects of the metabolic, molecular
and stress-response phenotypes described in primary kerati-
nocytes derived from E-RiKO mice are recapitulated in their
intact skin epithelia in vivo.

Discussion

Our study reveals for the first time that mTORC2 couples
metabolic changes with stress adaptation in mammalian cells.
The resiliency of rictor-deficient keratinocytes to starvation,
epirubicin and X-ray in vitro and their radioresistance in vivo
was somewhat surprising, considering the pro-survival role of
mTORC2 in mammals.15 However, mTORC2 deficiency does
not render keratinocytes resistant to cell death per se but likely
enhances their ability to cope with oxidative stress as these
cellular stressors share ROS production among their death
effector mechanisms.27 Because in control keratinocytes, Akt
Ser473 phosphorylation decreases earlier upon X-ray (but not
cisplatin) treatment, attenuation of mTORC2 activity may be
intrinsic to the keratinocyte response to specific stressors.
Our findings in mammalian cells have intriguing analogies in

Drosophila, where rictor deficiency promotes resistance and

Figure 5 Rictor-deficient keratinocytes display metabolic reprogramming. E-RiKO and CT MPKs, isolated and cultured in LCM (n= 5 littermates P3/genotype), were
analyzed at confluency in LCM 24 h as follows: (a) total cellular ROS (nmol/mg prot); (b) mitochondrial ROS (nmol/mg mit prot); (c) mitochondrial/total ROS (%) determined by
compairing mitochondrial and total ROS, each normalized for total protein content; (d) aldose reductase (nmol NADP+/min/mg prot); (e) NADPH oxidase (RLU/mg prot); (f)
electron transport chain (nmol red cit c/min/mg mit prot); (g) ATP (nmol/mg mit prot); (h) lipid β-oxidation (pmol/h/mg prot); (i) triglycerides (nmol/mg prot); (j) glucose uptake (pmol
glucose/mg prot); (k) hexokinase (nmol NADH/min/mg prot); (l) phosphofructose kinase 1 (nmol NAD+/min/mg prot); (m) glutaminase (μmol NADH/min/mg prot); (n) glutamic
dehydrogenase (μmol NADH/min/mg prot); (o) TCA cycle with [14C] glutamine (pmol CO2/h/mg mit prot); (p) TCA cycle with [14C] glutamate (pmol CO2/h/mg mit prot); (q)
intracellular [14C]glutamine (μmol/mg prot); (r) intracellular [14C]glutamate (μmol/mg prot); (s) glutamate/glutamate ratio; (t) total SOD (μmol/min/mg prot); (u) catalase (nmol/min/
mg prot); (v) mitochondrial SOD (μmol/min/mg prot). All histograms represent mean±S.D. of the indicated metabolic parameters determined in at least three independent
experiments; *Po0.05; **Po0.005; ***Po0.0005
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tolerance to pathogens infection under low glucose,36

suggesting a conserved role of mTORC2 in integrating
metabolic cues and stress adaptation. As the mTORC2/Akt

axis positively regulates glucose uptake and glycolysis in
several tissues,22,37 the stress-resistant phenotype of E-RiKO
cells may result from their adaptation to impaired glucose
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consumption and rewiring towards glutaminolysis. The
increased glutamine consumption of E-RiKO keratinocytes is
associated with increased activity of glutaminolytic enzymes
without changes in their protein or mRNA levels suggesting
that rictor deficiency may affects these enzymes via post-
translational modifications or by changing the concentration of
allosteric modulations, as it occurs on mTORC2 disruption.38

In addition, rictor loss may impinge on Foxo transcription
factors in linking metabolic changes with stress resistance.
Foxo3 regulates glutamine metabolism via Glul expression;39

Glul is overexpressed in E-RiKO cells that also have reduced
Foxos phosphorylation, and among stress protective genes
overexpressed in E-RiKO cells are the Foxo targets Gadd45
isoforms.40

Mitochondrial SOD enzymatic activity, having a pivotal role
in radioprotection,41 is elevated in E-RiKO cells, and
decreases upon NAC treatment. Active SOD2 is stabilized
by oxidative cross-linking, favoring radioresistance of cells
exposed to conditioning doses of oxidative stress.42 Enhanced
SOD2 expression accounts for radioresistance of rapamycin-
treated oral keratinocytes,41 and SOD2 activity can be
regulated post-translationally in response to ROS levels.42

Therefore, changes in SOD2 activity likely favor stress
adaptation in rictor-deficient keratinocytes, albeit the under-
lying mechanisms remain undefined.
The increased ROS levels of E-RiKO keratinocytes, instead

of being harmful, emerged as key determinants of their stress-
resistant phenotype. Therefore, the behavior of rictor-deficient
keratinocytes fits well with the concept of mitohormesis,
implicating mTORC2 in radioresistance, and possibly, skin
aging. Hormetic behaviors occur in several cell lineages
including keratinocytes, and mild level of X-ray render cells
more resistant to a subsequent damage.43

Our findings overall suggest that the switch of keratinocyte
catabolism towards glutaminolysis provides fuel for mitochon-
drial respiration and ROS production, which, directly or
indirectly, induces expression of stress resistance genes.
Rictor deficiency was associated with decreased cell

division18,44 and the attenuated proliferation of E-RiKO
keratinocytes likely underlies the epidermal hypoplasia of
mutant mice, albeit we cannot rule out subtle defects in
differentiation or cytoskeleton dynamics. Adult E-RiKO mice
epidermis does not display hypoplasia or impaired prolifera-
tion unless challenged with a mitogen like TPA; in growth
factor-rich conditions, E-RiKO keratinocytes also exhibit
reduced division rates, suggesting that mTORC2 loss affects

proliferation upon robust mitogenic inputs. The attenuated
hyperplastic response to one single TPA dose reported here
differs from the normal hyperplastic response to multiple TPA
doses described in mice subjected to epidermal-specific,
inducible rictor ablation during adulthood.45 Metabolic altera-
tions coupled with enhanced stress tolerance likely contribute
to the delayed senescence and lifespan extension of rictor-
deficient keratinocytes, in keeping with similar reports on
fibroblasts.46 As hyperactive DNA replication forks promote
senescence, the spontaneous immortalization of E-RiKO
keratinocytes may result from senescence bypass favored
by metabolic reprogramming, mitohormesis and reduced
proliferation rates. As sustained exposure of E-RiKO
keratinocytes to NAC enhances BrdU uptake and favors
senescence in the absence of exogenous stressors, ROS
elevations may contribute to the proliferative and senescence
phenotypes of mutant cells.
Mitohormesis may represent a point of convergence of

mTORC1 and mTORC2 activities across species. In fact,
mTORC1 inhibition extends yeast chronological lifespan;11

the mTOR inhibitor rapamycin extends lifespan in C. elegans
and mice47,48 and prolonged rapamycin exposure also inhibits
mTORC2;48,49 rictor deficiency in yeast was linked to
increased ROS levels,50 and in C. elegans, rictor mutations
extend lifespan in a nutrient-dependent manner.51

The choice between cell survival and death upon mTORC2
disruption may be highly context-dependent. Rictor/mTORC2
deficiency sensitizes fibroblasts to UVB-induced apoptosis,29

but the mechanisms regulating DNA repair and apoptosis
differ between keratinocytes and fibroblasts,52 possibly
accounting for this apparent discrepancy. In addition, in breast
cancer cells, mTORC2 loss favors cell cycle progression and
apoptosis by lowering Chk1 activity and increasing vulner-
ability to DNA damage;29 in E-RiKO cells Chk1 attenuation
coincideswith lowerDNAdamage in response to X-ray, but not
cisplatin. mTOR inhibition can inhibit or enhance
chemotherapy-induced cancer cell death in oncological
settings;53 if mTOR inhibition enhances stress tolerance via
mitohormesis, this could partly explain the limited efficacy of
mTOR inhibitors in this context.54 mTORC2 disruption inhibits
tumor formation/progression in many tissues including the
epidermis,45 but caution should be taken in therapeutic
settings as mTOR inhibition may also promote chemo- or
radioresistance. Our work suggests, however, that combina-
tion of mTOR inhibitors with antioxidants may help sensitizing

Figure 6 ROS scavenging and glutaminase inhibition sensitize rictor-deficient keratinocytes to epirubicin-induced cell death. E-RiKO and CT MPKs were isolated (n= 5/
genotype), grown in LCM and analyzed at confluency for the following. (a) Total cellular ROS was measured on LCM (− ) or NAC 10 mM for 48 h. Histograms represent
mean±S.D. of ROS levels measured in at least three independent experiments; ***Po0.0005; *Po0.05. (b) Histograms represent mean± S.D. of mitochondrial ROS
determined in cells treated as in a. (c) Representative western blotting analysis for the indicated antibodies of cell extracts obtained from MPKs maintained as in a and
subsequently treated with DMSO (− ) or epirubicin 10 μM for 10 h. Ratio between Cl-casp3 and keratin5 (K5) is reported. (d) Representative AnnexinV/DAPI flow cytometry plots
of E-RiKO and CT MPKs maintained untreated (− ) or pre-treated with NAC and subsequently treated with epirubicin 10 μM for 15 h. Histograms are mean± S.D. of dead cells
determined as described in the ‘Materials and Methods’ section; *Po0.05. (e) Histograms represent the mean±S.D. of the glutaminase activity (μmol NADH/min/mg prot)
evaluated in CTand E-RiKO MPKs treated with BPTES (10 μM, 2 h) in at least three independent experiments; **Po0.005, *Po0.05. (f) Histograms represent mean± S.D. of
total ROS levels (nmol/mg prot) measured in cells treated as in e in at least three independent experiments; *Po0.05. (g) Representative western blotting analysis with the
indicated antibodies of cell extracts derived from E-RiKO and CT cells pre-treated with BPTES at the indicated doses for 48 h and exposed to epirubicin in the presence of BPTES
for 15 h. Ratio between Cl-casp3 and keratin5 (K5) is reported. (h) Representative AnnexinV/DAPI flow cytometry plots of E-RiKO and CT MPKs maintained untreated (− ) or
pre-treated with BPTES and subsequently treated with epirubicin 10 μM for 15 h. Histograms are mean± S.D. of dead cells as in d; **Po0.005, *Po0.05
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tumors that would be otherwise resistant to chemo/radio-
therapy.

Materials and Methods
Mice generation and genotyping. Generation of rictor conditional
knockout mice in the epidermis (E-RiKO) was obtained by crossing Rictor flox/
flox mice (CT) described in ref. 17 with K14-Cre transgenic mice.23 The mice were
studied on a C57BL/6J background. Genetic screening was performed by PCR
using DNA extracted from tail biopsies.
The primer used for genotyping were as follows:

� Rictor flox Forward, 5′-ACTGAATATGTTCATGGTTGTG-3′
� Rictor flox Reverse, 5′-GACACTGGATTACAGTGGCTTG-3′
� K14-cre Forward, 5′-AGGGATCTGATCGGGAGTTG-3′
� K14-cre Reverse, 5′-CTTGCGAACCTCATCACTCG-3′

The mice were maintained under temperature- and humidity-controlled conditions
and were given food and water ad libitum. The procedures were conducted in
conformity with national and international laws and policies as approved by the
University of Turin Ethical Committee.

Cell cultures and chemicals. MPKs were isolated from pools of 3-day-old
(P3) mice and cultured in low calcium medium (LCM, 50 μM CaCl2 supplemented
with 4% Chelex-treated bovine serum and EGF). The cultures were ~ 95% pure and
contained traces of melanocytes and Langerhans’ cells. MPKs cultures were
obtained from at least five mice/genotype and, unless otherwise specified, all the
experiments were repeated on at least three independent cultures.
Note that MPKs cultured in LCM keep proliferating even at confluency because

they are preserved from contact inhibition, and dividing cells replace the differentiated
ones that lift from the adherent cell monolayer.
Starvation was performed culturing MPKs in serum and EGF-free LCM, except for

kinetic analysis of BrdU incorporation, in which cells were starved in 0.1% serum.
The cells fed with LCM (or starved) were treated with the following chemicals:

epirubicin, cisplatin and NAC (Sigma-Aldrich, St. Louis, MO, USA), Trolox (Santa
Cruz Biotechnology, Dallas, TX, USA) and BPTES (Selleckchem, Houston, TX, USA).
NAC treatments were performed by adding the compound into fresh LCM every

24 h. To evaluate proliferation, MPKs were incubated with 5-bromo-2″-deoxy-uridine
(BrdU, Invitrogen, Waltham, MA, USA) 3 h before the end of the experiment
(10 μg/ml) and then fixed in PFA 4%.
Colony-forming efficiency (CFE) assays were performed as described,55 with

minor modifications. After X-ray exposure (10 min), the cells were detached, and 104

cells were plated on lethally irradiated feeder layer of 3T3/J2 cells. After 8 days,
colonies were fixed, stained with Rhodamine-B (Sigma-Aldrich) and scored under a
dissecting microscope. Total colonies were calculated as a percentage of total plated
cells (number of colonies × 100/number of cells plated).

Western blotting and protein analysis. MPKs or epidermal tissues (P3),
separated from dermis by thermal shock at 65 °C for 1 min, were lysed in boiling
2%SDS, 50 mM Tris/HCl (pH 7.4) lysis buffer supplemented with 1 mM PMSF,
1 mM Na3VO4, 10 mM NaF.41 Epidermal tissues were pulverized in liquid nitrogen
before lysis. Protein concentration was measured using the Bradford assay
(Bio-Rad, Hercules, CA, USA). The samples were fractionated on SDS/PAGE and
transferred on to PVDF membrane (Merk Millipore, Billerica, MA, USA). The
membranes were blocked in 5% non-fat dry milk (Santa Cruz Biotechnology) in

Tris-buffer saline, 0.1% Tween20 and incubated with the indicated antibodies
following the manufacturer’s instructions.

For immunoblotting, the following antibodies were used: rictor, raptor, pSer473Akt,
pThr308Akt, panAkt, p-GSK3 α/β (Ser 21/9), p-FOXO1/3 (Thr32/Thr24), pFoxO1
(Ser256, cross-reactive with Ser193 of FoxO4), pFoxO3 (Ser253), FoxO1, FoxO3,
p-TSC2 (Thr1462), total TSC2, mTOR, p-p70S6K (Thr389), total p70S6K, p-4EBP1,
total 4EBP1, pPRAS40 (Thr246), p-Erk1/2 (Thr37/46), total Erk1/2, Cleaved
Caspase-3, pChk1 (Ser317), total Chk1, pChk2 (Thr68), total Chk2 (Cell Signaling
Technology, Danvers, MA, USA); PKCα, Hsp90, p16, p19, p-Ser19 p53, p53 (Santa
Cruz Biotechnology); SOD1, SOD2, catalase (Abcam, Cambridge, UK) GAPDH
(Merck-Millipore); Vinculin, Tubulin (Sigma-Aldrich); K5 (Covance, Princeton, NJ,
USA) and horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich).
Immunoblots were developed by chemiluminescence with ECL (GE Healthcare,
Dharmacon, Lafayette, CO, USA), acquired with the molecular imager ChemiDoc
XRS, and quantified by densitometric analysis using the Image-lab software (Bio-
Rad). All comparative images of immunoblots were obtained by exposure of the same
membranes. Original immunoblots are shown in Supplementary Figures S6 and S7.

Treatments in vivo. For the acute response to 12-O-tetradecanoylphorbol-13-
acetate (TPA), dorsal skin of 7-week-old mice of both genotypes were shaved and
treated with a single dose of TPA (0.1 mM, Sigma-Aldrich) or acetone vehicle
alone.56 The treated mice were killed after 48 h for histopathological analysis.

For BrdU incorporation analysis in response to TPA, the mice were i.p. injected with
50 mg/kg of BrdU in sterile PBS, 1 h before the termination of experiments.

The mice (P3) were X-ray irradiated (full body) with 4 or 8 Gy doses and killed for
skin analysis 24 h later.

For NAC treatment, CTand E-RiKO mice (P2) were i.p. injected with NAC (Sigma)
in PBS sterile solution (100 mg/kg) or PBS alone daily for 3 days and then irradiated
full body (8 Gy). The mice were killed and their skins were excised 24 h after X-ray
exposure.

Immunofluorescence and immunohistochemistry. The skins were
fixed in 4% buffered formalin for 24 h and embedded in paraffin. Seven-micrometer-
thick skin sections were analyzed as follows: hematoxylin and eosin (H&E) staining;
IHC was performed for BrdU (DAKO, Carpinteria, CA, USA) and PCNA (Santa Cruz
Biotechnology); IF was performed for p63 (Santa Cruz Biotechnology), Loricrin
(Covance), TUNEL (Roche, Basel, Switzerland) following the manufacturer’s
instructions. The IF samples were counterstained with DAPI or LaminA (Santa Cruz
Biotechnology) and mounted in Prolongue reagent (Life Technologies, Carlsbad,
CA, USA).

Flow cytometry. The dead and viable cells were estimated based on
AnnexinV/DAPI staining followed by flow cytometry. For this purpose, both adherent
and spontaneously detached keratinocytes in each condition were incubated with
AnnV-FITC (BD Biosciences) for 30 min in the dark at room temperature and DAPI
(Sigma) was added right before the measurement (1 μg/ml). The cells were
distinguished in live (double negative) and dead: early apoptotic (AnnV+DAPI−),
medium/late apoptotic (AnnV+DAPI+) or necrotic (AnnV−DAPI+). Flow cytometric
data were acquired using a FACSVerse (Becton Dickinson) and processed with
FACSuite software. At least 20 000 events were analyzed for each sample.

The dead cells were calculated by setting to 100% the mean of treated (starvation,
epirubicin, X-ray, cisplatin, Nac/epirubicin, BPTES/epirubicin) CT dead cells, obtained
by subtracting untreated CT dead cells. The variation of dead cell fraction for each
stressor was calculated taking the ratio of treated E-RiKO dead cells (corrected by
subtracting untreated E-RiKO dead cells) to treated CT dead cells. Data are
representative of at least three independent experiments.

Figure 7 Rictor-deficient epidermis displays a metabolic rewiring and ROS-dependent lower sensitivity to stress. (a) Metabolic analysis of CTand E-RiKO skins obtained from
at least three mice/genotype. Histograms represent mean± S.D. of the following metabolic parameters: total cellular ROS (nmol/mg prot); mitochondrial ROS (nmol/mg mit prot);
electron transport chain (nmol red cit c/min/mg mit prot); ATP (nmol/mg mit prot); lipid β-oxidation (pmol/h/mg prot); hexokinase (nmol NADH/min/mg prot); glutaminase (μmol
NADH/min/mg prot); glutamic dehydrogenase (μmol NADH/min/mg prot); **Po0.005, *Po0.05. (b) RNA was extracted from CT and E-RiKO epidermis of at least six mice/
genotype and RT-PCR analysis for the following genes was performed: Gadd45-α; Gadd45-β; Gadd45-γ; Glul; Il1-α; Acsl1; Faah; Fabp4. Data are represented as mean± S.D. of
the fold change relative to unitary value assigned to CT; **Po0.005, *Po0.05 (c) Representative confocal images of IF for TUNEL (red) and DAPI (blue) stainings on E-RiKO
and CT skin sections pre-treated with NAC (or vehicle) for 48 h (i.p. injection), subjected to a single dose of X-ray radiation (8 Gy) and collected 24 h later; scale bar: 100 μm;
n= 10 mice/genotype. (d) Histograms represent mean± S.D. of ROS levels (nmol/mg prot) in CTand E-RiKO skins treated with NAC (or vehicle) for 48 h, of three mice/genotype;
*Po0.05, **Po0.005. (e) Histograms represent mean± S.D. of TUNEL+ cells/area (103 μm2) of at least 30 hair follicles of 10 mice/genotype treated as in c; ***Po0.0005.
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Senescence-associated β-galactosidase assay. MPKs were plated in
triplicate, cultured for 25 days and stained for β-galactosidase activity using the
Senescence Detection Kit (Cell Signaling and Technology) following the
manufacturer’s instructions.

X-ray irradiation. Irradiation was done using a Gilardoni RADGIL irradiator
(Stationary anode X-ray tube, 200 kV) at 0.65 Gy/min. MPKs were irradiated at
subconfluency in LCM.

RNA-Seq. Total RNA was extracted using TRIZOL reagent (Invitrogen) and
checked for its integrity by using the DNF-471 Standard Sensitivity RNA Analysis Kit
on Fragment Analyzer instrument (Advanced Analytical Technology, Ankeny, IA,
USA). RNA-seq libraries were prepared from total RNA using TruSeq RNA Sample
Preparation v2 (Illumina, San Diego, CA, USA) according to the manufacturer's
protocol and were sequenced on Illumina NextSeq 500 platform (Illumina).
Sequencing reads were trimmed out of the low-quality bases with Fastx Toolkit and
were mapped on hg19 genome assembly by using TopHat v2.0.6 (Johns Hopkins
University, Baltimore, MD, USA) and mRNAs quantification were performed using
Cuffdiff v2.0.2 (University of Maryland, College Park, MD, USA). For further
analysis, genes with RPKMo1 in all the samples were filtered out. Gene Ontology
was analyzed by using GO web software.

Biochemical analysis of cell metabolism
Mitochondria extraction: To isolate mitochondrial fractions, the cells or
pulverized skins were washed twice in ice-cold PBS, lysed in 0.5 ml mitochondria
lysis buffer (50 mmol/l Tris, 100 mmol/L KCl, 5 mmol/l MgCl2, 1.8 mmol/l ATP,
1 mmol/l EDTA, pH 7.2), supplemented with protease inhibitor cocktail III
(Calbiochem, La Jolla, CA, USA), 1 mmol/l PMSF and 250 mmol/l NaF. The
samples were clarified by centrifuging at 650 g for 3 min at +4 °C: the supernatant
was collected and centrifuged at 13 000 g for 5 min at +4 °C; the pellet – containing
mitochondria – was washed once with lysis buffer and resuspended in 0.25 ml
mitochondria resuspension buffer (250 mmol/l sucrose, 15 mmol/l K2HPO4,
2 mmol/l MgCl2, 0.5 mmol/l EDTA). A 50 μl aliquot was sonicated and used for
the measurement of protein content or western blotting. To confirm the presence of
mitochondrial proteins in the extracts, 10 μg of each sonicated sample were
subjected to SDS-PAGE and probed with an anti-porin antibody (Abcam,
Cambridge, UK; data not shown).
ROS measurement: ROS amount in whole cells or in mitochondria extracts
was measured by labeling samples with the ROS-sensitive fluorescent probe 5-
(and-6)-chloromethyl-2',7'-dichlorodihydro-fluorescein diacetate-acetoxymethyl ester
(DCFDA-AM). The results were expressed as nmol/mg cell or mitochondrial
proteins.
Aldose reductase and NADPH oxidase activity: The activities of aldose
reductase and NADPH oxidase were measured by a spectrophotometric assay and
by a chemiluminscence-based assay, respectively.57 The results were expressed as
nmoles NADP+/min/mg cell proteins for aldose reductase, relative luminescence unit
(RLU)/mg cell proteins for NADPH oxidase.
Mitochondrial respiratory chain: To measure the electron flux from complex I
to complex III, taken as index of the mitochondrial respiratory activity, 50 μg of non-
sonicated mitochondrial samples, isolated as previously reported, were resus-
pended in 0.2 ml buffer A (5 mmol/l KH2PO4, 5 mmol/l MgCl2, 5% w/v bovine serum
albumin) and transferred into a quartz spectrophotometer cuvette. Then 0.1 ml
buffer B (25% w/v saponin, 50 mmol/l KH2PO4, 5 mmol/l MgCl2, 5% w/v bovine
serum albumin, 0.12 mmol/l cytochrome c-oxidized form, 0.2 mmol/l NaN3) was
added for 5 min at room temperature. The reaction was started with 0.15 mmol/l
NADH and was followed for 5 min, reading the absorbance at 550 nm by a Packard
microplate reader EL340 (Bio-Tek Instruments, Winooski, VT, USA). The results
were expressed as nanomoles of cytochrome c reduced/min/mg mitochondrial
protein.
ATP levels measurement: The amount of ATP in mitochondrial extracts was
measured with the ATP Bioluminescent Assay Kit (Sigma-Aldrich). The results were
expressed as nmol/mg mitochondrial proteins.
Triglycerides levels: The triglyceride amount was measured using the
Triglyceride Quantification Kit (Abcam), following the manufacturer’s instruction.
The results were expressed in nmol/mg cell or tissue proteins, according to the
calibration curve previously set.
Fatty acid β-oxidation: The rate of fatty acid β-oxidation was measured by
radiolabeling cells or pulverized skins with 2 μCi [1-14C]palmitic acid (3.3 mCi/mmol;
PerkinElmer, Waltham, MA, USA) and quantifying the amount of 14C-acid soluble

metabolites (ASM) by liquid scintillation.57 The results were expressed as picomoles
of 14C-ASM/h/mg cell proteins.

Glucose uptake and glycolytic metabolism: The uptake of glucose was
measured as described earlier58 and expressed as picomoles of 2-deoxy-D-[3H]-
glucose/mg cell proteins. HK activity was measured by using the Hexokinase
Colorimetric Assay Kit (Sigma-Aldrich). The results were expressed as nanomoles
of NADH/min/mg cell proteins. PFK1 assay was performed according to ref. 59. The
results were expressed as nanomoles of NAD+/min/mg cell proteins.

Glutamine catabolism: Glutamine catabolism was measured as reported.57

The cells or pulverized skins were washed with PBS, detached by gentle scraping,
centrifuged at 13 000 × g for 5 min at 4 °C, resuspended in 250 μl of buffer A
(150 mmol/l KH2PO4, 63 mmol/l Tris/HCl, 0.25 mmol/l EDTA; pH 8.6) and sonicated.
The intracellular protein content was measured using the BCA kit (Sigma Chemical
Co.). A volume of 100 μl of the whole cell lysates was incubated for 30 min at 37 °C
in a quartz cuvette, in the presence of 50 μl of 20 mmol/l L-glutamine and 850 μl of
buffer B (80 mmol/l Tris/HCl, 20 mmol/l NAD+, 20 mmol/l ADP, 3% v/v H2O2;
pH 9.4). The absorbance of NADH was monitored at 340 nm using a Lambda 3
spectrophotometer (PerkinElmer). The kinetics was linear throughout the assay. The
results were expressed as micromoles of NADH/min/mg cell proteins, and were
considered as an index of the activity of glutaminase plus L-glutamic
dehydrogenase. In a second series of samples, 20 μl of the glutaminase inhibitor
bis-2-(5–phenylacetamido–1,3,4–thiadiazol–2–yl)ethyl sulfide BTPES (30 μmol/l)
was added after 15 min. This concentration was chosen as it produced 100%
inhibition of glutaminase activity in our system (not shown). The absorbance of
NADH was monitored for 15 min as described previously. The results, considered
as an index of the activity of L-glutamic dehydrogenase, were expressed as
micromoles of NADH/min/mg cell proteins. Glutaminase activity was obtained by
subtracting the rate of the second assay from the rate of the first one.

Tricarboxylic acid (TCA) cycle: The cells were washed with PBS, detached
with trypsin/EDTA (0.05/0.02% v/v) and resuspended in 1 ml Hepes buffer
(145 mmol/l NaCl, 5 mmol/l KCl, 1 mmol/l MgSO4, 10 mmol/l Hepes, 10 mmol/l glu-
cose, 1 mmol/l CaCl2, pH 7.4) containing 2 μCi of L-[14C]-glutamine (PerkinElmer) or
L-[14C]-glutamate (PerkinElmer). The cell suspensions were incubated for 1 h in a
closed experimental system to trap the 14CO2 developed from L-[14C]-glutamine or
L-[14C]-glutamate and the reaction was stopped by injecting 0.5 ml 0.8 N HClO4.
The results were expressed as nanomoles of CO2/h/mg cell proteins. When
indicated, 30 μmol/l of the glutaminase inhibitor BPTES were added to the cell
suspension, to achieve a 100% inhibition of glutaminase activity.

Glutamine consumption: The cells were labeled with 1 μCi [14C]-L-glutamine
(PerkinElmer) for 30 min, washed five times with ice-cold PBS, detached with
trypsin/EDTA, rinsed with 0.5 ml ice-cold PBS and sonicated. A 50 μl aliquot was
used to quantify intracellular proteins. [14C]-L-glutamate and [14C]-L-glutamine
present within cell lysates were separated by ion exchange chromatography in a
2 ml column. The radioactivity of the eluate containing [14C]-L-glutamate and [14C]-L-
glutamine was counted by liquid scintillation and expressed as μmol/mg cellular
proteins. The ratio between [14C]-L-glutamate/[14C]-L-glutamine was considered an
index of glutamine consumption.

Real-time PCR. Total RNA was extracted from the epidermis of mice (P3) using
Triazol reagent (Invitrogen) according to the manufacturer’s instructions. Total RNA
was reverse-transcribed with a high-capacity cDNA reverse transcription kit (Applied
BioSystems, Foster city, CA, USA) according to the manufacturer's instruction and
amplified with specific primers. Taqman PCR reactions were performed using the
Universal Probe Library system (Roche Italia, Monza, Italy) on an ABI 7900HT Fast
Real-Time PCR System (Applied Biosystems). The 18 S rRNA pre-developed
TaqMan assay (Applied Biosystems) was used as an internal control. Specific
primers and UPL probes used are listed in Supplementary Informations.

Microscopy and image analysis. Immunofluorescence analysis was
performed on Leica TSCII SP5 confocal microscope (Leica, Wetzlar, Germany)
controlled by LAS-AF Software (Leica). Multitrack analysis was used for image
acquisition. Histological sections were imaged on Olympus BH-2 RFCA microscope
equipped with Leica DFC320 camera (Leica). Camera was controlled by Leica
Application Suite version 2.8.1 software (Leica). Phase contrast imaging was
performed on Zeiss Axio Observer microscope (Carl Zeiss, Oberkochen, Germany).
Quantitative analysis was performed using ImageJ software (National Institute of
Health, Bethesda, MD, USA).
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Statistical analysis. The data obtained from densitometric analysis of
immunoblots, FACS, IF, CFE and IHC were plotted as mean± S.D. The results
were assessed for statistical significance by a standard two-tailed Student’s t-test as
indicated; P-values *Po0.05, **Po0.005, ***Po0.0005. For epidermal thickness,
measurements obtained from H&E were analyzed with linear regression using
Generalized Estimating Equations (GEE)60 to take into account the correlation
between measurements obtained from the same animal. Data obtained from growth
assays were analyzed by using the CompareGrowthCurves function included in the
R package ‘statmod’: https://cran.r-project.org/web/packages/statmod/index.html
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