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Lysosomes Support the Degradation,
Signaling, and Mitochondrial
Metabolism Necessary for Human
Epidermal Differentiation
Christine L. Monteleon1, Tanvir Agnihotri1, Ankit Dahal1, Mingen Liu2, Vito W. Rebecca2,
Gregory L. Beatty2, Ravi K. Amaravadi2 and Todd W. Ridky1
Keratinocytes undergo significant structural remodeling during epidermal differentiation, including a broad
transformation of the proteome coupled with a reduction in total cellular biomass. This suggests that intracellular digestion of proteins and organelles is necessary for keratinocyte differentiation. Here, we use both
genetic and pharmacologic approaches to demonstrate that autophagy and lysosomal functions are required
for keratinocyte differentiation in organotypic human skin. Lysosomal activity was required for mechanistic
target of rapamycin signaling and mitochondrial oxidative metabolism. In turn, mitochondrial reactive oxygen
species, produced as a natural byproduct of oxidative phosphorylation, were necessary for keratinocyte
differentiation. Finally, treatment with exogenous reactive oxygen species rescued the differentiation defect in
lysosome-inhibited keratinocytes. These findings highlight a reciprocal relationship between lysosomes and
mitochondria, in which lysosomes support mitochondrial metabolism and the associated production of
mitochondrial reactive oxygen species. The mitochondrial reactive oxygen species released to the cytoplasm in
suprabasal keratinocytes triggers autophagy and lysosome-mediated degradation necessary for epidermal
differentiation. As defective lysosome-dependent autophagy is associated with common skin diseases
including psoriasis and atopic dermatitis, a better understanding of the role of lysosomes in epidermal
homeostasis may guide future therapeutic strategies.
Journal of Investigative Dermatology (2018) 138, 1945e1954; doi:10.1016/j.jid.2018.02.035

INTRODUCTION
Epidermal differentiation is a highly orchestrated process
that involves activation of key transcription factors, the
expression of hallmark proteins, and assembly of structural
complexes within the suprabasal layers of the epidermis
(Bao et al., 2017; Eckhart et al., 2013; Fuchs, 2008; Mistry
et al., 2012; Sen et al., 2010, 2012; Simpson et al., 2011).
The processes by which differentiating keratinocytes eliminate intracellular material and clear organelles are less well
understood. Cells organize bulk intracellular digestion via
autophagy, in which material is sequestered in autophagic
vesicles and degraded by fusion with lysosomes (Luzio et al.,
2007). During differentiation, keratinocytes eliminate their
nuclei and other organelles, suggesting that autophagy
and lysosome-mediated degradation are involved in the
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maintenance of epidermal architecture. Consistent with this,
previous microscopy-based investigations have described
the accumulation of lysosomal bodies in progressive layers
of keratinizing epithelium and visualized lysosomesequestered organelles (Eckhart et al., 2013; Lavker and
Matoltsy, 1970; Morioka et al., 1999). However, the role
of specific autophagy related genes and related signaling
pathways in epidermal homeostasis is unclear, as the few
skin-specific deletions of core autophagy genes have yielded
conflicting phenotypes in mice. Keratinocyte-specific deletion of autophagy related genes, Atg5 and Atg7, was not
associated with significant histological abnormalities, which
would imply that autophagy is dispensable for mouse
epidermal homeostasis (Rossiter et al., 2013; Sukseree et al.,
2013). However, subsequent investigation described a
marked differentiation defect in Atg7e/e mouse skin allografts in which tissues were acanthotic and hyperkeratotic,
with reduced granulation, and downregulated expression of
differentiation proteins, including loricrin, filaggrin, and
involucrin (Yoshihara et al., 2015). These inconsistencies,
and the suggestion of functional redundancy between proteins that coordinate formation of autophagic vesicles
(Rebecca and Amaravadi, 2016), have left the role of autophagy in epidermal maintenance unclear, and functional
studies in human skin are especially lacking. We used
complementary genetic and pharmacologic approaches to
inhibit autophagy or lysosomal function directly in
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engineered organotypic culture (OTC) human skin, and
discovered that reciprocal signaling between lysosomes and
mitochondria is necessary for human epidermal
differentiation.
RESULTS
Lysosomal activity is required for epidermal differentiation

We first evaluated the effects of lysosome inhibition in
cultured primary human keratinocytes. Proliferating keratinocytes continually degrade intracellular material to maintain normal cellular components and cellular health. When
lysosomal activity was inhibited with Lys05, a potent chloroquine derivative that accumulates within and deacidifies
lysosomes (Supplementary Figure S1a online) (Amaravadi
and Winkler, 2012; Ma et al., 2014; McAfee et al., 2012;
Pellegrini et al., 2014), lysosome-mediated degradation was
inhibited, resulting in accumulation of proteins associated
with autophagic vesicles, including p62, and lipidated forms
of LC3A and LC3B (Figure 1a). Despite this degradative
block, Lys05 was nontoxic, and keratinocytes continued to
proliferate, albeit at a slightly decreased rate (Figure 1b).
Lys05 inhibited lysosomes specifically, as the compound did
not interfere with proteasome-mediated protein degradation
(Supplementary Figure S1b).
To determine whether lysosomal function is required for
epidermal differentiation, we used Lys05 to inhibit lysosomes
in three-dimensional OTC human skin. In control tissues,
keratinocytes stratified and differentiated normally as evidenced by the coordinated expression of early differentiation
markers keratin-10 and involucrin, and late differentiation
markers filaggrin and loricrin (Figure 1c). In contrast, Lys05
completely blocked epidermal differentiation. This undifferentiated phenotype was also observed in tissues exposed to
bafilomycin-A1, a drug structurally unrelated to Lys05 that
inhibits lysosomal functions by directly inhibiting the
vacuolar-type Hþ-ATPase responsible for lysosome acidification (Zhang et al., 1994) (Figure 1c, Supplementary
Figure S2a online). Although Lys05 and bafilomycin-A1
OTCs failed to express differentiation proteins in suprabasal
layers, normal expression of keratin-5 was maintained. Lys05
did not inhibit keratinocyte proliferation, which remained
appropriately restricted to the basal layer (Supplementary
Figure S2b and c).
To validate the findings obtained using the pharmacologic
lysosome inhibitors, we next inhibited lysosome function by
genetically depleting the V0C subunit of the vacuolar-type
Hþ-ATPase (the bafilomycin-A1 target) using two different
short hairpin RNAs. The vATPasei tissues largely recapitulated
the phenotype seen with pharmacologic lysosome inhibition.
Tissues were poorly organized, with severely diminished
expression of terminal differentiation proteins (Figure 1d).
Epidermal tissues with these severe differentiation defects are
not capable of forming tissue in vivo as xenografts. Together,
these pharmacologic and genetic data indicate that functional lysosomes are critical for both early and late epidermal
differentiation.
Autophagy promotes the lysosome-mediated degradation
essential for epidermal differentiation

To specifically investigate the role of autophagy in keratinocyte differentiation, we next examined the effects of two
1946 Journal of Investigative Dermatology (2018), Volume 138

small molecule inhibitors of early autophagy, SBI-0206965
(SBI) and Spautin-1, in OTC skin. Through distinct mechanisms, both drugs inhibit the assembly of the autophagosome. SBI blocks the kinase activity of ULK1, diminishing the
phosphoregulated capacity of beclin-1 to engage with its
binding partners (Egan et al., 2015), and Spautin-1 inhibits
the USP10 and USP13 hydrolases that remove ubiquitin from
beclin-1 (Liu et al., 2011). When autophagy was blocked by
either SBI or Spautin-1, OTCs were undifferentiated, parakeratotic, and lacked keratin-10 and filaggrin expression
(Figure 2a, Supplementary Figure S3 online).
To validate the phenotypes we observed with SBI and
Spautin-1, we genetically targeted two key autophagy
proteins ATG7 and beclin-1, using short hairpin RNAs.
Knockdown of ATG7 severely diminished the expressions of
keratin-1 and filaggrin (Figure 2b) and corroborated earlier
work implicating autophagy in epidermal differentiation
(Yoshihara et al., 2015). Similarly, knockdown of beclin-1
markedly delayed differentiation in OTC epidermis
(Figure 2c). Therefore, blocking the early autophagic events in
the degradation pathway largely recapitulated the epidermal
phenotype observed with direct lysosome inhibition.
Lysosomes support the mTOR signaling important for
protein translation and oxidative mitochondrial metabolism

In addition to their role in intracellular degradation, lysosomes also support the mechanistic target of rapamycin
(mTOR) complex 1, a cell-signaling hub seated at lysosomal
membranes that contributes to the metabolic balance between anabolism and catabolism (Laplante and Sabatini,
2012). Lysosomal acidification influences the localization
and activity of mTORC1 (Hu et al., 2016; Zoncu et al., 2011),
and a skin-specific deletion of MTOR results in epidermal
barrier defects, indicating the importance of mTOR signaling
in skin morphogenesis (Ding et al., 2016). The mTOR complex1 phosphorylates S6K1, which stimulates translation
through activation of S6 ribosomal protein. In normal human
OTC skin, phospho-S6 was localized throughout the suprabasal layers. In contrast, phospho-S6 was markedly
decreased in both the undifferentiated Lys05 and
bafilomycin-A1 treated tissues, indicative of defective mTORpS6K-pS6 signaling (Figure 3a). The differential activation of
S6 ribosomal protein throughout epidermal layers suggests
that it is involved in translating proteins upregulated during
differentiation, and its relative inactivation with Lys05 or
bafilomycin treatment indicates that this signaling is dependent on lysosomal function.
The mTOR complex1 also phosphorylates eukaryotic
translation initiation factor 4E-binding proteins, enabling
translation of TFAM, an important mitochondrial regulator
required to transcribe the mitochondrial genes needed for
oxidative phosphorylation (Kasashima et al., 2011; Morita
et al., 2013, 2015). Consistent with this, TFAM protein was
diminished in Lys05 and bafilomycin-A1 OTCs (Figure 3b).
We measured oxygen consumption rates to verify that TFAM
depletion was associated with compromised mitochondrial
oxidative metabolism. Both Lys05 and bafilomycin-A1
markedly decreased baseline and maximal oxygen consumption in keratinocytes (Figure 3c). Taken together, these
data indicate that functional lysosomes support mTOR
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Figure 1. Lysosomes are necessary for epidermal differentiation. (a) 2 mM Lys05, for 48 hours, blocked lysosome-mediated degradation of autophagosomes,
resulting in the retention of p62, LC3AII, and LC3BII. (b) Over the 9-day time course of this experiment, Lys05-treated keratinocytes proliferated at
nearly the same rate as control keratinocytes (log2 of means  standard deviations). (c) Control versus Lys05- or bafilomycin-A1-treated organotypic cultures.
Lysosomal inhibition results in undifferentiated tissue lacking normal epidermal architecture (H&E), including the expression of keratin 10 (K10, red),
filaggrin (FLG, green), involucrin (red), and loricrin (green), nuclei (blue). (d) Nonsilencing control (NS) and vATPase short hairpin RNA knockdown (vATPasei)
organotypic cultures highlighting keratin-10 (red), filaggrin (green), and nuclei (blue). vATPase gene knockdown was confirmed by qPCR. All scale bars ¼ 100
mm. H&E, hematoxylin and eosin; qPCR, quantitative PCR.

signaling that promotes both translation and mitochondrial
oxidative metabolism in keratinocytes.
Lysosome to mitochondria signaling is required for the
production of the reactive oxygen species necessary for
keratinocyte differentiation

Differentiating keratinocytes experience an elevated level of
cytoplasmic calcium, which triggers opening of the mitochondrial permeability transition pore, and compromises the
outer mitochondrial membrane allowing mitochondrial
reactive oxygen species (mtROS) and cytochrome-c to leak
into cytoplasm (Carafoli, 2010; Contreras et al., 2010; SantoDomingo and Demaurex, 2010; Tamiji et al., 2005). Because
lysosomal inhibition in keratinocytes leads to diminished
mitochondrial function, we hypothesized that the differentiation block in Lys05 and bafilomycin-A1 OTCs would be
related to mtROS deficiency, despite the presence of high
levels of extracellular calcium.
To determine if leaked mtROS are necessary for human
epidermal differentiation, we exposed OTCs to the ROS
scavenger N-acetylcysteine. N-Acetylcysteine-treated tissues

were completely undifferentiated and lacked expression of
both keratin-10 and filaggrin (Figure 4a, Supplementary
Figure S4b online). They were also parakeratotic, retaining
nuclei through the stratum corneum. Other antioxidants
(EUK134 and TEMPOL) similarly inhibited calcium-induced
keratinocyte differentiation (Supplementary Figure S4a)
(Hamanaka et al., 2013). A similar phenotype was observed
when we targeted mitochondrial metabolism directly with
dideoxycytidine (Figure 4a, Supplementary Figure S4b).
Dideoxycytidine interferes with mtDNA replication and inhibits oxidative phosphorylation and associated mtROS
(Supplementary Figure S4c and d) (Piechota et al., 2006). This
indicates that ROS, and specifically mtROS, are required for
keratinocyte differentiation. To confirm that Lys05 and
bafilomycin-A1 OTCs lacked ROS-stimulated signaling, we
examined nuclear factor erythroid 2erelated factor 2 (NRF2)
expression. NRF2 regulates the expression of antioxidant
proteins and accumulates in cells experiencing oxidative stress
(Jaiswal, 2004). NRF2 was abundant throughout control OTCs,
but was markedly diminished in tissues with inhibited lysosomes (Figure 4b). Together, these data indicate that the
www.jidonline.org 1947
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Figure 2. Epidermal differentiation
requires autophagy. (a) Control, SBI,
and Spautin-1 organotypic cultures
examined by H&E and
immunofluorescence. Inhibition of
autophagy blocked epidermal
differentiation, including the
expression of keratin 10 (K10, red) and
filaggrin (FLG, green). Nuclei are
(blue). (b) ATG7 depletion
inhibited differentiation as
demonstrated by loss of keratin-10
(red) and filaggrin (green).
ATG7 knockdown was confirmed by
qPCR. (c) Cryosections of
nonsilencing control (NS) and
beclin-1i (short hairpin RNA
knockdown) organotypic cultures
highlighting keratin-10 (red), filaggrin
(green), and nuclei (blue).
Knockdowns of beclin-1 were
confirmed by qPCR. All scale bars ¼
100 mm. H&E, hematoxylin and eosin;
qPCR, quantitative PCR.

reduced mitochondrial metabolism, resultant from lysosomal
inhibition, was insufficient to produce the normal mtROS
required for epidermal differentiation.
To determine whether the pattern of mitochondrial leak
paralleled the calcium/differentiation gradient in epidermis
1948 Journal of Investigative Dermatology (2018), Volume 138

(Menon et al., 1985), we visualized cytochrome-c, a protein
involved in oxidative phosphorylation in mitochondria and in
the initiation of cell death programs when released to the
cytosol. In basal and early spinous layers of OTC skin,
cytochrome-c was localized as distinct puncta, indicating
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Figure 3. Lysosomes support the
mTOR signaling that promotes
protein translation and mitochondrial
metabolism. (a, b) Lysosomal
inhibition leads to loss of both pS6
and TFAM. (a) pS6 (red), ColVII
(green), and nuclei (blue) or (b) for
TFAM (red) and nuclei (blue). All
scale bars ¼ 100 mm. (c) Seahorse
analysis shows reduced baseline and
maximal oxygen consumption
in keratinocytes treated with Lys05
or bafilomycin-A1. mTOR,
mechanistic target of rapamycin;
ns, nonsignificant; OCR, oxygen
consumption rate; s, significant.
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that it was contained within intact mitochondrial bodies. In
contrast, the pattern became progressively cytoplasmic and
diffused in upper spinous and granular layers (Figure 4c)
indicative of mitochondrial leak. A similar pattern was
detected in native human skin (Supplementary Figure S4e).
These data support previous studies proposing that mitochondrial leak is a normal event in the terminal differentiation of keratinocytes (Harada et al., 1998; Hornig-Do et al.,
2007; Tamiji et al., 2005). Mitochondrial depolarization
and cytoplasmic release of cytochrome-c did not induce
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canonical apoptosis in this context. Although differentiation
and apoptosis have overlapping features, the cornification of
epidermal keratinocytes is a specialized programmed cell
death distinct from apoptosis (Takahashi et al., 2000)
(Supplementary Figure S4f and g).
Exogenous ROS restores differentiation in epidermis with
inhibited lysosomes

Although Lys05- and bafilomycin-A1-treated OTCs were
exposed to elevated levels of extracellular calcium, the
www.jidonline.org 1949
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Figure 4. Reactive oxygen species
(ROS) are critical for epidermal
architecture. (a) The ROS-scavenger
N-acetylcysteine (NAC) or
mitochondrial inhibitor
dideoxycytidine (DDC) inhibits
epidermal differentiation indicated
by keratin-10 (K10, red), filaggrin
(FLG, green), and nuclei (blue).
(b) Lysosomal inhibition diminished
ROS, as demonstrated by the
expression of nuclear factor erythroid
2erelated factor 2 (NRF2) (red), with
ColVII (green) and nuclei (blue). (c)
Diffuse localization of cytochrome-c
(red) in suprabasal layers of OTC
reflects mitochondrial depolarization.
All scale bars ¼ 100 mm. H&E,
hematoxylin and eosin; OTC,
organotypic culture.

calcium signal was insufficient to drive differentiation. We then
questioned whether exogenous ROS would rescue differentiation in OTCs lacking mtROS as a consequence of inhibited
lysosomes. Reintroduction of ROS, in the form of a 0.005%
NaOCl in the media (Leung et al., 2013), largely restored
differentiation and normal epidermal architecture to both
Lys05- and bafilomycin-A1-treated OTCs (Figure 5a, and
Supplementary Figure S5a and b online). As expected, exogenous ROS did not fully restore the ribosomal protein S6 signaling
(Supplementary Figure S5c), consistent with an epidermal differentiation model in which mtROS is downstream of mTOR
activity regulated by lysosomes. Importantly, NaOCl did not
inhibit the efficacy of the lysosome inhibiting compounds Lys05
and bafilomycin-A1 (Supplementary Figure S5d), nor adversely
affect otherwise untreated OTCs (Figure 5a). Neither lysosome
inhibition nor exogenous ROS affected localization or calciumdependent phosphorylation of p-PKCv1.
1950 Journal of Investigative Dermatology (2018), Volume 138

In contrast to antioxidants that suppress autophagy,
oxidative agents activate autophagy as a cytoprotective
measure to sequester damaged cellular components
(Filomeni et al., 2015; Harr and Distelhorst, 2010). We tested
the hypothesis that exogenous ROS restored differentiation by
reengaging autophagy by visualizing the autophagy marker
LC3A in OTC skin. In control OTCs, punctate LC3A signal
indicated that autophagic vesicles accumulated in a gradient
pattern concentrating in upper epidermal layers. In contrast,
drug-induced lysosomal inhibition disrupted autophagy.
Lys05 resulted in complete loss of LC3A, whereas
bafilomycin-A1 treatment resulted in retention of diffuse
LC3A signal throughout OTC skin. In both settings, exogenous ROS restored the normal distribution of LC3A
(Figure 5b) suggesting that autophagosomes were competent
to form in response to exogenous ROS, even when inhibited
lysosomes were incapable of degrading associated

CL Monteleon et al.

Lysosomal Dynamics in Skin Differentiation

Figure 5. Exogenous reactive oxygen species (ROS) restores differentiation in epidermis with inhibited lysosomes. (a) Exogenous ROS restored differentiation
to Lys05 or bafilomycin-A1 OTCs as demonstrated by immunofluorescent probing for keratin-10 (K10, red) and filaggrin (FLG, green), with nuclei (blue).
(b) Exogenous ROS rescued LC3A (red) localization in Lys05 and bafilomycin-A1 OTCs. All scale bars ¼ 100 mm. OTC, organotypic culture.

autophagic cargo. In contrast, exogenous ROS were not
sufficient to rescue the differentiation defect induced by the
autophagy-blocking
drug
Spautin-1
(Supplementary
Figure S5f). This demonstrates that the activation of autophagy, and not ROS itself, is required for expression and
proper assembly of keratinocyte differentiation proteins.
DISCUSSION
Epidermal architecture is largely regulated by calcium, with
extracellular calcium acting as the key element required for
intercellular adhesion, and also to trigger the release of internal calcium stores that induce signaling and transcription
events required for keratinocyte differentiation (Bikle et al.,
2012; Tu and Bikle, 2013). In normal skin, calcium increases in concentration in the upper differentiating layers
(Menon et al., 1985). Keratinocyte differentiation is also
associated with detachment from the basement membrane
(Tennenbaum et al., 1996). However, lysosome-inhibited
keratinocytes resist differentiation despite elevated extracellular calcium and basement membrane detachment. This
indicates that calcium is necessary, but not sufficient, for
normal epidermal differentiation.
Here, we establish that reciprocal signaling between lysosomes and mitochondria is required for the maintenance of
the basal layer, and for normal epidermal differentiation
(Supplementary Figure S6 online). We propose a keratinocyte
differentiation cascade model in which extracellular calcium

induces internal stores of calcium to spill into cytoplasm,
triggering the release of mtROS, which then induces autophagy to promote cell death by cornification (Gosselin et al.,
2009). Because basal keratinocytes do not begin to spill
mtROS until cells detach from the basement membrane, we
propose that mtROS-induced autophagy may be required for
the translation of calcium-induced transcripts. Our finding
that ROS rescued the lysosome-inhibited differentiation
defect, and associated loss of mtROS, is consistent with work
from others showing that exogenous ROS restored differentiation capability in keratinocytes lacking components
necessary for the maintenance of the mitochondrial electron
transport chain (Bhaduri et al., 2015; Hamanaka et al., 2013).
When we restored differentiation in lysosome-inhibited tissues by exogenous ROS, the basal layer remained appropriately undifferentiated. This precludes the notion that the
basement membrane microenvironment protects the basal
cells from differentiation solely by blocking mtROS spill,
and suggests that expression of endogenous antioxidants
helps prevent premature differentiation of the basal layer.
These studies demonstrate that epidermal tissues spatially
regulate calcium and ROS signaling to maintain the homeostatic balance between keratinocyte proliferation and
differentiation.
The discovery that lysosomes regulate the signaling and
degradation necessary for normal epidermal differentiation
may be relevant to common skin disorders associated with
www.jidonline.org 1951
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differentiation defects. Our work, and that of others
(Akinduro et al., 2016), demonstrated that disrupted autophagy compromises nucleophagy in differentiating keratinocytes, linking defects in autophagy to the parakeratosis in
psoriatic skin. Consistent with this, polymorphisms in
autophagy-related genes are associated with psoriasis
(Douroudis et al., 2012). The main component of the protective barrier is ceramide, a lipid assembled from precursors
by acid sphingomyelinase, an enzyme that is only active
within lysosomes. Lysosomal dysfunction that interferes with
the normal biosynthesis or trafficking of lipids may contribute
to the pathology of atopic dermatitis (Elias and Wakefield,
2014; Raymond et al., 2008), which is characterized by
disrupted epidermal architecture leading to barrier function
defects. Our work advances the understanding of human
epidermal differentiation and demonstrates that lysosomal
pathways may be effective targets for therapeutic intervention
in dermatological conditions where differentiation and barrier function are compromised.
MATERIALS AND METHODS
Cell culture
All experiments were conducted using primary keratinocytes. Cells
were isolated from normal human skin by previously described
methods (Lazarov et al., 2002; Ridky et al., 2010). Primary cells were
obtained through the SBDRC core from deidentified discarded material through an internal review board approved protocol. Keratinocytes were cultured in a 1:1 mixture of Gibco Keratinocytes-SFM
(serum free medium) þ L-glutamine þ epidermal growth factor þ
bovine pituitary extract and Gibco Cascade Biologics 154 medium
with 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). Transduced keratinocytes were fully puromycin (Sigma, St. Louis, MO)
selected before the commencement of each experiment. Lys05 (Gift
from RKA) was used at 2 mM; bafilomycin-A1 (Sigma, St. Louis, MO)
was at 10 nM. SBI-0206965 and Spautin-1 (Sigma) were used at 2
mM, dideoxycytidine (Abcam, Cambridge, MA) was used at 20 mM,
N-acetylcysteine (Sigma) was used at 10 mM, EUK134 (Sigma) was
used at 50 mM, and TEMPOL (Sigma) was used at 1 mM.

Proliferation assay
Cells were originally plated at 10,000 cells/cm2. At the indicated
time points, cells were trypsinized and manually counted. Results
are the log2 of the means of three technical replicates ( standard
deviation) from three biological replicates.

Lentiviral production and transduction
293T were cultured in DMEM supplemented with 5% fetal bovine
serum containing antibiotic/antimycotic (Invitrogen, Carlsbad, CA).
Lentiviral short hairpin RNAs (OpenBiosystems, Lafayette, CO) particles were generated according to Thermoscientific specifications
and as described previously (Chudnovsky et al., 2005; Hansen and
Johansen, 2011; Lazarov et al., 2002; Ridky et al., 2010). For the
production of viral particles, lentiviral constructs were cotransfected
with viral packaging plasmids pCMVDR8.91 and pUC-MDG into
293T cells using Fugene 6 Transfection Reagent (Promega, Fitchburg, WI).

Quantitative RT-PCR
RNA was extracted from cells and tissues according to the RNeasy
Mini Kit protocol (Qiagen, Valencia, CA), and reverse transcribed
to cDNA using the High Capacity RNA-to cDNA kit (Applied
Biosystems, Grand Island, NY). Quantitative PCR of resulting cDNA
1952 Journal of Investigative Dermatology (2018), Volume 138

was conducted using Power SYBR Green Master Mix (Applied
Biosystems) and gene-specific primers, with three technical replicates from at least two individual donors, on a ViiA 7 Real-Time PCR
System (Life Technologies, Grand Island, NY). Relative expression
was determined using the 2-[delta][delta] Ct method. Results are the
average from at least two individual donors ( standard deviation).

Western analysis
Cells from monolayer cultures were lysed in RIPA Buffer containing
1X protease inhibitors and 1X phosphatase inhibitors (Roche,
Branchburg, NJ), and extracts analyzed by SDS-PAGE and western
blotting. Primary antibodies used in this study include Actin, LC3A,
and c-myc (Cell Signaling, Danvers, MA), LC3B (Abcam), and p62
(Santa Cruz, Dallas, TX). After incubation with the appropriate
secondary antibodies, proteins were detected using either the ECL
Western Blotting Analysis System (GE Healthcare, Lafayette, CO) or
the Luminata Crescendo Western HRP Substrate (Millipore, Billerica, MA).

Organotypic cultures
Organotypic skin cultures were established using parental or
genetically engineered keratinocytes. For each culture, between
8.0  105 and 1.0  106 keratinocytes were suspended in 80 mL
keratinocyte growth medium or high calcium (1.2 mM CaCl2) growth
media, and seeded onto devitalized human dermis, according to
previously established methods (Chudnovsky et al., 2005; Ridky
et al., 2010). Unless otherwise indicated, small molecule and
other chemical treatments were begun at seeding. OTCs were
maintained at 37 C at an air-liquid interface for 8e12 days. To
quantify differentiation, the ratio of the area in pixels of keratin-10
positive epidermis to the area in pixels of total epidermis was
measured as a percentage in ImageJ (NIH, Bethesda, MD). This
analysis was based on previously reported methods (Billings et al.,
2015; Natale et al., 2018). Results are the mean of at least three
technical replicates across at least three biologic replicates from
individual donors ( standard deviation).

Seahorse analysis
Pretreated keratinocytes were seeded into XF96-well plates (Agilent,
Santa Clara, CA) at 50,000 cells/well and incubated overnight.
Before measurements, samples were washed and incubated in
Seahorse media (Agilent) supplemented with 0.5 mM D-glucose
(Sigma). The mitostress kit (Agilent) was prepared according to the
manufacturer’s instructions by loading 1.5 mM oligomycin 1.5 mM
FCCP, and 1 mM rotenone/antimycin A into injection ports. Measurements were made using an XF96 Extracellular Flux Analyzer
(Agilent) and results processed with the Wave v2.2.0 software.
Significance was evaluated by students’ t-test with Hochberg
multiple comparison correction. These results are the average of
seven technical replicates and are representative of analysis from
three individual donors.

Immunofluorescence microscopy
Whole mount cryosections were prepared for immunofluorescence
microscopy as previously described (Ridky et al., 2010). In short,
slides were fixed in 4% paraformaldehyde or e20 C methanol, permeabilized as required, and blocked with 10% horse serum/phosphate buffered saline, followed by incubation with primary
antibodies and secondary antibodies conjugated to fluorophores.
Slides were mounted with Prolong Gold Antifade Reagent with DAPI
(Life Technologies). The primary antibodies used in this study were
keratin-5,
keratin-10,
loricrin,
and
filaggrin
(Covance,
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Conshohocken, PA), Collagen VII (Millipore), involucrin (Sigma),
phospho-S6 (235/236), phospho-S6 (240/244), cleaved caspase-3,
cleaved caspase-8, LC3A (Cell Signaling), p-PKCv1 (Cell Signaling),
TFAM (gift from C. Cameron, Penn State University), cytochrome c
(BD Pharmingen, San Diego, CA), NRF2 (R&D Systems, Minneapolis,
MN), and ki67 (ThermoScientific, Fremont, CA).
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