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Abstract
Keratinocytes maintain epidermal integrity through cellular differentiation. This process enhances intraorganelle
digestion in keratinocytes to sustain nutritional and calcium-ionic stresses observed in upper skin layers. However, the
molecular mechanisms governing keratinocyte differentiation and concomitant increase in lysosomal function is
poorly understood. Here, by using primary neonatal human epidermal keratinocytes, we identified the molecular link
between signaling pathways and cellular differentiation/lysosome biogenesis. Incubation of keratinocytes with CaCl2
induces differentiation with increased cell size and early differentiation markers. Further, differentiated keratinocytes
display enhanced lysosome biogenesis generated through ATF6-dependent ER stress signaling, but independent of
mTOR-MiT/TFE pathway. In contrast, chemical inhibition of mTORC1 accelerates calcium-induced keratinocyte
differentiation, suggesting that activation of autophagy promotes the differentiation process. Moreover, differentiation
of keratinocytes results in lysosome dispersion and Golgi fragmentation, and the peripheral lysosomes showed
colocalization with Golgi-tethering proteins, suggesting that these organelles possibly derived from Golgi. In line,
inhibition of Golgi function, but not the depletion of Golgi-tethers or altered lysosomal acidity, abolishes keratinocyte
differentiation and lysosome biogenesis. Thus, ER stress regulates lysosome biogenesis and keratinocyte differentiation
to maintain epidermal homeostasis.

Introduction
Human epidermis is majorly composed of proliferative

and differentiated keratinocytes organized into four dis-
tinct layers1,2. These sublayers are characterized by spe-
cific gene expression and predicted to be formed due to
the pre-existing calcium gradient in the layers3–6. Pro-
liferative keratinocytes of stratum basale constantly
undergo differentiation towards the upper layers and form
stratum corneum, and thus maintains epidermal home-
ostasis. Additionally, terminally differentiated keratino-
cytes lose their intracellular organelles including nuclei by
increasing macroautophagy7,8. However, the mechanism
of calcium influence on cellular differentiation and its link
to organelle homeostasis is poorly understood.

Extracellular high calcium is known to induce keratinocyte
differentiation by elevating intracellular calcium through
PI3K (phosphoinositide 3-kinase)-dependent IP3R (inositol
triphosphate receptor) activation9,10. Further, PI3K in con-
cert with mTORC (mammalian target of rapamycin com-
plex) 1, AMPK (AMP-activated protein kinase), and AKT
(protein kinase B) has been shown to activate transcriptional
response in response to stress including high calcium11–15

and sometimes cells undergo differentiation9,16,17. Similarly,
mTORC1-dependent MiT/TFE transcription factor (TF)
TFEB has been shown to regulate the lysosome biogenesis
and autophagy in many cell types18–22 and also implicated in
osteoblast differentiation23. Moreover, autophagy is required
for epidermal differentiation in vivo and during calcium-
induced keratinocytes differentiation in vitro7,8,24. Lysosomes
are known to play a key role in regulating autophagy
including its turnover/flux18,19,21. But, whether the increased
autophagy also requires enhanced lysosome biogenesis dur-
ing keratinocyte differentiation has not been addressed.
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Consistent to this hypothesis, the accumulation of lysosomal
bodies in the upper layers of epidermis has been reported25.
Added to the complexity, cytosolic calcium possibly activates
ER (endoplasmic reticulum) stress that enhances the
autophagy in cancer cells through unfolded protein response
(UPR)26. Recently, ER stress has been shown to induce the
lysosome biogenesis and autophagy involving TFEB/TFE3
TFs in an mTORC1-independent manner27. Nevertheless,
the downstream calcium signaling and the TFs involved in
keratinocyte differentiation are largely unknown.
In mammalian cells, UPR is sensed by the three ER

resident proteins, namely IRE1 (inositol-requiring enzyme
1), ATF (activating transcription factor) 6, and PERK
(protein kinase R like ER kinase). During ER stress,
dimerized IRE1 and PERK kinases activate downstream
TFs XBP-1 (X-box binding protein 1) and ATF4 respec-
tively. In contrast, ATF6 translocates to the Golgi and
then processed to active cytosolic TF after proteolytic
cleavage. These TFs crosstalk each other and regulate
multiple groups of gene expression including autop-
hagy28,29. Moreover, intracellular calcium also modulates
UPR pathway to achieve cellular homeostasis26. However,
the role of ER stress/UPR during calcium-induced kera-
tinocyte differentiation and its regulation on lysosome
biogenesis/autophagy is not studied.
To connect keratinocyte differentiation with intracel-

lular calcium, UPR and organelle biogenesis, we used 2
mM CaCl2 to differentiate primary neonatal human epi-
dermal keratinocytes (NHEK). Our study illustrated that
calcium induces the differentiation and lysosome biogen-
esis in keratinocytes. Furthermore, intracellular calcium
levels are increased during early hours of differentiation
that results in activation of ATF6 branch of ER stress.
Finally, our study showed that keratinocyte differentiation
results in merging and dispersal of fragmented Golgi
stacks and colocalization of Golgi tethers with lysosomes.
Overall, our study provides a mechanism of keratinocyte
differentiation induced by extracellular calcium.

Results
Calcium chloride induces keratinocyte differentiation and
lysosome biogenesis
Extracellular calcium (1.0–1.8mM) potentially induces

the differentiation of primary human keratinocytes4,30,31.
However, the mechanisms governing the calcium-induced
differentiation process is largely unknown. We incubated
NHEK (<6–7 passages) with 2 mM CaCl2 (here in +CaCl2
or calcium) plated at ~50–60% confluency. Bright-field
(BF) microscopy showed increased cell size resembling
keratinocyte differentiation post 48 h and the cells
appeared as terminally differentiated (tissue with trans-
parent outgrowth on monolayer) after 9 days of CaCl2, but
not with CaCO3 incubation (Supplementary Fig. 1a).
Quantification of half-cell length (from nucleus to cell

periphery, labeled as CLH) showed an increase in cell size
by 4.7 folds in 71 ± 7% of calcium-incubated compared to
control keratinocytes at ~60 h (Fig. 1a, b and Table 1)32. As
expected, the nuclear size was increased in CaCl2-incu-
bated keratinocytes at ~60 h (Supplementary Fig. 1b).
Consistently, the expression of early but not late differ-
entiation markers was significantly increased in CaCl2-
incubated compared to control keratinocytes (Supple-
mentary Fig. 1c, d)33–36. The proliferative cell marker
keratin 14 was modestly increased in CaCl2-incubated
cells (Supplementary Fig. 1d), representing the undiffer-
entiated pool (Table 1). Thus, these studies indicate that 2
mM CaCl2 induces early differentiation of primary kera-
tinocytes, resembling the epidermal differentiation2.
We tested whether the cellular expansion during kerati-

nocyte differentiation alters the biogenesis of intracellular
organelles. Immunofluorescence microscopy (IFM) analysis
of differentiated keratinocytes showed a dramatic increase in
size, number and the peripheral distribution of lysosomes
(LAMP-1-positive, see below) compared to early (EEA1-
positive) or recycling (STX13-positive) endosomes (Fig. 1c, d
and Supplementary Fig. 1e). Quantification of lysosome
dispersion (from nucleus to cell periphery, labeled as DL)
showed 8 folds increase in calcium-added compared to
control keratinocytes (Table 1 and Fig. 1c). From here, we
used both CLH and DL as a measure of keratinocyte differ-
entiation and lysosome biogenesis, respectively (see below).
Further, the LAMP-1-positive organelles in CaCl2-treated
cells are acidic (lysotracker-positive) and proteolytically
active (increased DQ-BSA fluorescence intensity) (Fig. 1e, f
for Pearson’s coefficient value, r). As expected, these orga-
nelles were majorly positive for lysosome-associated proteins
(Arl8b-GFP37 and Rab938) compared to late endosomal
protein (GFP-Rab739) (Fig. 1g, h and Supplementary Fig. 1e),
confirming the characteristics of lysosomes. Consistently,
the lysosomal enzyme (glucocerebrosidase, GBA) activity
was enhanced by 2.15 folds in differentiated compared to
control keratinocytes (Fig. 1i). Likewise, the levels of lyso-
somal proteins (but not the transcripts, see below) (GBA,
LAMP-1/−2 or Rab9) but not hydrolase transporters
(LIMPII) were significantly increased in differentiated
compared to control keratinocytes (Fig. 1j). However, the
cell surface expression of LAMP-1 and −2 was moderately
increased in CaCl2-treated compared to control cells
(Fig. 1k). Overall, these studies indicate that the extracellular
calcium induces lysosome biogenesis along with keratino-
cyte differentiation.

Differentiation linked lysosome biogenesis in
keratinocytes is independent of the pathway involving
MiT/TFE TFs
Lysosome biogenesis is controlled by MiT/TFE TFs

involving TFEB, TFE3, and MITF (microphthalmia-
associated TF)19,21,40. We investigated the role of these TFs
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Fig. 1 (See legend on next page.)
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in regulating lysosome biogenesis during keratinocyte dif-
ferentiation. Histochemistry analysis of skin samples showed
enhanced TFEB and LAMP-1 fluorescence intensities in the
involucrin-positive (stratum spinosum/granulosum) layer,

positioned between the basal and cornified layers of epi-
dermis (Fig. 2a and Supplementary Fig. 1f), indicating an
increased lysosome biogenesis in vivo. Similarly, the differ-
entiated keratinocytes displayed enhanced protein levels of

Table 1 Quantification of cellular differentiation and lysosome biogenesis in keratinocytes treated with small molecule
inhibitors

S. No. Treatment Target Conc. Keratinocyte differentiation

Cell size (Half-cell

length, μm) CLH

Lysosome dispersion

(μm) DL

% of undifferentiated cells

(size= <19 μm)

1. Control 14.2 ± 0.4 4.8 ± 0.2

2. CaCl2 2 mM 55.1 ± 1.4 38.6 ± 1.8 29.5 ± 7%

3. CaCl2+ Torin 1 mTORC1 50 nM 67.0 ± 2.2 62.0 ± 2.5 0%

4. Dorsomorphin AMPK 5 μM 50.7 ± 1.3 48.6 ± 1.3 3.1%

5. LY294002 PI3K 50 μM 27.6 ± 1.7 11.1 ± 1.2 28.6%

6. STO-609-Acetic acid CaM-KKα/β 1 μg/ml 23.2 ± 1.4 21.3 ± 1.3 38.8%

7. FK506 Calcineurin 20 μM 25.5 ± 2.4 12.5 ± 2.3 51.0%

8. Bafilomycin A1 V-ATPase 50 nM 37.6 ± 2.1 18.0 ± 1.9 10.0%

9. Thapsigargin (Tg) SERCA 600 nM 22.7 ± 1.8 7.0 ± 0.4 31.3%

10. 4-PBA ER-Chemical

Chaperon

5 mM 19.2 ± 1.0 10.9 ± 1.3 60.4%

11. 4-PBA (L24 h) 34.1 ± 1.0 32.1 ± 1.2 2.0%

12. 4-PBA (F24 h) 18.8 ± 1.3 9.4 ± 0.7 57.1%

13. 4-PBA+Tg 15.6 ± 0.7 5.8 ± 0.4 66.0%

14. 4-PBA+FK506 19.9 ± 1.0 13.8 ± 1.1 41.7%

15. 4-PBA+Torin 1 13.9 ± 0.7 8.9 ± 0.8 82.5%

16. Torin 1+Tg 19.0 ± 1.0 8.8 ± 0.8 58.0%

17. Brefeldin A ARF-1 1 μg/ml 16.1 ± 0.6 6.3 ± 0.3 72.6%

Primary keratinocytes were treated with the indicated compounds (target and their concentrations were listed) along with CaCl2 for 48 h, fixed, stained with LAMP-1
and then imaged (see Figs. 3, 5d). In condition 11, cells were treated with CaCl2 for 24 h and then incubated with 4-PBA. In condition 12, cells were pre-incubated with
4-PBA for 24 h and then replaced with CaCl2. Keratinocyte differentiation and lysosome biogenesis were quantified as half-cell length (CLH) and lysosome dispersion
(DL) respectively, in the indicated treatments (see Figs. 3, 5d; ~60–80 cells, n= 3) as described in the materials and methods. Average CLH and DL (in μm) for each
treatment were indicated (mean ± s.e.m.). The percentage of undifferentiated cells (having CLH < 19 μm, maximum length observed in proliferative keratinocytes) was
calculated from the data presented in Figs. 3b, d and 5e and listed separately in the table

(see figure on previous page)
Fig. 1 Calcium chloride incubation induces cellular differentiation and increases active enlarged lysosomes in human primary
keratinocytes. a BF analysis of control and CaCl2-incubated (at ~60 h) cells. b CLH (in µm) was measured (~60 cells, n= 3) in each condition and
then plotted (mean ± s.e.m). c IFM analysis of LAMP-1 stained control and differentiated keratinocytes. Arrowheads point to LAMP-1 compartments
and arrow indicates their distribution and increased number in differentiated cells. DL (in µm) in each condition was measured (~60 cells, n= 3) and
indicated (mean ± s.e.m.). d The cellular distribution of LAMP-1 organelles was quantified visually (~100 cells, n= 3) and then plotted (mean ± s.e.m).
e–h IFM analysis of keratinocytes internalized with either lysotracker or DQ-BSA, or transfected with Arl8b-GFP or GFP-Rab7, fixed and stained for
LAMP-1. Arrowheads point to the LAMP-1-positive organelles. The degree of colocalization (Pearson’s coefficient, r) between markers is indicated
separately (mean ± s.e.m., n= 3). Nuclei are stained with Hoechst 33258 and the insets are magnified view of the white boxed areas. Scale bars, 10
μm. i Glucocerebrosidase (GBA) activity was normalized with cell number and then plotted (fold change in mean ± s.e.m., n= 3). j Immunoblotting
analysis of keratinocytes. The fold change in protein levels is indicated. * Indicates non-specific bands detected by the antibodies.
k Cell surface levels of LAMP-1 and −2 in control and differentiated cells. Fold change in mean fluorescence intensity (MFI) was calculated (n= 3 in
quadruplicates) and then plotted (mean ± s.e.m.). *p ≤ 0.05 and ***p ≤ 0.001
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MiT/TFE TFs compared to control cells although the
transcript levels were reduced or unchanged (Fig. 2b, c).
However, IFM and nuclear fractionation analysis showed the
localization of GFP-TFEB or the endogenous TFE3 or MITF
to nucleus was not increased in calcium-treated compared
to control cells (Fig. 2d, e). In line, the expression of several
MiT/TFE TF-dependent lysosome biogenesis genes was not
altered significantly in differentiated compared to control
keratinocytes (Fig. 2f). These results suggest that the

enhanced MiT/TFE TFs expression may not contribute to
the increased lysosome biogenesis in keratinocytes.

Keratinocyte differentiation upregulates autophagy and
lysosome biogenesis independent of mTOR activity
As reported, MiT/TFE TFs also regulate the expression

of autophagy genes19,41–43. MTORC1 phosphorylates21

and calcineurin dephosphorylates44 the MiT/TFE TFs
and regulate their cytosol-nuclear localization respectively.

Fig. 2 Differentiated keratinocytes of human skin or primary cells increase the expression of MiT/TFE TFs but not their target genes and
retained in the cytosol. a BF and IFM of epidermal skin sample that was immunostained for involucrin and TFEB. Black arrows point to the cornified
skin layer and white arrows indicate the involucrin and TFEB-positive layer. Scale bar, 100 µm. b, c Immunoblotting and qRT-PCR analyses of MiT/TFE
TFs (TFEB, TFE3, and MITF). d, e IFM and nuclear fractionation analyses of keratinocytes for the localization of TFEB-GFP or endogenous MiT/TFE TFs.
Arrowheads point to the localization of TFs to the nucleus. Scale bars, 10 µm. In b and e, the fold change in protein levels is indicated after
normalization with respective loading controls. f qRT-PCR analysis of various lysosome biogenesis genes. In c and f, the fold change (mean ± s.e.m.) in
gene expression is indicated (n= 3). *p ≤ 0.05; ***p ≤ 0.001 and ns, not significant
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Additionally, mTORC1 and 2 are known to modulate the
formation of functional epidermis in vivo17. Immunoblot-
ting analysis revealed that keratinocytes upregulates
mTORC1 activity and the related autophagy components
upon calcium addition (Supplementary Fig. 2a). Further,
phospho-mTOR (pmTOR) but not mTOR localization to
the lysosome membranes22 was increased in differentiated
compared to control keratinocytes (Supplementary Fig. 2b,
c). These results suggest that pmTOR possibly enhance the
phosphorylation of MiT/TFE TFs that lead to their reten-
tion to the cytosol (Fig. 2d). MTORC2 is known to activate
mTORC1 by phosphorylating AKT112. As expected, the
phospho-AKT1 level was significantly increased in differ-
entiated keratinocytes (Supplementary Fig. 2a). Chemical
inhibition of mTORC1 using Torin 1 enhanced the kera-
tinocyte differentiation to 100% (Table 1) and the cells
possess deformed nuclei indicative of initiation of nucleo-
phagy (arrow, Supplementary Fig. 2d). Consistently, nuclear
morphology analysis showed increased deformed nuclei in
the cells treated with CaCl2+Torin 1 compared to CaCl2
alone or control (Supplementary Fig. 2e). Surprisingly,
TFEB localized majorly to the lysosome membranes upon
treatment with Torin 1 in calcium-treated compared to
control keratinocytes (Supplementary Fig. 2d). These results
indicate that calcium-induced differentiation activates
mTORC1 and its inactivation sequesters TFEB onto the
lysosome membranes.
Next, we studied the dynamics of autophagosome for-

mation by monitoring the localization and conversion of
LC3-I into II. IFM analysis showed increased (by 9 folds)
GFP-LC3 puncta (indicative of autophagosomes) in dif-
ferentiated compared to the control cells (Supplementary
Fig. 2f, g). Moreover, colocalization of endogenous LC3
with lysosomes was moderately increased in differentiated
compared to control keratinocytes (Supplementary
Fig. 2f) in addition to the increased LC3 expression
(Supplementary Fig. 2h), indicating an altered autophagy
flux in these cells. Conversion of LC3-I to II or the net
autophagy flux as measured by using bafilomycin A1
(blocks autophagosome fusion with the lysosome45) was
dramatically increased in calcium-induced compared to
control cells (Supplementary Fig. 2h). Further, the p62
levels46 were significantly increased in differentiated ker-
atinocytes (Supplementary Fig. 2a). Altogether, these
results suggest that calcium addition to the keratinocytes
enhances autophagy flux that may be independent of
mTOR activity.

ER stress regulates keratinocyte differentiation and
lysosome biogenesis
To understand the mechanism of calcium-induced

keratinocyte differentiation and its molecular link with
lysosome biogenesis, we evaluated the role of the key
components of calcium signaling and lysosome/Golgi

biogenesis by using chemical inhibitors/modulators
(Table 1). Interestingly, none of these compounds alone
altered the lysosome biogenesis or involucrin fluorescence
intensity (Supplementary Fig. 3a, b), indicates that these
molecules do not promote the keratinocyte differentia-
tion. To quantify the status of keratinocyte differentiation
and lysosome biogenesis, we primarily used the para-
meters of cell size (CLH) and lysosome dispersion (DL),
respectively. Following, we used quantitative transcript
analysis of specific genes (involucrin/keratin 10 for early
differentiation, loricrin for late differentiation and LAMP-
1 for lysosome biogenesis) to validate these processes.
Studies have been shown that cytosolic calcium activates
calmodulin and its dependent kinases and phosphatases
like calcineurin, which modulates macroautophagy27,47.
Additionally, PI3K has been shown to play critical role in
keratinocyte differentiation9,16. Chemical inhibition of
calmodulin KKα/β (STO-609-acetic acid) or calcineurin
(FK506) activity moderately reduced the calcium-induced
keratinocyte differentiation (0.42 folds for calmodulin and
0.46 folds for calcineurin) and lysosome biogenesis (0.55
folds for calmodulin and 0.32 folds for calcineurin)
(Fig. 3a, b; Supplementary Fig. 3c and Table 1). In con-
trast, AMPK (dorsomorphin) inhibition showed no major
change in calcium-dependent keratinocyte differentia-
tion/lysosome biogenesis (Fig. 3a, b and Table 1). How-
ever, dorsomorphin compound alone induced the
expression of early but not late differentiation/LAMP-1
genes in keratinocytes (Supplementary Fig. 3b, c), sug-
gesting a possible pleiotropic effect of dorsomorphin on
keratinocyte differentiation. Further, PI3K (LY294002) or
V-ATPase (bafilomycin A1) inhibition showed modest
reduction in calcium-mediated keratinocyte differentia-
tion (0.5 folds for PI3K and 0.68 folds for V-ATPase) and
lysosome biogenesis (0.29 folds for PI3K and 0.47 folds for
V-ATPase) (Fig. 3a, b; Supplementary Fig. 3c and
Table 1). We noticed bafilomycin treatment enhanced the
expression of keratin 10 in keratinocytes (Supplementary
Fig. 3c), indicating an indirect effect of this compound on
keratin 10 gene expression. As expected, mTORC1 inhi-
bition (Torin 1) showed accelerated differentiation/lyso-
some biogenesis compared to CaCl2-incubated cells
(Fig. 3a, b and Table 1). In line, the expression of both
early (except keratin 10) and late differentiation genes was
significantly increased with Torin 1 alone and further
enhanced in presence of CaCl2 (Supplementary Fig. 3b, c),
suggesting an additive effect of Torin 1 on calcium-
induced keratinocyte differentiation.
Co-treatment of keratinocytes with ER stress modulator

thapsigargin (Tg, an inhibitor of SERCA/sarco-ER cal-
cium ATPase-calcium pump48) and CaCl2 significantly
reduced the differentiation (0.41 folds) and completely
abolished the lysosome biogenesis (0.18 folds) compared
to CaCl2 alone (Fig. 3a, b and Table 1; see below).
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Surprisingly, ER stress attenuator 4-PBA (4-Phenylbutyric
acid, a chemical chaperon that attenuates ER stress by
increasing protein folding)49 did not enhance either
the calcium-dependent keratinocyte differentiation
(0.35 folds) nor lysosome biogenesis (0.28 folds) com-
pared to CaCl2 alone (Fig. 3a, b and Table 1). These
results are consistent with the reduced expression of
keratinocyte differentiation genes in both the conditions
(Supplementary Fig. 3c). To understand the role of ER
stress in keratinocyte differentiation and its concomitant

lysosome biogenesis, we have incubated the cells with
only CaCl2 for 24 h and then co-incubated with 4-PBA for
another 24 h or pre-treated the cells only with 4-PBA for
24 h and then incubated with CaCl2 (Fig. 3c, d and
Table 1). Pre-treatment of cells with 4-PBA inhibited both
keratinocyte differentiation and lysosome biogenesis
equally to that of 4-PBA+CaCl2 treated cells (Table 1). In
contrast, post treatment of 4-PBA did not show any
strong effect on CaCl2-induced keratinocyte differentia-
tion/lysosome biogenesis (Fig. 3c, d and Table 1). Based

Fig. 3 ER stress regulates keratinocyte differentiation and lysosome biogenesis. a BF and IFM images of keratinocytes that were co-treated with
CaCl2 and the indicated compound (at a concentration listed in Table 1) for entire 48 h duration, fixed and stained for LAMP-1. b Quantification of CLH
and DL in cells shown in (a). Statistical analysis between drug treatment and CaCl2-alone was indicated. c BF and IFM images of keratinocytes those were
pre-treated or post-treated with 4-PBA (5mM) along with CaCl2 as described, fixed and then stained for LAMP-1. d Quantification of CLH and DL in cells
shown in (c). In a and c, black arrows point to the cell limit and white arrows indicate the distribution/morphology of lysosomes. Nuclei are stained with
Hoechst 33258 and the insets are magnified view of the white boxed areas. Scale bars, 10 μm. In b and d, both CLH (black symbols) and DL (red symbols)
were quantified as μm from the nucleus towards cell surface (~60–80 cells, n= 3 in both) and then plotted. Average CLH and DL (in μm) for each
treatment are indicated on IFM images and also in Table 1 (mean ± s.e.m.). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ns, not significant
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on these results, we hypothesize that extracellular calcium
or initial cellular calcium signaling very likely generates
ER stress that possibly drives the differentiation of pri-
mary human keratinocytes. 4-PBA has been shown to
attenuate the Tg-induced ER stress in tumor micro-
environment50. Co-treatment of keratinocytes with Tg
and 4-PBA with CaCl2 showed significant reduction in
cellular size (differentiation) as well as lysosome biogen-
esis compared to Tg+CaCl2 or 4-PBA+CaCl2-incubated
cells (Fig. 3a, d and Table 1). These results suggest that
4-PBA-mediated ER stress attenuation is not sufficient to
rescue the Tg-mediated blockade of cellular differentia-
tion. Additionally, coincubation of keratinocytes with
4-PBA, FK506 and CaCl2 showed similar level of differ-
entiation/lysosome biogenesis as observed in cells treated
with 4-PBA+CaCl2 or FK506+CaCl2 (Fig. 3a, d and
Table 1). Moreover, Torin 1-mediated enhanced kerati-
nocyte differentiation (including lysosome biogenesis) was
drastically reduced upon coincubation with 4-PBA or Tg
along with CaCl2 (Fig. 3a, d and Table 1). These results
indicate that attenuation of ER stress at early hours by
using 4-PBA or an additional ER stress induced by Tg may
block the keratinocyte differentiation. Additionally, we
speculate that calcium refilling through SERCA pump is
required for both keratinocyte differentiation and lyso-
some biogenesis.

Cytosolic calcium activates UPR TFs and modulates
lysosome biogenesis during keratinocyte differentiation
We evaluated the role of cytosolic calcium in the pro-

cess of keratinocyte differentiation. ER calcium pumps
maintain the intracellular calcium concentration/gradient
either by releasing calcium to the cytosol (by IP3R, RYR/
ryanodine receptor) or by pumping extra calcium into ER
(by SERCA). Interestingly, the cytosolic calcium levels
were significantly higher in the initial two hours of kera-
tinocyte differentiation and restored to or reduced than
the basal calcium levels at 48 h (Fig. 4ai), suggesting a role
for early calcium flux that may lead to the ER stress.
Moreover, this data suggest that differentiated keratino-
cytes maintain lower calcium concentration than control
cells (Fig. 4ai), in spite their constant exposure to extra
cellular high calcium. Upon treatment with Tg for 6 h, the
peak calcium flux observed in differentiated keratinocytes
was abolished and appeared as equivalent to that of the
control cells (Fig. 4aii). Consistently, calcium chelator
EGTA had no effect (at 6 h) on intracellular calcium flux
in the keratinocytes with or without addition of extra-
cellular calcium (Fig. 4aii). Calcium release from the ER
has been shown to modulate the mTOR activity and
TFEB/TFE3-mediated lysosomal gene expression27.
Interestingly, treatment of keratinocytes with mTOR
inhibitor Torin 1 (for 6 h) moderately increased the
cytosolic calcium both in Torin 1-alone and CaCl2+Torin

1-incubated cells compared to only CaCl2-treated cells
(Fig. 4ai, ii). As expected, intracellular calcium level was
lower than the basal level (slightly higher than the CaCl2-
alone) upon treatment of keratinocytes with CaCl2+Torin
1 for 48 h (Fig. 4aiii). Thus, these results explain the
enhanced keratinocyte differentiation observed with
CaCl2+Torin 1 compared to only CaCl2-incubated cells
(Table 1). Overall, these studies suggest that initial cal-
cium peak at 2 h possibly required for keratinocyte dif-
ferentiation in addition to the function of SERCA pump.
Furthermore, we hypothesize that SERCA pump possibly
maintains lower cytosolic calcium concentration during
keratinocyte differentiation.
We tested whether the inhibition of SERCA function

alters differentiation of keratinocytes. Tg-treated calcium-
incubated keratinocytes showed reduced involucrin
expression and cell size compared to differentiated cells
(Fig. 4b and Table 1). Consistently, LAMP-1-positive
lysosomes were reduced in CaCl2+Tg-treated cells
(Fig. 4b). As expected, the localization of TFEB to the
nucleus was not altered (arrows), but its localization to the
lysosomes was moderately reduced (arrowheads) in
CaCl2+Tg-treated keratinocytes (Fig. 4b, inset of TFEB
panel). In contrast, the nuclear localization of TFE3 was
enhanced upon treatment of keratinocytes with Tg and
CaCl2 (Fig. 4b), however, it did not contribute to the
increased lysosome biogenesis or keratinocyte differ-
entiation (Table 1 and Fig. 2f). Increased cytosolic calcium
has been shown to upregulate the UPR27. We evaluated
whether ER stress is enhanced during keratinocyte dif-
ferentiation process. Transcript analysis showed moderate
increase in BIP expression in differentiated kerationcytes
(Fig. 4c and Supplementary Fig. 4a). Interestingly,
increased BIP transcript levels in the differentiated cells
were not further enhanced with ER stress inducers Tg or
Tu (tunicamycin), nor reduced with ER stress attenuator
4-PBA or mTOR inhibitor Torin 1 (Fig. 4c and Supple-
mentary Fig. 4a). Consistently, differentiated keratinocytes
showed a notable increase in BIP and calnexin (ER cha-
peron) protein levels (Fig. 4d and Supplementary Fig. 4b,
5a), suggesting a moderate upregulation of ER stress
during keratinocyte differentiation.
Next, we examined the status of three branches of UPR

during calcium-induced keratinocyte differentiation.
Transcript analysis showed increased expression of ATF6
but not PERK (PERK, ATF4, CHOP)- or IRE1 (XBP-1)-
dependent pathway genes in differentiated keratinocytes
(Fig. 4c and Supplementary Fig. 4a). Interestingly, the
upregulation of ATF6 transcripts upon calcium-treatment
was similar even after the incubation of cells with 4-PBA
or Torin 1 (Fig. 4c and Supplementary Fig. 4a). However,
the treatment of calcium-incubated cells with 4-PBA or
Torin 1 did not alter the transcription profile of PERK or
IRE1-pathway genes (Fig. 4c and Supplementary Fig. 4a).
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In contrast, Tg or Tu treatment during keratinocyte dif-
ferentiation significantly reduced the transcript levels of
ATF6 (Fig. 4c and Supplementary Fig. 4a), consistent with

a block in keratinocyte differentiation (Fig. 3a, b and
Supplementary Fig. 3c, Table 1, data not shown for
tunicamycin). Further, moderately enhanced CHOP

Fig. 4 (See legend on next page.)
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(PARK-pathway) and XBP-1 (IRE1 pathway), but not
PERK or ATF4 transcripts were observed upon treatment
with Tg or Tu during differentiation (Fig. 4c and Sup-
plementary Fig. 4a). Active ATF6 TF51 has been shown to
regulate the lysosome biogenesis and autophagy52.
Immunoblotting analysis showed marginally increased
ATF6 TF and PERK protein levels compared to IRE1α or
spliced XBP-1 in differentiated keratinocyte cells (Sup-
plementary Fig. 4b). Interestingly, the nuclear localization
of ATF6 but not XBP-1 was increased in differentiated
keratinocytes compared to control cells (Fig. 4d). As
expected, time kinetics studies showed enhanced locali-
zation of ATF6 to the nucleus between 12 and 48 h of
calcium-incubated keratinocytes (Fig. 4e). Thus, these
studies suggest that ATF6 TF possibly play a key role in
calcium-dependent keratinocyte differentiation.

ER stress-dependent lysosomes possibly derived from
Golgi during keratinocyte differentiation
To investigate the origin of ER stress-dependent

lysosomes, we evaluated the role of other organelles in
the differentiated keratinocytes. IFM analysis showed
cellular distribution of early, recycling and late endo-
somes was not affected in differentiated keratinocytes
(Supplementary Fig. 1g). Interestingly, the dispersal and
fragmentation of both cis- and trans-Golgi (labeled with
Golgi-tethering proteins GM130 and Golgin-97 or
Golgin-245/p230, respectively), but not transitional ER
(marked by ERGIC-53) were dramatically increased in
differentiated keratinocytes compared to control cells
(Fig. 5a and Supplementary Fig. 5b–f). Moreover, kera-
tinocyte differentiation showed increased colocalization
of GM130 with Golgin-245 suggesting a merge between
the Golgi compartments (Fig. 5a and Supplementary
Fig. 5f). To our surprize, cohort of fragmented cis- and
trans-Golgi (in the peripheral cytosol), but not the ER or
transitional ER showed colocalization with LAMP-1-
positive lysosomes in differentiated cells compared to
control cells (Fig. 5a and Supplementary Fig. 5a–e),
indicating that either these lysosomes are originated
from Golgi compartments or Golgi-vesicles accumulate

the lysosomal cargo/hydrolases. Cargo internalization
experiments showed the trafficking of degradative
soluble cargo such as fluorescein-dextran or DQ-BSA to
lysosomes was unaffected in differentiated keratinocytes
(Fig. 1f and Supplementary Fig. 5g). Interestingly, the
internalized dextran was trafficked to Golgin-positive
lysosomes at cell periphery but not to the perinuclear
Golgi (Supplementary Fig. 5g). These results indicate
that the classical endocytic route to the lysosomes or the
bonafide nature of lysosomes are not altered in differ-
entiated keratinocytes. SiRNA-mediated depletion of
either Golgin-97 or Golgin-245/p230 (causes dispersion
of Golgi and affects Golgi positioning indirectly53,54) did
not inhibit the calcium-induced differentiation nor the
lysosome biogenesis in keratinocytes. However, lyso-
somes were clustered at perinuclear region and appeared
in slightly smaller size in both golgin-97/245-knock-
down cells compared to control cells (Fig. 5b, c and
Supplementary Fig. 5h, i), suggesting that Golgi tethers
do not play a key role in keratinocyte differentiation/
lysosome biogenesis. Surprisingly, the inhibition of Golgi
function using brefeldin A (BFA, inhibits ARF-1 activity)
completely abolished the cellular differentiation and
lysosome biogenesis in keratinocytes (Fig. 5d, e and
Table 1). Moreover, the dispersed Golgi upon treatment
of keratinocytes with BFA showed no colocalization with
lysosomes either in control or CaCl2-treated cells (Fig. 5f
and Supplementary Fig. 5j), indicating that Golgi dis-
persal is not sufficient to accumulate lysosomal cargo
such as LAMP1 in those vesicles. Overall, these studies
revealed that intact Golgi or its associated secretion
possibly regulate the biogenesis of ER stress-dependent
lysosomes during keratinocyte differentiation. In a nut-
shell, these studies illustrated a mechanism by which
ATF6-arm of UPR control both the keratinocyte differ-
entiation and lysosome biogenesis, which are essential
for the epidermal homeostasis.

Discussion
Cellular differentiation is one of the adaptive survival

mechanisms in response to extracellular stimuli. Epidermal

(see figure on previous page)
Fig. 4 Differentiation of keratinocytes elevates cytosolic calcium at early phase and activates UPR TF ATF6α. a Measurement of intracellular
calcium in keratinocytes at different time points of differentiation. In (i), cells were treated with CaCl2 for respective time points. In (ii and iii), cells were
incubated with the indicated compounds alone or coincubated with CaCl2 for the respective time points. In all conditions, cells were incubated with
Fluo-4 NW for 2–3 h either prior to or during the treatment condition. The fold change (mean ± s.e.m.) in fluorescence intensities is indicated. Note
that EGTA was used as the negative control in the experiments. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ns, not significant. b BF and IFM analysis of
keratinocytes that were incubated with CaCl2 alone or CaCl2 with Tg for 48 h. Black arrows point to the cell limit. White arrows indicate the expression
of proteins or distribution of lysosomes or localization of respective TFs to the nucleus. Arrowheads point to the localization of TFEB to the lysosomes.
c Transcript analysis of ER stress genes in the keratinocytes that were treated with either CaCl2 alone or CaCl2 with the indicated compounds for 48 h.
The fold change in gene expression is indicated. * Indicates non-specific bands. d, e IFM analysis of keratinocytes that were incubated with CaCl2 for
48 h (d) or indicated time points (e). White arrows indicate the expression of BIP or localization of respective TFs to the nucleus. Nuclei are stained
with Hoechst 33258 and the insets are magnified view of the white boxed areas. Scale bars, 10 μm
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keratinocytes of upper basal layer encounter both nutri-
tional and ionic (calcium) stress that lead to a change in cell
fate from proliferation to differentiation2,55 in addition to

an increase in intracellular digestion through autophagy7,8.
Extracellular high calcium has been shown to play a key
role in inducing keratinocyte differentiation2, but its role in

Fig. 5 (See legend on next page.)
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upregulating cellular clearance activity is poorly under-
stood. Our in vitro model of keratinocyte differentiation
using CaCl2 illustrated a dramatic increase in the number
and size of functional lysosomes, which possibly maintains
cellular digestion/macroautophagy. Moreover, our study
demonstrated that an initial rise (early as 2 h) in cytosolic
calcium possibly triggers ATF6-arm of UPR that enhances
lysosome biogenesis independently of mTOR and MiT/
TFE TFs. Consistently, inhibition of ER/Golgi function, but
not the lysosome/-associated signaling activity abolished
the lysosome biogenesis and keratinocyte differentiation.
Thus, our study provides molecular mechanism of kerati-
nocyte differentiation in response to extracellular high
calcium, possibly required to maintain the epidermal
homeostasis.
How extracellular high calcium lead to lysosome bio-

genesis? We predict that keratinocytes balance the cal-
cium stress by maintaining the active calcium gradient
between extracellular environment—cytosol—intraorga-
nelles such as ER, lysosomes etc.56. Elevated calcium levels
in the cytosol induces multiple calcium-dependent sig-
naling pathways that may lead to the activation of apop-
tosis57,58. To escape the programmed cell death, cells are
very likely to accommodate excess intracellular calcium in
membrane bound organelles such as lysosomes in addi-
tion to ER and mitochondria. Several observations in our
study support this hypothesis: (1) the cytosolic calcium
level was lower in differentiated compared to proliferating
keratinocytes; (2) inhibition of SERCA pump using Tg
significantly reduced the lysosome biogenesis and differ-
entiation; (3) chemical inhibition of calmodulin or calci-
neurin showed moderate effect on differentiation and (4)
calcium-dependent activation of ATF6 enhances orga-
nelle biogenesis such as lysosomes and autophagosomes.
In line with these results, a co-ordinated role between cell
surface calcium pumps with ER SERCA in maintaining

the low cytosolic calcium concentration has been
implicated previously59. Thus, lysosome biogenesis during
keratinocyte differentiation is one of the possible
mechanisms to nullify the nutritional and ionic stresses in
the epidermis.
Differentiated keratinocytes in the upper layers of epi-

dermis gradually lose intracellular organelles by increas-
ing macroautophagy7,8. In turn, the enhanced autophagy
requires functional lysosomes to maintain its turnover.
But it is unclear how these lysosomes are produced during
keratinocyte differentiation. Our study provides a model
(Fig. 5g) in which initial intracellular calcium rise (within
2 h) creates ER stress (step 1 and 2), which then activates
ATF6-arm of UPR and generates active ATF6 TF (step 3).
ATF6 localize to the nucleus and possibly upregulate the
genes for differentiation, lysosome biogenesis, autophagy
etc. In parallel, cells possibly promote the generation and
dispersal of functional lysosomes from Golgi (step 4) to
reduce the extracellular calcium-induced ER stress. Thus,
the process of lysosome biogenesis during keratinocyte
differentiation follow a non-canonical secretory pathway
involving ER stress rather than mTOR-MiT/TFE
TFs-dependent classical biogenesis process20–22. Several
results of our study support this pathway: (a) increased
ATF6α TF levels and its localization to the nucleus over
time; (b) retention of MiT/TFE TFs to the cytosol due to
enhanced mTOR activity; (c) localization of pmTOR to
the lysosomes; and (d) colocalization of Golgi tethers with
bonafied lysosomes. Additionally, our model of lysosome
biogenesis support the balance required for the turnover
of enhanced autophagy flux observed during keratinocyte
differentiation.
Is lysosome biogenesis essential for keratinocyte differ-

entiation or it is a cause and effect of the differentiation
program? Several studies have reported that autophagy
is the key process known to affect the epidermal

(see figure on previous page)
Fig. 5 Keratinocyte differentiation causes fragmentation and dispersal of Golgi and increases colocalization of Golgi tethering proteins
with lysosomes. The model illustrating the mechanism of keratinocyte differentiation and lysosome biogenesis. a IFM analysis of control
and differentiated keratinocytes for the localization of ER, transitional ER and Golgi-associated proteins with respect to the lysosomes or the
organization of Golgi apparatus (indicated by arrowheads). The degree of colocalization (Pearson’s coefficient, r) between the markers was indicated
separately (mean ± s.e.m., n= 3). b BF and IFM images of keratinocytes those were transfected with respective siRNA. White arrows indicate the loss
in fluorescence intensity of Golgi-tethering proteins. Arrowheads point to the localization of LAMP-1 with respect to the Golgi-associated proteins. c
Quantification of CLH and DL in cells shown in (b). d BF and IFM images of keratinocytes that were treated with brefeldin A (1 μg/ml) alone or with
CaCl2 for entire 48 h duration. Black arrows point to the cell limit and white arrows indicate the distribution/morphology of lysosomes. e
Quantification of CLH and DL in cells shown in (d). In c and e, both CLH (black symbols) and DL (red symbols) were quantified as μm from the nucleus
towards cell surface (~20 cells, n= 2 in c and ~60–80 cells, n= 3 in e) and then plotted. Average CLH and DL (in μm) for each treatment were
indicated (mean ± s.e.m.) on IFM images. ***p ≤ 0.001. f IFM analysis of keratinocytes those were described in (d). White arrows indicate the loss in
dispersal of Golgi and loss in colocalization between LAMP-1 and GM130. Arrowheads point to the localization of LAMP-1 with respect to GM130.
Nuclei are stained with Hoechst 33258 and the insets are magnified view of the white boxed areas. Scale bars, 10 μm. g Model: Prolonged exposure
of keratinocytes to CaCl2 increases intracellular calcium [Ca2+] levels (1) within 2 h and possibly elevates ER stress (2) due to altered ER calcium
refilling cycle/gradient (orange arrows). Enhanced ER stress promote the Golgi trafficking and processing of ATF6α in to an active UPR TF (3), which
possibly initiates the keratinocyte differentiation program. During this process, Golgi compartments merged and generate the enlarged globular
lysosomes (4), which probably senses intracellular signaling and balances calcium concentration by acting as reservoir. ? indicates the process
requires future investigation
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differentiation and skin architecture7,8,24,60. To our sur-
prise, master regulatory TFs of autophagy and lysosome
biogenesis showed negligible effect on keratinocyte dif-
ferentiation. This led us identifying a non-canonical
pathway involving ER stress that regulates lysosome bio-
genesis and keratinocyte differentiation. Chemical inhi-
bition of pathways revealed that modulation of ER stress
or Golgi function by using Tg/4-PBA or brefeldin A
respectively, completely abolished the keratinocyte dif-
ferentiation and lysosome biogenesis (Fig. 3 and Table 1),
however, alteration of lysosome acidity using bafilomycin
A1 had no effect on these processes (only DL is reduced,
see Fig. 3 and Table 1). Thus, our studies provide evidence
that ER stress is essential for the lysosome biogenesis to
compensate the increased autophagic flux during kerati-
nocyte differentiation. Overall, these studies correlate to
the calcium stress observed in the upper basal layer of
epidermis, possibly promotes keratinocyte differentiation
as an adaptive mechanism, which further compensate the
nutrient stress noticed in these layers. Moreover, these
studies may help in understanding the defective epidermal
homeostasis or architecture observed in skin diseases
such as psoriasis and atopic dermatitis.

Materials and methods
Reagents and antibodies
All chemicals and reagents were purchased either from

Sigma-Aldrich (Merck) or ThermoFisher Scientific (Invi-
trogen). Torin 1 was purchased from Tocris Bioscience.
Tissue culture reagents such as EpiLife medium, HKGS
(Human Keratinocyte Growth Supplement), Trypsin
neutralizer solution and reagents including LysoTracker
Red DND-99, DQ-BSA, Fluo-4 NW, Fluorescein-
conjugated-Dextran were obtained from ThermoFisher
Scientific (Invitrogen). The following commercial poly-
clonal and monoclonal antisera were used (m, mouse; h,
human and r, rat proteins). Anti-mLIMPII (ab16522) was
from Abcam; anti-rGM130 (610822) and anti-hp230/
Golgin-245 (611281) were from BD Biosciences; anti-
pAKT (9271), anti-Beclin-1 (3495); anti-BiP (3177), anti-
Calnexin (2679), anti-CHOP (2895), anti-4E-BP1 (9452),
anti-EEA1 (3288), anti-IRE1α (3294), anti-PERK (5683),
anti-Rab9 (5118), anti-Raptor (2280); anti-Rictor (2114);
anti-LC3A/B (4108), anti-pS6K (T389; 9234), anti-
SQSTM1 (p62; 5114), anti-TFEB (4240), anti-mTOR
(2983) and anti-p-mTOR (S2448; 5536) were from Cell
Signalling Technology; anti-hLAMP-1 (H4A3) and
anti-hLAMP-2 (H4B4) were from Developmental
Studies Hybridoma Bank; anti-hATF-6α (sc-22799),
anti-hInvolucrin (sc-21748), anti-hMITF (sc-10999)
and anti-mXBP-1 (sc-7160) were from Santa Cruz Bio-
technology; anti-β-actin (A5441), anti-hGBA (G4171),
anti-HA (H3663), anti-Histone H3 (H9289), anti-TFE3
(HPA023881) and γ-tubulin (GTU88; T6557) from

Sigma-Aldrich. Antisera to Golgin97, ERGIC (Michael S.
Marks, University of Pennsylvania, Philadelphia, USA)
and STX13 (Andrew Peden, University of Sheffield,
Sheffield, UK) were obtained as gift from respective
laboratories. All secondary antibodies were either from
Invitrogen or Jackson Immunoresearch.

Plasmids
Arl8b-GFP: Human Arl8b was PCR amplified from

cDNA derived from HeLa cells, digested and subcloned
into XhoI and BamHI sites of pEGFP-N1 vector (Clon-
tech). TFEB-GFP: Human TFEB was PCR amplified from
HeLa cells cDNA, digested and subcloned into SalI and
BamHI sites of pEGFP-N3 vector (Clontech). GFP-Rab7
was a kind gift from M. Sharma, IISER Mohali, India and
GFP-rLC3 (21073) was obtained from Addgene.

Cell culture, differentiation, transfection, and drug
treatment
Neonatal human epidermal keratinocytes (NHEK,

Indian origin) were purchased from Lonza or Invitrogen.
Early passaged cells (<7 from initial plating) were main-
tained in EpiLife serum free medium (contains 60 µM
CaCl2) supplemented with HKGS. Cells were plated on
0.002% collagen coated surface for better adherence and
then incubated at 37 °C with 10% CO2. For differentiation,
keratinocytes at a confluency of 50–60% were supple-
mented with 2 mM CaCl2 for 2–9 days and changed the
medium every 24 h. We observed more than 70% (see
Table 1) cells showed differentiation characteristics
starting from 48 h. Cells between 48 and 72 h of differ-
entiation were used for all experiments. DNA vectors
were transfected into the cells by using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s pro-
tocol. Cells were fixed, immunostained and imaged as
described previously61. For drug treatment, cells were
incubated with respective drug concentrations (listed in
Table 1, obtained from the literature) with or without 2
mM CaCl2 for 48 h, fixed and then stained. Note that cells
were replenished with their respective medium at 24 h.
Moreover, we used lower drug concentrations to avoid
reversible effect of the compound within 48 h. To equiv-
alize the time, cells were treated with drugs throughout
the 48 h time period. Half-cell length (CLH) as parameter
to measure differentiation and dispersion of lysosomes
(DL) as parameter to measure the lysosome biogenesis
were quantified (see below) in µm (from the nucleus to
cell periphery) and then compared with CaCl2-treated
cells. For lysotracker staining, cells on glass coverslips
were incubated with 50–75 nM of lysotracker in growth
medium for 30min at 37 °C in an incubator maintained at
10% CO2. Similarly for DQ-BSA internalization, cells were
incubated with 10 µg/ml of DQ-BSA in a complete
medium for 2 h, washed once with 1 × PBS and then
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incubated in plain medium for 4 h. Likewise, cells were
incubated with 0.5 mg/ml of fluorescein-conjugated-
dextran in a complete medium for 6 h, washed twice
with 1 × PBS and then chased for 12 h in plain medium.
Finally, cells were fixed with 3% paraformaldehyde solu-
tion, stained and imaged. For siRNA transfection, cells on
coverslips were transfected with 120 μM of respective
siRNA (Supplementary Table 1) per well in a 12 well plate
using Oligofectamine (Invitrogen) according to the man-
ufacturer’s protocol. Post 48 h of transfection, cells were
fixed, stained, and imaged.

Epidermal skin samples and immunohistochemistry
Epidermal foreskin samples were obtained as waste

discard post cosmetic surgery with informed patient con-
sent and local ethical committee approval. These samples
were embedded in paraffin blocks, sectioned into 5 μm
thick slices using microtome (Leica RM 2155) and then
placed on poly-L-lysine coated slides (Sigma-Aldrich).
Sections were deparaffinized using xylene followed by
rehydration sequentially with ethanol (100%, 90%, 70%)
and then with distilled water. Slices were further
treated with 10mM sodium citrate buffer pH 6.1 and
then incubated in 1 × PBS for 45min followed by an
incubation in 1.5% blocking serum in PBS (Santa Cruz
Biotechnology, sc-2043) for 1 h at room temperature
under moist condition. After the removal of excess
blocking serum, the sections were immunostained with
indicated antibodies (1:20 dilution in blocking serum)
for overnight at 4 °C. Slides were rinsed with 1 × PBS
containing 0.05% Tween 20 for three times (5min each)
and then stained with respective secondary antibodies for
1 h at room temperature. Finally, slides were washed and
then imaged.

Lysosomal enzyme (glucocerebrosidase, GBA) activity
assay
Keratinocytes were seeded at 70–80% confluence in black

96 well flat-bottom black plate (Corning) and performed
the Resazurin cell viability assay following intact cell lyso-
somal β-glucosidase assay as described previously62. Briefly,
10 μl of Resazurin (Sigma-Aldrich, 10mg/ml made in 1 ×
PBS) in 90 µl of medium was added to the cells and then
incubated at 37 °C for 6–7 h. The fluorescence intensity was
measured at 530 nm excitation and 590 nm emission using
Tecan multi-mode plate reader (Infinite F200 Pro). Next,
the same cells were washed twice with 1 × PBS and then
incubated with 50 µl of 3mMMUD (4-methyl umbelliferyl-
β-D-glucopyranoside, made in 0.2M sodium acetate buffer
pH 4.0) at 37 °C for 3 h. Further, the assay was stopped
by adding 150 µl of 0.2M glycine buffer pH 10.8 and
then measured the fluorescence intensity of liberated
4-methylumbelliferone (excitation at 365 nm and emission
at 445 nm) using Tecan multi-mode plate reader. Finally,

the lysosomal enzyme activity per well was normalized with
respective cell viability and then plotted.

Measurement of intracellular calcium levels
Primary keratinocytes were seeded at 70–80% con-

fluence in black 96 well flat bottom plate (Corning) and
incubated with CaCl2 for different time intervals or trea-
ted with Tg or Torin 1 or EGTA (as control) in combi-
nation with CaCl2 for 6 h or 48 h. Intracellular free
calcium was measured using Fluo-4 NW calcium assay kit
(Molecular probes, F36206). Briefly, Fluo-4 NW dye was
added to the cells 2–6 h prior to the end of time point.
The total cellular fluorescence was measured at 516 nm
with an excitation of 494 nm using Tecan multi-mode
plate reader. The emission fluorescence intensity values
were normalized with the cell numbers measured by
Resazurin (Sigma-Aldrich)-based cell viability assay. The
fold change in fluorescence intensity between the treat-
ment and control was measured and then plotted.

Cell surface expression using flow cytometry
Cell surface expression of LAMP-1 and LAMP-2 was

measured as described previously63. Briefly, cells were har-
vested, washed once with 1 × PBS, suspended in ice-cold
growth medium (supplemented with 25 mM HEPES pH
7.4) containing anti-LAMP-1, anti-LAMP-2 or anti-Tac
(7G7.B6 from ATCC, as negative control) and incubated on
ice for 30–45min. Cells were washed, suspended in med-
ium containing respective Alexa Fluor 488-conjugated
secondary antibodies and then incubated on ice for
30–45min. Finally, cells were washed, suspended in ice-
cold FACS buffer (5% FBS, 1mM EDTA and 0.02% sodium
azide in PBS) and measured the fluorescence intensity using
FACS Canto (BD biosciences). Data was analyzed using
FlowJo (Tree Star) software and then plotted the mean
fluorescence intensity (MFI) as described previously63.

Transcript analysis by quantitative real-time PCR (qRT-PCR)
and semiquantiative RT-PCR
Keratinocytes grown in a 35mm dish was subjected to

RNA isolation using GeneJET RNA purification kit (Ther-
moScientific). The cDNA was prepared from total RNA by
using a cDNA synthesis kit (Fermantas). For qRT-PCR,
gene transcripts were amplified using the same cDNA for
both the gene of interest and the control 18S rRNA or
GAPDH in QuantStudio 6 Flex real-time PCR system
(Applied Biosystems). The PCR conditions consisted of
AmpliTaq Gold activation at 95 °C for 10min, followed by
40 cycles of denaturation at 95 °C for 20 s, annealing at 58 °
C for 25 s and extension at 72 °C for 30 s. A dissociation
curve was generated at the end of each cycle to validate the
single transcript amplification. The change in SYBR green
fluorescence intensity was monitored and then calculated
the threshold cycle (CT) number. The CT value of the gene
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was subtracted from respective control to obtain the ΔCT

value. The ΔCT value of treated sample was subtracted with
the ΔCT value of control to obtain the ΔΔCT value. Finally,
the gene expression level relative to the control was
expressed as 2-ΔΔCT, plotted and indicated the fold change.
To validate the qRT-PCR data, semiquantative RT-PCR was
performed. The gene transcripts were amplified (Bio-Rad
S1000 Thermal Cycler) using an equal amount of cDNA
from each condition and the gene specific primers (listed in
Supplementary Table 2). In all experiments, GAPDH or 18S
rRNA was used as loading control. Band intensities were
measured, normalized with the loading control, quantified
fold change with respect to the control and then indicated
in the figure (data not shown for Fig. 2c, f and Supple-
mentary Fig. 1d).

Nuclear-cytosolic fractionation
Cells in separate dishes were used for cytosolic and

nuclear extract preparation and followed protocol as
described previously with few modifications19. Briefly, cells
were washed twice with 1 × PBS before use. For cytosolic
extraction, cells in a dish was added with 400 μl buffer
(10mM HEPES-KOH pH 7.5, 3mM MgCl2, 40mM KCl,
1.0mM DTT, 0.1mM PMSF, 0.3% NP-40 and protease
inhibitor cocktail) and incubated on ice for 10 min. Cells
were scrapped, collected, incubated on ice for additional 15
min, centrifuged at 21,000 × g for 30min and separated the
supernatant. Similarly, for nuclear extraction, 500 μl of
buffer (10mM HEPES-KOH pH 7.5, 10mM KCl, 1.0mM
DTT, 0.1mM PMSF and protease inhibitor cocktail) was
added to the cells in a dish and incubated on ice for 10min.
Further, 0.3% NP-40 was added to the dish and then
incubated for 10min on ice. The cell lysate was collected
and centrifuged at 21000 × g for 5min. The obtained
nuclear pellet was suspended in 200 μl of buffer (20mM
HEPES-KOH pH 7.5, 400 nM NaCl, 1.0mM DTT, 0.1mM
PMSF and protease inhibitor cocktail), incubated for 10min
on ice and then centrifuged at 21,000 × g for 30min. Finally,
the nuclear lysate was colleced and then probed. Equal
protein amounts from cytosolic and nuclear lysates were
subjected to immunoblotting after the addition of SDS-
PAGE loading dye.

Immunoblotting
Cell lysates were prepared in RIPA buffer and then

subjected to immunoblotting analysis as described pre-
viously63. Immunoblots were developed with Clarity
Western ECL substrate (Bio-Rad) and the luminescence
was captured using Image Lab 4.1 software in a Bio-Rad
Molecular Imager ChemiDoc XRS+ imaging system,
equipped with Supercooled (−30 °C) CCD camera (Bio-
Rad). Protein band intensities were measured, normalized
with loading control, quantified the fold change with
respect to control and then indicated in the figure.

IFM and image analysis
Cells on coverslips were fixed with 4% formaldehyde

(in PBS) and then stained with primary antibodies fol-
lowed by the respective secondary antibodies as described
previously61. In some experiments, cells on coverslips
were internalized with lysotracker or DQ-BSA, fixed,
immunostained and imaged. Bright-field (BF) and
immunofluorescence (IF) microscopy of cells was per-
formed on an Olympus IX81 motorized inverted fluor-
escence microscope equipped with a CoolSNAP HQ2
(Photometrics) CCD camera using 60X (oil) U Plan super
apochromat objective. Acquired images were deconvolved
and analyzed using cellSens Dimension software (Olym-
pus). The colocalization between two colors was mea-
sured by selecting the entire cell excluding the perinuclear
area and then estimated the Pearson’s correlation coeffi-
cient (r) value using cellSens Dimension software. The
average r value from 10 to 20 cells was calculated and then
represented as mean ± s.e.m. Note that the maximum
intensity projection of undeconvolved Z-stack images
were used for the measurement of r values. Analyzed
images were assembled using Adobe Photoshop. Half-cell
length (in µm, labeled as CLH) was measured as the
maximum distance between nucleus and the cell periph-
ery using cellSens Dimension software. Likewise, length
and width of the nucleus was measured (in µm) by placing
the scale bar along the diameter of the nucleus. In Fig. 5,
half-cell length (in µm) was measured by masking the BF
images with LAMP-1 staining (except bafilomycin A1
condition) to distinguish the cell border. In parallel, the
distribution of lysosomes (in µm, labeled as DL) in each
condition was measured independently from the nucleus
to cell periphery (the longest possible distance) using
LAMP-1 stained IFM images. Note that the parameter
CLH was measured independently in bafilomycin A1
treated cells. Averages of CLH and DL (in µm) in each
condition were calculated from approximately 60–80 cells
(n= 2–3), indicated in Figs. 3, 5 and Table 1 (mean ± s.e.
m.), and then plotted using GraphPad Prism software.
Using the half-cell length parameter, the percentage of
undifferentiated cells (approximately to the maximum
size of control cells, < 19 μm) in a given drug treatment/
condition was calculated from two or three different
experiments and then indicated in Table 1. In Fig. 1d, the
percentage of cells showing perinuclear or peripheral
distribution of LAMP-1-positive compartments was
visually quantified (representing the pattern similar to
Fig. 1c) from three different experiments and then plotted.
Similarly, number of GFP-LC3 puncta were visually
quantified from three different experiments and then
plotted. In Supplementary Fig. 2e, cells with altered
nuclear morphology (normal, n; structurally altered, SA;
notch, NT as indexed) was visually quantified from three
different experiments and then plotted.
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Statistical analysis
All statistical analyses were done using GraphPad Prism

5.02 and the significance was estimated by unpaired
Student’s t test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ns,
not significant.

Acknowledgements
We thank S. Vora for scientific discussions and A. Gupta, S. Nag, U. Krishnan for
their technical help. We also thank M.S. Reddy for critical reading of the
manuscript. This work was supported by a Wellcome Trust-DBT India Alliance
Senior Fellowship (500122/Z/09/Z to S.R.G.S.); Unilever Industries Pvt. Ltd.,
Bangalore; CEFIPRA Project (4903–1 to S.R.G.S. and Graca Raposo); DBT-RNAi
task-force (BT/PR4982/AGR/36/718/2012 to S.R.G.S.); IISc-DBT partnership
program (to S.R.G.S.) and S.M. was supported by DBT-IISc partnership
postdoctoral fellowship.

Authors contributions
S.M. designed and performed all the experiments in this study and participated
in manuscript writing. S.S.D. performed standardization of keratinocyte
differentiation experiments and transcriptional analysis of lysosomal genes. R.S.
performed immunostaining of epidermal skin samples. S.P. carried out
lysosomal enzyme activity assay. M.M.S. maintained primary keratinocytes. A.M.
provided several reagents and scientific support throughout the project
period. S.R.G.S. oversaw the entire project, coordinated and discussed the work
with co-authors, and wrote the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

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

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-019-1478-4).

Received: 5 September 2018 Revised: 12 February 2019 Accepted: 13
February 2019

References
1. Eckert, R. L. et al. Keratinocyte survival, differentiation, and death: many roads

lead to mitogen-activated protein kinase. J. Investig. Dermatol. Symp. Proc. 7,
36–40 (2002).

2. Bikle, D. D., Xie, Z. & Tu, C. L. Calcium regulation of keratinocyte differentiation.
Expert. Rev. Endocrinol. Metab. 7, 461–472 (2012).

3. Menon, G. K., Grayson, S. & Elias, P. M. Ionic calcium reservoirs in mammalian
epidermis: ultrastructural localization by ion-capture cytochemistry. J. Invest.
Dermatol. 84, 508–512 (1985).

4. Pillai, S. et al. Calcium regulation of growth and differentiation of normal
human keratinocytes: modulation of differentiation competence by stages of
growth and extracellular calcium. J. Cell. Physiol. 143, 294–302 (1990).

5. Elias, P. et al. Origin of the epidermal calcium gradient: regulation by barrier
status and role of active vs passive mechanisms. J. Invest. Dermatol. 119,
1269–1274 (2002).

6. Celli, A. et al. The epidermal Ca(2+) gradient: measurement using the
phasor representation of fluorescent lifetime imaging. Biophys. J. 98, 911–921
(2010).

7. Yoshihara, N. et al. The significant role of autophagy in the granular layer in
normal skin differentiation and hair growth. Arch. Dermatol. Res. 307, 159–169
(2015).

8. Akinduro, O. et al. Constitutive Autophagy and Nucleophagy during Epi-
dermal Differentiation. J. Invest. Dermatol. 136, 1460–1470 (2016).

9. Sayama, K. et al. Phosphatidylinositol 3-kinase is a key regulator of early
phase differentiation in keratinocytes. J. Biol. Chem. 277, 40390–40396
(2002).

10. Xie, Z., Singleton, P. A., Bourguignon, L. Y. & Bikle, D. D. Calcium-induced
human keratinocyte differentiation requires src- and fyn-mediated phospha-
tidylinositol 3-kinase-dependent activation of phospholipase C-gamma1. Mol.
Biol. Cell. 16, 3236–3246 (2005).

11. Kim, D. H. et al. mTOR interacts with raptor to form a nutrient-sensitive
complex that signals to the cell growth machinery. Cell 110, 163–175
(2002).

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

13. Tato, I., Bartrons, R., Ventura, F. & Rosa, J. L. Amino acids activate mammalian
target of rapamycin complex 2 (mTORC2) via PI3K/Akt signaling. J. Biol. Chem.
286, 6128–6142 (2011).

14. Decuypere, J. P. et al. mTOR-Controlled Autophagy Requires Intracellular Ca(2
+) Signaling. PLoS ONE 8, e61020 (2013).

15. Morita, M. et al. mTOR coordinates protein synthesis, mitochondrial activity
and proliferation. Cell Cycle 14, 473–480 (2015).

16. Calautti, E. et al. Phosphoinositide 3-kinase signaling to Akt promotes kerati-
nocyte differentiation versus death. J. Biol. Chem. 280, 32856–32865 (2005).

17. Ding, X. et al. mTORC1 and mTORC2 regulate skin morphogenesis and epi-
dermal barrier formation. Nat. Commun. 7, 13226 (2016).

18. Korolchuk, V. I. et al. Lysosomal positioning coordinates cellular nutrient
responses. Nat. Cell Biol. 13, 453–460 (2011).

19. Settembre, C. et al. TFEB links autophagy to lysosomal biogenesis. Science 332,
1429–1433 (2011).

20. Martina, J. A., Chen, Y., Gucek, M. & Puertollano, R. MTORC1 functions as a
transcriptional regulator of autophagy by preventing nuclear transport of
TFEB. Autophagy 8, 903–914 (2012).

21. Roczniak-Ferguson, A. et al. The transcription factor TFEB links
mTORC1 signaling to transcriptional control of lysosome homeostasis. Sci.
Signal. 5, ra42 (2012).

22. Settembre, C. et al. A lysosome-to-nucleus signalling mechanism senses and
regulates the lysosome via mTOR and TFEB. EMBO J. 31, 1095–1108 (2012).

23. Yoneshima, E. et al. The Transcription Factor EB (TFEB) Regulates Osteoblast
Differentiation Through ATF4/CHOP-Dependent Pathway. J. Cell Physiol. 231,
1321–1333 (2016).

24. Rossiter, H. et al. Epidermal keratinocytes form a functional skin barrier in the
absence of Atg7 dependent autophagy. J. Dermatol. Sci. 71, 67–75 (2013).

25. Lavker, R. M. & Matoltsy, A. G. Formation of horny cells: the fate of cell
organelles and differentiation products in ruminal epithelium. J. Cell Biol. 44,
501–512 (1970).

26. Kania, E., Pajak, B. & Orzechowski, A. Calcium homeostasis and ER stress in
control of autophagy in cancer cells. Biomed. Res. Int. 2015, 352794 (2015).

27. Martina, J. A., Diab, H. I., Brady, O. A. & Puertollano, R. TFEB and TFE3 are novel
components of the integrated stress response. EMBO J. 35, 479–495 (2016).

28. Hetz, C. & Glimcher, L. H. Fine-tuning of the unfolded protein response:
Assembling the IRE1alpha interactome. Mol. Cell 35, 551–561 (2009).

29. Hetz, C. & Papa, F. R. The unfolded protein response and cell fate control. Mol.
Cell 69, 169–181 (2018).

30. Hennings, H. & Holbrook, K. A. Calcium regulation of cell-cell contact and
differentiation of epidermal cells in culture. An ultrastructural study. Exp. Cell
Res. 143, 127–142 (1983).

31. Jaken, S. & Yuspa, S. H. Early signals for keratinocyte differentiation: role of Ca2
+-mediated inositol lipid metabolism in normal and neoplastic epidermal
cells. Carcinogenesis 9, 1033–1038 (1988).

32. Barrandon, Y. & Green, H. Cell size as a determinant of the clone-forming
ability of human keratinocytes. Proc. Natl Acad. Sci. USA 82, 5390–5394 (1985).

33. Murphy, G. F., Flynn, T. C., Rice, R. H. & Pinkus, G. S. Involucrin expression in
normal and neoplastic human skin: a marker for keratinocyte differentiation. J.
Invest. Dermatol. 82, 453–457 (1984).

34. Ng, D. C., Su, M. J., Kim, R. & Bikle, D. D. Regulation of involucrin gene
expression by calcium in normal human keratinocytes. Front. Biosci. 1, a16–a24
(1996).

35. Hohl, D. et al. Transcription of the human loricrin gene in vitro is induced by
calcium and cell density and suppressed by retinoic acid. J. Invest. Dermatol.
96, 414–418 (1991).

36. Kartasova, T., Roop, D. R. & Yuspa, S. H. Relationship between the expression of
differentiation-specific keratins 1 and 10 and cell proliferation in epidermal
tumors. Mol. Carcinog. 6, 18–25 (1992).

37. Hofmann, I. & Munro, S. An N-terminally acetylated Arf-like GTPase is localised
to lysosomes and affects their motility. J. Cell Sci. 119, 1494–1503 (2006).

Mahanty et al. Cell Death and Disease          (2019) 10:269 Page 16 of 17

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-019-1478-4
https://doi.org/10.1038/s41419-019-1478-4


38. Riederer, M. A. et al. Lysosome biogenesis requires Rab9 function and receptor
recycling from endosomes to the trans-Golgi network. J. Cell Biol. 125,
573–582 (1994).

39. Marwaha, R. et al. The Rab7 effector PLEKHM1 binds Arl8b to promote cargo
traffic to lysosomes. J. Cell Biol. 216, 1051–1070 (2017).

40. Sardiello, M. et al. A gene network regulating lysosomal biogenesis and
function. Science 325, 473–477 (2009).

41. Ploper, D. & De Robertis, E. M. The MITF family of transcription factors: Role in
endolysosomal biogenesis, Wnt signaling, and oncogenesis. Pharmacol. Res.
99, 36–43 (2015).

42. Raben, N. & Puertollano, R. TFEB and TFE3: linking lysosomes to cellular
adaptation to stress. Annu. Rev. Cell Dev. Biol. 32, 255–278 (2016).

43. Martina, J. A. & Puertollano, R. TFEB and TFE3: the art of multi-tasking under
stress conditions. Transcription 8, 48–54 (2017).

44. Medina, D. L. et al. Lysosomal calcium signalling regulates autophagy through
calcineurin and TFEB. Nat. Cell Biol. 17, 288–299 (2015).

45. Zhang, J., Feng, Y. & Forgac, M. Proton conduction and bafilomycin binding
by the V0 domain of the coated vesicle V-ATPase. J. Biol. Chem. 269,
23518–23523 (1994).

46. Pankiv, S. et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degra-
dation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 282,
24131–24145 (2007).

47. Hoyer-Hansen, M. et al. Control of macroautophagy by calcium, calmodulin-
dependent kinase kinase-beta, and Bcl-2. Mol. Cell 25, 193–205 (2007).

48. Lytton, J., Westlin, M. & Hanley, M. R. Thapsigargin inhibits the sarcoplasmic or
endoplasmic reticulum Ca-ATPase family of calcium pumps. J. Biol. Chem. 266,
17067–17071 (1991).

49. Welch, W. J. & Brown, C. R. Influence of molecular and chemical chaperones
on protein folding. Cell Stress Chaperon-. 1, 109–115 (1996).

50. Lee, B. R. et al. Elevated endoplasmic reticulum stress reinforced immuno-
suppression in the tumor microenvironment via myeloid-derived suppressor
cells. Oncotarget 5, 12331–12345 (2014).

51. Ye, J. et al. ER stress induces cleavage of membrane-bound ATF6 by the same
proteases that process SREBPs. Mol. Cell 6, 1355–1364 (2000).

52. Kalvakolanu, D. V. & Gade, P. IFNG and autophagy: a critical role for the ER-
stress mediator ATF6 in controlling bacterial infections. Autophagy 8,
1673–1674 (2012).

53. Lu, L., Tai, G. & Hong, W. Autoantigen Golgin-97, an effector of Arl1 GTPase,
participates in traffic from the endosome to the trans-golgi network. Mol. Biol.
Cell 15, 4426–4443 (2004).

54. Yoshino, A. et al. tGolgin-1 (p230, golgin-245) modulates Shiga-toxin transport
to the Golgi and Golgi motility towards the microtubule-organizing centre. J.
Cell Sci. 118, 2279–2293 (2005).

55. Tu, C. L. & Bikle, D. D. Role of the calcium-sensing receptor in calcium reg-
ulation of epidermal differentiation and function. Best Pract. Res. Clin. Endo-
crinol. Metab. 27, 415–427 (2013).

56. Park, M. K., Petersen, O. H. & Tepikin, A. V. The endoplasmic reticulum as one
continuous Ca(2+) pool: visualization of rapid Ca(2+) movements and
equilibration. EMBO J. 19, 5729–5739 (2000).

57. Takahashi, H. et al. Cornified cell envelope formation is distinct from apoptosis
in epidermal keratinocytes. J. Dermatol. Sci. 23, 161–169 (2000).

58. Harr, M. W. & Distelhorst, C. W. Apoptosis and autophagy: decoding calcium
signals that mediate life or death. Cold Spring Harb. Perspect. Biol. 2, a005579
(2010).

59. Kuo, T. H. et al. Co-ordinated regulation of the plasma membrane calcium
pump and the sarco(endo)plasmic reticular calcium pump gene expression
by Ca2+. Cell Calcium 21, 399–408 (1997).

60. Aymard, E. et al. Autophagy in human keratinocytes: an early step of the
differentiation? Exp. Dermatol. 20, 263–268 (2011).

61. Jani, R. A. et al. STX13 regulates cargo delivery from recycling endo-
somes during melanosome biogenesis. J. Cell Sci. 128, 3263–3276
(2015).

62. Sawkar, A. R. et al. Chemical chaperones increase the cellular activity of N370S
beta -glucosidase: a therapeutic strategy for Gaucher disease. Proc. Natl Acad.
Sci. USA 99, 15428–15433 (2002).

63. Setty, S. R. et al. BLOC-1 is required for cargo-specific sorting from vacuolar
early endosomes toward lysosome-related organelles. Mol. Biol. Cell 18,
768–780 (2007).

Mahanty et al. Cell Death and Disease          (2019) 10:269 Page 17 of 17

Official journal of the Cell Death Differentiation Association


	Keratinocyte differentiation promotes ER stress-dependent lysosome biogenesis
	Introduction
	Results
	Calcium chloride induces keratinocyte differentiation and lysosome biogenesis
	Differentiation linked lysosome biogenesis in keratinocytes is independent of the pathway involving MiT/TFE TFs
	Keratinocyte differentiation upregulates autophagy and lysosome biogenesis independent of mTOR activity
	ER stress regulates keratinocyte differentiation and lysosome biogenesis
	Cytosolic calcium activates UPR TFs and modulates lysosome biogenesis during keratinocyte differentiation
	ER stress-dependent lysosomes possibly derived from Golgi during keratinocyte differentiation

	Discussion
	Materials and methods
	Reagents and antibodies
	Plasmids
	Cell culture, differentiation, transfection, and drug treatment
	Epidermal skin samples and immunohistochemistry
	Lysosomal enzyme (glucocerebrosidase, GBA) activity assay
	Measurement of intracellular calcium levels
	Cell surface expression using flow cytometry
	Transcript analysis by quantitative real-time PCR (qRT-PCR) and semiquantiative RT-PCR
	Nuclear-cytosolic fractionation
	Immunoblotting
	IFM and image analysis
	Statistical analysis

	ACKNOWLEDGMENTS




