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Abstract

By proteomic, metabolomic and transcriptomic approaches we shed light on the
molecular mechanism by which human keratinocytes undergo to terminal differentiation upon
in vitro calcium treatment. Proteomic analysis revealed a selective induction of the ribosomal
proteins RSSA, an inhibitor of cell proliferation and inducer of differentiation, HSP 60, a
protein folding chaperone and GRP78, an unfolding protein response signal. Additionally, we
observed an induction of EF1D, a transcription factor for genes that contain heat-shock
responsive elements. Conversely, RAD23, a protein involved in regulating ER-associated
protein degradation was down-regulated. All these modifications indicated an ER stress
response, which in turn activated the unfolded protein response signalling pathway through
ATF4, as confirmed both by the modulation of amino acids metabolism genes, such as XBP1,
PDI and GPR78, and by the metabolomic analysis. Finally, we detected a reduction of PDI
protein, as confirmed by the increase of oxidized glutathione. Metabolome analysis indicated
that glycolysis failed to fuel the Krebs cycle, which continued to decrease during
differentiation, at glance with the PPP pathway, allowing NADH production and glutathione
reduction. Since unfolded protein response is linked to keratinization, these results may be
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useful for studying pathological mechanisms as well as potential treatments for different
pathological conditions.
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Introduction

The epidermis is a continuous renewing tissue in which keratinocyte undergo to
terminal differentiation by migrating from the innermost layer (basal layer) to the outermost
one (cornified layer) [1-3]. The epidermis is composed of four functionally different layers of
keratinocytes at different differentiation stages. The basal layer is in contact with the basal
lamina separating the dermis and epidermis; moreover the basal layer is the proliferating
compartment of the epithelia, containing somatic epithelial stem cells [4,5]. In vivo, these
cells proliferate, providing the cells for the upper differentiating layers, forming intercellular
link with adjacent cells through desmosomes and adherent junctions [6]. Several nutrients
have been reported to modulate keratinocyte differentiation, including calcium, vitamin C
and retinoic acid [7-10]. Calcium is the major regulator in keratinocyte differentiation [ 1'1]: 1t
regulates both the switch of the keratinocyte from the basal to the spinous layer and terminal
differentiation in granular layer [6]. The differentiation program ends in the outermost layer,
the cornified layer, with the assembly of the cornified cell envelope, a specialized structure
with lipid and protein components. The cornified layer is indeed physically responsible for the
epidermis barrier function [3,12,13]. In vitro, murine keratinocytes growing in low calcium
conditions (0.03 -0.1 mM) do not differentiate and are phenotypically similar to basal
epidermal cells, while differentiation-specific marker expression is enhanced at calcium
concentrations above 0.1 mM [14,15]. Similarly, also primary human keratinocytes are an
excellent in vitro model for studying epidermal differentiation, as they mimic the steps of cell
differentiation occurring in the epidermis [8]. Indeed, when they are cultured at a low calcium
concentration (<0.07 mM), epidermal keratinocytes rapidly proliferate and express the
phenotype of basal cells. Raising calcium «concentration above 0.1 mM, cells undergo
differentiation as indicated by the formation of adherent junctions (AJ) and desmosomes, and
keratin 1 and keratin 10, along with stratification .and cornification of cell layers [6,16].
Keratinocytes differentiation is correlated with unfolding protein response (UPR) [17,18], a
cellular stress response related to the endoplasmic reticulum (ER) [19-21]. In human
keratinocytes, calcium treatment induces the overexpression of heat shock proteins [22], which
support protein folding as well as other functions. All these proteins are synthesized and
modified in the ER, and for this reason disturbances in the normal functions of this organelle
such as protein folding, ‘protein quality control, calcium homeostasis and redox balance,
promote accumulation of unfolded or misfolded proteins, a condition known as ER stress. Mild
ER stress in normally observed during normal keratinocytes differentiation but this could also
play a role in abnormal keratinization disorders [17]. To avoid an overload of misfolded
proteins accumulating in the ER, the unfolded protein response (UPR) has evolved as a repair
mechanism that.modifies the cellular transcriptional and translational programmers to cope
with stressful conditions such as UV irradiation or heat shock [23-25]. Several effectors and
regulatory proteins participate to this repair mechanism, including for example p53 [26—37] and
bcl-2 [38-47]. The early role of the UPR signaling is to increase expression of proteins that are
involved in'ER folding machinery to enhance protein-folding and also attenuate general protein
translation to reduce the load in the ER. The UPR consists of three integrated stress-responsive
signaling pathways activated downstream the ER stress-sensing proteins IRE1, ATF6, and
PERK [25,48]. These stress sensors are activated by the accumulation of misfolded proteins
within the ER lumen (a consequence of ER stress) [49-51]. The activation of UPR signaling
pathways results in the attenuation of new protein synthesis [52] and transcriptional remodeling
of ER protein folding, trafficking, and degradation pathways [53-55], thereby enhancing ER
proteostasis capacity and quality control. Through these mechanisms, UPR activation reduces
accumulation of misfolded proteins in the ER and attenuates the aberrant secretion of
aggregation-prone proteins into the extracellular space [55,56]. Furthermore, ? the misfolded
proteins are transferred from the ER to the cytoplasm and then degraded by proteasome, which
is known to be associated with ER degradation (ERAD) [57]. Increasing number of studies
have shown that UPR signaling and ER stress are associated with pathophysiological and
metabolic changes.



In this study, using integrated omics analysis (proteomics, metabolomics and
transcriptomic approaches) we reconstructed part of the sequential events leading to
keratinocyte differentiation by calcium treatments to investigate which UPR mechanisms is
activated by calcium. In this regard, data were collected in function of the time (1, 3 and 6 days
calcium treatments) that allowed us to depict the more relevant cascade of events occurring
during the differentiation process. These results could be possibly relevant for skin diseases.

Material and methods

Cell culture. Human epidermal keratinocytes neonatal (Hekn) (Invitrogen) were cultured in
Epilife medium with human keratinocytes growth factor (HKGS) added (Invitrogen). Cells
were induced to differentiate by adding 1.2 mM CaCl, to the culture medium.

Protein extraction and solubilization. Differentiated keratinocytes were collected, centrifuged
at 1500 rpm for 5 min. Cells were resuspended in lysis buffer (7 M urea, 2M:tiourea, 4% w/v
CHAPS, 40 mM Tris-HCl], 0.1 mM EDTA, ImM DTT, 50 mM NaF; and 0.25 mMNa,VO,).
The mixture was centrifuged at 12 000 x g at room temperature for 15 min and a small aliquot
was used to determine the protein content by 2D-Quant Kit (GE Healthecare).

2D gel electrophoresis and image analysis. To remove lipids, six-hundred micrograms of
protein were precipitated from a desired volume of each sample with a cold mix of tri-n-butyl
phosphate/acetone/methanol (1:12:1). After incubation at 4 °C for 90 min, the precipitate was
pelleted by centrifugation at 2,800 g, for 20 min at 4 °C. The pellet was air-dried and then
solubilized in the buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 40 mM Tris-
HCI. The sample was subsequently reduced. (SmM tributylphosphine,1 h) and alkylated
(7.7mM TAA, 1 h). To prevent over-alkylation, iodoacetamide (IAA) excess was neutralized by
adding 10mM DTE. Sample is included in the rehydration solution (7M Urea, 2M Thiourea,
4% CHAPS and 0.5% w/v pH 4-7 ccarrier ampholyte (Bio-Rad, Hercules CA, USA) and the
sample is taken up into the seventeen centimeter IPG strips pH 3-10 (Bio-Rad, CA, USA)
passively during rehydration overnight.IEF was performed using Bio-Rad Multiphore II and
Dry Strip Kit (Bio-Rad-Protean-IEE-Cell-System). Seventeen centimeters IPG strips (Bio-Rad,
Hercules, CA, USA) pH 4=7 were passively rehydrated overnight with 600 ug of protein in 300
ul of solubilisation solution (7M Urea, 2M Thiourea, 4% CHAPS and 0.5% w/v pH 4-7 carrier
ampholyte (Bio-RadyHercules CA, USA) The total product time x voltage applied was 80 000
V h for each strip at20 °C. Strips were equilibrated (30 min in 50 mM Tris-HCI pH 8.8, 6 M
urea, 30% glycerol v/v, 1% SDS, bromophenol blue) and then placed on SDS-polyacrylamide
gels, 18.5 cm x 20 cm, 13% acrylamide, and sealed with 0.5% agarose. SDS-PAGE was
performed using the Bio-Rad Protean II XL Cell, large gel format, at constant current (40 mA
per. gel) at 7 °C until the bromophenol blue tracking dye was approximately 2-3 mm from the
bottom of the gel. Protein spots were stained with colloidal Coomassie Brilliant Blue G-250. To
ensure protein pattern reproducibility, two technical replicates for each biological replicate
were done. The scanned gel images were transferred to the Progenesis SameSpots software
package (Nonlinear Dynamics, Newcastle, UK), which allows spot detection, background
subtraction, and protein spot OD intensity quantification (spot quantity definition). The gel
image showing the highest number of spots and the best protein pattern was chosen as a
reference template and the images were aligned onto it. All spots were prefiltered and manually
checked before applying the statistical criteria (ANOVA p < 0.05 and fold « 1.5).

In-gel digestion and LC-MS/MS analysis. Gel bands were carefully excised from the gel and
subjected to in-gel trypsin digestion according to Shevchenko et al. [58] Peptide extracts were
analyzed by using a split-free nano-flow liquid chromatography system (EASY-nLC II,
Proxeon, Odense, Denmark) coupled with a 3D-ion trap (model AmaZon ETD, Bruker
Daltonik, Germany) equipped with an online ESI nanosprayer (the spray capillary was a fused
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silica capillary, 0.090 mm OD, 0.020 mm ID) in the positive-ion mode. For all experiments, a
sample volume of 15 ul was loaded by the autosampler onto a homemade 2-cm fused silica
precolumn (100 ym LD.; 375 pym O.D.; Reprosil C18-AQ, 5 pm, Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany). Sequential elution of peptides was accomplished by using a
flow rate of 300 nl/min and a linear gradient from Solution A (100% water; 0.1% formic acid)
to 50% of Solution B (100% acetonitrile; 0.1% formic acid) in 40 min over the precolumn on-
line with a homemade 15-cm resolving column (75 um ID; 375 um OD; Reprosil C18-AQ, 3
pm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). The acquisition parameters for the
mass spectrometer were as previously reported. Acquired MS/MS spectra were processed in
DataAnalysis 4.0 and submitted to the Mascot search program (Matrix Science, London; UK).
The following parameters were adopted for database searches: SwissProt database (release date
April 07, 2017; 5011440 sequences); taxonomy = Homo Sapiens; peptide and fragment mass
tolerance = +0.3 Da; missed cleavages = 1; fixed modifications = carbamidomethyl (C);
variable modifications: oxidation (M) and significance threshold level (P < 0.05). for Mascot
scores (-10 Log (P)). In the case of hits with only one statistically significant unique peptide,
even though high Mascot scores were obtained with significant values, accombination of
automated database searches and manual interpretation of peptide fragmentation spectra was
used to validate protein assignments.

To obtain a comprehensive description of the over-represented biological processes and
functionally-related groups of proteins within our dataset, a Bioinformatic Gene Ontology
analysis was performed using the on-line FunRich (Functional” Enrichment analysis tool)
software 3.0 (www.funrich.org). The default Homo sapiens genome was used as background.

Western Blotting. Total cell extracts were resolved on a SDS polyacrylamide gel, blotted on a
Hybond P PVDF membrane (G&E Healthcare, UK). Membranes were blocked with 5% non fat
dry milk, incubated with primary antibodies for 2 h at room temperature, washed and
hybridized for 1h at room temperature using the appropriate horseradish peroxidase-conjugated
secondary antibody (rabbit and mouse, BioRad, Hercules, California, USA). Detection was
performed with the ECL chemiluminescence kit (Perkin Elmer, Waltham, Massachusetts,
USA). The following antibodies were used: anti-keratin 10 (Covance, Princeton, New Jersey,
USA,; dilution 1:1000), anti-PDI (Cell Signaling, USA; dilution 1:300), anti-RAD23 (Sigma, St
Louis, Minnesota, USA; dilution 1:500), anti- actin (Sigma, St Louis, Minnesota, USA;
dilution 1:5000), anti-GAPDH (Sigma, St Louis, Minnesota, USA; dilution 1:5000), and anti-
GRP78 (Santa-Cruz Bioteconlogy, California, USA; dilution 1:500).

Immunofluorescence and confocal analysis. Immunofluorescence on cells and human skin
slides were performed by fixing in 4% paraformaldehyde (10 min). After 0.5% TritonX-100
permeabilization (10 min) and 5% goat serum PBS blocking (1 h), cells were incubated 1 hour
with primary antibodies: anti-PDI (dilution 1:100; Cell signaling), anti-RAD23 (dilution 1:100;
Sigma), anti— -Tubulin (dilution 1:1000; Sigma), anti-Keratin 14 (dilution 1:1000, Abcam) and
anti- GRP78 (dilution 1:100, Abcam). Then, cells were washed three times with PBS and
incubated for 1 h with Alexa Fluor 488 or 568 secondary antibodies (dilution 1:1,000). Cells
were washed three times with PBS and were counterstained with DAPI to highlight nuclei.
Slides were then mounted by using ProLong antifade (Invitrogen). Fluorescence was evaluated
by confocal microscopy (C1 on Eclipse Ti; AR 4.00.04 64 bit software; Nikon) fitted with an
argon laser (488-nm excitation), He/Ne laser (542-nm excitation), and UV excitation at 405 nm
using oil immersion Plan Fluor 40x/1.30 NA or Plan Apochromat 60x/1.4 objective lenses at
RT. AR-CI images were exported as full resolution TIF files and processed in Photoshop CS5
(Adobe) to adjust brightness and contrast.

Metabolite extraction and LC-MS analysis. For each treatment, 1¥10° cells (4 biological
replicates x 3 technical replicates; n = 12) were first subjected to three freeze-melt cycles

5



(freezing in ice at 4 °C for 5 min, melting at 37 °C for 5min; for 5 times). Next, 400 ul of
freezing methanol and 600 ul of freezing chloroform were added to the cells. Samples were
vortexed for 30 min at max speed at 4°C. The next day, samples were centrifuged at 16000
g for 15 min at 4 °C. Supernatants were then evaporated to dryness using an SPD2010-230
SpeedVac Concentrator (Thermo Savant, Holbrook, USA). When samples were completely
dried, 60 ul of 5% formic acid was added to the dried residue and vigorously vortex-mixed.
Twenty microliters of each sample were injected into an Ultra High-Performance Liquid
Cromatography (UHPLC) system (Ultimate 3000, Thermo) and run on a Positive mode.
Samples were loaded onto a Reprosil C18 column (2.0 mm x 150 mm, 2.5 um; Dr Maisch,
Germany) for metabolite separation. Chromatographic separations were achieved at a column
temperature of 30 °C and flow rate of 0.2 mL/min. A 0-100% linear gradient of solvent A
(ddH20, 0.1% formic acid) to B (acetonitrile, 0.1% formic acid) was employed over 20 min,
returning to 100% A in 2 min and a 6-min post-time solvent A hold. The UHPLC system was
coupled online with a mass spectrometer Q Exactive (Thermo) scanning in.full MS mode (2
pscans) at 70,000 resolution in the 67 to 1000 m/z range, target of 1x106.ions and a maximum
ion injection time (IT) of 35 ms. Source ionization parameters were: spray voltage, 3.8 kV;
capillary temperature, 300 ° C; sheath gas, 40; auxiliary gas, 25; S-Lens level, 45. Calibration
was performed before each analysis against positive ion mode calibration mixes (Piercenet,
Thermo Fisher, Rockford, IL) to ensure sub ppm error of the intact'mass. Replicates were
exported as mzXML files and processed using MAVEN '5.2. Mass spectrometry
chromatograms were elaborated for peak alignment, matching and comparison of parent and
fragment ions, and tentative metabolite identification (within a 2ppm mass-deviation range
between observed and expected results against the imported KEGG database). The difference
between the two groups was compared using the unpaired t-test with GraphPad Prism version
5.0 GraphPad software (La Jolla Ca); *p <.0.05 was considered significant.

RNA seq analysis. Raw RNA seq values of the gene expression were obtained from the RNA
sequencing experiments carried out in our laboratory using normal human keratinocytes
undergoing calcium induced differentiation (6 days 1.2 mM calcium) and published previously
[59] or from the databases of ENCODE project [60]. Raw CPM or TPM values were presented
as a heatmaps.

Data elaboration and statistical analysis. Metabolites detected across both groups that met
acceptability criteria and were further analyzed using MetaboAnalyst 3.0 software. Metabolite
set enrichment analysis (MSEA) was used to determine the biological processes involved in the
conditions of interest. Both have been developed to identify and to interpret patterns in
concentration changes of human keratinocytes metabolites under calcium treatment. To find the
concentration Ca”’ differences in metabolism, we performed a time-course analysis, using
Metaboanalyst. First of all, it was generated iPCA, that visualizes the results of principle
component analysis using multiple coordinated views and a rich set of user interactions. It is
generated.a heatmap to clustering the result. It provides direct visualization of all the data point
in the form of colored squares. The difference between the 0-1 day, 0-3 days and 0-6 days of
treatment was compared using the unpaired t-test with GraphPad Prism version 5.0 GraphPad
software (La Jolla Ca); *p < 0.05 was considered significant.

Results

Proteomics and transcriptomics analysis indicate endoplasmic reticulum stress and
unfolded protein response during keratinocyte differentiation. Two-dimensional gel
electrophoresis was used to separate and identify the differential proteins expressed after
calcium treatments (1.2 mM). Six technical and four biological replicates were performed at
different time after exposure (0, 1, 3, 6 days) (Figure 1A). From comparative analysis, a total
of 9 spots (significant changes in abundance (p < 0.05; fold change = 1.5) were differentially
identified just after 1 day calcium treatment compared to control (0 days), 11 protein spots after

6



3 days, whereas 12 differentially spots after 6 days. Then, variable spots were excised from the
gels, digested by trypsin and peptidase mixtures and then analyzed by LC-ESI-MS/MS for
protein identification. The data obtained from proteomics were annotated for molecular weight,
pl, SwissProt category, number of peptides, Mascot score, and trend.

Table 1 shows the proteins differentially found. Proteome changes associated with
different Ca™ concentration, were analyzed using FunRich (Platform 3.0). The Venn diagrams
displayed in Figure 1B highlight proteins differentially expressed between O to 1, 3 and 6 days
of treatment with calcium. Of the 9 identified protein spots in 1 day treatment, 5 are in common
at 3 days treatment and 3 are in common with 6 days treatment; of these 2 are common with all
treatments; whereas, of the 12 identified protein spots in 6 days treatment, 6 are in common
with 3 days treatment. In particular, the most changed interesting protein (Table 2) are RSSA
and CH60 that upon calcium addition were the first proteins overexpressed just after 1 and 3
days, whereas NMP protein started to be down-regulated after 3 days and RAD23 protein after
6 days. Interestingly, RSSA decreases during differentiation at mRNA level (Figure S1A)
indicating that RSSA is stabilized post-translationally. RAD23B, instead, decreases at mRNA
level coherently with the protein level (Figure S1B, Figure 2). As positive control we showed
up-regulation of keratin 10 (Figure S1C). In order to identify the relevant Ca’*-altered
pathways, we performed an enrichment analysis for biological processes by using GO
classification in FunRich tool. FunRich software highlighted how identified protein play role in
“protein folding” (11.11%, 9.09 % and 8.33% respectively, p-value <0.01), and “cell growth
and/or maintenance” (44.44%, 36.36% and 33.33% respectively, p-value ¢0.01) (Figure 1C).
In the first group of protein we found HSP60, a heat shock protein that increased during the
calcium treatment. In the “cell grow and/or maintenance” group, we find RAD23, contained in
the ERAD complex, activated by unfolded or incorrectly folded proteins in the secretion
pathway. Additionally, identified proteins related to UPR mechanism are shown in Table 2.
Taking advantage of RNA seq experiments previously performed in our laboratory comparing
proliferating and differentiated keratinocytes (6 days calcium) [59] and publicly available
ENCODE data (3 and 6 days of calcium) [60], we showed that the transcripts of the proteins
identified are also modulated (Table 2), indicating that both transcriptional and post-
transcriptional events are engaged during keratinocyte differentiation. Among these, RAD23,
part of the ERAD complex important for unfolded or incorrectly folded proteins in the
secretion pathway, decreases during differentiation both at mRNA (Table 2; Figure 3A) and at
protein level as shown:by western blot and confocal staining (Figure 2). Keratin 10 (K10) was
included as positive-control (Figure 2), and PDI to further confirm proteome results (Figure 2).
This was further confirmed by investigating the expression at mRNA level of ER sensors, such
us PERK, ATF6 and-HR1 and components of the signaling down-stream cascade (ie. ATF4,
XBP1, PDI, GRP78) (Figure 3A). Activation of the UPR during keratinocyte calcium-induced
differentiation, has been validated by performing RT-qPCR detection of UPR-induced markers,
ineludingy, ATF4 and CHOP (Figure 3B). GRP78 western blot-based detection further
demonstrated activation of the UPR during keratinocyte calcium-induced differentiation
(Figare 3C). Immunoe uorescence analysis of human skin tissues stained for the UPR-induced
protein marker GRP78 nicely confirm the expression of GRP78 also in the upper differentiation
layers of human skin. Altogether, these data confirmed that the expression of the different
components of the UPR are modulated and that they play an important role during induced
keratinocyte differentiation.

Metabolomics analysis

To chart metabolic adaptations in human keratinocytes during the calcium treatment, we
performed non-targeted metabolomics analysis. Metabolites were extracted from cells in three
replicates for each of the experimental groups (0-1, 0-3, 0-6 days) and were analyzed by LC-
MS. More than 500 peaks per sample were obtained by KEGG database. After a pre-screening,
124 metabolites were analyzed more precisely and identified for each experimental group. In
order, to identify changes in metabolites in the different Ca™-treatments, we performed a time-
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course analysis, using Metaboanalyst. First of all, we generated a Principal Component
Analysis (PCA), that visualizes the results using multiple coordinated views and a rich set of
user interactions, shown in Figure S2. According to the PCA models, five principal
components (PCs) were gained from the comparison between control and treatments. More of
50% of variance was captured by the first two PCAs, indicating that metabolomes in control
samples and calcium treatments are largely distinguishable in keratinocytes cells. The heatmap
(Figure S3) presented the metabolic alterations of these identified metabolites after Ca™
exposition in the different time points. We observed that most of glucose metabolism
intermediates were down-regulated during the first three days but increased again later on,
while Krebs cycle intermediates decreased continuously in function of time. Interestingly,
when glycolysis starts, the pentose-phosphate pathway (PPP) increased parallelly, suggesting
that glycolytic intermediates fueled the PPP pathway. Simultaneously increased NADH
production as well as oxidized glutathione. All amino acids resulted decreased, in. particular
tyrosine (Figure 4). Then, a more detailed analysis of the relevant pathways and networks
affected by Ca™ was performed by the web-based tool MSEA (Metabolite Set Enrichment
Analysis). The dataset was first normalized by sum and pareto scaling and then introduced into
the MetaboAnalyst web portal. As shown in Figure S4, 37 metabolic.pathways resulted
significantly altered at 0-1 day, 4 pathways at 0-3 days, and all the pathways shown, resulted
altered at 0-6 days of Ca™ treatment. Furthermore, also thyroid hormone synthesis pathway
showed alteration in Ca™ treatment samples (Figure S4) All'amino acids were reduced, in
particular tyrosine (Figure 4). Glycolysis was reduced during the first days of treatment but
was reactivated after six days. Krebs cycle was completely stopped at the level of citrate along
the time points. When glycolysis was reactivated the PPP pathway was also fueled, suggesting
that glycolysis intermediates was not used for Krebs but for PPP metabolism. Activation of
PPP metabolism produced an increased NADH level after three days calcium treatment, which
is probably used to reduce oxidized glutathione (Figure 5).

Discussion

Calcium is the major regulator of keratinocyte differentiation in vivo and in vitro [6], allowing
the regulation of several genes [39,61-63]. It was well known that the differentiation process is
regulated by a number of ‘biological signals derived from cell-cell or cell-matrix interactions
that act downstream several signaling pathways [64,65] but, up to now, no detailed information
about genes, proteins and metabolisms sequentially involved in the differentiation process, was
reported in deep. Here, by proteomic, transcriptomic and metabolomics approaches, we
reconstructed part of the changes occurring inside the cell, upon addition of calcium. All these
data suggested that calcium induced the activation of cellular differentiation involving UPR
process, through the ATF4 pathway. During early time points of calcium treatments,
proteomics data revealed an active involvement of misfolded protein degradation paralleled by
activation of the signaling pathways that lead to the increase of molecular chaperones that are
involyed in protein folding, in agreement to Kindas-Mugge [22,66]. Consequently, the UPR is
activated during keratinocyte differentiation as a rescue mechanism to restore proteostasis. In
particular, our proteomics analysis (Table 2) revealed an up-regulation of ribosomal proteins
RSSA after 3 days of calcium treatment, a trend which was also confirmed by RT-qPCR
investigation. These ribosomal proteins are involved in protein synthesis and in the negative
regulation of cell proliferation and death and are known to stimulate the differentiation process.
These results are in line with Higgins [67] and Seo [9,68], who showed, throught cDNA
microarray approach, that these ribosomal proteins were up-regulated upon three days of
calcium treatment. It is noteworthy that these ribosomal proteins have the potential to arrest the
cell cycle at G2/M and/or G1 phase [68]. In this regard, the transient increase in levels of
ribosomal proteins may be linked to the withdrawal of cell cycle progression [9,69] also
occurring in keratinocytes undergoing to calcium-induced differentiation. Decreases of
keratinocyte proliferation, occurring after calcium treatment, is possibly linked with an overall
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decrease of both glycolysis and Krebs cycle during the first days of calcium treatment,
necessary for the cell growth but not for the differentiation process. In agreement with the
activation of protein folding, proteomic analysis showed also an up regulation of the heat shock
protein HSP60 (60 kDa heat shock proteins), suggesting its prominent role during the early
time points. HSP60 is an ATP-dependent chaperonin that assembles with its co-chaperonin
HSPI10 to mediate mitochondrial proteostasis by promoting the folding of newly imported
mitochondrial proteins into the matrix and preventing protein aggregation [70]. Our data also
showed up-regulation of HYOUT after six days of calcium treatment (Table 1). Alike HYOU1
is induced in response to ER stress by UPR-mediated mechanism [71,72].

HSPs interact also with NPM, a nucleolar phosphoprotein [73,74] with a potential role
as a positive regulator in cell proliferation [75,76]. As matter of fact, NMP. decreased upon
three days of calcium treatment (Table 2), confirming NPM slight decline observed during
differentiation [74]. Furthermore, HSPs interact also with the elongation factor 1 delta (EF1D),
a human eukaryotic EF1D protein involved in making aa-tRNAs available to the elongating
ribosome [77]. Our proteomics data showed EF1D up regulation after 6 days of calcium
treatment (Table 1). Interestingly, in line with our results, EFD1 protein acts also as a
transcription factor for genes that contain heat-shock elements:(HSEs) and UPR activation
signalling [78]. Other proteins significantly modulated in our proteomic studies and involved in
UPR signaling was the molecular chaperone GRP78 (Table 2). This protein shows activity in
various subcellular compartments: ER, nucleus, cytoplasm, mitochondria, cell-surface, and
extracellular space [79-83]. GRP78 maintains specific transmembrane receptor proteins
involved in initiating of the downstream signaling of the UPR, in an inactive state, by binding
to their luminal domains. Under normal conditions without ER stress, GRP78 binds the
monomer IRE1 , however upon ER stress IRE1 forms homodimer and oligomers, followed by
release of GRP78 [49] and/or direct interaction of unfolded proteins with its ER lumenal
domain [84]. Thus, the increase of ‘GRP78 found by proteomic analysis could be related to
GRP78 dissociation from the receptor [85,86] and its accumulation in the cytoplasm, indeed,
RTqPCR analysis did not reveal an increase at transcriptional level. UPR stress-responsive
signaling pathways down-stream GRP78 include three different downstream cascades: IREI,
ATF6, and PERK [25,48],/our data indicated that during in vitro keratinocyte differentiation the
transcription factor 4 (ATF4) isresponsible of UPR activation. ATF4 also regulates the
expression of genes involved in amino acid metabolism and response of redox homeostasis
[87]. Interestingly, our transcriptomics analysis showed an overexpression of genes involved
in amino acid metabolism, such as XBP1, PDI e GPR78, and by metabolomic analysis we
found a significant decrease of all amino acids during differentiation. Furthermore, the
increased levels of GRP78 lead to an elevated c-Myc expression and concomitantly to
enhanced glutamine metabolism [88]. Our metabolomics data show a significant glutamine
decrease during keratinocyte differentiation. Since it is well known [88,89] that glucose
deficiency induces GRP78 expression with the consequent increase of glutamine metabolism, it
is not surprising that we detected a decrease of glycolysis during calcium treatment. The ER
stress has also been correlated with a decreases of Krebs cycle [69]. Indeed, the carbon
skeletons of certain amino acids derived from proteins can feed into the citric acid cycle, as for
instance tyrosine. This amino acid, was found down regulated after calcium treatment, possibly
causing a malate/fumarate deficiency and down-regulating the Krebs cycle. It is of note that
tyrosine is also present, up to 22% of the amino acids residues, in keratin 1 and keratin 10 [90],
components of the cytoskeleton of differentiated keratinocytes.

Protein homeostasis in the ER is strongly connected to the formation of native disulfide
bonds during protein folding, which also requires reduction of non-native bonds [91]. The
members of the protein disulfide isomerase (PDI) family are important catalysts of these thiol—
disulfide exchange reactions [92,93]. In line with this findings, transcriptomic analysis showed
an upregulation of PDI. This oxidative mechanism is antagonized by the low molecular weight
thiol compound glutathione (GSH), which maintains a reduced fraction of PDIs [94-96]. GSH-
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mediated reduction results in the formation of its dimeric oxidized form glutathione disulfide
(GSSG). The presence of oxidizing and reducing components in the ER allows a dynamic
control of the redox state [97]. Interestingly, metabolomic analysis showed that during ER
stress oxidized glutathione increased significantly. In this regard, the re-increased glycolytic
intermediated recorded after third-six days of calcium-induced differentiation did not fueled
Krebs cycle, which resulted reduced and keep going down in function of time, but the PPP
pathway. This metabolism allowed the cells to produce more NADH that is necessary to reduce
oxidized glutathione. This switch is in part regulated by the transcription factor p63 [98—102].
p63 affects glycolysis by directly regulating the expression of hexokinase II,. This latter is the
glycolytic enzyme that controlls the first step of glucose utilization and it is strongly dependent
by p63 activity [98,102]. However, during the late stages of differentiation, the glycolysis
slows down and metabolites could then shift towards pyruvate and then enter in Krebs, or in
PPP cycle. PPP metabolism plays a role in defending cells against oxidant metabolites as well
as in ER stress [103].

Both proteomic, transcriptomics and western blotting analysis reévealed that levels of
RAD23 protein were decreased during calcium treatment. RAD23, being involved in regulating
ER-associated protein degradation, designates a cellular pathway which targets misfolded
proteins of the endoplasmic reticulum for ubiquitination and subsequent degradation by the
proteasome, protein-degrading complex. Interestingly, RAD23 was originally identified as an
important factor involved in the recognition of DNA damage, suggesting a possible link
between ubiquitin/proteasome system (UPS) and <« DNA . repair during Kkeratinocyte
differentiation [104]. The decrease of RAD23 might be in line with the variation of DNA
damage recognition proteins, such as DDB2 and’ XPC, detected during keratinocyte
differentiation [105].

These studies, combining proteome, transcriptome and metabolome data could be an
useful tool to better understand the mechanism of normal epidermal keratinocyte differentiation
in physiological and pathological conditions[106—-109]. Differential approaches revealed UPR
activation and ER stress during in vitro induced differentiation of primary human keratinocytes.
Abnormal UPR has been implicated in hereditary keratosis, including Darier’s disease,
ichthyosis congenita, erythro-keratoderma variabilis, and ichthyosis follicularis [17]. Taken
together all of these data may be relevant to clarify pathological mechanisms and possible
therapeutically treatments for skin diseases.
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Figures Legends

Figure 1. Proteomic profiling during keratinocyte differentiation. (A) 2-DE proteomic
profiling of keratinocytes at 1 day, three days and 6 days after calcium treatment. Numbers
indicate the statistically variable protein spots as detected by using Progenesis SameSpots
software. (B) Venn diagrams depicting the number of proteins identified in each sample, during
the calcium treatment. Graphic was obtained by FunRich program submitting the lists of
proteins exclusively detected in each sample. (C) Gene Ontology-based functional enrichment

analysis of biological functions, using FunRich software.

Figure 2. RAD23 and PDI expression is downregulated during HEKn cells differentiation
(A) Western blot of HEKn cells protein extracts collected at cal¢ium=induced keratinocytes
differentiation days (DD). Differentiation was evaluated by expression levels of Keratin 10.
RAD23 and PDI proteins downregulation during differentiation:is also shown. B-Actin was
used as loading control. (B) Confocal analysis performed on calcium-induced HEKn
differentiation, also reveals a decrease of RAD23 and PDI protein levels (green). Cytoskeleton

labeled with B-Tubulin (red) and nuclei stained blue (DAPI).

Figure 3. Activation of the UPR during keratinocyte differentiation. (A) Heat map
comparing the expression of selected genes using the RNA seq data published in [59] and the
ENCODE data. (B) Real-time guantitative PCR showing UPR marker’s, ATF4 AND CHOP,
expressed at mRNA level duringesealcium-induced keratinocytes differentiation. DD: days of
differentiation. *p = 002; *¥p =0.01; ***p =7x107; *p = 0,045; *p = 0,048. (C) Western blot
of GRP78 duringfcaleium-induced keratinocytes. DD: days of differentiation. (D) Normal
human skin showing,«by confocal analysis, GRP78 (red). Basal layer is labeled using K14
(green) andwmueleistained blue (DAPI).

Figure 4. Glycolysis and TCA cycle intermediates during keratinocytes differentiation.
Variation 1n the levels of metabolic intermediates in Glycolysis and Kreb’s cycle. The values
shown are mean + SD (n = 6) of keratinocytes metabolites. Statistical significance was

indicated by *p < 0.05; **p <0.01; ***p < 0.001.

Figure 5. Amino acids during keratinocytes differentiation. Variation in the keratinocytes of
amino acids content in keratinocytes. Values are mean = SD (n = 6) of metabolites. Statistical

significance was indicated by *p < 0.05; **p < 0.01; ***p <0.001.
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Spo Accession Protein name Mascot | Match® Unique Seq. Theoretical/ Theoretical / Trend
No.” number score Sequences® | Coverage | Experimental Mr (Da) | Experimental pl
0306 | TPM2 HUMAN Tropomyosin beta chain 1157 43(43) 16(16) 37% 32945/40000 4.66/4.9 Up 0-lday
1303 | EF1D HUMAN Elongation factor 1-delta 93 2(2) 1(1) 4% 31217/45000 4.9/5 Up  0-6days
1304 | GDIRI HUMAN | Rho GDP-dissociation inhibitor 306 12(12) 7(7) 36% 23250/36000 5.02/5 Up  0-lday
14045 | RSSA_HUMAN 40S ribosomal protein SA 930 29(29) 11(11) 41% 32947/48000 4.79/4.9 Up 0-lday
1416 | HNRPC_HUMAN | Heterogeneous nuclear 719 22(22) 9(9) 27% 33707/46000 4.95/5.1 Up  0-3days
ribonucleoproteins C1/C2
1419 | RSSA_HUMAN 40S ribosomal protein SA 342 8(8) 5(5) 21% 32947/50000 4.79/4.9 Up  0-3days
1701 | RD23B_HUMAN | UV excision repair protein 46 1(1) 1(1) 1% 43202/62000 4.79/5 Down 0-6days
RAD23 homolog B
2103 | KIC10 HUMAN | Keratin, type I cytoskeletal 10 568 15(15) 9(9) 16% 59020/30000 5.13/5.4 Up  0-3days
2308 | NPM_HUMAN Nucleophosmin 128 6(6) 2(2) 7% 32726/45000 4.64/5.1 Down 0-3days
2403 | HNRPC _HUMAN | Heterogeneous nuclear 992 29(29) 10(10) 31% 33707/46000 4.95/5.2 Up 0-lday
ribonucleoproteins C1/C2 0-3days
2404 | STRAP_HUMAN | Serine-threonine kinase receptor- | 336 11(11) 7(7) 25% 38756/46000 5.98/5.3 Up 0-lday
associated protein 0-3days
2406 | ACTB_HUMAN Actin, cytoplasmic 1 1332 53(53) 14(14) 43% 42052/45000 5.29/5.2 Down 0-3days
0-6days
2409 | ACTB_ HUMAN Actin, cytoplasmic 1 1644 64(64) 18(18) 64% 42052/45000 5.29/5.3 Down 0-1days
2702 | PDIA1_HUMAN | Protein disulfide-isomerase 2027 84(84) 34(34) 64% 57480/62000 4.76/5 Down 0-3days
0-6days
2704 | CH60_HUMAN 60 kDa heat shock protein, 2064 72(72) 28(28) 49% 61187/62000 5.7/5.3 Up 0-lday
mitochondrial 0-3days
0-6days
2802 | GRP78 HUMAN | 78 kDa glucose-regulated protein | 2973 102(102) | 34(34) 51% 72402/85000 5.07/5.2 Down 0-1days
2804 | TERA_HUMAN Transitional endoplasmic 544 19(19) 909) 11% 89950 5.14/5.2 Up  0-6days
reticulum ATPase
2907 | HYOU1 HUMAN | Hypoxia up-regulated protein 1 485 23(23) 13(13) 12% 111494/110000 5.16/5.5 Up  0-6days
3901 GRP78 HUMAN | 78 kDa glucose-regulated protein | 181 4(4) 2(2) 4% 72402/110000 5.07/5.5 Up  0-6days
5205 | CH60 HUMAN 60 kDa heat shock protein, 180 5(5) 33) 7% 61187/32000 5.7/5.9 Down 0-3days
mitochondrial
5507 | KIC17_ HUMAN | Keratin, type I cytoskeletal 17 1403 54(54) 20(20) 47% 48361/50000 4.97/6.1 Down 0-1day
7601 | K2C6A_HUMAN | Keratin, type II cytoskeletal. 6A 1629 60(60) 28(28) 46% 60293/57000 8.09/6.5 Up  0-3days
0-6days
7605 | K2C6A_HUMAN | Keratin, type IT cytoskeletal 6A 1138 36(36) 18(18) 32% 60293/54000 8.09/6.6 Up  0-6days
HNRH2 HUMAN | Heterogeneous nuclear 98 3(3) 2(2) 6% 49517/54000 5.89/6.6
ribonucleoprotein H2

Table 1 - List of differentially abundant proteins identified by LC-MS/MS in keratinocytes cells treated by calcium
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Table 2 - UPR proteins modulated during keratinocyte differentiation. The table show protein trend and transcriptomic trend

Trend
Molecular function Uniprot Function y - p o—
enrichment item (FunRich) | Protein proteomces ranscriptomes
D 0-1 0-3 0-6 0-3 0-6
days days days days days
CELL ADHESION RSSA UPR activation globally down-regulates protein synthesis via alterations in the UP 18] N UP DOWN
ubiquitination of ribosomal proteins, especially la RSSA
PROTEIN FOLDING CH60 that in human keratinocytes the level of expression of heat shock protein is increased. by UP UP UP DOWN | DOWN
calcium treatment
CELL COMUNICATION EFID binds the HSP and the NF-kB N N UP DOWN | DOWN
PROTEIN GRP78 GRP78 maintains specific transmembrane receptor proteins involved in initiating of the DOWN N UP UP DOWN
downstream signaling of the UPR in an inactive state by binding to their luminal domains
METABOLISM NMP It binds protein unfolding and is associated with cell proliferation N DOWN N DOWN | DOWN
CELL GROWN AND/OR | RAD23 Rad23 is a protein that contains an ubiquitin-associated domain and an ubiquitin-like N N DOWN | DOWN | DOWN
MAINTENANCE domain. It is coptamed in ERAD comp.lex.' ERAD is al}other important response caused
by unfolded or incorrectly folded proteins in the secretion pathway.
K1C14 Regulation of growth and differentiation of keratinocytes N UP [8) DOWN | DOWN
KI1C10 DOWN UP N UP UP
K2Cl1 N N UP UP UP

18
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Figure S1

Real-time gPCR analysis indicated the expression of RSSA, RAD23 and Keratin 10 relative to control
(keratinocytes without calcium, 0DD). DD= days of 1.2mM calcium treatments. ADta are shown has
mean of three independent experiment +/- standard error. p<0.05.

Figure S2

Interactive PCA (iPCA) method in the Time-series Analysis.

Figure S3

Heatmap and metabolites clusters. The columns represent the patients and the rows the z-
transformed metabolite concentrations; the colors in the heatmap are red to blue, indicating high to
low concentration of the metabolites.

Figure S4

Pathways overrepresented in keratinocytes under calcium treatment at 1 day, 3 days, 6 days vs.
controls were obtained by utilizing the MSEA, using MetaboAnalyst. The color codes of the bar plot
correspond to the calculated p values, set to 0.01.
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