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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 infection affects the respiratory system but also many tissues and organs that may be adversely

SARS-CoV-2 1 compromised. Accordingly, recent evidence has assessed virus ability to infect different cell phenotypes, translate

Envelope 2 viral proteins and promote virus replication. Among them, Envelope (E) proteins sustain virus replication,

1(1:11)23+ THS ling 4 promote inflammatory processes and remodelling of host cells. However, despite advances on structure and

E; strez: smg sequence, E-protein specific location and effects in human host cells are still controversial and poorly

Dysfunctional mitochondria 6 investigated.

Tri-lineage differentiation 7 Using lentiviral vectors, we established HEK293 and hiPS cell lines stably expressing E-protein. Immunocy-
tochemistry showed E-protein mainly locates within the endoplasmic reticulum, the ERGIC and the Golgi
compartments, while only HEK293 cells display some protein staining in cell periphery suggesting a possible
insertion into the plasmalemma. Electrophysiological recordings in HEK293 cells revealed E-protein self-
assembles in the plasma membrane to mediate a cation efflux pore that is sensitive to amantadine blockade.
Calcium fluorescence imaging in HEK293 and hiPS cells demonstrated E-protein expression induces a marked
depletion of thapsigargin-sensitive intracellular calcium stores. The altered calcium homeostasis associates to
reduced cell metabolic activity, mitochondrial potential, proliferation rate and promotes ER stress. Finally, tri-
lineage differentiation of hiPS cells indicated E-protein expression preserves cell pluripotency while selectively
impairs mesodermal differentiation. These results unveil a critical role of stable E-viroporin expression that
through alteration of ER Ca®* homeostasis, metabolic activity and induction of ER stress affects important cellular
functions, including the differentiative process from pluripotent to mesodermal progenitors, a critical cell pop-
ulation in self-repair and homeostasis of most human tissue and organs.

1. Introduction which substantially contribute to multiple organ dysfunction and death

[71.

SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) is SARS-CoV-2 enters the host through Spike protein recognition by
responsible for the severe respiratory disease typical of coronavirus ACE2 receptors [6], which are widely expressed by pneumocytes and
disease 2019 (COVID-19) pandemic [1-3] . Beside respiratory damages, many different cells thus ensuring virus access into several human tis-
SARS-CoV-2 infection may elicit several extra-respiratory consequences, sues and organs [8-12]. In addition to differentiated cells, the capability
such as hypertension, diabetes, and cardiovascular complications [4-6], of the SARS-CoV-2 virus to infect human embryonic stem cells (hESCs)
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has been demonstrated [13]. Thereafter, viral positive-strand genome
serves as a template that is translated by host cells into the respective
viral proteins. The latter ones traffic through the endoplasmic reticulum
(ER) to the intermediate space between the ER and the Golgi (ERGIC)
and ultimately exert specific functions aimed to promote virus cycle
[14]. Recent evidences in different human cells infected by SARS-CoV-2
indicated the induction of ER cellular stress [15-17], a reactive condi-
tion characterized by gradual ER calcium (Ca®h depletion [18], and the
accumulation of misfolded proteins, lipid droplets and/or cytotoxins in
the ER. If persistent and diffused in the organism, ER stress may act as
potent upstream driver of multi-organ damage leading to cardiovascu-
lar, neurodegenerative, and metabolic disorders [19]. Despite several
mechanism(s) have been proposed to sustain ER stress induced by
SARS-CoV-2, the involvement of specific viral components has not been
identified.

Among SARS-CoV-2 structural proteins, envelope (E) proteins are
essential to ensure virion replication and assembly in human host cells
[20-22], as well as to promote inflammatory processes and tissue
remodelling occurring after infection [23]. However, despite recent
advances on E-protein sequence, structure [24-28] and subcellular
interaction some fundamental aspects and consequences following
long-term E-protein translation in human host cells remain poorly
investigated [29]. Among others, a controversial aspect relates to its
specific location: some experimental evidence suggests that E-protein
localizes only in intracellular compartments, i.e. the ER, the Golgi
apparatus, or the ERGIC [14,30,31], while others suggest it is also pre-
sent within the plasma membrane [32,33]. Moreover, longstanding ef-
fects of E-protein effects in host cells are also poorly investigated. Few
evidence proposes E-protein may act as viroporin [33-35] via formation
of membrane-associated ion channels able to control the electro-
chemical balance across different subcellular compartments [36,37].
Studies in bacteria [38], artificial membrane bilayers [39], and forced
targeting of the E protein to the plasma membrane, proved that E-pro-
tein mediates a non-specific cation flux across membrane [31,40].
Furthermore, SARS-CoV E-protein is reported to localize in the ER of
cultured cells, where it interferes with intracellular Ca®* handling [24,
29,32] and in the ERGIC, where its expression increases luminal pH [40,
41]. Overall, the long-term consequences of E-protein stable translation
on cell ion homeostasis remain largely unclear, in particular its possible
interplay with the intracellular Ca®* stores, including ER and mito-
chondria, which maintain a critical interaction through Ca** signaling to
sustain cellular homeostasis [42]. In this context, recent studies have
reported that SARS-CoV proteins decrease the mitochondrial membrane
potential [43] and increase the number of low-activity mitochondria
[44].

Human induced pluripotent stem cells (hiPS cells) are characterized
by self-renewal and a defined replicative potential; they also exhibit
mitotic potential that is necessary for generating germ layer progenitors
and progress toward trilineage differentiation of ectoderm, endoderm
and mesoderm. These properties make these cells a suitable platform in
vitro to closely monitor the cellular mechanisms involved in tissue
repair after injuries and study the potential effects induced by viral
protein translation such as E-protein [45,46].

In this study we aimed to assess the subcellular localization and the
long-term viroporin function of SARS-CoV-2 E-protein stably transduced
in human embryonic kidney (HEK293) cells and hiPS cells via a lenti-
viral vector. This approach was used to ensure a stable expression of E
protein in host cells enabling the assessment of longstanding modifica-
tions of intracellular Ca" homeostasis and of effects on cell metabolic
activity, cell cycle progression and lineage differentiation potential of
undifferentiated precursors. Our results provide a basis to better un-
derstand the implications of SARS-CoV-2 infection in fundamental
functions of human cells including growth, proliferation and progenitor
differentiation.
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2. Experimental procedures
2.1. Lentivirus production

II generation lentivirus were produced in Lenti-X™ 293T cells by
transfection in 100 mm dish with Lipofectamine 3000 using plasmids
reported in supplementary table I.

2.2. HEK293 culture

HEK293 were cultured in DMEM, supplemented with glutamine, 10
% fetal bovine serum (HyClone), 100 U/mL penicillin- streptomycin.
Stably transduced cells selection was achieved by adding 1 pg/mL
Puromycin.

2.3. hiPS cells culture and differentiation

WTC11 hiPS cell line (UCSFi001-A), obtained by a healthy 30-33
years old male was gifted by Dr. Pioner (Department of Clinical and
Experimental Medicine, Division of Physiology, University of Florence,
Italy). hiPS cells were cultured in feeder free conditions in mTeSR Plus
medium on a Matrigel substrate and split every 4-5 days with PBS
supplemented with EDTA [0,5 mM] with ratio 1:5 and adding Y27632 (5
pM) for 24 h in the colture media as previously described [47-50].
Stably transduced cell selection was achieved by adding 1 pg/mL Pu-
romycin. hiPS cell lines were cryopreserved in CryoStor CSB Medium (1
x 10° cells). After thawing, hiPS cells were cultured in mTeSR Plus
medium with Y27632 (5 pM) for 24 h.

In the different experiments were used at least 3 replicates of
transduced hiPS cell batches. hiPS cells were differentiated into the
three germ layers using Trilineage Differentiation Kit, following the
manufacturer’s instructions. Briefly, hiPS cells colonies at 70-80 %
confluency were dissociated using Tryple, suspended into mTeSR Plus
medium and seeded onto Matrigel-coated wells of a 24-well plate at the
appropriate cell density (100.000 cells/well for mesoderm; 400.000 for
endoderm and ectoderm). The next day, the culture medium was
replaced with the lineage specifc STEMdiff™ Trilineage medium that
was refreshed daily.

2.4. cDNA extraction, retrotranscription and RT quantitative PCR

Total RNA was extracted from HEK293 and hiPS cells cultures using
the QIAzol Lysis Reagent (QIAGEN S.r.1., Italy). Subsequently, comple-
mentary DNA (cDNA) was synthesized via reverse transcription of 1 pg
of total RNA using SuperScript Vilo (Invitrogen) following the manu-
facturer’s instructions. Real-time quantitative PCR (Q-PCR) was con-
ducted using iTaq™ SYBR® Green Universal Supermix along with pre-
designed primer assays for the genes Brachyury, SOX17, OTX2, and
RPL19 (Bio-Rad Laboratories S.r.l., Milan, Italy). Specific primers for the
SARS-CoV-2 E and GAPDH (supplementary Table 2) genes were
designed based on gene sequences using Primer-BLAST (NIH). Relative
quantification of cDNA levels for the different genes was determined
using the comparative method (AACt) via Bio-Rad CFX Maestro soft-
ware (Bio-Rad Laboratories S.r.l., Milan, Italy), with the RPL19 or
GAPDH genes used as the standard. E-gene transcript was assessed by
PCR amplification using Platinum PCR Supermix (Invitrogen) and the
primers reported in supplementary Table 2. Envelope expression was
assessed on WT-C11 and E-hiPS both at the beginning and at the end of
the study to confirm the absence of cross-contamination between the
two cell lines.

2.5. Flow cytometry (FC) analysis
Flow cytometry experiments were performed on an BD LSRII cy-

tometer (Becton Dickinson, San Jose”, CA, USA). For the different
analysis, samples of 10° cells were stained with antibodies and reagents
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reported in supplementary Table 3.
2.6. MTT assay

Cell viability was assessed using a colorimetric assay based on MTT.
In brief, a total of 10,000 cells were seeded in 96 well plate in complete
media for 48 h, followed by incubation with MTT labelling reagent (0.5
mg/ml in Phosphate Buffer Saline) at 37 °C for 3 h in the absence of
light. Subsequently, formazan crystals formed within the cells were
dissolved by adding 100 pl of 2-propanol. The absorbance at 595 nm was
measured using a spectrophotometer. Each experimental sample was
analysed in triplicate.

2.7. Recording of cell Rb" efflux using ion channel reader (ICR)
technology

Rb" efflux was assessed following the protocol outlined in [51].
Detailed procedure is reported in supplementary material.

2.8. Ca®" imaging assays

Cells were loaded with 2 pL/ml Cal520 probe and 5 pL/ml Pluronic
F127 (AAT Bioquest, Sunnyvale, CA, USA) for 30 min at 37 °C and then
washed with pre-warmed Ca?*-free Tyrode’s solution (supplementary
material) before placing in a heated (3741 °C) stage of an inverted
microscope. During measurements, cells were perfused with heated
Ca?*-free Tyrode’s solution containing 0.5 mM EGTA (supplementary
material) to keep a stable temperature. Assays were performed as pre-
viously described [52]. Detail procedure is reported in supplementary
material.

Notably Cal520 is sensitive to pH (see for example [53]), which is
reported to be alkalinized inside intracellular organelles by SARS-Cov2
[41]. However, we considered that in our experimental conditions
Cal520 has an optimized chemical structure ensuring an almost exclu-
sive cytosolic localization [54]. This evidence suggests that Cal520
likely remains confined inside cytoplasm, a stable pH compartment,
where have been excluded pH modification.

This makes us confident that fluorescence signals generated by Cal
520 does not undergo pH variation and fully reflect cytosolic Ca2+
variations

2.10. Immunofluorescence

Cells have been seeded on circular glass slides (2 cm?) placed in a 24-
well plate at 37 °C. On the next day cells have been fixed with para-
formaldehyde (PFA 4 %) for 15’ and then permeabilized with Triton X-
100 0,1 % for 10". Following a 2-hour blocking step in PBS with 10 %
BSA, slides underwent an overnight incubation with the different pri-
mary antibodies, succeeded by 1 hour of incubation with the corre-
sponding secondary antibodies. Nuclei were stained with Hoechst
(1:1000 in PBS, 10 min). Imaging was performed using a confocal mi-
croscope (Leica SP8 Confocal Microscope, Leica Microsystems, Wetzlar,
Germany). Primary and secondary antibodies are detailed in Supple-
mentary Table 3. Colocalization analysis and quantification of the de-
gree of overlap using Pearson coefficients were performed using the
Coloc 2 plugin in Fiji. The reported values represent the average Pear-
son’s R value (above threshold) calculated from at least 10 cells, derived
from three independent images.

2.11. Statistics

Categorical variables are presented with counts and proportions,
while continuous ones are presented as the mean + standard deviation
of the mean (SD) or median with IQR (interquartile range). Data sta-
tistical analysis was performed using GraphPad Prism v8.0 (GraphPad
Software, San Diego, California, USA). For comparisons between two
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groups, we used Student’s t-test or ANOVA. All statistical tests were two
tailed with a significance level of 0.05. FAIR (https://www.go-fair.or
g/fair-principles/) and CARE (https://www.gida-global.org/care) data
management principles were followed.

2.12. Resource availability

Materials availability, data and code avaiability: Lenti-X™ 293T
(#632,180 Takara); Lipofectamine 3000 (#L3000001 Invitrogen);
DMEM (#41,965-039 Gibco, Italy); fetal bovine serum (# 12,389,802
HyClone); penicillin-streptomycin (#P4333 Sigma-Aldrich); Puromycin
(#A11138-03 Gibco); mTeSR Plus medium (#100-0276 Stem Cell
Technologies, Vancouver, Canada); Matrigel (#354,230 Corning®);
STEMdiff™ Trilineage Differentiation Kit (# 05,230 Stem Cell Tech-
nologies); Tryple (#12,604,013 Life Technologies, Thermo Fisher sci-
entific, Carlsbad, CA, USA); Y27632 (#S1049 Selleckchem); CryoStor
CSB Medium (#200,102 biolifesolutions); QIAzol Lysis Reagent
(#79,306 QIAGEN S.r.l., Italy); SuperScript Vilo (#11,754,050 Invi-
trogen); iTaq™ SYBR® Green Universal Supermix (#1725,120 Bio-
Rad); Platinum PCR Supermix (#12,532,016 Invitrogen); MTT
(#475,989 Sigma-Aldrich); Cal520 probe (#21,130 AAT Bioquest,
Sunnyvale, CA, USA); Pluronic F127 (#20,053 AAT Bioquest, Sunny-
vale, CA, USA); Hoechst (#33,342 Merck Sigma);

3. Results
3.1. Establishment of a HEK293 cell line stably expressing E-protein

We generated a HEK293 based cell line stably expressing E-protein
following lentiviral transduction. After selection with puromycin, we
verified transgene expression using cDNA PCR and specific primers for
the E-gene. Analysis confirmed E transgene transcription in selected cells
(Fig. 1A, E-HEK293), while yielding negative results in wild-type
HEK293 (WT-HEK293) cells.

3.1.1. Validation and immunocytochemical characterization of E-protein
expression in HEK293 cells

To verify the correct selection of E-HEK293 cells after lentiviral
transduction and assess the impact of E-transgene expression on cell
viability, we performed an MTT assay to measure cell metabolic activity
after 24 h selection with puromycin. As expected, WT-HEK293 cells
significantly reduced metabolic activity compared to untreated cells
(Fig. 1C unt/Puro WT-HEK293 cells), while E-HEK293 cells appeared
resistant to selection (unt/Puro E-HEK293 cells). Furthermore, E-
HEK293 cells also displayed a reduced metabolic activity compared to
unt WT-HEK293 cells, suggesting that E-transgene expression reduces
mitochondrial activity of human cells

To validate E-protein expression and study the localization, we
conducted an immunocytochemistry assay using an E-protein specific
antibody conjugated with Alexa Fluor488 on fixed and permeabilized
cells. Image analysis (Figure 1B") confirmed E-protein expression in E-
HEK293 cells that display a clear localization in the intracellular com-
partments and some protein staining in cell periphery suggesting a
possible insertion into the plasma-lemma. To better characterize the
intracellular localization of E protein, we performed a co-localization
study using an antibody specific for the ERGIC protein Ergic-53
(Figure 1B™). Results demonstrated that the intracellular component
of E protein is predominantly expressed within the ERGIC compartment
(Pearson’s R value 0.69 + 0.03).

3.1.2. Functional characterization of HEK293 cell line stably expressing E-
protein

The localizations of E-protein on E-HEK293 cell periphery led us to
hypothesize that some protein may be inserted into the plasmalemma
and translate into a detectable ionic function. To this aim, we used a
high-throughput approach (ICR8000 system) combined with atomic
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Fig. 1. Characterization of HEK293 cells stably expressing E-protein. A: Envelope specific PCR performed on retrotranscribed cDNA from HEK293 cells infected with
E encoding lentivirus (E-HEK293 cells), wild-type HEK293 cells (WT-HEK293 cells), and lentiviral plasmid (E-plasmid), used as control. B: Immunofluorescence
confocal Images of WT-HEK293 (BY), E-HEK293 cells (B") labelled with anti E-AF488 and E-HEK293 cells with double staining of E-protein (AF488) and ERGIC-53
(B™, AF680, Pearson’s R value 0,69+0,03). The cells were fixed, permeabilized, and labelled with the indicated antibodies. Nuclei were stained with DAPI. Image
size: 500 pm x 500 pm (B,BY), 100 pm x 100 pm (B"V. Pearson’s R value (above threshold) is calculated from at least 10 cells, derived from three independent
images. C: MTT analysis of WT- and E-HEK293 cells grown with (Puro) or without (unt) puromycin conducted 24 h after cell seeding. Columns show normalized
mean MTT absorbance values and standard deviation of five independent experiments. (* p < 0.05, *** p < 0.001, two-tail unpaired t-test).

absorption spectroscopy to perform electrophysiological recordings on
E- and WT-HEK293 cells and measure the rubidium (Rb™) ion move-
ments across the plasma membrane. This approach is expected to
amplify and mimic potassium (K™) efflux from cells, as demonstrated by
our validation experiments performed on HEK293 cells expressing
hERG1 K" channels, which displayed a robust outward Rb" current
(Supplementary Figure 1A). Results suggest that E-protein expressed in
E-HEK293 cells is likely to self-organize at plasmalemma level and
mediate a small K efflux that is inhibited by Amantadine (Supple-
mentary Figure 1B). The small current density mediated by E protein
suggests this ion flux likely represents a minor functional effector in
HEK293.

Since immunocytochemistry evidenced that E-protein is largely
localized within the intracellular compartments of HEK293 cells
(Fig. 1B), we reasoned that in these sites it may affect Ca®* release from
ER, as previously reported in other studies [29,55]. Therefore, we per-
formed live imaging measurements of cytoplasmic Ca?* levels in E- and
WT-HEK293 cells under basal conditions (Ca2+—free Tyrode’s solution
supplemented with 0.5 mM EGTA), during depletion of
thapsigargin-sensitive Ca®" stores (Ca"-free Tyrode’s solution supple-
mented with 0.5 mM EGTA plus 1.5 pM thapsigargin) and then during
perfusion with ionomycin (Ca®*-free Tyrode’s solution supplemented
with 0.5 mM EGTA plus 2 pg/mL ionomycin), used as a reference tool
able to free Ca®* from all remaining intracellular stores. Upon thapsi-
gargin perfusion, WT-HEK293 cells displayed a robust, time-dependent
growth of cytosolic Ca?* levels, which was transient and fast. It was

followed by a second peak of cytosolic Ca®" elicited by the perfusion
with the ionophore ionomycin, used as a positive control. Differently,
E-HEK293 cells showed a modest increase of cytosolic Ca®" levels from
thapsigargin-sensitive stores, which was followed by a larger cytosolic
Ca?" increase caused by ionomycin (Fig. 2A).

Average value of thapsigargin-induced maximal peaks of Ca®t was
significantly higher in WT- compared to E-HEK293 cells (Fig. 2B),
indicating that E-transgene expression actively depletes thapsigargin-
sensitive Ca2" stores. Extensive Ca>" mobilization following applica-
tion of ionomycin was similar in WT- and E-HEK293 cells (Fig. 2C);
therefore, the ratio between thapsigargin- and ionomycin-induced peak
was significantly higher in WT compared to E-HEK293 cells, thus sug-
gesting a specific depletion of ER Ca*t content in cell expressing E-
protein (Fig. 2D). Time to maximal peak value was similar in WT- and E-
HEK293 cells (Fig. 2E).

3.2. Immunocytochemical characterization of E-protein expression in
hiPS cells

Based on results obtained in HEK293 cells, we asked whether E-
transgene stable expression have similar consequences in a relevant
human cell model, i.e. hiPS cells, where intracellular Ca®>* homeostasis
and metabolic activity are critical to maintain pluripotency, promote
proliferation and drive the differentiation process. hiPS cells were
transduced with the same lentiviral vector used for HEK293 cells to
generate a stable hiPS cells line expressing E-protein. After transduction
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Fig. 2. Intracellular Ca®>* imaging of WT- and E-HEK293 cells. A: Representative normalized traces of thapsigargin (T)-sensitive and insensitive (I: ionomycin)
cytoplasmic Ca®* levels recorded in WT- and E-HEK293 cells. B: Data distribution and mean values + standard deviation of thapsigargin-induced maximal peak of
cytoplasmic Ca?* recorded in WT- (n = 28) and E- (n = 29) HEK293 cells. Base line values have been subtracted. (****p < 0.00001, two-tail unpaired t-test). C: Data
distribution and mean values + standard deviation of ionomycin-induced maximal peak of cytoplasmic Ca?* recorded in WT- (n = 28) and E- (n = 29) HEK293 cells.
Base line values have been subtracted. (ns, two-tail unpaired t-test); D: Data distribution and mean values =+ standard deviation of thapsigargin/ionomycin peak ratio
recorded in WT- (n = 28) and E- (n = 29) HEK293 cells (****p < 0.00001, two-tail unpaired t-test). E: Data distribution and mean values =+ standard deviation of time
to maximal peak of cytoplasmic Ca®" induced by thapsigargin recorded in WT- (n = 28) and E- (n = 29) HEK293 cells (ns, two-tail unpaired t-test).

and selection, E-transgene transcription was verified by cDNA PCR and
compared to lentiviral plasmid, taken as control (Supplementary
Fig. 2A).

Thereafter, E-protein localization was studied by immunocyto-
chemistry and confocal microscopy (Supplementary Fig. 2B). Results
evidenced a subcellular localization of E-protein rather different
compared to that observed in HEK293 cells, since the intracellular
staining appeared completely prominent compared to that of the plas-
malemma. This finding led us to deeply characterize the expression of E-
protein within E-hiPS cells to identify the specific subcellular compart-
ment(s) of localization (Fig. 3, Supplementary Figure 3). Immunofluo-
rescence assays and E protein co-localization analysis with different
cellular markers revealed that in hiPS cells E-protein does not co-localize
with the plasma membrane, labelled with the Cholera Toxin AF647
(Pearson’s R value: —0,40+0,10, Fig. 3E). Rather it displays a main
distribution within ER-ERGIC-Golgi complex, despite not perfectly co-
localizing with the calreticulin, Serc2ATPase, ERGIC-53 and Golgin 97
markers (Pearson’s R values were 0.20+0.03, 0.1940.09; 0.044-0.03
and 0.01+0.03, respectively; Fig. 3A-D). Co-labeling with mitochondria
(labelled with Mitotracker Orange) also gave negative results (Pearson’s

R value was —0.234+0.08; Fig. 3F). These results suggest that in hiPS
cells most of E-protein clusters inside or around the ER complex, the
ERGIC and the Golgi compartments, all sites located in close proximity
with intracellular Ca%* stores. This result is in line with previous reports
in different cells [24] and evidences a marked difference compared to
E-HEK293 cells likely attributable to the distinct cell phenotype and the
degree of differentiation.

3.3. HiPS cells stably expressing E-protein display depletion of
intracellular Ca®* stores

The negligible location of E-protein in the plasma membrane of hiPS
cells led us to disregard the possible function as ion channel in the
plasma membrane and focussed our investigations on the interplay with
the intracellular Ga>* sources. Using an experimental approach similar
to that used for HEK293 cells, fluorescence live imaging showed that in
E-hiPS cells maximal peak of thapsigargin-sensitive Ca%* stores was
significantly lower compared to WT-hiPS cells; differently, ionomycin-
induced maximal peaks were similar. The effect on ER Ca®" depletion
was the most relevant modification induced by E protein expression, as



C. Sala et al.

Cell Calcium 128 (2025) 103032

Fig. 3. E-protein localization in stable E-hiPS cells: Immuno-cytochemistry staining of E-protein in E-hiPS cells. Double staining of E-protein and the ER proteins
calreticulin (A, AF680, Pearson’s R value 0,204+0,03) and Serc2ATPase (D, AF680, Pearson’s R value 0,194+0,09), ERGIC-53 (B, AF680, Pearson’s R value 0,04
+0,03), Golgin 97(C, AF680, Pearson’s R value 0,01+0,03), plasma membrane (E, Cholera Toxin AF647, Pearson’s R value —0,40+0,10), mitochondria (F, Mito-
tracker Orange, Pearson’s R value —0,23-+0,08). Cell nuclei are stained with DAPI. Image size 100p m x 100y m. Pearson’s R value (above threshold) is calculated

from at least 10 cells, derived from three independent images.

observed in E-HEK293, and explains the reduction of the thapsigargin to
ionomycin Ca?t peak ratio in E- compared to WT-hiPS cells (Fig. 4A-D).
Average values of time to maximal thapsigargin peaks were similar in E-
and WT-hiPS cells (Fig. 4E). These results indicate E-transgene stable
expression in hiPS cells acts as a robust reducer of thapsigargin-sensitive
intracellular Ca2" stores.

3.4. HiPS cells stably expressing E-protein are characterized by ER-
related cellular stress and dysfunctional mitochondria

Since numerous studies have shown that cellular stress and the
unfolded protein response (UPR) is triggered by ER Ca®** depletion and
that this condition is present after SARS-CoV-2 infection, we reasoned
that E protein expression may lead cell stress. To elucidate this point, we
evaluated the expression levels of three key ER stress effectors, namely
the ER degradation-enhancing o-mannosidase-like protein (EDEM),
which recognizes and processes misfolded proteins, HSPAS5, the prin-
cipal regulatory chaperone that binds to primary UPR stress sensors, and
the transcription factor ATF4, which regulates genes involved in anti-
oxidative stress and initiates the pro-apoptotic pathway PERK/ATF4/
CHOP cascade. Results of quantitative real-time PCR show a significant
increase of mRNA levels of EDEM, HSPA5, and a not significant increase
of ATF4 in E- compared to WT-hiPS cells. (Fig 5A).

Notably, similarly to E-HEK293 cells, E-hiPS cells displayed a
reduced metabolic activity, as assessed by MTT assay, compared to WT-
hiPS cells (Fig. 5B), suggesting a reduction of mitochondrial activity
induced by E-transgene expression. Since MTT is not exclusively pro-
cessed by mitochondrial oxidoreductases and considering that the ER
and mitochondria maintain a critical Ca** -based interplay, we hypoth-
esized that ER Ca? depletion may impair ER-to-mitochondria Ca%*
shuttle, leading to reduce mitochondrial membrane potential and

activity. We therefore evaluated in our model the presence of functional
and dysfunctional mitochondria using TMRE (tetramethylrhodamine
ethyl ester), which probes mitochondrial membrane potential. More-
over, to exclude differences in mitochondrial mass we included in the
analysis the MitoTracker Deep Red, a mitochondrial-selective probe that
accumulates in the mitochondrial matrix independently of polarization
state. Flow cytometry staining was then used to assess mitochondrial
function based on both mitochondrial mass and membrane potential,
resulting in a double-gated dot plot that distinguishes functional from
dysfunctional mitochondria [56] (Fig. 5C, D). Analysis of data evidences
a significant increase of dysfunctional mitochondria in E-hiPS cells
compared to WT-hiPS cells, and a consequent reduction of the func-
tional; exposure to HoO5 was used as positive control to induce mito-
chondrial dysfunction.

3.5. E-protein expression induces a reduction in proliferation rate

The reduced metabolic activity associated with the intracellular Ca*
depletion led us to hypothesize a possible impact on hiPS cells proper-
ties, such as proliferation and cell cycle progression, which are directly
regulated by the intracellular Ca®" availability and metabolic
homeostasis.

Proliferation assay, conducted by seeding a fixed number of cells and
monitoring growth for 72 h, revealed a lower growth rate of E-hiPS cells
compared to WT (Fig. 6A). Furthermore, propidium iodate (PI) staining
and cytofluorimetric analysis revealed a modification of cell cycle pro-
gression of E-hiPS cells that accumulate in the G1/GO phase and
decrease in the S and G2 phases compared to WT cells (Fig. 6B, C). The
altered cell cycle progression of E-hiPS cells is consistent with the
decreased proliferation rate that occurs in the S and G2/M phases.

Similar effects were observed in E-HEK293 cells, which displayed a
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Fig. 4. Intracellular Ca®* imaging of WT- and E-hiPS cells. A: Representative normalized traces of thapsigargin (T)-sensitive and insensitive (I: ionomycin) cyto-
plasmic Ca*" levels recorded in WT- and E-hiPS$ cells. B: Data distribution and mean values + standard deviation of thapsigargin-induced maximal peak of cyto-

plasmic Ca?* recorded in WT- (n = 24) and E- (n = 18) hiPS cells. Base line values have been subtracted. (*

*p < 0.00001, two-tail unpaired t-test). C: Data

distribution and mean values + standard deviation of ionomycin-induced maximal peak of cytoplasmic Ca?" recorded in WT- (n = 24) and E- (n = 18) hiPS cells. Base
line values have been subtracted. (ns, two-tail unpaired t-test); D: Data distribution and mean values + standard deviation of thapsigargin/ionomycin peak ratio
recorded in WT- (n = 24) and E- (n = 18) hiPS cells (****p < 0.00001, two-tail unpaired t-test). E: Data distribution and mean values =+ standard deviation of time to
maximal peak of cytoplasmic Ca?* induced by thapsigargin recorded in WT- (n = 24) and E- (n = 18) hiPS cells (ns, two-tail unpaired t-test).

slower proliferation rate, and an altered cell cycle progression compared
to WT-HEK 293 cells (Supplementary Figure 4).

3.6. E transgene expression alters trilineage differentiation of hiPS cells

Given the relationship among cell cycle progression, proliferation
and pluripotency of hiPS cells, we assessed the effect of E-transgene
expression on the phenotypic markers of pluripotency. Expression
analysis of OCT-4 and NANOG, two markers of pluripotency, was stud-
ied by RT-PCR and showed that both transcript levels were similar in
WT- and E-hiPS cells (Fig. 7A).

To test whether E-transgene expression could modify the differenti-
ation potential of hiPS cells, we used a well-defined functional assay to
induce trilineage differentiation of pluripotent cells. Germ layer
phenotypic markers were studied by RNA expression analysis and
immunocytochemistry, which were performed at specific time points of
differentiation, namely day 0, 3, 5 and 7 (only for the ectoderm lineage).
Differentiation into ectodermal and endodermal lineage were monitored
by evaluation of OTX2 and SOX17 gene expressions, respectively. As

expected, both expression markers increased from 0 to 3-5-7 days of
differentiation, without showing any differences between WT- and E-
hiPS cells (Fig. 7B, C). In agreement with the transcription analysis,
immunofluorescence confocal images did not show any remarkable
difference between staining of WT- and E-ectodermal and endodermal
cells. Differently, expression analysis of brachyury gene, a mesodermal
marker, evidenced similar values in E-hiPS and WT-hiPS differentiating
cells at 0 and 3 days of differentiation, which then significantly declined
at 5 days of differentiation in E- compared to WT-mesodermal cells
(Fig. 7D). Accordingly, immunofluorescence confocal images evidenced
similar staining of brachyury positive cells at 0 and 3 days of differen-
tiation, and a clear reduction in E-hiPS cells at 5 days of differentiation
(Fig. 7D). This result indicates that E-protein expression selectively
impairs mesodermal differentiation program.

To exclude the possibility that E-transgene expression was silenced
during the trilineage differentiation process, E-gene expression was
evaluated at the same time points of differentiation. Results showed that
E-gene expression was downregulated during the differentiation pro-
cesses, but it remained clearly expressed at 5-7 days (Supplementary
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Fig. 5. Effects of E-transgene expression on ER stress and mitochondrial activity. A: ATF4, HSPA5, EDEM ER response genes’ expression levels normalized to that of
the RPL19 gene, taken as reference. Histograms show mean values and standard deviation of 5 independent experiments. (**p < 0.01, ****p < 0.00001, two-tail
unpaired t-test). B: MTT analysis of WT- and E-hiPS cells conducted 24 h after cell seeding. Columns show normalized mean MTT absorbance values and stan-
dard deviation of five independent experiments (n = 5, *p < 0.05, two-tailed unpaired t-test). C: Representative TMRE/MitoTracke Far Red plots for the identification
of dysfunctional mitochondria in WT- and E-hiPS cells. D: Histogram showing the mean percentage and the standard deviation of dysfunctional mitochondria in WT-
and E-hiPS cells. Bars represent means and standard deviation of 7 independent experiments. (*** p < 0.001 one-way ANOVA). H,0, at 500 pM final concentration
was used as positive control to induce mitochondria dysfunction. Bars represent means and standard deviation of 3 independent experiments (****p < 0.00001, two-
tail one-way ANOVA).
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Fig. 6. Effects of E-transgene expression on hiPS cells proliferation and cycle progression. A: Time course of WT- and E-hiPS cells proliferation. At day 0, 10* cells/ml
were seeded, and proliferation was monitored every 24 h for 3 days. Graph represents the mean cell counts + standard deviation of three independent experiments
(***p < 0.001, ***

**p < 0.00001, one-way ANOVA). B: Representative cell cycle distribution histogram plots of WT- and E-hiPS cells after propidium iodide staining
and flow cytometry analysis. C: Histogram showing the mean percentage and the standard deviation of WT- and E-hiPS cells in each phase of the cell cycle. Bars
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figure 5). This result is in line with embryonic stem cell differentiation, 4. Discussion
where experimental evidence documented a partial down-regulation of
the elongation factor-la (EFla) promoter, which drives E-protein
expression in our cell model [57].

This study aims to elucidate the effects of SARS-CoV-2 E-transgene
stable expression on two different human cell models, i.e. HEK293 and
hiPS cells, through the characterization of E-protein location within
cells, the identification of its viroporin function, and the relevance for
cell metabolic activity, cell cycle progression, pluripotency and
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the Glyceraldehyde 3-Phosphate gene (GAPDH), taken as reference gene. Histogram shows mean values and standard deviation of six independent experiments. Time
course of gene expression levels (B) and immuno-cytochemistry images (C) of OTX2, SOX17 and Brachyury in WT- and E-hiPS cells differentiating into the endo-
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reference gene. Histogram shows mean values and standard deviation of 4 independent experiments (*p < 0.05, two-tails unpaired t-test). For immunocytochemistry,
cells were fixed at different days of differentiation, permeabilized, and labelled with the primary antibodies. Anti-goat AF594 was used as secondary antibody, nuclei

were stained with DAPI. Image size 250 pm x 250 pm.

differentiation potential of undifferentiated precursors.

We first established and characterized a HEK293 cell line stably
expressing E-protein via lentiviral transduction. Immunocytochemistry
confirmed E-protein expression, revealing its main location in intracel-
lular sites within the ERGIC compartment and a minor presence in the
plasma membrane. Electrophysiological recordings demonstrated a
consistent Rb™ efflux, considered a proxy of K* efflux from cells, in E-

HEK293 cells that is larger compared to WT-HEK293 and sensitive to the
antiviral drug amantadine in a dose-dependent manner. This result
suggests that in HEK293 cells E-proteins self-assemble in the plasma
membrane providing functional ion channels likely able to mediate a K™
efflux. Current amplitude mediated by E-protein in HEK293 cells was
smaller compared to that obtained for the voltage sensitive K channel
hERG]1 used to validate our experimental approach, which suggests that
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E-protein channel conductance is modest and likely able to give a minor
contribution to plasma membrane potential. Our electrophysiological
data on E-HEK293 cells agree with previous studies carried out in similar
models and in planar lipid bilayers and micelles that demonstrated E-
proteins self-associate to form an oligomeric ion-conductive pore that
mediates a voltage-independent non-selective cation (K™, Na" and Ca2+)
current, which is sensitive to amantadine [21,58]. Regarding the
ion-conductive function of E protein in plasma membrane of HEK293
cells, we cannot exclude that it may be a consequence of the over-
expression of E protein outside its natural context. For this reason, it is
possible it may represent a minor functional effector in host cells
compared to the function exerted in intracellular sites. Indeed, immu-
nofluorescence analysis in HEK293 and hiPS cells revealed that E-pro-
tein displays a pronounced expression within the intracellular
compartments, suggesting a dominance of intracellular interactions of E
protein in host cells. To gain deeper insights into the subcellular local-
ization of the E-protein in hiPS cells, co-labelling immunofluorescence
excluded the co-localizations with the plasma membrane and the
mitochondria, while it revealed a major localization of E-protein within
or around the membrane structures of the ER-ERGIC-Golgi complex, in
line with recent observations in different cell models [24,31,40]. The
observed diverse localizations of E-protein in HEK293 and hiPS cells is
not easy to explain; it is possible that, due to the immature ER, hiPS cells
have a low protein trafficking from ER to cell periphery and to plasma
membrane, as recently suggested in literature [59]. Alternatively, since
E-protein has different activity on membrane permeabilization accord-
ing to the amount of cholesterol in the membrane [60], it is possible that
HEK and hiPS cells have a different plasma membrane lipid composition.
Further studies are necessary to test whether other differentiated cell
phenotypes display a plasma membrane localization of E-protein in
addition to that in ER.

In line with the prominent localization of E-protein in intracellular
compartments, our study proved that the functional interplay with Ca®*
flux from thapsigargin-sensitive and insensitive stores is remarkable and
likely responsible for important consequences in human cell ion ho-
meostasis, metabolism, phenotype and fate. Despite measurements of
absolute Ca%" concentrations in specific subcellular compartments could
provide a more detailed understanding of the modifications induced by
E protein expression, such investigation requires a dedicated approach
that is beyond the scope of present study. Nonetheless, our Ca>* imaging
data provides a clearcut insight into the impact of E protein on intra-
cellular Ca" dynamics and the consequent variation of intracellular ion
homeostasis. Concerning this point, emerging findings on the mutual
interplay between ER Ca?* release to cytosol and the counter-balancing
K" movement [61,62], suggest that in our conditions E protein function
in ER may drive a K™ flux from cytosol into ER lumen that may sustain
and balance the Ca®" efflux from ER to cytosol. This possibility could
explain the reduction of ER Ca®* content in cells stably expressing E
protein. Furthermore, our results on ER Ca’" depletion induced by
E-protein fully agree and complement previous evidence obtained in
different cells [24,63], showing that a direct interaction occurring be-
tween E protein and SERCA2b reduces SERCA-mediated ER Ca?* reload
and likely depend on an inhibitory function of E protein of SERCA. This
hypothesis perfectly fits with our findings demonstrating a reduction of
thapsigargin-sensitive Ca?" stores induced by E protein expression.

ER stress has been recently investigated in cultured human cells
undergoing gradual ER Ca®" depletion, which is followed by misfolding
of polypeptides, aggregate accumulation in the ER lumen [18] and
eventually reducing cell viability. Whether E-protein in our experi-
mental models promotes the accumulation of misfolded polypeptides in
the ER has not been investigated in detail; however, the sustained
depletion of intracellular Ca?* sources in our models associates with
unfolded protein response (UPR) causing the upregulation of EDEM and
HSPA5 genes, reduced mitochondrial potential and oxidoreductase ac-
tivity, which altogether support the induction of ER stress. If confirmed
in multiple cell phenotypes, our results would identify E-protein as a
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structural protein of SARS-CoV-2 responsible for host cell ER stress
response that has already been documented after SARS-Cov-2 infection
[15].

An important point to consider when intracellular Ca®* stores are
disturbed is the Ca®" transfer mechanism from ER to mitochondria that
is essential for regulating mitochondrial functions and cell bioenergetics
[64]. Indeed, a reduction of ER Ca?* content lowers Ca®" transfer from
ER to mitochondria, inhibit ATP production and result in cell bio-
energetic deficit [65]. In line with this evidence, we observed a sus-
tained depletion of ER Ca?" content caused by E transgene expression
that is associated with reduced cell metabolic activity and proliferation
and an increase in dysfunctional mitochondria. These findings suggest
that in our condition of ER calcium depletion there could be also a lower
Ca?" transfer from ER to mitochondria. While this issue deserves further
investigations to be proved, this evidence would indicate that E trans-
gene expression in human cells initiates a series of events leading to
crucial metabolic imbalance with potential consequence on cell health.

To get insight into the phenotypic impact of E transgene expression
and the consequent intracellular Ca®* depletion, we used hiPS$ cells as
relevant cell model to explore whether pluripotency and differentiation
potential are affected. Results demonstrated E transgene expression did
not modify the expression of pluripotency markers Oct4 and Nanog,
which remained similar in hiPS cells expressing or not E-protein. The
maintenance of stemness markers in E-hiPS cells led us to hypothesize
that the differentiation potential could be preserved. Indeed, trilineage
differentiation occurred similarly in hiPS cells with or without E trans-
gene expression. Germ layers differentiation was evaluated by gene
expression analysis and immunocytochemistry of transcription factors.
In WT-hiPS cells, ectoderm and endoderm differentiation showed a
time-dependent increase of the specific markers OTX2 and SOX17,
which were unchanged by E transgene expression. Differently, meso-
derm differentiation diverged in WT and E-hiPS cells that showed a
significant reduction of the brachyury transcript and protein at 5 days of
differentiation. This result suggests the possibility that the signalling
pathway involved in mesodermal differentiation of pluripotent cells is
selectively impaired by E transgene expression. Our hypothesis is that
ER Ca%* depletion [66,67] and the consequent ER stress, inducing the
unfolded protein response may impair mesodermal differentiation in
line with previous reports on human and mouse pluripotent stem cells
[68-71].

The impairment of mesodermal differentiation by E-transgene
expression may have important implications if a similar effect occurs in
vivo after SAR-CoV-2 infections and E-protein transduction in host cells.
In fact, progenitor cells of mesodermal origin are the most abundant in
the human body, including those of skeletal-muscle system, cardiovas-
cular system and the connective tissues [72]. Some of these mesodermal
progenitors actively sustain organ self-repair and homeostasis occurring
throughout life, aging and damages induced by pathological conditions
targeting single or multi-organ functions, such as COVID-19. This
observation opens the possibility that E-protein deriving from
SARS-CoV-2 infection in host cells may represent a pivotal and still
underestimated mediator of mesodermal progenitor dysfunction
possibly linked to multiorgan damage, a condition often observed in
COVID-19 pathology. Despite this hypothesis remains to be addressed in
vivo, our study suggests that novel and more selective pharmacological
agents able to reach and block E-protein and/or its downstream signals
and consequences in host cells may represent effective approaches to
treat and prevent the harmful consequences of SARS-CoV-2 infections in
humans.

Finally, the finding that E transgene expression in human cells leads
to ER Ca2* depletion aligns SARS-CoV-2 to other pathogenic viruses that
using different mechanisms induce human cell ER Ca?" depletion to
create the most favorable conditions and promote viral life cycle,
including the induction or the inhibition of cell apoptosis [73]. In our
study we did not assess cell apoptosis, despite cell viability appeared
reduced by E-protein expression, as documented by the reduction of
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mitochondrial activity. This result further corroborates the hypothesis of
ER stress induced by E transgene expression, since the connection be-
tween ER Ca®" depletion and the reduction of metabolic activity has
been clearly documented in literature [74]. If confirmed, these results
strongly support the pivotal role of host cell ER to accomplish viral
replication cycle and indicate the possibility to inhibit ER secretory
pathway as alternative and effective strategy against SARS-CoV-2 virus
[15].
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