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A B S T R A C T

Physiological cholesterol metabolism implies the generation of a series of oxidized derivatives, whose oxysterols
are by far the most investigated ones for their potential multifaceted involvement in human pathophysiology. In
this regard, noteworthy is the broad antiviral activity displayed by defined side chain oxysterols, in particular
25-hydroxycholesterol (25HC) and 27-hydroxycholesterol (27HC). Although their antiviral mechanism(s) may
vary depending on virus/host interaction, these oxysterols share the common feature to hamper viral replication
by interacting with cellular proteins. Here reported is the first analysis of the modulation of a cell proteome by
these two oxysterols, that, besides yielding additional clues about their potential involvement in the regulation
of sterol metabolism, provides novelinsights about the mechanism underlying the inhibition of virus entry and
trafficking within infected cells. We show here that both 25HC and 27HC can down-regulate the junction ad-
hesion molecule-A (JAM-A) and the cation independent isoform of mannose-6-phosphate receptor (MPRci), two
crucial molecules for the replication of all those viruses that exploit adhesion molecules and the endosomal
pathway to enter and diffuse within target cells.

1. Introduction

Over the last few years solid evidence has been provided of a re-
markable antiviral effect of defined oxysterols, essentially of enzymatic
origin [1–3]. These cholesterol derived molecules proved to be effective
in inhibiting the replication of a wide span of viral pathogens, char-
acterised by highly divergent replicative strategies and structural fea-
tures. In this relation, the most studied member of this family has
certainly been 25-hydroxycholesterol (25HC), a physiological oxysterol
whose production by the enzyme 25-cholesterol hydroxylase was
proven to be interferon-inducible [1,2]. Moreover, a similarly strong
inhibition of the replication of both enveloped and non-enveloped
viruses was demonstrated to be exerted as well by 27-hydro-
xycholesterol (27HC) [4–6], the product of the ubiquitous

mitochondrial enzyme 27-cholesterol hydroxylase [7] and by far the
most represented oxysterol in human plasma [8]. This unprecedented
antiviral spectrum relies at least in part on the ability of oxysterols to
modify the composition of cellular and subcellular membranes that all
viral pathogens have to cross in order to enter the host cells or hijack
their replicative machinery. These oxysterol-induced modifications can
be triggered by different mechanisms such as (A) the direct interaction
of oxysterols with cellular membranes, (B) the interaction with cellular
proteins involved in cholesterol shuttling between intracellular mem-
branes [such as the oxysterol-binding protein 1 (OSBP)]], (C) the
modulation of the expression of enzymes involved in cholesterol me-
tabolism, by binding specific nuclear receptors such as the liver X re-
ceptor [LXR] and the estrogen receptor α [ER α] [3], or, last but not
least, (D) a suitable potentiation of the initial inflammatory reaction by
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cells under viral attack, for instance through a redox-dependent up-
regulation of NF-kB-driven overproduction of pro-inflammatory cyto-
kines, in particular IL-6 [4].

Aiming at investigating the mechanism(s) behind such an important
property of these side chain oxysterols, we deemed useful to afford the
analysis of their possible modulation of cell proteome. To date, just two
reports investigated the effect of not enzymatic 7-oxysterols on vascular
cells proteome [9,10], while no data are so far accessible as far as side-
chain and at the same enzymatic oxysterols are concerned.

2. Materials and Methods

2.1. Antibodies and reagents

The mouse monoclonal antibody directed to JAM-A (J10.4: sc-
53623) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). The mouse monoclonal antibody directed to actin (MAB1501R)
was purchased from Millipore. The secondary antibody anti-mouse IgG
horseradish (HRP)-linked (NA931V) was purchased from GE Healthcare
UK (Chalfont St Giles, UK). 25HC and 27HC (Sigma) were dissolved in
sterile ethanol at 3mM.

2.2. Cell culture and SILAC labelling

Human epithelial adenocarcinoma HeLa cells (ATCC® CCL-2™) and
African green monkey kidney epithelial cells (MA104) were propagated
in Dulbecco's modified Eagle's medium (DMEM) (Gibco-BRL,
Gaithersburg, MD) supplemented with heat-inactivated 10% fetal bo-
vine serum (FBS) (Gibco/BRL) and 1% penicillin-streptomycin solution
100X (EuroClone), at 37 °C in an atmosphere of 5% of CO2. HeLa cells
were SILAC-labelled using SILAC DMEM (#89985, ThermoScientific)
deficient in lysine and arginine, supplemented with 10% dialyzed fetal
bovine serum (Invitrogen). To this medium, the appropriate amino
acids were added as follows: unlabelled L-lysine (Lys0) and L-arginine
(Arg0) (both from Sigma) were used to obtain light-labelled cells, and
13C6

15N4 L-arginine (Arg10, CNLM-539, Cambridge Isotope Laboratory)
and 13C6

15N2 L-lysine (Lys8, CNLM-291, Cambridge Isotope Laboratory)
were used to obtain heavy-labelled cells. The final amino acid con-
centration corresponded to the standard DMEM composition
(i.e.84mg/l arginine and 146mg/l lysine). Cells were cultured for at
least seven replications to achieve complete labelling. Full protein la-
belling was verified by geLC-MS analysis (data not shown) [11].

2.3. Oxysterol treatment and preparation of cell extracts

Exponentially growing HeLa cells (either unlabelled or SILAC-la-
belled) were seeded in 10 cm dishes. After 24 h, cells were treated for
20 h with 25HC or 27HC at 5 μM in SILAC DMEM supplemented with
2% dialized FBS. Control samples were prepared by treating cells with
culture medium supplemented with equal volumes of ethanol,

corresponding to 0.17% (v/v) in cell media. For each oxysterol, a “di-
rect” and a “reverse” protocol were performed according to the fol-
lowing scheme: for the “direct” experiment unlabelled HeLa cells were
chosen as untreated control, while labelled HeLa cells were oxysterol-
treated; for the “reverse” experiment, unlabelled HeLa were oxysterol-
treated, while labelled HeLa were chosen as untreated control. After
20 h from treatment, cells were washed twice with phosphate buffered
saline containing ethylenediaminetetraacetic acid (PBS/EDTA), trypsi-
nized, washed with PBS and counted.

2.4. Protein extraction and digestion

Heavy-labelled and light-unlabelled HeLa cells were mixed in 1:1
proportion (5 million:5 million) to form direct and reverse SILAC
samples, i.e. the four samples “direct 25HC”, “reverse 25HC”, “direct
27HC” and “reverse 27HC”. The mixed cells were pelleted and solubi-
lized in Laemmli sample buffer (Bio-Rad) and dithiothreitol 50mM, to
extract proteins. The protein extract was centrifuged to pellet cellular
debris (10min, 16,000 g, 4 °C); 50 μg of the clarified protein extracts
were loaded on sodium dodecyl sulphate (SDS) polyacrylamide gel (any
kD Mini Protean TGX, Bio-Rad). After protein electrophoresis (200 V for
25min), the gel was stained with Coomassie blue (Bio-Safe, Bio-Rad).
Each lane, corresponding to one SILAC sample, was cut into 14 sub-
sequent bands of different molecular weight, in order to obtain a rough
fractionation of the sample. Each gel slice was reduced with 10mM
dithiothreitol (Sigma) in 50mM ammonium bicarbonate (Sigma) for
30min at 56 °C and alkylated on cysteine residues by incubation with
55mM iodoacetamide (Sigma) in 50mM ammonium bicarbonate for
45min at RT in the dark. Proteins were in-gel digested overnight using
1 μg of trypsin (sequencing grade, Roche) solubilized in 50mM am-
monium bicarbonate, for each gel slice. Peptides were extracted from
gel firstly with 30% acetonitrile/0.3% formic acid and then with 100%
acetonitrile; the two extractions of each gel slice were pooled. Eluted
peptides were dried in a vacuum concentrator (Martin Christ) and so-
lubilized in 12 μl of 0.1% formic acid.

2.5. Mass spectrometry analysis

Five μl peptides solubilized in 0.1% formic acid were loaded on a
nano C18 column (PicoFrit C18 HALO, 90 Å, 75 μm ID, 2.7 μm, New
Objective) by an RSLCnano System Ultimate 3000 (Dionex) controlled
by the software Chromeleon Xpress (Dionex, version 6.80). Peptides
were separated using a 90min linear gradient (from 1% acetonitrile,
0.1% formic acid to 40% acetonitrile, 0.1% formic acid) and on-line
electrosprayed into an LTQ Orbitrap XL mass spectrometer equipped
with a nanospray ion source (both Thermo). The mass spectrometer
operated in data dependent acquisition (DDA) mode, controlled by the
software Xcalibur (version 2.0.7, Thermo) to acquire both full MS
spectra in the m/z range 320–1400 (resolution 1×105 FWHM at m/z
400) and MS/MS spectra obtained by collision induced dissociation

Abbreviations:

25HC 25-hydroxycholesterol
27HC 27-hydroxycholesterol
NFKB2 NF-kappa-B p100 subunit
LC liquid chromatography
MS mass spectrometry
SILAC stable isotope labelling by amino acids in cell culture
IFITM3 interferon-induced transmembrane protein 3
MPRci cation independent mannose-6-phosphate receptor
JAM-A junctional adhesion molecule A
LE late endosomes
DMEM Dulbecco's modified Eagle's medium

FBS fetal bovine serum
DDA data dependent acquisition
CID collision induced dissociation
AUG automatic gain control
FDR peptide false discovery rates
SDS-12% PAGE sodium dodecyl sulphate-12% polyacrylamide gel

electrophoresis
PVDF polyvinylidene difluoride
PBS phosphate buffered saline
EDTA ethylenediaminetetraacetic acid
OSBP1 oxysterol binding protein 1
LXR liver X receptor
ER α estrogen receptor α
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(CID) of the 6 most abundant multi-charged ions. Automatic gain
control (AUG) was set at 1×106 for the acquisition of full MS spectra
and at 1×105 for MS/MS spectra. To avoid redundancy, after two
subsequent occurrences in less than 30 s, precursor ions already se-
lected for fragmentation were dynamically excluded for 45 s.

2.6. Protein identification and quantification

The software MaxQuant [12] (version 1.5.1.2) was used to extract
peaks from spectra and to match them against the human protein da-
tabase (downloaded on December 03.12.2014 from UniProt, 66922
entries). Mass values were re-calibrated using the “first search” option.
The following main search was performed using the following para-
meters: enzyme= trypsin, maximum number of missed cleavages= 2,
MS mass tolerance=5 ppm, MS/MS mass tolerance= 0.3 Da, variable
modification= oxidation of Met, fixed modifica-
tion= carbamidomethylation of Cys. Spectra collected from the 14
fractions of the 4 SILAC samples were analysed simultaneously, by
specifying the correct experimental design of the direct and reverse
assays. The “re-quantify” and “match between runs” options were se-
lected. The decoy mode based on the reverse database was activated;
peptide false discovery rates (FDR) was set to 0.05 and protein FDR was
set to 0.01.

2.7. Analysis of SILAC data

The four SILAC samples, namely “direct 25HC”, “reverse 25HC”,
“direct 27HC” and “reverse 27HC” were analysed simultaneously to
increase the number of protein identification and quantification. Then,
the 25HC- and 27HC-treated samples were analysed separately, by
considering the reverse and direct assay as independent replicate ana-
lyses. Rigorous quality filters were used to filter the “raw” protein list
obtained by MaxQuant; only proteins identified by two peptides and at
least by 1 unique peptide (in both replicates) were considered as gen-
uine identifications and analysed further. Then only proteins quantified
by at least two peptides (in both replicates) were analysed further.

For each replicate, the distribution of protein ratio was used to
detect proteins up- and down-regulated by oxysterols, using as
threshold the 5th and 95th percentile of the ratio distribution. Proteins
with heavy/light (H/L) ratio > 95th percentile in the direct assay
and<5th percentile in the reverse assay were considered as up-regu-
lated by oxysterols, while proteins with H/L ratio < 5th percentile in
the direct assay and> 95th percentile in the reverse assay were con-
sidered down-regulated by oxysterols. Normalized SILAC ratio values,
provided by MaxQuant, were used for protein quantification (instead of
raw ratio), in order to eliminate experimental bias due to variation in
the overall content of heavy and light proteins in each sample.

The list of proteins modulated by the oxysterols was analysed using
STRING (version 10) to detect interactions between them and to per-
form enrichment analysis of gene onthology (GO) categories and KEGG
pathways, which were considered “enriched” if the probability of
finding the observed number of proteins was< 0.05.

2.8. Immunoblotting

In order to validate the results of SILAC proteomic analysis, an
immunoblot was performed. Briefly, HeLa cells or MA104 cells were
plated in 6 well plates and treated with 25HC or 27HC at 5 μM, when
they reached confluence. Control samples were prepared by treating
cells with culture medium supplemented with equal volumes of
ethanol, corresponding to 0.17% (v/v) in cell media. After 20 h, cells
were washed twice with sterile PBS, harvested and lysed in denaturing
conditions. Extracted proteins were denatured by boiling for 5min,
then separated by 12%-SDS polyacrylamide gel electrophoresis (SDS-
12% PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane. Membranes were blocked overnight at 4 °C with PBS, 0.1%

Tween 20, and milk powder 10%. Membranes were then incubated
with the primary antibody for 1 h at 37 °C, washed 4 times with PBS,
0.1% Tween 20, and 15% milk powder, then incubated for 1 h at 37 °C
with the secondary antibody coupled with horseradish peroxidase and
washed extensively prior to developing by the enhanced chemilumi-
nescence method. The bands’ density was compared using ImageJ
software, and the intensity of the actin bands was used to normalize
values. Where possible, the results were expressed as a percentage, by
comparing treated cells with cells incubated with culture medium
alone. Statistically significant differences (p < 0.05) were assessed by
one-way analysis of variance (one-way ANOVA).

3. Results and discussion

3.1. Detection of proteins modulated by 25HC and 27HC

HeLa cells were challenged 20 h at 37 °C in the presence or in the
absence of 25HC or 27HC, at the final concentration of 5 μM, an oxy-
sterol dose and an incubation time that previously showed to fully
abolish Rhinovirus and Rotavirus replication [5]. Notably, the half
maximal cytotoxic concentration (CC50) of both oxysterols was shown
to be > 150 μM [5].

In order to obtain a first, large-scale and unbiased view of the effect
of the two oxysterols 25HC and 27HC on cells, we applied quantitative
proteomics as approach to detect variations of protein expression upon
the incubation of model cells with 25HC and/or 27HC.

In particular, stable isotope labelling in cell culture (SILAC) was
used as fully established and reliable method to obtain large-scale
protein quantification [13]. The HeLa cell line was exploited as model
system, not only because largely employed in in vitro antiviral studies,
including those related to oxysterols [4,5,14–17], but also because
successfully applied to several SILAC-based studies [13,18], also in the
field of virology [19–21].

According to the SILAC strategy, heavy- and light-labelled cells were
treated in vitro with 25HC, 27HC or vehicle (sterile-filtered ethanol).
After mixing heavy and light cells in 1:1 ratio, proteins were extracted,
fractionated, digested, analysed by mass spectrometry, identified, and
relatively quantified according to heavy/light SILAC ratios. Overall,
more than 3000 proteins were identified in samples obtained from
25HC- and 27HC-treated cells (Table 1).

Rigorous quality filters were applied to focus the analysis on high
quality data (as described in the Materials and Methods section). After
filtering, the total numbers of proteins genuinely identified and quan-
tified were 2262 and 2,287, in HeLa cells respectively treated with
25HC and 27HC. The overlap between replicate analyses was remark-
able: 87.5% of the proteins were identified and quantified in both direct
and reverse 25HC assays, and 83.2% of the proteins in the case of the
27HC assays.

Quality filters were applied to focus on genuine identifications and
quantifications.

Table 1
Number of proteins identified and quantified in HeLa cells treated with 25HC
and 27HC.

N. of proteins

25-HC 27-HC

protein identification (raw) 3081 3135
- reverse database 3043 3105
- contaminants 3008 3068
- id. based on modifications 2965 3025
≥2 peptides/protein 2364 2393
≥1 unique peptide/protein 2319 2341
≥2 SILAC ratio/protein 2262 2287
up-regulated proteins 18 8
down-regulated proteins 38 33
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Proteins modulated by 25HC and 27HC were detected by applying
5th and 95th percentile thresholds at the distribution of SILAC ratio
obtained in each sample.

Notably, since the main task of the here reported proteomic analysis
was to investigate possible mechanisms underlying the antiviral effect
displayed in a quite similar way by both oxysterols, we focused on those
proteins whose cellular expression was either increased or decreased
upon both 25HC and 27HC treatments.

For the sake of completeness, the whole list and details of proteins
modulated by each oxysterol are provided in Supplementary Tables S1-
S4.

3.2. Proteins up-regulated by both 25HC and 27HC

Table 2 reports the proteins up-regulated in both 25HC- and 27HC-
treated HeLa cells, as compared to control cells treated with vehicle.

Among the proteins up-regulated by both oxysterols, only nuclear
factor-kappa-B p100 subunit (NFKB2), a transcription factor playing a
role in inflammation and immune functions, might actually be related
to viral infections but also to the antiviral properties of the two side
chain oxysterols. p100 is the precursor protein of NF-kB2/p52; the
processing of p100 is signal-dependent and highly inducible, and it
selectively degrades the C-terminal portion of the precursor protein,
working as an alternative mechanism for NF-kB activation. Indeed,
several viruses have been shown to activate NF-kB signalling, usually in
the first stages of the infection and in a transient way [22–25]. The NF-
kB-dependent induction of inflammatory cytokines synthesis would
then contribute to counteract cell invasion by viral particles [26–28]
and the recognized pro-inflammatory properties of oxysterols [29,30]
could potentiate the cytokine production provoked by the virus, as
actually demonstrated in cells infected with Herpes Simplex type 1
virus (HSV-1) [4]. However, even if the proteomic result regarding NF-
kB2 well fits with the recent available literature, the same finding
should be taken with care due to the high CV observed (Table 2).

3.3. Proteins down-regulated by both 25HC and 27HC

Listed in Table 3 are the proteins down-regulated in both 25HC- and
27HC-treated HeLa cells.

The large majority of the proteins whose cellular content resulted to
be significantly reduced by HeLa treatment with 25HC or 27HC is re-
lated to lipid synthesis and metabolism or more specifically to sterol
synthesis and metabolism. This finding was somehow expected, still the
proteome analysis of oxysterol treated cells provided for the first time,
to our knowledge, meaningful and precious data. For instance, both
investigated oxysterols strongly down-regulated cellular levels of hy-
droxymethylglutaryl-CoA (HMG-CoA) synthase, the key regulatory en-
zyme of the cholesterol synthetic pathway. This is consistent with
previous literature, showing that 25-HC is a HMG-CoA reductase and
synthase inhibitor [31] and, by means of this mechanism, it conveys an
antiviral state in treated cells, particularly against flaviviruses, in-
cluding hepatitits C virus [32]. Moreover, both oxysterols can down-
regulate the expression of isopentenyl-diphosphate delta-isomerase 1, a
crucial regulatory enzyme in the synthesis of isoprenoids. Interestingly,

an excessive protein isoprenylation is correlated to cardiovascular and
age-related disease [33], while the two oxysterols would act as
quenchers of isoprenoids’ synthesis.

Out of 19 cellular proteins found to be down-regulated by both
25HC and 27HC, three are most likely implicated in viral entry and
replication, namely interferon-induced transmembrane protein 3
(IFITM3/Q01628), cation independent mannose-6-phosphate receptor
(MPRci/P11717) and junctional adhesion molecule A (JAM-A/
Q9Y624) (Table 3).

IFITM3 actually appears to be an antiviral protein inducible by α
and γ interferons and acting as restriction factor inhibiting the cell entry
of a number of enveloped viruses, such as influenza A virus, Marburg
and Ebola filoviruses, SARS coronavirus [34]. IFITM3, like IFITM2,
predominantly localizes at the endosomal level and most likely inter-
feres with endocytosis-mediated viral entry and progression in the late
endosomes, as observed for IFITM2 in the case of African swine fever
virus [35]. Thus, these findings would exclude the IFITM3 falling off
induced by 25HC and 27HC as a mechanism underlying their proved
antiviral activity.

3.4. Reduced expression of MPRci and JAM-A proteins: two likely antiviral
mechanisms of 25HC and 27HC

Contrary to the observed reduction of IFITM3, the down-regulation
of MPRci and JAM-A cellular levels as exerted by 25HC and 27HC
appears to support the antiviral properties displayed by these side chain
oxysterols.

MPRci, together with the cation dependent isoform MPRcd, is one of
the specialized transporters of newly synthesized lysosomal factors,
including cathepsins, from the Golgi apparatus to late endosomes (LE)
[36]. It was very recently demonstrated that most rotavirus strains need
the Golgi-LEs transporters MPRci and Sortilin-1 and their cargo cathe-
psins to efficiently infect Caco-2 and MA104 cells [37]. In this relation,
both 25HC and 27HC proved to markedly inhibit rotavirus replication
in the same cell lines [5,6]. In the report of Diaz-Salinas and colleagues
[37], at least cathepsins B, L and S were involved in the Golgi-LE traffic
modulated by MPRci. SILAC experiments showed a significant down-
regulation of cathepsin D only in HeLa cells treated with 25HC and not
with 27HC (Supplementary Material, Table S2). It cannot be excluded
that also this isoform could contribute to the infectivity of at least de-
fined rotavirus strains. More importantly, MPR appears to be pivotal for
the replication of several other viruses. Vaccinia virus protein p37 lo-
calizes to the LE and interacts with proteins associated with LE-derived
transport vesicle biogenesis such as MPR to facilitate assembly of ex-
tracellular forms of virus [38]. The HSV glycoprotein D (gD), which is
essential for this virus to enter cells, can efficiently bind to MPRci, an
interaction that plays a role in virus entry and egress [39]. In a recent
study, Dohgu and colleagues showed that the MPR is involved in both
the replicative cycle and the dissemination of human im-
munodeficiency virus (HIV-1), facilitating the passing of HIV-1 through
the blood brain barrier [40].

It must be outlined the fact that Sortilin-1 was not among the pro-
teins whose cellular level was diminished by the oxysterol treatment,
thus a MPRci independent Golgi-LE pathway may compensate the

Table 2
Proteins up-regulated by both 25HC and 27HC

1st ID UniProt 1st Protein name average ratio 25HC CV (%) 25HC average ratio 27HC CV (%) 27HC

Q00653 Nuclear factor-kappa-B p100 subunit 1.692 31.0 1.399 13.29
Q96QD8 Sodium-coupled neutral amino acid transporter 2 1.731 8.3 1.379 11.22
Q00534 Cyclin-dependent kinase 6 1.280 6.5 1.223 4.89
Q8IZV5 Retinol dehydrogenase10 1.238 6.1 1.212 6.44
O00762 Ubiquitin-conjugating enzyme E2 C 1.310 4.1 1.194 5.19
Q99595 Mitochondrial import inner membrane translocase subunit Tim17-A 1.323 12.3 1.184 2.52

CV: coefficient of variation.
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specific decrease of a given transporter [41]. However, an actual co-
involvement of oxysterol-induced deficit of cell MPRci in the protective
effect of 25HC and 27HC against rotavirus infection [5,6] could be
reinforced by the evidence that defined rotavirus strains, including the
human ones, utilize the tight junction protein JAM-A as a co-receptor to
enter enterocyte cells [42]. Solid proofs are actually available in-
dicating that several virus families exploit various tight junction pro-
teins to enter, replicate or even exit the target cells, being JAM-A used
by reovirus and rotavirus to facilitate the infection process [43].

Of note, JAM-A and MPRci have a different localization in the cell,
being the first bounded to the plasma membrane and the second to
cytoplasmic membranes. Hence, the tight junction protein appears the
first and critical target of viruses, then reaching LE in a second step to
enter into the cytosol from those vesicles.

3.5. Confirmation of JAM-A down regulation in HeLa and MA104 cells

The modulation of JAM-A expression by 25HC and 27HC was as-
sessed by immunoblot analysis. The treatment of HeLa cell line with
25HC or 27HC significantly (pANOVA < 0.05) decreased JAM-A protein
level by about 40% and 60% respectively (Fig. 1 A, B). The modulation
was comparable to the SILAC ratios obtained in the proteomic analysis,

corresponding to 0.626 in the direct assay and 0.737 in the reverse
assay. These results were further confirmed by immunoblotting on
25HC- or 27HC-treated MA104 cells (Fig. 1C, D).

3.6. Modulation of cholesterol and isoprenoid metabolism by 25HC and
27HC

A quite large portion of the proteins that resulted to be either up- or
down regulated by one or both the oxysterols of enzymatic origin
considered in the present study are involved in the cholesterol or the
isoprenoid metabolism. The evidence here provided of a likely mod-
ulation of these key cell metabolic pathways by 25HC and/or 27HC is
certainly preliminary and in need of deeper investigation by other
groups more focused on sterol metabolism. Still, the data reported here
should provide some useful clues for such a more focused research.

4. Conclusions

In the present study, we carried out a technically advanced pro-
teomic screening in a cell model system (HeLa cell line) commonly
employed to in vitro test the antiviral efficacy of a wide variety of
compounds. Cellular treatment was performed at a concentration of the

Table 3
Proteins down-regulated by both 25HC and 27HC

1st ID UniProt 1st Protein name average ratio 25HC CV (%) 25HC average ratio 27HC CV (%) 27HC

P37268 Squalene synthase 0.262 38.5 0.164 26.80
O00767 Acyl-CoA desaturase 0.221 19.3 0.229 1.47
Q01581 Hydroxymethylglutaryl-CoA synthase, cytoplasmic 0.291 45.3 0.287 38.50
Q13907 Isopentenyl-diphosphate Delta-isomerase 1 0.483 11.8 0.457 7.48
Q16850 Lanosterol 14-alpha demethylase 0.619 26.4 0.535 23.53
Q9UBM7 7-Dehydrocholesterol reductase 0.594 5.4 0.592 5.03
Q01628 Interferon-induced trans membrane protein3 0.544 13.0 0.615 11.71
P49327 Fatty acid synthase 0.670 4.8 0.648 4.82
Q9BWD1 Acetyl-CoA acetyltransferase, cytosolic 0.709 7.9 0.691 9.42
P14324 Farnesylpyrophosphate synthase 0.743 6.2 0.711 2.33
Q15738 Sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating 0.726 6.1 0.726 1.87
Q9Y624 Junctional adhesion molecule A 0.626 15.3 0.737 16.42
P11717 Cation-independent mannose-6-phosphate receptor 0.658 1.9 0.766 3.23
P05413 Fatty acid-binding protein, heart 0.786 1.1 0.767 9.07
P53396 ATP-citrate synthase 0.798 3.1 0.771 5.14
Q99933 BAG family molecular chaperone regulator 1 0.782 8.7 0.784 7.03
Q15796 Mothers against decapentaplegic homolog (SMAD2) 0.792 2.2 0.796 1.49
P53007 Tricarboxylate transport protein, mitochondrial 0.796 1.6 0.811 3.30
Q96CP2 FLYWCH family member 2 0.799 3.3 0.849 3.82

CV: coefficient of variation.

Fig. 1. Western blotting validation of the
25HC- and 27HC-exerted down-regula-
tion of JAM-A protein level in two dif-
ferent cell lines. Cells were incubated
20 h at 37 °C in the presence or in the ab-
sence of 25HC or 27HC at 5 μM final con-
centration. Panels A–C: JAM-A im-
munoblots were assessed in HeLa and
MA104 cells respectively and normalized
against actin. Panel B–D: the density of the
bands obtained in HeLa and MA104 cells
was calculated by means of ImageJ soft-
ware, using the intensity of the actin bands
for values normalization. Results were ex-
pressed as percent values as to untreated
cells, taken as control. Error bars represent
the standard error of the mean (SEM) of two
independent experiments in duplicate.
Statistically significant differences were as-
sessed by one way analysis of variance (one
way ANOVA). *pANOVA < 0.05;
**pANOVA < 0.01; ***pANOVA < 0.001.
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two oxysterols (5 μM) demonstrated to significantly inhibit viral re-
plication of a large number of viral pathogens, without inducing any
cytotoxicity at all [1,4–6].

Focusing on the antiviral activity of the two oxysterols, we identi-
fied two new mechanisms of inhibition of virus entry and diffusion
within infected cells. Indeed, both 25HC and 27HC were shown able to
down-regulate the junction adhesion molecule-A and the cation in-
dependent isoform of mannose-6-phosphate receptor, two crucial mo-
lecules for a number of viruses to exert infection.

This research communication is the first report on cell proteome
modulation by two side chain oxysterols, i.e. 25HC and 27HC, certainly
of primary interest in human pathophysiology. The two oxysterols were
shown by our group to further up-regulate the redox sensitive tran-
scription factor NF-kB in virus infected cells, by this way boosting the
cellular pro-inflammatory reaction against the virus itself [4]. In addi-
tion, we previously reported that the survival signalling triggered by
low micromolar concentrations of 27HC in the human pro-monocytyc
U-937 cell line was dependent on a rapid and transient activation of
NADPH-oxidase with consequent H2O2 production [44,45]. These
findings are thus indicating a promising way to deeper elucidate the
actual contribution of redox reactions in the antiviral effects of 25HC
and 27HC.
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