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Many enveloped viruses bud from cholesterol-rich lipid rafts
on the cell membrane. Depleting cellular cholesterol impedes
this process and results in viral particles with reduced viability.
Viperin (Virus Inhibitory Protein, Endoplasmic Reticulum-
associated, Interferon iNducible) is an endoplasmic reticulum
membrane–associated enzyme that exerts broad-ranging anti-
viral effects, including inhibiting the budding of some envel-
oped viruses. However, the relationship between viperin
expression and the retarded budding of virus particles from
lipid rafts on the cell membrane is unclear. Here, we investi-
gated the effect of viperin expression on cholesterol biosyn-
thesis using transiently expressed genes in the human cell line
human embryonic kidney 293T (HEK293T). We found that
viperin expression reduces cholesterol levels by 20% to 30% in
these cells. Following this observation, a proteomic screen of
the viperin interactome identified several cholesterol biosyn-
thetic enzymes among the top hits, including lanosterol syn-
thase (LS) and squalene monooxygenase (SM), which are
enzymes that catalyze key steps in establishing the sterol car-
bon skeleton. Coimmunoprecipitation experiments confirmed
that viperin, LS, and SM form a complex at the endoplasmic
reticulum membrane. While coexpression of viperin was found
to significantly inhibit the specific activity of LS in HEK293T
cell lysates, coexpression of viperin had no effect on the specific
activity of SM, although did reduce SM protein levels by
approximately 30%. Despite these inhibitory effects, the coex-
pression of neither LS nor SM was able to reverse the viperin-
induced depletion of cellular cholesterol levels, possibly
because viperin is highly expressed in transfected HEK293T
cells. Our results establish a link between viperin expression
and downregulation of cholesterol biosynthesis that helps
explain viperin’s antiviral effects against enveloped viruses.

Cholesterol is a critical component of eukaryotic mem-
branes and a precursor to many steroid hormones and bile
acids (1). Cholesterol biosynthesis occurs on the cytosolic face
of the endoplasmic reticulum (ER), primarily in the liver and
intestines (2), and is one of the most extensively regulated
biosynthetic pathways (3). The numerous regulation mecha-
nisms include transcriptional upregulation through the sterol
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regulatory element-binding protein pathway (4); down-
regulation through the sterol- and isoprenoid-dependent
degradation of 3-hydroxy-3-methylglutaryl CoA reductase
(HMGR) (5, 6); the transcriptional regulation of HMGR (7, 8);
the post-translational modification of HMGR (9); and, more
recently, the direct sensing of cholesterol leading to protea-
somal degradation of a key biosynthetic enzyme, squalene
monooxygenase (SM), mediated by the E3 ubiquitin ligase,
Membrane Associated Ring-CH-Type Finger 6 (10–12).
Cholesterol is also an important component of lipid rafts in
cell membranes (1, 13), which have been implicated in a va-
riety of diseases, including Alzheimer’s disease, prion diseases,
and bacterial and viral infections (13). Notably, various
enveloped viruses require cholesterol-rich lipid rafts to bud
from the cell, thereby completing the viral replication cycle to
produce infectious viruses (13–18).

Eukaryotic cells exhibit a wide variety of defenses against
viral infections (19). As part of the innate immune response,
the first line of defense against infection, production of in-
terferons (IFNs) promotes the upregulation of a wide range of
genes to combat infection (20, 21). Viperin—Virus Inhibitory
Protein, Endoplasmic Reticulum-associated, Interferon
iNducible—(also known as cig5 and radical SAM domain–
containing 2) is strongly induced by type I IFNs (16, 22–24)
and is associated with a wide range of antiviral properties (22).
In humans, viperin is a �42 kDa and 361-residue amino acid,
ER-associated protein that, interestingly, is one of only eight
radical-SAM enzymes identified in the human genome. The
enzyme comprises three domains: an N-terminal amphipathic
helix responsible for localizing the enzyme to the ER mem-
brane, a conserved radical-SAM domain containing a canon-
ical Fe4–S4 cluster-binding motif (CxxxCxxC), and a C-
terminal domain, largely responsible for binding the substrate
(Fig. 1) (23, 25, 26). Viperin catalyzes the dehydration of CTP
to form 3’-deoxy-3’,4’-didehydro-CTP (ddhCTP) through a
radical mechanism (27). This modified nucleotide has been
shown to act as an effective chain-terminating inhibitor of
some, but not all, viral RNA-dependent RNA polymerases (27)
(Fig. 1).

Viperin is implicated in restricting a broad range of vi-
ruses including flaviviruses such as dengue virus (28, 29),
hepatitis C virus (30–32), tick-borne encephalitis virus (33),
West Nile virus (29), and Zika virus (33–35) and other types
of viruses including human cytomegalovirus (22, 36, 37),
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Figure 1. Structure and function of the viperin. A, crystal structure of mouse viperin (Protein Data Bank ID: 6Q2P) with the [Fe4–S4] cluster bound and its
three domains highlighted. B, the general mechanistic scheme for the generation of 5’-deoxyadenosyl radical by radical SAM enzymes. C, proposed
mechanism for the formation of ddhCTP catalyzed by viperin. ddhCTP, 3’-deoxy-3’,4’-didehydro-CTP; viperin, Virus Inhibitory Protein, Endoplasmic Retic-
ulum-associated, Interferon iNducible.
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HIV (38), and influenza A (18, 39). However, no common
mechanism has emerged by which viperin inhibits viral
replication. Depending on the virus, the C-terminal domain
has been reported to primarily facilitate viperin’s antiviral
activity (21, 26, 28, 30, 40–42); in other cases, its antiviral
effects have been attributed to the N-terminal helix or the
radical-SAM domain (16, 18, 27, 30, 31, 41–49). The pre-
vailing antiviral mechanisms proposed are localization to the
ER and lipid droplets to inhibit viral budding (14, 16, 20, 31);
inhibition of viral genome replication either by production
of ddhCTP or interaction with viral replication complexes
(27, 28, 30, 33, 40, 43, 44, 47, 50); stimulation of innate
immune response pathways by interactions with intracellular
signaling proteins (35, 49, 51, 52); and targeting of viral
proteins for proteolytic degradation through the ubiquiti-
nation pathway (33, 43, 51, 53).

Viperin interacts with a diverse array of cellular and viral
proteins. For example, viperin binds to the nonstructural
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proteins of various flaviviruses, leading to inhibition of genome
replication and/or viral assembly (28, 30, 33, 40, 50). In addi-
tion, viperin facilitates innate immune signaling in the Toll-
like receptor-7/9 pathways through interactions with inter-
leukin receptor–associated kinase 1 and E3 ubiquitin ligase,
TNF receptor–associated factor 6 (TRAF6), to promote K63-
linked polyubiquitination of interleukin receptor–associated
kinase 1 by TRAF6, eventually leading to upregulation of
IFN expression (49, 51, 52). Although primarily localized to the
ER and lipid droplets, viperin can be translocated to the
mitochondria where it binds the mitochondrial trifunctional
protein β-subunit (Hydroxyacyl-CoA Dehydrogenase Tri-
functional Multienzyme Complex Subunit Beta) and inhibits
the thiolysis of β-ketoacyl-CoA esters, thereby inhibiting fatty
acid catabolism and decreasing cellular ATP levels (36, 37, 54).

Here, we report studies that identify enzymes in the
cholesterol biosynthetic pathway as novel targets for viperin.
Our studies point to a new role for viperin in regulating
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cholesterol biosynthesis, which may explain the enzyme’s
previously observed effect of inhibiting the budding of influ-
enza A and other enveloped viruses from cells.

Results

Viperin expression reduces cholesterol biosynthesis

Various studies had previously linked viperin to the
downregulation of cholesterol biosynthesis (39, 46, 55), but
the effect of viperin expression on cellular cholesterol
biosynthesis had not been investigated. To examine this
question, human embryonic kidney 293T (HEK293T) cells
were grown in reduced serum media containing lipoprotein-
depleted serum to minimize uptake of exogenous choles-
terol (56). Cells were transfected with either viperin or an
empty vector control and grown for a further 36 h before
harvesting. Lipids were extracted from the cell pellets and
total cellular cholesterol levels quantified by LC–MS, with
the results normalized to total cellular protein. The
cholesterol content of the control cells was 79.6 ± 2.1 nmol/
mg of cellular protein, whereas for cells overexpressing
viperin, the cholesterol content was 63.1 ± 3.6 nmol/mg
(Fig. 2). These values represent the average of four biolog-
ical replicates with three technical replicates of each mea-
surement. This represents a 21% decrease in cholesterol,
which is both statistically significant, p = 0.008, and
potentially biologically significant given that the statin-
induced reduction of cholesterol biosynthesis is reported
to substantially impair the replication of enveloped viruses
such as influenza A and respiratory syncytial virus (RSV)
(57, 58). Cells cultured in media containing serum that was
not lipoprotein depleted exhibited no significant change in
Figure 2. HEK293T cells expressing viperin exhibit reduced cholesterol
levels. HEK293T cells were grown in reduced serum media containing
lipoprotein-depleted serum and transfected with empty vector (HEK) or
viperin (VIP) as indicated. Cholesterol was extracted from cell pellets, and
total cholesterol levels were quantitated via LC–MS using a standard curve
generated using pure cholesterol. Results were normalized against total
cellular protein content. Values presented are the average of four biological
replicates ± SEM. *Denotes p < 0.01. HEK293T, human embryonic kidney
293T cells; viperin, Virus Inhibitory Protein, Endoplasmic Reticulum-associ-
ated, Interferon iNducible.
cellular cholesterol levels in response to viperin expression,
implying that viperin alters cholesterol biosynthesis rather
than cholesterol uptake.

The interactome of viperin includes several cholesterol
biosynthetic enzymes

Viperin and many of the enzymes involved in cholesterol
biosynthesis are associated with the ER membrane (16, 59),
leading us to consider whether viperin may downregulate
cholesterol levels by inhibiting one or more of these ER-bound
enzymes. To examine which, if any, of the cholesterol biosyn-
thetic enzymes may interact with viperin, we undertook a pro-
teomic analysis to map the interactome of viperin and in the
process obtain a more comprehensive inventory of the cellular
proteins that interact with viperin. To accomplish this, a viperin
construct bearing an N-terminal 3x-FLAG tag was transiently
expressed in HEK293T cells, as described in the Experimental
procedures section. About 42 h post-transfection, the
expressed viperin was immunoprecipitated using anti-FLAG
antibody-conjugated magnetic beads. The immunoprecipi-
tated proteins were subjected to on-bead reduction, alkylation,
and tryptic digestion followed by MS of the alkylated tryptic
peptides. An empty 3x-FLAG-tagged pcDNA3.1(+) construct
was transfected in HEK293T cells to serve as a control. The MS
analyses were performed on three biological replicates for both
the viperin and empty vector control samples.

For the initial list of identified proteins, containing 3670 hits,
the fold change in protein abundance in the viperin samples over
the empty vector control was calculated, with protein abun-
dance estimated using spectral counts (i.e., the total number of
peptide-to-spectrum matches, per protein). The shortened list
was then analyzed using the Significance Analysis of INTer-
actome (SAINT) software (60) via the Contaminant Repository
for Affinity Purification (CRAPome; www.crapome.org) web
resource (61) to exclude common and nonspecifically bound
proteins. For each protein identified in the dataset SAINT
computes, using statistical modeling of spectral counts across
bait purifications and the controls, a confidence score (proba-
bility) that the particular protein interacts with the bait protein.
By setting the SAINTprobability cutoff to be ≥0.9, we obtained a
list of 100 possible hits (Table S1). It was apparent from this
initial list that proteins involved in steroid biosynthesis and lipid
metabolism were heavily represented.

Therefore, we next performed a pathway enrichment anal-
ysis on these hits using the Database for Annotation, Visuali-
zation and Integrated Discovery (DAVID), version 6.8,
software. Functional annotation of these proteins through
Kyoto Encyclopedia of Genes and Genomes pathway analysis
showed that the highest enrichment scores, 3.59, in DAVID at
high stringency were for enzymes in sterol biosynthesis path-
ways (Table 1 and Fig. 3). This observation provided initial
support for the hypothesis that viperin inhibits one or more of
the enzymes in cholesterol biosynthesis.

Viperin interacts with SM and LS to form a ternary complex

Many of the cholesterol biosynthetic enzymes have been
shown to interact with each other in a functional complex (59), so
J. Biol. Chem. (2021) 297(1) 100824 3
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Table 1
Cholesterol biosynthetic enzymes identified by the proteomic analysis of proteins that were coimmunoprecipitated by viperin

UniProtKB Gene name Enzyme Enrichment (fold) SAINT score
Sequence

coverage (%) Unique peptides

P48449 LSS LS 33.0 1 59.01 35
Q14534 SQLE SM 24.8 1 53.5 23
Q15738 NSDHL sterol-4-alpha-carboxylate

3-dehydrogenase, decarboxylating
14.9 1 67.3 19

Q16850 CYP51A1 lanosterol 14-alpha demethylase 10.2 1 27.2 11
P56937 HSD17B7 3-ketosteroid reductase 9.8 1 32.6 10
P37268 FDFT1 squalene synthase 5.5 0.97 40.0 14

The fold enrichment represents the factor by which each protein was enriched in the sample with respect to the empty vector control.

Viperin inhibits cholesterol biosynthesis
it is likely that some of the enzymes identified by the screen are
enriched through indirect interactions, rather than binding
directly to viperin. Therefore, we focused on the twomost highly
enriched enzymes: SMand lanosterol synthase (LS). Notably, SM
and LS were both substantially enriched over other cholesterol
biosynthetic enzymes and were the two most highly enriched
proteins identified in the proteomic screen (Table S1). SM cat-
alyzes the conversion of squalene to 2,3-oxidosqualene, and LS
catalyzes the subsequent cyclization of 2,3-oxidosqualene to
lanosterol (Fig. 2), which are key steps in sterol biosynthesis (2).

To validate the interactions between LS and SM with
viperin, we transiently expressed these proteins in HEK293T
cells and subjected them to coimmunoprecipitation analysis.
Viperin, SM, and LS were transiently expressed with N-ter-
minal 3x-FLAG, C-terminal V5, and C-terminal Myc epitope
tags, respectively. Furthermore, because the N terminus of
viperin has proven important for its interactions with various
other proteins (16, 30, 43, 47), we also coexpressed a trun-
cated viperin construct lacking the N-terminal 50 residues
(viperin-ΔN50) that localize viperin to the ER membrane to
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examine whether ER localization was important in this
instance. Coimmunoprecipitation experiments were per-
formed using either viperin or viperin-ΔN50 as bait proteins
with SM and/or LS serving as the prey proteins. Both viperin
and viperin-ΔN50 were found to coprecipitate SM and LS
when coexpressed individually. Consistent with this observa-
tion, viperin and viperin-ΔN50 also coprecipitated both SM
and LS when all three enzymes were coexpressed (Fig. 4, A
and B).

To further validate these interactions, a second set of coim-
munoprecipitation experiments was performed using LS as the
bait protein and viperin and/or SM as the prey proteins. LS
coprecipitated both SM and viperin when each coexpressed
independently with LS. LS also coprecipitated both viperin and
SM when all three enzymes were coexpressed (Fig. 4C). Taken
together, these experiments indicate that viperin binds both SM
and LS, and also that SM and LS interact with each other, sug-
gesting that the three enzymes form a ternary complex in vivo.
These results also indicate that the N-terminal ER-localizing
domain of viperin is not required for it to bind either SM or LS.
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Figure 4. Viperin forms a ternary complex with SM and LS. A, HEK293T cells were transfected with empty vector (pCDNA), viperin (VIP), SM, and LS as
indicated. Viperin was immunoprecipitated using anti-FLAG magnetic beads and blots probed with antiviperin, anti-SM, or anti-LS polyclonal antibodies.
Viperin is shown to pull down both SM and LS. B, the experiment described in A was repeated using a viperin construct lacking the ER membrane–localizing
N-terminal domain (VIPΔ50). Similar results were obtained, demonstrating that the interaction of viperin with SM and LS does not depend on ER locali-
zation. C, a complementary experiment was performed in which LS was immunoprecipitated using anti-Myc magnetic beads. Consistent with the results in
A, LS pulls down both SM and viperin. ER, endoplasmic reticulum; HEK293T, human embryonic kidney 293T cells; LS, lanosterol synthase; SM, squalene
monooxygenase; Viperin, Virus Inhibitory Protein, Endoplasmic Reticulum-associated, Interferon iNducible.
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We note that in these experiments there was some
nonspecific binding of each enzyme to the anti-FLAG or anti-
Myc beads used to precipitate complexes, as is evident from
Figure 4. This indicates that there may be some intrinsic
stickiness to these ER-associated proteins. Nevertheless, the
significant differences in band intensity between the control
and experimental lanes, combined with the large enrichment
factors for SM and LS observed in the interactome screening
described previously, provide confidence that the interactions
are genuine.

Viperin expression reduces LS activity but not SM activity

Previous studies have shown that viperin exerts a range of
effects on the proteins it interacts with. Depending on the
enzyme, viperin may inhibit or enhance catalytic activity; in
other cases, it may target the protein for proteolytic degrada-
tion (33, 51, 54, 55). Given the novel interaction between
viperin, SM, and LS, and the important role SM and LS play in
catalyzing the initial committed steps in sterol biosynthesis, we
next examined whether viperin altered the enzymatic activity
of either SM or LS.

SM activity assays were performed in triplicate using lysates
prepared from HEK293T cells transfected with SM and the re-
sults compared with lysates prepared from cells cotransfected
with viperin and/or LS. The growth medium was supplemented
after transfection with BIBB 515 (1-(4-chlorobenzoyl)-4-((4-(2-
oxazolin-2-yl) benzylidene))piperidine), a potent LS inhibitor to
prevent conversion of 2,3-oxidosqualene to lanosterol during the
J. Biol. Chem. (2021) 297(1) 100824 5
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assay (62). Assays containing 0.1mMflavin adenine dinucleotide,
1.0 mMNADPH, and 20 μM squalene were incubated for 2 h at
37 �C, after which time 2,3-oxidosqualene was extracted with
ethyl acetate and quantified using LC–MS. LS assays were con-
ducted similarly to the SM assays except that cells were not
treated with BIBB 515. In this case, assays contained 50 μM 2,3-
oxidosqualene as substrate and were incubated for 2 h at 37 �C
prior to extraction and LC–MS analysis. The relative amounts of
the various enzymes in the assays were quantified by Western
blotting, as described in the Experimental procedures section.

The control SM assays exhibited an appreciable level of
background activity because of endogenous SM. However, cells
transfected SM exhibited an approximately threefold increase in
SM activity to 7.4 ± 0.7 nmol h−1 mg−1 of total protein,
consistent with the expression of active enzyme (Fig. 5A).
Coexpression of viperin with SM resulted in a modest but sta-
tistically significant decrease in the level of SM expression by
29 ± 3% (n = 3, p = 0.002; Fig. S1) compared with expression of
SM alone. This resulted in a corresponding decrease in the SM
activity measured. But after normalizing for the changes in SM
expression levels, no significant difference in the specific activity
of SMwas observed when it was coexpressed with either viperin
or LS or viperin and LS together (Fig. 5A).

In contrast to SM, the endogenous levels of LS activity were
much lower, and consequently, transfection with LS resulted
in a large, �20-fold, increase in the LS activity of the cell ly-
sates, with the LS activity = 6.7 ± 0.7 nmol h−1 mg−1 of total
protein (Fig. 5B). In this case, coexpression of viperin modestly
increased the expression levels of LS by 29 ± 3% (n = 3, p =
0.007; Fig. S2), but despite this, the LS activity was substantially
reduced. After normalizing for expression levels, LS activity
was reduced by 60%. The reduction in LS activity because of
viperin coexpression was independent of whether SM was
coexpressed. Coexpression of SM with LS in the absence of
viperin resulted in a slight decrease of �20% in LS activity that
was not statistically significant (p > 0.05).
Figure 5. The effect of viperin expression on the enzymatic activity of SM
empty vector (HEK), viperin (VIP), SM, and LS as indicated. A, activity of SM.
normalized to the amount of SM expressed in the lysate. The SM activity measu
SM-only sample is arbitrarily set as 100%. B, activity of LS. The amount of lanost
expressed in the lysate. The LS-only sample is arbitrarily set as 100%. Values pr
0.001. HEK293T, human embryonic kidney 293T cells; LS, lanosterol synthase; S
Reticulum-associated, Interferon iNducible.
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LS coexpression inhibits ddhCTP synthesis by viperin

Our previous studies have shown that viperin’s enzymatic
activity can be significantly altered by its interactions with other
enzymes; in some cases, viperin is activated, whereas in others, it
is inhibited (43, 51). To examine whether either SM or LS
potentially modulated viperin’s ddhCTP-forming activity, cell
lysates were prepared under anaerobic conditions from
HEK293T cells expressing either viperin alone or coexpressing
SM and/or LS. Viperin activity was assayed anaerobically using
300 μM CTP and 300 μM SAM as substrates. The reaction was
analyzed by quantifying the formation of 5’-deoxyadenosine, and
the concentration of viperin in the cell extracts was determined
by immunoblotting (Fig. S3) as previously described (43).

In cell lysates expressing only viperin, the observed turnover
number, kobs was 4.3 ± 0.5 h−1, which agreed well with values we
previously reported (43). In lysates coexpressing SM, no signifi-
cant change in viperin activity was observed, with kobs = 3.7 ±
0.3 h−1. However, coexpression of viperin with LS resulted in a
significant reduction in the specific activity of viperin, with kobs =
2.2 ± 0.2 h−1. When all three proteins were coexpressed, viperin’s
specific activity was reduced further, kobs = 1.0 ± 0.2 h−1. These
data suggest that the decrease in viperin’s enzymatic activity
arises from inhibition by LS that is potentiated by the interaction
of viperin and LS with SM. Although these represent statistically
significant decreases in viperin activity, it is unclear if the inhib-
itory effect of LS has any biological significance.

Effect of LS and SM coexpression on the viperin-induced
reduction in cholesterol biosynthesis

Finally, we examined whether coexpression of SM or LS
with viperin would reverse the decrease in cholesterol levels
observed in cells transfected with viperin alone. HEK293T cells
were cultured in lipoprotein-depleted media as described
previously and transfected with viperin, or viperin and LS, or
viperin and SM, or empty vector as a control. The cells were
harvested 36 h post-transfection, as before, and total cellular
and LS. Lysates were prepared from HEK293T cells transfected with either
The amount of 2,3-oxidosqualene produced after 2 h was determined and
red in the HEK and VIP samples arises from endogenously expressed SM. The
erol produced after 2 h was determined and normalized to the amount of LS
esented are the average of three biological replicates ± SEM. *Indicates p <
M, squalene monooxygenase; viperin, Virus Inhibitory Protein, Endoplasmic
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cholesterol levels quantified by LC–MS. As shown in Figure 6,
coexpression of either LS or SM with viperin failed to reverse
the viperin-induced decrease in cholesterol levels. In the
viperin + LS cells, cholesterol levels were 72 ± 10% that of the
empty vector control. In the viperin + SM cells, cholesterol
levels were 68 ± 2% that of the empty vector control. Control
experiments established that transfection of HEK293T cells
with either SM or LS did not change cellular cholesterol levels.
A further control experiment in which the viral protein, NS5A,
which similarly localizes to the ER membrane, was transfected
into HEK293T cells also had no effect on cellular cholesterol
levels. These experiments confirm that the observed reduction
in cholesterol biosynthesis is specific to the expression of
viperin.

Discussion

Cholesterol has been shown to be essential for the viability
of a number of enveloped viruses that bud from cholesterol-
rich lipid rafts, including influenza A, RSV, and para-
influenza viruses (18, 39, 63–66). For example, lowering
cellular cholesterol levels by 20 to 40% in human alveolar
epithelial (A549) cells through treatment with either gemfi-
brozil and/or lovastatin significantly impaired the budding of
human parainfluenza virus. In this case, the titer of infective
virions released was reduced by 88 to 98% (67). For influenza A
and RSV, a similar statin-induced reduction in cholesterol
levels resulted in viral titers that were reduced less dramati-
cally, by �10-fold. But in this case, the resulting viral particles,
which contained reduced amounts of cholesterol, were both
less stable and less infectious (57). These observations
demonstrate the potential importance of downregulating
cholesterol biosynthesis as an antiviral response to enveloped
viruses. Our results show that viperin expression lowers
cellular cholesterol levels by between 200 and 30%, depending
upon the experimental conditions, which, based on these prior
studies, would substantially impair viral budding and viability.

The initial indication that viperin may downregulate
cholesterol biosynthesis came from studies in which viperin
Figure 6. Viperin-induced reduction in cholesterol levels in HEK293T cells
reduced serum media containing lipoprotein-depleted serum and transfected
viperin and LS (VIP + LS) as indicated. Cholesterol was extracted from cell pelle
curve generated using pure cholesterol. Results were normalized against tota
cholesterol levels was observed (cf., Fig. 3): VIP + LS p = 0.05; VIP + SM p = 0
HEK293T, human embryonic kidney 293T cells; LS, lanosterol synthase; SM, s
ticulum-associated, Interferon iNducible.
was found to retard influenza A virus particles from budding
from infected cells, although changes in cholesterol levels were
not reported (18, 39). Using a yeast two-hybrid screen, viperin
was identified as interacting with farnesyl pyrophosphate
synthase (FPPS), which catalyzes an early step in the choles-
terol biosynthetic pathway (18). However, more recent studies
from our laboratory failed to identify a physical interaction
between FPPS and viperin. Rather, it appears that viperin may
indirectly downregulate FPPS expression, likely by increasing
its rate of proteolytic degradation (55). Consistent with these
earlier results, FPPS was not identified in the proteomic screen
described here. Nevertheless, viperin-induced downregulation
of FPPS may contribute to overall decrease in cholesterol
biosynthesis we observed.

Multiple studies have provided evidence for viperin’s
interaction with a remarkably wide range of proteins (19, 21,
68). Many of the protein partners for viperin have been
inferred by following changes in cellular physiology upon
infection with various viruses. Here, we sought to achieve a
broader picture of the proteins that may interact with viperin
using a proteomics approach. The identification of several
proteins that have previously been documented to interact
with viperin, such as Hydroxyacyl-CoA Dehydrogenase Tri-
functional Multienzyme Complex Subunit Alpha and
Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme
Complex Subunit Beta (fatty acid β-oxidation) (37), Cytosolic
Iron-Sulfur Assembly Component 1 and MMS19 Homolog,
Cytosolic Iron-Sulfur Assembly Component (iron-sulfur
cluster installation) (69) serves to validate the screening
approach.

However, we note that protein partners that are in low
cellular abundance may have been missed by the screen, as
would proteins that are only expressed upon viral infection.
Also, the location of viperin at the ER membrane may bias the
analysis toward enrichment of other ER-resident proteins.
Arguing against this latter source of bias is the fact that, with
the exception of one protein (ribophorin 1: dolichyldiphospho-
oligosaccharide protein glycosyltransferase subunit 1), none of
is not reversed by coexpression of SM or LS. HEK293T cells were grown in
with empty vector (HEK) or cotransfected with viperin and SM (VIP + SM) or
ts, and total cholesterol levels were quantitated via LC–MS using a standard
l cellular protein content. In both cases, statistically significant reduction in
.001. Values presented are the average of four biological replicates ± SEM.
qualene monooxygenase; viperin, Virus Inhibitory Protein, Endoplasmic Re-
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the 20 most abundant ER proteins (70) were identified in our
interactome analysis. Therefore, we feel confident that our
interactome analysis has identified a genuine interaction of
viperin with SM and LS, as opposed to their association simply
arising from their colocation at the ER membrane.

In some respects, our results reflect the consensus in the
literature that viperin appears to be fairly promiscuous in its
interactions with other proteins (36, 40, 49), as evidenced by the
wide variety of proteins represented in the list of potential
interaction partners. However, in addition to cholesterol
biosynthetic enzymes, our analyses using DAVID also identified
that a significant number of proteins involved inmembrane lipid
metabolism interact with viperin (Table S1). This observation
suggests that, beyond lowering cholesterol levels, viperin may
alter lipid metabolism, and hence, the lipid composition of cell
membranes more extensively in response to viral infections.

The two enzymes that viperin appears to interact with most
strongly, based on their enrichment factors, are LS and SM. SM
catalyzes the committed step in sterol biosynthesis and is highly
regulated by both transcriptional and post-translational mech-
anisms (10–12). Indeed most, if not all, cholesterol biosynthetic
enzymes appear to be regulated at the transcriptional level in
response to sterol levels through the action of sterol regulatory
element-binding proteins (3, 4, 9, 71). Although the regulation
of LS is less well studied, the fact that SM and LS form a complex
with other cholesterol biosynthetic enzymes (59) suggests that
the effects of regulating SM may be propagated to other en-
zymes in the complex. The cholesterol biosynthetic enzymes
reside in the ERmembrane and are therefore likely to be in close
proximity to viperin, which is also localized to the ER mem-
brane. It therefore seems reasonable that these enzymes could
be subject to regulation by viperin.

We consistently observed that coexpression of viperin reduced
the levels of SM accumulating in cells by�30%. Although this is
not a large change in protein levels, it does suggest that viperin
may reduce SM levels by increasing its rate of proteasomal
degradation. In support of this idea, the ubiquitin-dependent
degradation of SM is known to be regulated in response to
cellular cholesterol levels through the action of the E3 ubiquitin
ligase,MembraneAssociated Ring-CH-Type Finger 6 (11), and it
is generally considered that viperin exerts some of its antiviral
effects by increasing the rate of proteasomal degradation of its
target proteins (15, 68). Although the evidence for viperin’s
interaction with proteasomal degradation machinery is indirect,
viperin has recently been shown to activate TRAF6 (72), which is
an E3 ligase involved in the K63-linked polyubiquitination of
proteins involved in immune signaling (49, 51).

Although we observed that viperin coexpression reduced the
enzymatic activity of LS in cell lysates and the expression levels of
SM, coexpression of either LS or SMwith viperin did not reverse
the viperin-induced decrease in cellular cholesterol levels. This
observation was somewhat surprising, given the strong in-
teractions between these enzymes and viperin and their impor-
tant roles in cholesterol biosynthesis. However, it is possible that
under the conditions of these experiments, in which LS, SM, and
viperin were expressed at artificially high levels, that there was
still sufficient viperin present to titrate out the additional LS and
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SM. It is also possible that viperin downregulates cholesterol
biosynthesis by restricting the flux through other points in the
pathway, for example, by reducing FPPS levels, or through amore
circuitous route not captured in these studies. Further experi-
ments will be needed to better establish how viperin down-
regulates this important biosynthetic pathway.

Conclusions

We observed that transient expression of viperin results in a
20 to 30% decrease in cellular cholesterol biosynthesis, which
is sufficient to explain previous observations that viperin re-
tards virus budding from the cell membrane. Consistent with
this observation, the interactome of viperin includes a number
of enzymes involved in the later stages of cholesterol biosyn-
thesis. Of these, SM and LS were the most highly enriched
proteins identified, and their interactions with viperin were
validated by coimmunoprecipitation. Coexpression of viperin
reduced the cellular levels of SM by �30% and inhibited the
enzymatic activity of LS by over 60%. However, overexpression
of either SM or LS in HEK293T cells failed to reverse the ef-
fects of viperin expression on cellular cholesterol levels. This
observation suggests that viperin’s downregulation of choles-
terol biosynthesis is a complex phenomenon and not simply an
effect of its interactions with these two biosynthetic enzymes.

Experimental procedures

Cell lines

The HEK293T cell line was obtained from American Type
Culture Collection.

Plasmids

The expression constructs for viperin and viperin-ΔN50,
lacking the N-terminal 50 residues, in pcDNA3.1(+) were as
described previously (43). The genes encoding SM and LS were
synthesized and cloned into the pcDNA3.1(+) vector commer-
cially (GenScript). SMwas inserted between the BamHI andXbaI
restriction sites and included aC-terminalV5 tag. LSwas inserted
between the HindIII and BamHI restriction sites and included a
C-terminalMyc tag. AKozak consensus sequence (5’-GCCACC-
3’) was included upstream of each protein to allow for protein
expression in mammalian (HEK293T) cells.
Antibodies

Rabbit polyclonal viperin (11833-1-AP), mouse monoclonal
viperin (MABF106), goat anti-rabbit Ig secondary (170-6515),
and goat antimouse Ig secondary (626520) antibodies were
used as described previously (43). Rabbit polyclonal SM
(12544-1-AP), rabbit polyclonal LS (13715-1-AP), and rabbit
polyclonal GAPDH (10494-1-AP) antibodies were purchased
from ProteinTech. Mouse monoclonal GAPDH (6C5) anti-
body (CB1001) was purchased from EMD Millipore.

Reagents

For cell culture, Dulbecco’s modified Eagle’s medium, Opti-
MEM reduced serum medium, 0.05% trypsin–EDTA, and PBS
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were obtained from Gibco (Thermo Fisher Scientific);
lipoprotein-deficient serum from fetal calf was purchased from
Millipore Sigma. For transfection of DNA into HEK293T cells,
transfection grade linear polyethyleneimine (PEI) HCl was
purchased from Polysciences, Inc, and Fugene transfection
agent was purchased from Promega. Phenylmethylsulfonyl
fluoride and Roche complete EDTA-free protease inhibitor
cocktail tablets were purchased from Thermo Fisher Scientific
and Millipore Sigma, respectively. For coimmunoprecipitation,
anti-FLAG M2 magnetic beads and Pierce anti-c-Myc mag-
netic beads were purchased from Millipore Sigma and Thermo
Fisher Scientific, respectively. S-(50-adenosyl)-L-methionine p-
toluenesulfonate salt was purchased fromMillipore Sigma, and
CTP disodium salt hydrate was purchased from Acros Or-
ganics. For the SM and LS assays, NADPH tetrasodium salt,
flavin adenosine dinucleotide disodium salt hydrate, 2,3-
oxidosqualene, lanosterol, and 2,6-di-tert-butyl-4-
methylphenol (BHT) were purchased from Millipore sigma.
Squalene was purchased from Thermo Fisher Scientific, and
BIBB 515 was purchased from Cayman Chemical.

Cell culture, transfection, and harvesting

HEK293T cells were cultured, transfected, and harvested as
described previously (43). Briefly, HEK293T cells were grown
to 50 to 60% confluency after which transfection with the
desired construct(s) (in pcDNA3.1(+)) was carried out using a
PEI transfection agent. Transfections (and cotransfections)
were performed with each 20 μg plasmid, using a 1:2 ratio of
plasmid to PEI. DNA and PEI were mixed and incubated for
10 min at room temperature and then added to HEK293T cells
(at the desired confluency) in a 10-cm culture plate. Typically,
cells were allowed to grow for a further 24 to 48 h before
harvesting by gentle centrifugation and stored at −80 �C. For
cells used in SM assays, the LS-specific inhibitor, BIBB 515,
1 μM was added 24 h after transfection to prevent further
conversion of 2,3-oxidosqualene to lanosterol by endogenous
LS (62).

The cells used for cholesterol analyses were first gradually
acclimated to increasing Opti-MEM serum-free media in four
passages at 10, 25, 50, and 75% Opti-MEM media, to allow for
normal growth with minimal serum. Then cells were passed
into 90% Opti-MEM medium and 10% medium comprising
Dulbecco’s modified Eagle’s medium supplemented with
lipoprotein-depleted fetal calf serum; grown to 50 to 60%
confluency and transfected with either an empty pCDNA3.1
(+) vector as a control or viperin in pCDNA3.1 (+) as described
earlier. Cells were grown for 36 h post-transfection, harvested,
and stored at −80 �C.

Proteomic screening

HEK293T cells overexpressing either 3x-FLAG-viperin or
3x-FLAG-tagged empty vectors (3x-FLAG-pcDNA3.1) as a
control were harvested in PBS from 10-cm plates. Cells were
incubated on ice for 20 min with 0.5 ml lysis buffer (20 mM
Tris [pH 7.5], 500 mM NaCl, 0.1% Tween-20, 1 mM
phenylmethylsulfonyl fluoride, and Complete Protease Inhib-
itor Cocktail) and lysed using a Fisher Scientific handheld
sonicator at 10% amplitude (25 pulses; 1 s on, 5 s off). Cell
lysates were cleared by centrifugation at 14,000 rpm for 30 min
at 4 �C, and the pellets were discarded. Anti-FLAG M2
Magnetic Beads (M8823; Sigma–Aldrich) were washed and
pre-equilibrated with ice-cold 20 mM Tris (pH 7.5), 500 mM
NaCl, and 0.1% Tween-20. Total protein concentration of the
supernatant was measured by Protein Detergent-Compatible
Assay (Bio-Rad) and subjected to immunoprecipitation using
anti-Flag M2 magnetic beads. Supernatant (total protein
concentration �7 μg/μl) was incubated with the pre-
equilibrated anti-FLAG magnetic beads at 50:1 (w/v) ratio
for 2 h at 4 �C. Beads were washed three times with 20× bead
volume of Tris-buffered saline (TBS) using a magnetic tube
rack (MagRack 6; GE Life Sciences).

The beads were resuspended in 50 μl of 0.1 M ammonium
bicarbonate buffer (pH �8); cysteine residues were reduced by
adding 50 μl of 10 mM DTT and incubating at 45 �C for
30 min. Samples were cooled to room temperature and
cysteine alkylated by incubation with 65 mM 2-
chloroacetamide for 30 min at room temperature in the
dark. Overnight digestion with 1 μg sequencing grade, modi-
fied trypsin was carried out at 37 �C with constant shaking.
Digestion was stopped by acidification, and peptides were
desalted using SepPak C18 cartridges (Waters). Samples were
dried, and the resulting peptides were redissolved in 8 μl of
0.1% formic acid/2% acetonitrile solution. About 2 μl of the
peptide solution were chromatographed on a nanocapillary
reverse phase column (Acclaim PepMap C18; 2 micron, 50 cm,
Thermo Scientific) using a 0.1% formic acid/2% acetonitrile
(buffer A) and 0.1% formic acid/95% acetonitrile (buffer B)
gradient at 300 nl/min over a period of 180 min (2–22% buffer
B in 110 min, 22–40% in 25 min, 40–90% in 5 min followed by
holding at 90% buffer B for 5 min and re-equilibration with
buffer A for 25 min). Eluent was directly introduced into
Orbitrap Fusion Tribrid mass spectrometer (Thermo Scienti-
fic) using an Easy-Spray source. MS1 scans were acquired at a
resolution of 120 K (automatic gain control target = 1 × 106;
maximum injection time = 50 ms). Data-dependent collision–
induced dissociation MS–MS spectra were acquired using top
speed method (3 s) following each MS1 scan (normalized
collision energy = �32%; automatic gain control target = 1 ×
105; and maximum injection time = 45 ms).

Proteins were identified by comparing the MS–MS data
against Homo sapiens protein database (UniProt; 42,054 en-
tries, November 30, 2016) using Proteome Discoverer (version
2.1; Thermo Scientific). Search parameters included MS1 mass
tolerance of 10 ppm and fragment tolerance of 0.2 Da; two
missed cleavages were allowed; carbamidimethylation of
cysteine was considered a fixed modification and oxidation of
methionine, deamidation of asparagine and glutamine, phos-
phorylation of serine, threonine, and tyrosine, ubiquitination
of lysine (diglycine signature) were considered as potential
modifications. False discovery rate was determined using
J. Biol. Chem. (2021) 297(1) 100824 9



Viperin inhibits cholesterol biosynthesis
percolator, and proteins/peptides with a false discovery rate of
≤1% were retained for further analysis.

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (73) partner re-
pository with the dataset identifier PXD023999.

Immunoblotting

Immunoblotting of HEK293T cell lysates was performed as
previously described (51, 55). Primary antibodies were used at the
following dilutions: rabbit polyclonal and mouse monoclonal
antiviperin diluted 1:3000, rabbit polyclonal anti-SM diluted
1:2000, rabbit polyclonal anti-LS diluted 1:1000, and rabbit
polyclonal and mouse monoclonal anti-GAPDH diluted 1:5000.
Both goat anti-rabbit and goat antimouse Ig secondary antibodies
were diluted at 1:5000. All dilutionswere done using 5%w/v skim
milk dissolved in 20 mM Tris (pH 7.5), 500 mMNaCl, and 0.1%
Tween-20. All quantitative protein measurements presented
represent the average of at least three independent biological
replicates in coordination with GAPDH controls.

Coimmunoprecipitation assays

Immunoprecipitation experiments were performed essen-
tially as described previously (43, 51). When using viperin as the
bait protein, Anti-FLAG M2 Magnetic Beads (M8823; Sigma–
Aldrich) were pre-equilibrated with 20 mM Tris/Cl (pH 7.5),
500 mM NaCl, and 0.1% Tween-20 (wash buffer). About 50 μl
of 50% slurry (per culture) was added to cleared cell lysate in a
1.5 ml Eppendorf tube and incubated by end-to-end mixing for
2 h at 4 �C. The flow through was removed by placing the tube
in a magnetic tube rack for 1 min, waiting for all beads to
migrate to the side of the tube, and removing the residual so-
lution. The beads were washed with wash buffer three times for
5 min each by end-to-end mixing at 4 �C. Protein complexes
were eluted by adding 40 μl of 4× sample buffer supplemented
with 2 mM 2-mercaptoethanol to each sample and subsequent
incubation at 95 �C for 5 min. The samples were centrifuged to
remove the magnetic beads and analyzed by immunoblotting.
When using LS as the bait protein, the same protocol was used
except that 40 μl of 50% slurry (per culture) of pre-equilibrated
and chilled Pierce Anti-c-Myc Magnetic Beads (Thermo Fisher
Scientific) were substituted for anti-FLAG beads.

Viperin activity assays

Viperin activity assays were performed as previously described
(43). All assays were carried out using at least three biological
replicates in an anaerobic chamber (COY) with O2 content
<50 ppm. Briefly, HEK293T cells containing viperin and/or SM
and/or LS were harvested from one 10-cm diameter tissue cul-
ture plate for each assay and resuspended in 0.5 ml anoxic lysis
buffer (aforementioned). The cell suspension was lysed by soni-
cation and centrifuged for 15min at 14,000 rpm in an Eppendorf
centrifuge at 4 �C. The supernatant was used for the activity
assay. 5 mM DTT, 5 mM sodium dithionite, and 300 μM CTP
were added to the cleared lysate and incubated at room tem-
perature for 30min. The reaction was initiated by the addition of
200 μM(final concentration) SAMand allowed to proceed for 1 h
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at room temperature. The reaction was quenched by incubation
at 95 �C for 5 min. After chilling the solution to 4 �C, it was
centrifuged for 30 min at 14,000 rpm, and the supernatant was
removed. The organic component of the solution was extracted
with acetonitrile and analyzed in triplicate by ultra performance
LC (UPLC)–MS–MS as previously described (74).
SM activity assays in HEK293T cell lysates

HEK293T cells overexpressing different combinations of
viperin, SM, and LS (which had been incubated post-
transfection with 1 μM BIBB 515) were harvested from a 10-
cm diameter tissue culture plate; the cells from one plate
were sufficient for one assay. HEK293T cells transfected with an
empty pcDNA3.1(+) vector were used as a negative control. SM
activity was assayed by measuring the conversion of squalene to
2,3-oxidosqualene. Cells were resuspended in lysis buffer (TBS,
0.1% Tween-20, and Complete Protease Inhibitor Cocktail) and
lysed as described previously. All assays were performed in
lightproof tubes and performed as previously described (72), but
with minor modifications. Briefly, assays contained 200 μl
cleared HEK cell lysate prepared from cells expressing the
protein(s) of interest, 0.1 mM flavin adenine dinucleotide, and
1 mM NADPH. Assays were initiated by the addition of squa-
lene (from a 500 μM stock solution prepared in ethanol) to a
final concentration of 20 μM in a final reaction volume of
250 μl. Assays were incubated at 37 �C for 2 h and quenched
with 1 ml ethyl acetate supplemented with 0.2 mg/ml BHT
purged with nitrogen followed by vortexing at room tempera-
ture for 30 min. The organic layer was isolated by centrifugation
for 10 min at 14,000 rpm. About 300 μl of the organic layer was
removed and evaporated to complete dryness under a nitrogen
atmosphere. The resulting film was reconstituted with 50 μl
acetonitrile supplemented with 0.2 mg/ml BHT.

LC–MS analysis was performed as previously described (75)
with minor differences. Briefly, 2 μl of sample was injected into
an Agilent 1290 Infinity Series HPLC equipped with a Waters
Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 50 mm) in line
with an Agilent Q-TOF Mass Spectrometer (model G6520B).
The HPLC separation was done on a Waters Acquity UPLC
BEH C18 column (1.7 μm, 2.1 × 50 mm). Mobile phase A
comprised water with 0.1% formic acid, whereas mobile phase B
comprised 20% isopropanol, 80% acetonitrile, and 0.1% formic
acid. Analytes were eluted isocratically at 0.6 ml/min using 2%
mobile phase A and 98% mobile phase B over 3.75 min. Q-TOF
spectra were acquired using an atmospheric pressure chemical
ionization ion source in positive ion mode. The mass spec-
trometer was scanned from m/z 50 to m/z 1000 with one
spectrum per second, and 2,3-oxidosqualene was detected by
monitoring a mass transition pair of m/z 427.38 to 409.38. The
LC–MS chromatograms were integrated, and resulting peaks
were analyzed using Mass Hunter software (Agilent).

LS activity assays from HEK293T cell lysate

LS activity assays were carried out in the same manner as
the SM assays except that cells were not treated with BIBB 515.
HEK293T cells transfected with an empty pcDNA3.1(+) vector
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were used as a negative control. For each assay, cells were
harvested from a single 10-cm diameter tissue culture plate,
and cleared lysates were prepared. LS activity was measured by
formation of lanosterol from 2,3-oxidosqualene. All reactions
were carried out in lightproof tubes and contained 200 μl
cleared HEK cell lysate and were initiated by the addition of
50 μM 2,3-oxidosqualene, final concentration (500 μM stock,
all solutions prepared in ethanol), in a final reaction volume of
250 μl. Assays were incubated at 37 �C for 2 h and then worked
up as described previously except that the reactions were
quenched with chloroform. LC–MS analysis was performed as
described previously, but the ion analyzed was that of lano-
sterol minus the OH group having an m/z of 409.38.

Cholesterol analysis of HEK293T cells

HEK293T cell pellets were resuspended in 500 μl TBS
supplemented with 0.1% Tween-20 and lysed by sonication.
Cholesterol was extracted from 50 μl of the resulting lysates
with 1.2 ml ethyl acetate supplemented with 0.2 mg/ml BHT
purged with nitrogen and vortexing at room temperature for
30 min. The organic component was isolated by centrifugation
for 10 min at 14,000 rpm. About 500 μl of the organic layer
was removed and evaporated to dryness under a nitrogen at-
mosphere. The resulting film was redissolved in 500 μl
acetonitrile containing 0.2 mg/ml BHT. LC–MS analysis was
performed as described previously, except the ion analyzed was
that of the cholesterol radical without hydroxide at an m/z of
369.25. Cholesterol content was determined with respect to a
standard curve constructed from pure cholesterol samples.
Cholesterol concentrations were normalized with respect to
the total protein concentration of the cell determined by
bicinchoninic acid assay.

Statistical analyses

All measurements of enzyme activities and cholesterol levels
made in HEK298T cells or cell lysates represent the average of
at least three biological replicates, with three technical repli-
cates of each. Results from all studies were compared with
unpaired two-tailed Student’s t test using GraphPad Prism v5.0
software, (GraphPad Software, Inc.). p Values less than 0.05
were considered significant.

Data availability

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD023999. All other data are
contained within the article or supporting information.
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