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Abstract

Metabolism is key to cellular processes that underlie the ability of a virus to productively
infect. Polyamines are small metabolites vital for many host cell processes including prolifer-
ation, transcription, and translation. Polyamine depletion also inhibits virus infection via
diverse mechanisms, including inhibiting polymerase activity and viral translation. We
showed that Coxsackievirus B3 (CVB3) attachment requires polyamines; however, the
mechanism was unknown. Here, we report polyamines’ involvement in translation, through
a process called hypusination, promotes expression of cholesterol synthesis genes by sup-
porting SREBP2 synthesis, the master transcriptional regulator of cholesterol synthesis
genes. Measuring bulk transcription, we find polyamines support expression of cholesterol
synthesis genes, regulated by SREBP2. Thus, polyamine depletion inhibits CVB3 by deplet-
ing cellular cholesterol. Exogenous cholesterol rescues CVB3 attachment, and mutant
CVBa3 resistant to polyamine depletion exhibits resistance to cholesterol perturbation. This
study provides a novel link between polyamine and cholesterol homeostasis, a mechanism
through which polyamines impact CVB3 infection.

Author summary

Viruses rely on cellular metabolism for productive infection. How viruses interact with
and manipulate metabolism impacts viral replication and pathogenesis. Metabolic path-
ways are frequently interconnected, and perturbation of one pathway can have wide-rang-
ing impacts on other metabolites within the cell. Here, we show that polyamines, small
positively-charged metabolites critical to virus infection, regulate cholesterol synthesis,
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which ultimately impacts viral attachment. We find that polyamines’ role in translation is
critical to their regulation of cholesterol synthesis. These data have important implications
for the connections between polyamine and sterol synthesis as well as how these molecules
impact virus replication.

Introduction

Polyamines are small carbon chains with amine groups that have a positive charge at cellular
pH. They play important roles within the cell and are involved in multiple cellular processes
including nucleotide synthesis, DNA/RNA stability, membrane fluidity, and translation [1].
Ornithine, which is a derivative of arginine, is converted to the first polyamine putrescine by
the rate limiting enzyme ornithine decarboxylase 1 (ODC1). Putrescine can be converted to
spermidine and spermine via their respective synthases. Difluoromethylornithine (DFMO), an
FDA-approved drug for trypanosomiasis, is an irreversible, competitive inhibitor of ODC1

[2]. One crucial way polyamines impact cells is through translation, specifically through a pro-
cess called hypusination [3]. Spermidine is covalently attached to eukaryotic initiation factor
5A (eIF5A) at lysine 50 by the protein deoxyhypusine synthase (DHPS) to form deoxyhypu-
sine-eIF5A. Deoxyhypusine hydroxylase (DOHH) then adds a hydroxyl group in the second
and final step to generate hypusine-eIF5A. eIF5A is the only known protein to be hypusinated
in eukaryotic cells. Hypusine-eIF5A plays a vital role in mRNA translation, ribosome function,
and cell proliferation [4,5]. The precise mechanisms by which hypusine-eIF5A promotes
translation remain to be fully understood; however, certain amino acid motifs cause ribosomal
pausing, and hypusine-eIF5A is required for the ribosome to translate through these motifs
[6]. Poly-proline tracts have also been shown to require hypusine-eIF5A [7]. When the unhy-
pusinated form of eIF5A is present, it cannot alleviate ribosomal pausing. The requirement for
hypusine-eIF5A for cellular proliferation has made it an attractive target for the development
of anti-cancer drugs. One such drug is the spermidine analog N1-guanyl-1,7-diaminoheptane
(GC7). GC7 inhibits DHPS by directly binding to the active site and prevents spermidine from
being attached to eIF5A [8]. Additionally, deferiprone (DEF) is an iron-chelator which has
broad effects on the cell and also inhibits DOHH [4].

Polyamines have been found to be important for RNA virus replication through different
mechanisms, and diverse RNA viruses are sensitive to DFMO-mediated polyamine depletion
[9-12]. Interestingly, the enterovirus Coxsackievirus B3 (CVB3) develops mutations within its
proteases as well as the capsid protein VP3 when polyamine synthesis is inhibited, suggesting a
role for polyamines in protease activity and cellular attachment of enteroviruses [13-15].
Enteroviruses are small, non-enveloped, positive sense single-stranded RNA viruses a part of
the picornavirus family that can cause a range of diseases from the mild cold to flaccid paralysis
and dilated cardiomyopathy (DCM) [16,17]. CVB3 is a member of the enterovirus genus and
is well known for its ability to infect and persist in the heart and cause DCM [18,19]. About
50% of DCM patients have CVB3 reactive antibodies, and the only cure for DCM is a heart
transplant [17,20]. There are currently no FDA drugs approved to treat CVB3 infection. How-
ever, we previously found that inhibiting polyamines inhibits CVB3 infection and binding
[13,14,21].

Another key metabolite required for CVB3 infection is cholesterol. Cholesterol is important
for maintaining cellular membrane integrity and fluidity as well as lipid raft formation.
Removal of cholesterol from the plasma membrane blocks poliovirus entry and EV-11 entry
by preventing lipid raft formation [22,23]. Inhibiting cholesterol homeostasis significantly
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inhibits CVB3 replication [24]. The first step in cholesterol synthesis is the conversion of Ace-
tyl-CoA to HMG-CoA by HMG-CoA synthase (HMGCS). HMG-CoA is then converted to
mevalonic acid by the rate limiting enzyme HMG-CoA reductase (HMGCR). Cholesterol is
produced after 27 more reactions. The majority of these synthetic genes are under the tran-
scriptional control of sterol regulatory element binding protein 2 (SREBP2), which binds to
sterol regulatory elements (SREs) in the promoter of target genes [25]. Upon depletion of cho-
lesterol, the ER resident, multipass transmembrane protein, SREBP2 is translocated to the
Golgi. Within the Golgi, it is cleaved by the proteases S1P and S2P generating the active N-ter-
minal portion of the protein. The active SREBP2 then re-locates to the nucleus where it pro-
motes the transcription of sterol synthesis genes [26]. To date, no link has been established
between cholesterol synthesis and polyamines; however, mice overexpressing the polyamine
catabolic enzyme spermidine-spermine acetyltransferase (SAT1) and rats treated with DEMO
exhibited lower serum cholesterol levels [27,28], suggesting that polyamines may facilitate cho-
lesterol synthesis.

Using a transcriptomic approach, we identified several pathways modulated by polyamines
that likely impact enterovirus infection. We found that cholesterol synthesis genes were
enriched in this analysis and hypothesized that polyamines may impact cholesterol synthesis
and virus attachment. Here we describe a novel link between polyamines and cholesterol syn-
thesis through the polyamine-dependent translation of SREBP2. We find that inhibition of
polyamine synthesis or specific inhibition of hypusination leads to reduced SREBP2 synthesis,
activity, and downstream gene expression. This culminates in reduced cellular cholesterol and,
in turn, reduced viral attachment and replication. These data connect previously unrelated
metabolic pathways in the cell and identify cellular cholesterol depletion as an important effect
of polyamines on virus replication, with implications for both virus infection and cellular met-
abolic status.

Results

Inhibition of polyamine synthesis inhibits CVB3 binding and is rescued
with exogenous polyamines

We previously found that inhibition of polyamine synthesis by the specific inhibitor DEMO
significantly decreases CVB3 binding to cells compared to untreated cells [14]. To confirm this
phenotype, we treated Vero cells with increasing doses of DEMO to deplete cellular poly-
amines. We then added CVB3 directly to cells on ice for 5 minutes. Virus was then washed off
followed by agar overlay, in media containing polyamines. Thus, in these assays, polyamines
are depleted only for attachment. CVB3 readily forms plaques on Vero cells and the Coxsack-
ievirus and Adenovirus receptor (CAR) binding domain has 100% sequence identity com-
pared to human CAR. Plaques generated from successful attachment and entry were allowed
to form and developed two days later, and bound virus was enumerated by counting these pla-
ques (Fig 1A). We found that DFMO significantly reduced bound virus in a dose-dependent
manner (Fig 1B, above), in agreement with prior work and corresponding to a decrease in cel-
lular polyamines, as measured by thin layer chromatography (Fig 1B, below). To determine if
this polyamine-dependent attachment phenotype relied on cellular factors, we treated cells
with DEMO to deplete polyamines and subsequently replenished the polyamines (putrescine,
spermidine, and spermine) in an equimolar concentration. Adding polyamines to the cells at
the time of infection did not rescue viral attachment, nor did addition 4h prior to attachment
(Fig 1C). However, when polyamines were added 24h prior to infection, we observed a full res-
cue in CVB3 attachment. These data suggest that polyamines rescue viral attachment but rely
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Fig 1. CVB3 requires polyamines for attachment. (A) Representative plaques from B. (B) (Top) Quantification of

plaques formed from a CVB3 binding assay with DFMO treated Vero cells. (Bottom) Thin layer chromatography of

Huh?7 cells treated with increasing doses of DFMO. (C) Vero cells were treated with DFEMO for 96 hours then treated

with 10 pM equimolar ratio of polyamines at the indicated times before infection. *p < 0.05, **p < 0.01, ***p < 0.001 by

the Student’s t test. Data from at least three independent experiments. Error bars represent standard error.

https://doi.org/10.1371/journal.ppat.1011317.g001

on an extended incubation period, perhaps because cellular synthesis of attachment factors
required this longer incubation time.

Polyamine depletion decreases expression of genes in the cholesterol
synthesis pathway

To better understand the effects of polyamine depletion on cells and to identify polyamine-
modulated cellular factors involved in viral attachment, we performed RNA-sequencing on
untreated and polyamine-depleted cells. Huh7 cells were left untreated or depleted of poly-
amines with DFMO, at which time RNA was extracted and analyzed by Illumina paired-end
reading. After the alignment of reads against the human genome, differential gene expression
analysis was conducted to identify significant changes in expression. To uncover the underly-
ing biological processes that may link these pathways, gene set enrichment analysis (GSEA)
was performed. This showed multiple metabolic pathways that were significantly enriched for
decreased gene expression by polyamine depletion including alcohol metabolism, cholesterol
metabolism, and cellular response to a chemical (Fig 2A). In order to investigate specific cho-
lesterol genes affected by DEMO, cholesterol genes involved directly in cholesterol synthesis
were overlayed on a volcano plot (Fig 2B). Multiple genes were down regulated including
HMGCS1, HMGCR, MVK, and MVD. Importantly, several polyamine metabolic genes,
including SAT1 and OAZ]1, exhibited reduced expression, consistent with their role in inhibit-
ing polyamine synthesis. We next explored how these changes caused by DFMO related to
changes caused by CVB3 infection. Again, differential gene expression analysis was performed

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011317  April 18, 2023 4/20


https://doi.org/10.1371/journal.ppat.1011317.g001
https://doi.org/10.1371/journal.ppat.1011317

PLOS PATHOGENS

Polyamine-dependent cholesterol synthesis facilitates enterovirus infection

A G2M Checkpoint
Protein Secretion

E2F Targets

Bile Acid Metabolism

UV Response

Hedgehog Signaling
Pancreas Beta Cells
Inflammatory Response
Mitotic Spindle

KRAS Signaling Down
Interferon Alpha Response
Myc Targets V1

DNA Repair

Myc Targets V2

Notch Signaling

TGF-beta Signaling
Allograft Rejection
Interferon Gamma Response
Peroxisome

Complement

IL6-Jak-Stat Signaling
Adipogenesis

PIBK AKT mTOR Signaling
IL2 Stat 5 Signaling
Androgen Response

Whnt Beta Catenin Signaling

304

N
o
1

i

|

|

|

|

|

|

|

|

|

) |
|

y & W
oo omp 81
o N#bHLW DI B o

cD9 cLi6 - C TNFRSF12A
EBp—SEMA3B FAB%ATF#
T T T

5 -1 0 1 2
logz(fold change)

HMeCs1 D Acetyl-CoA

TNFA Signaling via NFKB
Unfolded Protein Response HMGCR
Spermatogenesis PLAUR B 0.5 HMGCS1 (-0.37)
Angiogenesis K.'?é?c; =
Oxidative Phosphorylation ACSS2 O _
KRAS Signaling Up M)Y? iy 0 HMG-CoA
Reactive Oxygen Species ~
Glycolysis TR o5 HMGCR (-0.25)
Xenobiotic Metabolism EIB:’E’(S d B
Estrogen Response Early ATF5 : i
Fatty Acid Metabolism TMEM97 1 Mevallon/c acid
Apical Surface ALDOC I
UV Response Up EE)I\(/IE}BB I
Apical Junction DS2
Coagulation P%Ih EC ; Mevalonate-5-pyrophosphate
Heme Metabolism TP53INP 1
Myogenes?s | TNFRSF12A MVD (_1_37)
Apoptosis TM7SE2
Hypoxia TRIB3
Epithelial-Mesenchymal Transition CXCL16 Isopentenul-5-pyrophosphate
Estrogen Response Late CAT2 I
p53 Pathway MggﬂB_/ ‘{I/
Cholesterol Homeostasis v ’
mTORC1 Signaling ‘ cb9 7 : Multiple steps

1 CVB3 DFMO

Normalized Enrichment Score

'
-
o

Vv
Cholesterol

Fig 2. Transcriptomic analysis of DFMO treated cells. Huh7 cells were treated with ImM DFMO for 96h and subjected to RNA sequencing. Results
are based on duplicates. (A) GSEA was conducted on genes differentially expressed by ImM DFMO treated Huh7 versus untreated Huh7. The top
positively and negatively enriched Hallmark pathways were plotted (p.adj<0.05, purple, p.adj >0.05, blue). (B) Volcano plot indicating log,FoldChange
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https://doi.org/10.1371/journal.ppat.1011317.9g002

on CVB3-infected and mock-treated cells. Leading edge genes from the “Cholesterol Homeo-
stasis” category were visualized by heat map for CVB3-infected and DFMO-treated samples
(Fig 2C). Interestingly, CVB3 infection increased expression of many cholesterol biosynthesis
genes that are downregulated by DEMO, suggesting CVB3 has mechanisms to promote this
pro-viral pathway. Thus, the transcriptomic analysis of polyamine depleted and virus-infected
cells revealed that cellular metabolic processes and, specifically, cholesterol biosynthesis (Fig
2D) may function in a pro-viral manner.

Polyamine depletion decreases cholesterol gene expression, protein levels,
and intracellular cholesterol

To test polyamines’ effect on the transcription of cholesterol synthesis genes and confirm the
RNA-seq data, cells were treated with increasing concentrations of DFMO. RNA was then
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extracted and RT-qPCR was performed using optimized and specific primers. HMGCR,
HMGCS, and MVD showed moderate but significant reductions in expression (Fig 3A-C),
aligning with the RNA-sequencing data. To determine if this reduction in transcription
affected protein synthesis, we examined total cellular levels of HMGCR and MVD by western
blot. Both proteins showed reduced levels with polyamine depletion (Fig 3D). Finally, to deter-
mine if reduction of transcription and translation of cholesterol synthesis proteins affected
intracellular cholesterol, cells were treated with DFMO, and total cellular cholesterol was
measured via a luciferase-based cholesterol assay. We found that total cellular cholesterol was
significantly reduced with DFMO treatment, consistent with a decrease in expression of cho-
lesterol synthesis genes (Fig 3E). Thus, cellular cholesterol synthesis relies on polyamines
through the expression of cholesterol synthetic proteins.

Polyamine-dependent SREBP2 translation but not transcription facilitates
transcriptional activity at cholesterol gene promoters

Having observed that an array of cholesterol synthetic enzymes were reduced in transcription
and translation by polyamine depletion, we considered that polyamines may affect a master
regulator of their expression, rather than on each gene individually. We hypothesized that
polyamines were affecting the transcription factor sterol regulatory binding protein 2
(SREBP2), one such regulator. SREBP2 is a multipass transmembrane protein found within
the ER. When cholesterol levels are low within the cell, SREBP2 relocates to the Golgi where it
is cleaved by S1P and S2P. The N-terminus of SREBP2 then relocates to the nucleus where it
binds to sterol regulatory elements (SRE) to increase transcription of cholesterol synthesis
genes. To test the impact polyamines have on SREBP2, Huh?7 cells were treated with increasing
doses of DFMO followed by qPCR (Fig 4A). Unlike the cholesterol synthetic genes, we
observed no significant change in SREBP2 transcripts. However, examining SREBP2 protein
levels by western blot revealed that polyamine depletion caused a reduction of SREBP2 protein
(Fig 4B), though this reduction appeared to level off despite increasing doses of DFMO. To
determine if this reduction of SREBP2 translation was sufficient to impact the expression of
cholesterol synthesis genes, we measured the activity of SREBP2 binding to its promoter, the
SRE. We transfected cells with or without polyamines with a construct encoding firefly lucifer-
ase driven by distinct cellular SREs (Fig 4C). We used the HMGCS SRE, the LDLR SRE, and a
generalized SRE created with the SRE consensus sequence. Additionally, we transfected renilla
luciferase to control for effects of polyamine depletion on luciferase translation. When we
measured SRE activity, we noted a significant reduction in activity in polyamine depleted cells
for all SREs tested, suggesting that polyamine depletion impacts SRE promoter activity, likely
due to a reduction in SREBP2 synthesis. Thus, polyamines facilitate translation and activity
but not transcription of SREBP2.

Polyamine-dependent eIF5A hypusination supports SREBP2 synthesis and
cholesterol synthesis

A well-described mechanism by which polyamines support cellular translation is through the
post-translational modification of eIF5A, in which spermidine is conjugated and hydroxylated,
forming a unique amino acid called hypusine (summarized in Fig 5A). eIF5A is currently the
only known protein to undergo hypusination in eukaryotic cells. Hypusinated eIF5A facilitates
translation on a subset of cellular proteins often containing polyproline tracts [7]. We first con-
firmed that DFMO treatment reduced levels of hypusinated eIF5A (Fig 5B). To determine if
SREBP2 is included in the subset of cellular proteins sensitive to hypusination, we treated cells
the deoxyhypusine synthase (DHPS) inhibitor GC7. GC7 treatment reduced SREBP2 protein
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levels in a dose-dependent manner, concomitant with a reduction in cellular hypusinated
elF5A (Fig 5C), though no change in total eIF5A levels was observed. SREBP2 mRNA expres-
sion with GC7 treatment resulted in no significant changes in gene expression (Fig 5D) as seen
with DFMO and consistent with a role for hypusination in translation. Further, we observed
no significant change in viability with GC7 treatment (Fig 5E). In concurrence with this, treat-
ment with GC7 resulted in significant reduction of SRE promoter activity (Fig 5F). Addition-
ally, we observed a reduction in HMGCR protein levels with increasing GC7 or deferiprone
(DEF) treatment (Fig 5G). To confirm that these changes in SREBP2 and cholesterol synthesis
gene expression affected cellular cholesterol, we measured total cellular cholesterol in cells
treated with increasing doses of GC7 (Fig 5H). Similar to our results with DEMO, we observed
a significant, dose-dependent reduction in cellular cholesterol when hypusination was inhib-
ited, suggesting that polyamines facilitate cholesterol synthesis through hypusination. We fur-
ther confirmed this phenotype with DEF treatment, which also resulted in reduced total
cellular cholesterol (Fig 5I). SREBP2 contains di-proline motifs within its N-terminal domain,
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Fig 5. Hypusination supports cholesterol synthesis. (A) Pathway of eIF5A hypusination and its inhibition. (B) Huh7
cells were treated with increasing doses of DFMO and analyzed by western blot for hypusinated eIF5A. (C) Western
blot of Huh7 cells treated with increasing doses of GC7 probed for SREBP2, hypusine-eIF5A, and total eIF5A. (D)
Huh?7 cells were treated with increasing doses of GC7 and SREBP2 transcription measured by qRT-PCR. (E) Cells were
treated as in (D) and analyzed for viability after 24h of treatment. (F) Huh7 cells treated with 500 uM GC7 for 24h
followed by transfection with the SRE promoter luciferase constructs and renilla luciferase as a transfection control.
Results were normalized to untreated conditions, relative to renilla luciferase activity. Two-way ANOVA was used to
analyze statistical significance. (G) Western blot of Huh7 cells treated with increasing doses of GC7 or deferiprone
(DEF) and probed for HMGCR. (H, I) Intracellular cholesterol abundance of GC7- and DEF-treated Huh?7 cells. (J)
Constructs of SREBP2 fused to luciferase used in (K) to measure translation after GC7 treatment. Firefly luciferase
activity was measured and normalized to renilla luciferase activity, comparing untreated to GC7 treatment conditions.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by the Student’s ¢ test. Data from at least three independent
experiments.

https://doi.org/10.1371/journal.ppat.1011317.9g005
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which are a known motif sensitive to eIF5A hypusination [7]. To determine if these di-prolines
are responsible for the decrease in SREBP2, we designed SREBP2 fragments, stopping before
(construct 1) or containing diproline motifs (construct 2), in pLenti-CMV-Luc (summarized
in Fig 5]). We transfected these constructs into cells treated with 500 uM GC7 and measured
luminescence 24h later and normalized to untreated cells (Fig 5K). We observed a significant
reduction in luminescence for the polyproline-containing fragment (construct 2) compared to
construct 1, lacking the diproline motif. There was no significant difference in luminescence
between fragment 1 and the vector, suggesting that the reduction in translation with fragment
2 was specific to the sequence containing the diproline motif.

Exogenous cholesterol rescues CVB3 attachment to polyamine depleted
cells and replication

Viruses require diverse cellular factors to mediate attachment and entry, including cholesterol.
To determine if cholesterol is a key polyamine-modulated molecule in this process, we
attempted to rescue viral attachment and replication by adding cholesterol to cells exoge-
nously. Cells depleted of polyamines were treated with increasing doses of cholesterol over-
night, followed by washing away excess cholesterol and performing a binding assay as before.
When plaques were revealed, we found that cholesterol significantly rescued CVB3 binding in
a dose dependent manner (Fig 6A). To determine if adding in cholesterol was able to rescue
the amount of bound genomes, we performed a binding assay as described above, but collected
bound virus in Trizol and analyzed via qPCR (Fig 6B). Polyamine depletion significantly
decreased the amount of bound genomes while the addition of cholesterol was able to signifi-
cantly rescue bound genome to polyamine depleted cells. We confirmed that adding exoge-
nous cholesterol restored cholesterol to basal conditions (Fig 6C). To test if this rescue was due
to a direct interaction of CVB3 and cholesterol or if cholesterol had to be incorporated into
cellular membranes, cholesterol was added to cells at 22h, 4h, and Oh before CVB3 binding.
Only cholesterol added 22h and 4h before binding was able to significantly rescue CVB3 bind-
ing to polyamine depleted cells (Fig 6D), suggesting that viral attachment requires cellular
cholesterol incorporation. We next considered the cholesterol transport inhibitor U18666A,
which works by inhibiting NPC-1, critical for cholesterol transport within the cell [29].
U18666A treatment of cells significantly reduced bound CVB3 (Fig 6E), confirming a role for
cholesterol in CVB3 attachment. Finally, to determine if cholesterol could rescue virus replica-
tion in polyamine-depleted cells, we measured viral titers in DFMO- and cholesterol-treated
cells. DFMO significantly reduced viral titers, and treatment with exogenous cholesterol signif-
icantly increased these titers, though not to untreated levels, highlighting that polyamines
affect cholesterol to support viral replication but also that polyamines play multiple roles in
infection (Fig 6F). To confirm that hypusinated e[F5A contributes to viral attachment, as we
see with DFMO, we treated cells with increasing doses of GC7, performed an attachment
assay, and counted attached viruses (Fig 6G). We observed a dose-dependent decrease of viral
attachment with GC7 treatment, suggesting hypusinated eIF5A facilitates viral attachment.
Inhibiting hypusination also significantly reduced the amount of bound genomes (Fig 6H).
We are also able to partially rescue viral attachment to GC7 treated cells with cholesterol

(Fig 61). Again, we confirmed that adding exogenous cholesterol restored cellular cholesterol
to basal levels with GC7 treatment (Fig 6]).

We previously described a viral mutant that exhibits enhanced viral attachment in poly-
amine depleted cells via mutation of VP3 at position 234 (VP3?%*4R) [14]. This mutant was
found when we passaged virus in DFMO-treated cells, suggesting that CVB3 harboring this
mutation may be resistant to polyamine depletion by overcoming a block in attachment. To
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Fig 6. Addition of cholesterol rescues CVB3 attachment and replication in polyamine depleted cells. (A) Binding assay of Vero cells, left untreated
or treated with DEMO for 96h. After 72h, cells were treated with 100, 250, or 500 pg/mL cholesterol for 24h prior to performing the binding assay. (B)
Vero cells were treated with ImM DEMO for 96h. After 72h, cells were treated with 250 pg/mL cholesterol for 24h prior to performing gPCR
attachment assay. (C) Total cellular cholesterol was measured in cells treated with DFEMO and supplemented with increasing doses of exogenous
cholesterol. (D) Binding assay of DFMO-treated Vero cells treated with 500 pg/mL cholesterol at the indicated times. (E) Binding assay of Vero cells
treated with increasing concentrations of U1866A, a cholesterol transport inhibitor. (F) Huh7 cells were left untreated or treated with DEMO for 96h.
After 72h, the cells were treated with 100 ug/mL LDL for 24h followed by infection with CVB3 at an MOI of 0.1. Virus was collected after 24h and the
titer determined by plaque assay. (G) Vero cells were treated with increasing doses of GC7 and viral attachment measured via binding assay. (H) Vero
cells were treated with 250 uM GC?7 for 24h and viral attachment was measured via qPCR. (I) Vero cells treated with GC7 were supplemented with
exogenous cholesterol and viral attachment measured by binding assay. (J) Cells treated as in (G) were assayed for total cellular cholesterol levels.

*p < 0.05, p < 0.01, ***p < 0.001, and ****p < 0.0001 by the Student’s ¢ test. Data from at least three independent experiments.

https://doi.org/10.1371/journal.ppat.1011317.g006

determine if this block was cholesterol-dependent, we considered viral attachment in cells
where cholesterol transport is impaired. We found that treatment of cells with U18666A
reduced CVB3 attachment in a dose-dependent manner (Fig 7A), as well as replication (Fig
7B). We next considered that CVB3 VP32***® may be resistant to this inhibitor. When we per-
formed an attachment assay on U18666A treated cells using CVB3 VP3%***R, we observed a
modest reduction in viral attachment compared to WT CVB3, suggesting that the mutant may
overcome polyamine depletion via bypassing the need for cholesterol (Fig 7A). Additionally,
we measured viral titers in U18666A-treated cells infected with CVB3 VP32***® and observed
titers significantly higher than WT CVB3 (Fig 7B). Together, these data suggest that poly-
amines support cholesterol synthesis to promote viral attachment and that CVB3 is able to
overcome polyamine depletion by mutation of VP3, which bypasses the need for cholesterol in
viral attachment.
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Discussion

Polyamines function in diverse ways within the cell [30-32], and their connections to distinct
metabolic pathways are still being discovered. Here, we establish a novel connection between
polyamines and cholesterol synthesis. Prior work has described how animal models treated
with DFMO exhibited altered serum lipid profiles, though the molecular mechanisms
remained unexplored [27,28]. We found that polyamines support intracellular cholesterol lev-
els through the hypusination of eIF5A, which is required for translation of SREBP2, a key regu-
lator in cholesterol homeostasis. This results in reduced SREBP2 protein levels when cells are
treated with DFMO or when hypusination is specifically inhibited. The reduction of SREBP2
causes a significant reduction of sterol synthesis gene expression, culminating in reduced cellu-
lar cholesterol. This polyamine-mediated cholesterol depletion also effects CVB3’s ability to
attach to cells, and this binding is rescued when cholesterol is added to cells (Fig 8).

The process of hypusination has been well studied and defined [4,5,33]. Hypusine-eIF5A is
required for cellular proliferation and translation of “hard-to-read” sequences, such as poly-
proline motifs [7,34]. However, the specific genes that require hypusine-eIF5A for their trans-
lation are not well known. Here we have found that SREBP2 requires hypusine-eIF5A to be
translated. While HMGCR does not have any poly-prolines, it does have a 3 amino acid motif,
GGT, at position 807, that has been shown to be require hypusine-eIF5A [6]. SREBP2 on the
other hand, has multiple poly-proline repeats as well as other 3 amino acid motifs shown to
require hypusine-eIF5A. Furthermore, a study found hypusine-eIF5A is involved in cotransla-
tion translocation of proteins into the ER, where SREBP2 is found [35]. Our findings demon-
strate another level of regulation of the cholesterol synthesis pathway, translational regulation
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of SREBP2. Polyamines are vital for cellular proliferation, and a lack of polyamines will prevent
crucial proliferation genes from being translated, such as SREBP2.

The roles of polyamines in viral infection are diverse and appear to be distinct for different
viral families [1,30]. In the case of enteroviruses, like CVB3, prior work showed that poly-
amines facilitate cellular attachment and protease activity. However, the mechanism(s) by
which polyamines promote these activities was unclear. Importantly, we observed that cellular
attachment to DFMO-treated cells was reduced for a variety of viruses, including distinct
picornaviruses (rhinovirus, enterovirus) [14]. Thus, it is unlikely that a reduction in receptor
expression is sufficient to explain this broad phenotype. Cholesterol is a key molecule in
enterovirus attachment and entry, and its association with lipid rafts has been demonstrated to
facilitate CVB3 engagement with its receptor (Coxsackie- and adenovirus receptor, CAR) [36].
For many viruses, cholesterol and lipids promote not only entry, but also viral replication,
either through the formation of viral replication compartments on specific cellular members
or through the hydrolysis of lipids to release energy for replication [22,24,37-41]. While poly-
amines have previously been described to facilitate viral genome replication for both chikun-
gunya virus [42] and Ebolavirus [10], it remains to be determined if this phenotype could be
through the synthesis of cellular cholesterol. Prior work highlighted effects of polyamines on
viral proteins, such as the polymerase [42], but our work highlights an indirect effect on virus
infection, specifically through cholesterol synthesis. Further, this observation could explain the
broad effect on viral attachment we observe with DFMO. Because polyamine depletion abro-
gates the attachment of diverse viruses, cellular cholesterol depletion in those cells may explain
these phenotypes due to the key roles for cholesterol in virus attachment.

Although we show that SREBP2 relies on polyamines for translation through hypusinated
elF5A, regulation of SREBP2 and its activity is complex. Polyamines play a wide variety of
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roles within the cell, one of which is stabilizing DNA and promoting transcription factor
engagement [31]. Another potential area of involvement for polyamines within the cholesterol
pathway is the stabilization of SREBP2 binding of SRE. It has previously been shown that poly-
amines maintain the estrogen receptor elements (ERE) in the correct motif to allow for estro-
gen receptor (ER) to bind, and a lack of polyamines decreased the ability of ER to bind to
EREs [43,44]. Polyamines also play a role in protease function. Our lab previously demon-
strated that both of CVB3’s proteases develop mutations in response to polyamine depletion,
making them resistant to the lack of polyamines, suggesting a role for polyamines in protease
activity [13,15]. SREBP2 processing requires two proteases, S1P and S2P, for its maturation. It
is unclear whether SREBP2 cleavage or S1P/S2P protease activity relies on polyamines. It is
unlikely that hypusine-eIF5A is affecting another protein upstream of SREBP?2 as its transcript
levels do not significantly change with DEMO (Fig 4A) or GC7 (Fig 5D) treatment.

eIF5A is the only known enzyme within the eukaryotic cell to be hypusinated, and it sup-
ports the translation of diverse cellular proteins. Prior work showed that Ebolavirus relies on
hypusination specifically for the translation of VP30, a viral transactivator that facilitates viral
gene expression [45]. Other work showed that inhibitors of hypusination reduce translation of
retroviruses, including HIV-1 [46,47]. The direct roles of eIF5A hypusination in viral protein
synthesis remain to be fully explored for many viruses, including CVB3. However, hypusinated
elF5A’s roles in cellular translation also affect viral replication, as seen here. Thus, hypusinated
eIF5A is an important drug target due to its potential direct and indirect effects on virus repli-
cation [48]. Additional exploration of mechanisms connecting hypusinated eIF5A to viral and
cellular factors involved in infection will further illuminate how this molecule and polyamines
support the replication of diverse viruses.

Materials and methods
Cell culture and virus enumeration

Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,; Life Technologies)
with bovine serum (FBS; Thermo-Fischer) and penicillin-streptomycin at 37°C and 5% CO..
Huh7 cells were supplemented with 10% fetal bovine serum (FBS; Thermo-Fischer). Vero cells
were obtained through BEI Resources. Vero cells were supplemented with 10% new-born calf
serum (NCBS; Thermo-Fischer). CVB3 (Nancy strain) was derived from the first passage of
virus in Vero cells after rescue from an infectious clone. Viral stocks were maintained at
-80°C. Viral titers were enumerated as previously described [14].

Drug treatments

Difluoromethylornithine (DFMO; TargetMol) was diluted to a 100mM solution in sterile
water. For DFMO treatments, cells were trypsinized and reseeded with fresh medium supple-
mented with 2% FBS (Huh?7) or 2% NCBS (Vero). Cells were treated with ImM DFMO unless
otherwise indicated. Cells were incubated with DFMO for 96h to allow for depletion of poly-
amines. GC7 was diluted to a 100mM solution in sterile water. Freshly seeded cells were
treated with GC7 along with 500uM aminoguanidine for 16-24h. Cholesterol was diluted to
10 ™8/ ,,;. in ethanol then added to adherent cells for 16-24h.

RNA purification and cDNA synthesis

Media were cleared from cells, and Trizol reagent (Zymo Research) was added directly. Lysate
was then collected, and RNA was purified through a Zymo RNA extraction kit. Purified RNA
was subsequently used for cDNA synthesis using High Capacity cDNA Reverse Transcription
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Kits (Thermo-Fischer), according to the manufacturer’s protocol, with 10-100 ng of RNA and
random hexamer primers.

RNA sequencing

RNA was purified and prepared as described from Huh?7 cells treated for 96h with DFMO or
infected for 24h with CVB3. Libraries were prepared by the University of Chicago Genomics
Facility and analyzed by Illumina NovaSeq 6000. Read quality was evaluated using FastQC
(v0.11.5). Adapters were trimmed in parallel to a quality trimming (bbduk, sourceforge.net/
projects/bbmap/). All remaining sequences were mapped against the human reference genome
build 38 with STAR (v2.5.2b) [49]. HT'seq (v0.6.1) was used to count all reads for each gene
and set up a read count table [50]. Differential gene expression analyses were performed using
the DESeq2 Bioconductor package (v1.30.1) [51]. The default “ashr” shrinkage (v2.2-47) [52]
set up was used for our analysis. Gene set enrichment analysis (GSEA) was performed with the
fgsea Bioconductor package [53], using Hallmark gene sets downloaded from the Molecular
Signatures Database [54].

Plaque formation attachment assay

Vero cells were seeded in 6-well plates and grown to 100% confluence in DMEM with 2%
NCBS and treated for 96h with the indicated concentrations of DEMO. After 96 h of DEMO
treatment, cells were placed on ice and the media aspirated from the cells. 500 uL of serum free
media containing 1000 PFU CVB3 was added to cells on ice for 5 min. Cells were washed 3x
with PBS and then overlaid with 0.8% agarose containing DMEM with 2% NCBS. The plates
were incubated at 37°C for 2 days for plaques to develop. The cells were fixed with 4% forma-
lin, and the plaques were visualized with crystal violet staining. For the cholesterol rescue, cells
were washed 3x with PBS before infecting with CVB3.

Cell viability
Huh7 cells were plated in a 96 well plate with 2% FBS DMEM, then treated for 24 hours with
amino guanidine alone or in combination with increasing concentrations of GC7. After 24

hours, viability was measured using the CytoTox-Fluor Cytotoxicity Assay (Promega) accord-
ing to the manufacturer’s protocol.

qPCR Gene expression assay

Huh?7 cells were seeded at 4 x 10 cells per well in 24-well plates in DMEM with 2% FBS. Cells
were treated with varying concentrations of DFMO for 96 h. After 96 h, the media was aspi-
rated off cells, washed 1x with PBS, and then, 200 uL of Trizol was added to the cells. The RNA
was extracted with the Zymo RNA extraction kit, converted to cDNA, and quantified by real-
time PCR with SYBR Green (DotScientific) using the one-step protocol QuantStudio 3 (Ther-
moFisher Scientific). Relative expression was calculated using the AACT method, normalized
to the B-actin qRT-PCR control, and calculated as the fraction of the untreated samples. Prim-
ers were verified for linearity using 8-fold serial diluted cDNA and checked for specificity via
melt curve analysis. The primer sequences are as follows: HMGCR, (F) 5-GAG ACA GGG
ATA AAC CGA GAA AG-3’and (R): 5-GGA GGA GTT ACC AAC CAC AAA-3’; HMGCS,
(F): 5-CCT GCC AAG AAA GTA CCA AGA-3 and (R): 5-GTC TTG CAC CTC ACA GAG
TAT C-3; MVD (F): 5-TGG TTC TGC CCA TCA ACT C-3’ and (R): 5-GGT GAA GTC
CTT GCT GAT GA-3’; SREBP2 (F): 5-CTG TAG CGT CTT GAT TCT CTC C-3’ and (R): 5’-
CCT GGC TGT CCT GTG TAA TAA-3.
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qPCR attachment assay

Vero cells were seeded at 4 x 10* per well in a 24 well plate with 2% NCBS DMEM respectively.
Cells were treated with GC7 for 24h or with DFMO for 96h. Cholesterol was added to indi-
cated samples for 24h. Cells were placed on ice, media removed, and CVB3 at MOI 5 in 100 uL
SFM was then added directly to cells for 5 minutes. Input samples were then collected in TRI-
zol. Bound samples were washed 3x in PBS then collected in TRIzol. RNA was then extracted,
purified, then reverse transcribed as described. cDNA was then quantified by real-time PCR
with SYBR Green as described. Relative genomes were calculated using the AAC™ method with
actin and normalized to input virus.

Western blot

Samples were collected with Bolt LDS Buffer and Bolt Reducing Agent (Invitrogen, Waltham,
MA, USA) and run on polyacrylamide gels. Gels were transferred using the iBlot 2 Gel Trans-
ter Device (Invitrogen). Membranes were blocked with 5% BSA in TBST then probed with pri-
mary antibodies for HMGCR (Ms mAb, 1:000, Abcam), MVD (1:1000, Santa Cruz), SREBP2
(goat pAD, 1:1000, R&D Systems), Hypusine (Rb pAb, 1:2000, EMD Millipore) or B-actin (Ms
mADb, 1:1000, Proteintech) overnight at 4°C. Membranes were then washed 3x in TBST fol-
lowed by 1h incubation of in secondary antibody (GtoMs/GtaRb/DonkeyaGt HRP, 1:15000,
Jackson Labs). After 3 additional washes in TBST, membranes were treated with SuperSignal
West Pico PLUS Chemiluminescent Substrate (ThermoFisher Scientific) and visualized on
Fluorchem E imager (Protein Simple, San Jose, CA, USA). Quantification of western blots
were done by using Image] and normalizing to NT and relative to actin density.

Intracellular cholesterol abundance assay

Huh7 cells were plated at a density of 5000 cells/well in a 96 well plate in DMEM with 2% FBS.
Cells were treated with DEMO for 96h or after 72h, treated with DEF or GC7 for 24h. The
following day, the media was removed from cells followed by a PBS wash. To measure total
intracellular cholesterol abundance, we used the Cholesterol/Cholesterol Ester-Glo Assay
(Promega) in accordance to manufacturer’s protocol.

SRE promoter luciferase

Complimentary primers were made containing SRE consensus sequence were ordered flanked
by Sfil cut site overhangs (FWD: 5-CGGCC ATCACCCCAC GGCCTCGG-3’; REV 3’-
GCCGCCGG TAGTGGGGTG CCGGA-5’). Primers were phosphorylated and annealed at
37°C for 30 minutes then 95°C for 5 minutes and were allowed to cool to 25°C. pGL4.10 (Pro-
mega) was digested with Sfil in Fast Digest buffer for 15 min at 50°C. The cut plasmid was ran
through DNA clean up kit. The annealed primers were then ligated into the cut plasmid using
T4 ligase followed by transformation into chemical competent E. Coli. Colonies were picked
and grown up followed by sequencing to confirm the SRE sequence was present.

Promoter luciferase assay

Huh7 cells were plated in a 96 well plate with 2% FBS DMEM then treated with 1 mM DFMO
for 96 h or after 96 h, treated with 500 uM GC7. Cells were transfected with SRE-pGL4.10, 5’
HMGCS-Fluc (Addgene #60444), or pLDLR-Luc (Addgene #14940) after cells had been plated
for 96 h. All cells were transfected with the renilla control plasmid (siCheck, Promega). 100 ng
of plasmid were transfected with LipoD293 according to manufacture’s protocol. 24h after
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transfection, media was removed followed by one wash with PBS. Cells were then lysed with
gentle lysis buffer for 15 min.

SREBP2 luciferase assay

SREBP2 fragment 1 contained nucleotides 3348-3798 and fragment 2 contained nucleotides
3348-4400 from Addgene #32018 (pLKO-puro FLAG SREBP2, murine SREBP2) were cloned
into pLenti-CMV-Luc by Applied Biological Materials Inc. Huh7 cells were plated in a 96 well
plate and treated with 500 uM for 24h. Cells were transfected with 100 ng of plasmid were
transfected with LipoD293 according to manufacturer’s protocol. 24h after transfection, media
was removed followed by one wash with PBS. Cells were then lysed with gentle lysis buffer for
15 min.

Statistical analysis

Prism 6 (GraphPad) was used to generate graphs and perform statistical analysis. For all analy-
ses, a two-tailed Student’s ¢ test was used to compare groups, unless otherwise noted.
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