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treatment,” > suggesting that HCV has unique effects on host

ABSTRACT: Hepatitis C virus (HCV) infection has been lipid metabolism. Consistent with this, general inhibitors of
clinically associated with serum lipid abnormalities, yet our sterol and sphingosine biosynthesis have demonstrated antiviral
understanding of the effects of HCV on host lipid activity against HCV in cell culture.®”® The HCV core protein

metabolism and conversely the function of individual
lipids in HCV replication remains incomplete. Using liquid
chromatography—mass spectrometry metabolite profiling
of the HCV JFHI cell culture infection model, we
identified a significant steady-state accumulation of
desmosterol, an immediate precursor to cholesterol.
Pharmacological inhibition or RNAi-mediated depletion
of DHCRY significantly reduced steady-state HCV protein
expression and viral genomic RNA. Moreover, this effect
was reversed when cultures were supplemented with
exogenous desmosterol. Together, these observations
suggest an intimate connection between HCV replication
and desmosterol homeostasis and that the enzymes
responsible for synthesis of desmosterol may be novel
targets for antiviral design.

mediates the accumulation of cellular lipid droplets, and the
lipid droplet storage organelle has been shown to play an
essential role in HCV viral particle assembly.'°™"* In addition,
analysis of the cellular transcriptome and proteome during
HCV genome replication and infection has uncovered major
changes in the expression of host metabolic enzymes,
suggesting major changes in the homeostasis of these
pathways.”"*~'* Despite the accumulating data indicating that
HCV manipulates host lipid metabolism specifically to promote
its replication, efforts to interfere with this as an antiviral
strategy have been limited. This is at least in part due to limited
knowledge of the specific lipid metabolites required for HCV
replication, an understanding of which might allow the design
of strategies with potentially decreased host toxicity because
they are targeted to homeostasis of specific lipid metabolites
rather than to the blockade of entire metabolic pathways.

In an effort to improve our understanding of host lipid
pathways that are manipulated by HCV and to identify
potential host targets for new antiviral strategies, we performed
untargeted and targeted analysis of changes in the steady-state
abundance of lipids in the infectious HCV Japanese fulminant
hepatitis strain 1 (JFH1) cell culture model. In this model, a
full-length genotype 2a HCV genome supports all steps of the
HCV life cycle, including viral entry, gene expression, genome
replication, and assembly and secretion of infectious
virions.'*'® Untargeted analysis in positive and negative
mode permitted detection of >10 000 lipid ions and revealed
26 metabolites whose abundance had a statistically significant
change of 3-fold or more in JFHI-infected cells relative to the

H ost-derived lipids are required for the replication of many
viruses. For example, the genome replication and
assembly of many viruses occur within subcellular compart-
ments derived from host-derived membranes. Not surprisingly
then, replication of flaviviruses, SARS, Semliki Forest virus,
poliovirus, and vaccinia virus, among others, is associated with
dramatic modification of host lipid membrane structures.'
Furthermore, the lipid bilayer of enveloped viruses is composed
entirely of host-generated lipid, and the cholesterol, sphingo-
lipid, and glycerolipid classes of lipids play critical roles in the
tusion step of viral entry for members of all three classes of viral
fusion proteins.” Although the importance of host lipids has
been widely recognized, our understanding has mostly been at

the level of the function of broad lipid classes in viral processes. mock.—infe.cted control (F igure la and Supporti.ng Information).

Viral selectivity for specific lipids within these general classes The identity of the majority of these metabolites could not be

has not been carefully examined, and the effects of viruses on readily assigned on the basis of retention time and mass-to-

the functional output of host metabolic enzymes have received charge ratio (m/z).

scant attention. An exception to this was metabolite M367T12277, which
Hepatitis C virus (HCV) is an RNA virus in the Flaviviridae exhibited the greatest change in abundance in this analysis

family that chronically infects 3% of the human population, (~13-fold), with m/z and retention time similar to those of

predisposing these patients to liver fibrosis, steatosis, cirrhosis,

and hepatocellular carcinoma. Chronic HCV infection is Received: August 11, 2011

associated with hypolipidemia that is reversible upon antiviral Published: April S, 2012
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Figure 1. Untargeted lipid metabolite profiling identifies increased
steady-state desmosterol in JFH1-infected cells. (a) Total lipid from
mock- or JFHIl-infected cells was quantified by LC/MS, and
comparisons were made with XCMS software. * indicates ion
M367T2277. (b) For reference, an abbreviated schematic of the late
stages of cholesterol biosynthesis is shown.

isomers of dehydrogenated cholesterol. To unambiguously
identify M367T2277, we compared the MS/MS spectrum for
M367T2277 to spectra for desmosterol, zymosterol, and 7-

dehydrocholesterol standards, which are isomers of dehydro-
genated cholesterol with similar retention times and m/z parent
ions (Supporting Information). This permitted unequivocal
identification of M367T2277 as desmosterol, the immediate
precursor to cholesterol in the Bloch branch of the biosynthetic
pathway (Figure 1b). The assignment of M367T2277 as
desmosterol and not 7-dehydrocholesterol was further
supported by the observation that M367T2277 was not a
reactive substrate in a Diels—Alder reaction® (Supporting
Information). While efforts to identify and functionally
characterize the additional metabolites enriched in the presence
of JFHI are ongoing, they will be described separately.

To additionally characterize the effects of JFH1 on major
metabolic pathways, we also performed a parallel targeted
analysis of the lipid metabolite ion data. This targeted lipid
metabolite profiling analysis included 25 lipid metabolites
whose retention times and m/z ratios were previously
determined using authentic standards.'” These metabolites
represent all major cellular lipid classes, including mono-, di-,
and triacylglycerols, free fatty acids, isoprenoids, phospholipids,
sphingosines, and sterols (Supporting Information). Notably,
the additional ions enriched in the presence of JFHI in the
untargeted profiling experiment did not correspond to any of
the standards in the targeted profile. JFHI was associated with
relatively modest 1.5- to 2-fold changes in the steady-state
abundance of free fatty acids, phospholipids, and both mono-
and diacylglycerol species (Supporting Information). Although
they are small in magnitude, these steady-state changes of
highly abundant species may represent large changes in the
total lipid content of the host cell as well as significant increases
in the flux through these biosynthetic pathways. Moderate (>4-
fold) perturbation of sphingosine metabolism was associated
with JFH1, as expected,7’15 and a 4-fold increase in retinol was
detected in the JFHI samples that has not previously been
reported (Supporting Information), although retinol itself has
been shown to enhance HCV replication in cell culture.””
Consistent with the result from the untargeted profile, JFH1
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Figure 2. Inhibition of desmosterol synthesis reduces steady-state HCV JFH1 protein and RNA. (a) Steady-state viral protein levels determined by
Western blot are shown for inhibition of DHCR7 by AY9944 (top) or RNAi-mediated depletion of DHCR?7 (bottom). Four different, individual
siRNAs (1—4) targeting DHCR?7 were examined. (b) Western blot analysis of steady-state viral protein expression in the presence of AY9944 (top)
or siRNAs targeting DHCR?7 (bottom) illustrates rescue of viral protein expression in the presence of exogenous desmosterol. (c) Northern blot
analysis of steady-state HCV RNA levels in the presence of AY9944 and AY9944 plus exogenous desmosterol (top) and increasing concentrations of
AY9944 (bottom) show that viral RNA is also sensitive to desmosterol homeostasis. Des, desmosterol; Chol, cholesterol; M, mock infection; NT,
non-targeting siRNA; NTD, non-targeting siRNA plus exogenous desmosterol; 7, DHCR7 siRNA pool; 1—4, individual DHCR?7 siRNAs; 7-Des,
DHCR?7 siRNA pool plus exogenous desmosterol; IFN, interferon treatment control to eliminate viral replication.
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infection was associated with a large (~10-fold) increase in
steady-state desmosterol that was not accompanied by a
commensurate increase in steady-state cholesterol or 7-
dehydrocholesterol. This was noteworthy because desmosterol
metabolism has not previously been linked to HCV infection,
despite wide appreciation for the importance of sterol
metabolism for multiple aspects of HCV replication.**?°~*?
Since this phenomenon was specific to HCV JFHI1 and was not
observed in conjunction with dengue virus (DENV) (Support-
ing Information) or hepatitis B virus (HBV)," we deemed it
unlikely to represent a general host response to viral infection.
Rather, we favored the hypothesis that the accumulation of
desmosterol reflects a specific perturbation of sterol metabolism
that is induced by JFHI and that has a beneficial effect on its
replication. A corollary to this is that HCV should be inhibited
under conditions that block desmosterol synthesis. To test
these ideas, we used small-molecule and RNAi probes to
perturb desmosterol homeostasis and evaluated the effects on
HCV steady-state protein expression and replication.
Desmosterol is produced by the reduction of 7-dehydro-
desmosterol catalyzed by A-7-sterol reductase (DHCR?7) in the
Bloch branch of cholesterol biosynthesis (Figure 1b). We
inhibited the conversion of 7-dehydrodesmosterol to desmos-
terol with siRNAs targeting DHCR7 or with AY9944, a known
small-molecule inhibitor of DHCR7.** We confirmed by mass
spectrometry that treatment of cells with this compound
resulted in the >500-fold increase in 7-dehydrodesmosterol and
reduced desmosterol to undetectable levels, demonstrating that
DHCR?7 was inhibited by AY9944, as expected (Supporting
Information). Inhibition of DHCR?7 was associated with a dose-
dependent decrease in steady-state expression of the HCV core,
NSSA, and NSSB proteins in JFHIl-infected cells with a
measured ICyy = 0.63 + 0.22 uM, whereas HBV and DENV
were unaffected by AY9944 (Figure 2a and Supporting
Information). Consistent with this, RNAi-mediated depletion
of DHCR?7 also reduced steady-state viral protein in the JFH1
infection model, whereas depletion of sterol-5-desaturase
(SCSDL) and A-24-sterol reductase (DHCR24), proximal
enzymes in the biosynthetic pathway, appeared to cause no
detectable change in JFHI replication (Figure 2a and
Supporting Information). Together these data indicate that
DHCR?7 activity is important for HCV replication.
Importantly, the addition of exogenous desmosterol reversed
the effect of RNAi-mediated depletion of DHCR7 or AY9944
treatment on HCV JFHI, resulting in restoration of core,
NSSA, and NSSB to the levels observed in the absence of
AY9944. We also found that exogenous cholesterol could
partially rescue steady-state HCV protein expression, albeit to a
lesser extent than exogenous desmosterol (Figure 2b and
Supporting Information). In our analysis of DHCR? inhibition,
we discovered that, while conversion of deuterated desmosterol
to deuterated cholesterol is the favored reaction catalyzed by
DHCR24, the reverse reaction (conversion of deuterated
cholesterol to deuterated desmosterol) can also occur in the
presence of AY9944, albeit at a low level (Supporting
Information). Consequently, we cannot exclude the possibility
that the DHCR24-catalyzed conversion of cholesterol to
desmosterol contributes to the rescue observed when
exogenous cholesterol is added. Interestingly, the effects of
AY9944 and AY9944 plus exogenous desmosterol on steady-
state viral protein expression were also observed for steady-state
viral RNA (Figure 2c), indicating that viral RNA replication is
impacted by changes in desmosterol homeostasis. Additionally,
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although virion-associated cholesterol has previously been
described as important for virion assembly, egress, and
entry,”>*' desmosterol homeostasis appears to affect HCV
independently of these processes, since a HCV JFHI1-derived
subgenomic replicon (SGR) that lacks these steps of viral
replication exhibited similar behavior in the presence of
AY9944 and exogenous desmosterol and cholesterol (Support-
ing Information). Taken together, these results demonstrate
that the DHCR7-catalyzed production of desmosterol is
important for HCV replication and suggest that this specific
step in cholesterol biosynthesis is a potential target for antiviral
development.

Our discovery that HCV perturbs desmosterol homeostasis is
especially interesting in light of the selective accumulation of 7-
dehydrocholesterol, an alternative cholesterol precursor in cells
replicating HBV.'” HBV and HCV do not share sequence
homology, genome organization, or replication strategies, but
they do share tissue and host tropism and the propensity for
long-term chronic infection that frequently leads to serum lipid
abnormalities and development of steatosis, cirrhosis, and
hepatocellular carcinoma.”~>** Future investigation of the
function and mechanism of DHCR7’s role during HCV
infection in the context of a whole organism will ultimately
determine the therapeutic potential of targeting desmosterol
metabolism as an anti-HCV strategy. More immediately, this
work demonstrates the utility of lipid metabolite profiling in
refining our knowledge of the lipids required for viral
replication and the impact of viral pathogens on host lipid
metabolism.
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Supplementary figures, tables, and full methods can be found in
the Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
priscilla_yang@hms.harvard.edu

Present Address
#Keck School of Medicine, University of Southern California,
Los Angeles, CA 90089

Author Contributions
SMAR and V.A.V. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by a Research Enabling Grant from
the Harvard University Office of Faculty Development and
Diversity, a John and Virginia Kaneb Fellowship, NIH
R21AI068999 and RO1AI076442 (P.L.Y.), NIH Diversity
Supplement to NIH RO01AI076442 (P.LY., V.AV.), NIH
AI069939 and AI082630 (R.T.C.), 1K08DK088951-01
(L.E.P.), and a fellowship from the Karnovsky Foundation
(M.AR.). LC/MS data were acquired on an Agilent 6520 Q-
TOF spectrophotometer supported by the Taplin Funds for
Discovery Program (S. Walker). Huh7.5, JFH1, and 9E10
antibody were gifts from Dr. Charles Rice (Rockefeller
University) via Apath LLC; Huh7.5.1 cells were a gift from
Dr. Francis V. Chisari (The Scripps Research Institute); JFH1
was also a kind gift from Dr. Takaji Wakita (National Institute

dx.doi.org/10.1021/ja207391q | J. Am. Chem. Soc. 2012, 134, 6896—6899


http://pubs.acs.org
mailto:priscilla_yang@hms.harvard.edu

Journal of the American Chemical Society

Communication

of Infectious Diseases, Japan). Purified anti-HCV core antibody
used in Western blot experiments by LF.P. and EXK.S. was
produced from the anti-HCV core 6G7 hybridoma cells
generously provided by Dr. Abe Brass, Massachusetts General
Hospital. Dengue virus (serotype 2) core antibody was
produced from hybridoma cell line 6f3.1, kindly provided by
Dr. John Aaskov. We thank N. S. Gray, C. T. Walsh, A.
Saghatelian, and members of the Yang research group for
helpful discussions.

B REFERENCES

(1) Miller, S.; Krijnse-Locker, J. Nat. Rev. Microbiol. 2008, 6, 363.

(2) Teissier, E.; Pecheur, E. L. Eur. Biophys. ]. 2007, 36, 887.

(3) Fabris, C.; Federico, E.; Soardo, G.; Falleti, E.; Pirisi, M. Clin.
Chim. Acta 1997, 261, 159.

(4) Corey, K. E; Kane, E.; Munroe, C.; Barlow, L. L.; Zheng, H,;
Chung, R. T. Hepatology 2009, 50, 1030.

(5) Jarmay, K; Karacsony, G; Nagy, A; Schaff, Z. World J.
Gastroenterol. 2008, 11, 6422.

(6) Tkeda, M.; Abe, K.; Yamada, M.; Dansako, H.; Naka, K; Kato, N.
Hepatology 2006, 44, 117.

(7) Sakamoto, H.; Okamoto, K.; Aoki, M.; Kato, H.; Katsume, A.;
Ohta, A.; Tsukuda, T.; Shimma, N.; Aoki, Y.; Arisawa, M.; Kohara, M.;
Sudoh, M. Nat. Chem. Biol. 2005, 1, 333.

(8) Su, A. L; Pezacki, J. P.; Wodicka, L.; Brideau, A. D.; Supekova, L.;
Thimme, R;; Wieland, S.; Bukh, J.; Purcell, R. H,; Schultz, P. G;
Chisari, F. V. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 15669.

(9) Ye, J.; Wang, C.; Sumpter, R, Jr.; Brown, M. S.; Goldstein, J. L.;
Gale, M,, Jr. Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 15865.

(10) Boulant, S.; Targett-Adams, P.; McLauchlan, J. J. Gen. Virol.
2007, 88, 2204.

(11) Jhaveri, R; Qiang, G.; Diehl, A. M. . Infect. Dis. 2009, 200, 1781.

(12) Shavinskaya, A.; Boulant, S.; Penin, F.; McLauchlan, J;
Bartenschlager, R. J. Biol. Chem. 2007, 282, 37158.

(13) Bigger, C. B.; Guerra, B.; Brasky, K. M.; Hubbard, G.; Beard, M.
R; Luxon, B. A; Lemon, S. M,; Lanford, R. E. J. Virol. 2004, 78,
13779.

(14) Blackham, S.; Baillie, A.; Al-Hababi, F.; Remlinger, K.; You, S.;
Hamatake, R;; McGarvey, M. J. J. Virol. 2010, 84, 5404.

(15) Diamond, D. L.; et al. PLoS Pathog. 2010, 6, e1000719.

(16) Zhong, J.; Gastaminza, P.; Cheng, G.; Kapadia, S,; Kato, T.;
Burton, D. R;; Wieland, S. F.; Uprichard, S. L.; Wakita, T.; Chisari, F.
V. Proc. Natl. Acad. Sci. US.A. 2008, 102, 9294.

(17) Lindenbach, B. D.; Evans, M. J; Syder, A. J.; Wolk, B;
Tellinghuisen, T. L.; Liu, C. C.; Maruyama, T.; Hynes, R. O.; Burton,
D. R;; McKeating, J. A.; Rice, C. M. Science 2005, 309, 623.

(18) Wakita, T.; Pietschmann, T.; Kato, T.; Date, T.; Miyamoto, M.;
Zhao, Z.; Murthy, K,; Habermann, A.; Krausslich, H. G.; Mizokami,
M.; Bartenschlager, R; Liang, T. J. Nat. Med 2008, 11, 791.

(19) Rodgers, M. A; Saghatelian, A.; Yang, P. L. J. Am. Chem. Soc.
2009, 131, 5030.

(20) Norman, K. L.; Sarnow, P. J. Virol. 2010, 84, 666.

(21) Wang, C.; Gale, M, Jr.; Keller, B. C.; Huang, H.; Brown, M. S;
Goldstein, J. L.; Ye, J. Mol. Cell 2005, 18, 425.

(22) Huang, H,; Sun, F.; Owen, D. M; Li, W.; Chen, Y.; Gale, M,, Jr;
Ye, J. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 5848.

(23) Kapadia, S. B.; Barth, H.; Baumert, T.; McKeating, J. A.; Chisari,
F. V. J. Virol. 2007, 81, 374.

(24) Chappel, C.; Dubug, J; Dvornik, D.; Givner, M.; Humber, L;
Kraml, M.; Voith, K; Gaudry, R. Nature 1964, 201, 497.

(25) Minakari, M.; Molaei, M.; Shalmani, H. M.; Alizadeh, A. H.; Jazi,
A. H; Naderi, N.; Shavakhi, A.,; Mashayekhi, R;; Zali, M. R. Eur. ].
Gastroenterol. Hepatol. 2009, 21, S12.

(26) Rog, T.; Vattulainen, L; Jansen, M.; Ikonen, E.; Karttunen, M. J.
Chem. Phys. 2008, 129, 154508.

(27) Megha; Bakht, O.; London, E. J. Biol. Chem. 2006, 281, 21903.

(28) Vainio, S.; Jansen, M.; Koivusalo, M.; Rog, T.; Karttunen, M,;
Vattulainen, L; Ikonen, E. J. Biol. Chem. 2006, 281, 348.

6899

(29) Yano, M,; Ikeda, M.; Abe, K.; Dansako, H.; Ohkoshi, S.; Aoyagi,
Y.; Kato, N. Antimicrob. Agents Chemother. 2007, 51, 2016.

(30) Batta, A. K; Salen, G; Tint, G. S.; Honda, A; Shefer, S. Steroids
1997, 62, 700.

(31) Aizaki, H.; Morikawa, K.; Fukasawa, M.; Hara, H.; Inoue, Y.;
Tani, H,; Saito, K; Nishijima, M.; Hanada, K; Matsuura, Y.; Lai, M.
M.; Miyamura, T.; Wakita, T.; Suzuki, T. J. Virol. 2008, 82, 5715.

dx.doi.org/10.1021/ja207391q | J. Am. Chem. Soc. 2012, 134, 6896—6899



