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immune responses by targeting K27 ubiquitination of MAVS
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ABSTRACT The mechanism by which lipid metabolism regulates innate immunity is
unknown. Here, we report that the key enzyme in cholesterol synthesis, 33-hydrox-
ysteroid-A24 reductase (DHCR24), is inhibited by viral infection. DHCR24 deficiency
significantly promotes interferon production and interferon-stimulated gene expression.
Inhibition of DHCR24 enzyme activity or the addition of the precursor 24-dehydrocholes-
terol (24-DHC) can augment innate immunity. Mechanistically, DHCR24 interacts with
MAVS or STING, and DHCR24 impairs K27-linked ubiquitination of MAVS mediated
by TRIM21 and K27-linked ubiquitination of STING mediated by AMFR, blocking the
activation of MAVS and STING, respectively. Collectively, DHCR24 plays a negative role in
regulating innate immune responses that may be targeted to improve immunity.

IMPORTANCE The precise regulation of the innate immune response is essential for
the maintenance of homeostasis. MAVS and STING play key roles in immune signaling
pathways activated by RNA and DNA viruses, respectively. Here, we showed that DHCR24
impaired the antiviral response by targeting MAVS and STING. Notably, DHCR24 interacts
with MAVS and STING and inhibits TRIM21-triggered K27-linked ubiquitination of MAVS
and AMFR-triggered K27-linked ubiquitination of STING, restraining the activation of
MAVS and STING, respectively. Together, this study elucidates how one cholesterol key
enzyme orchestrates two antiviral signal transduction pathways.

KEYWORDS DHCR24, innate immunity, cholesterol metabolism, IFN, MAVS, STING,
TRIM21, AMFR, viral infection

he crosstalk between innate immunity and cholesterol homeostasis is instrumen-
tal for maintaining a normal physiological state (1, 2). Cholesterol metabolism-rela-
ted proteins and products are related to innate immunity. Cholesterol-25-hydroxylase
(CH25H) is a broadly antiviral interferon-stimulated gene (ISG) that inhibits the replica-
tion of various enveloped viruses by converting cholesterol to 25-hydroxycholesterol Editor Anna Ruth Cliffe, University of Virginia,
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is accompanied by the activation of AKT3-IRF3, enhancing IFN- production (5). Tim-4
reprograms cholesterol metabolism to suppress antiviral innate immunity by disturb-
ing the Insig1-SCAP interaction in macrophages (6). Cumulatively, proper cholesterol ~Received27September 2023
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metabolism is important for the host to maintain homeostasis against viral infection. T 20 Neviemlor 2GS
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| (RIG-I)-like receptors (RLRs), such as RIG-I and MDAS, detect foreign and host RNA ~ _0P/fight© 2023 American Society for
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to trigger acute inflammation by activating the downstream-signaling axis (7-9). Upon
sensing viral RNA, RIG-I and MDA5 undergo conformational changes and interact with
MAVS (also known as IPS1, VISA, and Cardif). Once activated, MAVS CARD rapidly forms
prion-like aggregates, which convert other MAVS on the mitochondrial outer membrane
into prion-like aggregates (10). This aggregation process enables MAVS to activate the
TANK-binding kinase 1 (TBK1). Then, activated TBK1 phosphorylates IFN regulatory factor
3 (IRF3), which translocates to the nucleus and promotes the transcription of type l and Il
IFNs (11-14). Although MAVS is orchestrated in a variety of ways in innate immunity, the
relationship between cholesterol metabolism and MAVS is unknown.

The cyclic GMP-AMP (cGAMP) synthase (cGAS)-STING (also known as MITA, ERIS,
and MPYS) pathway is a major pathway mediating immune defense against DNA virus
infection (15). Upon DNA binding, cGAS converts ATP and GTP into the noncanonical
cyclic dinucleotide cGAMP to bind and activate STING which anchors as a homodimer
within the endoplasmic reticulum (ER) membrane in the resting state. The binding
of cGAMP triggers STING trafficking from the ER to the ER-Golgi intermediate compart-
ments and the Golgi apparatus, as a platform to recruit TBK1 and IRF3, which leads to
oligomerization and downstream activation of IRF3-dependent IFN responses (16-19).
Although it was reported that cholesterol levels directly influence the ability of STING to
transduce signals to TBK1 (4), little is known about whether cholesterol metabolism-rela-
ted products or enzymes are involved in the regulation of STING.

3B-hydroxysteroid-A24 reductase (DHCR24) is an enzyme that catalyzes 24-DHC to
cholesterol, a final step in cholesterol synthesis (20-22). DHCR24 is involved in various
physiological and pathological aspects, including apoptosis (23-25), oncogenic and
oxidative stress (26), and tumor immune surveillance (27, 28). Missense mutations in
DHCR24, which result in diminished protein activity, can lead to a rare autosomal
recessive disorder, desmosterolosis, whereby patients have elevated desmosterol and
lowered cholesterol, resulting in multiple congenital anomalies (21, 29). However, to
date, whether and how DHCR24 modulates the host innate immunity remains unclear.

Here, our results show an unanticipated role for DHCR24. Silencing DHCR24 or
adding the DHCR24 inhibitor-U18666A upregulated the expression of IFN-3, IL28A, IL29,
ISG15, and MX1, which is consistent with the significant clearance of vesicular stomatitis
virus (VSV) and Herpes simplex virus (HSV). Moreover, DHCR24 inhibits the IRF3-depend-
ent innate immune response. Mechanistically, DHCR24 interacts with MAVS or STING
and inhibits K27-linked ubiquitination of MAVS regulated by TRIM21 and K27-linked
ubiquitination of STING mediated by autocrine motility factor receptor (AMFR), thus
blocking the recruitment of TBK1 to MAVS or STING and subsequently inhibiting innate
immune responses to viral infection. This study reveals a novel role of DHCR24 in
innate immunity and establishes a new relationship between cholesterol metabolism
and innate immunity.

RESULTS
DHCR24 negatively regulates innate immune responses to viral infection

To understand how cholesterol metabolism in the liver is linked to innate immune
signals, we used RNA deep sequencing to analyze the gene profiles in HLCZ01 cells
(30), with or without VSV infection (Table S1). We focused on enzymes associated with
various metabolites and ultimately identified DHCR24, an enzyme involved in cholesterol
metabolism that was downregulated upon VSV infection in HLCZ01 cells (Fig. 1A) but
whose function in innate immunity is unknown. We first verified the results of RNA-seq.
HLCZO01 cells were treated with the 3’ untranslated region of HCV RNA (HCV 3’ UTR),
high-molecular weight poly(l:C), VSV, Newcastle disease virus (NDV) or HSV, which
substantially reduced DHCR24 mRNA levels (Fig. 1B). To detect the effect of DHCR24
on the innate immune response, we transfected HEK293T cells with an IFN-B lucifer-
ase reporter plasmid and then treated the cells with VSV. DHCR24 potently inhibited
VSV-triggered IFN-f luciferase reporter activation in a dose-dependent manner (Fig.
10). Accordingly, VSV-induced interferon stimulated response element (ISRE) luciferase
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FIG 1 DHCR24 negatively regulates the innate immune responses to viral infection. (A) HLCZO01 cells were treated with VSV

(multiplicity of infection [MOI] = 0.01) for 12 h before RNA extraction, and RNA-Seq was performed. (B) HLCZO01 cells were
transfected with 0.5 or 1.0 pg of HCV 3" UTR RNA or high molecular weight (HMW) poly(I:C) for 18 h or infected with VSV
(MOI = 0.05), NDV (MOI = 0.05), and HSV (MOI = 0.05) for the indicated times. DHCR24 mRNAs were measured by quantitative
real-time PCR (qRT-PCR) and normalized with GAPDH. (C) HEK293T cells were transfected with an IFN-3 promoter reporter

(0.1 pg) and an increased amount of DHCR24 expression plasmid. 12 h after transfection, the cells were infected with VSV (MOI

=0.01) or left untreated. Luciferase assays were performed 12 h after infection. (D) HEK293T cells were transfected with an ISRE

promoter reporter (0.1 pg) and DHCR24 expression plasmid (0.5 pg). 12 h after transfection, the cells were infected
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FIG 1 (Continued)

with VSV (MOI = 0.01) or left untreated. Luciferase assays were performed 12 h after infection. (E) Control cells or stable
DHCR24-silenced Huh7 cells were transfected with 1.0 pg of HMW poly(l:C) for 12 h. IFN-B, IL-28A, IL-29, ISG15, and MX1
mRNAs were measured by qRT-PCR and normalized with GAPDH. (F and G) Control cells or stable DHCR24-silenced Huh7 cells
were infected with VSV (MOI = 0.5) (F) or NDV (MOI = 0.01) (G) for the indicated times. IFN-B, IL-28A, IL-29, ISG15, and MX1
mRNAs were measured by qRT-PCR and normalized with GAPDH. (H) Control cells or stable DHCR24-silenced HLCZ01 cells
were infected with HSV (MOI = 0.01) for 12 h. IFN-B, IL-28A, IL-29, ISG15, and MX1 mRNAs were measured by qRT-PCR and
normalized with GAPDH. (I) Control cells or stable DHCR24-silenced HLCZ01 cells were infected with VSV (MOI = 0.01) for 9 h
or HSV (MOI = 0.01) for 12 h. IFN-B protein in the supernatant was examined by enzyme-linked immunosorbent assay (ELISA).
(J) Control cells or stable DHCR24-silenced HLCZO01 cells were infected with VSV (MOI = 0.01) for 9 h or HSV (MOI = 0.01) for
12 h to check PFU by plaque assay. All experiments were repeated at least three times with consistent results. Bar graphs show
the means “+" SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.

reporter activity was markedly decreased by DHCR24 (Fig. 1D). Next, we used the
lentiviral short hairpin RNA (shRNA) expression system to knock down DHCR24. As
shown in Fig. 1E, DHCR24-silenced Huh7 cells showed much stronger induction of IFN-§,
interleukin-28A (IL-28A), IL-29, 1SG15, and MXT mRNA by poly(l:C). To identify the role of
DHCR24 in viral infection, we used different RLR stimuli including VSV or NDV infection.
Consistent with the results in RNA nucleic acid mimic-treated cells, the knockdown of
DHCR24 markedly enhanced IFN-, IL-28A, IL-29, ISG15, and MXT mRNA production (Fig.
1F and G), accompanied by decreased PFU of VSV (Fig. 1J). Finally, we used HSV, which
activates the STING signaling, to infect HLCZO01 cells. Silencing DHCR24 potentiated the
expression of IFNs and ISGs triggered by HSV infection and reduced HSV PFU (Fig. TH and
J). IFN- protein levels in the supernatant were enhanced in DHCR24-silenced HLCZ01
cells upon VSV or HSV infection (Fig. 11). Taken together, these data demonstrate that
DHCR24 negatively regulates the innate immune response to various viral infections.

DHCR24 inhibits innate immunity in IRF3-dependent manner

Upon recognition of cytosolic RNA, RLR undergoes an ATP-dependent conformational
change that facilitates MAVS oligomerization, which triggers TBK1 activation and
subsequent IRF3 phosphorylation for IFN-B production (7, 10). To understand how
DHCR24 regulates IFN production during RLR activation, we examined the phosphory-
lation of IRF3. Consistent with increased IFN-B expression, IRF3 phosphorylation was
upregulated in DHCR24-silenced cells upon poly(l:C) stimulus and VSV infection (Fig. 2A
and B). Conversely, overexpression of DHCR24 attenuated the activation of IRF3 triggered
by VSV or HSV infection (Fig. 2C and D). To exclude cell specificity, we repeated the
experiment in HEK293T cells and observed similar results (Fig. 2E and F). Moreover,
consistent with previous report (31), knockdown of DHCR24 decreased HCV NS3 protein
levels (Fig. 2G). Finally, to detect whether the function of DHCR24 in regulating innate
immunity depends on IRF3, we knocked out IRF3 in A549 cells. Knocking out IRF3
abolished the induction of IFNs and ISGs by viral infection in DHCR24-silenced cells
(Fig. 2H). Collectively, these data support that DHCR24 inhibits innate immunity in an
IRF3-dependent manner.

The DHCR24 inhibitor U18666A positively regulates virus-triggered innate
immune signaling

Because DHCR24 is an enzyme that catalyzes 24-DHC to cholesterol, we examined
whether DHCR24 enzyme activity is required for its modulation of the innate immune
response to viral infection. U18666A, an inhibitor of DHCR24, binds to DHCR24, causing
a structural change in DHCR24 and subsequently inhibiting the catalytic activity of
DHCR24 (Fig. 3A) (32, 33). Treatment with different doses of U18666A in Huh7 cells
inhibited DHCR24, as the lower band of DHCR24 protein shifted to the upper band
after treatment with U18666A (Fig. 3B). We also validated that U18666A did not produce
significant cytotoxicity or influence cell proliferation when the highest dose of U18666A
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FIG 2 DHCR24 inhibits IRF3 activation triggered by RNA and DNA viruses. (A and B) Control cells or stable DHCR24-silenced A549 cells were transfected with
1.0 or 2.0 ug of HMW poly(I:C) for 12 h (A) or infected with VSV (MOI = 0.01) for 4 h (B) to check pIRF3, IRF3, DHCR24, GAPDH, and actin by immunoblotting
assay. (C and D) A549 cells were treated with lentivirus-vector or lentivirus-DHCR24 for 48 h and then infected with VSV (MOI = 0.01) (C) or HSV (MOI = 0.01)
(D) for the indicated times to check pIRF3, IRF3, DHCR24, and GAPDH by immunoblotting assay. (E and F) HEK293T cells transfected with pcDNA3.1a-V5-vector or
pcDNA3.1a-V5-DHCR24 for 40 h and then infected with VSV (MOI = 0.05) (E) for the indicated times to check pIRF3, IRF3, pSTAT2, STAT2, V5-DHCR24, and GAPDH
by immunoblotting assay or HSV (MOI = 0.05) for 9 h (F) to check pSTING, STING, pIRF3, IRF3, pSTAT2, STAT2, V5-DHCR24, and GAPDH by immunoblotting assay.
(G) Control cells or stable DHCR24-silenced HLCZ01 cells were infected with HCV for 2 or 3 days to check NS3, DHCR24, and GAPDH by immunoblotting assay.
(H) Wild-type or IRF3-knocked out A549 cells were treated with lentivirus-shvector or lentivirus-shDHCR24 for 72 h and then infected with VSV (MOI = 0.01) or
HSV (MOI = 0.05) for 12 h. DHCR24, IRF3, IFN-B, and ISG15 mRNAs were measured by qRT-PCR and normalized with GAPDH. All experiments were repeated at

least three times with consistent results. Bar graphs show the means “+” SD (n = 3). *P < 0.05, **P < 0.01,

and ***P < 0.001.

was used (Fig. 3C). UT8666A treatment augmented the expression of IFN-f3, IL-28A, IL-29,
ISG15, IFITM1, and MXT triggered by poly(l:C), RNA, or DNA viruses in human hepatocytes
(Fig. 3D through F). Consistent with these results, IRF3 phosphorylation was enhanced
in poly(l:C)-transfected Huh7 cells, NDV-infected Huh7 cells, VSV-infected HepG2 cells,
and HSV-infected HLCZO01 cells treated with U18666A (Fig. 3G through J). Consistent with
the enhanced IFN production, U18666A treatment inhibited VSV or HSV replication, as

shown by the fluorescence of GFP-VSV or GFP-HSV in HLCZO01 cells (Fig. 3K and L).
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FIG 3 DHCR24 inhibitor U18666A positively regulates innate immune responses to multiple viral infections. (A) The diagram shows that DHCR24 converts
24-dehydrocholesterol (24-DHC) to cholesterol. (B) Huh7 cells were treated with the DHCR24 inhibitor U18666A 12 h for indicated doses to check DHCR24 and
GAPDH by immunoblotting assay. (C) CCK-8 assays were used to determine the cell proliferation ability of U18666A-treated cells. (D-F) HLCZ01 cells were treated
with U18666A (20 nM) for 12 h and then transfected with 1.0 pg or 2.0 pg of HMW poly(l:C) for 12 h (D) or infected with NDV (MOI = 0.01) for 36 h (E) and HSV
(MOI = 0.5) for 12 h (F). IFN-B, IL-28A, IL-29, ISG15, IFITM1, and MX1 mRNAs were measured by qRT-PCR and normalized with GAPDH. (G) Huh7 cells were treated
with U18666A (20 nM) for 12 h and then transfected with 1.0 or 2.0 ug of HMW poly(I:C) for 12 h to check pIRF3, IRF3, pSTAT2, STAT2, DHCR24, and GAPDH by
immunoblotting assay. (H) Huh7 cells were treated with U18666A (20 nM) for 12 h and then infected with NDV (MOI = 0.05) for the indicated times to check
pIRF3, IRF3, pSTAT2, STAT2, DHCR24, and GAPDH by immunoblotting assay. (I) HepG2 cells were treated with U18666A (20 nM) for 12 h and then infected with
(Continued on next page)
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FIG 3 (Continued)

VSV (MOI = 1) for 12 h to check pIRF3, IRF3, DHCR24, and GAPDH by immunoblotting assay. (J) HLCZ01 cells were treated with U18666A (20 nM) for 12 h and
then infected with HSV (MOI = 0.5) for the indicated times to check pIRF3, IRF3, DHCR24, and GAPDH by immunoblotting assay. (K and L) HLCZ01 cells were
treated with U18666A (20 nM) for 12 h and then infected with VSV-GFP (MOl = 0.01) (K) or HSV-GFP (MOI = 0.02) (L) for 12 h to detect the amount of VSV-GFP or
HSV-GFP by microscopy imaging. All experiments were repeated at least three times with similar results. Bar graphs show the means “+” SD (n = 3). *P < 0.05, **P
< 0.01,and ***P < 0.001.

Since DHCR24 is the key enzyme that converts 24-DHC to cholesterol (Fig. 3A),
DHCR24 decrease or inhibition may lead to 24-DHC accumulation and cholesterol
reduction (19). We examined whether the increased 24-DHC plays a role in IFN-B
production. As shown in Fig. 4A through C, 24-DHC increased IFN-B, IL-28A, and MX1
mRNA production upon poly(l:C) transfection, and VSV or NDV infection in HLCZO01 cells,
which was consistent with enhanced IRF3 phosphorylation (Fig. 4D and E). These data
together suggest that the DHCR24 inhibitor UT8666A positively regulates virus-triggered
innate immune responses and can be used to defend against virus infection.

DHCR24 interacts with MAVS or STING

To determine the molecular mechanism of DHCR24 in RLR signaling, we performed
coimmunoprecipitation (co-IP) assays to investigate the interaction between DHCR24
and various signaling molecules. DHCR24 was associated with MAVS, but not with any of
the other examined components, including MDA5, RIG-I, TBK1, and IRF3 (Fig. 5A and B).
The association between endogenous DHCR24 and MAVS was further confirmed by
immunoprecipitation assays (Fig. 5C). To further determine which domain of MAVS
interacts with DHCR24, we constructed a series of MAVS truncations. The data suggest
that the transmembrane domain of MAVS is essential for the DHCR24-MAVS interaction
(Fig. 5D and E). Moreover, the interaction between MAVS and DHCR24 was substantially
decreased upon VSV infection (Fig. 5F). Because DHCR24 also negatively regulates DNA
virus-induced signaling, we speculated that DHCR24 might target proteins involved in
the DNA virus-triggered pathway. The co-IP experiments showed that DHCR24 precipi-
tates with STING but not with cGAS (Fig. 5G and H). Furthermore, an association between
endogenous DHCR24 and STING was confirmed in HLCZO1 cells (Fig. 51). Domain
mapping analysis suggested that the 161-220 section of STING is the key section for the
STING-DHCR24 interaction (Fig. 5J and K). The interaction between STING and DHCR24
was weakened upon HSV infection (Fig. 5L). Together, these data demonstrate that
DHCR24 interacts with MAVS or STING.

DHCR24 suppresses K27-linked ubiquitination and activation of MAVS

To investigate the underlying mechanism by which DHCR24 regulates MAVS function, we
first examined the level of MAVS protein. DHCR24-silenced HLCZ01 cells were treated
with cycloheximide (CHX), NH4CL, or MG132. The level of MAVS protein remained
unchanged after CHX treatment in DHCR24-silenced HLCZO01 cells (data not shown). Even
after knockdown of DHCR24, neither NH4CL nor MG132 treatment had any effects on the
protein level of MAVS in HLCZO01 cells (data not shown), ruling out the possibility that
DHCR24 affects the protein level of MAVS.

The activity and availability of MAVS are strictly regulated by ubiquitination (34-36).
DHCR24 can competitively bind P53 with Mdm?2, thus inhibiting P53 ubiquitination (26).
Therefore, we tested whether DHCR24 regulates MAVS ubiquitination. As shown in Fig.
6A, ectopic expression of DHCR24 resulted in a progressive reduction in VSV-induced
MAVS ubiquitination in a dose-dependent manner. Since different ubiquitin linkages are
related to distinctive functions, we examined the type of ubiquitin linkage in MAVS that
is inhibited by DHCR24. By transfecting K27-, K48-, or K63-specific linkage Ub mutants,
we observed that DHCR24 inhibited the K27-linked, but not K48- or K63-linked, polyubi-
quitination of MAVS (Fig. 6B). Conversely, the K27-linked polyubiquitination of endoge-
nous MAVS was increased in DHCR24 knockdown Huh7 cells (Fig. 6C). Our previous study
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FIG 4 The natural cholesterol precursor 24-DHC promotes innate immune response to viral infection. (A-C) HLCZ01 cells pre-treated with 100 nM 24-DHC for
12 h and then transfected with 1.0 pg of HMW poly(l:C) for 12 h (A) or infected with VSV (MOI = 0.5) for 12 h (B) and NDV (MOI = 0.05) for 24 h (C). IFN-B, IL-28A,
and MX1 mRNAs were measured by qRT-PCR and normalized with GAPDH. (D) HEK293T cells pre-treated with 100 nM 24-DHC for 12 h and then infected with
VSV (MOI = 0.5) for 12 h to check pIRF3, IRF3, pSTAT2, STAT2, and GAPDH by immunoblotting assay. (E) Huh7 cells were treated with 100 nM 24-DHC for 12 h and
then infected with NDV (MOI = 0.05) for 24 h to check pIRF3, IRF3, and GAPDH by immunoblotting assay. All experiments were repeated at least three times with
consistent results. Bar graphs show the means “+” SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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FIG 5 DHCR24 interacts with MAVS or STING. (A) HEK293T cells were transfected with the indicated plasmids for 48 h, and lysates were obtained. Immu-
noprecipitation and immunoblotting assays were performed with the indicated antibodies. (B) HEK293T cells were transfected with p3xFlag MAVS and
pcDNA3.1a-V5-DHCR24 for 48 h. The lysates were immunoprecipitated with control IgG or anti-V5 antibody, and immunoblotting assays were performed
with anti-Flag or anti-V5 antibody. (C) Lysates of Huh7 cells were immunoprecipitated with control IgG or anti-DHCR24 antibody, and immunoblotting assays
were performed with anti-DHCR24 or anti-MAVS antibody. (D) A schematic presentation of full-length MAVS and MAVS truncations. (E) HEK293T cells were
transfected with the indicated plasmids for 48 h. Lysates were immunoprecipitated with anti-Flag antibody. Immunoblotting assays were performed with anti-V5
or anti-Flag antibody. (F) HEK293T cells were transfected with p3xFlag-DHCR24 for 36 h and then infected with VSV (MOI = 0.05) for the indicated times. Lysates
were immunoprecipitated with anti-MAVS, and immunoblotting assays were performed with indicated antibodies. (G) HEK293T cells were transfected with the
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FIG 5 (Continued)

plasmids pcDNA3.1a-V5-DHCR24 and p3xFlag-vector, p3xFlag cGAS, or p3xFlag-STING for 48 h. Lysates were immunoprecipitated with anti-V5 antibody, and
immunoblotting assays were performed with anti-V5 or anti-Flag antibody. (H) HEK293T cells were transfected with p3xFlag-STING and pcDNA3.1a-V5-DHCR24
for 48 h. The lysates were immunoprecipitated with control IgG or anti-V5 antibody, and immunoblotting assays were performed with anti-Flag or anti-V5
antibody. (I) Lysates of HLCZO01 cells were immunoprecipitated with control IgG or anti-STING antibody, and immunoblotting assays were performed with
anti-DHCR24 or anti-STING antibody. (J) A schematic presentation of full-length STING and STING truncations. (K) HEK293T cells were transfected with the
indicated plasmids for 48 h. Lysates were immunoprecipitated with anti-Flag antibody, and immunoblotting assays were performed with anti-HA or anti-Flag
antibody. (L) HEK293T cells were transfected with p3xFlag-STING and pcDNA3.1a-V5-DHCR24 for 36 h and then infected with HSV (MOI = 0.05) for the indicated
times. Lysates were immunoprecipitated with anti-V5, and immunoblotting assays were performed with indicated antibodies. All experiments were repeated at
least three times with similar results.

showed that the E3 ubiquitin ligase TRIM21 promotes K27-linked ubiquitination of MAVS
(37). We hypothesized that DHCR24 might regulate TRIM21-mediated MAVS ubiquitina-
tion. We first examined whether there was a relationship between DHCR24 and TRIM21.
Both exogenous and endogenous co-IP showed that there was a strong interaction
between DHCR24 and TRIM21 (Fig. 6D and E). Moreover, DHCR24 potently inhibited
TRIM21-induced K27-linked ubiquitination of MAVS (Fig. 6F). Consistently, DHCR24
blocked the recruitment of TBK1 to MAVS and suppressed downstream signaling (Fig.
6G). Then, we determined whether DHCR24 enzyme activity is required for its function in
regulating MAVS ubiquitination. The results from the Western blotting assay showed that
the inhibitory effect of DHCR24 on TRIM21-induced MAVS ubiquitination was reversed
after the addition of U18666A (Fig. 6H). The K27-linked polyubiquitination of endoge-
nous MAVS was increased in U18666A-treated Huh7 cells (Fig. 61). We also wanted to
know how the interaction between DHCR24, MAVS, and TRIM21 maintains the balance.
We transfected pFlag-tagged TRIM21 and pV5-tagged DHCR24 into HEK293T cells,
followed by co-IP assays. However, the gradual increase in DHCR24 had no effect on the
interaction between MAVS and TRIM21 (Fig. 6J). Importantly, knocking down MAVS
abolished the induction of IFNs by NDV infection in DHCR24-silenced cells (Fig. 6K).
Finally, to consolidate that DHCR24 inhibits TRIM21-mediated MAVS ubiquitination, we
checked IFN induction in TRIM21-silenced cells following DHCR24 silence. Consistently,
knocking down TRIM21 abolished the induction of IFNs by VSV infection in DHCR24-
silenced cells (Fig. 6L). Overall, these findings supported that DHCR24 inhibits K27-linked
ubiquitination and activation of MAVS for the negative regulation of RLR signaling.

DHCR24 inhibits K27-linked ubiquitination and activation of STING

Our data showed that DHCR24 negatively regulates the innate immune responses
induced by both RNA and DNA viruses, and DHCR24 also interacts with STING. We
speculated that DHCR24 may regulate STING function in the same manner. As expected,
enforced expression of DHCR24 markedly inhibited the ubiquitination of STING (Fig. 7A).
To examine the type of DHCR24-mediated ubiquitin linkage of STING, we transfected
wild-type ubiquitin or ubiquitin mutants that retain a single lysine residue (KO) in the
presence or absence of DHCR24. Further ubiquitination assay results showed that the
overexpression of DHCR24 diminished K270 ubiquitin conjugation to STING (Fig. 7B). It
has been reported that AMFR catalyzes K27-linked ubiquitination of STING (38). To
explore the relationship among DHCR24, STING, and AMFR, we first analyzed the
connection between DHCR24 and AMFR. Surprisingly, there was a strong interaction
between DHCR24 and AMFR (Fig. 7C and D). In HEK293T cells, Flag-tagged STING was
cotransfected with pcDNA3.1a-3xFlag AMFR, V5-tagged DHCR24, and HA-tagged K270
ubiquitin. Consistent with the literature report (38), the overexpression of AMFR pro-
foundly promoted K27-linked ubiquitination of STING, but this phenomenon was
weakened in the presence of DHCR24 (Fig. 7E). K27-linked ubiquitination of STING is
critical for its recruitment of TBK1. We examined whether DHCR24 affects the association
between STING and TBK1. Consistently, the overexpression of DHCR24 inhibited STING-
TBK1 interaction in a dose-dependent manner (Fig. 7F). Next, we also tested the effect of
the DHCR24 inhibitor U18666A on STING ubiquitination. Western blotting assays showed
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FIG 6 DHCR24 inhibits K27-linked ubiquitination of MAVS. (A) HEK293T cells were transfected with the indicated plasmids for
42 h, then treated with VSV (MOI = 0.05) and MG132 (25 puM) for additional 6 h. Ubiquitination and immunoblotting assays
were performed with indicated antibodies. (B) HEK293T cells were cotransfected with K270-, K480-, or K630-linked HA-ub
plasmid with p3xFlag MAVS and pcDNA3.1a-V5-DHCR24 for 42 h and then treated with MG132 (25 uM) for additional 6 h.
Ubiquitination and immunoblotting assays were performed with indicated antibodies. (C) Control cells or stable DHCR24-
silenced Huh7 cells were transfected with K270-linked HA-ub for 42 h and then treated with MG132 (25 uM) for additional
6 h. Ubiquitination and immunoblotting assays were performed with indicated antibodies. (D) HEK293T cells were transfected
with p3xFlag-TRIM21 and pcDNA3.1a-V5-DHCR24 for 48 h. The lysates were immunoprecipitated with anti-V5 antibody, and
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FIG 6 (Continued)

immunoblotting assays were performed with anti-V5 or anti-Flag antibody. (E) Lysates of HLCZ01 cells were immunoprecipita-
ted with control IgG or anti-DHCR24 antibody, and immunoblotting assays were performed with anti-DHCR24 or anti-TRIM21
antibody. (F) HEK293T cells were transfected with K270-linked HA-ub, p3xFlag-TRIM21, and pcDNA3.1a-V5-DHCR24 for 42 h
and then treated with MG132 (25 uM) for additional 6 h. Ubiquitination and immunoblotting assays were performed with
indicated antibodies. (G) HEK293T cells were transfected with p3xFlag MAVS and an increased amount of DHCR24 expression
plasmid for 48 h. The lysates were performed with immunoprecipitation and immunoblotting assays with the indicated
antibodies. (H) HEK293T cells were transfected with K270-linked HA-ub, p3xFlag-DHCR24 and pcDNA3.1a-V5-TRIM21 for 36 h,
then added U18666A (20 nM) for 6 h, treated with VSV (MOI = 0.05) and MG132 (25 uM) for additional 6 h. Ubiquitination and
immunoblotting assays were performed with indicated antibodies. (I) Huh7 cells were transfected with K270-linked HA-ub for
36 h, then added U18666A (20 nM) for 6 h, treated with MG132 (25 uM) for additional 6 h. Ubiquitination and immunoblotting
assays were performed with indicated antibodies. (J) HEK293T cells were transfected with p3xFlag-TRIM21 and an increased
amount of DHCR24 expression plasmid for 48 h. The lysates were obtained, and immunoprecipitation and immunoblotting
assays were performed with the indicated antibodies. (K) Control cells or stable DHCR24-silenced Huh7 cells were infected
with lentivirus-shMAVS for 48 h and then infected with NDV (MOI = 0.001) for the indicated times. MAVS, IFN-B, IL-28A, and
IL-29 mRNAs were measured by qRT-PCR and normalized with GAPDH. (L) Control cells or stable DHCR24-silenced Huh7 cells
were infected with lentivirus-shTRIM21 for 48 h and then infected with VSV (MOI = 0.5) for 9 h. TRIM21, IFN-B, IL-28A, and
IL-29 mRNAs were measured by qRT-PCR and normalized with GAPDH. All experiments were repeated at least three times with
consistent results. Bar graphs show the means “+” SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.

that K27-linked ubiquitination of STING was strongly inhibited in the presence of
DHCR24, but this phenomenon was reversed after the addition of U18666A (Fig. 7G).
Consistently, K27-linked ubiquitination of endogenous STING was increased in U18666A-
treated HLCZO1 cells (Fig. 7H). We also examined the interactions between DHCR24,
STING, and AMFR. However, the gradual increase in DHCR24 had no effect on the
interaction between STING and AMFR (Fig. 71). Finally, we wondered whether the impact
of DHCR24 is specific to innate immunity-related K27-ubiquitination targets. Therefore,
we chose BRAF, a protein that can undergo K27-linked ubiquitination but unrelated to
innate immune signaling pathways, to examine the effect of DHCR24 on K27-linked
ubiquitination. Unexpectedly, using the two-step immunoprecipitation assay, DHCR24
did affect the K27-linked ubiquitination of BRAF (Fig. 7)), this suggests that DHCR24 may
regulate global K27-ubiquitination, but more experimental data are needed to prove
this. Taken together, these data demonstrate that DHCR24 inhibits the recruitment of
TBK1 to STING by impacting AMFR catalyzes the K27-linked ubiquitination on STING.

U18666A protects mice from virus infection in vivo

Studies have shown that DHCR24™~ mice die within a few hours after birth (39).
Therefore, we used the DHCR24 inhibitor U18666A to examine whether it protects
mice from viral infection. Mice were treated daily with U18666A for 3 days, followed
by VSV infection (Fig. 8A). We measured the cholesterol level in the sera of the mice.
U18666A treatment profoundly reduced cholesterol and increased IFN-B protein
levels in the serum in VSV- or HSV-infected mice (Fig. 8B through 8D). Consistently,
the expression of Ifnb in the lung, liver, spleen, and kidney was significantly
increased in U18666A-treated mice compared to the control mice upon virus
infection (Fig. 8E and F). The level of VSV mRNA and the viral load of VSV and HSV
in the liver decreased after U18666A treatment (Fig. 8G and H). Consistently, the
U18666A-treated mice had improved survival rates following VSV and HSV infection
(Fig. 8l and J). All the data suggest that the loss of DHCR24 protects mice from viral
infection by enhancing the induction of IFNs.

DISCUSSION

Lipid metabolism is crucial to many physiological processes (40, 41). In particular,
cholesterol metabolism-related proteins and products play an important role in the
regulation of innate immunity. For example, CH25H is a broad antiviral ISG (3). Targeting
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FIG 7 DHCR24 inhibits K27-linked ubiquitination of STING. (A) HEK293T cells were transfected with HA-ub, p3xFlag-STING, and pcDNA3.1a-V5-DHCR24 for 42 h
and then treated with MG132 (25 puM) for additional 6 h. Lysates were obtained, and ubiquitination and immunoblotting assays were performed with indicated
antibodies. (B) HEK293T cells were transfected with wild type (WT) or K60-, K110-, K270-, K330-, K480-, or K630-linked HA-ub plasmid, p3xFlag-STING, and
pcDNA3.1a-V5-DHCR24 for 42 h and treated with MG132 (25 puM) for additional 6 h. Lysates were obtained, and ubiquitination and immunoblotting assays
were performed with indicated antibodies. (C) HEK293T cells were transfected with the pcDNA3.1a-3xFlag AMFR and pcDNA3.1a-V5-DHCR24 plasmids for 48 h.
Lysates were immunoprecipitated with anti-AMFR antibody, and immunoblotting assays were performed with anti-V5 or anti-AMFR antibody. (D) Lysates of
HepG2 cells were immunoprecipitated with control IgG or anti-AMFR antibody, and immunoblotting assays were performed with anti-DHCR24 or anti-AMFR
antibody. (E) HEK293T cells were transfected with K270-linked HA-ub, pcDNA3.1a-3xFlag AMFR, p3xFlag-STING, and pcDNA3.1a-V5-DHCR24 for 42 h and

(Continued on next page)
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FIG 7 (Continued)

treated with MG132 (25 pM) for additional 6 h. Lysates were obtained, and ubiquitination and immunoblotting assays were performed with indicated
antibodies. (F) HEK293T cells were transfected with p3xFlag-STING and an increased amount of DHCR24 expression plasmids for 48 h. Lysates were obtained,
and ubiquitination and immunoblotting assays were performed with the indicated antibodies. (G) HEK293T cells were transfected with K270-linked HA-ub,
p3xFlag-STING, and pcDNA3.1a-V5-DHCR24 for 36 h, added U18666A (20 nM) for 6 h, then treated with MG132 (25 uM) for additional 6 h. Lysates were obtained,
and ubiquitination and immunoblotting assays were performed with indicated antibodies. (H) HLCZ01 cells were transfected with K270-linked HA-ub plasmid
for 36 h, added U18666A (20 nM) for 6 h, then treated with MG132 (25 uM) for additional 6 h. Lysates were obtained, and ubiquitination and immunoblotting
assays were performed with indicated antibodies. (I) HEK293T cells were transfected with HA-STING, pcDNA3.1a-3xFlag AMFR, and an increased amount of
DHCR24 expression plasmid for 48 h. The lysates were obtained, and immunoprecipitation and immunoblotting assays were performed with the indicated
antibodies. (J) HEK293T cells were transfected with K270-linked HA-ub plasmid, p3xFlag BRAF, and pcDNA3.1a-V5-DHCR24 for 42 h and treated with MG132
(25 pM) for additional 6 h. Lysates were obtained, and ubiquitination and immunoblotting assays were performed with indicated antibodies. All experiments
were repeated at least three times with consistent results.

DHCR7 enhances IRF3 phosphorylation and IFN-I production (5). In this study, we found
that DHCR24, a key enzyme that catalyzes 24-DHC to cholesterol, is downregulated in
pathogen-infected hepatocytes, and DHCR24 plays a negative regulatory role in innate
immunity (Fig. 9).

In our study, several lines of evidence substantiate the role of DHCR24 in innate
antiviral signaling. First, the deficiency of endogenous DHCR24 promotes virus-induced
IFN and ISG production, consistent with decreased viral replication. Second, U18666A, an
inhibitor of DHCR24 activity, augments IRF3 phosphorylation and IFN production upon
RNA or DNA viral infection. Since we observed that U18666A has a strong antiviral
capacity, we speculate that in addition to its inhibiting effect on DHCR24, U18666A may
also act on VSV and HSV itself as it does on the dengue virus itself. Third, DHCR24
knockdown or inhibition reduces cholesterol and increases 24-DHC. Here, we found that
24-DHC-treated hepatocytes express more IFNs and ISGs when challenged with a virus.
Therefore, 24-DHC may be a potential drug against a variety of viruses. However, the
mechanisms of how 24-DHC enhances innate immunity need to be further investigated.
Fourth, DHCR24 targets two key proteins, MAVS and STING, and inhibits their functions.
Fifth, the DHCR24 inhibitor U18666A protects mice from RNA and DNA viral infections.

MAVS and STING are the key adapter proteins of RLR signaling and cGAS-STING
signaling, respectively. The functions of MAVS and STING are strictly controlled to achieve
signal balance, including ubiquitination and deubiquitinaion. It has been previously
shown that the E3 ligase TRIM31 exerts K63 linkage specificity to MAVS and positively
regulates the activity of MAVS (35). The deubiquitinase OTUD3 directly hydrolyzes K63-
linked polyubiquitination of MAVS, negatively regulating the activity of MAVS (42). In the
current study, we confirmed that TRIM21 promoted K27-linked polyubiquitination of
MAVS, which is consistent with our previous study (37). Further study revealed that
DHCR24 directly interacts with MAVS and TRIM21, specifically decreasing the TRIM21-
dependent K27-linked polyubiquitination of MAVS, thus restraining the recruitment of
TBK1 to MAVS and inhibiting innate immune responses.

In addition to suppressing K27-linked polyubiquitination of MAVS, DHCR24 represses
K27-linked polyubiquitination of STING, which impairs the recruitment of TBK1 to STING
as well as cellular responses against DNA viral infection. Previous studies suggest that the
E3 ligase RNF115 induces K63-linked ubiquitination of STING after HSV infection, which
promotes the aggregation of STING and subsequent recruitment of TBK1 (43). USP13
deconjugates K27-linked polyubiquitin chains from STING and thereby inhibits the
recruitment of TBK1 to turn down antiviral immune responses (44). AMFR constitutively
interacts with and mediates K27-linked ubiquitination of STING (38). Our results show the
regulatory effect of AMFR on STING and demonstrate that the basal ubiquitination of
STING mediated by AMFR and the interaction between TBK1 and STING are decreased in
DHCR24 overexpressing cells. Moreover, to explore whether DHCR24 regulates K27-
ubiquitination globally or specifically targeting RNA/DNA sensing signaling, we tested
whether K27-linked ubiquitination of BRAF, which is unrelated to MAVS or STING, was
altered by DHCR24. Unexpectedly, the ubiquitination assay showed that DHCR24 does
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FIG 8 U18666A renders the mice resistance to various viral infection. (A) A scheme of U18666A treatment and viral infection of mice. (B) Serum cholesterol was
detected after U18666A treatment for 3 days before VSV infection. (C) Serum IFN-B concentrations were detected by ELISA after the VSV (1 x 10’ PFU/g, i.p.)
infection for 24 h. (D) Serum IFN-B concentrations were detected by ELISA after the HSV (1 x 10’ PFU/g, i.p.) infection for 18 h. (E and F) WT mice pre-treated
with U18666A were infected with VSV (1 x 107 PFU/g, i.p.) for 24 h (E) or HSV (1 x 10’ PFU/g, i.p.) for 18 h (F), and IFN-B mRNAs were measured by qRT-PCR and
normalized with GAPDH. (G) WT mice pre-treated with U18666A were infected with VSV (1 x 10’ PFU/g, i.p.) for 24 h, and liver VSV mRNAs were measured by
qRT-PCR and normalized with GAPDH. (H) WT mice pre-treated with U18666A were infected with VSV (1 x 10" PFU/g, i.p.) for 24 h (E) or HSV (1 x 10’ PFU/g, i.p.)
for 18 h, and the liver VSV and HSV PFU were checked by plaque assay. (I and J) WT mice pre-treated with U18666A were infected with VSV (1 x 10" PFU/g, i.p.)
(I) or HSV (1 x 10" PFU/g, i.p.) (J) to examine the survival rates. All experiments were repeated at least three times with similar results. Bar graphs show the means
“+"SD (n = 3).*P < 0.05, **P < 0.01, and ***P < 0.001.
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FIG 9 Mechanism diagram of DHCR24 regulating innate immune responses to viral infection. On the one hand, DHCR24 interacts with MAVS and impairs
K27-linked polyubiquitination of MAVS mediated by TRIM21, inhibiting the recruitment of TBK1 to restrict innate immune response to RNA viral infection. On the
other hand, DHCR24 interacts with STING and represses K27-linked polyubiquitination of STING by AMFR, blocking the recruitment of TBK1 and subsequently
inhibiting innate immune response to DNA viral infection.

affect the K27-linked ubiquitination of BRAF. This is an interesting phenomenon and
suggests that DHCR24 may regulate global K27-ubiquitination, but more experimental
results are needed to clarify the mechanism and significance of this regulatory role of
DHCR24 under different physiological signals.

We reveal for the first time that DHCR24 plays a critical role in innate immunity,
in addition to promoting the innate immune response by using compound U18666A,
which inhibits DHCR24 enzyme activity and increases metabolite of the 24-DHC. DHCR24
can directly interact with MAVS or STING and inhibit the ubiquitination of both proteins,
thus inhibiting their activation. However, how the enzyme activity of DHCR24 affects
the ubiquitination of MAVS and STING remains unclear at this time. We considered
the possibility that inhibition of DHCR24 enzyme activity led to reduced cholesterol
production, thereby promoting the ubiquitination activation of MAVS and STING.
Whether DHCR24 has other lipid modifications, such as palmitoylation and geranyl
acylation, on MAVS, STING, or other signaling proteins, is worth exploring. Another
unresolved issue is why viral infection inhibits the expression of DHCR24. Sterols,
hormones, growth factors, and epigenetics can affect the regulation of DHCR24. Studies
have supported a link between SREBP activity and DHCR24 expression (45, 46). We
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also prefer the hypothesis that virus infection regulates DHCR24 expression by affecting
SREBP activity.

In summary, our findings elucidate a novel mechanism by which DHCR24 controls
antiviral innate immune response and provides a basis for improving immunity by
targeting DHCR24 functions.

MATERIALS AND METHODS
Mice

Mice with a C57BL/6 background were purchased from Hunan SJA Laboratory Ani-
mal Company. All mice were housed in a specific pathogen-free animal facility at
Hunan University and randomly allocated to experimental groups with the same age
(7-8 weeks) and sex (male). All animal experiments were performed under protocols
approved by the Institutional Animal Care and Use Committee of Hunan University.

U18666A treatment and viral infection

Inhibitor U18666A (TargetMol, USA) was injected intraperitoneally into C57BL/6 WT mice
at a dose of 10 mg/kg at the appointed time and then infected intraperitoneally with
VSV or HSV (1 x 107 PFU/g). Blood was collected from the orbital sinus of the mice for
cholesterol detection, and lung, liver, spleen, and kidney tissues were obtained from each
mouse for analysis of RNA and viral titers at the indicated time points.

Cells

HLCZ01 cells were established in our laboratory in 2014. Huh7, HepG2, A549, and
HEK293T cells were purchased from ATCC. HLCZO1 cells were cultured in collagen-
coated tissue culture plates containing Dulbecco’s modified Eagle medium (DMEM)-F-12
medium supplemented with 10% (vol/vol) fetal bovine serum (FBS; Gibco), 40 ng/mL
of dexamethasone (Sigma), insulin-transferrin-selenium (ITS; Lonza), penicillin, and
streptomycin. Other cells were propagated in DMEM supplemented with 10% FBS,
L-glutamine, nonessential amino acids, penicillin, and streptomycin.

Antibodies and reagents

Antibodies included anti-DHCR24 (Santa Cruz, sc-390037, 1:100), anti-pIRF3 (CST, 49475,
1:1000), anti-IRF3 (CST, 4302S, 1:1000), anti-pSTING (CST, 50907S, 1:1000), anti-STING
(CST, 13647S, 1:1000), anti-pSTAT2 (CST, 88410S, 1:1000), anti-STAT2 (CST, 72604S,
1:1000), anti-TBK1 (CST, 38066S, 1:1000), anti-MAVS (Santa Cruz, sc-166583, 1:1000 and
CST, 249308S, 1:1000), anti-TRIM21 (ABCAM, AB285367, 1:1000), anti-AMFR (Proteintech,
16675-1-AP, 1:1000), anti-GAPDH (Millipore, MAB374, 1:5000), anti-actin (Sigma, A5441-1,
1:5000), anti-Flag (Sigma, F3165, 1:5000), anti-V5 (Invitrogen, R960-25, 1:5000), and
anti-HA (Abcam, ab236632, 1:5000). Reagents included DMSO (Sigma, D2650), MG132
(APEXBIO Technology, C3348), puromycin (Thermo, A1113803), poly(l:C) HMW (Invivo-
gen, tlrl-pic), and 24-dehydrocholesterol (Avanti, 700060P).

shRNA and sgRNA

shRNA targeting DHCR24-, MAVS-, and TRIM21 was cloned and inserted into the
pGreenPuro shRNA expression lentivector plasmid. The sequence 5-GCTGAATAGCATT
GGCAATTA-3’ was targeted for human DHCR24. The sequence 5-ATGTGGATGTTGTAGAG
ATTC-3" was targeted for human MAVS. The sequence 5-GGCATGGTCTCCTTCTACAAC-3’
was targeted for human TRIM21. The sgRNA targeting IRF3 was cloned and inserted into
the plentiCRISPRv2 plasmid. The sequence 5-GCCAACCTGGAAGAGGAAT-3’ was targeted
for human IRF3.
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Plasmid construction

DHCR24 cDNA was synthesized from the total cellular RNA isolated from HLCZO01 cells
by standard reverse transcription-PCR (RT-PCR). Subsequently, it was cloned and inserted
into the pcDNA3.1a-V5-vector, p3xFlag CMV vector, or pCDH-CMV-MCS-EF1 lentivec-
tor by standard molecular biology techniques. The primers for amplifying DHCR24
were forward primer 5-GGAATTCCGGCGCCGCACCATGGAGCCCGCCGTG-3” and reverse
primer 5'- GCTCTAGAGTGCCTGGCGGCCTTGCAGA-3'. IFN-B and ISRE luciferase reporter
plasmids- and mammalian expression plasmids for Flag-MAVS and its mutants, ubiquitin,
and its mutants, MDA5, RIG-I, TBK1, IRF3, and TRIM21, were described in our previous
study (42). Flag-cGAS, Flag- and HA-STING, and their mutants were kindly provided
by Hongbing Shu (Wuhan University, Wuhan, China). pcDNA3.1a-3xFlag AMFR was
kindly provided by Yang Xiao (Central South University, Changsha, China). pEnCMV-
BRAF-3xFlag (P11882) was obtained from MiaoLingBio, China.

Lentivirus production and generation of stable knockdown cell lines

In total, 8 pg target plasmid encoding shRNA or plentiCRISPRv2 encoding sgRNA, along
with 8 pg lentivirus packaging plasmids psPAX2 and 2.7 ug envelope plasmid pMD2.G,
were cotransfected into HEK293T cells using polyethylenimines (Polysciences). After 24 h,
the culture medium was replaced with fresh medium. The viruses in the conditioned
medium were harvested every 12 h, filtered with 0.45 pm filters (Millex) and stored at
—80 °C. HLCZ01, A549, or Huh7 cells were plated in six-well plates and infected with the
lentivirus for 72 h. The lentivirus-infected cells were selected for at least 7 days using
puromycin (2 mg/mL) and subjected to the required assays.

Generation of CRISPR-Cas9-mediated stable knockout cell lines

Cells were plated in six-well plates prior to being transduced with 500 uL/well lentivirus
produced with plentiCRISPRv2 in HEK293T cells. 72 h later, the cells were digested by
trypsin, transferred into 96-well plates, and subjected to selection with puromycin (2 mg/
mL). The single-cell clones were selected and identified by western blotting.

Viruses

VSV and HSV-1 were propagated and amplified in HEK293T cells. NDV was propagated
and amplified in Huh7 cells. The viruses in the conditioned medium were harvested and
clarified by centrifugation and stored at —80 °C.

Luciferase assay

HEK293T cells were seeded in 12-well plates and transfected with the plFN-$ promoter
or pISRE promoter, pRL-CMV, and p3 xFlag-DHCR24 by using Lipofectamine 2000
(Lipo2000; Thermo Fisher Scientific). The reporter gene activities were measured using a
dual-Luciferase reporter assay, according to the manufacturer’s instructions (Promega).

Real-time PCR assay

Total cellular RNA was isolated using TRIzol Reagent (Invitrogen). The superscript llI
first-strand synthesis kit for reverse transcription of RNA was purchased from Invitrogen.
After RQ1 DNase (Promega) treatment, the extracted RNA was used as the template for
RT-PCR. Real-time PCR was performed as described previously (37). GAPDH was used as
the internal control. The primers used for real-time PCR are listed in Table 1.

ELISA

Concentrations of IFN-3 in the cell supernatants or mouse serum were measured by
ELISA commercial kits (BBI) according to the manufacturer’s instructions. Briefly, added
100 pL standards or test samples to each reaction well and incubated for 90 min at 37°C
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TABLE 1 Primers for real-time PCR

Primer designation

Primer sequence

Human-GAPDH (F)
Human-GAPDH (R)
Human-DHCR24 (F)
Human-DHCR24 (R)
Human-IFNS (F)
Human-IFNB (R)
Human-/L28A (F)
Human-/L28A (R)
Human-IL29 (F)
Human-/L29 (R)
Human-ISG15 (F)
Human-ISG15 (R)
Human-MX1 (F)
Human-MX1 (R)
Human-IFITM1 (F)
Human-IFITM1 (R)
Human-IRF3 (F)
Human-/IRF3 (R)
Human-MAVS (F)
Human-MAVS (R)
Human-TRIM21 (F)
Human-TRIM21 (R)
Mouse-Gapdh (F)
Mouse-Gapdh (R)
Mouse-Ifnb (F)
Mouse-Ifnb (R)

5-AATGGGCAGCCGTTAGGAAA-3’
5-GCGCCCAATACGACCAAATC-3"
5'- GACCTCCATTGGCTGGACTC-3’
5'- GGTCTGAGTTTTCGGACGGA-3’
5-CAGCATTTTCAGTGTCAGAAGC-3’
5-TCATCCTGTCCTTGAGGCAGT-3’
5-GCCTCAGAGTTTCTTCTGC-3"
5-AAGGCATCTTTGGCCCTCTT-3’
5-CGCCTTGGAAGAGTCACTCA-3’
5-GAAGCCTCAGGTCCCAATTC-3"
5-CACCGTGTTCATGAATCTGC-3"
5-CTTTATTTCCGGCCCTTGAT-3’
5-CAACCTGTGCAGCCAGTATGA-3’
5-AGCCCGCAGGGAGTCAAT-3’
5-CGGCTCTGTGACAGTCTACC-3’
5-CTGCTGTATCTAGGGGCAGG-3"
5-AAGAGTGGGAGTTCGAGGTG-3’
5-TCACGTAGCTCATCACTCCC-3’
5-AGCAAGAGACCAGGATCGAC-3’
5-ATGAAGTACTCCACCCAGCC-3’
5-CCCCTCTAACCCTCTGTCCA-3’
5-GGGGAAAAGAGGCAGGGTTT-3’
5-CAGGAGAGTGTTTCCTCGTCC-3"
5-TGTCAGATGCCGCAGTTCTT-3’
5-CGTGGGAGATGTCCTCAACT-3’
5-AGATCTCTGCTCGGACCACC-3’

VSV (F) 5-CAAGTCAAAATGCCCAAGAGTCACA-3’
VSV (R) 5-TTTCCTTGCATTGTTCTACAGATGG-3’

after sealing the plate. Discarded the liquid and dry it, add 100 pL biotin-conjugated
antibody working solution to each reaction well, and incubated for 60 min at 37°C.
Discarded the liquid and dry it, added 350 pL washing solution to each reaction well,
and repeated four times. Added 100 pL HRP-conjugated streptavidin working solution to
each reaction well and incubated for 30 min at 37°C. Added 300 pL washing solution to
each reaction well and repeated four times. Added 90 pL Substrate reagent (Hiding from
light) to each reaction well, and the color was developed at 37°C for about 15 min. Added
50 pL stop solution to each reaction well and immediately measured the OD value at a
wavelength of 450 nm with a microplate reader (within 5 min).

Western blotting

Cells were washed with phosphate-buffered saline (PBS) and lysed with RIPA buffer
(Thermo Fisher Scientific) supplemented with 1% protease and phosphatase inhibitor
cocktail (TargetMol, USA). The lysates were incubated on ice for 30 min and centrifuged
at 16,000 x g for 15 min at 4°C. Protein concentration was determined using BCA
kits (Dojindo). Proteins were resolved on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels with running buffer (Tris 3.0 g, Glycine 14.4 g, SDS 1.0 g,
and ddH»0 1.0 L), first 80 V for 30 min, then 120 V for 1-2 h, and transferred to polyviny-
lidene difluoride (PVDF) membranes (Millipore) with transfer buffer (Tris 3.03 g, Glycine
14.4 g, ddH>0 800 mL, and methanol 200 mL), 100 V for 2 h. The PVDF membranes were
then blocked with 5% skim milk for 2 h and sequentially incubated with primary and
secondary antibodies. The bound antibodies were detected using SuperSignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL).

December 2023 Volume 97  Issue 12

Journal of Virology

10.1128/jvi.01513-23 19


https://doi.org/10.1128/jvi.01513-23

Full-Length Text

Co-IP and immunoblotting

Cells were washed with PBS and lysed with IP buffer (Thermo Fisher Scientific) supple-
mented with 1% protease and phosphatase inhibitor cocktail (TargetMol, USA). The
lysates were incubated on ice for 30 min and centrifuged at 16,000 x g for 15 min at
4°C. Protein concentration was determined using BCA kits (Dojindo). The cell lysates
(400 pg) were supplemented with PBS to 200 L and incubated with IgG or the indicated
antibodies overnight. Then crosslinked to 30 pL of Protein G Agarose (Millipore) for 6 h.
After spinning down and washing five times with PBS, the immunocomplexes were
resuspended in SDS sample buffer for analysis by SDS-PAGE.

Cell counting kit-8 assay

Equal numbers of viable cells were plated in 96-well plates, and the culture plates were
pre-cultured in a cell incubator for 24 h. Then removed the medium, added 100 pL
U18666A supplemented medium, and treated with DMSO at 0.1%. Incubated the culture
plates in the incubator for a period of time, such as 0, 24, 48, and 72 h. Added 10 pL
CCK-8 (Dojindo) to each well and be careful not to create bubbles in the well. Incubated
the culture plates in the incubator for 1-4 h, and optical density was recorded at 450 nm.

Serum cholesterol

The concentration of serum cholesterol was measured with a cholesterol determination
kit (Sigma-Aldrich, MAK043). Briefly, the serum samples (0.5-5 uL/well) were first added
directly to the 96-well flat-bottom clear plates. Then set up the reaction mixes, including
44 pL cholesterol assay, 2 uL cholesterol probe, 2 L cholesterol enzyme mix, and 2 pL
cholesterol esterase, and added 50 pL of the appropriate reaction mix to each of the
wells. Mixed well using a horizontal shaker or by pipetting and incubated the reaction for
1 h at 37 °C. Protect the plate from light during the incubation. For colorimetric assays,
measured the absorbance at 570 nm.

Plaque assay

The supernatants of HLCZ01 and the homogenates of livers from infected mice were
used to infect monolayers of Vero cells. One hour later, the infected cells were washed
with PBS three times followed by incubation with complete medium containing 2%
agarose for 24 h. The cells were fixed with 4% paraformaldehyde for 30 min and stained
with 1% crystal violet for 30 min before counting the plaques.
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