RESEARCH ARTICLE

microRNA-27b regulates hepatic lipase enzyme LIPC and
reduces triglyceride degradation during hepatitis C virus
infection
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miRNAs are short, noncoding RNAs that negatively and
speciﬁcally regulate protein expression, the cumulative effects
of which can result in broad changes to cell systems and architecture. The miRNA miR-27b is known to regulate lipid
regulatory pathways in the human liver and is also induced by
the hepatitis C virus (HCV). However, the functional targets of
miR-27b are not well established. Herein, an activity-based
protein proﬁling method using a serine hydrolase probe,
coupled with stable isotope labeling and mass spectrometry
identiﬁed direct and indirect targets of miR-27b. The hepatic
lipase C (LIPC) stood out as both highly dependent on miR-27b
and as a major modulator of lipid pathway misregulation.
Modulation of miR-27b using both exogenous miRNA mimics
and inhibitors demonstrated that transcription factors Jun,
PPARα, and HNF4α, all of which also inﬂuence LIPC levels and
activity, are regulated by miR-27b. LIPC was furthermore
shown to affect the progress of the life cycle of HCV and to
decrease levels of intracellular triglycerides, upon which HCV
is known to depend. In summary, this work has demonstrated
that miR-27b mediates HCV infection by downregulating
LIPC, thereby reducing triglyceride degradation, which in turn
increases cellular lipid levels.

Cellular metabolism exists as a set of interconnected systems and the functional output of the component enzymes of
these systems relies upon multiple layers of regulatory mechanisms. In humans, miRNAs calibrate the expression of
protein-coding genes by selectively recognizing sequences
within mRNA transcripts and using the RNA interference
silencing complex to sequester and degrade the targeted
mRNA (1). As the length of base pairing is short and the
complementarity imperfect, mRNAs are frequently targeted by
multiple different miRNAs (1, 2), and a single miRNA will
target numerous different mRNAs, typically grouped around a
particular cellular function (3, 4). This ability of miRNAs to
modulate cellular pathways or processes means that differential expression and dysregulation of miRNA function has the
potential to either promote or inhibit diverse pathogeneses.

The role of miRNA in viral disease has been demonstrated in
recent years in the example of the hepatitis C virus (HCV), a
small, enveloped, positive-strand RNA virus that preferentially
infects the liver (5–8). The role of miRNAs in HCV infection
was ﬁrst demonstrated via the interaction between the HCV
50 UTR and miR-122, which stabilizes the viral RNA and sequesters miR-122 away from its usual targets (9, 10). While
other direct interactions have been discovered (7), a much
larger number of miRNAs affect HCV by altering aspects of
the cellular environment, such as its lipid metabolism (6, 7).
To favor its survival and propagation, the virus perturbs the
cell’s energy metabolism to remodel the host’s lipid architecture (11); this contributes to the development of long-term
complications such as liver ﬁbrosis, steatosis, and hepatocellular carcinoma (HCC) (12–14). This perturbation is realized
in part by a signiﬁcant alteration to the miRNA proﬁle during
viral infection (10, 15, 16).
One of these up-regulated miRNAs, miRNA-27b-3p (17),
hereafter referred to as miR-27b, is one of the most abundant
miRNAs in the liver (18–20), targets key factors in lipid
metabolic pathways, and is considered to be a central lynchpin
in the maintenance of lipid homeostasis (17, 21, 22). miR-27b
induces increases in both extracellular (23) and intracellular
lipids (17), including lipid deposits (24), mostly driven by increases to triglyceride levels (17, 25). miR-27b dysregulation is
implicated in the progression of numerous chronic diseases,
including multiple forms of cancer (26–30), notably playing an
oncogenic role in HCC (31–34). Characterizing miR-27b
regulation is therefore of interest not only in the study of the
role of lipid metabolism during HCV infection but also may
furthermore provide insight into novel strategies to combat the
effects of abnormal miRNA function, which contribute to
other conditions such as atherosclerosis, cancer, and obesityrelated illnesses (23, 35).
The response to a miRNA is not limited to its direct targets;
rather, speciﬁc miRNA–mRNA interactions may alter key factors within larger pathways resulting in signiﬁcant changes
downstream of the protein originally targeted. In this work,
functional effectors of miR-27b regulation of lipid metabolism
are identiﬁed and the mechanisms by which their activity is
controlled are explored. These functional effectors were
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identiﬁed by means of activity-based protein proﬁling (ABPP)
techniques, which use small-molecule probes that covalently
bind active enzymes, but not their inactive counterparts (36, 37).
ABPP techniques have been previously used to gain a deeper
understanding of metabolic function (38) and to characterize
enzyme dysregulation during infection (39–41). As lipid metabolism is regulated in large part by the serine hydrolase class of
enzymes (42), a ﬂuorophosphonate (FP)-based probe (Fig. 1B),
which broadly labels active serine hydrolases, was used to proﬁle
the effects of miRNA-27b (43). A reporter tag conjugated to the
FP warhead allows enzymes bound to the probe to be identiﬁed
and quantiﬁed (36, 43) (Fig. 1C).
Using this probe, differential activity proﬁles were established, from which the hepatic lipase C (LIPC) was conﬁrmed
as novel functional target of miR-27b. Multiple intermediary
factors responsible for the miR-27b-mediated change to LIPC
activity were subsequently identiﬁed. Finally, the effect of the
miR-27b-induced modulation of LIPC activity was shown to be
detrimental to HCV propagation. Altogether, this study has
expanded our understanding of the key role played by this
miRNA in liver metabolism and HCV infection and, more
generally, highlighted the need for the functional proﬁling of
miRNA activity to fully understand their roles both in normal
cell function and in disease.

Results and discussion
The importance of miR-27b in the regulation of hepatic
lipid metabolism, both in healthy tissue and in the context of
disease, has been previously established (17, 22); however, the

mechanisms by which this modulation of the cell’s lipid proﬁle
is accomplished are not yet well understood. To investigate the
functional consequences of miR-27b to cells’ lipid proﬁle,
lipidomic mass spectrometry was performed on cells transfected with miR-27b mimic versus a control (Tables S1–S9). A
signiﬁcant decrease in the expression of the established miR27b target epidermal growth factor receptor (EGFR) (44) was
used to demonstrate efﬁcient miR-27b transfection (Fig. 2).
Consistently with previous reports (17), a signiﬁcant increase
in the overall quantity of triglycerides present was observed
(Fig. 2A), with a trend toward desaturation (Fig. 2B). No signiﬁcant changes were observed in any other lipid groups
(Fig. 2A), suggesting triglyceride metabolism is the primary
target of regulation by miR-27b and warranting further
investigation.
ABPP identiﬁes miR-27b regulated enzymes
Prior efforts to proﬁle miR-27b-induced changes to cell
function have relied mainly on sequencing-based techniques
such as ago-HITS-CLIP (10, 45, 46), which reports only on
direct hydrogen-bonding interactions between miRNAs and
mRNAs and does not allow the detection of any potentially
more signiﬁcant changes occurring downstream. Other studies
have used microarrays to globally proﬁle miR-27b0 s impact,
direct or indirect, on the transcriptome (47, 48). However, this
type of analysis is incapable of reporting on important potential posttranslational regulation of protein function. Use of
an activity-based probe measures differential enzyme activity
derived not only from direct miRNA targeting or altered gene

Figure 1. miRNAs’ functional targets and tools to identify them. A, schematic showing direct and indirect mechanisms of enzyme activity regulation by
the HCV-induced miR-27. B, ﬂuorophosphonate probe used to measure relative abundance of active lipid metabolic enzymes, with the two reporter tags
used. C, activity-based protein proﬁling workﬂow.

2 J. Biol. Chem. (2022) 298(6) 101983

Activity-based protein proﬁling of miRNA-27b signaling
suggesting that the effects of miR-27b might vary depending
on the environment of the cell.
Next, we determined the identity of the functional targets
of miR-27b using afﬁnity puriﬁcation and HPLC-coupled
mass spectrometry (MS). Differentially active serine hydrolases were identiﬁed using a biotinylated FP probe to selectively enrich labeled enzymes. Dimethyl labeling, a type of
stable isotope labeling using isotopes of formaldehyde, was
used to label peptides from each samples, which could then be
combined and analyzed by LC-MS/MS. Relative abundances
were calculated by the relative size of the peaks in M1, and
peptides positively identiﬁed, following fragmentation, in M2
(49) (Tables S10–S24). Hits were ranked by prioritizing enzymes whose activity was altered, in opposing directions, by
both overexpressing and inhibiting miR-27b, and who displayed this pattern in both naïve and HCV-infected cells
(Fig. 3B). Lipid metabolic serine hydrolases represented a
signiﬁcant proportion of enriched, differentially active proteins, followed by a smaller number of signaling proteases and
peptidases (Fig. 3B).
The top-ranked enzyme was LIPC, the hepatic lipase, which
has not previously been associated with miR-27b. LIPC is a
liver enzyme mainly localized to the cell surface of hepatocytes
(50) and which predominantly hydrolyzes triglycerides, though
it can also target other acyl-containing lipid species (51). The
ABPP–LC-MS/MS screen showed that miR-27b signiﬁcantly
decreased the activity of LIPC, while the inhibitor increased
activity (Fig. 3B), which suggests a role for LIPC downregulation in miR-27b-mediated lipid accumulation.

Figure 2. miR-27b selectively increases the abundance of triacylglycerols. Lipid species from Huh7.5 cells transfected with miR-27b
mimic or negative control were quantiﬁed. A, cumulative fold change of
the lipid species in each class. B, fold change of triglycerides of different
lengths and desaturation. C, Western blotting against validated miR-27b
target EGFR in cells lysates reserved from lipidomics samples. Values
shown are normalized to the control-transfected sample. Data represent
mean values ± SD. n = 3 *p ≤ 0.05 using a two-tailed Student’s t test. CE,
cholesterol ester; DAG, diacylglycerol; EGFR, epidermal growth factor receptor; PL, phospholipid; SM, sphingomyelin; TAG, triacylglycerol.

expression but also from changes to protein localization,
posttranslational modiﬁcations, and protein–protein interactions, thereby providing a more complete, not to mention
relevant, picture of the functional role. A signiﬁcant number of
enzymes responsible for the regulation of cells’ lipid proﬁle
belong to the serine hydrolase family, whose activity can be
detected by the activity-based probe FP (Fig. 1, B and C).
To determine whether any serine hydrolase activities are
altered by miR-27b, the ﬂuorescent FP–tetramethylrhodamine
probe was used to label the proteomes of cells transfected with
miR-27b mimic or inhibitor and visualized by in-gel ﬂuorescence. Multiple differential band intensities were observed
(Fig. 3A) following miR-27b overexpression or inhibition,
indicating that serine hydrolases could play a role in the
miR-27b-induced changes to the lipid proﬁle. Interestingly,
when this experiment was repeated in cells infected with the
JFH1T strain of HCV, a distinct banding pattern was observed,

LIPC activity decreases along with abundance
To conﬁrm our MS-derived observations and to determine
whether this regulation of LIPC activity was pretranslational
or posttranslational, FP-biotin was again used to label proteomes of cells transfected with miR-27b mimic or its inhibitor, and LIPC in the enriched fraction as well as the
unenriched cell lysates was quantiﬁed by Western blotting. A
signiﬁcant decrease in both LIPC activity and abundance in
the presence of miR-27b was observed, paralleled by an
insigniﬁcant increase in LIPC activity and abundance when
miR-27b was inhibited (Fig. 4, A–C). Quantitative RT-PCR
(qRT-PCR) was used to show a similar mimic-mediated
decrease in mRNA, while the inhibitor left LIPC mRNA
levels relatively unchanged (Fig. 4D). This indicates that the
miR-27b-mediated decrease in LIPC activity is based largely
on changes to protein expression regulated at the mRNA
level, either via direct targeting of the LIPC mRNA by miR27b or by changes to transcription. While a seed site of
miR-27b was found in the 30 -UTR of LIPC (Fig. S1A), a reporter construct containing the 30 -UTR from LIPC and the
luciferase gene was not targeted by miR-27 (Fig. S1B), indicating that LIPC expression was not directly targeted by miR27b. The failure of miR-27b to target the luciferase construct
may be explained by the lack of complementarity outside the
seed sequence, which typically provides extra stability to
miRNA–mRNA interactions (1).
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Figure 3. Fluorophosphonate-based proﬁling reveals functional targets of miR-27b. A, ﬂuorophosphonate-TAMRA (FP-TAMRA) labeled proteomes
from naïve or JFH1T-infected Huh7.5 cells transfected with miR-27b mimic, inhibitor, or respective controls resolved on 10% TGX FastCast (Bio-Rad) gels.
B, heatmap of mass spectrometry quantiﬁcation of FP-biotin (FP-B)–labeled enzymes from naïve or JFH1T-infected Huh7.5 cells transfected with miR-27b
mimic and inhibitor versus cells transfected with the respective control RNA. The geometric mean was calculated from log10-transformed fold changes of
technical (n = 3) and biological (n = 3) replicates. TAMRA, tetramethylrhodamine. *p < 0.05, **p < 0.01, ***p < 0.001.

Multiple transcription factors regulate LIPC expression
Peroxisome proliferator-activated receptors (PPARs) are
a group of transcription factors, which regulate lipid
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metabolism and have been linked to the transcriptional regulation of LIPC (52, 53). Both PPARα and PPARγ were signiﬁcantly decreased in the presence of miR-27b mimic (Fig. 5D), in
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Figure 4. LIPC activity and expression are down-regulated by miR-27b. Quantiﬁcation of ﬂuorophosphonate (FP) labeling of LIPC, LIPC protein
expression, and LIPC mRNA in Huh7.5 cells transfected with miR-27b mimic, inhibitor, or their respective negative controls. Results represent signal from
mimic or inhibitor-transfected samples normalized to their respective controls. A, representative sample of Western blotting on FP-B labeled enriched
fraction and cell lysates. B, densitometric quantiﬁcation of FP-B labeling of active LIPC detected by Western blotting on the enriched fraction, n = 3.
C, densitometric quantiﬁcation of LIPC protein expression detected by Western blotting, n = 3. D, qRT-PCR quantiﬁcation of LIPC mRNA, n = 4. E, densitometric quantiﬁcation of the protein expression of positive transfection control EGFR detected by Western blotting, n = 3. F, qRT-PCR quantiﬁcation of
positive transfection control EGFR mRNA, n = 4. Data represent mean values ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 using a two-tailed Student’s t test. EGFR,
epidermal growth factor receptor; FP-B, FP-biotin; LIPC, lipase C; qRT-PCR, quantitative RT-PCR.
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agreement with previous ﬁndings (17, 22). To assess whether a
reduction in PPAR activity was responsible for the decreased
expression of LIPC, cells were treated with the pan-PPAR inhibitor benzamide (54) and LIPC activity was quantiﬁed by
using FP-biotin to label and enrich the active serine hydrolases.
Western blotting showed a large decrease in LIPC activity and
expression (Fig. 5, A and B), conﬁrming that PPARs play a role
in the transcription of LIPC in the model system used. To
conﬁrm whether the miR-27b-mediated decrease in LIPC
expression was due to a decrease in PPAR signaling, cells
transfected with miR-27b mimic were treated with the panPPAR activator bezaﬁbrate (55–57). While bezaﬁbrate did
slightly and nonsigniﬁcantly increase LIPC expression and activity, the rescue represented only a small proportion of the
decrease in activity induced by miR-27b (Fig. 5, A and B),

demonstrating that other transcription factors were also utilized
by miR-27b to decrease LIPC abundance.
To identify these other factors, all known regulators of LIPC
transcription were identiﬁed and investigated. After eliminating
LIPC regulatory genes not expressed in the Huh7 model, seven
potential regulators were left: apolipoprotein A-I regulatory
protein 1 (ARP1, also abbreviated NR2F2) (53), CCAAT/
enhancer-binding protein β (CEPBP) (58), hepatic nuclear
factor 1α (HNF1A) (53), hepatic nuclear factor 4α (HNF4A)
(53), transcription factor AP-1 (JUN) (59), bile acid receptor
(NR1H4) (60), and PPARγ coactivator 1α (PPARGC1A) (53).
miR-27b was overexpressed and the expression of genes
associated with the regulation of LIPC were quantiﬁed by qRTPCR. Of this list, two proteins, JUN and HNF4α, were identiﬁed as targets of interest (Fig. 5D).

Figure 5. miR-27b modulation of LIPC expression occurs via modulation of multiple transcription factors. A–C, quantiﬁcation of changes to LIPC
activity and protein expression after treatment of Huh7.5 cells with 75 μM PPAR inhibitor benzamide, or after transfection with miR-27b mimic and
treatment with 75 μM PPAR activator bezaﬁbrate. A, representative Western blot, consisting of the Western blots shown in Figure 4, expanded to include
benzamide and bezaﬁbrate treatments. B, densitometric quantiﬁcation of Western blotting against LIPC in the FP-B labeled fraction and in cell lysates, n = 3.
C, densitometric quantiﬁcation of Western blotting against HNF4α isoforms, n = 3. D, qRT-PCR quantiﬁcation of mRNA expression of LIPC-associated
transcription factors in miR-27b mimic versus control-transfected cells, n = 4. Results represent signal from transfected or treated samples normalized to
their respective controls. Data represent mean values ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 using a two-tailed Student’s t test. FP-B, FP-biotin; LIPC, lipase
C; PPAR, peroxisome proliferator-activated receptor; qRT-PCR, quantitative RT-PCR.
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HNF4α is a transcription factor that has been shown to
promote the transcription of LIPC (53). miR-27b decreased
HNF4α mRNA by 30% and substantially decreased expression
at the molecular weight associated with the major active form
of HNF4α (Fig. 5, A and C). Interestingly, blotting against
HNF4α showed a second band at a lower molecular weight
that increased in abundance with miR-27b treatment (Fig. 5, A
and C). Though efforts to identify this protein were not successful, it is possible that this band represents an alternative
splicing of the protein. This would not negate the functional
effect of miR-27b on HNF4α, as these alternatively spliced
forms possess less activity than the main form, and some reports indicate that they may hinder the DNA-binding activity
of the main form (61). Interestingly, within the context of HCV
infection, HNF4α has been shown to be proviral, and the inhibition of its activity decreased viral replication (62). The
miR-27b-induced decrease in HNF4α expression discovered in
this experiment therefore represents a novel potential mechanism by which miR-27b may reduce viral titers (17).
The other protein of interest, JUN, is a transcription factor
implicated in the regulation of cell proliferation and survival (63),
whose binding upstream of the LIPC coding sequence has been
demonstrated to inhibit transcription (59). miR-27b mimic increases the expression of JUN by 60% (Fig. 5D). Altogether, this

suggests that miR-27b modulation of LIPC expression proceeds
from a simultaneous decrease of the positive regulators PPARα
and HNF4α and an increase in the negative regulator JUN.

miR-27b does not use posttranslational glycosylation to
regulate LIPC activity
As the decrease in LIPC activity observed by Western
blotting was much larger than that of LIPC expression (Fig. 4,
B and C), the possibility of an additional layer of posttranslational regulation of activity was investigated. As LIPC
must be glycosylated to be functional (64), the possibility that
miR-27b altered the glycosylation of LIPC was investigated.
The use of unnatural sugars to label protein glycosylation is
well established (65, 66). Brieﬂy, sugar monomers are synthesized to contain an unnatural moiety; in this case, an azide is
introduced on the second carbon of a mannose sugar (Fig. 6A).
The sugar is taken up by the cell, which incorporates it into its
glycome (66). The azide, being bio-orthogonal to the
remainder of the cell, can then be used as a handle to selectively attach a reporter containing an alkyne via coppercatalyzed azide-alkyne click chemistry (67).
Huh7.5 cells were transfected with miR-27b and treated
with mannose-azide. After cell lysis, the azide handle on the

Figure 6. miR-27b does not decrease glycosylation of LIPC. A, structure of unnatural mannose-azide sugar used to label glycosylated LIPC. B, process of
labeling and isolating glycosylated proteins. C–E, glycosylation of LIPC in Huh7.5 cells treated with 50 μM mannose-azide and transfected with either miR27b mimic or control. Glycosylated proteins were tagged with biotin using copper-catalyzed azide-alkyne cycloaddition, enriched, and detected by Western
blotting. C, representative Western blot against LIPC in the glycosylated fraction and LIPC expression. D, densitometric quantiﬁcation of LIPC glycosylation
and expression, n = 3. E, densitometric quantiﬁcation of positive transfection control protein PPARγ. Values shown are normalized to the naïve or controltransfected sample. Data represent mean values ± SD. *p ≤ 0.05 using a two-tailed Student’s t test. LIPC, lipase C; PPAR, peroxisome proliferator-activated
receptor.

J. Biol. Chem. (2022) 298(6) 101983

7

Activity-based protein proﬁling of miRNA-27b signaling
sugar was used to attach a biotin reporter to glycosylated
proteins by copper-catalyzed azide-alkyne click chemistry.
Glycosylated proteins were isolated by streptavidin enrichment
and the relative amount of glycosylated LIPC as compared to
total LIPC was quantiﬁed by Western blotting (Fig. 6B).
Interestingly, miR-27b induced no change in glycosylated
LIPC, even though overall abundance decreased, indicating
that the proportion of glycosylated LIPC had in fact increased
(Fig. 6, C and D). Identiﬁcation of other currently unknown
factors that may be responsible for the activity/abundance
discrepancy, such as interactions with the chaperone proteins
and folding factors required for the production of active LIPC
(68), is an interesting subject for future investigation.
miR-27b alteration of enzyme activity is relevant during HCV
infection
Labeling by FP-biotin was repeated in cells infected with
HCV and transfected with miR-27b mimic or inhibitor.
Though miR-27b modulation of LIPC activity and abundance
was broadly reproduced in the presence of HCV, there were a
few notable changes in the magnitude of the observed changes.
The decreases observed in mimic-transfected samples were
inferior to that seen in experiments with HCV-naïve cells,
while the inhibitor increased the expression and activity of
LIPC to a much greater extent (Fig. 7, A–D). These observations are consistent with reports that HCV increases the
expression of miR-27b (17); as miR-27b levels are already high,
the addition of the mimic has less impact. Similarly, inhibition
of miR-27b should lead to more dramatic effects when its
baseline expression is higher. Altogether, these results indicate
that miR-27b regulation of LIPC function occurs during HCV
infection.
LIPC activity decreases triglycerides in hepatoma cells
To assess the extent of the impact of the observed decrease
in LIPC activity on triglyceride abundance, Huh7.5 cells were
transiently transfected with a plasmid encoding the LIPC
enzyme and triglyceride levels assessed using a luciferasebased assay. Soraphen A, a small molecule known to signiﬁcantly decrease triglycerides in the Huh7.5 model (69), was
used as a positive control. A decrease in triglyceride abundance
of approximately one-third was observed during LIPC overexpression (Fig. 8A), suggesting that changes to LIPC expression and activity can function to regulate triglyceride
abundance. More generally, this shows that changes to LIPC
expression are relevant to the lipid architecture of hepatoma
cells.
Decrease in LIPC activity is favorable to hepatitis C
Next, the link between the modulation of LIPC activity and
HCV infection was examined by investigating both the effect
of the virus on LIPC activity and the effect of LIPC activity on
the virus. Protein lysates from Huh7.5 cells infected with the
JFH1T cell culture strain of virus were labeled with FP-biotin
and the enriched fraction was analyzed by LC-MS/MS
(Fig. 3B) as well as by Western blotting (Fig. 8, B and C).
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LIPC activity was decreased by nearly 50% in infected as
compared to the naïve cells, and mRNA abundance was
similarly decreased (Fig. 8D). This corroborates previous
ﬁndings in vivo, in which a signiﬁcant decrease in LIPC mRNA
was observed in liver tissue of patients suffering from HCV as
compared to healthy controls (70).
To investigate the dependence of HCV infection on LIPC
activity, LIPC expression was suppressed by siRNA and
intracellular viral RNA was measured by qRT-PCR. The production of infectious virion was also assessed by measuring the
infectivity potential of the supernatants of the infected cells
(Fig. 8E). A nonsigniﬁcant increase of 40% was observed in the
amount of intracellular RNA. By contrast, the levels of infectious virions produced were signiﬁcantly increased by over
100%. These infectious virions exist as lipoviral particles and
use the host cell’s very low-density lipoprotein machinery in
their assembly and secretion (5). As LIPC plays a signiﬁcant
role in regulating lipoparticles (42, 71), it could be expected to
likewise inﬂuence the lipoviral particle. Figure 8E replicates
results from previous studies, which have shown that infectivity of secreted virions is signiﬁcantly increased when LIPC
abundance is decreased (72), though intracellular HCV is not
affected (72, 73), which suggests that LIPC interferes with an
important role in virion secretion. In this work, in vitro HCV
infection induced a signiﬁcant decrease in LIPC activity and
abundance, and previous work showed this decrease also occurs in human infection (70).
Role of LIPC activity in pathogenesis and therapeutics
This decrease in LIPC abundance is more pronounced in
HCV–HCC (70), indicating that absence of LIPC activity could
furthermore contribute to the development of liver cancer.
The role of LIPC in cancer has not been extensively studied; it
has been suggested to have a positive effect on the anticancer
immune response (74) and has been associated with increased
survival in some cancers (75), though in others it has been
associated with decreased survival (76). Overall, this suggests
that the downregulation of LIPC activity during HCV infection
via increased miR-27b performs a proviral function and that
this may create an oncogenic environment, which contributes
to the development of HCV-induced HCC. This is in apparent
contradiction to the previously established antiviral nature of
miR-27b (17); however, as miRNAs typically modulate a large
number of different targets, this proviral effect is most likely
overshadowed by other antiviral effects.
In this work, ABPP methods identiﬁed LIPC as a novel
target of miR-27b and demonstrated how this regulatory activity is pertinent to our understanding of HCV pathogenesis
and how to combat it. Findings presented herein suggest that
increases to LIPC activity within the liver would decrease
levels of circulating virus, thereby decreasing the spread of
infection within the host and to others. This suggests the
possibility of engineering an increase to LIPC activity within
the liver as an antiviral strategy. Recent advances, such as
delivery of mRNA in lipid nanoparticles (77), have made the
organ-speciﬁc introduction of exogenous protein expression
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Figure 7. LIPC activity and expression are downregulated by miR-27b during HCV infection. Quantiﬁcation of ﬂuorophosphonate (FP) labeling of LIPC,
LIPC protein expression, and LIPC mRNA in JHF1T-infected Huh7.5 cells transfected with miR-27b mimic, inhibitor, or their respective negative controls.
Results represent signal from mimic or inhibitor-transfected samples normalized to their respective controls. A, representative sample of Western blotting
on FP-B labeled enriched fraction and cell lysates. B, densitometric quantiﬁcation of FP-B labeling of active LIPC detected by Western blotting on the
enriched fraction, n = 3. C, densitometric quantiﬁcation of LIPC protein expression detected by Western blotting, n = 3. D, densitometric quantiﬁcation of
the protein expression of positive transfection control EGFR, n = 3. E, densitometric quantiﬁcation of the protein expression of HCV CORE protein detected
by Western blotting, n = 3. F, qRT-PCR quantiﬁcation of LIPC mRNA, n = 4. G, qRT-PCR quantiﬁcation of mRNA of positive transfection control EGFR, n = 4.
H, qRT-PCR quantiﬁcation of HCV CORE mRNA, n = 4. Data represent mean values ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. EGFR, epidermal growth factor
receptor; FP-B, FP-biotin; HCV, hepatitis C virus; LIPC, lipase C; qRT-PCR, quantitative RT-PCR.
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More generally, this work has shown that functional targets
of miRNA regulation cannot be predicted in their entirety
based solely on in silico complementarity-based methods.
Proﬁling changes to enzyme activity is therefore beneﬁcial to
understand the role of miRNAs in health and disease and to
identify functional effectors, such as LIPC, which could form
the basis of novel therapeutics.

Experimental procedures
Cell culture
Huh7.5 cells were maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM) (Gibco) supplemented with 10% (v/v)
fetal bovine serum (Wisent) and 10 mM nonessential amino
acids (MilliporeSigma). The JFH1T strain of the HCV was a
kind gift from the laboratory of Dr Rodney Russel (Memorial
University). Huh7.5 cells were infected with JFH1T at a multiplicity of infection of 0.1 for 5 h in a one-quarter growth
volume of unsupplemented DMEM, rocking plates every hour.
Cells were transfected with 100 nM of hsa-miR-27b-3p mirVana mimic, mimic negative control, hsa-miR-27b-3p miRVana inhibitor, or inhibitor negative control (Thermo Fisher
Scientiﬁc) immediately following infection, using Lipofectamine RNAiMax Transfection Reagent (Invitrogen), according
to the manufacturer’s instructions, and lysed after 72 h. Cells
treated with benzamide (Calbiochem) or bezaﬁbrate (Cedarlane) were incubated with 75 μM compound for 24 h before
lysis. Cells treated with the unnatural sugar were incubated
24 h after miRNA mimic transfection with 50 μM Ac4ManNAz for a further 48 h.
Lipidomic analysis
Huh7.5 cells transfected as aforementioned were trypsinized, spun down, and resuspended in 10 mM PBS, pH 7.4.
Cells were washed by centrifugation and subsequent resuspension in PBS twice. Cells were diluted to a concentration of
3000 cells/μl and sent for analysis at Lipotype GmbH. Lipids
were quantiﬁed in picomoles and normalized by the protein
concentration of each sample.
Figure 8. HCV-mediated decrease in LIPC activity modulates triglycerides and promotes virion production. A, quantiﬁcation of triglyceride levels in cells exogenously expressing LIPC protein, n = 3. B–D,
quantiﬁcation of LIPC activity, protein expression, and mRNA expression in
Huh7.5 cells infected with JFH1T. B, representative sample of Western
blotting on FP-B labeled enriched fraction and cell lysates. C, densitometric
quantiﬁcation of active LIPC in the FP-B labeled and enriched fraction and
its abundance in cell lysates, n = 3. D, qRT-PCR quantiﬁcation of LIPC mRNA,
n = 4. E, qRT-PCR quantiﬁcation of intracellular HCV RNA in Huh7.5 cells
transfected with LIPC siRNA and HCV RNA in cells infected by virus secreted
from siRNA-transfected cell, n = 3. F, qRT-PCR quantiﬁcation of LIPC in
Huh7.5 cells transfected with 10 nM LIPC siRNA, n = 3. Values shown are
normalized to the naïve or control-transfected sample. Data represent mean
values ± SD. *p ≤ 0.05, **p ≤ 0.01. FP-B, ﬂuorophosphonate-biotin; HCV,
hepatitis C virus; LIPC, lipase C; qRT-PCR, quantitative RT-PCR.

in patients possible. This increased LIPC activity could support the currently used direct-acting antivirals, which act to
suppress the synthesis of new viral RNA and proteins intracellularly, by decreasing the abundance of assembled and
extracellular virus.
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Protein analysis
Proteins were harvested, prepared, and analyzed by ABPPﬂuorescence, ABPP-MS, and ABPP-Western blot as previously described (78).
MS
MS analysis was performed by Dr Gleb G. Mirinov and Dr
Zoran Minic, John L. Holmes Mass Spectrometry Facility,
Department of Chemistry and Biomolecular Sciences, University of Ottawa. Digested peptides were analyzed by HPLCMS/MS using a Dionex Ultimate 3000 nano-HPLC system
with an Acclaim PepMap RSLC 75 mm ID × 150 mm length
separation column (Thermo Fisher Scientiﬁc), coupled with
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientiﬁc).
Five milliliters of sample were injected and separated by the
following gradient (solution A: 0.1% formic acid in H2O;
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solution B: 80% acetonitrile, 0.1% formic acid in H2O) with the
ﬂow of 200 nl/min, such that 0.0 to 80.0 min increased between 0 to 40% B, 80.0 to 80.1 min rose to 40 to 80% B, 80.1 to
90.0 min rose to 80% B, 90.0 to 90.1 min decreased between 80
to 2% B, and 90.1 to 115.0 min maintained 2% B. Peptides were
ionized using nano-ESI with spray voltage in positive mode at
2000 V. Ion transfer tube temperature was 275  C and the
S-lens radio frequency level was 60. Survey scans were performed on peptide precursors between 300 and 1500 m/z at
60K resolution (at 200 m/z). The ion count target was set to
2 × 105 and the maximum injection time 50 ms. Precursor
peptides for tandem MS analyses were isolated by quadrupole
at 0.7 Th. Collision-induced dissociation fragmentation was
performed with collision energy of 35% and 5% step and
normal scan MS analysis in the ion trap. Precursors with
charge state 2 to 6 were sampled for MS2, and the MS2 ion
count target was set to 104 with a max injection time of 35 ms.
Duration of dynamic exclusion was set to 60 s with 10 ppm
tolerance around precursor ions and their isotopes. The instrument was run in 4 s cycles in top speed mode. Proteome
Discoverer (version 1.4.1.14, Thermo Fisher Scientiﬁc) was
used to process the raw data, and MS2 spectra were searched
against a UniProt/SwissProt database (July 28, 2018) for Homo
sapiens (Human) (http://www.uniprot.org) with SEQUEST HT
engine. Peptides were generated from a tryptic digestion
containing up to two missed cleavages. Fixed modiﬁcations
accounted for were of carbamidomethylation of cysteines and
variable modiﬁcations were oxidation of methionines and
protein N-terminal acetylation. Precursor mass tolerance was
10 ppm and product ions were searched at 0.6 Da tolerances.
The XCorr of peptides were ≥1.5 and percolator q-value ≤
0.01. A target decoy validation with false discovery rate of 1%
was used to validate peptide spectral matches. Signal from
treated samples were normalized over control transfected
samples and the geometric mean of this ratio calculated as the
fold-change.
Western blotting
Blots were blocked for 30 min in 2.5% (m/v) bovine serum
albumin (BSA) in Tris-buffered saline with Tween-20 (TBST)
(10 mM Tris, 0.15 M NaCl, pH 8, 0.05% Tween-20). Blots were
incubated with primary antibodies PAFAH1B3 1:200 (Santa
Cruz; sc-393612), PAFAH1B1 1:500 (Abcam; ab2607), LIPC
1:500 (Santa Cruz; sc-21740), ACOT1/2 1:500 (Santa Cruz; sc373917), GAPDH 1:10,000 (Ambion; AM4300), β-tubulin
1:4000 (Abcam; ab6046), and PPARG 1:500 (Abcam;
ab178860) in 2.5% BSA in TBST overnight at 4  C. Blots were
incubated for 1 h at room temperature (RT) with the appropriate secondary antibody, peroxidase AfﬁniPure goat antimouse immunoglobulin G (H + L) (Jackson ImmunoResearch
Laboratories; 115-035-062) or peroxidase AfﬁniPure Donkey
anti-rabbit immunoglobulin G (H + L) (Jackson ImmunoResearch Laboratories; 711-035-152), at 1:20,000 in 2.5% BSA in
TBST. Densitometric analysis was performed using ImageLab
6.0 software (Bio-Rad) and signiﬁcance was calculated using
two-tailed paired t tests.

siRNA knockdowns
Expression knockdown was performed using Silencer Select
Pre-Designed siRNAs against ACOT1/2 (s54802; ThermoFisher) negative control number 1 (ThermoFisher),
PAFAH1B3 (s224162; ThermoFisher), and LIPC (s8202) at
10 nM using RNAiMax according to the manufacturer’s instructions. Fort-eight hours after transfection, cells were
infected with JFH1T at a multiplicity of infection of 0.1. RNA
was harvested 48 h after infection, and the conditioned media
was used to infect naïve cells. RNA from conditioned media–
infected cells was harvested after 48 h.
RNA harvest, puriﬁcation, and quantiﬁcation
Cells were lysed and RNA puriﬁed using the RNeasy Plus
Mini Kit (Qiagen), according to the manufacturer’s instructions. Any sample containing live JFH1T virus was vortexed for 30 s after harvesting and incubated for 5 min at RT to
destroy the virus before proceeding to genomic DNA elimination. Puriﬁed RNA was quantiﬁed by NanoDrop 1000
(Thermo Fisher Scientiﬁc). Complementary DNA was synthesized using the iScript Reverse Transcription kit (Bio-Rad)
according to the manufacturer’s instructions. Quantitative
PCR was performed using the SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad), according to the manufacturer’s
instructions. Results were normalized using 18S RNA quantiﬁcation and signiﬁcance was calculated using two-tailed
paired t tests.
30 -UTR assays
The LIPC 30 UTR dual luciferase construct and negative
control was purchased from Genecopoeia. The miR-27b-3p
seed site was mutated using KOD extreme polymerase (MilliporeSigma) using the following protocol: 120 s at 98  C, (30 s
at 95  C, 60 s at 55  C, 440 s at 72  C 18 times), and 300 s at
72  C. DNA was digested with 0.6 U/μl ANZA DpnI (Invitrogen) for 45 min, followed by heat inactivation for 15 min at
80  C. Mutagenesis was conﬁrmed by sequencing at McGill
University and Génome Québec Innovation Centre. Cells were
transfected with 1 μg construct per milliliter of media, using
Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer’s instruction. After 24 h, cells were
transfected with 100 nM miR-27b-3p mirVana mimic using
Lipofectamine RNAiMax Transfection Reagent (Invitrogen)
according to the manufacturer’s instructions. Cells were lysed
after 48 h in Passive Lysis Buffer (Promega). Luciferase assays
were performed as previously described (79) using a SpectraMax L (Molecular Devices). Luciferase signal was normalized over protein concentration quantiﬁed by DC assay
(Bio-Rad).
Triglyceride assays
A pCMV6-LIPC plasmid was purchased (Origene;
RC215870) and 0.4 μg/ml transfected into Huh7.5 using
Lipofectamine 2000, according to manufacturer’s instructions. Cells were lysed after 72 h and triglycerides
quantiﬁed using the Triglyceride-Glo assay kit (Promega),
J. Biol. Chem. (2022) 298(6) 101983
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according to the manufacturer’s instructions. Triglyceride
concentration was normalized to protein concentration of
cell lysates which were lysed in the absence of lipase,
measured by bicinchoninic acid assay (Pierce) according to
the manufacturer’s instructions. Results were normalized to
the positive control and signiﬁcance was calculated using
two-tailed paired t tests.

Data availability
All data are contained within the text or the Supporting
information.
Supporting information—This
information.
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