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a b s t r a c t

The hepatitis C virus (HCV) is a global health problem, with limited treatment options and no vaccine
available. HCV uses components of the host cell to proliferate, including lipid droplets (LD) onto which
HCV core proteins bind and facilitate viral particle assembly. We have measured the dynamics of HCV
core protein-mediated changes in LDs and rates of LD movement on microtubules using a combination
of coherent anti-Stokes Raman scattering (CARS), two-photon fluorescence (TPF), and differential inter-
ference contrast (DIC) microscopies. Results show that the HCV core protein induces rapid increases in
LD size. Particle tracking experiments show that HCV core protein slowly affects LD localization by con-
trolling the directionality of LD movement on microtubules. These dynamic processes ultimately aid HCV
in propagating and the molecules and interactions involved represent novel targets for potential thera-
peutic intervention.

Crown Copyright � 2010 Published by Elsevier Inc. All rights reserved.
1. Introduction

Hepatitis C virus (HCV) infection is a global health problem and
a leading cause of liver disease [1]. HCV relies on host cell factors
and molecular networks either directly by interacting with viral
proteins and RNA, or indirectly by creating a favorable environ-
ment for HCV, in order to complete its’ lifecycle [2,3]. HCV is a sin-
gle (+)-stranded RNA virus that encodes for a single polyprotein
that is cleaved into 10 proteins intrinsically divided into nonstruc-
tural (p7, NS2, NS3, NS4A-B, NS5A-B) proteins and structural pro-
teins (core, E1, E2), each of which plays a distinct and important
role in the HCV lifecycle [2]. The HCV core protein is a structural
protein involved in the formation of the viral capsid and packaging
of viral RNA [4]. The core protein is known to associate strongly
with lipid droplets (LDs) and core is progressively loaded onto
LDs overtime after HCV infection is established [4]. This association
is directly correlated with the ability of HCV to produce infectious
particles [5–8], making it a central player in the assembly of HCV
viral particles.

The mature core protein contains two domains that control its
ability to interact with LDs, stimulate fatty acid synthesis [9], in-
duce LD biogenesis [4,10], and initiate viral particle assembly.
The first domain (DI) contains highly basic amino acids that are
known to interact with HCV RNA during virion morphogenesis
[4,10]. The second domain (DII) is comprised of two hydrophobic
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alpha helices that enable endoplasmic reticulum (ER) membrane
anchoring and cytoplasmic LD association [4,10,11]. Once the ma-
ture form of core protein is released from the ER, it migrates on the
surface of the phospholipid monolayer of LDs [4,10]. Pioneering
work by McLauchlan and coworkers has demonstrated that HCV
core protein both alters the composition of proteins bound to the
LD and changes LD localization and trafficking [12]. Core also has
been shown to influence host cell lipid metabolism, with HCV
genotype 3a showing the most pronounced effects that have been
directly implicated with inducing the biogenesis of LDs and with
clinical hyperlipidemia and steatosis in vivo [4]. Core 3a has phen-
ylalanine, alanine, and valine residues at positions 164, 182, and
186, respectively, and these specific amino acids have been shown
to be responsible for stimulating LD biogenesis during HCV infec-
tion at the molecular level [4]. Herein, using a combination of
coherent anti-Stokes Raman scattering (CARS) microscopy, differ-
ential interference contrast (DIC) microscopy, and two-photon
fluorescence (TPF) microscopy combined with particle tracking
techniques, we establish the dynamics of HCV core 3a protein’s in-
crease in LD biogenesis and measure directly core protein’s effect
on LD movement along microtubules.

2. Materials and methods

2.1. Overexpression of HCV core protein

Huh7.5 cells were seeded at 1.0 � 105 cells/well in borosilicate
Lab-Tek chambers (VWR, Mississauga, ON). After 24 h, at a conflu-
ency of 60–70%, cells were transfected with core 3a plasmid
ights reserved.
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suspended in transfection media including lipofectamine 2000
(Invitrogen Canada Inc., Burlington, ON). After 4 h, DMEM in 20%
FBS was added in equal volume to the chambers.

2.2. Simultaneous coherent anti-Stokes Raman scattering and two-
photon fluorescence microscopies

The CARS microscopy system uses a single femtosecond Ti:sap-
phire oscillator as the excitation source, as previously described
[13,14].

2.3. Laser scanning simultaneous two-photon excited fluorescence and
differential interference contrast microscopies

An Olympus FV300 laser scanning microscopy system on an
IX71 inverted microscope was used for imaging experiments. A
40� Uapo 1.15NA water immersion objective and a long working
distance 0.55 NA condenser were used. The FV300 was adapted
for two-photon fluorescence. Source was a Coherent Mira 900
Ti:sapphire laser producing pulses of approximately 100 fs at
800 nm wavelength with an 80 MHz repetition rate. Laser scanning
microscopy can be readily adapted to DIC by taking advantage of
the high inherent polarization in most laser sources. The DIC optics
were adjusted as they would typically be for transmitted light use:
with the prisms removed the condenser polarizer is adjusted to
cross with the objective polarizer. For laser scanning, the analyzer,
which is in a fluorescence cube in the IX71, is removed from the
beam path. To optimally align the polarization of the laser with
that of the microscope optics, a 700–1000 nm achromatic half
wave plate (WPA1212 Casix) was placed in the laser path before
entering the FV300 scan-box. The polarization of the laser was ad-
justed by rotating this wave plate to minimize the amount of light
collected through the condenser polarizer. The DIC prisms are in-
serted and the path and the bias of the objective prism adjusted
to the optimal image.

2.4. Quantitative voxel analysis

Quantitative data from the CARS images was determined using
a voxel counting routine in ImageJ as previously described [15–21].
In each image, five cells were counted for a % lipid volume average.

2.5. Particle tracking of lipid droplets in Huh7.5 cells

Particle tracking of lipid droplet motion for both speed and dis-
tance was captured using spot tracker add-on with ImageJ, as pre-
viously described [22–26]. The spot tracker followed the light
shaded halo contrast of lipid droplets as a result of changes in
refractive index with DIC imaging.

3. Results and discussion

CARS microscopy is a convenient imaging modality for imaging
changes in LD size and abundance in living cells in real time [27–
33] and has previously been successfully applied to the study of
HCV host-virus interactions [15–21]. Here we used CARS micros-
copy to measure changes in LDs induced by the expression of
HCV core (genotype 3a) in Huh7.5 human hepatoma cells. We
transfected a bicistronic vector expressing HCV core genotype 3a
and EGFP, with separate reading frames so that EGFP marks cells
that are successfully transfected and expressing HCV core protein,
into Huh7.5 cells. Using simultaneous CARS and TPF microscopies,
we were able to image cells overexpressing EGFP and HCV core
proteins and measure changes to LD density and localization
(Fig. 1, Fig. S1, supporting information to mock transfected sam-
ples, cells that selectively express EGFP along with core protein,
showed a large increase in LD size and density. The changes to
LD size occurred rapidly and synchronously with the appearance
of EGFP signal, typically within 8 h of transfection of the plasmid
expressing the core protein.

The increase in LDs as a result of core expression was quantified
by using voxel analysis [17,18], which measures the amount of li-
pid volume per cell, and was determined to be �7.6% (n = 12), a
dramatic 7-fold difference in the volume of LDs per cell. By con-
trast, the total lipid content in naïve cells is much lower than with
core induced levels of LDs with voxel analysis yielding the lipid
volume per cell to be �1.2% (n = 12). Additionally, the LDs in cells
lacking EGFP expression, but in cells adjacent to cells expressing
EGFP and core, resemble LD size and density of mock transfected
cells (Fig. 1).

After 48 h, the LDs appear to localize in the perinuclear region,
where HCV replication complexes are typically found [5,34], and
amass particularly close together in tight LD aggregates (Fig. 1).
We observed that this change in localization occurred only after
core induced the upregulation of LD biogenesis. Since the core pro-
tein is required for new viral particle assembly, eventually HCV
RNA, and HCV envelope proteins must colocalize with core. Inter-
estingly, it appears that the HCV core protein has evolved a molec-
ular mechanism that stimulates core-associated LDs to move
towards the sites of replication where new HCV RNA is produced.
Here we show that this can occur very rapidly especially in the
context of a real infection where viral titres can take days or weeks
to reach detectable levels post-infection [7,35].

In order to perform more detailed studies of the dynamics of LD
localization, we developed a new method that combines CARS, TPF
and differential interference contrast (DIC) microscopies. We
developed this method because we found that DIC was able to cap-
ture the movement of LDs over very long time courses (many days)
without photodamaging the cells. Because LDs have a greater index
of refraction than the surrounding cytosol, they can be viewed by
DIC with high contrast and can be discriminated from the other
organelles in the cell. We used DIC to track single LD particles
and to perform kinetic measurements regarding their movement
during core protein expression. To confirm that features being ob-
served by DIC were in fact LDs, we first imaged by CARS, then
superimposed those images with DIC images to identify which fea-
tures in the DIC image were LDs (Fig. 2). Here we clearly observed a
direct correlation between CARS signal corresponding to the CAH
stretching frequency from neutral lipids contained in LDs with high
contrast features captured by DIC (Fig. 2).

Next we used DIC combined with CARS and TPF microscopies
to capture the movements of LDs to the perinuclear region of the
cell. Following the same approach, we transfected the bicistronic
vector in Huh7.5 cells. As expected, using DIC we were able to
visualize an increase in number and size of LDs and also changes
in localization (Fig. 3A, Movie S1, supporting information). We
observed that LDs appear larger upon the appearance of EGFP
fluorescence, most likely the result of core-mediated stimulation
of LD biogenesis. Reorganization of LDs happens after LD enlarge-
ment reproducibly over many samples (n = 49). To capture LD
movement we imaged many different cells with DIC right after
detectable levels of EGFP expression were observed (by TPF), typ-
ically �20 h after transfection (Fig. 1), and monitored LD redistri-
bution with DIC for 12 h by collecting images at regular intervals.
During these time course measurements, the lipid droplets ap-
pear to migrate from peripheral regions of the cell, slowly to-
wards the perinuclear region in a period of 7 h (Fig. 3A, Movie
S1, supporting information suggest that there is a change in
molecular motor driven movement of LDs that is initiated by
the HCV core protein, and that this change occurs sequentially
after LD biogenesis.



Fig. 1. Live-cell CARS microscopy imaging of lipid droplet size, density and redistribution in HCV core protein expressing Huh7.5 cells. A bicistronic plasmid encoding HCV
core and EFGP was transfected into Huh7.5 cells. EGFP was used as a cellular marker for expression of core. Mock samples were incubated with lipofectamine transfection
reagent without the plasmid (upper panel) and cells transfected with the bicistronic plasmid (lower panel). CAPS was used to measure LDs while TPF was used to measure
EGFP. Values on the bottom of the CARS images represent voxel analysis indicating the lipid droplet volume per cell (average of 12 samples); Scale bars, 10 lm.

Fig. 2. Live-cell CARS and DIC microscopy imaging of HCV core protein expressing
Huh7.5 cells. CARS and DIC microscopy were used to identify features that display
high differential interference contrast that are rich in lipids as determined by the
CAH resonance signal from CARS, shown as a merged image (upper panel). The
individual CARS and DIC channels are also shown (bottom panels); Scale bars,
10 lm.
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Previous studies have shown that LDs move via a microtubule-
dependant mechanism [12,36,37]. LDs also can increase in size by a
microtubule-dependent mechanism [38] or through enzymatic
loading of LDs [39]. To confirm that core gives rise to changes in
localization of LDs by affecting their movement along microtu-
bules, we repeated the experiments in the presence of nocodazole,
which interferes with the polymerization of microtubules [12].
First we examined LD movement of naïve Huh7.5 cells. Here, we
observed that LDs move rapidly and randomly without a clear de-
fined path. After 2 h of imaging, the same samples were treated
with nocodazole. After less than 30 min after treatment, the LDs
had ceased moving. These results were confirmed using CARS+TPF
microscopy using a live-cell dye for labeling microtubules where
continuous scanning (1.65 s intervals) demonstrated rapid move-
ment of LDs along microtubule networks (Fig. 3B, Fig. S2 and Movie
S2, supporting information). For experiments involving HCV core
protein expression and nocodazole treatment we observed that
the LDs increased in size due to core expression as expected but
did not move to the perinuclear region as previously observed. This
demonstrates that core directs the movement of randomly scat-
tered LDs to the perinuclear region along microtubules, to where
HCV replication complexes are known to reside [5,34].

It is well known that cargo movement along microtubules re-
quires the molecular motor proteins dynein and kinesin that both
anchor the cargo to microtubule tracks and move the cargo by tak-
ing step-wise movements [12,36,37,40]. LDs, like many organelles,
are cargo that is transported to meet cellular demands. In order to
determine the roles of the molecular motor proteins on core-med-
iated LD movement, we further investigated the distances traveled
by LDs, under time-lapsed microscopy using DIC. Quantitative
analysis was obtained via particle tracking [22–26] using pixel res-
olution of �350 nm � 350 nm. We tracked LD motion in naïve and
HCV core protein expressing Huh7.5 cells, irrespective of direction-
ality to assess how changes to the LD cargo may alter its motility. It
is possible that movement of LD cargo along microtubules may
vary according to LD size and the capacity for molecular motors
to take sizeable steps before falling off the microtubule. Consistent



Fig. 3. Live-cell CARS, TPF and DIC microscopies were used for imaging of lipid droplet size, density and redistribution in HCV core protein expressing Huh7.5 cells. A)
Migration of LDs to the perinuclear region were monitored after transfection with the bicistronic plasmid. Shown are the simultaneous TPF (upper left panel) and DIC (bottom
left panel) images. The eight images are a magnified view of the white box measuring LD redistribution towards the perinuclear region within the time points indicated. Scale
bars, 10 lm. B) Huh7.5 cells were stained with tubulin tracker. Simultaneous TPF and CARS (upper panel) and TPF and DIC (lower panel) microscopy were used to capture LD
movement along microtubules. The white box indicates the region that is subsequently shown as a magnified view containing a region of interest with a tracked LD marked
by a white arrow. The dotted line shows trajectory. Scale bars, 10 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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with previous studies, we find that both the rate and average
length of movement did not vary according to LD size in naïve
Huh7.5 cells [12,36,37]. To assess LD motion, particle tracking
was used to follow the LDs in the DIC images [22–26]. Next,
changes in pixel positions in subsequent scans, 1.65 s apart, were
used to project the LDs travel distance that were subsequently
added together over the entire scan time (Fig. 3B). Typical experi-
ments during live-cell imaging were conducted by monitoring the
changes in displacement of a single LD throughout a 4 min contin-
uous time course with the delay of 1.65 s per scan (Fig. 3B, Fig. S2,
Movies S2 and S3, supporting information). We observed that in
naïve Huh7.5 cells as well as Huh7.5 cells without the expression
of HCV core (internal control) LDs move on average 17.8 ± 0.8 lm
over the time course with an average speed of 74.4 ± 3.4 nm/s
(n = 55). By contrast, when core is expressed in these cells, the
LDs move approximately half the travel distance with an average
of 9.4 ± 1.0 lm over this time period with an average speed of
39.1 ± 4.2 nm/s (n = 51) (Fig. 4). In comparison, LD movement in
Huh7.5 cells treated with 3.3 lM nocodazole was even more ham-
pered with the average distance traveled being only 3.7 ± 0.1 lm
with an average speed of 15.5 ± 0.4 nm/s (n = 49). Taken together
these data indicate that core protein expression significantly af-
fects LD motility.

When HCV core protein is translocated to LDs it forms oligo-
mers on the LD surface and displaces LD-binding proteins such
as those of the PAT family and the adipose differentiation related
protein (ADRP) [4]. Movement of LD cargo on microtubules re-
quires that molecular motor proteins dynein and kinesin bind to
both the LD and the microtubule and that these molecular motor
proteins are functional so that transport can take place
[12,36,37]. Interactions of the core protein with the LD surface
[41–43], as well as other LD-binding proteins, likely modulate
the ability of dynein and kinesin to function as motor proteins. It
is likely then that this change in molecular environment at the sur-
face changes the docking environment of the LD cargo with the
microtubules and gives rise to differences in speed and overall dis-
tance traveled for the LD cargo.

Previously, McLauchlan and coworkers hypothesized that corre-
lated core-dependant LD movement may be the result of an imbal-
ance of dynein and kinesin motors that facilitate retrograde



Fig. 4. Particle tracking data shows changes in speed and distance travelled by lipid droplets induced by the HCV core protein. Particle tracking of LDs was conducted using
ImageJ software in Huh7.5 cells and Huh7.5 cells expressing the HCV core protein. LD movement in core expressing cells (green data points, n=51) and naïve Huh7.5 cells
(blue data points, n=55) was assessed by measuring the average travel distance as a function of time (A) Particle tracking data were also plotted by using bins to represent the
speed of individual LDs in naïve (B) and HCV core expressing (C) Huh7.5 cells. The binned data are for different speed increments and are expressed as a percentage relative to
the sample size.
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transport, possibly migrating towards the microtubule organizing
center (MTOC) [4,12]. The speed measurements here show a de-
crease in molecular motor activity when the HCV core protein is
expressed and binds to LDs. Since LDs are likely undergoing core-
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dependent retrograde transport, preferential molecular motor
activity of dynein over kinesin is likely to be taking place. There
are a number of possibilities for how this could occur, however,
the fact that we observe a significant decrease in the distance trav-
eled and the speed of the LDs suggests that core is significantly
reducing or eliminating the kinesin motor activity on LDs. Core
may accomplish this by displacing kinesin proteins from the sur-
face of the LDs or it may simply deactivate the kinesin through pro-
tein–protein interactions, via an allosteric mechanism. Displacing
kinesin might allow for more dynein motor activity, however,
our observations show that core likely eliminates half the motor
protein activity, resulting in directed motion of LDs towards the
perinuclear region.

4. Conclusions

In summary, we have developed a new method for particle
tracking of LDs that combines DIC, TPF, and CARS microscopies. Re-
sults from imaging and particle tracking studies provide evidence
that the HCV core protein controls the directionality and speed of
LD movement as part of a critical step in the viral lifecycle. The
substantial decrease in speed of LD movements on microtubules
is likely the result of the blocking of kinesin motor protein activity.
This represents a highly novel mechanism for simultaneous viral
protein and host-cell organelle translocation to sites where viral
particle assembly is known to take place. The core-mediated trans-
location of LDs also represents a novel host-HCV interaction for
therapeutic intervention.
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