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Abstract

Liver X receptors (LXRs) are determinants of hepatic stellate cell (HSC) activation and liver 

fibrosis. Freshly isolated HSCs from Lxrαβ−/− mice have increased lipid droplet (LD) size but the 

functional consequences of this are unknown. Our aim was to determine whether LXRs link 

cholesterol to retinoid storage in HSCs and how this impacts activation. Primary HSCs from 

Lxrαβ−/− and wild-type (WT) mice were profiled by gene array during in vitro activation. Lipid 

content was quantified by HPLC and mass spectroscopy. Primary HSCs were treated with nuclear 

receptor ligands, transfected with siRNA and plasmid constructs, and analyzed by 

immunocytochemistry. Lxrαβ−/− HSCs have increased cholesterol and retinyl esters (CEs & REs). 

The retinoid increase drives intrinsic retinoic acid receptor (RAR) signaling and activation occurs 

more rapidly in Lxrαβ−/− HSCs. We identify Rab18 as a novel retinoic acid responsive, lipid 

droplet associated protein that helps mediate stellate cell activation. Rab18 mRNA, protein, and 

membrane insertion increase during activation. Both Rab18 GTPase activity and isoprenylation 

are required for stellate cell lipid droplet loss and induction of activation markers. These 

phenomena are accelerated in the Lxrαβ−/− HSCs, where there is greater retinoic acid flux. 

Conversely, Rab18 knockdown retards lipid droplet loss in culture and blocks activation, just like 

the functional mutants. Rab18 is also induced with acute liver injury in vivo.

Conclusion—Retinoid and cholesterol metabolism are linked in stellate cells by the LD 

associated protein, Rab18. Retinoid overload helps explain the pro-fibrotic phenotype of Lxrαβ−/− 

mice and we establish a pivotal role for Rab18 GTPase activity and membrane insertion in wild-

type stellate cell activation. Interference with Rab18 may have significant therapeutic benefit in 

ameliorating liver fibrosis.

Keywords

Liver fibrosis; Retinoic acid receptor; retinyl esters; cholesterol metabolism; stellate cell activation

CONTACT INFORMATION: Simon W. Beaven, Division of Digestive Diseases & Pfleger Liver Institute, David Geffen School of 
Medicine at UCLA, 10833 Le Conte Ave, CHS 44-144, Los Angeles, California 90095-1684, USA. Phone: (310) 825-1568, Fax (310) 
825-3133, sbeaven@mednet.ucla.edu. 

HHS Public Access
Author manuscript
Hepatology. Author manuscript; available in PMC 2016 August 01.

Published in final edited form as:
Hepatology. 2015 August ; 62(2): 615–626. doi:10.1002/hep.27645.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Liver fibrosis is a wound healing response characterized by deposition of fibrillar collagen 

and remodeling of extracellular matrix within the liver parenchyma by hepatic stellate cells 

(HSCs) (1, 2). In their ‘quiescent’ state, HSCs store the vast majority of the body’s retinoid 

(vitamin A) content in lipid droplets as REs (2, 3). During liver injury, HSCs ‘activate’ and 

up-regulate fibrotic, inflammatory, and proliferative pathways. HSC activation can be 

modeled in vitro by purifying cells and culturing them on plastic (2, 4). A phenotypic 

hallmark of HSC activation is the loss of retinoid containing LDs, but the function of 

retinoids in quiescent HSCs remains unknown (2, 3). It is also unclear whether retinoid loss 

is necessary for HSC activation. Deficiency in retinol esterification does not alter 

susceptibility to liver fibrosis (5), but retinoid overload leads to hepatic fibrosis and cirrhosis 

(6, 7).

We previously demonstrated an important role for ligand-activated LXRs in the biology of 

HSCs (8). LXRs govern whole body cholesterol homeostasis (9), and primary Lxrαβ−/− 

HSCs are pro-fibrotic and pro-inflammatory, with large LDs suggesting increased neutral 

lipid storage. We hypothesized the increased LD size might be from increased cellular 

cholesterol and find that Lxrαβ−/− HSCs have increased CE, but a surprisingly larger 

increase in RE, the storage form of vitamin A. This extra retinoid is metabolically important 

as RAR signaling is increased in Lxrαβ−/− HSCs. These cells lose their LDs more rapidly 

during in vitro activation and achieve the activated phenotype more quickly than WT cells. 

We identify the LD associated protein, Rab18, a small GTPase, as a key retinoid responsive 

mediator of this process. Rab18 is required for HSC activation, as knockdown of the protein, 

loss of its GTPase activity, or inhibition of its ability to insert into membranes blocks stellate 

cell activation. Conversely, increased expression in wild-type HSCs of either native Rab18 

or Rab18 with a constitutively active GTPase accelerates activation.

MATERIALS AND METHODS

Mouse models and primary stellate cell isolation

Six to seven month old male Lxrαβ−/− and WT mice on a pure C57/Bl6 background were 

used. Lxrαβ−/− mice were generated and characterized as previously described (8). Animals 

were housed on a 12 hour dark/light cycle with ad lib access to standard chow (LabDiet, 

PicoLab Rodent Diet 20) and water. Primary HSC isolation was carried out as previously 

detailed (8). Animal experiments were approved by the Institutional Animal Care and 

Research Advisory Committee of UCLA.

Microarray Analysis

Primary stellate cells isolated from WT and Lxrαβ−/− mice (n=12 mice per genotype) were 

cultured for 1, 2, 3, or 5 days on plastic. RNA from pooled samples was hybridized to 

Mouse Genome 430 2.0 Arrays (Affymetrix). See Supplementary Materials for details on 

the analysis.
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Lipid Analysis and Mass Spectroscopy

Details of metabolite quantification can be found in the Supporting Materials and Methods. 

Cellular retinoids and sterols were measured as previously described with minor 

modifications (10, 11).

Real-Time Quantitative PCR

RNA was extracted using RNeasy (Qiagen) and reverse transcribed using iScript (Biorad). 

SYBR green master mix (Roche) was used to amplify targets on a Roche LightCycler. qRT-

PCR results are determined by the ΔΔCt method and normalized to 36b4 gene expression. 

Primer sequences available upon request.

Statistics

All data are shown as mean ± SEM. Differences between two groups were compared with a 

2-tailed unpaired t test. Differences between multiple groups were compared by 1-way 

ANOVA with post-hoc Tukey tests (GraphPad 4.0a). *, P < .05; **, P < .01; ***, P < .001; 

NS, P > .05. Comparator groups are indicated on each Figure.

Additional Methods

Please refer to the Supplementary Materials.

RESULTS

LXR null stellate cells have more intracellular cholesterol and retinoid storage

We used HPLC coupled with tandem mass spectroscopy (LC/MS) to quantify the lipid 

content of HSCs. Mice were fed a standard chow diet containing 15 IU/kg vitamin A. There 

were no differences in food consumption that could explain differences in hepatic retinoid 

storage (12). Freshly isolated Lxrαβ−/− HSCs have increased amounts of CE and cellular 

cholesterol (Fig. 1A–B). But the dominant lipid is retinyl ester (RE), in agreement with the 

literature (13), and these cells contain twice as much RE as WT cells (Fig. 1C). The rate of 

RE hydrolysis is also accelerated in Lxrαβ−/− HSCs, implying a marked difference in 

downstream retinoic acid signaling (Fig. 1C). Whole liver samples did not show a difference 

in RE content, suggesting RE distribution is preferentially increased in HSCs rather than 

hepatocytes (Fig. 1D). Cholesterol precursors and derivatives were significantly elevated in 

Lxrαβ−/− cells at isolation and during the course of activation (Fig. 1E). Taken together, 

these data indicate that Lxrαβ−/− HSCs store proportionately more retinyl esters than 

cholesterol esters and lose this retinoid more rapidly during activation.

LXR null stellate cells have increased retinoic acid signaling

With an increased rate of retinyl ester hydrolysis we hypothesized that changes in gene 

expression drive the Lxrαβ−/− phenotype, which we analyzed with microarrays. Primary 

HSCs were purified and cultured on plastic (Fig. 2A). Hierarchical clustering shows 

remarkable differences in transcriptional profiles (Fig. 2B) with Lxrαβ−/− cells having more 

genes increasing in expression compared to the WT cells on day 2 (Fig. 2C–D). 

Intersectional analysis shows few common transcript changes in early activation but more 
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targets in common when fully activated (Supp Fig. 1A). Gene ontologies (GOs) were 

clustered into functional subsets of biological functions and representative gene numbers 

(Supp Fig. 1B). Freshly isolated WT and Lxrαβ−/− HSCs do not differ in the basal 

expression of fibrotic (Acta2 or Col1a1) or RAR target genes (Supp Fig. 2A,B), thereby 

demonstrating that later differences in these programs (Figure 2E) are initiated as culture 

activation proceeds. Known LXR target genes were significantly decreased at baseline (e.g. 

lipogenic genes) and these cells express higher levels of inflammatory markers, as expected 

(Supp Fig. 2C,D) and previously published (8, 14).

Microarray analysis and qRT-PCR confirm LXR signaling is abrogated in the knockout 

mouse and there are reciprocal early increases in fibrotic and inflammatory markers during 

culture activation (Fig. 2E, Supp Fig. 3). Interestingly, RAR target gene expression increases 

rapidly in Lxrαβ−/− HSCs (Fig. 2E,F) after retinyl esters stores diminish (Fig 1C). Genes 

responsible for retinoid storage are rapidly suppressed while those implicated in retinoid 

mobilization are increased (Fig. 2F). LXR signaling inhibits inflammatory gene expression 

(15), but whether RAR signaling can potentiate the fibrotic response of HSCs appears to be 

context dependent (6, 16, 17). RAR agonists (ATRA or AM580) induce inflammatory 

MCP-1 (Ccl2) while LXR agonists suppress it (Fig. 3A). RAR agonists also induce 

canonical fibrotic and RAR target genes in HSCs (Fig. 3B,C, Supp Fig. 4A–C). These genes 

are down regulated by the synthetic LXR agonist GW3965 but are mostly unresponsive to 

endogenous LXR ligands (Fig. 3B,C). At early points of culture activation WT HSCs are 

relatively refractory to retinoid stimulation compared to Lxrαβ−/− HSCs but gain 

responsiveness at later time points (Fig 3D). This supports a model whereby Lxrαβ−/− HSCs 

are temporally ‘frame shifted’ compared to WT HSCs (Fig 3E). ATRA induction of fibrotic 

and retinoic acid responsive genes are increased at later time points of activation in wild 

type cells (Fig. 3D). We also determined that Rarβ and Rarγ are the predominant RAR 

isotypes expressed in HSCs (Supp Fig. 4D), confirming findings from primary rat cells but 

in contrast to the reported observations in an immortalized stellate cell line (18, 19). 

Collectively, these data show that increased retinoid storage in Lxrαβ−/− HSCs leads to 

increased RAR signaling during activation.

Rab18 is a retinoid responsive protein that inserts into lipid droplet membranes during 
stellate cell activation

To investigate how Lxrαβ−/− HSCs accommodate extra lipid, we examined genes thought to 

be involved in LD structure. Plin2 (Adrp) and Plin3 (Tip47) are well-expressed in stellate 

cells (Supp Fig. 5A). But only Plin3 shows marked transcriptional changes during stellate 

cell activation (Supp Fig. 5B). More Plin2 and Plin3 protein is found in Lxrαβ−/− membrane 

fractions in early activation (Supp Fig 5C), consistent with increased lipid storage in these 

cells. The dispersion of lipid droplets is reflected in the shift, especially of Plin3, to cytosolic 

fractions (Supp Fig. 5D).

Based on transcript and protein expression analyses, we identified one lipid droplet 

associated protein, Rab18, that increases during stellate cell activation. Rab18 is a small 

GTPase whose function in mammalian biology is still unclear (20). Western blotting of 

whole cell lysates shows an induction of Rab18 protein within the first 24 hours of primary 
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stellate cell culture in both genotypes (Fig 4A). But membrane-bound levels (including those 

in LDs) rise sooner and to a greater total extent in Lxrαβ−/− HSCs compared to WT (Fig. 

4B). In fact Rab18 protein shifts from the cytoplasmic to membrane fractions in WT cells 

without changes in mRNA (Fig 4B,C). This suggests that Rab18 is normally regulated by an 

LXR-dependent post-translational mechanism in WT cells. This layer of regulation is lost in 

Lxrαβ−/− HSCs where Rab18 is controlled directly by transcriptional mechanisms (Fig 4C). 

We found endogenous Rab18 protein co-localizes specifically with neutral lipid in stellate 

cells, such that virtually all of the membrane bound fraction of Rab18 is associated with 

lipid droplets (Fig. 4D & Supp Fig. 6).

We hypothesized that Rab18 could be influenced by increased cholesterol, retinoid, or 

inflammatory signaling in HSCs. We treated primary HSCs with sterols, LXR or RAR 

agonists, or an inflammatory stimulus (LPS). Rab18 levels are typically higher in Lxrαβ−/− 

HSCs, but largely unaffected by LPS or endogenous sterols (Supp Fig. 7A,B). But through 

specific RAR signaling, ATRA and Am580 induce Rab18 at both the mRNA and protein 

levels in WT cells while LXR agonist GW3965 suppresses it (Fig. 4E and Supp Fig. 7A). 

Cycloheximide blocks ATRA induction of Rab18 and the intermediate filament Acta2, 

suggesting that these genes are indirect RAR targets (Fig. 4F). Collectively, the data show 

Rab18 is a retinoid responsive protein that increases in lipid droplet membranes during 

stellate cell activation.

Rab18 knockdown, deletion of its GTPase activity, or prevention of its membrane insertion 
all inhibit stellate cell activation

We hypothesized that Rab18 insertion into membranes would have functional consequences 

for lipid droplet loss in stellate cells and that Rab18 knockdown would inhibit HSC 

activation in culture. We therefore transfected Lxrαβ−/− HSCs in early activation with a 

Rab18 siRNA and achieved a 50% knockdown of the mRNA and protein levels (Fig. 5A). 

These cells retain LDs for more than 72 hours in culture (Fig. 5B). The retained LDs contain 

large amounts of neutral lipid (Fig. 5B) and maintained a strong autofluorescent signal (data 

not shown), suggesting retention of REs. LD retention also correlated with higher levels of 

Plin3 expression which would be required for maintaining lipid droplet structure (Fig. 5C). 

Surprisingly, Rab18 knockdown also decreased actin protein and mRNA levels (Fig. 5D). 

These data show for the first time that LD loss during HSC activation is directly tied to the 

expression of α-smooth muscle actin. Rab18 interference specifically retards other 

activation markers such as Desmin ,Timp1, Timp2, Pdgfr and Mmp2, but does not directly 

affect inflammatory genes (Supp Fig. 8).

To investigate whether Rab18 plays an important role in the activation of WT stellate cells 

we made plasmids expressing native Rab18 or mutations with a dominantly inactive ‘off’ 

GTPase (S22N), constitutively active ‘on’ GTPase (Q67L), or isoprenylation deficiency 

such that Rab18 cannot be inserted into lipid membranes (C203A). In primary WT stellate 

cells, overexpressing Rab18 S22N or Rab18 C203A suppressed activation markers (Acta2, 

Col1a1) and the intracellular retinol trafficking protein Crbp1 to below basal levels (Fig 

5E). These mutants also increased levels of Plin3 (Fig 5E). Overexpressing native Rab18 

has the opposite effect, and importantly, the Rab18 Q67L mutant shows further gain-of-
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function over native Rab18 (Fig 5E). These mutants also demonstrate marked phenotypic 

effects as the Rab18 S22N and Rab18 C203A mutants lead to marked retention of neutral 

lipid up to five days in primary culture (Fig 5F), a time point when WT cells have normally 

lost all their lipid content. In these experiments, equivalent levels of transfected constructs 

were achieved (Supp Fig 7C). These data collectively demonstrate that Rab18, with its 

GTPase and capacity for isoprenylation is a critical mediator of lipid droplet loss in stellate 

cells and acquisition of the fibroblastic phenotype.

Regulation of RAB18 in immortalized human hepatic stellate cells

To determine whether RAB18 has a role in lipid droplet regulation in human HSCs, we lipid 

loaded LX-2 cells as previously described (21). These cells have an increase in the number 

of lipid droplets as shown by neutral lipid BODIPY staining and this lipid is lost by 

stimulation with ATRA or LPS (Fig. 6A). There is an increase in PLIN2 and PLIN3 as the 

LX-2 cells developed mature LDs (Fig. 6B), as expected (22). Perilipin expression also 

increases with the addition of larger amounts of lipid (Fig. 6B). We used the same ratio of 

REs to CEs found in primary murine stellate cells to co-load LX-2 cells (REs 50.6 µg/1×106 

cells; CEs 0.2 µg /1×106 cells; Fig. 1A,C). In the presence of cholesterol and retinyl 

palmitate (RP) there is no increase in RAB18 unless the cells are also exposed to ATRA 

(Fig. 6C). Notably, loading with RP, and not oleate alone, robustly induces RAB18 protein 

(Fig. 6D). These data indicate that human HSCs, even activated ones, retain a memory of 

their LD storage phenotype and can distinguish between lipids (RE, CE, or oleate) when re-

loaded. These data also show that RAB18 is ATRA-responsive in human cells. 

Overexpressing native human RAB18 or its GTPase and isoprenylation mutants in LX-2 

cells has the same transcriptional effects on fibrotic markers, retinoid signaling, and lipid 

droplet structure that we saw in WT primary murine cells (Fig. 6E).

Rab18 is induced with acute liver injury

To determine whether Rab18 was specifically regulated in vivo, we employed an acute liver 

injury model. We injected wild-type mice (identical age and weight) with a single dose of 

carbon tetrachloride (Fig. 7A). Eight or forty-eight hours later the livers were harvested and 

Rab18 expression was measured. Rab18 was increased at eight hours post injection (Fig. 

7A). Furthermore, at forty-eight hours, we demonstrate increases of α-smooth muscle actin 

(Acta2) and collagen (Col1a1) (Fig. 7A). The cellular retinol binding protein (Crbp1) is also 

increased (Fig. 7A), which is known to be important for intracellular trafficking of 

unesterified retinoid. Importantly, the induction of Rab18 precedes that of the fibrotic 

markers.

DISCUSSION

LXRs integrate metabolic and inflammatory functions including cholesterol trafficking, 

lipogenesis, and suppression of inflammation (12, 14, 23, 24). We previously showed that 

LXRs have anti-inflammatory and anti-fibrotic effects in HSCs and Lxrαβ−/− mice were 

more susceptible to developing both acute and chronic liver injury (8). These effects were 

due to an intrinsic property of the stellate cells, which also had notably larger lipid droplets 

in LXR null animals. Here we show there is a disproportionate increase of retinoid relative 
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to cholesterol specifically in Lxrαβ−/− HSCs (Fig. 1A–C), with no change in whole liver 

retinoid content (Fig. 1D). LXRs therefore regulate whole body retinoid storage selectively 

at the level of the HSC. Since dietary cholesterol and retinoids delivered to hepatocytes enter 

divergent trafficking and metabolic pathways, the regulation of retinoid storage by LXRs is 

an unexpected discovery.

Our data demonstrate that increased retinoid content in quiescent stellate cells potentiates 

them for more rapid activation because of the capacity to mobilize a larger flux of retinoic 

acid (ATRA). Retinoid-rich Lxrαβ−/− HSCs reach maximal myofibroblastic gene expression 

before WT cells (Supp Fig. 3), and are therefore ‘frame-shifted’ towards quicker activation 

(Fig. 3E). Increased RAR signaling drives this (Fig. 2E,F), and the increased HSC retinoid is 

pro-fibrotic, which has been observed in humans (7, 25) and correlates with increased 

fibrosis in Lxrαβ−/− animals (8).

We identify Rab18 as an important mediator of lipid droplet loss and acquisition of the 

fibroblastic phenotype in both WT and Lxrαβ−/− HSCs (Figs. 4–6). Whether Rab18 

physically interacts with retinoids remains to be determined, but rare human mutations of 

RAB18 cause dysfunctional retinoid metabolism leading to progressive blindness (26, 27). 

Rab18 was recently shown to bind cholesterol in a proteomic screen for cholesterol 

interacting proteins (28). The interacting partners of Rab18 at the LD surface are unknown 

and how Rab18 promotes RE or CE hydrolysis remains to be determined.

Increases in membrane-inserted Rab18 precede lipid droplet loss and acquisition of the 

fibroblastic phenotype in both WT and Lxrαβ−/− HSCs (Figs. 4–5). But the timing of 

retinoid responsiveness of these cells is different (Fig. 3D, 4C), suggesting that LXRs 

normally dampen RAR signaling in stellate cells. A role for Rab18 in lipid droplet loss is 

shown by siRNA knockdown which causes retention of stellate cell lipid droplets and 

inhibits markers of activation (Fig. 5B & Supp Fig. 8). Furthermore, modulation of either 

the GTPase activity or insertion into droplet membranes inhibits the phenotypic progression 

of HSC activation (Fig. 5E,F). ATRA treatment induces Rab18, promoting LD loss and the 

activated, myofibroblastic state (Fig. 4, 6). We firmly establish an important role for the 

GTPase activity and cellular localization of Rab18 in WT cells (Figs. 5E,F; 6E). This is the 

first study demonstrating that blocking lipid droplet loss slows primary HSC activation in 

culture. Future studies will focus on Rab18 as the fulcrum between retinoid and cholesterol 

metabolism as modulation of Rab18 expression, its GTPase activity, and its intracellular 

localization could all impact fibrosis.

We propose an ATRA-based positive feedback model (Fig. 7B) where liver injury triggers 

insertion of Rab18 into stellate cell lipid droplet membranes. This scaffold at the droplet 

surface promotes hydrolysis and trafficking of lipid to endosomes or other compartments. 

As retinyl ester hydrolysis proceeds, more ATRA is formed, with increased RAR signaling 

in the nucleus. Since Lxrαβ−/− HSCs have increased starting retinoid content, they have 

higher basal levels of ATRA and downstream RAR signaling, and experience earlier 

induction of Rab18 to potentiate lipid droplet loss and more rapid acquisition of the 

activated phenotype. This is seen both in the culture activation model (Figure 4) and 

suggested by the induction of Rab18 before fibrotic markers in vivo (Figure 7A). The idea 
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that Rab-GTPases mediate lipid interactions with endosomes has been suggested and 

demonstrated by other investigators (29). In this context, Rab18 is the relevant Rab-GTPase 

for stellate cells as it dynamically modulates both lipid droplet size and cellular activation. 

Interference with Rab18 may therefore have significant therapeutic benefit in ameliorating 

liver fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LXR liver X receptor

HSC hepatic stellate cell
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RE retinyl ester(s)

RAR retinoic acid receptor

ATRA all-trans retinoic acid
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Figure 1. LXR null hepatic stellate cells have increased retinyl ester stores and retinoic acid 
signaling
Primary HSCs were isolated from WT and Lxrαβ−/− mice and cultured on plastic for 1–5 

days. (A–C) Measurements of CEs, cellular cholesterol and REs; N=8–10 mice/genotype. 

(D) Measurements of REs from whole liver samples. N=5 mice/genotype. (E) LC/MS 

analysis of sterol species. N=8–10 mice/genotype. All data are mean ± SEM, analyzed on 

matched days by two-tailed t test (A–D) or 1-way ANOVA (E) with post-hoc tests: *, P < .

05; **, P < .01; ***, P < .001; NS, P > .05.
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Figure 2. Gene array analysis of activating hepatic stellate cells
Primary HSCs from WT and Lxrαβ−/− mice (N=12 mice/genotype) were cultured on plastic. 

(A) Schematic of the work-flow. (B) Hierarchical clustering analysis of array data. K-means 

analysis is shown. (C–D) Total transcripts increasing (red) or decreasing (blue) by >2× 

difference. (E) Heat map of LXR, RAR, fibrotic, and inflammatory genes in primary HSCs 

after one day of culture activation. (F) Validation of RAR responsive genes by qRT-PCR 

from the array. Data are normalized to 36b4 expression and day 1 WT. Fold changes are 
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mean ± SEM and differences between multiple groups compared by 1-way ANOVA with 

post-hoc tests: *, P < .05; **, P < .01; ***, P < .001.
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Figure 3. Retinoic acid has a pro-inflammatory and pro-fibrotic effect on activating hepatic 
stellate cells
Gene expression of inflammatory (A) and fibrotic (B–C) gene expression in HSCs on day 2 

of culture activation exposed to LPS (1 ng/mL), ATRA (100 nM), AM580 (100 nM), 

GW3965 (1 µM), or indicated cholesterol intermediates (100 µg/mL). N=3–5 mice/

genotype. (D) WT stellate cells become more responsive to ATRA, as measured by the 

expression of fibrotic and RAR target genes, as culture activation progresses (day 2 in 

culture versus day 5). (E) Lxrαβ−/− stellate cells are ‘frame shifted’ in regards to the timing 

O’Mahony et al. Page 14

Hepatology. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of fibrotic gene expression. They do not express higher absolute levels of these genes, but 

reach maximal expression sooner than WT cells. All data are mean ± SEM, analyzed by 1-

way ANOVA with post-hoc tests. *, P < .05; **, P < .01; ***, P < .001; NS, P > .05.
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Figure 4. Identification of Rab18, a retinoid responsive lipid droplet associated protein
(A) Rab18 protein expression by immunoblotting from total cell lysates and corresponding 

band densitometry in the first 24 hours of primary stellate cell culture activation. (B) 
Immunoblot analysis of Rab18 in HSC membrane and cytosolic fractions showing a shift 

from cytoplasm to membrane inserted Rab18 as activation proceeds in wild type stellate 

cells. (C) Rab18 gene expression in culture activated primary HSCs and compared to white 

adipose tissue (N=12 mice/genotype). (D) Immunofluorescence microscopy demonstrates 

Rab18 localization to LD surfaces. BODIPY (green), Rab18 (red), Nomarski DIC imaging, 
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and the merged image bottom right; magnification 63×. (E) Rab18 mRNA and protein 

expression in day 2 culture activated primary WT HSCs treated with ATRA (100 nM), 

AM580 (100 nM), or GW3965 (1 µM). (F) Cycloheximide (10 µM) abrogates ATRA-

induced Rab18 expression. All data are mean ± SEM, analyzed by 1-way ANOVA with 

post-hoc tests: *, P < .05; **, P < .01; ***, P < .001; NS, P > .05.
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Figure 5. Rab18 knockdown retards lipid droplet loss and induction of α-smooth muscle actin
Primary HSCs were transfected on day 2 of culture activation with a Rab18 siRNA or 

scrambled control. (A) Gene and protein expression from whole cell lysates following 24 

hours of Rab18 knockdown. (B) Immunofluorescence microscopy shows retention of neutral 

LDs (BODIPY, green). Nuclei are blue (DAPI), magnification 63×. Quantitation of lipid 

droplet surface area using densitometry (36 cells represented) is shown at right. (C) Plin3 

gene and protein expression after Rab18 knockdown. (D) Immunofluorescence microscopy 

of α-smooth muscle actin (anti-actin, green; nuclei, blue (DAPI); magnification 10×) and 
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gene expression following Rab18 knockdown. (E) Gene expression of Acta2, Crbp1 and 

Plin3 following overexpression of native Rab18, GTPase (S22N – “off”; C67L – “on”), or 

isoprenylation (C203A) mutants. (F) Lipid retention in wild type stellate cells on day 5 of 

primary cell culture by Oil red O staining occurs when either Rab18 GTPase activity is 

quenched (S22N) or Rab 18 membrane insertion is abrogated (C203A). Quantification by 

total pixel counts is shown at right. N=3–5 mice/genotype. All data are mean ± SEM, 

analyzed by 1-way ANOVA with post-hoc tests: *, P < .05; **, P < .01; ***, P < .001; NS, 

P > .05.
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Figure 6. Regulation of RAB18 in an immortalized human stellate cell line
(A) PLIN3 gene expression and fluorescence microscopy of neutral lipid storage (BODIPY, 

green) in LX-2 cells, oleate-loaded and treated with LPS (1 ng/mL) or ATRA (100 nM). 

Magnification 200×. (B) PLIN2 and PLIN3 protein expression in LX-2 cells reloaded with 

combinations of oleate (100 µM), cholesterol (0.2 µg) or retinyl palmitate (RP) (50.6 µg)). 

(C) Gene expression of RAB18 in lipid loaded LX-2s treated with ATRA (100 nM). (D) 
Protein expression of RAB18 in lipid loaded cells treated with or without ATRA. Changes 

quantified by densitometry. (E) Overexpression of RAB18 mutants (S22N, Q67L, C203A) 
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in LX-2 cells coordinately alters expression of fibrotic (ACTA2), retinoid (RARβ) and lipid 

droplet (PLIN3) genes. All data are mean ± SEM, analyzed by 1-way ANOVA with post-

hoc tests: *, P < .05; **, P < .01; ***, P < .001; NS, P > .05.
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Figure 7. Rab18 is specifically induced in vivo after acute liver injury in LXR null mice
Wild-type mice were treated with a single dose of carbon tetrachloride: 5 microliters/gram 

of 10% CCl4 in sterile olive oil injected intraperitoneally, for 8–48 hours. (A) Rab18 mRNA 

is induced in WT livers eight hours after acute injury. Fibrotic (Acta2 and Col1a1) and 

retinoid trafficking genes (Crbp1)are also increased, but Rab18 induction precedes these 

genes. All data are mean ± SEM, analyzed by two-tailed t tests: *, P < .05; **, P < .01; ***, 

P < .001; NS, P > .05. (B) ATRA-dependent regulation of Rab18. Stellate cell activation 

begins in response to external cell injury/insult (1). This leads to pre-existing Rab18 
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insertion into lipid droplet membranes (2) with subsequent lipid hydrolysis (3). A positive 

feedback loop is established as progressive hydrolysis of retinyl esters produces more 

ATRA and ATRA signaling (4), thereby inducing more Rab18 and lipid droplet loss (5). In 

WT mice, LXRs dampen this ATRA-dependent Rab18 response (*). Higher basal levels of 

retinyl esters in Lxrαβ−/− HSCs amplify the Rab18 response throughout this cycle. Rab18 

expression is attenuated when lipid droplets are fully lost, ending the cycle. Knockdown of 

Rab18 by siRNA or expression of Rab18 mutants causes retention of auto-fluorescent lipid 

droplets (** and Fig. 5B,F), indicating a block on retinoid loss from the droplet. This 

correlates with diminished expression of actin and other markers of stellate cell activation. 

Abbreviations: TG = triglycerides, CE = cholesterol esters, RE = retinyl esters.
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