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Alcohol-Induced Liver Injury: Down-
regulation and Redistribution of Rab3D 
Results in Atypical Protein Trafficking
Carol A. Casey ,1,2 Amanda J. Macke ,3 Ryan R. Gough,1-3 Artem N. Pachikov ,3,4 Mary E. Morris ,3 
Paul G. Thomes ,1,2 Jacy L. Kubik,1,2 Melissa S. Holzapfel,5 and Armen Petrosyan 3,4

Previous work from our laboratories has identified multiple defects in endocytosis, protein trafficking, and secretion, 
along with altered Golgi function after alcohol administration. Manifestation of alcohol-associated liver disease (ALD) 
is associated with an aberrant function of several hepatic proteins, including asialoglycoprotein receptor (ASGP-R), 
their atypical distribution at the plasma membrane (PM), and secretion of their abnormally glycosylated forms into 
the bloodstream, but trafficking mechanism is unknown. Here we report that a small GTPase, Rab3D, known to be 
involved in exocytosis, secretion, and vesicle trafficking, shows ethanol (EtOH)–impaired function, which plays an im-
portant role in Golgi disorganization. We used multiple approaches and cellular/animal models of ALD, along with 
Rab3D knockout (KO) mice and human tissue from patients with ALD. We found that Rab3D resides primarily in 
trans- and cis-faces of Golgi; however, EtOH treatment results in Rab3D redistribution from trans-Golgi to cis-medial-
Golgi. Cells lacking Rab3D demonstrate enlargement of Golgi, especially its distal compartments. We identified that 
Rab3D is required for coat protein I (COPI) vesiculation in Golgi, and conversely, COPI is critical for intra-Golgi 
distribution of Rab3D. Rab3D/COPI association was altered not only in the liver of patients with ALD but also in 
the donors consuming alcohol without steatosis. In Rab3D KO mice, hepatocytes experience endoplasmic reticulum 
(ER) stress, and EtOH administration activates apoptosis. Notably, in these cells, ASGP-R, despite incomplete gly-
cosylation, can still reach cell surface through ER-PM junctions. This mimics the effects seen with EtOH-induced 
liver injury. Conclusion: We revealed that down-regulation of Rab3D contributes significantly to EtOH-induced Golgi 
disorganization, and abnormally glycosylated ASGP-R is excreted through ER-PM connections, bypassing canonical 
(ER→Golgi→PM) anterograde transportation. This suggests that ER-PM sites may be a therapeutic target for ALD. 
(Hepatology Communications 2022;6:374-388).

The clinical-histologic spectrum of alcohol-
associated liver disease (ALD) includes fatty 
liver, alcoholic steatohepatitis, and cirrhosis. 

Additionally, steatosis is associated with impaired 
trafficking of hepatic proteins and their abnormal 
posttranslational modification.(1) Although ethanol 

(EtOH)–induced Golgi disorganization in hepato-
cytes is a well-known phenomenon, in recent years, 
studies from Petrosyan’s laboratory have shown that 
this process is initiated by dysfunction of SAR1A 
GTPase followed by altered coat protein II (COPII) 
vesicle formation and impaired dimerization of the 
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key Golgi matrix protein giantin.(2) The latter cir-
cumstance blocks the fusion of the Golgi membranes, 
thus preventing its biogenesis and inhibiting trans-
Golgi-to-PM trafficking. This, in turn, leads to the 
initial events in the development of ALD: retention of 
newly synthesized proteins in the Golgi, hypertrophy, 
and ballooning of hepatocytes.(2)

In the liver, the function of Rab GTPases is crit-
ical for the secretion of proteins and lipids to both 
apical and basolateral plasma membrane (PM). We 
and others have recently shown that different hepatic 
Rab proteins, including Rab18, Rab32 and Rab7, are 
required to form lipid droplets and for lipophagy.(3-6) 
In the mouse liver, Rab5 appears to be essential for 
endosome biogenesis,(7) and in Hep3B hepatoma cells, 
Rab32 regulates lysosomal mammalian target of rapa-
mycin trafficking.(8) Of the 70 human Rab GTPases, 
20 proteins show localization in the Golgi appara-
tus,(9) and five proteins (Rab1, Rab6a, Rab18, Rab30, 
and Rab41) are required for compact and perinuclear 
Golgi.(8,10-12) Recently, we detected the opposite func-
tion of Rab6a in ethanol (EtOH)–treated hepatocytes. 
On the one hand, Rab6a recruits motor protein non-
muscle myosin IIA (NMIIA) to force EtOH-induced 
Golgi disorganization(13); on the other, Rab6a assists 
giantin dimerization required for post-ER stress or 
post-alcohol Golgi recovery.(14,15)

A variety of independent studies have shown that 
Rab3D localizes in cytoplasm and Golgi; specifically, 

in rat intestinal goblet cells and in rat hepatocytes, 
Rab3D resides in cis-compartments and trans-
compartments of Golgi and in close vicinity to the 
COPI vesicles.(16,17) Growing evidence indicates that 
the function of Rab3D is strongly linked to exocy-
tosis. This GTPase may translocate from the cyto-
plasm to the trans-Golgi vesicles during the secretion 
of proteins, but is not associated with late endoso-
mal or lysosomal compartments.(18,19) Additionally, 
Rab3D was detected in vesicles with the polymeric 
immunoglobulin A (IgA) receptor, suggesting that 
Rab3D may regulate transcytosis.(20) Moreover, in the 
trans-Golgi, Rab3D is essential for secretory granule 
maturation and size maintenance.(21,22) Furthermore, 
the function of Rab3D is tightly linked to the acto-
myosin system in PC12 cells (rat pheochromocytoma 
12 cells), alveolar epithelial cells, and osteoclasts, sug-
gesting that Rab3D may interact with various motor 
proteins, tethering them to the Golgi.(23-25) Despite 
unequivocal evidence of close relationships between 
Rab3D and Golgi, the precise role of this link in liver 
function is still unknown. Our study aims to fill this 
knowledge gap.

To examine the effect of Rab3D on hepatic protein 
trafficking, we have used the hepatic asialoglycoprotein 
receptor (ASGP-R). The function of ASGP-R is to 
remove asialoglycoproteins containing terminal galac-
tose or N-acetylgalactosamine from circulation.(26) 
ASGP-R is synthesized in the rough endoplasmic 
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reticulum (ER), transported to the Golgi, and finally 
targeted to the plasma membrane (PM). Following 
ligand binding, ASGP-R is endocytosed and delivered 
to early endosomes. The ligand-ASGP-R complex is 
then transported to recycling endosomes, where they 
dissociate. Then, the ligand is transferred to the lyso-
some for degradation, and unoccupied ASGP-Rs are 
either returned to the cell surface or degraded. We 
have had a long-standing interest in endocytosis by 
ASGP-R and identified multiple EtOH-induced 
alterations, including impaired receptor recycling 
and protein assembly into the PM.(2,27,28) We found 
that, in addition to altering endocytosis and causing 
Golgi disorganization, EtOH impairs ASGP-R traf-
ficking within the Golgi. This results in incomplete 
glycosylation of ASGP-R and is due to retardation 
of intra-Golgi trafficking and redistribution of some 
critical Golgi resident enzymes to the ER.(29,30)

Typically, ASGP-R is expressed on the sinusoi-
dal membrane of hepatocytes; however, in patients 
with cirrhosis, the receptor is also redistributed to 
the apical surface(31) and potentially secreted into 
the bloodstream as a soluble variant of ASGP-R 
(s-ASGP-R).(32) Importantly, s-ASGP-Rs binds to 
the surface of erythrocytes, causing dose-dependent 
agglutination and hemolysis, especially in patients 
with blood group A1. This is indicative of an unfa-
vorable prognosis, but the mechanism of ASGP-R 
secretion is enigmatic. In addition, defective ASGP-R 
and its deficiency at the PM have apparent effects on 
several physiological processes, including decreased 
clearance of apoptotic bodies, increased inflammation 
in the liver due to activation of nonparenchymal cells 
(Kupffer cells), and potential involvement in alcohol-
increased liver metastases from colorectal cancer.(33-35) 
In this study we showed that in animal and human 
models of ALD, alcohol-induced down-regulation of 
Rab3D and Golgi remodeling plays a critical role in 
abnormal distribution of ASGP-R.

Animals and Methods
VA-13 cells (mouse ADH1-transfected HepG2 

cells) were obtained from Dr. Dahn Clemens 
(Nebraska Western Iowa Health Care System).(36) For 
EtOH-treated cells, regular culture media was removed 
24 hours after seeding (at ~75% confluency), and cul-
ture media was supplemented with 35  mM EtOH 

for an additional 96 hours. The culture medium was 
changed every 12  hours to hold the EtOH concen-
tration constant. Control cells were seeded, and media 
was changed on the same schedule as the EtOH cells, 
and an appropriate volume of medium was supple-
mented to these cells to balance the caloric content 
of the EtOH. WIF-B cells were obtained from Dr. 
Pamela Tuma (The Catholic University of America, 
Washington, DC) and were grown at 37°C in F-12 
media containing 3.5% heat-inactivated Fetalplex in a 
7% CO2 atmosphere as described previously.(37) Cells 
were seeded on sterilized glass coverslips or directly in 
tissue culture dishes and cultured for 6 days to obtain 
a maximal-polarized phenotype before EtOH treat-
ment (50  mM). Primary rat and mice hepatocytes 
from control and EtOH-fed animals were prepared 
from the C57BLl6 mice ( Jackson Laboratory, Bar 
Harbor, ME) and male Wistar rats (Charles River 
Laboratories, Wilmington, MA). Rab3D KO mice are 
available to us from Dr. Jahn Reinhard (Max Planck 
Institute for Biophysical Chemistry, Göttingen, 
Germany).(21) We generated homozygous mice by 
crossing Rab3D KO/WT heterozygous mice at the 
University of Nebraska Medical Center (UNMC). 
All animals were initially fed a basic Purina chow diet 
while acclimating to the surroundings during the first 
3 days. The animals were then paired by weight and 
split into the control-fed or EtOH-fed groups and 
maintained for 5-8  weeks. The EtOH-containing 
Lieber-DeCarli diet consisted of 35% fat, 18% pro-
tein, 11% carbohydrates, and 36% EtOH (Dyets Inc., 
Bethlehem, PA). The control diet was identical to the 
EtOH diet except for the isocaloric substitution of 
carbohydrates in the place of the EtOH. This pro-
tocol was approved by the Institutional Animal Care 
and Use Committee of the Department of Veterans 
Affairs, Nebraska Western Iowa Health Care System, 
and UNMC. A modified collagenase perfusion tech-
nique was used to isolate hepatocytes from the livers 
of control and EtOH-fed rats used and described pre-
viously by the Casey laboratory.(28)

The details of other methods and materials are 
described in the Supporting Information. These 
include antibodies and reagents; small interfering 
RNA (siRNA) transfection; immunohistochemistry 
(IHC); confocal immunofluorescence (IF) micros-
copy; three-dimensional (3D) structured illumination 
microscopy and image analysis; plasma membrane 
isolation, endoglycosidase H (Endo H), and sialidase 
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digestion; isolation of microsomal fraction; proteom-
ics analysis of electrophoretically separated proteins; 
in situ proximity ligation assay; patient-derived tissue 
samples; and quantification and statistical analysis.

Results
DOWN-REGULATION OF Rab3D IS 
ASSOCIATED WITH ALTERATION 
OF GOLGI MORPHOLOGY

Previously, in EtOH-fed rats, we found a signifi-
cantly decreased total liver content of Rab3D and 
reduced expression of Rab3D mRNA.(4,38) To eval-
uate this observation in other hepatocyte systems, 
we measured the expression of Rab3D in VA-13 
and WIF-B cells, the widely used cellular models of 
ALD.(36,37) In both cells, EtOH treatment reduced 
the content of Rab3D (Fig. 1A,B). Importantly, 
Rab3D demonstrated an intense perinuclear local-
ization, and EtOH-induced Golgi disorganization(2) 
was associated with an apparent reduction in its IF 
intensity (Fig. 1C,D). Contrary to Rab3D, other 
Rab3 isomers (A, B, and C) were detected in both 
Golgi and cytoplasm, and their protein level did not 
change significantly in either EtOH-treated VA-13 
cells or hepatocytes from alcohol-fed rats (Supporting 
Fig. S1A-C). To validate that Rab3D reduction is 
associated with an alcohol-induced liver injury, we 
performed Rab3D IHC on the liver tissue samples 
obtained from donors with and without a history of 
alcohol use and patients with alcoholic steatohepati-
tis (ASH) (Supporting Table S1). No difference was 
present in the intensity of Rab3D between the donor 
groups; however, a robust decrease of Rab3D IHC 
signal was detected in patients with ASH compared 
with either group of donors (Fig. 1E,F). Next, we 
found that the level of Rab3D was also reduced in 
the liver tissue lysate samples obtained from patients 
with alcohol-associated cirrhosis compared with the 
representatives from non-alcohol-associated donors 
(Fig. 1G,H). We believe that these data are import-
ant from the clinical point of view: The decrease in 
the Rab3D could serve as a prognostic factor for the 
manifestation of ALD.

It has been shown that several Rab proteins are 
critical for the maintenance of compact Golgi.(10-12) 
Therefore, we examined whether the lack of Rab3D 

may affect the structural organization of Golgi. In 
VA-13 cells, siRNA-mediated knockdown (KD) of 
Rab3D does not change the expression of other Rab3 
GTPases, indicating that the compensatory mecha-
nisms for the composition of Rab3 isoforms do not 
occur when Rab3D is decreased (Fig. 2A,B). However, 
we noticed that depletion of Rab3D changes the orga-
nization of trans-Golgi, resulting in enlarged Golgi 
(Fig. 2C,D). This was further confirmed by transmis-
sion electron microscopy (EM), showing that Rab3D 
KD causes enlargement of Golgi cisternal mem-
branes counted based on their average luminal width 
(Fig. 2E,F for Kolmogorov–Smirnov plots (Fig 2G). 
Similarly, no significant changes in expression of the 
other three Rab3 isoforms were observed in hepato-
cytes from Rab3D knockout (KO) mice (Fig. 2H,I), 
and the morphology of Golgi in Rab3D KO hepato-
cytes appeared enlarged compared with the wild type 
(WT) (Fig. 2J). Quantification of the Golgi area indi-
cates that Rab3D maintains normal Golgi morphol-
ogy (Fig. 2K).

To examine the precise intra-Golgi distribution of 
Rab3D, we used the structured illumination superreso-
lution microscopy (SIM), which allowed us to achieve 
two-color 3D imaging at about 110-nm resolution. IF 
data were analyzed by Pearson’s colocalization coeffi-
cient to quantify the association of Rab3D with dif-
ferent Golgi markers: TGN46 (trans-Golgi), giantin 
(medial-Golgi), and GM130 (cis-Golgi). In control 
WIF-B cells and rat hepatocytes, Rab3D predomi-
nantly colocalized with TGN46 rather than giantin 
or GM130, suggesting that Rab3D resides primarily 
within trans-Golgi (Fig. 3A-G, left panels). However, 
in EtOH-treated WIF-B cells and hepatocytes from 
alcohol-fed rats, Rab3D predominantly colocalized 
with GM130 and giantin, suggesting a shift of Rab3D 
residence to cis-medial-Golgi (Fig.  3A-G, right pan-
els). Thus, we concluded that EtOH-induced Golgi 
disorganization(2) was associated with impaired intra-
Golgi trafficking of Rab3D.

Rab3D AND COPI ARE 
INTERCONNECTED

Previously, we found that EtOH blocks activation of 
Arf1 (ADP-ribosylation factor 1), a key small GTPase 
that initiates COPI vesicle formation in Golgi; subse-
quent down-regulation of COPI results in redistribu-
tion of key Golgi-resident N-glycosylation enzymes 
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and abnormal glycosylation of ASGP-R.(39) The data 
presented leads us to assume that trafficking and distri-
bution of Rab3D in Golgi membranes are mediated by 
COPI vesicles. To check this possibility, we performed 
a mass-spectrometric proteomic analysis of the strong 
protein bands eluted from sodium dodecyl sulfate–
polyacrylamide gel electrophoresis of immunoprecipi-
tated Rab3D (Fig. 4A). Among other Golgi-associated 
proteins, trans-Golgi golgin p230/golgin-245, cyto-
keratin 1, and NMIIB, we detected COPI subunit 

β-COP. To evaluate the physical closeness of Rab3D 
and COPI in VA-13 cells, we performed a quantita-
tive in situ proximity ligation assay (PLA), which can 
detect protein–protein interaction by the visualization of 
red fluorescence emanating from the proximity (below 
40  nm) of these two proteins. During growth, VA-
13 cells form cluster-like colonies. So, we performed 
Z-stacks scanning for a more accurate count followed 
by 3D rendering with PLA spots reconstruction (for 
details, see the Supporting Methods). As shown in 

FIG. 1. Chronic alcohol administration reduces the level of Rab3D. (A) Rab3D western blot of the lysate of VA-13 cells treated with 
35 mM EtOH for 96 hours and WIF-B cells treated with 50 mM EtOH for 96 hours; β-actin is a loading control. (B) Densitometric 
analysis of ratio Rab3D/β-actin based on the data from three repeats. *P < 0.001, **P < 0.01, t test, mean ± SD. (C) Representative IF 
images of Rab3D (red) in EtOH-treated WIF-B cells. Nuclei in blue (DAPI); bars, 10 µm. (D) Quantification of Rab3D IF intensity from 
cells presented in (C); n = 90 cells for each sample from three independent experiments, *P < 0.001, t test, mean ± SD. (E) Representative 
images of Rab3D IHC (brown) in the human liver tissue sections from non-alcohol-associated donors, donors consuming alcohol, and 
patients with ASH. Red squares indicate the area enlarged below. Nuclei were stained with hematoxylin. (F) Quantification of Rab3D 
intensity from the samples presented in (E); **P < 0.01, unpaired t test between the donor groups and unpaired Welch’s t test between 
the donors and patients with ASH; medians (min-max). The details of quantification are described in the Supporting Methods. (G) 
Rab3D western blot of the liver tissue lysate samples obtained from the donors (N) and patients with alcohol-associated cirrhosis (AC). 
(H) Densitometric analysis of the ratio Rab3D/β-actin from 5 healthy individuals and 5 patients with cirrhosis, t test, mean ± SD. 
Abbreviations: AC, alcohol-associated cirrhosis; Ctrl, control; DAPI, 4´,6-diamidino-2-phenylindole; N, normal control.
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FIG. 2. Depletion of Rab3D affects Golgi morphology. (A) Rab3D, A, B, and C western blot of the lysates of control and Rab3D KD VA-
13 cells. (B) Densitometric analysis of ratio Rab3/β-actin for the indicated Rab3 proteins from three repeats of the experiment presented 
in (A), *P < 0.001, t test, mean ± SD. (C) Representative IF images of TGN46 (green) and Rab3D (red) in control and EtOH-treated 
VA-13 cells; bars, 10 µm. (D) Quantification of Golgi area of the cells presented in (C). Area of the Golgi was evaluated using ImageJ; 
n = 90 cells from three independent experiments; *P < 0.001, t test, mean ± SD. (E) Representative EM micrographs of VA-13 cells 
treated with scramble and Rab3D siRNAs. Cis-medial and trans-Golgi are highlighted. Arrowheads indicate enlarged Golgi cisternae. 
(F) Quantification summarizing the maximum luminal width of trans-Golgi cisternal elements. Data were tested for normality using the 
Kolmogorov Smirnov test, P < 0.0001 (n = 65 for control and n = 89 for Rab3D KD cells). (G) Frequency distribution histograms for 
maximum cisternal luminal width analysis for both control and Rab3D KD samples. (H) Rab3D, A, B, and C western blot of the lysates of 
hepatocytes from WT and Rab3D KO mice. (I) Densitometric analysis of ratio Rab3/β-actin for the indicated Rab3 proteins from three 
repeats of the experiment presented in (H), *P < 0.001, t test, mean ± SD. ( J) Representative IF images of TGN46 (green) in hepatocytes 
from WT and Rab3D KO mice; bars, 5 µm. (K) Quantification of Golgi area of the cells presented in ( J); n = 90 from three independent 
experiments, *P < 0.001, t test, mean ± SD. Abbreviation: N, nucleus.
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Fig. 4B and Supporting movies 1 and 2, the number of 
spots was significantly reduced in EtOH-treated cells, 
which was statistically validated (Fig. 4C). In the control 

PLA experiment, VA-13 cells were incubated separately 
with either β-COP or Rab3D Abs; however, no visible 
PLA signal was detected (Supporting Fig. S2A,B).

FIG. 3. EtOH alters the distribution of Rab3D in Golgi. 3D-SIM projection of Golgi in hepatocytes from pair-fed or EtOH-fed rats 
and WIF-B cells (control or treated with EtOH). Cells are stained with Rab3D (red) and different Golgi markers (green): trans-Golgi 
TGN46 (A,B, representative cells presented on the top panel); medial-Golgi, giantin (C,D), and cis-Golgi, GM130 (E,F). White boxes are 
enlarged at the right. Bars: top panel, 5 µm for rat hepatocytes and 10 µm for WIF-B cells; 3D SIM images, 500 nm. (G) Quantification of 
colocalization for indicated proteins from the images presented in (A)-(F); n = 10 SIM images for each series of experiments, *P < 0.001, 
**P < 0.01, t test. Data are presented as mean ± SD.
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These data can be interpreted in two ways. On the 
one hand, EtOH reduces the number of both COPI 
vesicles and Rab3D, inevitably reducing the PLA-
detected cooperation of β-COP and Rab3D. On the 
other hand, one could assume that Rab3D is required 
for the formation of COPI. In this case, EtOH-
induced down-regulation of Rab3D in trans-Golgi 
(Fig. 3) can also contribute to COPI deficiency. If so, 
cells lacking Rab3D should have fewer COPI-coated 
vesicles budding from the rims of the trans-Golgi cis-
ternae. To verify this in VA-13 cells, we counted the 

number of trans-Golgi-associated COPI vesicles by 
EM. As anticipated, in Rab3D KD cells, the number 
of these vesicles was significantly reduced compared 
with the control (Fig. 4D,F). However, two interest-
ing aspects must be considered. First, chronic EtOH 
administration blocks formation of COPII vesicles 
and induces ER stress.(2,40) Second, depletion of Sar1a 
(the GTPase that initiated COPII vesicles assembly) 
induces ER stress(41); and vice versa, ER stress down-
regulates COPII.(42) Given that ER stress and Golgi 
stress are reciprocally coordinated,(43) we speculated 
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FIG. 4. Association of Rab3D and COPI vesicles. (A) Coomassie brilliant blue stain of proteins co-immunoprecipitated with Rab3D. 
Control immunoglobulin G immunoprecipitation is shown next to Rab3D IP. Arrows indicate proteins identified by mass spectrometry. 
(B) Representative 3D-reconstructed images of PLA to detect β-COP and Rab3D proximity in control and EtOH-treated VA-13 cells; 
blue, nucleus, DAPI; bars, 10 µm. White boxes highlight the area enlarged at the right. (C) Quantification of the PLA signal was performed 
using the following ratio: number of spots/total number of voxels in the nuclear surface. The details of quantification are described in the 
Supporting Methods. ***P < 0.05, Welch’s one-tailed t test. Data are presented as medians (min-max) from two independent experiments; 
n = 549 cells for control and n = 908 for EtOH-treated cells. (D,E) Representative EM images of Golgi-associated COPI vesicles in VA-
13 cells (control, Rab3D KD, and Sar1a KD) (D) and hepatocytes from WT and Rab3D KO mice (E). Red squares indicate the trans-
Golgi area enlarged below. Arrowheads indicate COPI vesicles budding from the rims of trans-Golgi; bars, 1 µm. (F,G) Quantification 
summarizing the average number of trans-Golgi-associated budding vesicles in cells from (D) and (E), respectively. The results from two 
independent experiments are expressed as a mean ± SD; n = the number of Golgi stacks for which vesicles were counted (listed in the 
figure); *P < 0.001, **P < 0.01, t test. Data are presented as mean ± SD. (H) Sar1a western blot of the lysate of VA-13 cells treated with 
control or Sar1a siRNAs. (I) β-COP and Rab3D W-B of the lysate of VA-13 cells treated with control or β-COP siRNAs. ( J) PLA assay 
of human liver tissue sections; mouse anti-β-COP and rabbit anti-Rab3D antibodies were used. All images were acquired with identical 
imaging parameters; bars, 20 μm. (K) Quantification of the PLA signal from samples presented in (I). ****P < 0.0001, ***P < 0.05, Kruskal–
Wallis with Dunn’s correction; n = number of donors/patients (listed in Supporting Table S1). Data are presented as medians (min-max). 
(L,M) β-COP western blot of the ER fraction isolated from hepatocytes of control and alcohol-fed rats (L) and hepatocytes from control 
and alcohol-fed WT mice and control Rab3D KO mice (M). (N) Densitometric analysis of ratio β-COP/HSP70 for the indicated 
samples from three repeats of experiments presented in (L) and (M), *P < 0.01, t test, mean ± SD. Abbreviations: IgG, immunoglobulin 
G; IP, immunoprecipitation; N, nucleus.

FIG. 5. Alcohol-associated liver disease is associated with the down-regulation of ASGP-R. (A) Representative images of ASGP-R 
IHC (brown) in the human liver tissue sections. Red squares indicate the area enlarged below. Arrowheads indicate the peripheral ASGP-
R-specific dots. Nuclei were stained with hematoxylin. (B) ASGP-R (green) and E-cadherin (brown) IHC co-staining in the human 
liver tissue sections. Bars for (A) and (B) are 80 µm. The “Convolution algorithm” of Apero software reduces the signal of E-cadherin 
to get a more distinct peripheral (cell surface) signal, and then deconvoluted channels (ASGP-R and E-cadherin) were subjected to the 
“Colocalization algorithm” to measure ASGP-R signal on the plasma membrane. (C) Quantification of colocalization of ASGP-R with 
E-cadherin in the samples from (B). Unpaired Welch’s t-test; mean (min-max), *P < 0.05. (D) ASGP-R W-B of liver tissue lysate samples 
obtained from normal donors and patients with cirrhosis. (E) Densitometric analysis of ratio ASGP-R/β-actin from 5 normal and 5 
cirrhotic samples, **P < 0.01, t test, mean ± SD. Abbreviations: Cir, patients with cirrhosis; N, normal donors.
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that the EtOH-induced impairment of COPI could 
be partially ascribed to the development of ER stress 
and lack of COPII vesiculation. However, quantifica-
tion of COPI vesicles in Sar1a-depleted VA-13 cells 
did not confirm this possibility: The number of COPI 
linked to the trans-Golgi was identical to the control 
(Fig. 4D,F,H). Importantly, in VA-13 cells, deple-
tion of β-COP results in a reduction of Rab3D pro-
tein level (Fig. 4I). Taken together, this reinforces the 
idea that the function of Rab3D is tightly linked to 
COPI vesicles reconstituted from Golgi membranes. 
Indeed, in hepatocytes from Rab3D KO mice, the 
number of trans-Golgi associated COPI was signifi-
cantly reduced compared with those from WT mice 
(Fig. 4E,G).

Next, using PLA, we evaluated the closeness of 
Rab3D and β-COP in human liver tissue sections 
from donors with and without a history of alcohol 
consumption and patients with ASH. Similar to VA-
13 cells, the control PLA experiment with separate 
incubation of either β-COP or Rab3D Abs reveals 
little if any PLA signal (Supporting Fig. S2C,D). 
Interestingly, in persons drinking alcohol but without 
steatohepatitis, the co-association of Rab3D/β-COP 
was reduced compared with the donors who do not 
consume alcohol (Fig. 4J,K). However, as shown pre-
viously, these groups did not differ in their Rab3D 
expression (Fig. 1D). In the ASH patient group, 
the Rab3D/β-COP PLA intensity was significantly 
decreased compared with the donor groups. These data 
indicate that alteration of Rab3D and COPI inter-
action precedes liver injury, and reduction of Rab3D 
may contribute to the subsequent manifestation of 
ALD. Notably, in alcohol-fed rats, the level of ER-
residing β-COP was enhanced, confirming that incor-
poration of β-COP into COPI complex in the Golgi 
is altered (Fig. 4L,N). Similar results were obtained 
from alcohol-fed mice; moreover, the level of β-COP 
in the ER fraction from Rab3D KO mice was also 
elevated compared with the WT group (Fig. 4M,N).

Rab3D PLAYS A CRITICAL 
ROLE IN ALCOHOL-INDUCED 
IMPAIRMENT OF ASGP-R 
DISTRIBUTION

Next, we evaluated PM’s ASGP-R signal in clini-
cal samples from patients with ASH or donors with 
and without habitual alcohol consumption. First, we 

examined ASGP-R distribution by IHC (Fig. 5A). 
Predictably, in the donor groups, most IHC signal was 
detected in the cytoplasm, but we were also able to 
detect a strong PM expression of ASGP-R (Fig. 5A, 
red arrowheads). The overall intensity of the IHC sig-
nal was lower in the tissue from patients with ASH; 
therefore, to precisely quantify the ASGP-R signal 
on the PM, we co-stained these sections with both 
ASGP-R and PM marker E-cadherin (Fig. 5B). We 
found no difference in ASGP-R/E-cadherin colocal-
ization between the donor groups; however, a signifi-
cant reduction of colocalization was found in patients 
with ASH patients compared to donors without a his-
tory of alcohol use (Fig. 5C). Finally, we found that 
the total level of ASGP-R in liver tissue lysates from 
patients with alcohol-associated cirrhosis was reduced 
compared with control samples (Fig. 5D,E).

The data presented here clearly demonstrate that, 
despite EtOH-induced Golgi fragmentation, abnor-
mally glycosylated ASGP-R can still reach the cell 
surface,(39) but the mechanism of their trafficking 
remains unknown. An early publication from our 
lab indicates that these ASGP-R molecules have a 
reduced binding capacity.(28) This is logical, as only 
fully glycosylated ASGP-R can bind effectively to 
asialoglycoproteins.(44) Here, we aimed to evaluate 
whether Rab3D deficiency affects ASGP-R distri-
bution and glycosylation. We performed ASGP-R 
immunogold EM in hepatocytes isolated from WT 
and Rab3D KO mice. In WT cells, ASGP-R was 
widely presented in all organelles representing differ-
ent steps of this protein trafficking: rough ER, Golgi, 
PM, and endosomes (Fig. 6A). Notably, the distribu-
tion of ASGP-R in cis-medial-Golgi and trans-Golgi 
was almost identical (Fig. 6A, Golgi panel, insets a and 
b). Compared with WT cells, Rab3D KO hepatocytes 
demonstrate a reduced amount of ASGP-R in Golgi 
and at the PM (Fig. 6C,D). Notably, most Golgi-
specific dots were detected in the cis-medial-Golgi 
compartments and not trans-Golgi (Fig. 6B, Golgi 
panel, insets a and b). This is indicative of stalled 
intra-Golgi trafficking. Also, the number of ASGP-R 
dots in endosomes was decreased almost 3-fold (Fig. 
6E), indicating that the pool of fully glycosylated 
ASGP-R is significantly reduced in Rab3D-KO 
hepatocytes. However, the amount of ASGP-R in the 
ER was enhanced (Fig.  6F), suggesting retardation 
of ER-to-Golgi trafficking. Finally, ASGP-R was 
detected in the cytoplasm of both cell types with no 
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difference (Fig. 6G). Therefore, in Rab3D-KO cells, 
ASGP-R was detected at PM despite impaired traf-
ficking, implying that this receptor likely can reach 
the cell surface by an alternative trafficking pathway, 
bypassing Golgi membranes. Intriguingly, in KO 
hepatocytes, we were able to detect ER-PM contact 
sites whose number were significantly higher than 
that in WT cells (Fig. 6B, ER-PM contact site panel, 
and 6H).

Accumulation of ASGP-R immunogold spots in 
the ER of Rab3D-KO hepatocytes suggests that lack 
of Rab3D alone may induce ER stress and acceler-
ate alcohol-induced unfolded protein response (UPR). 

Here, in WT and Rab3D-KO mice, we monitored the 
expression of ER stress chaperone GRP78 and acti-
vation of different branches of UPR, activating tran-
scription factor 6 (ATF6), inositol-requiring enzyme 
1 (IRE1), and endoplasmic reticulum kinase (PERK). 
We found that in hepatocytes from alcohol-fed WT 
mice, expression of GRP78 and cleaved ATF6 was pre-
dictably enhanced compared with control (Supporting 
Fig. S3A-C). Importantly, control Rab3D-KO mice 
also demonstrate an increase in GRP78 levels and 
cleaved ATF6, which was more prominent when 
mice were fed with alcohol (Supporting Fig. S3A-C). 
Similarly, activation of IRE1 and PERK (based on 

FIG. 6. Rab3D depletion significantly changes ASGP-R distribution. (A,B) Representative pre-embedding immunogold EM analyses 
of ASGP-R in hepatocytes from WT and Rab3D KO mice. Red squares indicate the organelle area enlarged below. Arrows indicate the 
ASGP-R specific immunogold particles and ER-PM contact site. The insets a and b in the Golgi panel represent cis-medial- and trans-
Golgi membranes, accordingly. (C-G) ASGP-R distribution in different organelles and cytoplasm is counted as a ratio of the number 
of gold particles to the area of organelle (in squared micrometers). Mean (min-max) and unpaired t test were used for Golgi, PM, and 
cytoplasm; median (min-max) and Mann–Whitney U test were used for endosomes and rough ER. (H) Quantification of ER-PM 
contact sites in WT and Rab3D KO hepatocytes; mean ± SD, unpaired t test, mean (min-max). *P < 0.001 and **P < 0.01 for all graphs. 
Abbreviation: N, nucleus.
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the content of their phospho-form) was also detected 
not only in alcohol-fed WT mice, but also in control 
Rab3D-KO mice; however, the levels of phospho-
PERK and phospho-IRE1 were not different between 
control and alcohol-fed Rab3D-KO mice (Supporting 
Fig. S3D-G). Next, we detected a rise of ASGP-R 
content in the ER fraction of control Rab3D-KO 
mice compared with control WT mice (Supporting 
Fig. S3H,I), echoing the results from EM (Fig. 6). 
In the ER fraction, we also observed accumulation 
of other hepatic proteins: transferrin (Tf ) and poly-
meric IgA receptor (pIgR) (Supporting Fig. S3H,I). 
Therefore, depletion of Rab3D KO and subsequent 
ER stress may affect multiple pathways of hepatic 
protein trafficking: endocytosis (ASGP-R), secretion 
(Tf ), and transcytosis (pIgR). Considering this, it 
appears that Rab3D deficiency enhances the damag-
ing effect of EtOH.

However, when Rab3D-KO mice were adminis-
tered the Lieber-DeCarli diet for 8 weeks, only 35% 
of the mice survived. Using perilipin-1 staining of liver 
tissue sections, we monitored the distribution of lipid 
droplets in control and EtOH-fed WT and Rab3D 
KO mice. EtOH-fed WT mice predictably demon-
strated fat accumulation, but the same phenomenon 
was observed in the liver of control Rab3D-KO mice 
(Supporting Fig. S4A,B). Moreover, Rab3D-KO mice 
consuming alcohol demonstrate more intense staining 
of perilipin-1 than their WT counterparts (Supporting 
Fig. S4A,B). Next, an increased expression of cleaved 
caspase-3 was detected in hepatocytes from alcohol-
fed Rab3D-KO mice compared with the alcohol-fed 
WT mice (Supporting Fig. S3J,K). However, some of 
the alcohol-fed Rab3D-KO mice did not demonstrate 
a significant increase in liver injury markers (data were 
not quantified due to the low number of animals com-
pared with a control group). Given the whole-body 
Rab3D KO, we may speculate that alcohol-associated 
mortality of these mice is more complex and could 
be linked to the damaging effect of EtOH on other 
organs.

ALTERNATIVE TRAFFICKING OF 
ASGP-R BYPASSES THE GOLGI

Based on the results presented previously, we can 
conclude that depletion of Rab3D partially mim-
ics the effect of EtOH on Golgi morphology and 
distribution of ASGP-R. Similar to Rab3D KO 

hepatocytes, in EtOH-treated VA-13 cells, we were 
able to detect by EM additional ER-PM contact 
sites (Fig. 7A,B). To confirm that ASGP-R can be 
expressed at PM through these sites, we performed 
high-resolution SIM imaging of VA-13 cells, co-
staining ASGP-R with PM marker E-cadherin and 
ER marker calreticulin (Fig. 7C; Supporting Movies 
S3 and S4). Then, using the 3D reconstruction of 
images in all projections, we rigorously counted the 
number of triple-stained merged spots. Quantification 
indicated that EtOH-treated cells have an increased 
number of ASGP-R spots merged with ER and PM 
(Fig. 7D). To determine whether ASGP-R passes 
through the Golgi en route to the cell surface, we 
examined the sensitivity of the PM’s ASGP-R (PM-
ASGP-R) to recombinant Endo H and sialidase. It is 
known that Endo H cleaves high mannose and hybrid 
glycans, but complex glycans (those with complete 
glycosylation in the Golgi) are resistant to hydroly-
sis. Conversely, sialidase-sensitive proteins supposedly 
transport through the Golgi and undergo sialylation. 
Therefore, if PM-ASGP-R is Endo H–sensitive and 
sialidase-resistant, it likely circumvented the Golgi. In 
Rab3D KO hepatocytes, PM-ASGP-R was sensitive 
to Endo H, displaying the cleaved protein fragment, 
while the sensitivity in WT cells was moderate (Fig. 
7E, top panel, asterisk). PM-ASGP-R from WT cells 
was sialidase-sensitive, but minimal sensitivity was 
detected in the Rab3D KO sample (Fig. 7E, lower 
panel, asterisk).

Furthermore, we found that PM-ASGP-R1 iso-
lated from control rat hepatocytes demonstrate two 
bands: approximately 35  kDa and 25  kDa. The lat-
ter is sensitive to sialidase (Fig. 7F, control, asterisk). 
Notably, in EtOH-fed rats, the PM-ASGP-R1 35-
kDa band is converted to the 70-kDa form (presum-
ably, dimer), whereas the 25-kDa band shows a weak 
response toward sialidase digestion (Fig. 7F, EtOH 
panel). Overall, these data support the claim that in 
Rab3D-deficient or EtOH-treated hepatocytes, the 
PM-ER contacts serve as an alternative delivery ave-
nue for cell surface proteins. In a proof-of-principle 
experiment, we treated VA-13 cells with EtOH and 
transfected them with hRab3D complementary DNA, 
thus overexpressing exogenous Rab3D. As shown in 
Fig. 7G,H, transfection of Rab3D plasmid rescued 
Rab3D levels after EtOH treatment and maintained 
the amount of ASGP-R at the cell surface identical 
to control.
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Discussion
The study of ASGP-R is significant due to its 

clinical implications for patients with ALD and the 
capacity to import large molecules across the PM, 
making ASGP-R an excellent target for drug deliv-
ery. In EtOH-treated hepatocytes, we identified the 
mechanism of ASGP-R delivery to the cell surface 
through ER-PM junctions (Fig. 8). Using Rab3D-KO 
mice, we found unequivocal evidence that Rab3D 
is critical for Golgi organization, and deficiency in 
this GTPase stimulates trafficking opportunities 
for ASGP-R. Although ER-PM contact sites have 

been reported in many cells with the roles of Ca2+ 
sequestration, signaling pathway facilitation, and lipid 
transfer directly to the PM,(45,46) it is unclear what 
specific roles ER-PM junctions hold in liver cells. We 
speculate that the increase in contact sites in EtOH-
treated cells is a compensatory mechanism for the 
hepatocytes to adapt to ER stress.(47) In addition to 
UPR and ER-associated degradation, ER-PM junc-
tions may help unload proteins arrested in the ER. 
Given that abnormally glycosylated ASGP-R lose 
ligand-binding capacity,(44) secretion appears to be a 
choice for the receptors that reached the cell surface. 
Indeed, the observations in different organs regarding 

FIG. 7. ASGP-R can reach the cell surface–bypassing Golgi. (A) Representative EM images of control and EtOH-treated VA-13 cells. 
Red squares indicate the area enlarged below. Arrowhead indicates direct ER-PM contact site. (B) Quantification of ER-PM connections 
in cells from (A); median (min-max) and Mann-Whitney U test, ***P < 0.001. (C) Representative images of 3D-SIM projection from 
control and EtOH-treated VA-13 cells. Cells are stained with ASGP-R (green), E-cadherin (red), and calreticulin (magenta). White 
squares represent the area of merged ASGP-R/E-cadherin/calreticulin spots magnified through 3D projection and presented below; bars, 
10 µm. (D) Quantification of the number of merged green/red/magenta spots per cell in (C). Unpaired Welch’s t-test; mean (min-max), 
**P < 0.01. (E) ASGP-R western blot of PM samples isolated from WT and Rab3D-KO mice and treated with Endo-H glycosidase 
(top panel) and sialidase (low panel). (F) ASGP-R western blot of PM samples isolated from hepatocytes of control and alcohol-fed rats, 
treated with sialidase. Asterisks in (E) and (F) indicate cleaved ASGP-R fragments. (G) Rab3D western blot of the lysates from control 
and EtOH-treated VA-13 cells transfected with pET28a-LIC empty vector and EtOH-treated VA-13 cells transfected with Rab3D 
plasmid. (H) ASGP-R western blot of PM samples from cells described in (G); E-cadherin is a PM loading control. Abbreviation: N, 
nucleus.
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the secretion of proteins bypassing Golgi suggest that 
this would be the case(48); however, this possibility for 
hepatic proteins remains to be investigated.

In sum, our findings suggest that one of the major 
deleterious effects of alcohol on intracellular traffick-
ing in hepatocytes is mediated through Rab3D down-
regulation and trans-Golgi disorganization. Future 
work will also be focused on elucidating the nature of 
alcohol-induced ER-PM connections for the devel-
opment of a target therapy of ALD.
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