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Table 1. List of the miRNAs That Are Predicted to Target Mouse Dnmtl and Their Respective Expression in the MFH Model (miRNA Microarray Data)

5-MFH_D10

4-MFH_D8

3-MFH_D6

2-MFH_D4

1-MFH_D2

Log2

Log2

Log2

Log2 Log2

Raw Data

Log2 Log2

Raw Data

Log2

Raw Data

Log2

Raw Data

Log2

Raw Data

{Sample/

(Raw

(Sample/

{Raw
Data)

(Sample/

{Raw
Data)

(Raw (Sample/

Data)

{sample/
MFHD2)

(Raw

MFDH2)

Data)

MFHD2)

MFHD2)

MFHD2)

Data)

1.19
1.08

5.18
11.41

36.18
2,721.55

1.12
1.06
0.99
1.37
1.21
1.68
0.98
0.92

4.86
11.24

29.01
2,425.60

1.10
1.06
1.01
1.33
1.21
1.64
1.00
0.92

4.79
11.25

27.63
2,443.93

1.01
1.03
1.01

1.

4.36
10.94

20.55
1,962.51

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

20.24 4.34
10.59

1,536.74

mmu-miR-128-3p

mmu-miR-130a-3p
mmu-miR-130b-3p
mmu-miR-148a-3p
mmu-miR-148b-3p

mmu-miR-152-3p

1.02
1.39
1.25
1.83
0.99

6.80
9.04
7.06

111.61

6.65
8.90
6.83
7.07

8.49

100.15

6.80
8.67

111.44
407.07

6.74
7.49
6.22
5.88

106.84

6.70

103.95

527.02

476.92

15

180.16

6.50

90.36
49.51

133.33

114.13

6.79

110.86

1.10
1.40
0.98
0.91

74.49
58.77

5.63
4.21

7.69
8.57
3.45
514

207.02

134.04

6.92
8.60

120.96

18.54
395.46

359.38 380.23

387.68

8.47
3.39
4.11

353.92

8.63

mmu-miR-301a-3p
mmu-miR-301b-3p
mmu-miR-326-3p
mmu-miR-330-3p
mmu-miR-495-3p
mmu-miR-1192

0.92

10.89
3523

3.43
4.65

10.78
25.06

3.44
4.58

10.85
23.84

10.48
17.29

3.73

13.26

1.00
1.00

281.06

1.00
368.08

1.00
384.00

1.00
554.68

1.00
521.99

1.05

8.52

1.06

8.58

12

1.

9.12

111

9.03

00

1.

8.13

1.00

1.00

1.00

1.00

1.00

HEPATOLOGY, September 2013

miR-148a in both rodent and human species (Fig. 4B).
The miRNA prediction databases that we interrogared
identified Dnmtl as a high-scoring predicted target of
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Fig. 3. miR-148a and Dnmtl assessment in the liver. (A) The
mouse hepatoma cell line, Hepa 1-6, was used to assess miR-148a
and Dnmtl mRNA levels, compared to undifferentiated hepatic stem
cells (MFH D2) and mature-induced hepatocytes (MFH D8). (B) miR-
148a.and human DNMT1 expression were analyzed in the human HCC
cell lines, Huh-7, HepG2, and Hep3B, and compared to a cohort of
13 normal livers as well as five lots of fetal livers. (C) Scatter plots of
Spearman’s correlation coefficient analysis between relative DNMT1
expression level and miR-148a. (D) Relative expression of miR-148a
in Hepa 1-6 and HepG2 cells after 5 days of exposure to the hypome-
thylation agent, 5-Aza at 1, 2.5, and 5 pM. (E) COBRA of miR-148a
promoter in Hepa 1-6 and HepG2 cells treated with or without 5-Aza
for 5 days. Methylation status of the miR-148a promoter was also
assessed in normal human hepatocytes. U, unmethylated; M, methyl-
ated. Statistical significance, compared to controls, was: *P < 0.05
and **P < 0.01 (t test) for RT-gPCR analysis.
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Fig. 4. Characterization of the relationship between miR-148a and DNMT1 in rodent and human models. (A) Relative expression of Dnmtl and liver
markers Afp and Alb, respectively, after experimental modulation of miR-148a in mouse Hepa 1-6 and human HepG2 cell lines. Cells were transfected
using 100 ng of miR-148a mimics (pre-miR-148a) or antagonists (anti-miR-148a). Scramble miRNA mimics or antagonists were used as negative con-
trols. Total RNAs were collected 72 hours post-transfection, and mRNA relative expression levels were determined by RT-qPCR. (B) Dual luciferase assay
on Hepa 1-6 and HepG2 cells cotransfected with miR-148a mimics and the firefly/Renilla luciferase construct containing the mouse Dnmtl or human
DNMT1 3-UTR. Mutated 3'-UTR sequences were used as negative controls, and ratios of firefly/Renilla luciferase activities were determined. Sequences
indicate interaction sites between miR-148a and 3'-UTRs of mouse Dnmtl and human DNMT1. (C) Transfection of Hepa 1-6 and HepG2 cells with siR-
NAs against mouse Dnmtl and human DNMT1. Scramble siRNAs were used as negative controls (siRNA-ctrl). Total RNAs were used to analyze miR-
148a expression by RT-gPCR 48 hours after transfection. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001 (t test).

miR-148a. Simultaneous transfection with miRNA  sequence was performed in Hepa 1-6 cells. In this assay,

mimics and a construct containing the mouse Dnmtl miR-148a-forced expression decreased luciferase activity
3-UTR inserted downstream of the luciferase coding by 43.2% % 1.1% (£ < 0.001) from the control value,

195



1160 GAILHOUSTE ET AL.

whereas it failed to inhibit reporter activity in cells
transfected with the vector containing a mutated
sequence of the Dnmtl 3’-UTR (Fig. 4B). Comparable
data were obtained using the 3-UTR of human
DNMT1 transfected into the human HCC cell line,
HepG2. Then, to explore the role of DNMTT in regu-
lating expression of miR-148a, we silenced DNMT1 by
using a siRNA approach in Hepa 1-6 and HepG2 cells.
Both mouse Dnmtl knockdown and human DNMT]I
knockdown significantly induced miR-148a expression
(Fig. 4C), reinforcing the idea of a regulatory circuit
between DNMT1 and miR-148a as well as the exis-
tence of epigenetic regulation exerted by DNMT1 on
miR-148a.

miR-148a Enhancement Promotes Hepatospecific
Gene Expression Through Dnmtl Inhibition During
the Induced Differentiation of MFHs Into Mature
Hepatocytes. The influence of miR-148a in hepatic
differentiation was investigated by forcing its expres-
sion in the MFH primary culture model and evaluat-
ing the expression of major liver markers. Cells
transfected with miR-148a mimics exhibited substan-
tial overexpression of miR-148a, in contrast to its nor-
mal expression profile during MFH differentiation
(Fig. 5A). Immunoblotting revealed that miR-148a
overexpression dramatically increased the protein level
of Alb in MFHs (Fig. 5B). The methylation status of
the Alb promoter was also explored, which showed a
progressive demethylation of CpG islands during he-
patic differentiation (Supporting Fig. 3). Both 5-Aza
treatment and miR-148a mimics contributed to the
demethylation of Alb promoter, indicating the possible
regulation of Alb expression by miR-148a through an
epigenetic mechanism involving Dnmtl. RT-qPCR
analysis demonstrated that miR-148a mimics enhanced
the mRNA levels of Alb as well as the other major he-
patic biomarkers, G6pc and Tat, whereas cells trans-
fected by the control showed the standard
differentiation process induced by the hepatotrophic
factors (Fig. 5C). Moreover, miR-148a augmentation
had no effect on Ckl19 expression in MFHs, but it
was associated with the increased expression of various
CYPs (Supporting Fig. 4). Remarkably, we found evi-
dence that miR-148a restoration in both mouse Hepa
1-6 and human HepG2 HCC cell lines was signifi-
cantly related with the inhibition of the immature liver
marker, Afp, whereas Alb expression was strongly
enhanced, and vice versa (Fig. 4A). Last, the forced
expression of miR-148a was correlated with a drastic
repression of Dnmtl in both the HCC (Fig. 4A) and
MFH models (Fig. 5C). Western blotting analysis con-
firmed the negative correlation between miR-148a and
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DNMTT1 expression levels (Fig. 5B). Indeed, the trans-
fection of MFHs using miR-148a mimics promoted
the decline of Dnmtl that is normally observed during
the differentiation process of these cells. To address the
involvement of Dnmtl in the establishment of the he-
patic phenotype through its modulation by miR-148a,
we finally analyzed the effect of Dnmtl knockdown in
the induced differentiation of MFHs. Consistent with
miR-148a overexpression data, Dnmtl inhibition led
to the significant promotion of the major hepatic bio-
markers that we assessed (Fig. 5D). Compared with
MFHs transfected with negative control siRNAs,
mRNA levels of Alb and advanced maturation bio-
markers (G6pc, Tat, and Cypl7al) appeared to be
globally up-regulated 72 hours after Dnmtl siRNA
transfection.

In summary, these findings implicate Dnmtl in the
mechanisms controlling liver precursor maturation and
indicate that miR-148a promotes the expression of
adult hepatic genes by repressing Dnmtl (Fig. 5E). In
contrast, the occurrence of HCC malignancy may be
associated with the deregulation of miR-148a, whereas
maintenance of this miRNA seems to be essential for
preserving the hepatospecific status of liver cells.

miR-148a Expression Is Frequently Decreased in
the Liver of HCC Patients. We analyzed miR-148a
expression in a cohort of 39 pairs of primary HCCs
related to HBV or HCV infection and their adjacent
nontumor regions. Tissues from normal liver (n = 13)
were used as controls. miR-148a expression was
reduced by more than 5-fold in HCC biopsies, relative
to the normal liver group (median, 0.293 and 1.674,
respectively; < 0.0001, Mann-Whitney’s U test; Fig.
6A). Interestingly, miR-148a was also inhibited in
peritumoral non-neoplastic tissues, but to a lesser
extent (median, 0.403; P < 0.001). We confirmed the
possible correlation between miR-148a inhibition and
advancement of the underlying liver disease by analyz-
ing the expression level of miR-148a between early
(chronic hepatitis) and advanced (precirrhotic/cir-
thotic) fibrosis in nontumor tissues (Fig. 6B). Expres-
sion of miR-148a was significantly decreased in the
cirrhotic samples, compared to the chronic hepatitis
liver group (median, 0.247 and 0.473, respectively;
P <0.0001, Mann-Whitney’s U test). Then, DNMT]1
levels between tumors and their adjacent tissues were
evaluated (Fig. 6C). Although DNMT1 expression was
significantly down-regulated in tumors (2= 0.0002,
Wilcoxon’s signed-rank test), statistical analysis did not
reveal significant correlation between DNMT1 and
miR-148a expression in those clinical samples. Next,
we compared the expression of miR-148a between

196



HEPATOLOGY, Vol. 58, No. 3, GAILHOUSTE ET AL. 1161

A

‘g 600

2 Dnmtl

o

5 400 4 =

3 ; Albumin
©

® 200 A .
- Bl pre-miR-ctrl B-tubulin
o« 71 pre-miR-148a

£ 0 T T Ctrl 148a Ctri 148a

24h 48h

4
Dnmt1 3 Alb rex e
1.0 4
2 »
5 05 4 [
7 & 14
4
3 [
x
@
14 2.0 4
=] k1. Cypl7al >
% 1.5 A Ck1s 3 A yplia
10 - 2 -
0.5 4 1
0.0 4 0 +
24h  48h 72h 24h  48h 72h 24h 48h 72h
D 1.5 5 — 25
Dnmtl 4 4 Alb Smel 90 ] Gépe EGER SIRNA-ctrl
1.0 - » siDhmtl_a
- 3 15 4 T siDnmtl_b
< e -
S 05 - 2 10
§ 1 4 5 -
& 0.0 A 0 - 4 0+ =
x
Y
g 3 8 o
E k19 6 | Cypl7al 30
g 27
4 4 20 A
0 4 0 A 4 o4 L
24h  48h 72h 24h 48h 72h 24h  48h 72h

hepatic markers

m miR-148a

HCC Hepatoblasts Mature
cell lines {MFHs) hepatocytes
Normal liver
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ment, miR-148a expression is enhanced, inhibiting Dnmt1 and promoting induction of liver markers. In hepatic stem and HCC cells, miR-148a
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tumors and their pair-matched normal tissues (Sup- (P =0.0268, Wilcoxon’s signed-rank test). In the 21
porting Fig. 5). Of the 18 HBV-related HCC samples, HCV-related HCCs, inhibition of miR-148a was
miR-148a expression was decreased in 15 tumors, rela-  observed in 12 HCC samples (P = 0.9308). The value
tive to their adjacent noncancerous hepatic regions of circulating miR-148a as a noninvasive HCC
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recurrence diagnostic marker in blood serum was also
evaluated. Samples were collected in two steps from 11
HCC patients with HCV infection: (1) after surgical
resection of the primary tumor and (2) subsequent to
the diagnosis of HCC recurrence. We observed a dimi-
nution of circulating miR-148a in 8 patients after
HCC recurrence (P=0.2783, Wilcoxon’s signed-rank
test; Supporting Fig. 6).

The Rescue of miR-148a Suppresses HCC Cell
Migration and Invasion by Indirectly Inhibiting the
Hepatocyte Growth Factor Receptor Oncogene. As
we highlighted the crucial role played by miR-148a in
normal hepatic differentiation, it was of significant in-
terest to consider the possible relationship between
miR-148a deregulation and the promotion of hepato-
cyte transformation. First, the phenotype of Hepa 1-6
cells was characterized after the forced expression of
miR-148a to investigate the effect of this miRNA on
HCC cells. Notably, cell proliferation was not signifi-
cantly altered by miR-148a mimics or antagonists (Fig.
7A), and induction of miR-148a had no effect on cas-
pase activity (Supporting Fig. 7). However, the enforced
expression of miR-148a substantally suppressed the
motility of HCC cells in a wound-healing assay,
whereas miR-148a agonists enhanced the recolonization
of the wounds (Fig. 7B). In addition, overexpression of
miR-148a remarkably altered the invasive abilities of
Hepa 1-6 cells (51.6% * 10.15% inhibition;
P <0.001), as revealed by the transwell migration assay
(Fig. 7C). A similar observation was conducted using
the human HCC cell line, Hep3B (data not shown).
To evaluate whether the effect of miR-148a in the

invasion of HCC cells is mediated by DNMT1 or
another specific gene, functional analyses were per-
formed using siRNA. We decided to focus on DNMT1
and hepatocyte growth factor receptor (c-Met), a fre-
quently overexpressed oncogene in liver cancer and pre-
dicted target of miR-148a that was up-regulated in
undifferentiated MFHs and Hepa 1-6 HCC cells (Sup-
porting Fig. 8). In the presence of miR-148a mimics, c-
Met mRNA levels appeared markedly decreased in
Hepa 1-6, whereas miR-148a agonists promoted c-Met
expression (Fig. 7D). However, c-Met 3-UTR assays
did not show a reduction of luciferase activity (Support-
ing Fig. 8), supporting an indirect effect of miR-148a
on c-Met expression. Knockdown of c-Met using two
distinct siRNAs attenuated cell proliferation (Fig. 7E)
and dramatically abolished HCC cell invasion
(78.8% * 7.7% and 76.5% = 7.5% inhibition, respec-
tively; P< 0.001; Fig. 7F). Remarkably, the use of siR-
NAs targeting Dnmtl did not modify cell proliferation
or invasion. These last results strongly suggest that
miR-148a plays two distinct roles in the liver: (1) in
the control of hepatic development by regulating
DNMT1 and (2) in the modulation of HCC cell inva-

siveness by repressing the c-Met oncogene.

Discussion

DNA methylation plays an essential role in regulat-
ing stem cell differentiation and embryo development.
Recently, Tsai et al. demonstrated that the pluripo-
tency genes, Oct4 and Nanog, which constitute a fun-
damental  regulatory = mechanism  suppressing
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Fig. 7. Consequence of miR-148a rescue on HCC cell phenotype. (A) Hepa 1-6 cell growth determined at indicated times after miR-148a
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differentiation-associated genes, directly bind to the
promoter of DNMTT and enhance its expression.”’ In
their report, mesenchymal stem cells exhibited a
decreased proliferation rate when treated with an in-
hibitor of DNA methylation or transfected with
DNMTT1 short hairpin RNA, whereas the expression

of genes associated with development regulators was
increased. In agreement with this current work, our
data clearly show the contribution of the DNMT1
enzyme in liver cell stemness as well as the existence of
a micromanagement of DNMT1-related hepatic matu-
ration controlled by miR-148a.
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The deleterious consequences of DICER-silencing
experiments in mouse embryonic stem cells demon-
strated that miRNA processing plays a major role in
clevelopment.22 In the liver, Sekine et al. tested the
consequence of DICER1 silencing by performing con-
ditional knockout in hepatocytes.”” Remarkably, hepa-
tocytes exhibiting DICER1-specific depletion displayed
a gene expression profile indicative of cell growth and
dedifferentiation into liver progenitors. Although the
role of miRNAs in cell specification has been
addressed in a number of tissues,*** little is known
regarding the involvement of specific miRNAs in the
control of hepatic development. miR-122 is probably
an essential actor in liver ontogenesis, as suggested by
its remarkable expression in the adult liver and its abil-
ity to induce CYPs in HCC cell lines.”” The case of
miR-148a also appears of prime interest in cell lineage
determination, as previously described in hematopoi-
etic stem cell specification® and myogenic differentia-
tion.”” In the last case, Zhang et al. showed the
positive role of miR-148a in skeletal muscle develop-
ment by the translational repression of ROCKI, an in-
hibitor of myogenesis.

Consistent with our results, other studies have dem-
onstrated that miRNAs can control expression of
DNMTs. In the liver, miR-140 can target the 3-UTR
of DNMTT1 and control nuclear factor kappa B activ-
ity.28 In addition, some splicing isoforms of DNMT3b
have been found to be directly repressed by miR-
148a.%° Conversely, epigenetic mechanisms are consid-
ered essential for miRNA regulation.®® The genomic
sequence of miR-148a has been analyzed in a number
of cancer cell lines with distinct tissue origins, as well
as a large amount of CpG islands found in its pro-
moter region. Thus, inactivation of miR-148a by
DNA hypermethylation and DNMT1 overexpression
has recently been demonstrated in pancreatic,”’ gas-
tric,’> and breast cancer.”® Consequently, the network
of feedback between miRNAs and epigenetic pathways
appears to form a complex regulatory system that is
essential to organize gene expression profile and main-
tain cell integrity. miR-148a and DNMT1 certainly
constitute a regulatory circuit that is disrupted in
HCC tissues. On the one hand, overexpression of
DNMT1 leads to hypermethylation of the promoter
region of miR-148a, causing its silencing. On the
other hand, miR-148a alteration reduces its silencing
action on DNMTI, resulting in augmentation of
DNMT1 expression and maintaining hypermethyl-
ation of the miR-148a promoter.

Our data finally suggest that miR-148a restoration
may provide a valuable strategy for therapeutic

HEPATOLOGY, September 2013

applications by inhibiting c-Met expression and repres-
sing HCC cell invasion. Pertinent studies previously
indicated that the use of miRNA precursors could con-
tribute to the development of promising miRNA-based
therapeutic methods. For instance, Kota et al. showed
that systemic administration of miR-26a in rodents led
to a remarkable slowdown of HCC progression with-
out toxicity.>® These observations suggest that the
delivery of tumor-suppressor—type miRNAs, such as
miR-148a and miR-122, which are highly expressed
and therefore well tolerated in normal adult tissues,
but lost in transformed cells, may provide a general
strategy for miRNA replacement therapies. miR-148a
also represents a valuable marker for the diagnosis and
prognosis of HCC because its expression is frequently
inhibited in liver cancer. Our observation that miR-
148a alteration is not limited to the tumor site, but
also affects the peritumoral nonneoplastic tissue, is
noteworthy. This down-regulation is probably the con-
sequence of the chronic inflammatory context inherent
to hepatitis virus infection and liver fibrosis, which
could represent an early event in CLDs, leading to
augmentation of DNMTT activity and aberrant DNA
methylation. In this regard, Braconi et al. reported
that the inflammation-associated cytokine, interleukin-
6, regulates DNMTT1 activity and methylation-depend-
ent tumor-suppressor genes by modulating miR-148a/
152 family expression in malignant cholangiocytes.”
Furthermore, another study showed that miR-152 is
frequently down-regulated in HBV-related HCC,
inducing DNMT1 augmentation and aberrant DNA
methylation.*®

To conclude, our study demonstrates the existence of
a dual role played by miR-148a in the liver. Importantly,
we highlight a novel miRNA-mediated regulation mech-
anism in which miR-148a positively regulates hepatic
differentiation by repressing DNMT1 expression. To
our knowledge, this report is the first to demonstrate an
effective promotion of the hepatospecific phenotype by
modulating the expression of a single specific miRNA in
a primary culture model using liver stem cells.
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Two distinct sets of soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARE) catalyze membrane fusion in the cis-Golgi and trans-Golgi. The mechanism that controls
Golgi localization of SNAREs remains largely unknown. Here we tested three potential mechanisms,
including vesicle recycling between the Golgi and the endoplasmic reticulum, partitioning in Golgi
lipid microdomains, and selective intra-Golgi retention. Recycling rates showed a linear relationship
with intra-Golgi mobility of SNAREs. The cis-Golgi SNAREs had higher mobility than intra-Golgi
SNAREs, whereas vesicle SNAREs had higher mobility than target membrane SNAREs. The differ-
ences in SNARE mobility were not due to preferential partitioning into detergent-resistant mem-
Keywords: brane microdomains. We propose that intra-Golgi retention precludes entropy-driven
Golgi redistribution of SNAREs to the endoplasmic reticulum and endocytic compartments.
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[14,15] are enriched in the cis-Golgi, whereas the t-SNAREs Syn-
taxin5 (Sed5) [16,17], Gos28 (Gs28, p28, Goslp) [18-20] and
Ykt6 [21] and the »-SNARE Gs15 (Sft1) [21,22] are enriched in-
tra-Golgi and in the trans-Golgi. Morphological and biochemical
studies suggest that at least two SNARE complexes (SNAREpins),

1. Introduction

The Golgi apparatus is a polarized organelle that mediates pro-
tein transport between the endoplasmic reticulum (ER) and endo-
cytic compartments. The cis-Golgi is a receiver of anterograde

vesicles traveling from the ER, whereas the trans-Golgi is a depar-
ture site for vesicles traveling to endocytic compartments [1]. The
ER resident proteins that escape to the Golgi and Golgi proteins cy-
cle back to the ER via the retrograde pathway [2-9].

Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) [10] play a fundamental role in membrane fu-
sion and have a polarized, gradient-like distribution in the Golgi.
The vesicle (#)-SNARE proteins rBet1 [11,12], and the target mem-
brane (t)-SNAREs Ers24 (Sec22) [12,13], p27 (Gs27, membrin)

* Corresponding author. Address: 1584, Oregon National Primate Research
Center, 505 NW 185th Ave. Beaverton, OR 97006, United States.
E-mail address: varlamov@ohsu.edu (0. Varlamov).

the cis-Golgi v-[rBet1]:t-[Ers24-p27-Syntaxin5] and the trans-Golgi
v-[Gs15]:t-[ Ykt6-Gos28-Syntaxin5], catalyze membrane fusion in
the Golgi stack [15,23-26].

While the distribution of Golgi SNAREpins is well established,
the mechanisms that control their distribution across the Golgi
stack are largely unknown. Here we tested three potential mecha-
nisms responsible for SNARE localization in the Golgi: vesicle-med-
iated recycling between the Golgi and the ER, selective partitioning
in the Golgi membrane microdomains, and selective retention in
the Golgi. Finally, we propose a new idea how fusogenic and inhib-
itory SNARE complexes [27] can generate SNARE gradients in the
early secretory pathway.

0014-5793/$36.00 © 2013 Federation of European Biochemical Societies. Publishezdob Elsevier B.V. All rights reserved.
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2. Results
2.1. SNARE recycling between the Golgi and the ER

Protein recycling between the Golgi and the ER is mediated by
anterograde and retrograde transport (Fig. 1C). We computed the
rate of anterograde transport (Ki,) and the rate of retrograde trans-
port (K,y,) for various SNARE proteins using fluorescence recovery
after photobleaching (FRAP) [28]. The Golgi membrane SNARE pro-
teins rBetl, Ers24, p27, Gos28, Syntaxin5 and Gs15 were tagged
with the cyan fluorescent protein (CFP) and expressed in NRK cells

bleaching the Golgi (Fig. 1A and B and Supplementary videos),
whereas K, values were determined based on fluorescence recov-
ery after photobleaching the ER (Fig. 3 and Supplementary videos).

For all SNARE proteins examined, K;, were not significantly dif-
ferent than the corresponding Ky, values (Fig. 1D and 3B). Kj,, val-
ues for rBet1 were significantly higher than K;, values for all other
SNARE proteins, but no statistically significant differences in Ki,
values were detected between any other combinations of SNAREs
(Fig. 1D). To confirm that fluorescence recovery represents the ves-
icle-mediated transport step that originates in the ER, we treated
digitonin-permeabilized cells with the dominant-negative mutant

of GTPase Sar1T39N, the inhibitor of COPII vesicle formation at
the ER exit sites [30,31]. To verify that fluorescence recovery in

as previously described [29]. Ki, values were calculated from
single-exponential fits of fluorescence recovery curves after photo-
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Fig. 1. Anterograde transport of SNARE proteins in the early secretory pathway. CFP-tagged Golgi SNARE proteins were transiently expressed in NRK cells, the Golgi regions
were bleached, and anterograde transport rates were determined following fluorescence recovery in the Golgi. (A) Representative images showing the pre-bleaching (~10 s),
the post-bleaching (0 s), and the post-recovery stages (160 s) of FRAP. The later set of images is shown at higher contrast (160x). Scale bar = 10 um. (B) Representative
fluorescence traces showing the kinetics of fluorescence recovery in the Golgi following photobleaching. The ordinate represents the arbitrary fluorescence units. (C) Protein
recycling in the early secretory pathway. The ER and the Golgi are bound bi-directionally by anterograde transport (represented by the rate Ki,) and by retrograde transport
(represented by the rate K,,). Intra-Golgi rates (K,) represent protein mobility in the Golgi membranes. (D) the Golgi. K;, values were calculated from single-exponential fits
of fluorescence recovery curves after photobleaching the Golgi as described in Section 5. Bars are means + S.E.M. for n=10-15 cells. Statistically significant differences
between Ki, values were determined using One-way ANOVA; **P < 0.01; ***P < 0.001
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Fig. 2. Anterograde transport of SNAREs requires the ER exit sites. (A) Digitonin-
permeabilized cells expressing CFP-GOS28 were incubated with transport mixture
in the presence or absence of the dominant-negative mutant Sar1 T39 N. The Golgi
regions of permeabilized cells (arrows) were photobleached, and the recovery of
fluorescence in the Golgi was monitored as described above. (B) Enlarged image of
the Golgi regions from “A”. (C) Cells expressing CFP-G0OS28 were pretreated for 2 h
with 100 pg/ml cycloheximide and the recovery of fluorescence in the Golgi was
monitored as described in Section 5.

the Golgi requires membrane fusion, we pretreated intact cells
with the membrane fusion inhibitor N-ethylmaleimide. Antero-
grade transport was inhibited by N-ethylmaleimide (data not
shown), and by Sar1T39N (Fig. 2A and B). Pretreatment of cells
with the protein synthesis inhibitor cycloheximide did not alter
anterograde transport (Fig. 2C).

Kour values for rBet1 were significantly higher than Ko, values
for Gos28, Syntaxin5 and Gs15, although no significant differences
between K, for rBetl and K, for Ers24 and p27 were detected
(Fig. 3B). There was a strong linear correlation (R? = 0.96) between
Kin and Ky, values, consistent with the “trans < cis” distribution of
Golgi SNARE proteins [15,23-26]: Syntaxin5 < Gos28 < p27 <
Ers24 < rBet1 (Fig. 3C). Thus, the cis-Golgi SNAREs cycle at higher
rates than intra-Golgi SNAREs. Gs15 was excluded from a linear
regression analysis because its Kj, was higher than what can be
expected for the trans-Golgi SNARE (Fig. 3C).

2.2. Partitioning of SNARE proteins in membrane microdomains

Recent studies suggest that exocytic SNAREs are enriched in
detergent-resistant lipid microdomains (lipid rafts) [32-36]. We
thus tested whether Golgi SNARE proteins can also differentially
partition into lipid microdomains in NRK and HELA cells. Cells
were extracted with the cold non-ionic detergent Lubrol WX fol-
lowed by sucrose density centrifugation (Supplementary Fig. 1S).
Light fractions 3-5 on the sucrose density gradient represent
detergent-resistant lipid domains, whereas the bottom fractions
represent detergent-soluble lipid domains. Immunoblot analysis
of gradient fractions revealed differential partitioning of endoge-
nous secretory pathway proteins into detergent-resistant fractions
(Fig. 4). Proteins that were highly enriched in detergent-resistant
membranes included Caveolin-1 (plasma membrane, endosomes
and TGN), SNAREs Vtila, Vtilb and Syntaxin6 (endosomes and
TGN), Rab6a (GTPase involved in post-Golgi and intra-Golgi trans-
port), and TGN38 [37-39]. Trans-Golgi SNAREs Gs15, Syntaxin5
and Gos28, and Rab1b (GTPase involved in ER-Golgi and intra-Gol-
gi transport [39]) showed minor partitioning and cis-Golgi SNAREs
p27, Ers24 and rBet1 were not detected in the detergent-resistant

X-100, none of the proteins examined partitioned into caveolin-
containing detergent-resistant fractions (Supplementary Fig. 2S).

Whereas most Golgi SNAREs are integral membrane proteins,
Ykt6 is associated with the Golgi membranes via a dual farnesyl/
palmitoy! lipid group [40]. Membrane binding of Ykt6 is under
the negative intra-molecular regulation of its N-terminal domain
that keeps the Ykt6 protein in cytosol [41]. To test whether Ykt6
is associated with detergent-resistant domains, we stably ex-
pressed GFP-(wild type Ykt6) and GFP-(F42EYkt6), the open con-
formation mutant [40], and subjected the cells to Lubrol WX
solubilization. The wild type form of GFP-Ykt6 remained cytoplas-
mic and distributed to the detergent-soluble fraction, whereas
GFP-(F42EYkt6) was membrane-bound and partitioned in deter-
gent-resistant lipid fractions (Fig. 4C). We conclude that trans-
membrane Golgi SNARE proteins are primarily excluded from
Lubrol-resistant lipid rafts.

2.3. Intra-Golgi mobility of SNARE proteins

Active retention through protein-protein or protein-lipid inter-
actions may restrict SNARE mobility in the Golgi. To test intra-Gol-
gi mobility of SNARE proteins, we photobleached small areas of the
Golgi and followed the recovery of fluorescence as described [42]
(Fig. 5A and Supplementary videos). Golgi SNAREs displayed differ-
ential mobility. The cis-Golgi »-SNARE rBet1 and the trans-Golgi v-
SNARE Gs15 had the highest mobility and intra-Golgi t-SNAREs
Syntaxin5 and Gos28 had the lowest mobility in the Golgi. The
recovery of fluorescence after photobleaching Golgi regions for
Syntaxin5 and Gos28 was very slow compared to other SNAREs
(Fig. 5), suggesting that intra-Golgi SNAREs are largely immobile
in the Golgi membranes. This result was reproduced in CHO cells
(data not shown).

The cis-Golgi SNARE Ers24 was more mobile than the intra-Gol-
gi SNARE Syntaxin5 and the trans-Golgi »-SNARE Gs15 was more
mobile than the trans-Golgi t-SNAREs Syntaxin5 and Gos28
(Fig. 5B). This analysis suggests that »-SNAREs more mobile in
the Golgi membranes than t-SNAREs.

Further analysis showed the linear relationship between intra-
Golgi mobility rates and the rates of anterograde transport of
SNARE proteins, consistent with the intra-Golgi distribution of
SNAREs: Syntaxin5 < Gos28 < p27 < Ers24 <rBet1 (Fig. 5C). Simi-
larly, intra-Golgi mobility rates correlated with the rates of retro-
grade transport of SNARE proteins (Fig. 5D). Thus, a selective
Golgi retention mechanism may control intra-Golgi localization
of SNARE proteins.

3. Discussion

3.1. SNARE recycling between the Golgi and the ER and fractional
distillation hypothesis

The Golgi apparatus may utilize a fractional distillation princi-
ple for mediating protein sorting in the early secretory pathway
[43]. This prediction leads to a new paradigm that the rate at which
a Golgi protein enters the retrograde pathway and/or the rate at
which an ER protein enters the Golgi may determine the relative
partitioning of this protein into the cis- and trans-Golgi compart-
ments. If this mechanism is true, then the cis < trans Golgi SNARE
gradient is a result of a slower exit from and/or a faster return to
the Golgi, while the cis > trans Golgi SNARE gradient is a result of
a faster exit from and/or a slow return to the Golgi.

The present report, however, suggests that for all SNARE
proteins examined, anterograde rates (K;,) were not significantly
different than the corresponding retrograde rates (Kou) of trans-

fractions (Fig. 4A and B). When cells were extracted with Tritopg POTt (Fig. 1D, 3B and C). Thus, it is unlikely that the asymmetric
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Fig. 3. Retrograde transport of SNARE proteins in the early secretory pathway. (A) CFP-tagged Golgi SNARE proteins were transiently expressed in NRK cells and retrograde
transport rates were determined following the recovery of fluorescence in the ER after bleaching the ER (the regions of interest that exclude the Golgi). Representative images
showing the pre-bleaching (—10 s), the post-bleaching (0 s), and the post-recovery stages (600 s) of FRAP. Scale bar = 10 um. (B) The rates of retrograde transport of SNARE
proteins. Koy values were calculated from single-exponential fits of fluorescence recovery curves after photobleaching the ER as described in Section 5. Bars are
means * S.E.M. for n = 10-15 cells. Statistically significant differences between K, values were determined using One-way ANOVA; *P < 0.05; **P < 0.01. (C) Linear correlation

between K, (from Fig. 1D) and Koy (from Fig. 3B) for Golgi SNARE proteins.

anterograde-retrograde vesicular transport is involved in observed
SNARE segregation in the early secretory pathway. Because the
rates of anterograde and retrograde transport of SNARE proteins
were similar, as expected for dynamic equilibrium, we hypothesize
that SNAREs follow the constitutive recycling pathway between
the Golgi and the ER. There was a linear relationship between in-
tra-Golgi mobility rates and the rates of anterograde and retro-
grade transport of SNARE proteins, suggesting that the cis-Golgi
SNAREs are more mobile in the Golgi than intra-Golgi SNAREs.
Therefore we hypothesize that intra-Golgi retention controls
SNARE release into the recycling pathway.

3.2. Partitioning of SNARE proteins in Golgi microdomains

It has been suggested that cholesterol concentration gradually
increases from the cis-Golgi to the trans-Golgi [44]. The asymmet-
ric distribution of cholesterol or other lipids alone the cis-trans
axis of the Golgi may influence intra-Golgi mobility of SNARE pro-
teins. The analysis of Lubrol-extracted cholesterol-containing lipid
raft fractions revealed a high content of the endocytic pathway and
TGN markers, including SNARE proteins Vtil and Syntaxin 6, and
non-SNARE proteins TGN38 and Rab6a (Fig. 4). In contrast, Golgi
SNARE proteins showed poor partitioning or no partitioning into
detergent-resistant fractions (Fig. 4). This finding was reproduced

ous report that exocytic SNARE proteins Syntaxin 1 and Synaptob-
revin 2 reconstituted into giant unilameller vesicles in vitro prefer
the liquid-disordered phase [45]. Similar in vitro reconstitution
experiments using purified Golgi SNAREs may unambiguously re-
solve the differences in membrane raft partitioning of cis-Golgi
and trans-Golgi SNAREs in vitro.

Although protein partitioning into detergent-resistant mem-
brane fractions is often used as the criterion for lipid raft associa-
tion, this method is somewhat artificial in respect to the native
state of biological membranes in vivo. While the TGN is enriched
in lipid raft markers [46], the existence of intra-Golgi rafts, their
composition, and the solubility in different detergents remain un-
known. It is possible that differential mobility of Golgi SNARE pro-
teins reflect the differences in membrane fluidity of individual
Golgi cisternae rather than partitioning into lipid rafts. The length
and amino acid composition of the transmembrane domains or dif-
ferential homo and hetero oligomerization may guide SNARE pro-
teins into different lipid domains of the Golgi membranes.

3.3. Intra-Golgi mobility of SNARE proteins and protein-protein
interactions

It is now well documented that the intra-Golgi SNAREs interact
genetically and physically with the Golgi tethering factors COG,

using two different cell lines. This result is consistent with a previ- 20&M130 and p115. These factors promote the assembly of SNARE
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Fig. 4. SNARE partitioning in detergent-resistant membrane domains. Wild type HELA cells (A), HELA cells stably expressing GFP-Ykt6 or GFP-Ykt6-F42E (C), and wild type
NRK cells (B) were lysed in the 1% Lubrol WX-containing buffer, and fractionated by sucrose density gradient ultracentrifugation as described in Section and Fig. 1S. Caveolin
(Cav), Golgi SNAREs (Syntaxin5 (Syn5), p27, Ers24, rBet1, Gs15, and Gos28, GFP-tagged Ykt6s), TGN SNARE (Syntaxin6 (Syn6)), endosomal SNAREs (Vtila and Vti1b), Rab1b,
Rab6a and TGN38 levels in the resulting fractions were analyzed by immunoblot as described in Section 5. Asterisks indicate the position of Cav-containing detergent
resistant rafts, PM, plasma membrane; early-Endo, early endosomes; late-Endo, late endosomes; TGN, trans-Golgi network; t-Golgi, trans-Golgi; t-m-c-Golgi, trans, medial, cis-

Golgi compartments; IC, intermediate compartment.

complexes and localization of SNARE proteins to the Golgi (re-
viewed in [47]). Recent study suggests that Gos28 and Syntaxin5,
but not Ers24, Betl and Gs15 bind the components of the COG
complex in vivo [48]. This study agrees with the present report that
Gos28 and Syntaxin5 have the lowest mobility, while rBet1, Ers24
and Gs15 have the highest mobility in the Golgi membranes
(Fig. 5). We hypothesize that the trans-Golgi t~-SNAREs Gos28 and
Syntaxin5 are stably associated with immobile fraction comprised
of tethers and/or other Golgi proteins. In contrast, v-SNAREs rBet1
and Gs15 that don’t bind the known tethers [48] have higher
mobility in the Golgi (Fig. 5). The yeast homolog of the trans-Golgi
t-SNAREs Ykt6 has been shown to bind the GOG complex in yeast
[49], although its intra-Golgi mobility was not examined in the
present study. Thus, the spatial segregation of the cis-Golgi and
trans-Golgi SNAREpins correlate with their differential association
with the Golgi tethering factors.

Homo and hetero oligomerization of SNARE proteins via their
transmembrane or cytoplasmic domains may also contribute to
their localization mechanism in the Golgi. Although numerous
co-immunoprecipitation studies suggest that trans-SNARE com-
plexes are relatively unabundant in the cell, one can argue that
detergent solubilization may disrupt weak protein-protein inter-
actions that bind SNARE proteins in a delicate protein network,
consisting of fusogenic and inhibitory SNARE partners and Golgi
tethers. These weak, possibly transient interactions may hold
SNARE proteins in place and also regulate fusion specificity of
membrane compartments.

3.4. Golgi localization of SNARE proteins and i-SNARE hypothesis

Although vesicle recycling and/or association with Golgi pro-
teins or lipids may modulate the steady-state levels of SNARE pro-

in vivo. We previously described a new functional class of SNAREs,
designated inhibitory SNAREs (i-SNAREs) [27]. An i-SNARE inhibits
membrane fusion by substituting for a subunit of a fusogenic
SNARE complex to form a non-fusogenic complex. For example,
the cis-Golgi SNAREs Bet1 and p27 function as the i-SNAREs that
inhibit fusion mediated by the trans-Golgi SNAREs, and the trans-
Golgi SNAREs Gs15 and Gos28 function as the i-SNAREs that inhibit
fusion mediated by the cis-Golgi SNAREs [27].

This finding has two strong implications that (i) SNAREs can
mediate topologically restricted membrane fusion, and (ii) SNAREs
can regulate their own distribution in the Golgi stack. i-SNAREs
may also drive the homotypic fusion of trans-Golgi membranes
by restricting fusion of vesicles enriched in the cis-Golgi SNAREs
with the trans-Golgi compartments, and by allowing fusion of ves-
icles enriched in the trans-Golgi SNAREs with the trans-Golgi com-
partments. The same rule may apply to the homotypic fusion in the
cis-Golgi. This process may lead to formation of non-identical com-
partments and the apparent gradient-like distribution of SNARE
proteins across the Golgi stack. Because the yeast Golgi is not
assembled in a pancake-like structure of the mammalian Golgi, it
is possible that homotypic assembly of Golgi compartments, in
the absence of their spatial alignment, is sufficient for mediating
Golgi function, including cargo sorting and protein glycosylation.
The question arises as whether the inhibitor-activator relationship
exists among the other classes of Golgi proteins and how the
homotypic and heterotypic ensembles of SNARE proteins regulate
self-organization of the Golgi.

3.5. SNARE sorting into different transport vesicles

The mechanisms, which explain the different transport rates of
SNARE proteins, remain unclear. It is possible that vesicle fusion

teins in the Golgi, one additional mechanism remains unteste@(Q@ specificity (reflected by different transport rates) can be
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Fig. 5. Intra-Golgi mobility of SNARE proteins. (A) CFP-tagged Golgi SNARE proteins were transiently expressed in NRK cells and intra-Golgi transport rates were determined
following fluorescence recovery of small photobleached Golgi regions (marked with arrowheads) as described in Section 5. The time course of fluorescence recovery is shown
in seconds. B) K; values were calculated from single-exponential fits of fluorescence recovery curves after photobleaching parts of the Golgi. Bars are means £ S.E.M. for
n = 10-15. Statistically significant differences between K, values were determined using One-way ANOVA; P <0.05; **P < 0.01; ***P < 0.001. (C) Linear correlation between
Ki, (from Fig. 1D) and K, (from Fig. 5B) for Golgi SNARE proteins. (D) Linear correlation between Ko, (from Fig. 3B) and K, (from Fig. 5B) for Golgi SNARE proteins. The
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programmed during SNARE sorting into different types of transport
vesicles in the Golgi. For instance, rBet1 and GS15 may bind the cis-
Golgi and trans-Golgi sets of coat proteins, respectively, guiding
cis-Golgi and trans-Golgi v-SNAREs into different populations of
Golgi-derived COPI vesicles {50-52]. Intra-Golgi SNAREs might en-
ter both the cis-Golgi and the trans-Golgi types of COPI vesicles,
although the third “mixed” type of COPI vesicles involved in in-
tra-Golgi sorting of SNAREs may also exist.

A similar type of the sorting mechanism operating at the vesicle
budding sites in the ER may drive the cis-Golgi »-SNARE rBet1 into
a distinct (and possibly more fusogenic) type of COPII vesicles,
resulting in the segregation of rBet1l from other SNAREs [53,54],
explaining faster recovery rates for rBetl in the Golgi. It is note-
worthy that the i-SNARE-mediated mechanism might preclude
undesirable fusion events between different types of vesicles by
keeping a subset of SNAREs in a passive “passenger” mode.

4. Conclusions

Unfortunately, the FRAP-based method alone cannot resolve the
mechanism of intra-Golgi transport of SNARE proteins. The mea-
sured transport rates in the Golgi might reflect the number of
transport steps within the Golgi which may occur by several inde-
pendent mechanisms, including vesicle- or tubule-mediated trans-
port, lateral diffusion in the Golgi membranes, or cisternae
maturation (reviewed in [55,56]). It is likely that a combination
of these mechanisms contribute to SNARE localization. Other

inactivation of the Golgi proteins are required to unambiguously
resolve the mechanisms of intra-Golgi transport of SNARE proteins
[57].

5. Materials and methods
5.1. Recombinant techniques, cell culture and protein expression

The coding regions of rat Bet1, p27, and Syntaxin5, mouse Gs15,
Chinese hamster Gos28 and Ers24 have been subcloned in frame
into BamH1/Mlu1 sites of modified (Mlu1 site was introduced be-
tween BamH1 and Xba1) pECFP-C1 or Sacll/BamH1 sites of pECFP-
N1 vectors (Clontech Laboratories Inc., Mountain View USA). Sim-
ilar GFP-SNARE constructs have been described [29]. NRK cells
were cultured in 8-well chambers (Lab-Tek Il chambered #1.5,
German coverglass system, Nalge Nunc International, Rochester,
NY, USA) in DMEM containing 10% fetal calf serum, penicillin,
streptomycin, and fungizone (Invitrogen, Grand Island, NY, USA).
Cells were transfected with 2 pg DNA using FUGENE HD transfec-
tion reagent (Promega Corporation, Madison, USA) and assayed
within 24 h after transfection. Only cells expressing low levels of
CFP-tagged proteins were used for analysis.

5.2. Live-cell microscopy and image analysis

Image recording was conducted using an inverted Leica SP5
AOBS spectral confocal system equipped with a motorized,

methods that involve super-resolution imaging and reversible 2(femperature-controlled stage and 63x HCX PL APO (NE=1.451)
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glycerol objectives. CFP was excited with an Argon laser, and
images were recorded at emission bandwidth of 500-550 nm.
Photobleaching was performed using the built-in FRAP module of
the Leica confocal microscope. Anterograde (Kj,), retrograde (Kout),
and intra-Golgi (K) rates of transport were calculated as follows.
Raw fluorescent values obtained from the post-bleach recovery
traces (Fy,) were background (F,)-corrected and initial fluores-
cence values (Fo) were set to zero:

F= (Fpp — Fy) — (Fo — Fo)

The corrected traces were used for rate (K) calculations using
the single exponential fit function in GraphPad Prism, version-4
software:

F= Fmax(1 - e-Kt)

The goodness of fit was determined using the R? values. Cells
that displayed focus shift or movements during the recovery of
fluorescence were not included in analysis.

5.3. Flotation of lipid raft fractions

Lipid raft fractions were separated as described previously [58]
with 1% (v/v) Lubrol WX instead of Triton X-100 as a detergent. In
brief, sub-confluent Hela cells in two 10 cm-dishes, after being
washed with PBS, were harvested by scraping and precipitated
by centrifugation at 300xg for 5 min. The precipitated cells were
extracted with 100l of 1% (v/v) Lubrol WX in MN buffer
(25 mM MES-NaOH, pH 6.5) containing 0.15 M NacCl and a protease
inhibitor cocktail (Complete™ EDTA-free, Roche) for 30 min on ice.
Cell extracts were diluted into 500 pl, by adding 85% (w/v) sucrose
in MN buffer, and layered under 8 ml of a 10-30% sucrose gradient
in MN buffer. After centrifugation at 75000xg for 20h at 4°C,
0.75-ml fractions were collected from the top of the resulting
gradient.

5.4. Antibodies

Rabbit polyclonal antibody against Caveolin was purchased
from Santa Cruz Biotechnology. Mouse monoclonal antibodies
against Vtila and Vtilb were from BD Biosciences, against rBet1
(clone 16G6) from StressGen Biotechnology, and against GFP from
Roche Applied Science. Mouse monoclonal antibodies against
Rab1b (clone M1E7) and Rab6a (clone 5B10) were gifted from T.
Mayer [59]. Rabbit polyclonal antibodies against Gos28, Syntaxin5,
Ers24, p27, Syntaxin 6, and Gs15 were generated and affinity-puri-
fied as described previously [60].

5.5. Immunoblot analysis

Each fraction was solubilized with NuPAGE LDS sample buffer
(Invitrogen) containing 50 mM DTT and then heated at 95 °C for
5 min. Electrophoresis of these samples was performed in precast
NuPAGE 10% or 12% bis-tris gels (Invitrogen). For immunoblot
analysis, the proteins were transferred to polyvinylidene difluoride
membranes (Invitrogen), and the blotted membrane was incubated
with primary antibodies, at a 1:1000 dilution, for 90 min. Horse-
radish peroxidase-conjugated secondary antibody (GE healthcare),
at a 1:1000 dilution, was incubated with the blot for 90 min.
Detection was performed by using ECL (GE Healthcare) and
fluorography.

5.6. Cell culture and establishment of GFP-tagged YktG-expressing cells

All cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)Z,

100 U/ml Penicillin G, and 100 mg/ml streptomycin sulfate under
a 5% CO, atmosphere at 37 °C. Mammalian expression vectors of
GFP-tagged Ykt6 and Ykt6-F42E were constructed as described
previously [40]. To establish cells stably expressing GFP-Ykt6 or
GFP-Ykt6-F42E, Hela cells were transfected with these plasmids
using FuGENE 6 Transfection Reagent (Roche), selected by G418
resistance, and cloned. Exogenous Ykt6 expression in these cell
clones was confirmed by fluorescent microscopy.

5.7. Permeabilized cell assay

NRK cells were permeabilized as described [61]. Briefly, cells
were rinsed with cold KHM buffer (25 mM HEPES pH 7.4,
125 mM potassium acetate, 2.5 mM magnesium acetate), and incu-
bated for 10 min on ice in the presence of 30 pg/ml digitonin (Cal-
biochem) in KHM buffer. In NSF rescue experiments, 0.2 mM NEM
was added to a permeabilazation mixture. NEM was neutralized by
0.4 mM DTT for 5 min. Cells were rinsed with cold KHM buffer, and
then incubated for 10-20 min on ice in 200 pl transport mixture
(5 mM ATP, ATP-regenerating system, 50% bovine brain cytosol,
KHM buffer, 5-10 pg NSF and 5-10 pg alpha-SNAP). Recombinant
Sar1 mutant (Sarl T39N) was purified as described [62] and dia-
lyzed against KHM buffer containing 10 uM GDP and 0.5 mM
DTT. Ten to twenty micrograms of Sar1 T39N was added to a trans-
port mixture.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
06.004.
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The hepatoprotective action of ursodeoxycholic acid (UDCA) was previously suggested to be partially
dependent on its antioxidative effect. Doxorubicin (DOX) and reactive oxygen species have also been
implicated in the overexpression of P-glycoprotein (P-gp), which is encoded by the MDR1 gene and
causes antitumor multidrug resistance. In the present study, we assessed the effects of UDCA on the
expression of MDR1 mRNA, P-gp, and intracellular reactive oxygen species levels in DOX-treated HepG2
cells and compared them to those of other bile acids. DOX-induced increases in reactive oxygen species
levels and the expression of MDRT mRNA were inhibited by N-acetylcysteine, an antioxidant, and the
DOX-induced increase in reactive oxygen species levels and DOX-induced overexpression of MDR1 mRNA
and P-gp were inhibited by UDCA. Cells treated with UDCA showed improved rhodamine 123 uptake,
which was decreased in cells treated with DOX alone. Moreover, cells exposed to DOX for 24 h combined
with UDCA accumulated more DOX than that of cells treated with DOX alone. Thus, UDCA may have
inhibited the overexpression of P-gp by suppressing DOX-induced reactive oxygen species production.
Chenodeoxycholic acid (CDCA) also exhibited these effects, whereas deoxycholic acid and litocholic acid
were ineffective. In conclusion, UDCA and CDCA had an inhibitory effect on the induction of P-gp
expression and reactive oxygen species by DOX in HepG2 cells. The administration of UDCA may be
beneficial due to its ability to prevent the overexpression of reactive oxygen species and acquisition of
multidrug resistance in hepatocellular carcinoma cells.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

(GSH) synthesis due to the translocation of Nrf2 into the nucleus
following activation of the PI3K/Akt pathway (Arisawa et al, 2008),

Ursodeoxycholic acid (UDCA) is a tertiary bile acid in humans, and
large doses have been used as a hepatoprotective drug in the
treatment of antivirus therapy non-responsive chronic hepatitis C
(Omata et al, 2007) and primary biliary cirrhosis (Corpechor et al,
2000). Although the detailed mechanism of its hepatoprotective
effect remains to be clarified, it may be due to its antioxidative effect
and protection against apoptosis caused by mitochondria injury
(Mitsuyoshi et al, 1999; Rajesh et al, 2005; Okada et al, 2008;
Kawata et al, 2010). As a molecular mechanism for its antioxidative
effect, we recently demonstrated that UDCA induced glutathione

* Corresponding author. Tel./fax: +81 52 719 1558.
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which may also contribute to the protection of mitochondria.
P-Glycoprotein (P-gp), a membrane drug transporter encoded
by the MDR1 gene, is frequently overexpressed in tumor cells
treated with chemotherapeutic agents including anthracyclines
such as doxorubicin (DOX) and causes antitumor multidrug
resistance (Hu et al, 1993). The physiological expression of P-gp
has also been reported in various epithelial cells and it has been
shown to play a role in the regulation of absorption or excretion of
small amphipathic chemical compounds in organs such as the
kidneys and liver (Borst and Elferink, 2002). Overexpression of the
MDR1 gene was previously shown to be induced by reactive
oxygen species in primary cultures of rat hepatocytes (Ziemann
et al., 1999), while DOX is known to increase intracellular reactive
oxygen species levels in several cells (Myers et al,, 1977; Bates and
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Winterbourn, 1982 Ortiz et gl 2008) and decrease GSH levels in
rat hepatoma cells tiz e al, 2008). Hepatocellular carcinoma is
the third leading cause of cancer-related death in the world (jemat
2 al, 20%1). Hepatitis C is a major risk factor for hepatocellular
carcinoma, and DOX is frequently used as a chemotherapeutic
agent in the case of transarterial chemoembolism for this disease
(Tinkle and Haas-Kogan, 2012).

DOX was previously suggested to induce reactive oxygen
species and P-gp; therefore, reactive oxygen species has been
associated with the induction of P-gp in DOX-treated cells. In
addition, because UDCA exhibits antioxidative effects, it may
down-regulate the overexpression of P-gp and suppress the
induction of multidrug resistance by DOX. However, the effect of
UDCA on the expression or/and function of P-gp in DOX-treated
hepatoma cells has not yet been examined. In this study, to
evaluate the efficacy of UDCA on DOX-induced elevations in P-gp
and reactive oxygen species levels, we firstly examined the effect
of N-acetylcysteine (NAC), an antioxidant, on DOX-induced eleva-
tions in P-gp levels and then investigated the effects of UDCA on
human hepatoma HepG2 cells. In addition, we also investigated
the effects of chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), and litocholic acid (LCA) to compare the effects of UDCA
with those of other bile acids.

—

i

2. Materials and methods
2.1. Chemicals -

UDCA was kindly supplied by Tanabe-Mitsubishi Pharmaceu-
ticals (Osaka, Japan). CDCA, DCA, LCA, DOX, 6-carboxy-2/, 7'-1
dichlorodihydrofluorescein (CDCFH), NAC, and rhodamine 123
(Rho123) were purchased from Sigma Japan (Tokyo, Japan).

2.2. Cell culture

Human hepatoma HepG2 cells were cultured in Dulbecco’s
modified Eagle’s medium (Sigma, Japan) supplemented with 5%
(v/v) heat-inactivated fetal calf serum (BioWest, Nauille, France),
100 U/ml of penicillin (Invitrogen Japan, Tokyo, Japan), 100 pg/ml
of streptomycin (Invitrogen Japan), and 0.25 mg/ml of amphoter-
icin B (Invitrogen Japan) in 35-mm plastic dishes in the presence
of 5% CO, at 37 °C until semi-confluency. Varying concentrations of
agents were then added to the culture medium, and cells were
cultured for the designated periods. Bile acids were initially
dissolved in dimethylsulfoxide (DMSO, Sigma Japan) at an appro-
priate concentration and were then added to the culture medium.
The concentration of DMSO was adjusted to 0.1% (v/v) of the
culture medium in each group.

2.3. Determination of intracellular reactive oxygen species

Reactive oxygen species levels were quantified in cells using
CDCFH (10 uM) as described previously (Arisawa et al., 2009). The
fluorescence of CDCF was measured at 480 nm/538 nm (emission/
excitation). The results were obtained as the content (nmol) per
mg protein and expressed as the percentage of fluorescence
compared with the control.

2.4. Determination of intracellular accumulation of DOX and Rho123

HepG2 cells were pre-incubated with or without 100 uM bile
acids for 60 min, and cells were then incubated with or without

3 pM DOX in the presence or absence of 100 uM bile acids for 24 h. 9

After the treatment, a portion of these cells were used to
determine DOX, and the remaining cells were cultivated in fresh
medium for 24 h. The latter cells were incubated with 3 pM
Rho123 for 30 min at 37 °C. These cells were subsequently washed
with phosphate-buffered saline (PBS, pH 7.4), and intracellular
DOX and Rho123 were extracted with 1 ml of ethanol. A portion of
these cells was used to measure fluorescence intensity with Arvo
1420 (PerkinElmer, Waltham, MA) at 480 nm/535 nm (emission/
excitation) for DOX and 480 nm/580 nm (emission/excitation) for
Rho123. A stock solution (3 mM) of Rho123 was prepared by
dissolving it in DMSO.

2.5. Polymerase chain reaction (PCR) assay of MDR1 mRNA

We determined MDR1 mRNA levels by semi-quantitative
RT-PCR. After cells were treated, total RNA was isolated using
TRIzol Reagent (Invitrogen Japan) according to the manufacturer’s
instructions. cDNA was then prepared by incubating 0.5-1.0 pg of
RNA with random primers (12.5ng, Invitrogen Japan), RNase
inhibitor (RNaseOUT, 20 units, Invitrogen Japan), 0.5 mM deox-
ynucleotide (dNTPs, Promega, Madison, W1), and 100 units of RNA
reverse transcriptase (ReverTra Ace, TOYOBO, Tokyo, Japan) in
20 pl of the reaction buffer according to the ReverTra Ace data
sheet. Following inactivation of the enzyme by incubation at 99 °C
for 5 min, semi-quantitative PCR was performed with Blend Taq
DNA polymerase (TOYOBO) using Thermal Cycler PxE (Thermo
Fisher Scientific, Waltham, MA). PCR primers for MDR1 and
GAPDH were synthesized by Hokkaido System Science. A primer
set of the MDR1 gene was as follows; forward: 5'-AAGCTTAGTAC-
CAAAGAGGCTCTG-3, reverse: 5 -GGCTAGAAAACAATAGTGAAAA-
CAA-3'. A primer set of GAPDH gene was as follows; forward: 5'-
ACCACAGTCCATGCCATCAC-3', reverse: 5'-TCCACCACCCTGTTGCT-
GTA-3'. PCR products (10 pl) were electrophoresed on a 1.5%
agarose gel and visualized with ultraviolet light after immersion
in an ethidium bromide solution (1 pg/ml, Sigma Japan) for
15 min. Images were taken with the digital camera CoolPix 9500
(Nikon, Tokyo, Japan) equipped with a BPB-60 filter (Fujifilm
Japan, Tokyo, Japan). Densitometric analysis was performed using
Image ] for Windows supplied by the National Institutes of Health
(Bethesda, MD).

2.6. Western blotting of P-gp

Cells were solubilized in loading dye containing 125 mM Tris
(pH6.8, Sigma Japan), 5% sodium dodecylsulfate (SDS, Sigma
Japan), 40% urea (Sigma Japan), and 0.2 M dithiothreitol (Sigma
Japan). Samples were isolated using SDS-polyacrylamide gel elec-
trophoresis (10% gel) and transferred onto a Hybond ECL Nitro-
cellulose membrane (GE Healthcare Japan, Tokyo, Japan). After
blocking with skim milk, the membrane was treated with primary
antibodies as follows. P-gp was detected with the €219 anti-MDR1
P-gp mouse monoclonal antibody (GeneTex, Irvine, CA) as a
primary antibody and horseradish-labeled goat anti-mouse IgG2a
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) as a second-
ary antibody. The specific immunoreactive band of P-gp was
detected using Immobilon Western Chemiluminescent HRP
(Merck Japan, Tokyo, Japan) and a luminescence imager (Light-
Capture I, ATTO, Tokyo, Japan). Densitometric analysis was per-
formed using Image J. GAPDH (Sigma Japan) was also detected as
an internal standard protein using the anti-GAPDH antibody
(Sigma Japan).

Cellular protein concentrations were determined using a DC

’ i)rotein assay kit (Bio-Rad Laboratories, Hercules, CA).
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Fig. 1. Elevation in MDR1 gene expression and reactive oxygen species levels by DOX in HepG2 cells. (A) Cells were exposed to 1, 3, and 5 pM DOX or vehicle for 24 h, and RT-
PCR was then conducted. Upper photographs are typical of agarose gel electrophoresis of RT-PCR products. Column graph data represent the relative expression level of
MDR1 mRNA against GAPDH. (B) Cells were exposed to 3 pM DOX for the indicated periods and intracellular reactive oxygen species levels was determined as described in
the Materials and Methods, Column graph data are expressed as the mean + S.D. (n=3). *P < 0.05, significantly different from the control.

2.7. Statistical analysis

Data are expressed as the mean + S.D. Significance was deter-
mined by a one-way analysis of variance (ANOVA) and Holm’s
multiple-comparison test. P < 0.05 was considered significant. All
statistical analyses were performed using R Commander Plug-in
for the EZR (Easy R) Package (RcmdrPlugin.EZR) (Karnda 2012).

3. Results

3.1. Increase in intracellular levels of MDR1 mRNA and reactive
oxygen species by DOX in HepG2 cells and inhibition by NAC

The properties of DOX for the induction of MDR1 mRNA and
reactive oxygen species levels in HepG2 cells were shown in
Fig. 1A. MDR1 mRNA was induced in a dose-dependent manner
after exposure to DOX for 24 h. However, our preliminary experi-
ments indicated that this induction was not observed when cells
were exposed to 3 pM DOX for 6 h (data not shown). When cells
were continuously exposed to DOX (3 pM), intracellular reactive
oxygen species levels increased in the early period, but returned to
control levels within 6 h (Fig. 1B). To ascertain whether the
elevation in MDR1 mRNA levels induced by DOX was dependent
on the increase in reactive oxygen species levels, we examined the
effect of NAC, an antioxidant and radical scavenger (Cotter et al.,
2007). As shown in Fig. 2, the inductive effects of DOX (3 pM) on
MDR1 mRNA and reactive oxygen species levels were significantly
suppressed by NAC (0.5 mM). These results indicated that the
induction of MDR1 mRNA by DOX depended on an elevation in
intracellular reactive oxygen species levels in HepG2 cells treated
with DOX.

3.2. Inhibitory effect of UDCA on DOX-induced elevations in MDR1
mRNA, P-gp, and reactive oxygen species levels in HepG2 cells

To investigate the inhibitory effect of UDCA on the DOX-
induced overexpression of MDR1 mRNA and P-gp in HepG2 cells,
cells were treated with 100 puM UDCA, a concentration that waé

shown to have anti-oxidative effects in our (Arisawa et al., 2009)
and other previous studies (Mitsuyoshi et al, 18999; Rajesh ef al,
2005, Okada et al, 2008).

DOX (3 pM) increased the expression of P-gp, as previously
reported by Hu et 2l {1995), and MDR1 mRNA in HepG2 cells.
Although UDCA inhibited the DOX-induced elevation in
MDR1 mRNA and P-gp levels, this dosage of UDCA itself did not
influence the constitutive expression of MDR1 mRNA or P-gp
(Fig. 3A-C). These results clearly demonstrated that UDCA inhib-
ited the induction of P-gp and MDR1 gene expression by DOX in
HepG?2 cells.

We then investigated its effects on DOX-induced reactive oxygen
species levels. As shown in Fig. 3D, UDCA inhibited the DOX-
induced elevation in reactive oxygen species levels. A slight increase
in reactive oxygen species levels was observed by UDCA alone.

3.3. Effects of UDCA on the intracellular accumulation of DOX and
Rho123

To evaluate the transport function of DOX-induced P-gp and the
effects of UDCA on this function, we examined the intracellular
accumulation of DOX in HepG2 cells after combined exposure. As
shown in Fig. 4A, UDCA increased the intracellular concentration
of DOX after exposure for 24 h, while the combined exposure for
1 h failed to influence the intracellular accumulation of DOX. These
results suggested that UDCA may have indirectly increased the
accumulation of DOX after 24 h of exposure by inhibiting P-gp
overexpression in the plasma membrane, as seen in Fig. 3A and C.

To functionally evaluate the effect of UDCA on P-gp levels, we
investigated the intracellular accumulation of Rho123 after the
treatment with DOX and UDCA for 24 h. As shown in Fig. 4B, UDCA
by itself did not influence the uptake of Rho123. Rho123 levels
were significant lower in cells pretreated with DOX than in
untreated control cells. On the other hand, the accumulation of
Rho123 was higher in cells pre-treated with both UDCA and DOX
than in cells pre-treated with DOX alone.

These results suggested that UDCA inhibited the DOX-induced up-
regulation of P-gp, which subsequently increased the intracellular
accumulation of DOX and recovery of the accumulation of Rho123.
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Fig. 2. Inhibition of DOX-induced increases in reactive oxygen species and MDR1 gene expression by NAC. Cells were pre-treated with 0.5 mM NAC for 1 h and then exposed
to 3 pM DOX in the presence of NAC for 24 h. Reactive oxygen species measurements (A) and RT-PCR (B) were then conducted. Intracellular reactive oxygen species levels
were determined using the fluorogenic dye CDCFH. Upper photographs are typical of agarose gel electrophoresis of RT-PCR products. Column graph data represent the
relative expression levels of MDR1 mRNA against GAPDH. Column graph data are expressed as the mean + S.D. (n=3). *P < 0.05, significantly different from the control.

#P < 0.05, significantly different from the DOX group.

3.4. Effects of CDCA, DCA, and LCA on P-gp, Rho123, and reactive
oxygen species levels

We examined the effects of CDCA, DCA, and LCA to investigate
if other bile acids also possessed properties similar to UDCA. As
shown in Fig. 5A, CDCA (100 pM) partially inhibited the DOX-
induced elevation in P-gp levels, while CDCA by itself did not affect
P-gp levels. CDCA clearly inhibited the DOX-induced increase in
reactive oxygen species levels (Fig. 7A), and also significantly
reversed the DOX-induced reduction in intracellular Rho123
(Fig. GA).

DCA (100 pM) did not affect DOX-induced P-gp overexpression
(Fig. 5B), and had no effect on the intracellular accumulation of
Rho123 (Fig. £B) or DOX-induced elevation in intracellular reactive
oxygen species levels (Fig. 7B).

The effect of LCA was investigated at 30 pM because 100 pM of
LCA was cytocidal to HepG2 cells. As shown in Fig. 5C, LCA itself
did not influence P-gp levels and did not influence the effect of
DOX. LCA also had no effect on Rho123 uptake in cells treated
without or with DOX (Fig. 8C). Although LCA increased reactive
oxygen species levels by itself, it did not affect reactive oxygen
species levels in combination with DOX (Fig. 7C). The reason for
the lack of a correlation between LCA-induced reactive oxygen
species and P-gp levels has yet to be established.

CDCA, DCA, and LCA reportedly stimulate PXR (Dussauit et al.,
2003) and MDR1 gene expression was previously shown to be
stimulated by PXR (Geick et al, 2001). In the present study, the
concentration of these bile acids may have been insufficient to
induce an effect on HepG2 cells.

4. Discussion
In the natural course of chronic hepatitis C, most cases progress

to liver cirrhosis, complicated by hepatocellular carcinoma. The oral
administration of UDCA (typically 600 mg/day) is an alternative

therapy for chronic hepatitis C in interferon-intolerant patients or
non-responders, and long-term treatment is expected to improve
prognosis (Orata et al, 2007). DOX is frequently used as a
chemotherapeutic agent in the case of transarterial chemoembo-
lism for hepatocellular carcinoma (Tinzide and Haas-Kogan, 2012).
However, it has been shown to induce the overexpression of P-gp
and antitumor multidrug resistance.

In this study, we ascertained that DOX induced P-gp, accompa-
nied by an increase in intracellular reactive oxygen species levels,
and showed that UDCA inhibited the DOX-induced up-regulation of
P-gp, which reversed the decreased uptake of Rho123 in HepG2 cells
pre-exposed to DOX, whereas UDCA itself had no effect on P-gp
levels or Rho123 uptake. Additionally, we examined the combined
effects of DOX and UDCA on P-gp levels even in Hep3B human
hepatoma cells, and demonstrated that UDCA prevented the DOX-
induced overexpression of P-gp (data not shown). Based on these
results, it was suggested that UDCA may prevent the overexpression
of P-gp induced by DOX and other anthracyclines and may also
suppress the acquisition of antitumor multidrug resistance in
various hepatoma cells including primary hepatoma cells. Further-
more, the clinical application of UDCA to chemotherapy for hepato-
cellular carcinoma, e.g. pre-and co-administration with DOX in the
case of transarterial chemoembolism, may prevent the induction of
P-gp by DOX and efflux of DOX from carcinoma cells, resulting in
increases in its therapeutic effect.

To date, UDCA has been shown to increase MDR1 mRNA levels
in Caco-2 cells, but not in intestinal or LS174T cells (Becquemont
et al, 2006). On the other hand, CDCA (100 pM) increased MDR1
mRNA levels in Madin Darby canine kidney cells (Kneuer et al.
2007). In this study, UDCA and CDCA did not affect the basal
expression of P-gp in HepG2 cells, but antagonized the DOX-
induced increase in P-gp expression. These results indicate that
the effect of UDCA and CDCA on basal MDR1 gene expression may
be dependent on the types of cells and tissues studied, and these
bile acids may not influence the basal expression of the MDR1
éene in hepatocellular carcinoma cells.



