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a-1,2 mannosidases, key enzymes in N-glycosylation, are required for the formation of mature glycoproteins in eukaryotes.

Aberrant regulation of a-1,2 mannosidases can result in cancer, although the underlying mechanisms are unclear. Here, we

report the distinct roles of a-1,2 mannosidase subtypes (MAN1A, MAN1B, ERMAN1, MAN1C) in the formation of

hepatocellular carcinoma (HCC). Clinicopathological analyses revealed that the clinical stage, tumor size, a-fetoprotein level,

and invasion status were positively correlated with the expression levels of MAN1A1, MAN1B1, and MAN1A2. In contrast,

the expression of MAN1C1 was decreased as early as stage I of HCC. Survival analyses showed that high MAN1A1,

MAN1A2, and MAN1B1 expression levels combined with low MAN1C1 expression levels were significantly correlated with

shorter overall survival rates. Functionally, the overexpression of MAN1A1 promoted proliferation, migration, and transfor-

mation as well as in vivo migration in zebrafish. Conversely, overexpression of MAN1C1 reduced the migration ability both

in vitro and in vivo, decreased the colony formation ability, and shortened the S phase of the cell cycle. Furthermore, the

expression of genes involved in cell cycle/proliferation and migration was increased in MAN1A1-overexpressing cells but

decreased in MAN1C1-overexpressing cells. MAN1A1 activated the expression of key regulators of the unfolded protein

response (UPR), while treatment with endoplasmic reticulum stress inhibitors blocked the expression of MAN1A1-activated

genes. Using the MAN1A1 liver-specific overexpression zebrafish model, we observed steatosis and inflammation at earlier

stages and HCC formation at a later stage accompanied by the increased expression of the UPR modulator binding immu-

noglobulin protein (BiP). These data suggest that the up-regulation of MAN1A1 activates the UPR and might initiate

metastasis. Conclusion: MAN1A1 represents a novel oncogene while MAN1C1 plays a role in tumor suppression in hepato-

carcinogenesis. (Hepatology Communications 2017;1:230-247)

Introduction

N
-glycosylation is important for the formation
of mature glycoproteins in eukaryotes.(1)

Class I a-1, 2-mannosidases are important
for Asn-linked oligosaccharide maturation in the

endoplasmic reticulum (ER) and Golgi complex.(2)

The process of N-glycosylation consists of a covalent
linkage of a specific oligosaccharide (Glc3Man9Glc-
NAc2) to a nascent protein. Once the oligosaccharide
is transferred, several subsequent steps of maturation
occur along the secretory pathway.(3) The four class I
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a-1,2 mannosidases in humans are ER a-mannosidase
I (MAN1B1) and three Golgi a1,2-mannosidases
(Golgi a-mannosidase IA [MAN1A1], Golgi a-
mannosidase IB [MAN1A2], and Golgi a-
mannosidase IC [MAN1C1]). MAN1B1 trims the
central branch of the mannose residue in Man9-
GlcNAc2 to produce Man8GlcNAc2, resulting in the
transport of the protein to the Golgi apparatus for fur-
ther processing. Glycoproteins can traffic to the Golgi
with or without the removal of one mannose residue
by ER mannosidase I. MAN1B1 can also trim more
mannose residues to target a misfolded glycoprotein to
the ER-associated protein degradation (ERAD) path-
way. The Golgi mannosidases MAN1A1, MAN1A2,
and MAN1C1 trim the mannose residues of Man8-
GlcNAc2 to Man5GlcNAc2.

(4) Oligosaccharide com-
plexes are formed after Man5GlcNAc2 is processed by
specific enzymes in the medial and trans-Golgi com-
partments. These modifications affect cell growth,
cell–cell adhesion, cell motility, and protein phosphor-
ylation. The activity of the enzymes involved in N-
glycosylation must therefore be tightly regulated
because N-glycan composition determines the fate of
the protein, including whether or not the protein will
be folded in the ER lumen or retrotranslocated into

the cytosol and degraded.(1,5) Hence, a-1,2-
mannosidases are not only involved in protein folding
but also play a role in misfolded protein degradation.(6)

The unfolded protein response (UPR) is a cellular
recovery mechanism that responds to the accumula-
tion of misfolded proteins resulting from ER stress.(7)

The UPR is composed of three signaling cascades,
consisting of the activating transcription factor 6
(ATF6) pathway, which acts through the regulation
of proteolysis; the RNA-activated protein kinase-like
ER kinase (PERK) pathway, which functions through
translational control; and the type I transmembrane
protein kinase and endoribonuclease inositol-requir-
ing enzyme 1 (IRE1) cascade, which acts through
nonconventional messenger RNA (mRNA) splic-
ing.(8) The UPR pathway regulates the ER protein
load and increases folding capacity to re-establish
homeostasis and also coordinates with the endoplas-
mic reticulim-associated degradation (ERAD) path-
way.(8,9) Folding-deficient proteins are labeled with
specific mannose residues for ERAD degradation.
Increased ER stress causes many human diseases,(10)

including cancers.(11) Recent studies have demon-
strated that the overexpression of a-1,2-mannosidase
accelerates ERAD.(12,13)
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Previous reports have indicated that the mannosidase
inhibitors 1-deoxymannojirimycin (DMJ) and swainso-
nine (SW) suppress fibronectin-dependent adhesion
and inhibit cancer metastasis. SW functions as an a-
mannosidase II inhibitor and can efficiently decrease
tumor size in nude mice injected with leukemic
cells.(14,15) DMJ functions as an a-mannosidase I inhib-
itor, which induces apoptosis and decreases the migra-
tion ability(16) of hepatocarcinoma cells.(17) MAN1B1
has also been reported to promote hepatocellular carci-
noma (HCC) formation.(18) High expression levels of
a-1,2 mannosidases have been associated with specific
cancers,(19) and a-1,2 mannosidase inhibitors may rep-
resent potential anticancer strategies.(20) Therefore, it is
important to understand how a-1,2 mannosidases influ-
ence cancer development.
In this report, we demonstrate that the expression

levels of different a-1,2 mannosidase subtypes are cor-
related with the severity of different stages of liver
cancer. Functional studies in vitro and in vivo indi-
cate that two subtypes of a-1,2 mannosidases,
MAN1A1 and MAN1C1, may represent possible bio-
markers for early stage HCC, with MAN1A1 pos-
sessing oncogenic qualities and MAN1C1 potentially
acting as a tumor suppressor. Furthermore, transgenic
zebrafish overexpressing MAN1A1 under the control
of a liver-specific promoter exhibit elevated mRNA
levels of cell cycle/proliferation markers and an
enhanced binding immunoglobulin protein (BiP)
expression. Our work reveals a novel role for
MAN1A1 and provides a molecular mechanism by
which MAN1A1-mediated activation of UPR pro-
motes liver cancer formation.

Materials and Methods

HUMAN HCC SAMPLES

We used 49 human liver hepatitis B virus (HBV)-
positive cancer samples in this study. Specimens and
related clinical data were obtained from the Taiwan
Liver Cancer Network. The study protocol was
approved by the Institutional Review Board of the
National Health Research Institutes (Human Ethics
Committee code EC0971102). RNA from these sam-
ples was reverse transcribed into complementary DNA
(cDNA) for quantitative polymerase chain reaction
(qPCR) analysis as described.(21) The mRNA expres-
sion levels of MAN1A1, MAN1A2, MAN1B1, and
MAN1C1 were quantified using qPCR.

CELL CULTURE, PLASMIDS, AND
REAGENTS

Human liver cancer cell lines (PLC/PRF/5, Hep3B,
and HepG2) and 293T were obtained from the Biore-
source Collection and Research Center, Taiwan, as
described.(22) Plasmids and reagents are included in
the Supporting Materials and Methods.

ZEBRAFISH HUSBANDRY AND
XENOTRANSPLANTATION

Zebrafish husbandry and xenotransplantation were
performed as previously described.(23-25) Detailed pro-
tocols and reagents are included in the Supporting
Materials and Methods.

IN VITRO MIGRATION ASSAY,
COLONY FORMATION ASSAY,
CELL PROLIFERATION ASSAY,
AND FLOW CYTOMETRY

Detailed protocols and reagents are included in the
Supporting Materials and Methods.

RNA EXTRACTION, REVERSE-
TRANSCRIPTION PCR, AND qPCR

RNA extraction and reverse-transcription qPCR
were performed as described.(21) The specific primers
used for PCR amplification are shown in Supporting
Table S5.

SODIUM DODECYL SULFATE–
POLYACRYLAMIDE GEL
ELECTROPHORESIS AND
WESTERN BLOTTING

Detailed protocols and reagents for polyacrylamide
gel electrophoresis and western blotting are included in
the Supporting Materials and Methods.

OIL RED O AND SIRIUS RED
STAINING

Oil Red O and Sirius Red staining were performed
as described.(26) Detailed protocols and reagents are
included in the Supporting Materials and Methods.
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STATISTICAL ANALYSIS

All data were analyzed using SPSS 17.0 (SPSS,
Inc.). The results are presented as the mean 6 SD of
multiple batches. The significance between two groups
was analyzed using the Student t test. A P value less
than 0.05 was considered to be statistically significant.

Results

DIFFERENTIAL EXPRESSION OF
a-1,2-MANNOSIDASE I SUBTYPES
IN HUMAN HCC TISSUES

Our previous study showed that reduced expression
of a-1,2 mannosidase I (mas1) extends the lifespan in
both Drosophila melanogaster and Caenorhabditis ele-
gans.(27) As cancer is an aging-related disease and the
pathways related to longevity represent potential tar-
gets for anticancer therapies,(28) we investigated the
role of class I a-1,2-mannosidases in liver cancer.
In humans, there are four class I a-1,2-mannosidases,

MAN1A1, MAN1A2, MAN1B1, and MAN1C1. To
examine the roles of these molecules in HCC, the
mRNA levels of MAN1A1, MAN1A2, MAN1B1, and
MAN1C1 were analyzed by qPCR using cDNAs col-
lected from paired tissues (tumor and adjacent normal)
from patients with HCC. When compared to the adja-
cent normal tissues, different stages of HCC tumors
revealed increased expression of MAN1A1, MAN1A2,
and MAN1B1 and decreasedMAN1C1 expression (Fig.
1A). The average increased expression values of
MAN1A1, MAN1A2, and MAN1B1 were significantly
higher in stages II and III than in stage I (Fig. 1A).
However, the expression of MAN1C1 was down-
regulated as early as stage I in patients with HCC (Fig.
1A). The expression patterns were also analyzed in three
different liver cancer cell lines, PLC/PRF/5, Hep3B,
and HepG2. Similar to the expression patterns seen in
patients with HCC, MAN1A1, MAN1A2, and
MAN1B1 show tens of thousands of molecules while
MAN1C1 exhibits only hundreds of molecules in those
hepatoma cells (Fig. 1B). Because HCC progresses
gradually from inflamed and cirrhotic hepatocytes, we
used a liver disease spectrum tissue array containing all
stages of liver specimens to verify the protein expression
levels of two selected subtypes, MAN1A1 and
MAN1C1, by using immunohistochemistry (IHC).
Compared to normal liver, the expression levels of
MAN1A1 increased proportionally with the grade of
hepatocarcinogenesis, except for decreased expression in

the inflamed and cirrhotic liver samples (Fig. 1C,D).
Conversely, the MAN1C1 protein progressively
decreased from inflammatory to cirrhotic tissue and was
almost undetectable in the HCC samples (Fig. 1C,D).
These data suggest that during HCC formation,
MAN1A1 may act as oncogenes while MAN1C1 may
function as a tumor suppressor.
Furthermore, clinicopathological analysis indicated

that the expression levels of MAN1A1, MAN1A2, and
MAN1B1 were significantly correlated with the levels
of a-fetoprotein (AFP), a biomarker for HCC diagno-
sis, suggesting that they may be applied as HCC bio-
markers (Supporting Tables S1-S3). In addition,
higher MAN1A1 levels were significantly associated
with tumors of a higher grade and larger size as well as
multiple tumor types and invasion (Supporting Table
S1). Higher MAN1B1 levels were correlated with inva-
sion and relapse (Supporting Table S3). Importantly,
the patients with HCC with higher levels of
MAN1A1, MAN1A2, and MAN1B1 and lower levels
of MAN1C1 showed poorer overall survival rates (Fig.
1E), providing clinical evidence for the possible onco-
genic roles of MAN1A1, MAN1A2, and MAN1B1
and a tumor suppressive role for MAN1C1.

IN IN VITRO AND IN VIVO ASSAYS,
OVEREXPRESSION OF MAN1A1
INCREASES CELL MIGRATION
ABILITY WHILE MAN1C1
OVEREXPRESSION DECREASES
CELL MIGRATION

To study the roles of class I a-1,2-mannosidases in
liver cancer formation, MAN1A1 and MAN1C1 were
overexpressed in cell lines to examine their effects on
cell migration, colony formation, proliferation, and cell
cycle. Initially, the endogenous migration ability of
various cell lines, including the noncancerous human
embryonic kidney cell line (293T) and hepatoma cell
lines (PLC/PRF/5 and Hep3B), were examined by in
vivo xenotransplantation. Only 5.5% and 6% of the
embryos injected with the 293T or PLC5 cells exhib-
ited migratory ability, whereas 81.5% of the embryos
injected with Hep3B cells displayed cell migration
ability at 3 days postinjection (Supporting Fig. S1A).
We performed in vitro transwell assays, which revealed
that Hep3B cells had a higher migration ability than
PLC5 cells (Supporting Fig. S1B). Based on these
results, PLC5 or 293T lines were used to examine
whether the migration ability of cells can be enhanced
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FIG. 1. Expression patterns of the four human MAN1 genes in different stages of hepatocellular carcinoma. (A) The mRNA levels
of MAN1A1, MAN1A2, MAN1B1, and MAN1C1 were correlated with the progression of HCC. I, II, and III represent liver tissues
from stages I, II, and III of patients with HBV(1) HCC. The mRNA expression levels were calculated after normalizing to 18s and
were compared to normal counterparts. The data are presented as dot plots with a horizontal line for the median from 17 samples
from each stage and repeated in triplicate. (B) The mRNA molecules of four MAN1 subtypes were measured in triplicate using abso-
lute qPCR analysis and known molecules (serial dilution of EGFP PCR fragment) as standards. In the PLC5, Hep3B, and HepG2
hepatoma cell lines, the RNA molecules encoding MAN1A1, MAN1A2, and MAN1B1 were from 10,000 to 70,000 per cell line, indi-
cating high expression levels, while the three hepatoma cell lines only expressed hundreds of MAN1C1 RNA molecules, a low level of
expression. (C) Representative IHC staining of MAN1A1 and MAN1C1 at different stages are shown. Magnification 3400; scale
shown is for 30 lm. (D) Statistical analysis of the protein levels of MAN1A1 and MAN1C1 showed an up-regulation of MAN1A1
and down-regulation of MAN1C1 during hepatocarcinogenesis. The specimens were from a tissue array where N represents normal
liver tissue (n 5 8 each group); INF indicates inflammation (n 5 10 each group); CH stands for cirrhosis (n 5 16 each group); and
I, II, and III represent liver tissues from stages I (n 5 3 in MAN1A1 group; n 5 2 in MAN1C group), II (n 5 14 each group), and
III (n 5 14 each group) of HCC. The data are presented as a dot plot with a horizontal line for the mean, and P values were calcu-
lated using the Student t test. (E) Survival curve analysis comparing high levels of expression of MAN1A1, MAN1A2, and MAN1B1
and low expression of MAN1C1 versus low expression of MAN1A1, MAN1A2, and MAN1B1 and higher expression of MAN1C1.
The statistical significance was calculated using the log rank test to determine the v2 value.
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upon overexpression of MAN1A1. Hep3B cells were
used to study whether down-regulation of MAN1C1
has any effect on decreasing cellular migration ability.
Hep3B cells were used for the knockdown of
MAN1A1,MAN1A2, andMAN1B1 to examine wheth-
er migration ability was affected. The strategy and selec-
tion of cell lines are shown in Supporting Fig. S1C.
Upon transient expression, the expression levels of

MAN1A1 and MAN1C1 were greatly increased relative
to the mock control (Fig. 2A, left). Overexpression of
MAN1A1 in PLC5 cells significantly enhanced cell
migration relative to the mock control. In contrast, over-
expression of MAN1C1 in Hep3B cells reduced cell
migration (Fig. 2A, right). Specific short hairpin RNAs
(shRNAs) were used to knock down the high endoge-
nous levels of MAN1A1, MAN1A2, and MAN1B1 in
Hep3B cells, and the subsequent effects on cell migra-
tion ability were examined. The expression levels of
MAN1A1, MAN1A2, and MAN1B1 were significantly
decreased by about 40% using shRNA knockdown com-
pared to the mock control as measured by qPCR analysis
(Fig. 2B, left). The resultant knockdown significantly
reduced migration ability by about 65% (Fig. 2B, right).
The migration ability with knockdown of MAN1C1
was examined by using shRNA against MAN1C1.
Because the hepatoma cells contained only hundreds of
MAN1C1molecules,MAN1C1 was stably overexpressed
in Hep3B cells and then treated with shRNA knock-
down. The expression levels of MAN1C1 were signifi-
cantly decreased by about 40% using shRNA
knockdown compared to the stable MAN1C1-overex-
pressing cells as measured by qPCR analysis (Fig. 2C,
left), and the resultant knockdown significantly increased
migration ability 3-fold (Fig. 2C, right).
To confirm these effects, three independent, stable,

MAN1A1-overexpressing 293T cell lines and one stable
MAN1C1-overexpressing Hep3B cell line were generat-
ed. The qPCR analysis revealed that these cell lines
exhibited significantly increased expression of MAN1A1
or MAN1C1 compared to the control cells (Fig. 2D,
left). The cell migration ability of the three stable
MAN1A1-overexpressing 293T stable cell lines was
enhanced compared to control cells (Fig. 2D, right). In
contrast, the cell migration ability of the MAN1C1-
overexpressing Hep3B stable cell line was decreased by
80% compared to the control (Fig. 2D, right). Togeth-
er, the data showed that overexpression of MAN1A1
increased cell migration ability whereas overexpression
ofMAN1C1 reduced cell migration ability.
Recently, the xenotransplantation in vivo migration

assay has been used in zebrafish embryos as a tool to

investigate metastasis.(23) Using the stable clones generat-
ed above, the effects of MAN1A1 and MAN1C1 on cell
migration and proliferation were examined in vivo. The
zebrafish metastasis model was developed using fluores-
cent DiI-labeled tumor cells.(29) Stable DsRed or
MAN1A1-overexpressing 293T cells were implanted into
the yolks of 2-day-postfertilization zebrafish embryos,
and the in vivomigration ability was observed in multiple
embryos possessing the transplanted cells. The migration
rate of DsRed stably transfected 293T cells at 1 and 3
days postinjection was 6% and 19%, respectively, whereas
following MAN1A1 overexpression, the migration rate at
1 and 3 days postinjection increased to 27% and 57%,
respectively (Fig. 3A, left). Conversely, the migration rate
of DsRed stably transfected Hep3B cells at 1 and 3 days
postinjection was 15% and 36%, respectively, while with
MAN1C1 overexpression, the migration rate at 1 and 3
days postinjection decreased to 7% and 19%, respectively
(Fig. 3B, left). The representative pictures of zebrafish
embryos show the cells migrated from the original sites
of injection when overexpressing MAN1A1 in 293T cells
but not in the mock/293T control cells (Supporting Fig.
S1D, left); migration also occurred in the mock/Hep3B
but not in the MAN1C1-overexpressing Hep3B cells
(Supporting Fig. S1D, right).
DiI is a lipophilic carbocyanine fluorescent dye for

membrane labeling, so the fluorescent intensity could be
cell debris. To observe the proliferation and migration
ability of cells in vivo, cells were labeled with carboxy-
fluorescein succinimidyl ester (CFSE), an amine-
reactive fluorescent dye, and followed in embryos.(30)

The MAN1A1-overexpressing 293T cell line and the
MAN1C1-overexpressing Hep3B cell line were labeled
with CFSE and implanted in the yolks of 2-day-
postfertilization zebrafish embryos. The migration rate
of the 293T mock control cells at 1 and 3 days postin-
jection was 0% and 13%, respectively, whereas the
migration rate of MAN1A1-overexpressing 293T cells
at 1 and 3 days postinjection was increased to 11% and
44.4%, respectively (Fig. 3A, middle, C). Conversely,
the migration rate of the Hep3B mock control cells at 1
and 3 days postinjection was 13.6% and 31.8%, respec-
tively, whereas the migration rate of MAN1C1-overex-
pressing Hep3B cells at 1 and 3 days postinjection was
reduced to 0% and 18.1%, respectively (Fig. 3B, mid-
dle, D). Using Image J to compare the average fluo-
rescence differences between 3 days postinjection and
1 day postinjection, we found that the intensity
increased from 24% in the control cells to 72% in the
MAN1A1-overexpressing 293T cells (Fig. 3A, right,
3E). Conversely, the average fluorescent differences
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FIG. 2. MAN1A1 enhances and MAN1C1
decreases the migration ability of cells in vitro. (A)
Left: qPCR result of the mRNA level for transient
overexpression of MAN1A1 and MAN1C1. Right:
In vitro migration ability of MAN1A1- and
MAN1C1-overexpressing cells. The overexpression
of MAN1A1 in PLC5 cells enhanced their migra-
tion ability compared to the DsRed vector control
(Mock). In contrast, the overexpression of
MAN1C1 in Hep3B cells decreased their migration
ability compared to the mock control. (B) Left:
qPCR result of mRNA levels following shRNA
knockdown of MAN1A1, MAN1A2, and MAN1B1
individually. Right: In vitro migration ability as
decreased on knockdown of MAN1A1, MAN1A2,
and MAN1B1 in Hep3B cells. (C) Left: qPCR
result of mRNA levels following overexpression of
MAN1C1 and then shRNA knockdown of
MAN1C1. Right: In vitro migration ability as
increased on knockdown of MAN1C1 in Hep3B
cells with overexpressing MAN1C1. (D) Left: Sta-
ble overexpression of MAN1A1 and MAN1C1
increased the mRNA level as measured by qPCR.
Right: In vitro migration ability of the stable cell
line showed that overexpression of MAN1A1 in
293T cells significantly enhanced their migration
ability compared to the DsRed vector control
(Mock). In contrast, the stable overexpression of
MAN1C1 in Hep3B cells dramatically decreased
their migration ability compared to the mock con-
trol. All experiments were repeated in triplicate.
Statistical significance was calculated using the Stu-
dent t test (*P < 0.05, **P < 0.01, ***P < 0.001).
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between 3 days postinjection and 1 day postinjection
from MAN1C1-expressing Hep3B cells was decreased
to –1% compared to 36% in the mock control cells
(Fig. 3B, right, 3F). These data demonstrate that
MAN1A1 enhances while MAN1C1 decreases cell
migration and proliferation ability in vivo.

IN COLONY FORMATION ASSAYS,
THE OVEREXPRESSION OF
MAN1A1 AND MAN1C1 HAVE
OPPOSITE EFFECTS ON
CELLULAR TRANSFORMATION

The colony formation assay was used to examine the
transforming ability of cell lines on overexpression of
either MAN1A1 or MAN1C1. Stable overexpression of
MAN1A1 in 293T cells resulted in significantly
increased numbers and sizes of colonies relative to the
control cells (Fig. 4A; Supporting Fig. S1E). In contrast,
stable overexpression of MAN1C1 in Hep3B cells pro-
duced fewer and smaller colonies compared to the con-
trol cells (Fig. 4B; Supporting Fig. S1E). In conjunction
with the results from the cell migration assays, these data
suggest that MAN1A1 activates the transforming ability
whileMAN1C1 represses the transforming ability.

OVEREXPRESSION OF MAN1A1
INCREASES CELL
PROLIFERATION WHILE
OVEREXPRESSION OF MAN1C1
LEADS TO CELL CYCLE ARREST

To further study the effects of class I a-1,2-
mannosidases on liver cancer cell proliferation, we

performed a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (a tetrazole) assay, which is a
colorimetric assay to assess cell viability. Overexpres-
sion of MAN1A1 significantly increased the cell prolif-
eration rate compared to the mock control in 293T
cells (Fig. 4C). However, MAN1C1 overexpression did
not influence cellular proliferation in Hep3B cells (Fig.
4D). To determine if the overexpression of MAN1C1
might affect the cell cycle, flow cytometry was used to
observe various cellular aspects in the Hep3B cell lines.
Overexpression of MAN1C1 in Hep3B cells resulted
in a significantly decreased cell number in the S phase,
about 8.8% compared to 17.1% in the mock Hep3B
control, but no significant differences in the G1 and
G2/M phases were observed (Fig. 4E,F). This cell
cycle analysis suggests that overexpression of MAN1C1
acts on regulators of the S phase, causing fewer cells to
enter the S phase and thereby resulting in cell cycle
arrest.

MAN1A1 AND MAN1C1 HAVE
OPPOSITE EFFECTS ON MMP9,
PCNA, AND CCNA2 EXPRESSION
IN CELL MIGRATION,
PROLIFERATION, AND CELL
CYCLE REGULATION

Matrix metalloproteinases (MMPs) are proteases
that promote cancer cell growth, migration, invasion,
and metastasis.(31) MMP9, a member of the MMP
family, is known to induce cancer(32) and is highly cor-
related with liver cancer and metastasis in patients with
HCC.(33) To investigate how MAN1A1 and MAN1C1
affect cell migration, the mRNA levels of MMP9 were
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FIG. 3. In vivo xenotransplantation assay for different cell lines and MAN1A1- or MAN1C1-overexpressing cells. The cell lines were
labeled with a DiI or CFSE fluorescent dye and injected into the yolks of 2-day-old zebrafish embryos. (A) Left: In vivo migration
ability of embryos injected with MAN1A1 stably overexpressing or control 293T cells. DiI-labeled MAN1A1 stably overexpressing cells
increased the migration ability compared to the DsRed control cells (Mock) at 1 and 3 days postinjection (MAN1A1, n 5 37; Mock,
n 5 48). Middle: Transient CFSE-labeled MAN1A1-overexpressing cells increased the migration ability (MAN1A1, n 5 18; Mock,
n 5 15). Right: Proliferation ability of embryos injected with MAN1A1-overexpressing 293T cells analyzed by area using Image J;
MAN1A1-overexpressing 293T cells increased the proliferation ability compared to the Mock 293T cells at 1 and 3 days postinjection.
The data are presented as dot plots with a horizontal line for the mean. (B) Left: In vivo migration ability from the embryos injected
with stably MAN1C1-overexpressing Hep3B cells. MAN1C1 stably overexpressing cells decreased the migration ability compared to
the Mock Hep3B cells. (MAN1C1, n 5 95; Mock, n 5 155). Middle: CFSE-labeled MAN1C1 transiently overexpressing cells
decreased the migration ability (MAN1C1, n 5 11; Mock, n 5 22). Right: Proliferation ability of embryos injected with MAN1C1-
overexpressing Hep3B cells decreased the proliferation ability compared to the Mock Hep3B cells at 1 and 3 days postinjection. The
data are presented as dot plots with a horizontal line for the mean. (C) Representative images of MAN1A1 transiently overexpressing
293T cells increased the migration ability compared to the Mock 293T cells at 1 and 3 days postinjection. (D) Representative images
of MAN1C1 transiently overexpressing Hep3B cells decreased the migration ability compared to the Mock Hep3B cells. (E) Represen-
tative images of MAN1A1 transiently overexpressing 293T cells increased the proliferation ability compared to the Mock 293T cells at
1 and 3 days postinjection. (F) Representative images of MAN1C1 transiently overexpressing Hep3B cells decreased the proliferation
ability compared to the Mock Hep3B cells at 1 and 3 days postinjection. The xenotransplantation experiments were repeated 4 times.
The images were taken at magnification 348; scale shown is for 1 mm. Abbreviation: dpi, dots per inch.
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measured in MAN1A1-overexpressing 293T stable
cells and MAN1C1-overexpressing Hep3B stable cells.
Overexpression of MAN1A1 significantly induced
MMP9 expression, while the overexpression of

MAN1C1 significantly repressed MMP9 expression
relative to the controls (Fig. 5A).
To examine whether MAN1A1 and MAN1C1 influ-

ence the expression of cell proliferation and cell cycle
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regulators, the mRNA levels of the cell cycle marker
CCNA2 and the cell proliferation marker PCNA were
measured in the MAN1A1-overexpressing and
MAN1C1-overexpressing stable cells by qPCR. The
results showed that CCNA2 (Fig. 5B) and PCNA (Fig.
5C) were significantly up-regulated in MAN1A1-over-
expressing stable cells and down-regulated in
MAN1C1-overexpressing stable cells.

UPR REGULATORS ARE
ACTIVATED IN MAN1A1-
OVEREXPRESSING CELLS AND
REPRESSED IN MAN1C1-
OVEREXPRESSING CELLS

a-1,2-mannosidases are mannose-trimming
enzymes that are involved in protein folding.
MAN1B1 plays a critical role in the ERAD pathway,
although studies have indicated that other mannosi-
dases also affect this pathway.(12) Thus, we hypothe-
sized that not only MAN1B1 but also MAN1A1,
MAN1A2, and MAN1C1 would affect ER stress.
Unfolded or improperly folded proteins initiate the
UPR through the activation of three proteins (IRE1,
ATF6, and PERK), which in turn activate many
downstream transcription factors and signal transduc-
tion machinery.(34) As the UPR regulators are also
transcriptionally regulated by the UPR(8), the expres-
sion of three key UPR regulators, X-box binding pro-
tein 1 (XBP1), IRE1, and BiP, were also analyzed in
four different cell lines.
MAN1A1-overexpressing cells showed significantly

enhanced expression of XBP1 and BiP, while
MAN1C1-overexpressing cells exhibited down-
regulated expression of XBP1 and BiP (Fig. 5D,E),
revealing a correlation between MAN1A1, MAN1C1,
and ER stress. XBP1 mRNA is spliced and activated

by the endonuclease activity of IRE1. Thus, we
designed primers specific to detect the spliced form of
XBP1 [XBP1(s)]. MAN1A1-overexpressing cells
exhibited higher levels of XBP1(s) than controls,
whereas MAN1C1-overexpressing cells did not appear
to decrease the levels of XBP1(s) (Fig. 5F).
Our previous results showed that MAN1A1 overex-

pression activates the UPR signaling pathway and the
expression of cell proliferation- and migration-related
genes. Thus, we treated MAN1A1-overexpressing cells
with ER stress inhibitors, including the chemical chap-
erone sodium 4-phenylbutyrate (4-PBA) and taurour-
sodeoxycholic acid (TUDCA), both of which
ameliorate ER stress,(35) to examine whether they can
block or revert the expression of cell cycle- and
migration-related genes as well as the UPR regulators
in the MAN1A1-overexpressing cells. On treatment
with the ER stress inhibitors 4-PBA and TUDCA,
the up-regulation of these genes was reversed in
Hep3B cells, PLC5 cells, HepG2 cells, and 293T cells
(Supporting Fig. S2A-D). Taken together, the data
provide evidence thatMAN1A1 overexpression induces
the expression of proliferation- and migration-related
genes by activation of the UPR pathway.
Treatment of MAN1A1-overexpressing Hep3B cells

with the mannosidase inhibitor DMJ reverses the
effects of MAN1A1-overexpression-mediated up-
regulation of the cell cycle- and migration-related
genes as well as the UPR regulators (Supporting Fig.
S2E). DMJ treatment on MAN1C1-overexpressing
cells has an opposite effect on gene expression com-
pared to that of MAN1A1-overexpressing Hep3B cells
(Supporting Fig. S2E,F). Taken together, these data
provide further evidence that MAN1C1 functions dif-
ferently than MAN1A1.
To determine whether MAN1A1 and MAN1C1

affect apoptosis, apoptosis protein markers
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FIG. 4. Colony formation, proliferation ability and cell cycle of MAN1A1- or MAN1C1-overexpressing cell lines. (A) Stable overex-
pression of MAN1A1 in 293T cells resulted in more colonies and a larger colony size. (B) Stable overexpression of MAN1C1 in
Hep3B cells resulted in fewer colonies and smaller colony size compared to the Hep3B control. (C) Cell proliferation was analyzed
using the MTT assay after the overexpression of MAN1A1 in the Hep3B cell line. The result of transient expression of MAN1A1 in
the Hep3B cells showed increased cell proliferation up to 6-fold at 120 hours posttransection compared to 24 hours posttransection;
this result was 3-fold higher than the mock control. (D) Cell proliferation as assessed by the MTT assay after the transient overex-
pression of MAN1C1 in the Hep3B cell line displayed no difference. (E) Cell cycle analysis was performed using flow cytometry with
a FACSCalibur (BD Biosciences). The result showed that overexpression of MAN1C1 in Hep3B cells resulted in increased cell num-
ber in the G1 and G2-M phases by approximately 6.33% and 2.69%, respectively, compared to parental Hep3B cells; however, the
cells in S phase were decreased by approximately 8.33% compared to the Hep3B mock cells. Overexpression of MAN1C1 might have
acted on regulators of the S phase and caused fewer cells to enter the S phase, resulting in cell cycle arrest. (F) Flow cytometry profile
of mock Hep3B cells versus overexpression of MAN1C1 in Hep3B cells (M1 5 sub G1, M2 5 G1, M3 5 S, M4 5 G2/M, M5 5
mutiploid phase). All experiments were repeated 3 times. The statistical significance was calculated using the Student t test (*P <
0.05, **P < 0.01, ***P < 0.001). Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (a tetrazole).
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FIG. 5. Expression patterns of MMP9, CCNA2, PCNA, and UPR regulator in MAN1A1 or MAN1C1-overexpressing stable cell lines.
(A) Overexpression of MAN1A1 induced MMP9 expression to 2.3-fold, whereas overexpression of MAN1C1 repressed MMP9 expres-
sion to 0.33-fold compared to the DsRed control (Mock). (B) CCNA2 (cell cycle marker) was up-regulated in MAN1A1-overexpress-
ing stable cells and down-regulated in MAN1C1-overexpressing cells. (C) PCNA (cell proliferation marker) was up-regulated in
MAN1A1-overexpressing cells and down-regulated in MAN1C1-overexpressing cells. (D) MAN1A1-overexpressing cells displayed sig-
nificantly enhanced expression of XBP1, and MAN1C1-overexpressing cells displayed down-regulated expression of XBP1. (E)
MAN1A1-overexpressing cells displayed significantly enhanced expression of BiP, and MAN1C1-overexpressing cells displayed down-
regulated expression of BiP. (F) MAN1A1-overexpressing cells exhibited higher levels of spliced XBP1 mRNA than mock; however,
MAN1C1 overexpression did not appear to decrease XBP1(s) expression. Statistical significance was calculated using the Student t test
(*P < 0.05, **P < 0.01, ***P < 0.001). All figures are results of triplicate experiments.
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phosphorylated- c-Jun N-terminal kinase and cleaved
caspase 3 were analyzed by western blot in MAN1A1-
and MAN1C1-overexpressing cell lines. These results
indicate that neither MAN1A1 nor MAN1C1 seem
to affect apoptosis effector protein expression (Sup-
porting Fig. S2G).

OVEREXPRESSION OF
MAN1A1 INDUCES
HEPATOCARCINOGENESIS
IN ZEBRAFISH

During human hepatocarcinogenesis progression,
the initial stage is steatosis, followed by cirrhosis, and
eventually developing into cancer. Although many
HBx transgenic mouse models developed HCC, there
was no cirrhosis or fibrosis before HCC formation.
HBx transgenic zebrafish in p53 mutant, src transgenic
fish or edn1 transgenic fish developed steatosis to
fibrosis, hyperplasia, and dysplasia prior to developing
HCC.(24,26) Therefore, to study the effects of
MAN1A1 and MAN1C1 on liver tumorigenesis in
vivo, transgenic zebrafish expressing MAN1A1 or
MAN1C1 under the control of the liver tissue-specific
promoter fabp10a were generated and examined for
the progression of hepatocarcinogenesis.
MAN1A1 transgenic fish developed steatosis at 3

months, inflammation at 5 months, and hyperplasia at
7 months, whereas the MAN1C1 and enhanced green
fluorescent protein (EGFP)-mCherry transgenic con-
trol fish were normal (Fig. 6A). Overexpression of
MAN1A1 initiated HCC at 7 months, with HCC
lasting until 11 months (Fig. 6B,C). However, overex-
pression of MAN1C1 had no effect on the growth of
hepatocytes (Fig. 6D), and the controls were almost
normal except for a few fish exhibiting steatosis at 9
and 11 months (Fig. 6E). Staining with Oil Red O
and Sirius Red (Supporting Fig. S3A,B) was used to
verify the steatosis and fibrosis in the liver of the earlier
stages of MAN1A1 transgenic fish, but steatosis and
fibrosis were not observed in the MAN1C1 or EGFP-
mCherry transgenic fish. Using qPCR, the expression
levels of lipogenic factors (pparg, chrebp, and srebp1;
Supporting Fig. S4A), cell cycle/proliferation-related
genes (ccne1, cdk1, and cdk2; Supporting Fig. S4B),
and UPR mediators (atf6, ern2, and xbp1; Supporting
Fig. S4C) were examined. The lipogenic factors and
UPR mediators were up-regulated in MAN1A1 trans-
genic fish from 7 to 11 months but not in the
MAN1C1 transgenic fish (Supporting Fig. S4A,C).
Cell cycle/proliferation genes were up-regulated in

MAN1A1 transgenic fish from 7 to 11 months, which
correlated with hyperplasia and HCC formation, but
in the MAN1C1 transgenic fish, these genes were also
up-regulated (Supporting Fig. S4B). Because
MAN1C1 is down-regulated at the very early stage
of human hepatocarcinogenesis, overexpression of
MAN1C1 might be beneficial in the enhancement of
hepatic activity, perhaps resulting in an increase in the
expression of cell cycle and proliferation genes. Investi-
gations into these effects are currently underway. In
line with the previous histopathological data, the up-
regulation of the BiP protein was detected by IHC in
the MAN1A1 transgenic fish but little BiP was
detected in the MAN1C1 and EGFP-mCherry trans-
genic fish (Supporting Fig. S5). This transgenic fish
model provides additional evidence that MAN1A1
might act as an oncogene in vivo.

TREATMENT WITH A
MANNOSIDASE INHIBITOR, ER
STRESS INHIBITORS, OR MAN1A1
shRNA REDUCED MAN1A1-
OVEREXPRESSION-MEDIATED
CELL PROLIFERATION IN THE
XENOTRANSPLANTATION ASSAY

Our previous results indicated that the ER stress
inhibitors 4-PBA and TUDCA reversed the expres-
sion of cell cycle- and migration-related genes as well
as UPR regulators in the MAN1A1-overexpressing
cells. Using xenotransplantation, we verified the inhib-
itory function of these reagents in vivo. Figure 7A
shows representative images of 1 day postinjection ver-
sus 3 days postinjection of embryos carrying
MAN1A1-overexpressing Hep3B cells with corre-
sponding drug treatments (Fig. 7A). The treatment of
cells with DMJ, 4-PBA, and TUDCA, or shRNA
knockdown of MAN1A1, significantly reduced the
proliferation ability when assayed in the xenograft
model (Fig. 7B). Quantification of CFSE intensity
also showed the same phenomena (Fig. 7C). Taken
together, these data provide in vivo animal model evi-
dence that MAN1A1 overexpression promotes cellular
proliferation through the activation of the UPR path-
way in an in vivo animal model.

Discussion
HCC is the most common primary malignancy and

the second leading cause of mortality worldwide,(36,37)
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FIG. 6. Histopathological analysis of hepatocytes in MAN1A1 and MAN1C1 transgenic fish at 3, 5, 7, 9, and 11 months of age. (A)
Hematoxylin and eosin staining of liver sections from the TG1 and TG3 independent lines of MAN1A1 and MAN1C1(TG1) trans-
genic fish. Hematoxylin and eosin staining of the liver sections from MAN1A1 transgenic fish showed various pathological features,
such as steatosis, inflammation, hyperplasia, dysplasia, and HCC. The MAN1C1 transgenic fish and EGFP-mCherry control fish
revealed normal phenotypes. The images were taken at magnification 3400, and scale shown is for 30 lm. (B) Statistical analysis of
MAN1A1 (TG1), (C) MAN1A1 (TG3), (D) MAN1C1 (TG1), and (E) Tg(fabp10a:EGFP-mCherry) is shown; n 5 5 for each stage
of transgenic fish.
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with deaths caused by primary liver cancer affecting
0.8 million people annually worldwide.(38) Traditional-
ly, AFP was used as a marker for the detection of liver
cancer, cirrhosis, and hepatitis; however, due to its low
specificity and frequently obtained false-positive results,
AFP has been excluded as a diagnostic criterion.(39)

Therefore, the identification of reliable biomarkers for
early diagnosis and the detection of metastasis is essen-
tial for saving lives as well as understanding the molecu-
lar mechanisms of hepatocarcinogenesis. We report
here the identification of potential biomarkers for the

diagnosis of HCC, including MAN1A1, MAN1A2,
and MAN1B1, molecules that are up-regulated at the
later stages of HCC, and conversely, MAN1C1, which
is down-regulated at stage I of HCC.
Increased expression of a-1,2 mannosidases has

been associated with many cancers, including larynx
cancer.(19) More specifically, MAN1A1 is associated
with breast cancer,(40) MAN1A2 is a prognostic indi-
cator in B cell lymphoma,(41) and MAN1B1 is up-
regulated and promotes transformation phenotypes in
HCC.(18) In our study, the expression levels of
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FIG. 7. In vivo xenotransplantation assay for different inhibitors or MAN1A1 shRNA treatment in MAN1A1-overexpressing cells.
The cell lines were labeled with a CFSE florescent dye and injected into the yolks of 2-day-old zebrafish embryos. (A) Representative
images of 1 day postinjection versus 3 days postinjection of MAN1A1 transiently overexpressing Hep3B cells treated with sterile water,
DMJ, 4-PBA, TUDCA, and MAN1A1 shRNA are shown from the same fish at 1 day postinjection and 3 days postinjection. (B)
The percentage of embryos with increased, no change, or decreased number of injected CFSE-dyed cells was analyzed using Image J
and compared between 3 days postinjection and 1 day postinjection. (C) The proliferation ability of MAN1A1 transiently overexpress-
ing Hep3B cells was effectively inhibited by the mannosidase inhibitors, ER stress inhibitor, and MAN1A1 shRNA. The data are pre-
sented as dot plots with a horizontal line for the mean. Experiments were repeated 3 times. Statistical significance was calculated
using the Student t test (*P < 0.05, **P < 0.01, ***P < 0.001). Images were taken at magnification 348, and the scale shown is for 1
mm. Abbreviation: dpi, dots per inch.
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MAN1A1, MAN1A2, and MAN1B1 were increased
during the late stages of human liver cancer progres-
sion, whereas MAN1C1 was dramatically repressed at
an early stage of liver cancer development (stage I).
These distinct expression patterns of MAN1 genes in
liver cancer represent novel findings. We demonstrated
that MAN1A1 acts as an oncogenic factor in cell lines
and in zebrafish and that MAN1C1 can suppress pro-
liferation and migration in cell lines.
Our functional studies indicate that the overexpres-

sion of MAN1A1 promotes cell migration, cell prolif-
eration, and enhances colony-formation ability. We
provide further in vivo evidence that, the overexpres-
sion of MAN1A1 in the liver results in HCC forma-
tion in MAN1A1 transgenic zebrafish. These data
support the role of MAN1A1 in oncogenicity. The
observations that MAN1C1 overexpression reduced
cellular migration (both in vitro and in vivo),
decreased colony-formation ability, and resulted in a
shortened S phase suggest that MAN1C1 may func-
tion as a tumor suppressor in the liver.
It has been reported that MAN1A1 is down-

regulated while MAN1C1 is up-regulated in human
HCC cell lines with different metastatic potentials
(MHCC97L, MHCC97H, and HCCLM3) versus
Hep3B, a nonmetastatic HCC cell line.(42) However,
patients with HCC do not exhibit a similar trend. The
comparison between metastatic versus nonmetastatic
cells was different from our study when comparing the
absolute molecules of a-1,2 mannosidases mRNA
from different hepatoma cell lines (PLC5, Hep3B,
and HepG2). MAN1A1, MAN1A2, and MAN1B1
were highly expressed in all three cell lines, while con-
versely, the expression of MAN1C1 was significantly
low to undetectable in all three cell lines; the expres-
sion pattern of the cell lines correlated to patients with
HCC. Moreover, our clinicopathology data showed
that higher MAN1A1 levels were associated with
tumors of a higher grade, larger size, and invasiveness
(Supporting Table S1).
In this report, we propose that the aberrant expres-

sion of four a-1,2 mannosidase subtypes activates UPR
signaling during hepatocarcinogenesis. Abnormal
glycosylation is associated with malignance, tumor pro-
gression, metastasis, and also results in UPR activa-
tion.(40,42-44) UPR is an important tightly regulated
response required for cellular homeostasis, and it inter-
sects with many other pathways that are critical for
glucose metabolism, glycogen synthesis, lipid metabo-
lism, inflammation, and metabolic disease.(45) Recent
studies have shown that the UPR plays a role in liver

disease,(46,47) that its activation is associated with
hepatic insulin resistance and fatty acid flux,(48,49) and
that the UPR mediator XBP1 can up-regulate hepatic
lipogenic factor.(47,50) Our study suggests that overex-
pression of MAN1A1 leads to steatosis, inflammation,
and HCC formation, possibly through the UPR, per-
haps evoking the transcriptional networks involved in
hepatocarcinogenesis.
Interesting results from this study include the differ-

ential expression patterns and functions of the a-1,2-
mannosidases genes. MAN1B1 is a mannosidase
found within the ER and trims residues from Man9-
GlcNAc2 to produce Man8GlcNAc2. MAN1A1,
MAN1A2, and MAN1C1 are Golgi mannosidases
that trim residues from Man8GlcNAc2 to produce
Man5GlcNAc2. We discovered that the expression lev-
els of a-1,2 mannosidase subtypes correlate with the
severity of liver cancer. In particular, our in vitro and in
vivo functional studies provide evidence that
MAN1A1 and MAN1C1 possess oncogenic- and
tumor-suppressor functions, respectively. Furthermore,
we found that the cellular aspects affected by the dysre-
gulation of a-1,2 mannosidase genes are mediated
through the UPR pathway. MAN1A1-mediated
cleavage of Man8GlcNAc2 to Man6GlcNAc2 occurs
rapidly in vitro; however, MAN1A1 slowly cleaves
Man6GlcNAc2 to Man5GlcNAc2.

(2,43) We hypothe-
size that MAN1C1 is responsible for trimming the
mannose from Man6GlcNAc2 to Man5GlcNAc2 in
HCC. During the earlier stages of HCC, the down-
regulation of MAN1C1 causes modest ER stress due
to the accumulation of uncleaved glycoprotein precur-
sors. However, at the later stages the up-regulation of
MAN1A1, MAN1A2, or MAN1B1 results in more
Man6GlcNAc2. Without MAN1C1, N-glycosylation
is dysregulated, which may lead to the accumulation of
greater ER stress and eventually cancer. Active experi-
ments are currently underway testing this hypothesis.
We have performed the comparative glycomic analysis
comparing MAN1A1 and MAN1C1 overexpression
versus their knockdown. Our preliminary results indi-
cated that MAN1A1 overexpression indeed increases
the all mannose and Man617 as well as Man6-
GlcNAc2 but not Man5GlcNAc2 glycoproteins;
shRNA knockdown MAN1A1 reverses the effect.
Our preliminary discovery supports our hypothesis.
Our data also provide insight for future therapeu-

tic interventions. Previous clinical trials using man-
nosidase inhibitors to treat cancer have been
unsuccessful. However, our data suggest that for the
effective treatment of liver cancer, specific inhibitors
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for MAN1A1, MAN1A2, and MAN1B1 must be
generated while the introduction of a functional
MAN1C1 protein may be important in rescuing a
MAN1C1 deficiency. Experiments using synthetic
MAN1C1 protein as a potential cancer therapy are
currently underway.
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