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Human Golgi phosphoprotein 2 gene (also known as GOLPH2, GP73 or GOLM1) encodes an epithelial-
specific Golgi membrane protein which can be induced by virus infection. It is also overexpressed in a
number of tumors and is currently considered as an early diagnosis marker for hepatocellular carcinoma.
However, little is known about how GOLPH2 is dysregulated in these disease conditions and the func-
tional implications of its overexpression. The aim of this study is to investigate human GOLPH2 regulation
mechanisms. We cloned a 2599 bp promoter fragment of GOLPH2 and found it maintained epithelial
specificity. By deletion analysis, a repressive region (�864 to �734 bp), a positive regulatory region
(�734 to �421 bp) and a core promoter region (�421 to �79 bp) were identified. Sequence analysis
revealed that GOLPH2 core promoter was devoid of canonical TATA element and classified as a TATA-less
promoter. Adenoviral early region 1A (E1A) was able to activate GOLPH2 and the CtBP interaction domain
of E1A was sufficient but not required for activation. A GC-box motif (�89 to �83 bp) in GOLPH2 core
promoter region partly mediated E1A transactivation. These results delineated regulatory regions and
functional element in GOLPH2 promoter, elucidated adenoviral E1A stimulation mechanisms and
provided insight into GOLPH2 functions.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

GOLPH2, also termed GP73 or GOLM1, is a type II Golgi mem-
brane protein which resides in the cis- and medial-Golgi cisternae
[1,2]. Aberrant expression of GOLPH2 is associated with a variety
of human diseases [3]. It was first isolated as a differentially ex-
pressed gene in the liver of patients with adult giant-cell hepatitis
and its up-regulation was a general feature of advanced liver dis-
eases including hepatitis B, hepatitis C, autoimmune hepatitis
and alcohol-induced liver diseases [4]. Elevated and hyperfucosy-
lated GOLPH2 was detected in serum of patients with hepatocellu-
lar carcinoma. Therefore, it was proposed as a novel serum marker
for HCC [5–7]. Increased GOLPH2 expression in hepatocellular car-
cinoma tissues correlates with tumor aggression but not survival
[8]. In addition to liver diseases, GOLPH2 also overexpressed in lung
adenocarcinoma tissues [9], seminomas, Leydig cell tumors [10]
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and prostate cancer tissues [11]. The mechanisms underlying the
up-regulation of GOLPH2 remain unknown. GOLPH2 is normally ex-
pressed in cells of epithelial lineage, but the mRNA and protein lev-
els vary from tissues to tissues. It is abundant in colonic, bronchial,
renal, prostate, and hepatic biliary epithelial cells while absent
from heart, muscle and hepatocyte [1]. GOLPH2 can be elicited by
adenovirus infection [12], cytokine stimulation [3] and Golgi stress
triggered by alpha 1,6-fucosyltransferase [13], suggesting exis-
tence of rapid inducible regulation mechanisms. Uncovering
molecular mechanisms of GOLPH2 regulation will contribute to
understanding its functional implications in diseases and evaluat-
ing its role as a novel cancer marker.

Adenovirus infection increased GOLPH2 expression in Hep3B
cells through its early region 1A (E1A) gene [12]. E1A proteins
prime host cells for viral replication by repressing differentiated
cell functions and promoting DNA synthesis cell machinery [14].
The primary E1A transcript is processed by differential splicing to
yield five distinct variants, 13S (289R), 12S (243R), 11S (217R),
10S (171R) 9S (55R). They appear at different infection stages
and assume distinct functions [15]. According to amino acid se-
quence homology and splicing patterns among E1A proteins of var-
ious adenovirus serotypes, four conserved regions have been
identified as CR1, CR2, CR3 and CR4 [16]. Conserved regions inter-
act with different cellular partners to direct viral gene expression,
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deregulate cell cycle and modulate cellular gene transcription. CR1
and CR2 compete retinoblastoma protein (pRb) with E2F and pro-
mote cell cycle progression [17]; CR3 corresponds to the sequence
unique to 13S (289R) proteins and encodes a zinc finger which
stimulates viral gene expression by binding to ATF2 or TFIID
[18,19]; the highly conserved amino acid motif PLDLS (also named
CID) in CR4 is associated with CtBP family and negatively modulate
cell transformation and metastasis [20].

In the present study, we characterized GOLPH2 promoter and
explored molecular basis of E1A activation mechanisms. Our re-
sults demonstrated that: (I) the 2.6 kb promoter region displayed
epithelial-specific activity and encompassed both positive and
negative regulatory regions; (II) the core promoter was character-
ized by a cluster of GC-boxes and absence of TATA element; (III)
E1A transactivation of GOLPH2 did not depend on any single region
and involved CR1, CR3 and CID; (IV) a GC-box was identified and
it partly mediated E1A transactivation of GOLPH2. These features
are fundamental to understanding transcriptional regulation of
GOLPH2.
2. Materials and methods

2.1. Cloning of human GOLPH2 promoter, deletion mutants and E1A
expression plasmids

Genomic DNA was extracted from Hela cells using Genomic
DNA Kit (TIANamp) according to the manufacturer’s instructions.
A 2599 bp genomic fragment (�2618 to �19 bp) was obtained by
polymerase chain reaction (PCR) with the primer pair F2618 and
R19 (Table 1 in Supplementary data), and inserted into pGL3-basic
Firefly luciferase reporter vector (Promega). Promoter deletions
designated as p-2320/-19, p-2070/-19, p-1441/-19, p-1258/-19,
p-1074/-19, p-864/-19, p-734/-19, p-559/-19, p-421/-19, p-302/-
19, p-421/-79, p-421/-132 were generated by PCR and subcloned
into pGL3-basic vector. Primers used to generate these deletions
were listed in Table 1 in Supplementary data.

Three transcripts of adenovirus 5 E1A 289R, 243R and 171R
were amplified by PCR using 293T cDNA as templates [21] and li-
gated to the flag tagged PCR3.1 vector (Invitrogen). 4CID was de-
rived from 243R with an internal deletion from residue 225 to
residue 238 as described [20]. ExonII corresponds to the amino
acid sequence from residue 140 to residue 243 in the 243R back-
ground [22]. To prepare PCR3.1-exonII-Flag and PCR3.1-exo-
nII4CID-Flag, DNA inserts were generated by PCR using PCR3.1-
243R-Flag and PCR3.1-4CID-Flag as templates respectively and
then subcloned into flag tagged PCR3.1. All the primers used were
listed in Table 2 in Supplementary data.
2.2. Cell culture, transient transfection and luciferase reporter assays

Human Burkitt’s lymphoma cell line Raji (ATCC No.CCL-86) and
human meyloma cell line U266 (ATCC No. TIB-196™) were main-
tained in RPMI 1640 (Gibco) supplemented with 10% FBS (Hy-
clone). Human cervical carcinoma cell line Hela (ATCC No.CCL-
2™), human hepatocellular carcinoma cell lines HepG2 (ATCC No.
HB-8065™) and Huh7 (JCRB ID 0403) and human breast adenocar-
cinoma cell line MCF7 (ATCC No. HTB-22™) were grown in Dul-
becco’s modified Eagle’s medium (Gibco) supplemented with 10%
FBS.

For luciferase reporter assays, 1 � 104 Hela cells were seeded in
96-well culture plates 24 h before transfection. Promoter plasmids
(100 ng/well) were transfected into Hela cells with Lipo2000™
(Invitrogen) together with pRL-TK plasmids (10 ng/well) as an
internal control to normalize transfection efficiencies. Cells were
harvested 36 h after transfection for luciferase assays using the
Dual-glo luciferase assay kit (Promega). All transfections were per-
formed in triplicate and repeated at least three times. Results from
one representative experiment were shown. Statistical analysis
was performed using a one-way analysis of variance (ANOVA)
and P < 0.05 was considered as significant. For measuring effect
of E1A splicing variants and mutants on GOLPH2 protein level,
Hep3B cells were plated into 6-well plate at 80% confluence and
E1A expression plasmids (2 lg/well) were transfected. Cells were
harvested for western blot 36 h after transfection.

2.3. Western blot and quantitative real time PCR

Hep3B cells were lysed in RIPA buffer (100 mM NaCl, 100 mM
Tris, pH 6.8, 1% glycerol, 0.1% SDS, 1% Triton X-100,1% NP40,
100 mM DTT) supplemented with protease inhibitor cocktail
(Roche). Equal amounts of proteins were separated by 10% SDS–
PAGE. GAPDH was detected with mouse anti-GAPDH monoclonal
antibody (Sigma) and GOLPH2 with 5B12 [9].

To quantify GOLPH2 mRNA in various cell lines, total RNA was
extract from cultured cells using Trizol reagent according to the
manufacturer’s protocol (Sangon). Reverse transcription was per-
formed using a commercially available kit (Takara). Real time
PCR was performed with SYBR Green premix Ex Taq (Takara) and
b-actin was used as an internal control for standardization. Primers
used for GOLPH2 were: forward, 50- CGTGG AGCTGAAGAAGAAC-
GAG-30, reverse, 50-CCTGGTACAGCTTGTTGACGCT-30. Primers used
for b-actin were: forward, 50-CTCCTCCTGAGCGCAAGTACTC-30, re-
verse, 50 -TCC TGCTTGCTGATCCACATC-30.

2.4. PCR based site directed mutagenesis and electrophoretic mobility
shift assay

Site-specific mutations of two GC-boxes at positions �89/
�83 bp and �49/�43 bp were created by a two-step PCR proce-
dure as described [23]. Primers used for GC-boxes mutations were:
GC-box Amut forward, 50-CTCGCTTCTCCGCGCTCGCAACACCGCCT
CCTCCCTTCGCGC-30, GC-box Amut reverse, 50-GCGCGAAGGGAG-
GAGGCGGTGTT GCGAGCGCGGAGAAGCGAG-30; GC-box Bmut for-
ward, 50-CGCCGCCGGCGCTGCTC GGGAACAGGGCCTTGCCGCTGCG
GA-30, GC-box Bmut reverse, 50-TCCGCAGCGGC AAGGCCCTGTT
CCCGAGCAGCGCCGGCGGCG-30. All mutants were verified by
sequencing.

For electrophoretic mobility shift assay, nuclear extracts from
cultured Hela cells were obtained as described [24]. Biotin labeled
double stranded DNA oligonucleotides were purchased from Invit-
rogen and sequences were as follows: forward 50-CTCGCTTCTCCG
CGCTCGCGGCGCCGCCTCCTCCCTTCGCGC-30, reverse 50-GCGCGAAG
GGAGGAG GCGGCGCCGCGAGCGCGGAGAAGCGAG-30. Binding
reactions were carried out for 20 min at room temperature in
EMSA/Gel-shift binding buffer purchased from Beyotime. DNA–
protein complexes were resolved on a 6% (w/v) non-denaturing
polyacrylamide gel in 0.5 � TBE running buffer (1 � TBE: 100 mM
Tris, pH 8, 90 mM boric acid and 1 mM EDTA). For competition
analysis, the conditions were exactly as described above except
that 100-fold excess of cold unlabeled oligonucleotides were incu-
bated with reaction mixture.
3. Results

3.1. Identification of GOLPH2 promoter

We previously cloned a 1.3 kb fragment upstream of GOLPH2
gene which displayed 8-fold of mean fluorescent intensity com-
pared with control in the enhanced green fluorescent protein
(EGFP) reporter construct [25]. However, this fragment showed
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low transcriptional activity in the luciferase reporter construct
(data not shown). We hypothesized that this region did not contain
the functional core promoter and extended the initial fragment to
2.6 kb. The elongated fragment exhibited potent promoter activity
in transient transfection assays. The transcription start site deter-
mined previously by 50 rapid amplification of cDNA end (50RACE)
was designated as +1 [1] and the active promoter clone ranged
from �2618 to �19 bp accordingly. A sequence analysis of the re-
gion from 3 kb upstream to 1 kb downstream with CpG Plot pro-
gram (http://www.ebi.ac.uk/Tools/emboss/cpgplot/) revealed two
putative CpG islands locating in �736/�499 bp and �443/
+772 bp (Fig. 1A). Since GOLPH2 is preferentially expressed in cells
of epithelial lineage, we examined GOLPH2 promoter activity in a
number of epithelial (Hela, HepG2, Hep3B) and non-epithelial cell
lines (Raji and U266). The activities of p-2618/-19 promoter frag-
ment correspondingly reflected levels of endogenous GOLPH2
mRNA levels (Fig. 1B and C), indicating the presence of regulatory
elements which determine the epithelial-specific expression.

3.2. Characterization of GOLPH2 promoter

To map the minimal promoter region and identify potential reg-
ulatory regions in GOLPH2 promoter, we generated a series of pro-
gressive deletions and measured their transcriptional activity in
Hela cells (Fig. 2). Based on the deletion analysis, the 2.6 kb pro-
moter segment was divided into four regions. Region I extended
from �2618 to �864 bp and removal of fragments in this region
did not significantly affect the promoter activities. However, dele-
tion of Region II from �864 to �734 bp drastically elevated
A

-1000-2000-3000

-2618bp2618bp

6
B

6

el

4A
 le

ve

4

R
N

A
e

 m
R

2at
iv

e
R

el
a

0

Hela pG2
Huh7

MCF7
Raji

U26
6

He
Hep Hu

MC R U2

epithelial cells non-epithelial cellsepithelial cells non epithelial cells

C

Fig. 1. Analysis of GOLPH2 promoter and its activities in various cell lines. (A) Two Cp
transcription start site (TSS). Putative CpG islands are depicted by gray boxes and numb
series of epithelial and non-epithelial cell lines. Quantitative real time PCR were performe
Epithelial-specific expression of GOLPH2 promoter. Various cell lines were transiently tr
control. Luciferase activities were calculated in relation to background activity of pGL3-
promoter activities, indicating the presence of suppressive ele-
ments. Region III located in between �734 and �421 bp and ex-
erted positive effect on promoter activities. Region IV, also the
minimal promoter, spanned from �421 to �79 bp and the GC con-
tent was as high as 76%. Sequence analysis revealed that the core
promoter of GOLPH2 was devoid of canonical basal promoter ele-
ments such as TATA box but consisted of multiple GC-boxes, which
was characteristic of TATA-less promoter.
3.3. Role of conserved regions in E1A transactivation of GOLPH2

Adenovirus E1A has been reported to activate GOLPH2 expres-
sion [12]. To delineate specific domain that is responsible for E1A
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GOLPH2 did not depend on any single conserved regions and in-
volved multiple regions including CR1, CR3 and CID.
3.4. Identification of a GC-box as an E1A responsive element in
GOLPH2 promoter

To further identify E1A responsive elements, we tested E1A
243R on different promoter deletions and found all fragments
showed varied degrees of responsiveness (Fig. 4A), indicating that
at least one responsive element located in the core promoter. Since
GOLPH2 core promoter was enriched with GC-boxes which were
putative specificity protein 1 (Sp1) binding sites and reported to
mediate E1A transactivation [26], we mutated two GC-boxes pre-
dicted by bioinformatic analysis at �89/�83 bp and �49/�43 bp
respectively. As shown in Fig. 4B, GC-box A mutant did not signif-
icantly affect the basal promoter activities but attenuated about
33% stimulatory effect of E1A. Mutation of GC-box B did not result
in a measurable change. To confirm that the GC-box A was func-
tional in vitro, we carried out electrophoretic mobility shift assay
and a specific shifted band was observed. The protein-binding
activity increased in a dose dependent manner when different
amount of nuclear extracts were added. The specificity of retarded
band was verified by competing with unlabeled probes. However,
the nature of protein components in the complexes remained
unclear.
4. Discussion

Our study investigated basic features of GOLPH2 promoter and
the E1A transactivation mechanisms. By deletion analysis, we
demonstrated that core promoter resided between �421 and
�19 bp and this explained why the initial 1.3 kb genomic fragment
ranging from �1610 to �420 bp was transcriptionally inactive. Se-
quence analysis revealed that the core promoter was a TATA-less
promoter and covered by a CpG island which is commonly found
in promoter regions of mammalian housekeeping genes [27]. The
identification of the housekeeping gene-like basal promoter struc-
ture suggested that GOLPH2 may assume certain housekeeping
functions where it is constitutively expressed. GOLPH2 promoter
was featured by epithelial specificity and disruption of this speci-
ficity may account for its overexpression in non-epithelial tissues
in viral and non-viral diseases. As a strong suppressive region
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was identified between �864 and �734 bp, we proposed that the
aberrant expression of GOLPH2 was likely attributed to de-depres-
sion mechanisms and yet to be determined in future research.

With assistance of the online bioinformatic analysis tool (http://
www.gene-regulation.com/pub/programs/alibaba2/index.html),
putative binding sites for general expressed transcription factors
such as CCAAT-enhancer-binding proteins (C/EBPalp) and activator
protein 1 (AP-1) were predicted throughout p-2618/-19 sequence.
Cis-regulatory sites for inducible transcription factors such as
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-jB) and heat shock factor (HSF) were also found. These
sites could be of interest, because Golgi stress triggered by
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alpha 1,6-fucosyltransferase and tumor necrosis factor a (TNFa)
have been described to regulate GOLPH2 expression [3,13]. Its
interaction with extracellular chaperon clusterin also implies
its inducibility to stress stimuli [28]. Further studies are neces-
sary to address whether the HSF and NF-jB binding sites are
functional.
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It has been reported that CID played a major and essential role
for GOLPH2 activation by E1A [12]. However, our results suggested
that CID was sufficient but not required for GOLPH2 induction as
CR1 and CR2 were able to compensate the loss of CID in 4CID mu-
tant. In addition to CID, CR1 and CR3 also actively involved in E1A
transactivation of GOLPH2. The different observation is attributable
to experiment systems used in each laboratory. For example, we
used promoter luciferase reporter system which was considered
more sensitive than western blot. Moreover, Kladney et al. used a
panel of mutant adenoviruses to map functional domains while
we applied a series of E1A expression constructs. The flexibility
of effective domains may result from overlapping functions of dif-
ferent conserved regions: a second CtBP binding site has recently
been identified in Ad5 CR3 [29]; either CR1 or CR2 can drive G0

cells into S phase by binding to pRb [17]. The choice between dis-
tinct domains and possibly different mechanisms is suggestive of
multiple functions of GOLPH2 in adenovirus infection. There is evi-
dence that 289R is a short-lived species and only exists in first
30 min after adenoviral infection whereas 243R expression persists
throughout adenoviral infection [30]. It is possible to anticipate
that the instant stimulation of GOLPH2 by CR3 of 289R is a byprod-
uct of potent viral genes expression in early virus infection stage
while the persistent high levels of GOLPH2 by CR1 of 243R provide
a favorable intracellular milieu conducive to viral replication.

We also identified a GC-box in core promoter region and found
its mutation reduced E1A inducibility of GOLPH2 promoter. GC-
boxes control transcriptional initiation in TATA-less promoters
[31] and mediate virus-induction of cellular genes such as VEGF-
A [32], survivin [33] and classical NF-jB subunits (p65 and p105/
p50) [34]. Several proteins have been shown to bind GC-boxes:
most notably Sp1 [35], Sp family proteins [36] and BTEB [37].
Among them, Sp1 has been described to mediate E1A stimulation
of insulin receptor gene [26], we performed electrophoretic mobil-
ity shift assay using flag-tagged Sp1 or flag-tagged Sp3 transfected
Hela nuclear extracts and found the shifted complexes were not
recognized by flag antibodies (data not shown), suggesting that
other GC-boxes binding proteins participated in this process. Since
the GC-box mutation only partly reduced the stimulatory effect
and E1A activated GOLPH2 through multiple mechanisms as dis-
cussed above, we hypothesize that other cis-acting elements also
involve in E1A activation of GOLPH2 and remained to be deter-
mined in future studies.
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