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Figure 5 Continued

extensive investigations of inhibitory receptors in
the regulation of T cells in human chronic viral
infections.”?

Chronic HCV infection in humans is characterized by
CD8 T-cell exhaustion and dysfunction.”” As in chronic
LCMV infection, the expression of PD-1 is similarly
upregulated on the virus-specific CD8 T cells in chronic

Day 14

Day 14

HCV infection, and HCV-specific PD-1"&" T cells are
functionally impaired.?®-*° Also, Tim-3 is overexpressed
on HCV-specific dysfunctional CD8 T cells.”® In addi-
tion, a blockade of PD-1/PD-L1 or Tim-3/galectin9
(Gal9) interaction restores T-cell functions such as
proliferation, cytolytic activity and cytokine (IFN-y
and tumor necrosis factor-o.) production.”?*-3° As was
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Figure 6 Persisting hepatitis C virus (HCV)-NS3 antigen
detection was performed on the liver sections isolated 21 days

post-infection. Liver sections were analyzed by IP-western blot
assay using anti-FLAG antibody.

mentioned above, it has been reported that increased
expression of inhibitory receptors is associated with the
impaired HCV-specific CD8 T cells observed in chronic
HCV patients. However, the underlying mechanisms for
HCV-mediated impaired CD8 T-cell responses have yet
to be determined. Based on our finding that lower level
of activation and higher levels of expression of regula-
tory molecules, Tim-3 and PD-1, by intrahepatic CD8 T
cells and higher levels of expression of PD-L1 by
intrahepatic APC were observed in core (+) mice in
comparison with core (—) mice, it is possible that HCV
core-induced T-cell dysfunction is one of the viral
factors that contributes to impaired CD8 T-cell
responses as seen in chronic HCV patients. Our specu-
lation is in accordance with the study by Lukens et al.*!

Suppression of CTL responses via highly expressed Ag
was found in chronic HCV infection. Inverse relation-
ships between HCV viral titer and HCV-specific T cells
have been reported.”*>* In this study, we found higher
levels of expressions of PD-L1 by intrahepatic APC and
an impaired intrahepatic CD8 T-cell response in high
infectious dose setting. Moreover, we found a significant
inverse correlation between the percentages of IFN-y-
producing cells and expression of regulatory molecules
in Ag-specific intrahepatic CD8 T cells. It is likely that
the PD-1/PD-L1 or Tim-3/Gal9 pathway play a major
inhibitory role in our model. High-dose Ad-HCV NS3
infection may inhibit the NS3-specific CD8 T-cell
responses not at the induction phase but at the effector
phase because Ag-specific-MHC tetramer® T cells were
observed, and most Ag-specific MHC tetramer* T cells
was anergic to PMA/ionophore stimulation and these T
cells expressed PD-1 and Tim-3. The role of PD-1/PD-L1
as mechanism for liver tolerance has been well estab-
lished. PD-1 expression by T cells has been shown to
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inhibit intrahepatic antiviral immune responses at the
effector phase.34-3¢

Hepatitis C virus infection affects approximately
170 million people in the world and is a major
global health problem because infected individuals can
develop liver cirrhosis and hepatocellular carcinoma.
Pegylated interferon and ribavirin therapy, although
beneficial in approximately half of treated patients, are
expensive and associated with significant side-effects.”
In this clinical context, there is an urgent need for the
development of a therapeutic and/or prophylactic HCV
vaccine.*® Because HCV infects only humans and chim-
panzees, it is difficult to evaluate effective therapeutic
vaccine candidates. Recently, as a small animal model
for HCV infection study, chimeric humanized mouse
harboring a human hepatocyte and hematolymphoid
system was established by xenotransplantation tech-
nique.®* The xenograft model provides a unique
opportunity for HCV vaccine development. However,
the generation of this chimeric humanized mouse
requires advanced technical skills and the scarcity of
adequate human primary material remains a significant
logistical challenge.*** Our model showed in the
present study is easy to create, and it has Ag-specific
T-cell exhaustion and Ag persistent in the liver seen
in chronic HCV patients. These features suggest that
this system is useful for therapeutic HCV vaccine
development.
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Primary liver cancer, 95% of which is hepatocellular carci-
noma (HCC), is ranked third in men and fifth in women as
a cause of death from malignant neoplasms in Japan.' Fur-
thermore, the worldwide incidence of HCC has increased
over several decades, and HCC has recently received consid-
erable attention as a common cause of mortality.> HCC often
arises in background of liver cirrhosis, which is formed as a
result of chronic viral infections, alcoholic injury and some
other disorders in the liver.>* Of note, HCC has recently
been linked to non-alcoholic fatty liver disease, and this asso-
ciation may contribute to the rising incidence of HCC wit-
nessed in many industrialized countries. It is also
problematic that HCC may complicate non-cirrhotic, non-
alcoholic fatty liver disease with mild or absent fibrosis,
greatly expanding the population potentially at higher risk.”
Because HCC has a poor prognosis due to its aggressive
nature, surgical resection and radiofrequency ablation (RFA)
are effective only in early stage of HCC.*® Recurrence occurs
almost in 70% of patients with HCC of the first occurrence
within 5 years.” Regarding the treatment of HCC in United




3

iagnosis

D

g
=
=1
=
9
2
L
A
<
=

2190

States veterans, approximately 40% of patients were report-
edly diagnosed during hospitalization. Most patients were not
seen by a surgeon or oncologist for treatment evaluation and
only 34% received treatment.® Although there was no effec-
tive chemotherapy for advanced HCC for a long time, a
novel anti-cancer therapy such as anti-angiogenesis pathway
therapy has just recently been developed to prolong survival
in patients with the advanced disease.”'® However, its effect
is rather limited, just extending median survival from 7.9
months to 10.7 months in patients with advanced HCC.'
Thus, the effective way for early detection of HCC is urgently
needed. To this end, the recommended screening strategy for
patients with citrhosis includes the determination of serum
alpha-fetoprotein (AFP) levels and an abdominal ultrasound
every 6 months to detect HCC at an earlier stage. AFP, how-
ever, is a marker characterized by poor sensitivity and speci-
ficity.)! Although other potential markers such as des-
gamma-carboxy prothrombin (DCP) and squamous cell car-
cinoma antigen-immunoglobulin M complex have been pro-
posed to use for diagnosis of HCC, none of them is optimal;
however, when used together, their sensitivity in detecting
HCC is increased.'"™* For cholangiocarcinoma, which is a
relatively rare type of primary liver cancer that originates in
the bile duct epithelium, carbohydrate antigen 19-9, carcino-
genic embryonic antigen and cancer antigen 125 have shown
sufficient sensitivity and specificity to detect and monitor it.
In particular, the combination of these markers seems to
increase their efficiency in diagnosing of cholangiocarcinoma."®

In this context, we have recently reported that serum
mitochondrial creatine kinase (MtCK) activity is increased in
patients with HCC, even in those with early stage, suggesting
that MtCK may be useful to detect early stage of HCC.'
Among two tissue-specific isozymes of MtCK, that is, ubiqui-
tous MtCK (uMtCK) and sarcomeric MtCK, we have found
that the increase in serum MtCK activity in HCC patients
was mostly due to that in serum uMtCK activity but not in
serum sarcomeric MtCK activity.'® Then, we have further
observed the higher expression of uMtCK mRNA in HCC
cell lines than in normal human liver tissues."® Of note, the
increased uMtCK expression occurred not only upon malig-
nant changes in the liver, but also in several other malignant
tumors such as gastric cancer, breast cancer and lung cancer,
where the high expression of uMtCK suggests a poor
prognosis.’” ™" In contrast, uMtCK was down-regulated in
oral squamous cell carcinoma,®® and sarcomeric MtCK was
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also down-regulated during sarcoma development in leg mus-
cle in mice*’ Therefore, we aimed to elucidate the mecha-
nism(s) and the significance of high uMtCK expression in
HCC in this study.

We first examined whether loss of mitochondrial integrity
might be involved in high uMtCK expression in HCC, using
hepatitis C virus (HCV) core gene transgenic mice. HCV
core protein has been first demonstrated to play a pivotal
role in HCC development within these transgenic mice,
which are known to lose mitochondrial integrity and subse-
quently develop HCC without apparent inflammation and
fibrosis in the liver.”**® As a regulatory factor for uMtCK
expression, we have focused on the ankyrin repeat and sup-
pressor of cytokine signaling (SOCS) box protein (ASB) fam-
ily, which reportedly plays an important role in biological
processes and regulations of cell proliferation and differentia-
tion. The ASBs have two functional domains: a SOCS box
and a variable number of N-terminal ankyrin repeats.
Although SOCS domain uses the SH2 domain to recruit sub-

- strates, the ankyrin repeat regions serve as a specific protein—

protein interaction domain to recruit target substrates.”* One
of ASB family protein, ASB9, was found to interact with
brain type of creatine kinase, leading to its degradation.”®
Recently, uMtCK was found to be another ASBY target.”
Ankyrin repeat domains of ASBY associates with the sub-
strate binding site of uMtCK and induce its ubiquitination.
Thus, we analyzed the potential association between uMtCK
and ASB9 in HCC cell lines, HepG2, PLC/PRF/5, HuH7, in
which the expression of uMtCK mRNA was shown to be
increased compared with normal liver tissues.'® To clarify the
significance of high uMtCK expression in HCC, we used the
siRNA approach to silence uMtCK expression and study its
effects on HCC cell lines. Finally, we analyzed the clinical
significance of high uMtCK expression in HCC patients who
were treated with RFA.

Material and Methods

Materials

Human normal liver RNA was purchased from Cell Applica-
tions (San Diego, CA), and human whole liver cell pellets
from DV Biologics (Costa Mesa, CA). Specific antibodies
against uMtCK and ASB9 were obtained from Abcam (Cam-
bridge, UK), an antibody against caspase 3 from Cell Signal-
ing Technology (3G2; Boston, MA), and an antibody against
beta-actin from Sigma-Aldrich (MO).

Int. J. Cancer: 134, 2189-~2198 (2014) © 2013 UICC
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Cells and cell culture

HCC cell lines, HepG2 and PLC/PRF/5 were obtained from
RIKEN BioResource Center (Tsukuba, Ibaraki, Japan) and
HuH7 from Health Science Research Resources Bank, Japan
Health Science Foundation. HepG2 and PLC/PRE/5 were
maintained in RPMI-1640 containing 10% of fetal bovine
serum, and HuH7, in Dulbecco’s Modified Eagle Medium
containing 10% of fetal bovine serum.

Transgenic mice

HCV core gene transgenic mice were produced as previously
described.”” Nontransgenic littermates of the transgenic mice
were used as controls. All mice were fed a standard pelleted
diet and water ad libitum under normal laboratory conditions
of 12 hr-light/dark cycles, and received humane care. The
experimental protocol was approved by Animal Research
Committee of the University of Tokyo.

Quantitative real-time PCR

Total RNA of HCC cell lines (HepG2, PLC/PRF/5 and
HuH7), human normal liver and livers from non-transgenic
and HCV core gene transgenic mice were extracted using TRI-
ZOL reagent (Invitrogen, CA). One microgram of purified total
RNA was transcribed using a SuperScript™ First-Strand Syn-
thesis System for RT-PCR (Invitrogen). Quantitative real-time
PCR was performed with a LightCycler FastStart DNA Master
SYBR Green I kit (Roche Molecular Diagnostics, CA) or Taq-
Man Universal Master Mix. The primer pairs used were as
follows: human ASB9: 5-CCTGGCATCAGGCTTCITTC-3/
and 5'-ACCCCTGGCTGATGAGGTTC-3'%; human beta-actin:
5'-GGGTCAGAAGGATTCCTATG-3' and 5-CCTTAATGTC
ACGCACGATTT-3'.2® Mouse uMtCK primers and probe were
obtained from Applied Biosystems, TagMan Gene Expression
Assays (MmO00438221_m1). The samples were incubated for 10
min at 95°C, followed by 40 cycles at 95°C for 10 sec, 60°C
for 10 sec and 72°C for 10 sec. The target gene mRNA expres-
sion level was relatively quantified to beta-actin using 244
method (Applied Biosystems, User Bulletin No 2).

ASB9 transfection

Cells, transiently expressing human ASB9 protein, were con-
structed using mammalian cell expression vector p3FLAG
CMV-10 containing the corresponding cDNA which derived
from human normal liver RNA. The primers used for cloning
were  5-GCGGATCCGTCATGGATGGCAAACAAGGG-3
and 5-GAGCGGCCGCTTAAGATGTAGGAGAAACTGTT
T-3' which were designed based on human ASB9 reference
sequence (NM_001031739.2). The ASB9 cDNA was created
by PCR and verified by DNA sequencing.

Immunoblot analysis

Cell and tissue extracts were prepared using M-PER Mam-
malian Protein Extraction Reagent (Thermo Fisher Scientific,
IL) plus Halt™ Protease Inhibitor Cocktail (Thermo Fisher
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Scientific). Immunoblot analysis was performed as previously
described,?® using NuPAGE SDS-PAGE Gel (Invitrogen) and
iBlot Dry Blotting System (Invitrogen) with specific antibod-
ies against uMtCK (dilution 1:1,000), ASB9 (dilution 1:500),
caspase 3 (dilution 1:1,000) and beta-actin (dilution 1:2,000).
Immunoreactive proteins were visualized using a chemilumi-
nescence kit (GE Healthcare, Buckinghamshire, UK), and
recorded using a LAS-4000 image analyzer (Fuji Film, Tokyo,
Japan). The intensities of immunodetected bands were quan-
tified with NIH Image J software.

uMtCK siRNA transfection

Cells were transfected with the human uMtCK-specific
23/27mer RNA duplex or a universal negative control duplex at
20 nM, respectively, according to the vender instructions (Inte-
grated DNA Technologies, IA). The human uMtCK-specific
RNA duplex used was 5'-UGAAGCACACCACGGAUCU-3
and 3'-ACUUCGUGUGGUGCCUAGA-5,* negative control
RNA duplex, 5-CGUUAAUCGCGUAUAAUACGCGUAT-3
and 3'-CAGCAAUUAGCGCAUAUUAUGCGCAUA-5 (Inte-
grated DNA Technologies). The transfection was performed
using Lipofectamine Plus™ (Invitrogen) as described.?

Cell membrane integrity and proliferation assays

Cell membrane integrity was determined using the In Vitro
Toxicology Assay Kit, Lactic Dehydrogenase based (Sigma-
Aldrich). HCC cell lines were inoculated in six-well plates at
2.5 X 10° cells/well and cultured for 24 hr before uMtCK
siRNA or universal negative control transfection. Dead cells
were assessed at 48 hr after transfection.

Cell proliferation in HCC cell lines was measured at 48 hr
after transfection with uMtCK siRNA or universal negative
control by determination of BrdU incorporation using the
Cell Proliferation ELISA, BrdU colorimetric assay (Roche
Applied Science, Upper Bavaria, Germany). In the above two
assays, absorbance was measured by plate reader (SPECTRA
Thermo, TECAN, Minnedorf, Switzerland).

Cell migration and invasion assays

Cell migration and invasion assays were performed accord-
ing to the vender’s instruction (BD, NJ). Cells transfected
with uMtCK siRNA or universal negative control were cul-
tured for 24 hr, then 2 X 10* cells were plated into the
upper chamber of 24-well plates with 8 um of pore size in
serum-starved condition to examine cell migration and pol-
ycarbonate transwell filter chamber coated with Matrigel
(BD BioCoat Matrigel Invasion Chamber) to check cell
invasion. In both assays, 750 pL medium supplemented
with 10% serum was added into the lower chambers. Cells
were incubated at 37°C for 22 hr, and the inside chambers
were removed with cotton swabs and cells that had trans-
ferred to the lower membrane surface were fixed and
stained with Diff-Quik stain. Cell counts (four random
100X fields per well) are expressed as the mean number of
cells per field of view.
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Patients and measurement of MtCK activity

Consecutive 147 HCC patients with cirrhosis caused by hepa-
titis B virus or HCV, who were admitted into the Depart-
ment of Gastroenterology, the University of Tokyo Hospital,
Tokyo, Japan, between January and April 2010, were previ-
ously enrolled to analyze serum MtCK activity.'® Diagnosis
of cirrhosis was based on the presence of clinical and labora-
tory features indicating portal hypertension, and diagnosis of
HCC was made by dynamic CT or MRI*®*! Prior to the
treatment of HCC, serum MtCK activity was measured'®
with an immuno-inhibition method using the two types of
anti-MtCK monoclonal antibodies.”> Among these patients,
105 patients, who had been successfully treated by RFA with-
out residual HCC after the treatment, were enrolled in the
current prognosis analysis. The detailed procedure of RFA
has been meticulously described elsewhere.*® Overall survival
of these 105 patients was analyzed from the time of measure-
ment of serum MtCK activity to death related to HCC,
excluding the death not associated with HCC expansion or
liver insufficiency, such as cardiovascular events or other
organ malignancy, or to March 2013.

This study was performed in accordance with the ethical
guidelines of the 1975 Declaration of Helsinki and was
approved by the Institutional Research Ethics Committees of
the authors’ institutions. A written informed consent was
obtained for the use of the samples in this study.

Statistical analysis

The results of in vitro experiments are expressed as the
means and standard error of the mean. Student’s ¢ test (two
tailed) was used for comparison unless indicated otherwise.
The results were considered significant when p-values were
0.05. In the analysis of risk factors for HCC-related death, we
tested the following variables obtained at the time of entry
on the univariate and multivariate Cox proportional hazard
regression analysis: age, sex, hepatitis B infection, serum
MtCK activity, serum albumin concentration, aspartate ami-
notransferase (AST) levels, alanine aminotransferase (ALT)
levels, gamma-glutamyltransferase (GGT) levels, total biliru-
bin concentration, AFP concentration, DCP concentration,
platelet count, prothrombin activity and liver stiffness values.
Survival and recurrence curves were created using Kaplan—
Meier method and compared via log-rank test. Data process-
ing and analysis were performed using S-PLUS 2000 (Math-
Soft, Seattle, WA) and SAS Software version 9.1 (SAS
Institute, Cary, NC).

Results

Loss of mitochondrial integrity may not contribute to high
expression of uMtCK in HCC

Mutations of mitochondrial DNA have been reported to be
involved in hepatocarcinogenesis in humans.**** Further-
more, in a mouse model for hepatocarcinogenesis, oxidative
stress was shown to lead to loss of mitochondrial integrity in
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the liver and ultimately hepatocarcinogenesis.”®> Thus, we
wondered whether loss of mitochondrial integrity in the liver
might be associated with increased expression of uMtCK in
HCC. To examine this idea, we used a transgenic mouse
model of HCC in HCV infection (transgenic line S-N/863),
with which the direct association between HCV and HCC
was first described.®* In these HCV core gene transgenic
mice, loss of mitochondrial integrity has been reported to be
observed as early as 2 months of age and increased in an
age-dependent manner,” and ultimately HCC develops at 19
months of age without apparent inflammation or fibrosis in
the liver.”?

We examined uMtCK mRNA levels in the liver of these
HCV core protein transgenic mice at 6 months and 19
months of age. These mice at 6 months of age reportedly
develop hepatic steatosis™ as well as loss of mitochondrial
integrity.”> In these mice at 19 months of age, tumor tissues
of HCC and non-tumorous tissues of the liver were analyzed.
Non-transgenic mice at 6 months of age were used as con-
trol. uMtCK mRNA levels were increased in tumor tissues of
HCC in HCV core gene transgenic mice at 19 months of age
by 7.7-fold compared to the liver tissues of control mice (p
= 0.02; Fig. 1a). In these HCV core transgenic mice at 19
months of age, uMtCK protein expression was detected in
HCC tissues but not in non-tumorous tissues by immunoblot
analysis (Fig. 1b). These results suggest that hepatocarcino-
genesis per se but not loss of mitochondrial integrity may
contribute to the increase in uMtCK levels in HCC.

Transient expression of ASB9 negatively regulates uMtCK
protein levels in HCC cells

It has been reported that ASB protein family is importantly
involved in ubiquitination-mediated proteolysis pathway and
each member of this large protein family has a different tar-
get to be degraded. In ASB protein family, we paid attention
to ASB9, which reportedly plays a crucial role in the regula-
tion of the brain type of creatine kinase and uMtCK. HCC
cell lines, HepG2, PLC/PRF/5 and HuH7, were selected for
in vitro experiments, because they had been reported to
express high levels of uMtCK mRNA compared to human
normal liver tissue.'® To study whether ASB9 could regulate
uMtCK protein levels in these HCC cells, we first measured
ASB9 mRNA. expression in those cells. Figure 2a demon-
strates the low ASB9 mRNA expression in HCC cell lines,
contrasting with high uMtCK mRNA expression levels in
those cells.’® In line with our mRNA expression data, ASB9
protein levels were almost undetectable in HepG2,
PLC/PRF/5 and HuH7 cells comparing to normal whole
liver cell pellets (Fig. 2b). Further, we investigated the effect
of transient overexpression of ASB9 on uMtCK protein levels
in HepG2, PLC/PRF/5 and HuH7 cells. Cells were transi-
ently transfected with mammalian cell expression vector
p3FLAG-CMV10 containing human ASB9 DNA and har-
vested at 36 hr after transfection to analyze protein levels.
Down-regulation of uMtCK protein levels by transient
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Figure 1. uMtCK mRNA and protein levels in liver tissues of the
control non-transgenic, HCV core gene transgenic mice. (@) uMtCK
mRNA levels were examined by real-time PCR in liver tissues of the
control non-transgenic mice (Non-TG) at 6 months of age (n = 4),
and HCV core gene transgenic mice (TG) at 6 {(n = 4) and 19
months of age (n = 4). For HCV core gene transgenic mice at 19
months of age, HCC tissues and non-tumorous tissues were sepa-
rately evaluated. Results represent a fold increase level of liver tis-
sues of control non-transgenic mice. An asterisk indicates a
significant difference (p = 0.02) from liver tissues of non-
transgenic mice. (b) uMtCK protein levels were analyzed by immu-
noblotting in HCC tissues and non-tumorous tissues in the livers of
HCV core gene transgenic mice at 19 months of age.

overexpression of ASBY was observed significantly in HuH7
cells (p = 0.007), and a trend of decreased uMtCK protein
levels was found in HepG2 and PLC/PRF/5 cells, although
not statistically significant (Fig. 2c¢). These results suggest a
functional interaction of ASB9 with uMtCK may lead to deg-
radation of uMtCK protein in HCC cell lines, as previously
described.”

Reduction in uMtCK expression led to increased cell

death, and reduced proliferation, migration and invasion of
HCC cells

To inhibit high uMtCK expression in HepG2, PLC/PRF/5
and HuH7 cells,'® isoform-specific siRNA was chosen as
described® and successfully silenced target protein expres-
sion; the results from immunoblot analysis of untransfected
and transfected cell lysates with universal negative control
and uMtCK siRNA are shown in Figure 3a. As expected, in
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Figure 2. ASB9 expression and the effect of ASB9 transfection on
uMtCK protein levels in HCC cells. ASB9 mRNA (a) and protein (b)
levels in HepG2, PLC/PRF/5 and HuH7 cells were examined by
real-time PCR and immunoblot analysis, respectively. As a positive
control for ASB9 mRNA and protein expressions, human normal
liver RNA and human whole liver cell pellets were used. An asterisk
indicates a significant difference from normal liver tissue; p =
0.006 for HepG2, p = 0.005 for PLC/PRF/5 and p = 0.01 for
HuH7. Increased expression of ASB9 by transfection caused
reduced protein levels of uMtCK in HepG2, PLC/PRF/5 and HuH7
cells (c). An asterisk indicates a significant difference (p = 0.007)
from control without ASB9 transfection.

all HCC cell lines transfected with uMtCK siRNA, the
expression levels of uMtCK were clearly reduced at 36 hr
after transfection (Fig. 3a).

Then, the effects of a reduction in uMtCK expression on
cell membrane integrity and proliferation were determined in
HepG2, PLC/PRF/5 and HuH7 cells. In the first step, we
have checked cell membrane integrity by measuring lactate
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Figure 3. Increase in cell death and reduction in proliferation, migration and invasion by reduced uMtCK expression with siRNA in HCC cell
lines. Human HCC cell lines, HepG2, PLC/PRF/5 and HuH7 cells, were transfected with 20 nM uMtCK siRNA or universal negative control,
and uMtCK levels were examined by immunoblot analysis. None, no transfection; NC, negative control (a). Cell death (b), proliferation (c),
migration (d) and invasion (e) were assessed in these HCC cell lines treated with or without uMtCK siRNA. An asterisk indicates a significant
difference; p < 0.001 for cell death and proliferation, p < 0.02 for cell migration and invasion from NC.

dehydrogenase released into the culture medium in universal
negative control- and uMtCK siRNA-transfected cells (Fig.
3b). In all three cells, transfection with uMtCK siRNA led to
an increase in the rate of cell lysis by 20.3% in HepG2, by
15.9% in PLC/PRF/5 and by 49.2% in HuH7, compared to
respective control cells transfected with universal negative
control (p < 0.001). However, caspase 3 activity was not
altered in uMtCK siRNA-transfected cells compared to uni-
versal negative control-transfected cells (Fig. 3b), suggesting
that lactate dehydrogenase release may be explained by some
non-specific cell lysis but not by programmed cell death.
Next, to examine a potential association of the reduction
in uMtCK expression with cell proliferation rate, BrdU incor-
poration assay was performed (Fig. 3c). A reduction in cell

proliferation was detected in all three HCC cell lines by
19.8% in HepG2, by 15.5% in PLC/PRE/5 and by 31.7% in
HuH?7, compared to respective control cells transfected with
universal negative control (p < 0.001). These results suggest
that high expression of uMtCK may play a role in sustaining
active proliferation of HCC cells.

The ability of a cancer cell to undergo migration and
invasion allows the cell to change position within the tissues.
To spread within the tissues, tumor cells use migration and
invasion mechanisms. Thus, we investigated the effects of
uMtCK inhibition on HCC cell migration and invasion by
conducting assays for Matrigel-coated chamber migration
and invasion. As shown in Figure 34, silencing of uMtCK
decreased migration rate by 44.1% in HepG2, by 40.0% in

Int. J. Cancer: 134, 2189-2198 (2014) © 2013 UICC
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Table 1. Baseline characteristics

70.7 = 6.7 (49-84)

Age (yean’®

Albumin (g/dL)? 3.4 (3.1-3.9)

Total bilirubin (mg/dL)* 0.9 (0.7-1.3)

it

Prothrombin time (sec)? 12.1 (11.5-13.1)

13

Data were expressed as mean = SD (range).
2Data were expressed as number (%).
3Data were expressed as median (first to third quartile).

PLC/PRF/5 and by 84.1% in HuH7 cells in comparison with
the universal negative control-transfected cells (p < 0.02).
Furthermore, the results from Matrigel invasion assay indi-
cate that the reduction of uMtCK expression by siRNA trans-
fection inhibited the invasion of HepG2, PLC/PRF/5 and
HuH?7 cells by 51.7, 62.6 and 92.4%, compared to the univer-
sal negative control-transfected cells (p < 0.02) (Fig. 3e). Col-
lectively, high expression of uMtCK may contribute to active
migration and invasion of HCC cells.

HCC patients with higher serum MtCK activity had a

poorer prognosis after RFA

Because above in vitro results using HCC cell lines suggest
that HCC cells with higher expression of uMtCK may have
more malignant potential, we next examined a potential asso-
ciation between serum MtCK activity and prognosis in
patients with HCC. As described earlier, among two tissue-
specific isozymes of MtCK, that is, uMtCK and sarcomeric
MtCK, the increase in serum MtCK activity in HCC patients
was mostly due to that in serum uMtCK activity but not in
serum sarcomeric MtCK activity.'® To this end, a prognosis
of HCC patients, who had been previously enrolled to exam-
ine their serum MtCK activity and successfully treated by
RFA without residual HCC after the treatment, was analyzed.
Characteristics of these 105 HCC patients are shown in Table
1. During the mean follow-up period of 848 days, HCC-
related death was observed in 17 patients. First, to evaluate
the potential ability of MtCK values to predict survivals or
death, a receiver operating characteristic (ROC) curve was
generated. The ROC curve showed that a MtCK cutoff of
194 U/L had a sensitivity of 76.9% and a specificity of
83.8% for discriminating survivors and deceased patients
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(Fig. 4a). Then, Figure 4b shows the actuarial survival curves
of these patients subdivided according to their serum MtCK
activity prior to RFA for HCC, that is, <19.4 U/L and >19.4
U/L; overall survival was shorter in patients with serum
MtCK activity >19.4 U/L than in those with <19.4 U/L (p
= 0.0002; log-rank test; Fig. 4b). Then, risk factors for HCC-
related death were analyzed. On the univariate analysis, high
serum MtCK activity (>19.4 U/L) was a significant risk fac-
tor for HCC-related death (Table 2). Other significant risk
factors for HCC-related death included serum albumin con-
centration, serum AST levels, serum total bilirubin concentra-
tion, platelet count and prothrombin time (Table 2). Then,
multivariate Cox proportional hazard regression analysis
revealed that serum MtCK activity >19.4 U/L was an inde-
pendent risk for HCC-related death, with a hazard ratio of
2.32 (95% confidence interval: 1.03-5.25; p = 0.042; Table 2).
Serum albumin concentration and serum AST levels were
also independently associated with HCC-related death (Table
2). Regarding recurrence, HCC in patients with serum MtCK
activity >19.4 U/L recurred earlier than HCC in those with
serum MtCK activity <19.4 U/L, as depicted in Figure 4c (p
= 0.004; log-rank test); median (interquartile range) time to
recurrence was 189 (107-292) days in patients with serum
MtCK activity >19.4 U/L, whereas 278 (160-445) days in
those with serum MtCK activity <19.4 U/L. Collectively,
these findings suggest that HCC patients with higher serum
MtCK activity may have shorter survival time possibly due to
more malignant potential.

Discussion

Little is known about whether there might be an association
between the status of mitochondria and uMtCK expression.
Kwon et al. have reported that ASB9 negatively regulated
uMtCK expression with the inhibition of mitochondrial func-
tion,” suggesting that low uMtCK expression could be asso-
ciated with loss of mitochondrial integrity. There could be
several possibilities regarding the status of mitochondria and
uMtCK expression in the liver or HCC; one is that loss of
mitochondrial integrity might be associated with reduced
uMtCK expression as previously reported.”® As another pos-
sibility, uMtCK expression might be increased as a compen-
satory mechanism with loss of mitochondrial integrity. In
fact, this is exactly the case with sarcomeric MtCK in mito-
chondrial myopathies.*® It is also possible that there might be
no association in general between loss of mitochondrial
integrity and uMtCK expression. In this context, we won-
dered whether loss of mitochondrial integrity in the liver
might be involved in the mechanism of increased uMtCK
expression in HCC. To examine this, HCV core gene trans-
genic mice were used, because these mice develop HCC with
loss of mitochondrial integrity in the liver in the absence of
inflammation and fibrosis.”*** As a result, uMtCK expression
was essentially not altered in non-tumorous liver tissues with
loss of mitochondrial integrity but clearly enhanced in HCC
tissues, suggesting that hepatocarcinogenesis per se but not
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Figure 4. (a) ROC curve showing the overall accuracy of serum MtCK activity for discriminating between survivors and deceased patients.
The arrow identifies the best cutoff value (i.e., 19.4 U/L) of serum MtCK activity. Kaplan—Meier survival (b) and recurrence (¢) curve of the
studied patients subdivided according to their serum MtCK activity prior to RFA for HCC. Solid line, <19.4 U/L; dashed line, >19.4 U/L.

loss of mitochondrial integrity may contribute to increased
uMtCK expression in HCC.

Regarding the regulatory mechanism(s) of increased
uMtCK expression in HCC, we have found that ASB9 inter-
acted with uMtCK to reduce its protein levels in HCC cells,
similarly to HEK293 cells as previously described.”® In nor-
mal liver, uMtCK levels are generally at a very low level,
while sarcomeric MtCK as a muscle-specific isoform is not
expressed at all,”” whereas ASB9 mRNA expression is report-
edly abundant.”® Thus, ASB9 may play a physiological role to
keep uMtCK protein levels low in the liver. Regarding HCC,
ASB9 mRNA expression in HCC cells were much lower than
that in normal liver tissue in the current study. This finding

raises the possibility that low expression of ASB9 may
explain, at least in part, high protein levels of uMtCK in
HCC. Collectively, we may suggest that the two possible
mechanisms of increased uMtCK protein levels in HCC cells
should be increased gene expression and decreased protein
degradation due to reduced ASB9 expression. It has been
reported that colorectal cancer with low ASB9 expression
may have a higher malignant potential and a poorer progno-
sis than that with high ASB9 expression,”” suggesting a nega-
tive association of ASB9 with uMtCK protein levels also in
colorectal cancer cells. Nonetheless, a potential role of ASB9
in the regulation of uMtCK expression in HCC in vivo
should be further elucidated.

Int. J. Cancer: 134, 2189-2198 (2014) © 2013 UICC
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Table 2. Risk factors for HCC-related death evaluated by univariate/multivariate Cox proportional hazard regression

Hepatitis B

_Albumin

1.72 (0.97-3.04)

Reduction of uMtCK expression in HCC cells led to the
inhibition in their proliferation, migration and invasion. The
similar effects of inhibition of uMtCK expression were
reported in Hela cells” and breast cancer cells.!” This finding
may be in agreement with the notion that the creatine kinase
system is generally essential for the control of cellular ener-
getics in tissues or cells with high and fluctuating energy
requirements.”” Indeed, overexpression has been reported for
different creatine kinase isoforms in different types of cancer
and has provided a more general growth advantage to solid
tumors.*”*® Overexpression of uMtCK in different Hodgkin-
derived cell lines has been described as a marker for poor
prognosis.>® Increased uMtCK levels in cancer cells might be
a part of metabolic adaptation of those cells to perform high
growth rate under oxygen and glucose restriction as typical
for many cancers; it could help to sustain energy turnover,
but would be also protective against stress situations such as
hypoxia and possibly protect cells from death.*® Nonetheless,
these in vitro findings raise the possibility that high expres-
sion of uMtCK in HCC may be associated with its active
growth and metastasis.

Then, we performed a follow-up study of the HCC
patients, with whom we showed the increased serum MtCK
activity.'® Among the entire HCC patients in the previous
study, we enrolled the patients who underwent RFA with
curative intent to examine the potential association between
serum MtCK activity and prognosis in this study. In the pre-
vious report, serum MtCK activity was also enhanced in the
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ORIGINAL ARTICLE

Preferable sites and orientations of transgene inserted in the
adenovirus vector genome: The E3 site may be unfavorable for
transgene position

M Suzuki, S Kondo, Z Pei', A Maekawa, | Saito and Y Kanegae

The adenowrus vector (AdV) can carry two transgenes in lts genome, the therapeutlc gene and a reporter gene for example
The E3 insertion site has often been used for the expression of the second transgene. A transgene can be inserted at six different
s:tes/onentatrons E1, E3 and E4 srtes, and right and left orientations. ‘However, the best combination of the insertio ”{‘srtes and
orientations as for the tlters and the’ expression levels has not sufficiently been studled We attempted to construct 18 Ast
'producmg GFP or LacZ gene driven by the EF1a promoter and Cre gene driven by the a fetoprotem promoter The A‘ / ntammg
GFP gene at E3 in the rightward orientation (GFP-E3R) was not available. The LacZ-E3R AdV showed 20- fold lower tlter and 50-fold
lower level of fiber mRNA than the control E1L AdV. Notably, we found four aberrantly spliced mRNAs in the LacZ-E3L/R AdVs,
probably explammg their very Iow titers. Although the transgene expressron levels in the E4R AdVs were about threefold lower than

those in the E1L Ast, therr trters are comparable with that of E1L AdVs. We concluded that E1 L and E4R srtes/orlentatlons are
preferable for expressing the main target gene and a second gene, respec’crvely R , :
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INTRODUCTION

First-generation (E1 deleted) adenovirus vectors (FG AdVs), which
lack the ET and E3 regions, are popularly used in basic studies to
elucidate gene functions, and have been employed for gene
therapy.'™ Because the DNA fragments of up to about 7 kilobases
(kb) in total can be inserted into the AdV genome, the AdVs are
frequently used to produce two proteins simultaneously from two
independent transgenes expressing both the target gene and the
reporter gene, for example. In the studies using the cultured cells
and in the animal experiments, the GFP and luciferase are used as
the reporters. Recently, positron emission tomography has
clinically been used in patients for diagnoses and in experimental
animal models. Therefore, the AdVs containing both the
therapeutic gene and the positron emission tomography reporter
gene would be valuable in the gene therapy fields, because the
therapeutic effects, the vector duration and distribution can
simultaneously be monitored.>™® Probably one would wish for
high-titer AdVs with the highest expression for the therapeutic
gene and with the second highest for the reporter gene not
causing any trouble, if the insertion sites and orientations in the
AdV genome can be chosen. However, the titers and the
expression levels of the AdVs may considerably be influenced
by the sites and orientations of the transgenes. Such information
may be very valuable for construction of the best vector, especially
in the vector containing both the therapeutic gene and the
reporter gene.

The simultaneous expression of two genes could be achieved
by inserting the two genes into the E1 site under the control of a
single prompter using the internal ribosomal entry sites or using
porcine teschovirus-1 2A°%'° In the former approach, the

expression of the second gene might be influenced by the
sequences between internal ribosomal entry sites and its initiation
codon, and in the latter, the manipulation is necessary to remove
the stop codon of the first gene and to adjust the frames of the
two genes. When two genes driven by the independent
promoters are inserted into the E1 site, they might interfere with
each other. However, when two independent expression units are
inserted in different sites in the AdV genome, no interference
occurs. Moreover, the advantage of this approach is that the main
target gene can easily be changed using the AdV cassette that
already contains the reporter gene.

There are three insertion sites and two orientations: a transgene
can be inserted into the AdV genome by substitution of the E1 or
E3 gene and by simple insertion at a position upstream of the E4
gene. Therefore, there are six different possible sites/orientations
for any given transgene. Moreover, not only the potent promoters
such as EFTa but also tissue-specific promoters such as
a-fetoprotein (AFP) can also be employed. Although the studies
examining which sites/orientations are superior to others are
practically important, they have been very limited''? and
systematic analyses have not been reported so far.

As it is known that the expression level of a transgene varies
considerably depending on the site in the cell chromosome of the
human genome, the phenomenon is called the ‘position
effect'.’®™ Although CG-methylation in the cell chromosome is
clearly one reason, it is not observed in the AdV genome.
Therefore, it would be of interest to examine whether the ‘position
effect’ might also be observed similarly in the AdV genome for the
potent promoter and for the tissue-specific promoter.
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FG AdVs retain almost all viral genes. They are normally not
expressed in the target cells, because E1A protein, the essential
transactivator for expression of all other viral genes, is not present.
However, there is one report of splicing of aberrant mRNAs from
the inserted foreign genes to a viral gene.'” In this case, the
aberrant mRNAs are transcribed by strong foreign promoters and
produce transgene-viral gene fusion proteins, which elicit strong
immune responses. However, it is not known whether the
production of the aberrant gene product between the inserted
transgene and viral gene is rare or not.

In this study, we examined the AdV titers and expression levels
of an identical transgene inserted at the E1, E3 and E4 sites. We
used three transgenes, namely, GFP, LacZ and Cre, and two
promoters, namely, the potent EF1a promoter and the cancer-
specific AFP promoter, and attempted to construct AdVs using all
combinations, that is, 18 AdVs, and succeeded in constructing
17 of them. We found that insertion at the E1 and E4 sites yielded
mostly high titers, whereas the one at the E3 yielded variable
titers. Surprisingly, four aberrantly spliced mRNAs between the
transgenes and viral genes were found in the vector obtained by
insertion at the E3 site, which was probably the reason for the very
low titers. As for the expression levels, clear differences were
observed among the vectors obtained with insertion at the E1, E3
and E4 sites despite using the identical transgene, indicating that
the position effect was certainly present for the AdV genome and
that aberrant splicing may, at least in part, explain this effect. We
also propose a strategy to avoid generation of the aberrantly
spliced mRNAs.

RESULTS

The vector titers were significantly influenced by the insertion
sites and orientations of the transgene

We first examined whether the vector titers were influenced by
the site/orientations of the transgenes containing a potent EFla
promoter. Towards this end, we attempted to construct six GFP-
expressing (EF-GFP) and six LacZ-expressing (EF-LacZ) vectors in
all possible combinations, that is, the E1, E3 and E4 insertion sites
and the two orientations (Figure 1), and measured the vector titers
(Figure 2a) (hereinafter, the vectors will be designated as per the
following; the vectors containing the GFP gene and LacZ gene at
the E1 insertion site and in the left orientation shall be denoted as
G-E1L and Z-E1L vectors, respectively). Among the GFP-expressing
vectors, high titers were obtained for G-E1L, G-E3L, G-E4L and
G-E4R vectors (Figure 2a, bars 1, 3, 5 and 6), while the titer for the
G-E1R vector was lower (bar 2). Notably, the G-E3R vector, that is,
vector with the GFP transgene inserted in the E3 site in the
rightward orientation, could not be obtained despite three
independent attempts (bar 4, denote ‘X’). Therefore, although
exactly the same EF1a-GFP expression unit was inserted in these
vectors, the sites and orientations exerted considerable influence
on the vector titers and even determined whether the vector was
available or not. Similar results were obtained for vectors
expressing LacZ: the titers of the Z-E1L, Z-E4L and Z-E4R vectors
(bars 7, 11 and 12) were high, and that of the Z-E1R vector was
also low (bar 8). However, the results of insertion at the E3 site
differed for GFP and LacZ. The titer ratio of Z-E3L was significantly
lower than that of G-E3L (compare bars 3 and 9, described later),
and the Z-E3R vector was available, although its titer was
extremely low (bar 10). Therefore, the GFP gene and LacZ gene
themselves influenced the vector titers.

Then, we constructed six vectors containing the AFP promoter
and Cre gene (AFP-Cre) and measured their titers (Figure 2b).
Although these vectors contained the AFP promoter and Cre
gene, this transgene unit served as a nonfunctional DNA, because
the AFP promoter, which is hepatocarcinoma-cell-specific, is not
active in the 293 cells. The titers of the all six vectors were very
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E1 E3

Figure 1. The FG AdV structures of six different site/orientations in
all possible combinations. The box containing ‘pro,’ ‘gene’ and ‘pA’
represents the expression unit and the arrows show the orientation
of transcription. ‘pro,” EF1a and AFP promoter; gene, GFP, LacZ and
Cre; pA, rabbit p-globin polyadenylation signal. For example, the
vector containing the transgene at the E1 insertion site and in the
left orientation is denoted as ‘E1L.

similar (Figure 2b). Thus, the site/orientation does not always
influence the vector titers, and it appeared that there may be
some specific reasons why the titers were low for vectors
containing the EFTa promoter expressing the GFP and LacZ genes.

Aberrant chimera mRNAs were produced in the vectors containing
the expression unit at the E3 site

The E3 transgene is present within the large intron from the major
late promoter (MLP) to the fiber gene (Figure 3a, except the first).
We previously reported an aberrant splicing from a cryptic donor
site present in the LacZ gene to the viral pIX acceptor site, which
produces a LacZ-plX fusion protein.'® Therefore, we speculated
that similar aberrant splicing might occur for the LacZ gene
inserted at the E3 site.

Total RNA was prepared from the 293 cells infected with the
E3R vector and reverse-transcribed to detect such aberrantly
spliced mRNA spanning from the LacZ cryptic donor site to the
possible fiber acceptor site, which is the only acceptor site present
downstream of the LacZ donor site. In fact, we identified an
aberrant mRNA spliced from this LacZ donor to the fiber acceptor
(Figure 3a, second; Figure 3b, 0.7-kb band). The splicing donor site
in the LacZ gene was identical to that of the reported LacZ gene
inserted at E1 site to the viral pIX acceptor site, and the fiber
acceptor site was the same as that normally spliced from the MLP
donor site (Supplementary Table S1). This is quite abnormal
because, in general, splicing occurs between only specific donor
and acceptor sites, suggesting that an inserted transgene could
disturb normal splicing.

We also examined whether any other aberrantly spliced mRNA
upstream of the transgene was present or not. Surprisingly, we
also detected an abnormal mRNA spliced from the donor site of
the third exon of the viral MLP to the acceptor site of the second
exon of the EF1a promoter (Figure 3a, third; Figure 3b, 1.2-kb
band; the junction sequence is shown in Supplementary Table S1).
These results mean that the normal splicing from the MLP donor
to the fiber acceptor are doubly competed with aberrant splicing

© 2015 Macmillan Publishers Limited
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Figure 2. Titers of the virus vectors containing identical expression units. (a) Virus titers of the AdVs containing the EFta promoter. The AdV
genomes transduced into the HuH-7 cells were measured 3 days post infection. The virus titers were calculated relative to the copy numbers
of the AdVs.'® The titer of the E1L vector was set as 1; G-E1L, 8.3 x 10® relative virus titer (rVT)/ml, L-E1L, 5.0x 10° rVT/ml. ‘x ' indicates that

G-E3R could not be obtained. (b) The titers of the virus vector containing Cre gene driven by the AFP promoter. E1L vector was used as the
control. *P < 0,05, **P < 0.01.
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Figure 3.  Structures of aberrant chimeric mRNAs. (a) Schematic representation of the aberrantly spliced mRNA and the expression unit in the
E3 region. The LacZ expression units in the E3 region are shown. Aberrant mRNAs are shown in red. The bold lines and thin polygonal lines
represent the exon and intron of the transcript, respectively. Arrow, orientation of the transcription; EF, EF1a promoter; LacZ, LacZ DNA. The
‘parent’ denotes the vectors before the insertion into the E3. ‘LacZ-fiber,’ ‘MLP-EF, ‘LacZ-E2A’ and ‘E4-EF’ indicate combinations of primers for
detection of the chimeric mRNAs. (b) Detection of aberrant splicing by PCR. The 293 cells were infected with the Z-E3L and Z-E3R vectors, as
indicated. The bands are generated from the chimera-specific mRNA between the viral gene and the inserted transgene. The primer
sequences are shown in Supplementary Table S2. M, size maker; -, no DNA. (c) Specificity of the aberrant splicing. The 293 cells were infected
with either Z-E3L or Z-E3R. The splicing from the MLP to hexon was used as the control. The bands of LacZ-fiber and MLP-EF in Z-E3R are the
same as those described in (b) (0.7 and 1.2kb, respectively). These bands were not detected in Z-E3L (lanes 3 and 1); threefold more

DNA was loaded in lane 3 than in lane 1 to clearly show the semi-quantitative difference in the amount of cDNA. mock, mock infection of the
293 cells.

from the MLP donor to the EF1a acceptor and from LacZ donor to We further examined whether such abnormal chimera mRNA
the fiber acceptor. We confirmed that these LacZ-fiber and MLP-EF was present for the Z-E3L vector of the opposite orientation.
aberrant mRNAs observed for the Z-E3R vector were not detected Actually, we detected two chimera mRNAs using the same PCR
for the Z-E3L (Figure 3c, first and second rows). analysis; a viral E4 donor was spliced to the EF1a acceptor, and the
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cryptic LacZ donor was spliced to a viral E2A acceptor (Figure 3a,
fourth and fifth; Figure 3¢, third and fourth rows. They were not
detected for Z-E3R). The EF1a acceptor and LacZ donor were the
same as those found in the E3L vector, and the sequences of the
viral donor and the acceptor were identical to those found in
the wild-type adenovirus, although the combinations were
abnormal (Supplementary Table S1).

Then, we measured the amounts of fiber mRNA for the Z-E3R
vector (very low titer) and compared them with those for the
Z-E1L vector (high titer) and Z-E3L vector (medium titer) by
conventional PCR and quantitative PCR (gPCR). These PCR and
gPCR primers were designed to detect specifically the normal
MLP-fiber mRNA, but not the aberrant mRNA, because they are
prepared at the sequence junction: the forward and reverse
primers are located in the MLP and fiber, respectively. The cDNAs
from the 293 cells infected with Z-E1L, Z-E3L or Z-E3R were diluted
from 10° to 10 before PCR (shown as ‘0" to '~ 3’ in Figure 4a) for
semi-quantitative detection (Figure 4a). The level of normal fiber
mRNA of Z-E3L (middle titer) was lower and that of Z-E3R (very
low titer) was much lower than that of Z-E1L (high titer), that is,
the fiber mRNA levels and titers were well correlated. Notably, the
amount of fiber mRNA of the Z-E3R vector was only 2% of that for
the Z-E1L vector (Figure 4b, E3R). This may probably explain why
the titer of Z-E3R was very low.

The expression of the E1 transgenes was higher than that of the
E3 or E4 transgenes

The titers show amounts of infections virus particles produced by
the vectors growing in the 293 cells, while expression levels are
also important for the vector. The amounts of the produced gene
products being influenced by the position of an identical
expression unit on the cell chromosomes is referred to as the
‘position effect’ of gene expression.'*™ To examine whether
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Figure 4, The relative levels of fiber mRNAs, The 293 cells were
infected with the Z-E1L, Z-E3L and Z-E3R at MOI 5. (a) PCR detection
of the fiber and hexon mRNAs. ‘0, -1, -2 and -3’ mean ‘10°%, 107, 102
and 107 dilution of the cDNAs, respectively. M, size marker; mock,
mock infection of 293 cells. (b) The quantities of the fiber and hexon
mRNAs determined by gPCR. Amount of fiber mRNA relative to
those of each hexon and Z-E1L fiber are regarded as 100%. n=3;
means +s.d. ** P<0.01.

Gene Therapy (2015) 1-9

115

identical transgenes inserted into vector genomes are influenced
or not by the ‘position effect,” we infected the HuH-7 cells with the
same numbers of active vector particles16 expressing GFP under
the control of the EF1a promoter at multiplicity of infection (MOI)
3 and 10 and measured the amounts of GFP mRNAs by qPCR
(Figure 5a). )

E1L and E1R vectors expressed much more GFP mRNA than the
other three vectors, that is, the E3L, E4L and E4R vectors, both at
MOI 3 and MOI 10 (bars 2 and 3 to 4, 6 and 7; bars 8 and 9 to 10,
12 and 13). In regard to the expression levels of these vectors, the
mRNA amounts of the E4 vectors were about one-third of those of
the E1 vectors. Similar results were obtained for the vectors
expressing LacZ: E1L/R vectors expressed much more LacZ mRNA
than all the E3 and E4 vectors, both at MOl 3 and MOI 10
(Figure 5b, bars 2 and 3 to 4-7; bars 8 and 9 to 10-13). Therefore,
similar effects were observed using two different genes. These
results might suggest that the position effect observed here was
not dependent on the inserted transgene. It should be noted that
about as much as a 50-fold more virus stock solution of Z-E3R
vector could be needed than that of the Z-E1L vector to obtain the
same expression level, because the titer of Z-E3R vector was about
one-tenth and the expression level obtained was about one-fifth
when the same volume of the virus stock solution is used for
infection (Figure 2a, bars 7 and 10; Figure 5b, bars 2-5 and 8-11).
We also measured the expressed protein levels of GFP and
LacZ using fluorometry and (-galactosidase assay, respectively
(Figure 6a and b). The G-ET1 vectors produced significantly more
GFP than the G-E4 vectors (Figure 6a, bars 2 and 3 to 6 and 7; bars
8 and 9 to 12 and 13), although the G-E3L vector expressed a
similar level to that of the G-E1 vectors (bars 4 and 10). Also, the
Z-E1 vectors expressed more LacZ than the Z-E3 and Z-E4 vectors
(Figure 6b, bars 2 and 3 to 4-7; bars 8 and 9 to 10-13). These
results in respect of the protein level confirm the mRNA
expression levels measured by gPCR shown in Figure 5a and b.

To examine whether the position effects may also be observed
for a tissue-specific promoter and for genes other than GFP and
LacZ, the HuH-7 cells were infected with the vector expressing Cre
under the control of the AFP promoter and the Cre expression
levels were measured. The AFP promoter is specifically active in
the HuH-7 cells derived from hepatocarcinoma in contrast to the
case in the 293 cells. Because tissue-specific promoters, including
the AFP promoter, are generally weak, the expressed Cre mRNA
level was too low to measure quantitatively. Therefore, we used
the method of ‘excisional expression,” where the Cre enzyme
driven by the AFP promoter switched on the potent EFla
promoter and specifically enhanced the expression level of dsRed
by about 50-fold"” (the strategy is shown in Supplementary Figure
S1). The results were again very similar to those obtained using
the EF1a promoter (Figure 6a and b): the AFP-E3 and E4 vectors
expressed only about a half to one-fifth of dsRed mRNA than the
AFP-E1 vectors (Figure 5¢, bars 3 and 4 to 5-8, 9 and 10 to 11-14).
Therefore, although the vector titers obtained using the AFP
promoter were not influenced by their insertion sites (Figure 2b),
the position effects at the E1, E3 and E4 sites showed very similar
patterns to those of the EF1a promoter. Altogether, the E3L/R and
E4L/R vectors expressed about two to fivefold less transgene
products than the E1L/R vectors, not only when the potent EF1a
promoter was used, but also when the tissue-specific AFP
promoter was used, suggesting there may be a mechanism
common to these promoters.

To examine whether the position effect of expression observed
in the HuH-7 cells may also be observed in other cells, the Hela
cells were infected with the GFP-expressing vectors at MOl 3 and
at MOl 10 (Figure 7a and b). The G-E1L vector expressed a
significantly greater amount of mRNA than the G-E3 and G-E4
vectors (Figure 7a, bars 2 to 4, 6 and 7; bars 8 to 10, 12 and 13).
However, the mRNA level of the E1R vector was not significantly
different from those of the E3 and E4 vectors, because the

© 2015 Macmillan Publishers Limited
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Figure 5. Expression levels of the transgene mRNA in the infected HuH-7 cells. The mRNA levels are shown relative to the mRNA level of the
transgene in E1L-infected cells set as 1. (@) GFP mRNA levels. The cells were infected with the EF-GFP AdVs at the indicated MOls. The GFP
mRNA levels were quantified by gPCR, n=3. (b) LacZ mRNA levels. The cells were infected with the EF-LacZ AdVs. LacZ mRNA levels are
shown in the same manner as that described in (a), n=4. (c) Cre mRNAs levels. The cells were co-infected with the AFP-Cre AdVs (switch
vectors) and a target vector which expressed dsRed by Cre-mediated recombination (excisional expression). The dsRed mRNA levels were
quantified in the same manner as that described in (a), n=6. Error bars indicate mean = s.d; mock, HuH-7 cells without infection; target, HuH-7
cells infected with the target vector only; *P < 0.05, ** P < 0.01. The other representations are the same as those in Figure 1.
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Figure 6. Protein expression levels in the infected HuH-7 cells. (a) Fluorescence of GFP. The cells were infected with the EF-GFP AdVs at the
indicated MOls. The fluorescence of GFP was quantified by Ascent fluorometry. The fluorescences are shown relative to the fluorescence level
in E1L-infected cells set as 1, n=4. (b) Activities of p-galactosidase. The cells were infected with the EF-LacZ AdVs, f-galactosidase activities
were evaluated by the p-gal assay, n=3. Error bars represent +s.d.; mock, mock infection of HuH-7 cells; *P < 0.05, **P < 0.01. The other
representations are the same as those in Figure 1.

expressed mRNA level of the E1R was lower than that of the E1L expression was not statistically significant (bars 3 to 4, 6 and 7).
(bars 3 to 4, 6 and 7; bars 9 to 10, 12 and 13). Similar results were These results were confirmed by fluorescence microscopy
obtained using GFP fluorometry: the G-E1L vector exhibited (Supplementary Figure S2a). Moreover, the same results were
significantly more fluorescence than the other G-E3 and G-E4 obtained using the CV-1 cell line derived from monkey fibroblasts
vectors (Figure 7b, bars 2 to 4, 6 and 7), whereas the E1R vector (Supplementary Figure S2b). Therefore, very similar position effect
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Figure 7.

Expression levels of the transgene mRNA and protein in the infected Hela cells. (@) GFP mRNA levels. The HelLa cells were infected

with the EF-GFP AdVs at the indicated MOls. The other representations are the same as those in Figure 4a, n = 3. (b) Fluorescence of GFP. The
Hela cells were infected with EF-GFP AdVs at MOI 3. The other representations are the same as those in Figure 5a, n=4. Error bars indicate

mean +s.d.; mock, mock infection of HelLa cells; *P < 0.05, **P < 0.01.

among the E1, E3 and E4 insertion sites are obtained at least for
the G-E1L vector.

DISCUSSION

We demonstrated in this study that the inserted sites and
orientations for a given transgene greatly influenced the vector
titers and expression levels. Especially, when the transgene was
inserted in E3R, the GFP-expressing vector could not be obtained
and the LacZ-expressing vector titer was extremely low. Also, the
titer of E3L AdV was lower than that of E1L AdV. Because the
aberrantly spliced mRNAs from the transgenes to a viral gene have
been reported for the E1R site/orientation’® (described below),
and similar aberrant splicing might have occurred for E4L site/
orientation in the same mechanism. Therefore, considering the
titers, aberrant splicing and expression levels, E1L and E4R sites/
orientations were preferable for the main target gene and the
second gene, respectively, in the simultaneous expression. As for
the titer, the information might be useful not only for FG AdVs but
also for the replication-competent AdVs containing E1A gene
under the control of a cancer-specific promoter, because they
both are prepared using the 293 cells.

We have demonstrated that the vectors containing transgene at
E1L/R showed higher titers and expression levels than other
vectors. E1L/R is the most frequently used, probably because the
E1 site is required or convenient for the major methods of AdV
construction which are now commonly used."®2° For example, for
the method established by the Graham’s group, the use of the E1
site is essential because it exploits the viral packaging sequences
partially overlapping with the E1 region. Consequently, we think
that the E1 site, found to be the best in this work, might have
been chosen in the currently popular methods. However, there
seems to be one concern with E1R: aberrant splicing has been
reported to occur to viral pIX gene from the cryptic donors present
not only in the LacZ gene but also in the herpes thymidine-kinase
(TK) gene, which is used for positron emission tomography as a
reporter gene and for suicide gene therapy. Consequently, TK-pIX
and LacZ-plX fusion proteins were produced, and the plX protein
evokes strong immune responses.'> For this reason, we always
adopt the leftward orientation for the E1 site.

Currently, in the simultaneous expression of the target gene
and the reporter gene, the E3 sites are mostly employed for the
reporter gene.>’*> However, as described here, when the LacZ-
expressing transgene driven by the EF1a promoter was inserted at
E3R, the vector titer and expression level were very low, probably
because of the aberrant splicing, and the G-E3R AdV could not be
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obtained. In our experiences, the E3R AdV containing GFP gene
driven by SRa promoter®® could also not be obtained. In contrast,
however, the E3R AdV containing GFP driven by CMV promoter
could be obtained. The reason of such difference is unclear, but it
might be related to the fact that both EF1a and SRa promoters
contain the splicing unit including the splicing acceptor site in
their promoters, which might produce the aberrant mRNA spliced
from the MLP donor, but the CMV promoter contain no splicing
unit. Because aberrant splicing was detected even at E3L, both E3R
and E3L were problematic and to be avoided, if Eossible.

The E4 site has not frequently been used.'”'%?772° The E4
insertion position, SnaBl site, is located 162 nucleotides (nt) from
the right end of the AdV genome. Vectors containing a transgene
at the E4 site showed high titers, although their expression levels
were lower than those of the E1 vectors. The titers and expression
levels do not significantly differ between E4L and E4R vectors.
However, the E4L might produce aberrantly spliced mRNAs as
observed for the E3L/R. The E4R site/orientation was successfully
used as the position of the second transgene'” where Cre was
expressed under the control of the AFP promoter. The expressed
Cre turned on the potent promoter present at the E1L and the
high-level expression of the target gene was obtained, while
maintaining strict sepecificity. Interestingly, it was also recently
reported that the E4L, not the E4R, is better than the E1 site for
short hairpin RNA expression.?” The difference may be related to
the use of the RNA polymerase Iil promoter for the short hairpin
RNA production, whereas the polymerase Il promoter is used for
the protein production. If so, the E4AL may be advantageous not
only for the production of short hairpin RNA, but also of guide
RNAs used for the CRISPR/Cas9 system.>®*' The reported results
might not contradict with the results described here, because the
RNA polymerase Il expression is not involved with splicing.

Altogether, therefore, the ETL and E4R sites/orientations appear
to be the best for use in AdVs for the simultaneous expression of
the target gene and reporter gene, respectively. Importantly, the
occurrence of aberrant splicing sometimes yields a viral-transgene
fusion protein, which may induce strong immune responses
caused by the viral encoding region.”® The probability is one-third
to coincide the coding frame of the transgene with that of the
viral gene. The coding regions of the four aberrant mRNAs
described in this report were, by chance, connected out-of-frame,
yielding no transgene-fusion protein, but only a truncated LacZ
protein composed of several amino acids. However, in a previous
study,'” LacZ-pIX and TK-pIX fusion proteins were produced under
the control of potent promoters. Thus, the production of such
fusion proteins by aberrant splicing is not a rare event.
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