Dncolytic MV-NPL for Cancer Therapy

its replication and transcription.”* The N, P, and L proteins are
assembled into the ribonucleoprotein, which is the viral replica-
lion unit. Therefore, we reasoned that combining a safe targeted
therapy mechanism that destroys the host antiviral genetic pro-
gram and enhances viral genome replication in cancer cells would
generate a novel and innovative cancer gene therapy.

In this study, we generated a newly engineered MV, MV-NPL,
which is based on the Edm tag strain but is armed with the N,
P, and L genes of the wild-type strain. We demonstrated that
MV-NPL has enhanced oncolytic activity against human renal
cell carcinoma (RCC) cell lines in vitro and in vivo compared to
MV-Edm tag and MV-P. We found that MV-NPL had faster rep-
lication and transcription than MV-Edm tag and MV-P in RCC
cell lines in vitro and RCC cell line xenografts in vivo. In addition,
MV-NPL efficiently proliferated and killed RCC cell line even in
the presence of IFN-a. Furthermore, this oncolytic activity was
specific as MV-NPL caused minimal cytopathic effects in normal
human cell line.

RESULTS

CD46 is overexpressed in human RCC cell lines

CD46 expression in the human RCC cell lines A-498 and
OS8-RC-2, primary human RCC cells of T5, normal human skin
fibroblast cell line B]-1 was analyzed by flow cytometry. CD46
was expressed on the surface of most human RCC cell lines and
primary human RCC cells: 93.8% in A-498, 93.7% in OS-RC-2,
and 92-95% in primary human RCC cells (n = 3). However,
only 8.7% in BJ-1 demonstrated positive expression of CD46
(Figure 1), These results demonstrated that human RCC cell
lines and primary RCC cells expressed higher levels of CD46
than normal cells,

MV-NPL induces stronger CPEs than MV-P and
MV-Etag in human RCC cell lines and primary

human RCC cells

Schematic representation of the genome of MV-Etag (a V-defective
vaccine-lineage strain) strain, engineered MV-Btag strain that
expresses the wild-type P gene (MV-P) and the engineered
MV-Etag strain that expresses the wild-type N, P, and L genes
(MV-NPL)is shown in Figure 2a. They were rescued and efficiently
propagated in Vero cells and used for the following experiments.
We studied the CPEs associated with each MV in the human RCC
cell lines A-498 and OS-RC-2, primary RCC cells (72 = 3), the nor-
mal human skin fibroblast cell line BJ-1. Cells were infected with
the various viruses at multiplicities of infection (MOIs) of 1 and
0.1 for 120 hours and the stained with crystal violet. Compared
to MV-P and MV-Etag, MV-NPL demonstrated more dramatic
CPEs in an MOI-dependent manner (n = 3; Figure 2b). The CPEs
appeared at 72 hours postinfection with each MV at an MOI of 0.1
in both A-498 and OS-RC-2 cells and primary RCC cells (data not
shown). However, normal human cell line BJ-1 showed minimal
CPEs after each MV infection (Figure 2b). We further determined
the cell viability after infection with the various viruses using the
Cell-Titer 96 Aqueous Non-Radioactive Cell Proliferation Assay.
Analyses were performed every 24 hour for 120 hours. Compared
with MV-P and MV-Etag, MV-NPL demonstrated a greater
reduction of proliferation in A-498, OS-RC-2, and primary RCC
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Figure 1 CD46 receplor expression on the human renal cell card-
noma (RCQ) cell lines A-498 and O5-RC-2, primary human RCC cells
of TS, and normal human cell fine B}-1. CD46 receptor was highly
expressed on the human RCC cell lines A-498 and OS-RC-2 as well as
primary human RCC cells of T5, but was minimally expressed on the nor-
mal human cell line B{-1. The analysis was performed by flow cytometry.
CDA46 expression in isotype control is 1%. The thick histograms show
the measured fluorescence of cells incubated with an isotype control
(detailed) and the thin histograms represent cells labeled with an anti-
CD46 fluorescein isothiocyanate antibody.

cells from 72 or 96 hours to 120 hours at an MOI of 0.1 (n = 3;
Figure 2¢).

MV-NPL induces faster cell lysis in A-498 cells

than MV-P and MV-Etag

A-498 cells were plated in 6-well plates at a density of 2 x 10°
cells/well. The cells were infected with various viruses at an
MOI of 0.1 and the supernatants and cells were collected from
12 to 120 hours. The intracellular viruses were released by two
cycles of freezing/thawing. The viral titers were determined as
the TCIDS50 (50% tissue culture infective dose) in Vero cells in
a 96-well plate. The intracellular MV-NPL viral titer of A-498
cells peaked at 60 hours postinfection (Figure 3a). Compared
with MV-NPL, intracellular MV-P virus demonstrated slower
replication and the viral titer peaked at 84 hours (Figure 3a).
In the culture supernatant, the MV-NPL viral titer peaked at
72 hours (Figure 3b). Similar to the intracellular viral titer,
the extracellular MV-P titer peaked with delayed kinetics at
84-96 hours compared to MV-NPL. We also found that after
the intracellular viral titer peaked, the viral titer in the culture
supernatant peaked in A-498 cells infected with MV-NPL. Real-
time RT-PCR analyses revealed a time-dependent increase in
measles viral mRNA in A-498 cells, and compared with other
viruses, cells infected with MV-NPL demonstrated higher viral
mRNA levels (Figure 3c).

MVs induced human IFN-a production from human nor-
mal skin fibroblast cells of BJ-1, and human RCC cells of A-498
and OS8-RC-2. MV-NPL more effectively evaded to the antiviral
defense of IFN-a in Vero cells than MV-P and MV-Etag,
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Figure 2 induction of cytopathic effects (CPEs) and cell death in human renal cell carcinorna (RCC) cell ines A-498, 05-RC-2, primary RCC
celis T5, and normal human cell line Bj-1 by MV-Etag, MV-P, and MV-NPL. (a) At 120 hours after infection with each MV at multiplicities of
infection (MOIs) of 1 and 0.1, the cells were stained with crystal violet. (b) Cells were infected with each MV at an MOI of 0.1 and cell viability was
analyzed using the MTT assay. Each value is normalized to the control (untreated celis), which was set at 100%, and represents the mean = SD (a, P<
0.01, MV-NPL versus control group; b, P < 0.01, MV-NPL versus MV-Etag group; ¢, P < 0.01, MV-NPL versus MV-P group).

The IFN family, particularly type 1 IFN (IFN-a/p), induces a
powerful innate antiviral response. IFN-a production induced by
human normal and tumor cells after infection by MVs was quan-
tified using IFN-specific enzyme-linked immunosorbent assay
(ELISA) kits (Figure 4a). We examined the sensitivity of the MV
viruses to human IFN-a. Vero cells were infected with different
MVs at an MOI of 0.001, and then treated with human IFN-a
(1,0001U/ml) 2 hours after infection. The viral titers were deter-
mined at 48 hours postinfection. Human IFN-a effectively inhib-
ited MV-Etag proliferation (Figure 4b). To some extent, IFN-a
also suppressed MV-P proliferation, whereas it had no appar-
ent effect on MV-NPL proliferation (Figure 4b). To investigate
whether IFN-a can prevent the CPEs of MV, OS-RC-2 cells were
infected with each MV at an MOI of 0.1. Different concentrations
of human IFN-a (250-2,0001U/ml) were added to the infected
cells and crystal violet staining was performed at 120 hours after
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infection. Compared to MV-P and MV-Etag, MV-NPL more
effectively induced CPE even in the presence of IFN-a. However,
there were no obvious CPEs in BJ-1 cells (Figure 4c).

MV-NPL induces more apoptosis in human RCC celis
than MV-P and MV-Etag

A-498 cells were infected with each MV at an MOI of 0.1, and
apoptotic cells were analyzed by propidium iodide staining and
subsequent flow cytometry. Upon infection with the MVs, the
number of cells in sub-G1 increased in a time-dependent manner
{Figure 5a). MV-NPL induced apoptosis in ~20 and 40% of cells
at 48 and 72 hours at an MOI of 0.1, respectively (Figure 5a).
However, at the same time points, MV-P and MV-Etag only
induced apoptosis in ~10 and 15% of cells (Figure 5a). We further
examined poly(ADP-ribose) polymerase expression and found
that the 85-kd cleaved poly(ADP-ribose) polymerase fragment
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Figure 3 Production of MV-Etag, MV-P, or MV-NPL in the human
renal cell carcinoma (RCC) cell line A-498, Cells were infected with
each MV at an multiplicity of infection (MOI) of 0.1. (@) Cells and (b)
supernatants were harvested at the indicated times. The viral titers were
determined on Vero cells and expressed as TCID, /ml. (c) Total RNA from
A-498 cells was isolated at the indicated times. The viral mRNA levels
were measured using real-time PCR. Each value is normalized to that in
MV-Etag, which was set a ratio = 1, and represents the mean + SD (a,
P < 0.05, MV-NPL and MV-P versus MV-Etag; b, P< 0.05, MV-NPL versus
MV-P). TCID,,, 50% tissue culture infective dose.

(85 kd) was more rapidly expressed in A-498 cells infected
with MV-NPL than those infected with MV-P or MV-Etag
(Figure 5b).

Intratumoral administration of MV-NPL induces
regression of A-498 xenografts

Each MV was given intratumorally to nude mice bearing estab-
lished (0.5-0.6cm in diameter) subcutaneous human A-498
tumor xenografls. Intratumoral administration of MV-Etag or
MV-P (10 doses of 1.0 x 10° TCID, /dose) effectively suppressed
the growth of A-498 xenografts. Compared with MV-Etag or
MV-P, intratumoral injection of MV-NPL caused even more
regression of the A-498 xenografts (Figure 6a). At 80 days after
injection, the survival rate was significantly improved in the
MV-NPL-injected group (55%), compared to the control group
(0%), MV-Etag-injected group (0%), and MV-P-injected group
(119%) (Figure 6b). A-498 xenografts infected with MV-NPL had
the highest mRNA expression of the M gene of MV, indicating
that MV-NPL was more effectively replicated in the xenografts
than MV-P at 19 days after the injection when the former sig-
nificantly suppressed the tumor growth than the latter (P < 0.05)
(Figure 6c).

© The American Society of Gene & Cell Therapy

Human-IFN-o, {pg/mi)

A-498 0S-RC-2

b 1.00%10° - CHEN ()

WIFN (+)

1.00 x 10°

1.00 % 10* .
1.00 % 10° 4
1.00 % 10° 4 *

Titer (TCIDgy/ml)

1.00 x 10" -

1.00x 10

MV-P MV-NPL

[+]

£
2
=
=2
s 3
3
: 2
e
i
[=4
o
£
=3
I

Human-IFN-o (units/mf)

0S-RC-2 BJ

Figure 4 Different sensitivities of MV-Etag, MV-P, and MV-NPL to
human INF-. (a) BJ-1, A-498 and OS-CR-2 cells were infected with
MV.Etag, MV-P, or MV-NPL at an multiplicity of infection (MOI) of 0.1.
After 48-hour infection, the production of IFN-a was determined using
human IFN-o enzyme-linked immunosorbent assay kit. (b) Vero cells
were infected with each MV at an MOI of 0.001 and cultured in the
presence or absence of 1,0001U/ml recombinant IFN-o.. Viral titers at
48 hours were determined by titrating the TCID50 on Vero cells, *P <
0.05 versus IFN(+). (€) OS-RC-2 cells and Bj-1 cells in 24-well plates
were infected with each MV at an MOI of 0.1. Two hours after infection,
human IFN-o. was added to the cells at the indicated concentrations.
At 120 hours after infection, the cells were stained with crystal violet.
IEN, interferon; TCID,, 50% tissue culture infective dose.

DISCUSSION

Oncovirotherapy using replication-competent viruses for cancer
treatment has recently attracted considerable attention. Engineering
replication-competentvirusesfor cancer therapyisanovel and prom-
ising strategy. Live-attenuated MV has a potent and tumor-specific
oncolytic activity against a variety of human tumors.>*?2 In clini-
cal trials, the MV vaccine strain has been shown to mediate regres-
sion of T-cell lymphomas when administered intratumorally."

www.moleculartherapy.org
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Figure 5 Apoptosis induced by MV-Etag, MV-P or MV-NPL in the
human renal cell carcinoma (RCC) cell line A-498. Cells were infected
with each MV at an multiplicity of infection (MOI) of 0.1. (a) Adherent
and detached cells were harvested at 24, 48, and 72 hours postinfection.
The percentage of sub-G1 cells was measured by fluorescence-activated
cell sorting (a, P < 0.05, MV-NPL, MV-P and MV-Etag versus contro};
b, P < 0.05, MV-NPL and MV-P versus MV-Etag; ¢, P < 0.05, MV-NPL
versus MV-P). (b) Whole-cell lysates of A-498 cells that were infected
with each MV were subjected to western blot analysis using anti-PARP
and B-actin antibodies. PARP, poly(ADP-ribose) polymerase.

However, there is no report on the oncolytic effects of measles virus
on human RCCs. In this study, we report for the first time that mea-
sles virus has potent antitumor activity against human RCC cells
in vitro and in vivo.

Numerous factors in the tumor microenvironment, such as
the stromal architecture and surrounding innate immune system,
could potentially restrict viral replication and spread in vivo.®
Human type I IFNs such as IFN-a/P have been shown to inhibit
gene expression and the production of progeny virions of the
measles virus vaccine strain, including Edmonston tag strain®'-*
In order to more effectively control tumor growth and eventually
eradicate tumors by direct viral spread and oncolysis, an attenu-
ated replication-competent virus must be able to evade the host
innate immune response.”** The P/V/C protein of the MV wild-
type strain encoded by the P gene was shown to block IFN-a
induced-signaling, allowing the virus to evade the innate immune
response, 1831353 The N, P and L proteins assemble into the ribo-
nucleoprotein, which serves as the MV replication unit. In our
study, we found that wild-type N protein provided virus with resis-
tance to IFN similar to P (data no shown). Moreover, the L protein
gene of wild type can more effectively induce viral RNA and pro-
tein synthesis than vaccine strain.¥’ In this study, we engineered a
novel MV-Edm by replacing the N, P, and L genes with those of
the wild-type MV strain to create a virus that rapidly replicates
on human renal cancer cells. Compared to MV-P and MV-Etag,
MV-NPL exhibited more eflicient replication and a potent killing
effect in human renal cancer cells in vitro and in vivo. In our study,
we demonstrated that human IFN-a effectively inhibited the rep-
lication of MV-Etag and MV-P, but not MV-NPL, at an MOI of
0.001 in Vero cells in vitro. Furthermore, MV-NPL exhibited more
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efficient cytopathic effects than MV-Etag and MV-P in OS-RC-2
cells even in the presence of IFN-a.

Several mechanisms could account for the enhanced anti-
tumoral effects of the engineered virus in vitro, such as faster
replication kinetics, enhanced cell killing, or evasion of host
antiviral mechanisms.”®* In this study, we demonstrated that
MV-NPL replicated faster than MV-P and MV-Etag. In addition,
RCCs infected with MV-NPL produced more viruses than those
infected with MV-P or MV-Etag. Measles M mRNA was detected
earlier in A-498 cells infected with MV-NPL than with MV-P
or MV-Etag, which resulted in more substantial upregulation of
viral protein production compared to the other viruses in a time-
dependent manner (Figure 3). Therefore, we considered that the
rapid oncolysis of cancer cells induced by MV-NPL is due to rapid
viral mRNA transcription followed by abundant intracellular viral
protein production and accelerated cancer cells lysis, causing the
cells to necrose after viral infection. To determine the mechanism
of MV-induced cell death, we used sub-G1 staining. Our results
demonstrated that MV-NPL induced apoptosis in infected tumor
cells faster than MV-Etag and MV-P. Therefore, we concluded that
not only necrosis but also apoptosis was an important mode in
MV-induced cell death.

MYV has been shown to use two receptors, SLAM (CD150) and
CD46, for entry into cells. SLAM (CD150) is a signaling lympho-
cyte activation molecule and its expression profile is confined to
immune cells. CD46 is ubiquitously expressed in nucleated cells.
The MV-Edm strain can infect cells via CD46, which is expressed
more frequently in human cancer cells than normal cells. The
most important issue to consider when developing an effective
oncovirotherapy is that the oncolytic virus needs to selectively
infect tumor cells but not normal cells. Our data demonstrated
that CD46 was overexpressed in human RCC cell lines as well as
cultured primary human RCC cells with 11-fold higher expres-
sion than in the normal human BJ-1 cell line. Compared to can-
cer cells, MV induces minimal CPEs in normal human cell line.
These results suggested that cancer cells are suitable targets for
MYV infection.

Compared with oncolytic DNA viruses, RNA viruses do not
require host nuclear transcription factors, and must rely on an
alternative mechanism to preferentially replicate in tamor cells.*
Furthermore, the MV genome is very stable, and the vaccine
strains have never reverted to pathogenic forms. The Edmonston
strain has been successfully used as a vaccine with an excellent
safety profile. These data suggest that the MV vaccine strain has
high tumor selectivity and safety, even though additional safety
studies should be performed before starting clinical trials. In this
study, we demonstrated that even low intratumoral doses of the
engineered MV in vivo are sufficient to induce tumor regression.

We also demonstrated that MV-NPL efficiently induced tumor
regression and showed the highest viral mRNA expression in the
mouse model compared to MV-Etag and MV-P. The oncolysis
of cancer cells has been clearly shown in vitro, so we suspected
that the same mechanism occurs in our in vivo model. In cur-
rent oncolytic virus research, intratumoral, intravenous, or intra-
peritoneal injections have been used to treat immune-deficient
mice bearing human tumor xenografts. Among these treatments,
intratumorally injected virus can efficiently escape circulating
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Figure 6 Therapeutic efficacy of MV-Etag, MV-P, or MV-NPL for renal
cell carcinoma (RCC) xenografts in vive. (a) A-498 cells (5 x 10¢ in
100pl phosphate-buffered saline) were injected subcutaneously. When
tumors reached a diameter of 0.5-0.6 cm, the virus was injected intratu-
morally every other day for a total of 10 doses (1.0 x 10° TCID_ /dose)
over 19 days. The first day of injection represents day 1, and the tumor
volumes were measured every other day (n = 9/group). (b) Kaplan-Meier
survival analysis are shown for treated mice and mock-treated mice (P =
0.002, MV-NPL versus MV-P). (c) Intratumoral administration of each
MV was initiated with a 1.0 x 10° TCID,, injection. Nineteen days after
injection, the tumors were harvested and the M gene viral mRNA levels
were determined by real-time PCR, *P < 0.05 versus MV-P. TCID,,, 50%
tissue culture infective dose.

MV-neutralizing antibodies; therefore, this method is considered
to be more desirable.

Currently, some additional immune mechanisms have been
implicated in oncovirotherapy-mediated therapeutic effects.
Several studies have shown that CD8 T cells are related to the
efficiency of herpes simplex virus-induced,® vesicular stomati-
tis virus-induced,” and MV-induced'** virotherapies. However,
adult patients infected with measles virus have significantly higher
levels of regulatory T cells, IFN-y, and interleukin-10 (ref. 41).
Furthermore, the phagocytosis of apoptotic MV-infected meso-
thelioma cells induced spontaneous DC maturation and activation
and significant CD8 T-cell amplification. Collectively, oncovi-
rotherapy may exhibit multiple clinical effects, including tumor
lysis followed by the appearance and persistence of antitamor
immunity.

© The American Soclety of Gene & Celi Therapy

In summary, our current results demonstrated that newly
engineered MV-NPL has more effective oncolytic activity than
the parental virus or MV-P as a systemic therapy for human RCC.
The engineered virus caused CPEs in human RCCs, but had no
toxic effects on normal human cells. Furthermore, MV-NPL repli-
cated faster and more effectively resisted IFN-a than MV-Etag and
MV-P, allowing the virus to escape the innate immune response.
Although additional safety issues should be investigated, these
properties of MV-NPL may help establish an innovative cancer
therapy in the future.

MATERIALS AND METHODS

Construction of engineered viruses. The plasmids p(+)MV323 (ref. 42)
and p(+)MV2A (ref. 43), which encode the full-length antigenomic com-
plementary DNA of the IC-B wild-type strain and the Edmonston tag
strain, respectively, were used in this study. We inserted restriction enzyme
sites (SnaBI-N-Spll-P-Eco47111-M-Nrul-F-Pacl-H-Spel-L-Pmel) into the
noncoding region of the p(+)MV323 genome using PCR with specific
primers. Using the appropriate restriction enzymes, a series of genomic
regions of p(+)MV2A were replaced with identical regions in p(+)MV323,
which generated plasmids carrying the full-length genomes of recombi-
nant engineered viruses (Figure 3a). Engineered MVs were rescued from
cloned viral genome complementary DNA with a highly efficiently reverse
genetics system as described previously.* The engineered MVs were prop-
agated in Vero cells, an African green monkey kidney epithelial cell line,
and passage three viral stocks were used in this study.

Cell line culture. The human RCC cell lines A-498 and OS-RC-2, the nor-
mal human skin fibroblast cell line Bj-1 were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inactivated fetal
bovine serum (Japan Bioserum; Sigma, Steinheim, Germany). Vero cells
were used to produce measles virus and maintained in Dulbecco’s modi-
fied Eagle's medium supplemented with 5% heat-inactivated fetal bovine
serum {Japan Bioserum). All media used in this study contained 100 U/ml
of penicillin—streptomycin. All cell lines used in this study were cultured in
a humidified atmosphere with 5% CO, at 37°C.

Primary cell culture. Primary human RCC tissues were established using
surgical specimens immediately after resection from Kyushu University
Hospital after institutional review board approval and informed patient
consent, Tissues were sliced, minced, treated with collagenase (GIBCO,
Invitrogen, Carlsbad, CA) at 37 °C for 2 hours on a shaker, and then filtered
through a nylon mesh (100-jm diameter) to obtain single cell suspensions.
Harvested cells were cultured in Minimum Essential Medium a medium
(GIBCO, Invitrogen) supplemented with 10% heat-inactivated fetal bovine
serum {Hyclone, Logan, UT) and 4pg/ml of Gentamicin Reagent Solution
(GIBCO, Invitrogen). All cells used in this study were cultured in a humid-
ified atmosphere with 5% CO, at 37°C.

Flow cytometry. CD46 expression and the subdiploid status of cells
(sub-G1) were determined by flow cytometry. To measure CD46 expres-
sion, the cells were harvested with Cell Dissociation Buffer (GIBCO,
Invitrogen), washed twice with phosphate-buffered saline (PBS), and incu-
bated with a fluorescein isothiocyanate-labeled monoclonal mouse anti-
human CD46 or control antibodies (BD Biosciences, Pharmingen) for 1
hour onice. The cells were washed twice with PBS and then 10,000 cells per
sample were analyzed using a FACScan (BD Biosciences, San Jose, CA).
For sub-G1, A-498 cells were plated in 6-well plates, and then treated with
each MV at an MOI of 0.1. Adherent and detached cells were harvested at
24, 48, and 72 hours after infection and fixed in ice-cold 70% ethanol for at
least 1 hour. Cell pellets were washed twice with PBS and then incubated
for 30 minutes at room temperature in 1 ml PBS containing 50 jig propid-
tum iodide (Sigma-Aldrich, St Louis, MO), 0.1% Triton X-100, 1 mmol/l
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EDTA, and 0.5 mg RNaseA. After staining, 10,000 events per sample were
analyzed using a FACScan (BD Biosciences). Fragmented apoptotic nuclei
were recognized by their sub-G1 DNA content. The percentage of sub-G1
cells was recorded for each sample. All flow cytometry data were analyzed
using the Mod Fit LT software (Verity Software House, Topsham, MN).

Evaluation of CPEs in vitro. A-498, OS-RC-2, T5 (cultured primary
human RCC cells), and BJ-1 cells were cultured in 24-well plates at a den-
sity of 2 x 10* cells/well. The cells were infected with each MV at an MOIL
of 1 or 0.1 in 0.2ml of Opti-MEM I (GIBCO, Invitrogen) for 2 hours. The
virus suspension was removed, and 1 ml of fresh medium was added to
each well with or without the noted concentrations of human IFN-a. At
120 hours after infection, the cells were gently washed twice with PBS,
and the remaining cells were fixed with 0.5% glutaraldehyde in PBS for
15 minutes. Then, cells were washed with PBS and stained with 0.1% crys-
tal violet solubilized in 2% ethanol-distilled water. The stained product
was subsequently washed twice with distilled water, air-dried, and then
photographed.

Western blot analysis and ELISA. Infected cells were harvested and sol-
ubilized in a Nonidet P-40-based lysis buffer {20mmol/l Tris (pH 7.4),
250mmol/1 NaCl, 1% Nonidet P-40, 1 mmol/l EDTA, 50 mg/ml leupeptin,
and 1 mmol/l phenylmethylsulfony! fluoride). After incubating on ice for
5 minutes, the cell lysates were clarified by centrifugation at 13,000¢ for 30
minutes at 4°C. The protein concentrations in the lysates were quantified
using Multiskan spectrum. The samples were separated on precast 4~12%
gradient MOPS polyacrylamide gels (NOVEX, San Diego, CA), and then
transferred to nitrocellulose membranes (BIO-RAD, Hercules, CA). The
membranes were pretreated with Tris-buffered saline containing 5% dry
milk and 0.05% Triton X-100 (ITBST) for 1 hour at room temperature and
then incubated with monoclonal antiproteolytic cleavage of poly(ADP-
ribose) polymerase (Biovision, Mountain View, CA) and a rabbit anti-$-
actin (CHEMICON International, Temecula, CA) antibodies for 1 hour
at room temperature. After several washes in TBST, the membranes were
probed with rabbit or mouse peroxidase-conjugated secondary antibod-
ies (Santa Cruz Biotechnology, Santa Cruz, CA) at room temperature for
1 hour. After a final wash with TBST, the immune-reactivity of the blots
was detected using an enhanced chemiluminescence detection system
(Amersham, Piscataway, NJ). ELISA specific for IFN-a was performed
using a human IFN-a ELISA kit (PBL Biomedical Laboratories) as per
manufacturer’s instructions.

Cell proliferation assay. The Cell-Titer 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI) was used in this study. A-498,
OS-RC-2, T5, and BJ-1 cells were plated in 96-well plates at a density of 1 x
10* cells/well. Twelve hours after seeding, the cells were infected with each
MV at an MOI of 0.1 for different time intervals and then incubated with
20 1l of MTS reagent for 2 hours at 37°C. The absorbance at 490 nm was
recorded using an ELISA plate reader.

Assessment of MV replication in a human RCC cell line. The human RCC
cell line A-498 was seeded in 6-well plates at a density of 2.0 x 10* cells/
well. Twelve hours after plating, the cells were infected with each MV at an
MOI of 0.1 in Opti-MEM 1. The cells and supernatants were collected at
different time intervals. The viruses were released by two cycles of freezing
and thawing. The viral titers in the cells and supernatants were determined
by titrating the TCID50 on Vero cells.

Human IFN-e sensitivity of MVs, Vero cells were infected with each
MV at an MOI of 0.001. Two hours after infection, human IFN-a A/D
(Sigma, St Louis, MO) was added to the cells at a concentration of
1,000 IU/ml. At 48 hours postinfection, the cells were harvested together
with the culture media. The viral titers in both the intracellular samples
and the culture supernatants were determined by titrating the TCID50
on Vero cells.
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In vivo xenograft experiments. A-498 cells (5 x 10° in 100 ul PBS)
were injected subcutaneously into the right flanks of 4-week-old female
BALB/c nude mice using a 27-gauge needle. The length and width of
the tumors in each mouse were measured daily with calipers, Mice were
randomly divided into four groups: MV-Etag, MV-P, MV-NPL, or con-
trol (n = 9/group). Intratumoral administration of each MV was initi-
ated when the tumors reached a diameter of 0.5-0.6 cm. The mice were
injected with each MV (1 x 10° TCID50 in 50 pl Opti-MEM I), and each
mouse received 10 MV doses on days 1, 3, 5, 7,9, 11, 13, 15, 17, and 19.
Control mice (mock therapy group) were injected with equal volumes of
Opti-MEM T containing no virus. The tumor volume was calculated as
length x width x width/2. Mice were killed if they lost >20% of their body
weight or the tumor diameter exceeded 1.0cm. All mouse experiments
were approved by the Committee of the Ethics on Animal Experiments
in the Faculty of Medicine, Kyushu University and carried out follow-
ing the Guidelines for Animal Experiments in the Faculty of Medicine,
Kyushu University, Fukuoka, Japan and The Law and Notification of the
Government,

Statistical analysis. Each experiment was repeated three different times,
and data are presented as means £ SD. Where indicated, the data were ana-
lyzed by a one-way analysis of variance with Bonferroni’s post hoc test using
SPSS 15.0 software (SPSS, Chicago, IL). P values <0.05 were considered
statistically significant.
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Abstract The mechanism that regulates the terminal
maturation of hematopoietic stem cells into erythroid cells
is poorly understood. Therefore, identifying genes and
surface markers that are restricted to specific stages of
erythroid maturation will further our understanding of
erythropoiesis. To identify genes expressed at discrete
stages of erythroid development, we screened for genes
that contributed to the proliferation and maturation of
erythropoietin (EPO)-dependent UT-7/EPO cells. After
transducing erythroid cells with a human fetal liver (FL)-
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derived lentiviral cDNA library and culturing the cells in
the absence of EPO, we identified 17 candidate genes that
supported erythroid colony formation. In addition, the
mouse homologues of these candidate genes were identified
and their expression was examined in E12.5 erythroid
populations by qRT-PCR. The expression of candidate
erythroid marker was also assessed at the protein level by
immunohistochemistry and ELISA. Our study demonstrat-
ed that expression of the 4poa-1 gene, an apolipoprotein
family member, significantly increased as hematopoietic
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stem cells differentiated into mature erythroid cells in the
mouse FL. The Apoa-1 protein was more abundant in
mature erythroid cells than hematopoietic stem and
progenitor cells in the mouse FL by ELISA. Moreover,
APOA-1 gene expression was detected in mature erythroid
cells from human peripheral blood. We conclude that
APOA-1 is a novel marker of the terminal erythroid
maturation of hematopoietic stem cells in both mice and
humans.

Keywords APOA-1 - Erythroid cell maturation - Fetal liver
erythropoiesis - Library screening - Lentiviral cDNA library

Introduction

Hematopoiesis is the process . in which pluripotent
hematopoietic stem cells (HSCs) are generated, differen-
tiated into specific progenitors, and ultimately matured
into a variety of blood cell types (erythrocytes, mega-
karyocytes, lymphocytes, neutrophils, and macrophages)
[1]. During embryonic development, HSCs emerge in the
aorta-gonad-mesonephros (AGM) region and expand first
in the fetal liver (FL) and then in the bone marrow (BM)
[2-5]. Among these hematopoietic organs, the FL is a site
of both HSC expansion and active erythropoiesis [6].
Erythropoiesis is the process by which a vast number of
enucleated red blood cells (RBCs) are produced from
hematopoietic stem cells (HSC) [7]. However, the molec-
ular mechanisms underlying erythropoiesis have not been
fully elucidated, largely because there are only a few
molecular markers of terminal erythroid maturation in
both mice and humans. To address this issue, we focused
on the events that regulate the terminal erythropoiesis of
HSCs to mature erythroid cells in order to identify novel
markers of mature erythrocytes.

A previous study established a mouse embryonic (ES)
cell-derived erythroid progenitor (MEDEP) cell line [8].
Although erythroblasts expressing the erythroid matura-
tion marker Terl19 [9] (a protein that molecularly
resembles glycophorin) can be generated from ES/iPS-
derived MEDEP cells, most of these cells remained
nucleated, indicating that they have failed to complete
terminal maturation. Ter119 antigen is currently the only
erythroid-specific marker in mice. However, Terl19 is
expressed at many maturation stages, from erythroblasts to
mature, circulating erythrocytes. Therefore, additional
markers for mature erythrocytes are needed. Numerous
attempts at generating vast quantities of enucleated
erythrocytes have failed to efficiently give rise to fully
functional erythrocytes in vitro. This may in part be due
to the gaps in our understanding of the mechanisms that
regulate erythropoiesis.
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The cytokine erythropoietin (EPO) plays important
roles in erythropoiesis by regulating erythroid cell
differentiation, maturation, proliferation, and survival.
Erythroid cells are highly dependent on EPO during
early differentiation and maturation but lose this depen-
dency and express lower levels of the erythropoietin
receptor (EPOR) as they mature [10]. We hypothesized
that EPO-independent signaling plays an important role
in the terminal stages of erythropoiesis.

We previously established a system in which specific
lentiviral gene transduction induced hematopoiesis from
embryonic stem cells of a nonhuman primate common
marmoset in the absence of bone marrow stromal cells
[11]. In addition, we constructed a high-performance
human fetal liver (FL)-derived cDNA lentiviral library as
a tool to facilitate the discovery of novel genes that are
involved in the expansion of HSCs, erythropoiesis and/or
liver development [12]. During embryogenesis, the FL is
the major site of hematopoiesis, particularly erythropoiesis.
Therefore, the FL-derived cDNA lentiviral library that we
constructed contains many genes that are involved in the
differentiation and maturation of these lineages. The goal of
this study was to identify novel genes that are involved in or
expressed during EPO-independent terminal erythroid
maturation. We identified APOA-1- as a novel marker of
the maturation of hematopoietic stem cells into mature
erythroid cells.

Materials and Methods
Cells

UT-7/EPO cells [13] (kindly provided by Dr. Komatsu)
are an EPO-dependent cell line that was established from
the bone marrow of a patient with acute megakaryoblastic
leukemia. This cell line was cultured in Iscove’s modified
Dulbecco’s medium (IMDM) supplemented with 10%
fetal bovine serum (FBS) and 1 U/mL human recombinant
EPO (R&D Systems, Minneapolis, MN) at 37°C in 5%
CO,.

Lentivirus Production

The previously generated human fetal liver-derived Entry
c¢DNA library [12] was used in this study. Briefly, 34 ug
(1-2x10° ¢DNA clones) of the library was mixed with
20 pg of pCAG-HIVg/p and 20 pg of pCMV-VSVG-
RSV-Rev as the packaging plasmids in 3.5 ml of FBS-free
DMEM, and then 370 pl of 1 mg/ml polyethylenimine
(PEI) was added to the mixture. After a 30-min incuba-
tion, the DNA/PEI complexes were dropped onto semi-
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confluent 293 T cells in a T175 flask containing Opti-
MEM medium and then incubated for 3 h. Next, these
cells were cultured in DMEM containing 10% FBS. Virus-
containing supernatants were harvested 4 days post
transduction and concentrated by centrifugation
(9,000 rpm, 6-8 h, 4°C). The virus pellet was resuspended
in 1 ml of IMDM and used for overnight transduction of
UT-7/EPO cells.

Transduction of the Lentiviral Library into UT-7/EPO Cells

UT-7/EPO cells were transduced with the viral cDNA
library and cultured in methylcellulose semi-solid
medium containing IMDM, 10% FBS, and P/S without
EPO for one month. After this period, several colonies
were harvested, and genomic DNA was isolated from
each colony using the QIAamp DNA Micro Kit
(Qiagen, Valencia, CA).

Genomic PCR and Sequence Analysis

The integrated cDNAs were PCR amplified using a forward
primer (5-TTCAGGTGTCGTGAACACGCTACCG-3")
and reverse primer (5-CCTCGATGTTAACTCTAGAG
GATCC-3"). The Expand Long Template PCR System
(Roche, Basel, Switzerland) was used following the
manufacturer’s protocol. ¢cDNAs that were cloned into
the CSI-CMV-RfA vector were sequenced with the
forward (5'-CAAGCCTCAGACAGTGG-3') and reverse
(5'-AGCG TATCCACATAGCG-3") primers using a Big-
Dye Terminator v3.1 Cycle sequencing kit (Applied
Biosystems, Foster City, CA) and an ABI PRISM 3100
Genetic Analyzer (Applied Biosystems). The sequences
were compared with the DNA database from the DNA
Data Bank of Japan using BLAST.

Cell Culture and Sorting

The EPO-dependent UT-7/EPO cell line was established
and cultured as previously reported [13]. C57BL6J mice
and ICR mice were purchased from Nihon SLC. Twelve
o’clock noon was considered to be 0.5 day postcoitum
(dpc) for plugged mice. Fetal liver (FL) cells from a
12.5 dpc embryo were filtered through a 40 uM nylon
mesh and washed with PBS. The cells were stained with
a FITC-conjugated anti-mouse CD71 Ab (BD Bioscien-
ces), PE-conjugated anti-mouse Sca-1 Ab (BD Bioscien-
ces), APC-conjugated anti-mouse c-Kit Ab (BD
Biosciences), PE-Cy7-conjugated anti-mouse CD45 Ab
(eBioscience) and APC-Cy7-conjugated anti-mouse Terl19
Ab (eBioscience). The cells were sorted using a FACS Aria
cell sorter (BDIS), and the data files were analyzed using
FlowJo software (Tree Star, Inc.).

Human peripheral blood (PB) was obtained from
healthy volunteers. The PB was stained with a FITC-
conjugated anti-human CD45 Ab (eBioscience), PE-
conjugated anti-GPA antibody (eBioscience) and APC-
conjugated anti-human CD41 antibody (BD Bioscience).
The cells were sorted using a FACS Aria cell sorter
(BDIS), and the data files were analyzed using FlowJo
software (Tree Star, Inc.).

All animal studies were approved by the Committee on
Ethics in Animal Experiments of Kyushu University, and
the human studies were approved by the Committee on
Ethics in Human clinical samples of Kyushu University. All
of these studies were performed following the guidelines of
Kyushu University.

RNA Extraction and Real-time RT-PCR

Total RNA was isolated from FL cells of ICR embryos at
12.5 dpc or whole embryos at 10.5 dpc using the
RNAqueous-4PCR kit (Ambion). Total RNA from human
peripheral blood was isolated with the RiboPure XKit
(Ambion). A high-capacity cDNA Archive kit (Applied
Biosystems) was used to synthesize cDNA from RNA. The
mRNA levels of various genes were analyzed by gqRT-PCR
using SYBR Green and gene-specific primers with the
StepOnePlus real-time PCR system (Applied Biosystems).
The mRNA level of each target gene was normalized to f-
actin as an internal control.

Immunohistochemistry

Terl119-positive cells from 12.5 dpe FL cells were isolated by
flow cytometry as described above. Cells were cytospun onto
glass slides and air-dried. The cells were fixed in 1% PFA at
room temperature (RT) for 10 min. Nonspecific binding was
blocked by incubating the cells at RT for 30 min in a blocking
solution containing 1% BSA and 0.05% Triton X-100 in PBS.
The following antibodies were diluted in the blocking
solution: rabbit anti-Apoa-1 (1:50, Santa Cruz Biotechnolo-
gies, Inc.). A donkey anti-rabbit IgG (H+L)-Alexa555 (1:250,
Invitrogen) was used as secondary antibody and TOTO-3
(1:1500, Invitrogen) was added as a nuclear stain. Coverslips
were mounted with fluorescent mounting medium (Dako),
and the slides were examined using a confocal microscope

(Olympus).
ELISA

c-Kit-positive cells and Terl19-positive cells were iso-
lated by flow cytometry as described above. Proteins
were extracted from the sorted cells using the Qproteome
Mammalian Protein Preparation kit (Qiagen). To detect
the Apoa-1 protein, a goat anti-Apoa-1 (0.8 pg/ml,
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Fig. 1 Lentiviral human FL ¢DNA library screening in UT-7/EPO
cells. a Strategy for identifying candidate EPO-independent regulators
of erythropoiesis. Four pools (#65, #50, #70 and #110) of human FL-
derived ¢cDNA library were transfected into 293 T cells with helper
plasmids to generate the lentiviral library. UT-7/EPO cells were
transduced with these lentiviral library pools and then cultured in
semisolid, EPO-deficient media for four weeks to positively select for
clones that were able to form EPO-independent erythroid colonies.
Finally, the cDNAs of the positive clones were sequenced to identify
the transduced genes. b Erythroid colony assay. UT-7/EPO celis were
transduced with the lentiviral pools (#65, #50, #70 and #110) and then
transferred to semi-solid culture media. A representative colony

Rockland Immunochemicals) was used as a capture
antibody, a rabbit anti-Apoa-1 (1:100, Santa Cruz
Biotechnologies, Inc.,) was used as a detection antibody
(primary antibody), and an anti-rabbit IgG-HRP (1:5000,
Millipore) was used as the secondary antibody. Each
antibody was captured onto 96-well immunoplates
(Nunc) at 4°C for 16 h. Nonspecific binding was blocked
by incubating the plate with 1% BSA/PBS for 2 h at RT.
After the extracted proteins were added to the plate for.
2 h at RT, the primary antibody was added for 1 h at RT,
followed by the secondary antibody for 30 min at RT.
The tetramethylbenzidine substrate was added to the
wells for 30 min at RT, followed by a Stop Solution
(R&D). The O.D. at 450 nm was measured using a
Thermo Multiskan EX plate reader.

M.

2,
3,.& HumanaPress

UT-/EPO cells
et Colony assay

4weeks  Genomic PCR

Sequence Analysis

SO
C
Tt
5, 12
22 10
E3
= 8
22 6
2SS 4
p—
2% >
O 0
#65  #50  #70  #110
LibraryPool
d 5
P U TR

derived from cells transduced with pool #65 is shown (Scale bar=
200 pm). A non-transduced colony was negative for Venus, while the
lentiviral library-transduced colony was positive for Venus. ¢ Colony
number. A total of 22 colonies were obtained from UT-7/EPO cells
that had been transduced with four lentiviral library pools and then
analyzed by the colony formation assay. d Genomic PCR analysis.
The inserted candidate genes were examined by genomic PCR using
lentivirus insertion-specific primers. Lane 1: Untransduced UT-7/EPO
cells (negative control), Lanes 2, 3: A colony derived from UT-7/EPO
cells that had been transduced with lentiviral pool #65, Lane 4: GFP-
transduced UT-7/EPO cells (positive control)

Results

Screening for Genes that Replace EPO/EPOR Signaling
in UT-7/EPO Cells Using a Human FL Lentiviral Library

To identify novel genes that regulate erythroid cell
maturation, we designed a strategy that monitored the
ability of the EPO-dependent cell line, UT-7/EPO, to form
erythropoietin (EPO)-independent colonies. Recently, we
constructed a lentiviral human fetal liver (FL) cDNA library
fo search for novel genes that regulate hematopoiesis,
including erythropoiesis [14]. Lentiviral cDNA library
pools, which contained 1.32-1.98x 10° cfu (colony forming
units) per pool [14], were examined in this screen. We used
the UT-7/EPO cell line, which is dependent upon EPO [13].
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Table 1 Genes transduced in

lentiviral-transduced erythroid Lentivirus pool # Gene symbol Discription
colonies arising in the absence
of Epo 65 Angiotensinogen AGT
Estrogen receptor binding site associated antigen 9 EBAG9
50 B-cell CLL/lymphoma 2-like 1 BCL2-like 1
Apolipoprotein A-1 APOA-1
70 ferritin heavy subunit FHS
3-phosphoinositide dependent protein kinase-1 PDPK1
abl interactor 2 ABI-2
Fibrinogen like 1 FGLI
Apolipoprotein E APOE
Interferon induced fransmembrane protein 2 1-8D
110 Asialoglycoprotein receptor 2 ASGR2
Ferritin light chain FLC
Solute carrier family 27 (fatty acid transporter) SLC27A2
Ribosomal protein L10 RPL1O
Collagen type XVIII aipha 1 COL18Al
Apolipoprotein J APOJ
Group-specific component GC

When UT-7/EPO cells are transduced with genes in this
lentiviral library that can functionally replace EPO/EPOR
signaling, expression of these genes will result in colony
formation in the absence of EPO (Fig. 1a). 293 T cells were
transfected with four different lentiviral cDNA pools (#65,
#50, #70 and #110). Subsequently, UT-7/EPO cells were
transduced with these four different lentivirus library pools
and cultured for four weeks in semi-solid media in the
absence of EPO. Clones that acquired the ability to
proliferate in the absence of EPO were identified and
analyzed. Lentiviral-transduced cells were identified by
Venus fluorescence that was encoded by the lentiviral
vector. UT-7/EPO cells that were cultured in the absence of
EPO failed to generate colonies, whereas these cells
generated equal numbers of colonies when cultured in
semi-solid media containing EPO (data not shown). When
UT-7/EPO cells that had been transduced with the
lentiviral library (6x10° c¢DNAs) were cultured in the
absence of EPO, 22 EPO-independent colonies formed
(Fig. 1b—c).

Next, to identify the cDNAs responsible for this EPO-
independent proliferation, genomic DNA was isolated
from each colony, and the integrated cDNAs were PCR
amplified using lentivirus-specific primers (Fig. 1d).
Agarose gel electrophoresis of the PCR products for each
colony showed multiple bands of different sizes (Fig. 1d,
lanes 2 and 3). This amplification was specific because
untransduced UT-7/EPO cells did not yield any PCR
products (lane 1), and a PCR product of the expected size
was amplified from UT-7/EPO cells transduced with a
lentivirus encoding green fluorescent protein (GFP)
(lane 4).

Candidate Genes Identified from UT-7/EPO Cells
Transduced with Human FL Lentiviral cDNA Library

The PCR products from the first round of screening were
sequenced to identify the candidate genes that were
expressed during erythropoiesis. Each pool contained a
different number of inserted genes (Table 1). From the first
screening, the following genes were identified as candidates
that contributed to the growth of EPO-independent colo-
nies; FHS and FLC encoding iron-binding proteins; the
vitamin D-binding protein GC; the plasma protein receptor
ASGR2; the vasoregulator AGT} estrogen-responsive protein
EBAGY; the collagen COLI8AI; the ribosomal protein
RPLI10; the kinase PDPKI; ABI-2, a kinase-binding
protein; APOA-1, APOE, APOJ and SLC27A2, all of which
encode lipid metabolism-related proteins; the anti-apoptotic
protein BCL2-likel; and I-8D, encoding a protein of
unknown function.

Among the integrated genes, some (AGT, FHS, I-8D,
FLC and GC) were inserted into the host genome as a full-
length coding sequence (CDS). As a result, these genes
produced functional proteins that could be expressed in UT-
7/EPO cells and lead to colony formation in the absence of
EPO. Other genes (BCL2-likel, APOA-1, PDPKI, FGLI,
APOE, SLC2742 and COL18AI) were inserted as a partial
CDS that lacked the 5° first start codons but contained 3’
stop codons, indicating that these genes were translated
from a secondary start codon to the stop codon to yield
partial proteins. As a result, functional proteins may be
expressed in UT-7/EPO cells, leading to colony formation
in the absence of EPO. The remaining inserted genes
(EBAGY, ABI-2, ASGR2 and APOJ) consisted of only a
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Table 2 Gene specific primers for candidate genes in mice

Agt 5 AGTGGGAGAGGTTCTCAATAGCA

3 GACGTGGTCGGCTGTTCCT
Ebag9 5’ GCAGCTACACAAGACATGCCTTT

3 TCCCACGCATTGCTATTTTCT
Bcl2-likel 5! GGCTGGGACACTTTTGTGGAT

3 AAGCGCTCCTGGCCTITTIC
Apoa-1 5’ GACAGCGGCAGAGACTATGTGT

3 AGGAGATTCAGGTTCAGCTGTTG
Fhs 5 GCATGCCGAGAAACTGATGA

3 TCACGGTCTGGTTTCTTTATATCCT
Pdpkl 5! TTCTTGGCGAGGGCTCTTT

3 CATATTCTCTGGAAGTGGCCAGTT
Abi-2 5! GCGGGTGGCCGACTACT

3 TCTTCTAGGGCTCGCTGCTT
Apoe 5! AGCTGCAGAGCTCCCAAGTC

3 TTACTTCCGTCATAGTGTCCTCCAT
1-8d 5 CCTGGGCTTCGTTGCCTAT

3 CACATCGCCCACCATCTTC
Asgr2 5 GGAGGAGAAGCAGCAACAGCTA

3 TGGGAAGTGCTTCAGGTGAAA
Fic 5 CGGGCCTCCTACACCTACCT

3 GCCACGTCATCCCGATCA
Slc27a2 5 CAACACACCGCAGAAACCAA

3 CCATTTCCCAGGGCTTTITIT
Rpll0 5! TTCCATGTCATCCGTATCAACAA

3 CCCTGTCTGGAGCCTGTCA
Col18al 5 GCAGAGCCAGAGAATGTTGCT

3 CCCGACGTGAGGGTCATC
Apoj 5 GGTCGGCCAGCAGCTAGAG

3 CGCCGTTCATCCAGAAGTAGA
Ge 5 GGATCCTGCTGTACTTCTGCAA

3’ TGCTTCATCTGGAGTCTCTCCTT

partial CDS without an open reading frame (ORF). These
genes were translated from the shifted reading frame of the
original mRNA and produced proteins of uncertain func-
tion. However, these genes resulted in UT-7/EPO colony
formation in the absence of EPO. All of the 17 candidate
c¢DNAs with full-length, partial or matched ORFs or partial
but non-matched ORFs were examined in a secondary
screen to identify specific genes that were involved in
terminal erythroid maturation.

Expression of EPO-independent Growth-inducing Genes
in Mouse FL Erythroid Populations

To determine which candidate genes obtained from first
screen are critical for primary erythroid cell maturation, we
performed a second screen to analyze gene expression
during erythroid development. We used mouse fetuses for
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the second screen since mouse fetal samples are easier to
obtain and use than human samples. The mouse homo-
logues of these candidate genes were identified and the
expression of the candidate genes was analyzed by RT-PCR
using gene-specific primers (Table 2).

First, gene expression was assessed in samples from E10.5
whole embryos (WE) and E12.5 FL. All candidate genes were
expressed in E12.5 FL with the exception of Asgr-2, which
was eliminated as a gene of interest (Fig. 2). £Fbag9 and
Coll8al expression was lower in the FL than in the whole
E10.5 embryos, while Fhs and Gc had the opposite
expression pattern with higher expression in the FL samples.

Next, we analyzed candidate gene expression in a series
of FL-derived hematopoietic populations ranging from
uncommitted hematopoietic stem cells (HSCs) to mature
erythrocytes as determined by the expression of the surface
markers CD45, Sca-1, ¢-Kit, CD71 and Terl19 (Fig. 3a).
The following criteria were used to identify each hemato-
poietic population: (1) CD45+/Sca-1+/c-Kit+ cells repre-
sent HSCs; (2) c-Kit+ (Sca-1-/c-Kit+/CD71-/Ter119-) cells
are BFU-E; (3) c-Kit+/CD71+ (Sca-1-/c-Kit+/CD71+/
Ter119-) cells are committed erythroid progenitor cells or
CFU-E; (4) CD71+/Ter119+ (Sca-1-/c-Kit-/CD71+/Ter119+)
cells are proerythroblasts; and (5) Terl19+ (Sca-1-/c-Kit-/
CD71-/Ter119+) cells represent mature erythroblasts and
erythrocytes (Fig. 3a) [14, 15].

The mRNA expression of some candidate genes (4bi-2,
Sle27a2) was higher in HSCs and gradually decreased
throughout erythroid cell maturation (Fig. 3b). The expres-
sion of other candidate genes (Pdpkl, Fhs, Flc, Rpll0,
Ebag9 and Apoe) increased from HSCs to erythroblasts and
then gradually decreased from erythroblasts to mature
erythrocytes. Bcl2l] expression was low in HSCs and
gradually increased. Apoa-1 was highly expressed in

WE FL

Ebag9 m

Bel2-likel

sic27a2 [ J

Coll8al

Apoj _

B-actin JEneeagree

Fig. 2 Expression of candidate erythroid genes in developing mouse
embryos. RT-PCR analyses of candidate genes in mouse embryos. We
used RT-PCR to examine the expression patterns of the mouse
homologues of each candidate gene in 10.5 dpc whole embryos (WE)
and 12.5 dpc FL in ICR mouse embryos
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Fig. 3 Isolation of maturing erythroid populations from mouse FL
cells. a Hematopoietic stem cells and maturing erythroid populations
were isolated from 12.5 dpc mouse FL based on the expression of the
surface markers CD45 (common leukocyte antigen), Sca-1 (stem cell
antigen-1), c-Kit (stem cell factor receptor), CD71 (transferrin
receptor) and Terl19 (Glycophorin A-associated antigen). The
cytospins of each cellular fraction were prepared for May-Grunwald-
Giemsa staining. As erythroid cells mature, the cell size decreased and
finally the erythrocytes were enucleated. b mRNA expression patterns
of candidate genes during erythroid cell maturation. The mRNA levels

of candidate genes in maturing erythroid populations were analyzed
by qRT-PCR. Total RNA was isolated from FL cells of 12.5 dpc
embryos (Bars represent the means *+ SD). The horizontal axes
indicate the HSC fraction and the erythroid cell stage. Erythroid cell
development proceeds from left to right. The vertical axes indicate the
relative quantitation (RQ) of mRNA expression with the Sca-17/c-Kit"
cell fraction set at an RQ value of 1. ¢ The expression of mouse Apoa-
1 was significantly increased in the terminal maturation stages
(Ter119" cell fraction) of cells obtained from 12.5 dpc FL
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Fig. 4 Apoa-1 protein expression in mouse FL cells. a Immunohis-
tochemistry. Ter119-positive cells from 12.5 dpc FL cells were
cytospun and stained with an anti-mouse Apoa-1 antibody. Apoa-1-
positive cells (red) were observed in 12.5 dpc FL cells. Nuclei were
stained with TOTO3 (blue). b ELISA. c-Kit-positive cells and Ter119-
positive cells from 12.5 dpc FL cells were sorted. Protein was
extracted from each fraction and then analyzed by a sandwich ELISA.
The expression levels of the mouse Apoa-1 proteins are shown for
each fraction

Fig. 5 APOA-I gene expression
in human peripheral blood. a

Erythrocytes and reticulocytes
were isolated from human pe-
ripheral blood based on the
expression of surface markers
CD41 (integrin IIb), CD45
(common leukocyte antigen)
and GPA (glycophorin A). b RT-

CD41

Ter119-positive mature erythrocytes (Fig. 3c). The mRNA
levels of Apoa-1 increased approximately 350-fold, respec-
tively, in the Terl19-positive cell population compared to
the HSC population, suggesting that both of these genes are
involved in the terminal maturation of erythroid cells.

Expression of the Apoa-1 Protein in Mouse FL Cells

To determine whether Apoa-1 is expressed at the protein
level in mouse erythroid cells, immunohistochemical
analyses were performed. Terl19-positive cells in mouse
FL cells expressed the Apoa-1 protein (Fig. 4a). A
sandwich enzyme-liked immunosorbent assay (ELISA)
was also performed to quantitatively analyze the protein
expression level in 12.5 dpc mouse FL cells. Because it is
difficult to extract sufficient amounts of protein for an ELISA
from individually fractionated cells in the populations shown
in Fig. 3a, we compared the following two groups to analyze
protein expression: c-Kit-positive cells, namely ((1)H2)+(3)
in Fig. 3) and Ter119-positive cells or (4)+(5) in Fig. 3). As
shown in Fig, 4b, Apoa-1 protein expression was approxi-
mately two-fold higher in Terl19-positive cells than c-Kit-
positive cells, indicating that Apoa-1 expression correlates
with terminal erythroid maturation at the protein level.

APOA-1 Expression in Human Peripheral Blood

To determine whether APOA-1 is useful as a terminal
erythroid marker in human samples, we examined mRNA
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expression in human peripheral blood (PB) erythrocytes
and reticulocytes. Erythrocytes and reticulocytes were
isolated from peripheral blood by flow cytometry based
on the expression of the cell surface markers glycophorin A
(GPA), CD41 and CD45. In the PB, 91.4% of the CD41-/
CD45-cells were positive for GPA (Fig. 5a). Reverse
transcriptase PCR (RT-PCR) analysis showed that §-
GLOBIN was expressed in GPA-positive cells, indicating
that erythrocyte and reticulocyte mRNA was successfully
extracted from the PB (Fig. 5b). Furthermore, 4POA4-1
mRNA was expressed in the same fraction, demonstrating
that this molecules can be used as a potential marker for
terminal erythroid maturation in humans as well as mice.

Discussion

The goal of this study was to identify novel genes that are
expressed during the terminal, EPO-independent maturation
of erythroid cells. A two-step approach consisting of a
lentiviral human FL c¢cDNA library screen followed by an
analysis of the gene expression patterns during erythropoi-
esis was performed to efficiently identify target genes.

This strategy had two clear advantages. First, it is
important to establish a screening system that can detect
erythropoiesis-related genes in an EPO-independent man-
ner. A human FL ¢cDNA library can be screened to identify
novel genes. In this study, UT-7/EPO cells were transduced
with a FL ¢cDNA expression lentiviral library to detect
genes that generate erythroid colonies in semi-solid
medium in the absence of the EPO signaling pathway.
Second, this screen could examine the effects of a large
number (6x10%) of genes on erythroid maturation. As
humans are estimated to have approximately 2-3x10*
genes, our screening encompassed a sufficient number of
human cDNAs.

BCL2-likel (BCL2LI) was one of the candidate genes
identified in the first screen. BCL2L! encodes an anti-
apoptotic protein that plays an important role in erythro-
poiesis in the absence of EPO [16]. Therefore, the results of
our first screen strongly indicated that this system could be
used to identify EPO-independent erythropoiesis-related
genes. Other candidate genes included FHS and FLC,
which encode iron-binding proteins, and APOE, APOA-1,
APOJ and SLC2742, which encode lipid metabolism-
related proteins. Both iron and lipid metabolism are
important cellular processes that regulate erythroid matura-
tion [17-19]. We also identified a number of genes that
were not previously implicated in erythropoiesis, including
a vitamin D-binding protein (GC), vasoregulator (4GT),
estrogen-responsive gene (EBAGY), collagen type 18
(COL18A41), ribosomal protein (RPLI0) and several
kinase-related proteins (PDPKI and ABI-2).

We also specifically identified a gene that was upregu-
lated in the terminal stages of erythrocyte maturation. The
identification of this gene is significant because very few
molecular markers can be used to examine this stage of
erythropoiesis. The candidate gene, APOA-1, was particu-
larly interesting. APOA-1 is a major protein component of
high-density lipoprotein (HDL) in the plasma and promotes
the efflux of cholesterol from the tissues to the liver for
excretion [20]. APOA-1 is a cofactor for lecithin cholester-
ol acyltransferase (LCAT), which is responsible for the
formation of most plasma cholesteryl esters.

APOA-1 interacts with the ATP-binding cassette trans-
porter ABCA1 (member 1 of human transporter sub-family
ABCA) [21]. A recent report demonstrated that the APOA-
1/ABCA1 pathway functions as an anti-inflammatory
receptor by activating Janus Kinase 2 (JAK2)/Signal
Transducers and Activation of Transcription3 (STAT3) in
macrophages [22]. JAK2/STAT3 and/or JAK2/STATS are
central signal pathways in erythroid cells [23]. Therefore,
APOA-1/ABCA1 may activate the JAK2/STAT3 and/or
JAK2/STATS pathway during the terminal maturation of
erythroid cells.

It is intriguing to note that defects in APOA-1 are
associated with low HDL levels observed in HDL defi-
ciency type 1, which includes analphalipoproteinemia or
Tangier disease. In Tangier disease patients, APOA-1 fails
to associate with HDL. This inability to bind HDL is likely
due to the faulty conversion of pro-APOA-1 molecules into
mature chains, either due to a defect in the converting
enzyme or a specific structural defect [24-26]. Further-
more, red blood cells in patients with Tangier disease have
stomatocytosis and hemolytic anemia [27]. Moreover,
patients with beta-thalassemia major as well as sickle cell
disease have lower levels of APOA-1 in their plasma than
healthy controls [28]. This abnormal erythrocyte morphol-
ogy could be partially explained by a recent report by Holm
TM et al., which showed that knockout mice with defects in
the high-density lipoprotein receptor SR-BI have abnormal
erythrocyte morphology. On the other hand, the fractional
catabolic rate (FCR) for APOA-1 was significantly
increased in patients with myeloproliferative disorders,
including polycythemia vera, compared with healthy con-
trols [29]. Therefore, accelerated red blood cell production
could be also supported by increased APOA-1 catabolism.
Further studies including both in vitro and/or in vivo
analyses of APOA-1 knockouts are necessary to demon-
strate the direct importance of APOA-1 in the maturation of
red blood cells.

This study is the first to report that APOA-1 is a novel
molecular marker for terminal erythroid maturation from
HSC. In combination with Ter119 antigen or glycophorin A
antigen, this molecule can potentially be used to identify
mature erythrocytes in in vitro cultured erythroid cell
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sources such as ES or iPS cells. It will be necessary to
further investigate whether APOA-1 plays pivotal roles in
erythroid cell maturation and is a useful maturation marker.
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Abstract

Background The squamous cell carcinoma antigen (SCCA) serves as a
serological marker for squamous cell carcinomas. Molecular cloning of the
SCCA genomic region has revealed the presence of two tandemly:arrayed
genes: SCCA1 and SCCA2. SCCA1 gene is up-regulated in squamous cell
carcinoma cells. We analyzed the proximal region of the SECAT promoter and
the antitumor effect of oncolytic adenovirus driven by the SCCA] promoter in
squamous cell carcinoma cells. v

Methods The SCCA1 promoter was analyzed by' 'dual luciferase assay and
substituted with the E1A promoter to construct the oncolytic adenovirus to
determine the squamous cell carcinoma- spec1ﬁc cell lysis.

Results Deletion analysis of .S('(,AI promoter identified a 175-bp core
promoter region and an enhancer region at —525 to —475 bp upstream
of the transcription start_site: The transcriptional activity of the SCCA1T
promoter was up-regulated:in squamous cell carcinoma cells. Five tandem
repeats of enhancer increased SCCA1 promoter activity by four-fold. Oncolytic
adenovirus driven by this; SCCAI enhancer-promoter complex specifically
killed squamous cell carcinoma cells invitro and invivo. A549 carrier
cells infected:with the oncolytic adenovirus induced complete regression of
syngeneic squamous, cell carcinoma cell tumor by overcoming immunogenicity
and adefiovirus-mGM-CSF augmented the antitumor effect of carrier cells.

Conclusions SCCAI was up-regulated in squamous cell carcinoma cells and

“oncolytic adenovirus driven by SCCAT promoter specifically killed these cells.

These findings suggest that SCCAT promoter is a potental target of gene
therapy for squamous cell carcinoma. Copyright © 2010 John Wiley & Sons,

- Led.

Keywords adenovirus; cervical cancer; oncolytic carrier cell; promoter;
squamous cell carcinoma; squamous cell carcinoma antigen 1

Introduction

Squamous cell carcinoma antigen (SCCA) is a circulating tumor marker for
squamous cell carcinoma, especially that of cervix, head and neck, lung,
and oesophagus [1]. Elevated circulating levels of SCCA are not detected in
patients with adenocarcinomas of the uterus, ovary, or breast [2]. Several
studies have shown that increased serum SCCA levels are correlated with the
extent of disease in patients with squamous cell carcinoma [2-4]. Higher
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SCCA levels are also indicative of deep tumor infil-
tration and lymph node involvement [5,6]. Moreover,
measurement of post-treatment SCCA levels is useful for
monitoring the response to therapy as well as for predict-
ing tumor recurrence and metastasis. SCCA protein has
been isolated from a metastatic, cervical squamous cell
carcinoma [2]. Molecular cloning of the SCCA genomic
region revealed the presence of two tandemly arrayed
genes: SCCAT and SCCA2. Although SCCAl and SCCA2
are almost identical members of the serpin superfam-
ily, the significant differences in their reactive site loops
suggest that SCCA1 is a papain-like cysteine proteinase
inhibitor, whereas SCCA2 is a chymotrypsin-like serine
proteinase inhibitor [7].

Previous studies have reported the cloning and
characterization of the promoter region of SCCAI [8]
and SCCA2 [9]. SCCA1 gene expression and promoter
activity is up-regulated in squamous cell carcinoma
cells compared to keratinocyte and adenocarcinoma cells
[8,10]. SCCAZ2 gene expression and promoter activity are
also increased in squamous cell carcinoma cells compared
to normal and adenocarcinoma cells, although the SCCA1
gene expression and promoter activity are higher than
the SCCA2 gene expression in almost all squamous
carcinoma cells and tissues [8,10]. These findings suggest
that SCCAT promoter may be a potential target of gene
therapy for squamous cell carcinoma. Although the SCCAZ2
promoter has been introduced into El-deleted adenovirus
to transduce an apoptotic gene in lung cancer [11], use
of SCCA1 promoter-driven adenovirus to treat squamous
cell carcinoma has not yet been reported. We found that
up to five consecutive tandem-repeat enhancer elements
significantly increased SCCAI promoter activity. Oncolytic
adenovirus AdE3-SCCA1 was constructed by replacement
of adenovirus EIA promoter with this tandem-repeat
enhancer and promoter complex and specifically killed
squamous cell carcinoma cells.

Materials and methods

Cell lines and culture conditionsr ;

Human non-small cell lung cancer A549, cervical
squamous cell carcinoma SKGIlla:and gastric cancer
AGS cells were obtained from the Japanese Collection of
Research Bioresources Cell Bank (Osaka, Japan). Human
ovarian carcinoma HEY and: 2774-cells were obtained
from Dr G. Mills, »mur‘ine squamous cell carcinoma
8CC7 cells were obtained from Dr L. Milas, and human
non-small cell lung cancer H1299 cells were obtained
from Dr J. A. Roth. (The University of Texas, MD
Anderson Cancer Center, TX, USA). Normal human
keratinocyte SV, HPK, NHK and K42 cells and normal
human fibroblast F27 cells were established by Dr K.
Hashimoto (Ehime University, Japan). Normal human
fibroblast NF and ovarian fibroblast NOE cells were
established in our laboratory. Human umbilical vein
endothelial HUVEC cells was obtained from Cambrex

Copyright © 2010 John Wiley & Sons, Ltd.
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Bio Science Walkersville Inc. (Walkersville, MD, USA).
Human cervical squamous cell carcinoma HT-III, C4l,
C41I and CaSki cells, and human cervical adenocarcinoma
HelLa cells, were obtained from the American Type Culture
Collection (Rockville, MD, USA).

Cells were maintained in a humidified 5% CO2/95%
air incubator at 37 °C. All cell lines, except NHK, K42 and
HUVEC cells, were grown in RPMI medium supplemented
with 10% heat-inactivated fetal bovine serum. NHK and
K42 cells were grown in MCDB153 (Nissui Co., Tokyo,
Japan) with bovine hypothalamus extract. HUVEC cells
were grown in EBM-2 (Cambrex, Baltimore, MD, USA)

Construction of the AdE3-SCCA1 vector

The pXCl plasmid has adenovirus 5 sequences frém

nucleotides 22-5790 containing the EI gene (Microbivxw

Biosystems Inc., Toronto, Canada). A unique Agel" site
was introduced at nucleotide position 404 aftet deletion
between nucleotides 404 and 552 to generate the plasmid
pXC1-404-Agel. The SCCAI promoter was ligated to pXCl1-
404-Agel plasmid to obtain pXC1-SCCAI. To construct
the AdE3-SCCA1 virus, homologous ‘recombination was
performed between pXC1-SCCAI plasmid and the right
hand side of pBHGES3 .adenovirus DNA containing
the E3 region in 293 cells by "a standard technique
[12]. To conmstruct the wild-type adenovirus AdES3,
homologous recombination was performed between pXC1
and pBHGE3 in 293 cells. The replication defective
E1-deleted -AdSCMV-LacZ virus was used as control
adenovirus:-All viruses were purified with double CsCl
gradients using standard methods, and titered by standard
spectrophotometry and plaque assay [12].

Enzyme-linked immunosorbent assay
(ELISA)

Each cell was seeded at 4 x 10° cells into 100-mm culture
dishes and incubated for 2 days with 10 ml of culture
medium. Each cell line was cultured in triplicate dishes.
Supernatants were obtained from culture medium in each
dish, centrifuged for 5min at 3000 r.p.em. at room
temperature, and assayed to detect SCCA protein. An
ELISA for SCCA (IMx SCC.eDAINAPACK™; Dainabot Co.,
Tokyo, Japan) was used to evaluate the concentrations of
SCCA protein in medium. Medium samples (2 ml) were
concentrated ten-fold by centrifugation with a Centricon-
10 (Millipore Corp., Bedford, MA, USA). Concentrated
samples (200 pD) were applied to an automatic assay
apparatus (IMx analyzer; Dainabot Co.). The lower limit
of detection with this ELISA system was 0.01 ng/ml.
This assay system could detect both SCCA1 and SCCA2
proteins. The mean values of samples were determined in
triplicates. All experiments were performed at least three
times and gave similar results.

J Gene Med 2010; 12: 000-000.
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SCCA 1 promoter-specific cancer gene therapy

Real-time quantitative reverse
transcriptase-polymerase chain
reaction (RT-PCR)

One hundred ng RNA samples were used in RT and
real-time PCR for RNA expression studies. A reverse
transcriptase and real-time PCR reaction was carried
out with the ABI prism 7700 sequence detection sys-
tem (Applied Biosystems, Foster City, CA, USA) in
a total volume of 50l that contained TagMan one
step RT-PCR master mix (Applied Biosystems), 0.3 pM
of each forward and reverse primer, and 0.21 pM
of MGB probe. The forward and reverse primer
and MGB probe were: 5'-CCACCGCTGTAGTAGGATTCG-
3, 5-GGAAAGGGTGATTACAATGGAACTC-3' and 5'-
ATCATCACCTACTTCAAC-3' for SCCAT and 5'-CATGACC
TGGAGCCACGG-3/, 5-CCCTCCTCAGTGACCTCCAC-3’
and 5-CTCTCAGTATCTAAAGTCCTAC-3' for SCCAZ. The
reaction was performed with the following thermal cycling
method: 30 min at 48 °C for reverse transcription, 5 min
at 95°C for AmpliTaq Gold activation, 15 s at 95°C and
60 s at 60 °C for 40 cycles. GAPDH was chosen as a house-
keeping gene to be tested as an endogenous control.

Assay for promoter activity

SCCAI1 and SCCAZ promoter fragments were inserted
into the luciferase reporter vector PicaGene Basic, a
promoterless and enhancerless vector (Toyo Ink MFG
Co., Tokyo, Japan). The sequence of each inseft was
confirmed by an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems). Constructs containing SCCAI
and SCCA2 promoter sequences were fused to the
Luciferase gene which were transfected into cells in

the presence of Lipofectamine transfection reagent:
(Invitrogen, Carisbad, CA, USA), in accordance” with'

manufactarer’s instructions. Briefly, 1 x 10° cells seeded
in a 12-well culture dish were exposed to transfection
mixtures containing 1 ug of luciferase reportef plasmids
and 0.2 ug of prenilla luciferase-herpes. simplex virus
thymidine kinase promoter control vector (Promega,
Madison, WI, USA) at 37°C for-48 h. Dual luciferase
assays were performed in accotdance with manufacturer’s
instructions. £

Cell count assay

Cells were plated at a density of 5 x 10° cells/well in
12-well plates. Cells were infected with AJE3-SCCAI or
AdE3. Culture medium alone was used as a mock infection
control. After 15 days, cells were harvested and counted
to determine the 50% growth inhibitory concentration
(ICs0).

Copyright © 2010 John Wiley & Sons, Ltd.

Inhibition of subcutaneous tumor
growth in vivo

To determine inhibition of xenograftic subcutaneous
tumor growth, AAE3-SCCA1 was injected into subcuta-
neous tumors in female nude (nu/nu) mice (CLEA Japan
Inc., Tokyo, Japan). In brief, 1 x 107 HT-II or H1299 cells
in 100 ul of RPMI were injected into the left posterior flank
of each mouse through an insulin syringe with a 27 1/2-
gauge needle. Ten animals were used for each group. After
25 days, tumors with a diameter of 5~8 mm were estab-
lished. Then 100 ul of AdE3 [1 x 10'° plaque-forming
units (PFU)], AdE3-SCCAT (1 x 1010 PFU), Ad5CMV-LacZ
(1 x 100 PFU), or medium alone was injected intratu-
morally on days 0, 1, 2, 3, 4 and 5. The tumors were
measured every 5 days with calipers in two perpendicular

diameters. Tumor volume was calculated by assuming a-

spherical shape, with the average tumor diameter calcu-

lated as the square root of the product of cross-sectional:

diameters. , .

To determine inhibition of syngeneic ‘subcttaneous
tumor growth, murine SCC7 cells (1 x 10%):were injected
into the left posterior flank of female C3H/HeN mice
(CLEA Japan Inc.) and AdE3-SCCAI was injected into
subcutaneous tumors. Ten animals weresused for each
group. Medium alone; AdE3-SGCGAT(1 x 10'° PFU) or
A549 carrier cells (5 x 10%) infected with AdE3-SCCAI
at a multiplicity of infection(MOI) of 200; A549 carrier
cells (5 x 10°) infected with AdE3-SCCAI at a MOI of
200; and AXCAmGM-GSF at a MOI of 10 were injected
into the tumors (5—8 mm in diameter) on days 0, 1 and
2. Mice were preimmunized with Ad-LacZ (1 x 10° PFU)
onday-21.:. |

Animal studies have been approved by the Ehime
University Review Board.

Statistical analysis

+Values are the mean + 8D, and were examined

with the unpaired t-test, Welch test and regression
analysis. Survival data were plotted on Kaplan-Meier
curves and examined with the log-rank test using
the LIFETEST eprocedure. p < 0.05 was considered
statistically significant.

Results

Expression of SCCA protein

To determine the levels of expression of SCCA protein in
human cervical squamous cell carcinoma cells, ELISA was
performed in the medium of each cell line. SKGIIla and
HT-II cells secreted the highest concentrations of SCCA
proteins into medium (Figure 1). The mean level of SCCA
protein secretion by cervical squamous cell carcinoma
cells was 15-fold greater than that of keratinocyte cells,
404-fold greater than that of normal non-keratinocyte
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