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Identification of an Immunogenic CTL Epitope of HIFPH3 for
Immunotherapy of Renal Cell Carcinoma
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Hiroko Asanuma,® Kenii Harada,” Hideo Takasu,* Naoya Masumori,' Naoki Ito,'
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Abstract

Purpose: CD8" CTLs have an essential role in immune response against tumor. Although tumor-
associated antigens have been identified in renal cell carcinoma (RCC), few of these are com-
monly shared and investigated as therapeutic targets in the clinical medicine. In this report,
we show that HIFPH3, a member of prolyl hydroxylases that function as oxygen sensor, is a novel
tumor antigen and HIFPH3-specific CTLs are induced from peripheral blood lymphocytes of
RCC patients.

Experimental Design: Expression of HIFPH3 was examined by reverse transcription-PCR
and immunostaining with anti-HIFPH3 antibody. To identify HLA-A24-restricted T-cell epitopes
of HIFPH3, eight peptides were selected from the amino acid sequence of this protein
and screened for their binding affinity to HLA-A24. Peptide-specific CTLs were induced by
stimulating peripheral blood lymphocytes of HLA-A24-positive RCC patients with these peptides
in vitro. HLA-A24 -restricted cytotoxicity of the CTLs against HIFPH3* RCC lines was assessed
by chromium release assay.

Results: HIFPH3 was overexpressed in many RCC cell lines and primary RCC tissues, whereas
it was not detectable in normal adult tissues by reverse transcription-PCR. Of the eight peptides
that contained HLA-A24-binding motif, HIFPH3-8 peptide (amino acid sequence, RYAMTV-
WYF) could induce the peptide-specific CTLs from 3 of 6 patients with HIFPH3-positive RCC.
Furthermore, HIFPH3-8 peptide-specific CTLs showed cytotoxicity against HIFPH3* RCC cell
lines in @ HLA-A24-restricted manner.

Conclusions: HIFPH3 may be a target antigen in immunotherapy for RCC and HIFPH3-8 peptide

could be used as a peptide vaccine for HLA-A*2402*/HIFPH3* RCC patients.

Surgety is the only known effective therapy for localized renal
cell carcinoma (RCC); however, ~20% of all patients surgically
treated with curative intent will ultimately experience disease
recurrence (1) and ~30% of patients will present metastatic
disease. Although systemic therapy with radiation and/or
chemotherapeutic drugs is applied for locally advanced or
metastatic RCC, its efficacy is limited due to the resistance to
the therapy. Nonspecific immunotherapy with IFN-oc and/or

Authors’ Affiliations: Departments of 'Urology, 2Pathology, and ®Diagnostic
Pathology, Sapporo Medical University School of Medicine, Sapporo, Japan and
*Dainippon Sumitomo Pharma, Co. Ltd., Osaka, Japan
Received 2/20/08; revised 7/10/08; accepted 7/24/08.
Grant support: Ministry of Education, Culture, Sports, Science and Technology of
Japan, Ministry of Health, Labor and Welfare of Japan grant-in-aid for clinical cancer
research, Japan Society for the Promotion of Science grant-in-aid 17390441,
Stiftelsen Japanese-Swedish Research Foundation, and Gohtaro Sugawara-
Memorial Research Found for Urological Diseases.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
Requests for reprints: Toshihiko Torigoe, Department of Pathology, Sapporo
Medical University School of Medicine, South-1 West-17 chuo-ku, Sappore 060-
8666, Japan. Phone: 81-11-613-8374; Fax: 81-11-643-2310; E-mail: torigoe @
sapmed.ac.jp.
©2008 American Association for Cancer Research.
d0i:10.1158/1078-0432.CCR-08-0466

Clin Cancer Res 2008;14(21) November 1, 2008

6916

interleukin (IL)-2 has been also established as the primary
therapy for metastatic RCC. However, neither agent provides
substantial clinical benefit in the majority of patients. The
number of durable responses is limited, and the use of these
agents is complicated due to the significant safety and
tolerability issues (2, 3). Hence, there is great need for new
strategies of target-specific immunotherapy for the treatment of
RCC, and recent progress in understanding of tumor immunol-
ogy has raised expectations that specific immunotherapy may
become a new modality of cancer therapy. Since the establish-
ment of methods to isolate genes encoding tumor antigens that
were recognized by CTLs, numerous tumor-associated antigens
have been identified in melanoma and various other types of
cancer (4, 5). Although tumor-associated antigens have been
also identified in RCC, few of these are commonly shared and
can be studied for clinical applications (6-9). There are no
RCC-associated antigens currently being investigated as immu-
notherapeutic targets of RCC in clinical trials.

Tumor progression is highly regulated by hypoxia, a low level
of oxygen, which occurs after excessive tumor cell prolifera-
tion that distances cells from oxygen-rich blood vessels. A
consequence of increased cell number within a tumor is a
corresponding increase in oxygen consumption. The hypoxia-
inducible factor-1 (HIF-1), a transcriptional complex composed
of an oxygen-sensitive a-subunit and a p-subunit, is the most
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Translational Relevance

Although systemic therapy with radiation and/or che-
motherapeutic drugs is applied for locally advanced or
metastatic RCC, its efficacy is limited due to the resistance
to the therapy. Nonspecific immunotherapy with IFN-a
and/or interleukin-2 has been also established as the
primary therapy for metastatic RCC. However, neither
agent provides substantial clinical benefit in the majority
of patients. Hence, there is great need for new strategies
of target-specific immunotherapy for the treatment of
RCC, and recent progress in understanding of tumor
immunology has raised expectations that specific immu-
notherapy may become a new modality of cancer ther-
apy. In the present article, we showed that HIFPH3 was
one of potent immunogenic antigens of RCC and that
HIFPH3 -8 peptide might serve as a tumor vaccine for
HLA-A*2402* RCC patients. It is expected that HIFPH3
targeting immunotherapy might become a rational mod-
ality in therapy for RCC.

important factor involved in the cellular response to hypoxia.
Overexpression of the HIF-1 subunit, resulting from intra-
tumoral hypoxia and genetic alterations, has been shown in
common human cancers and is correlated with tumor
angiogenesis and patient mortality. Under normoxia, HIF-1 is
continuously expressed in the cell but immediately degraded
via the proteasomal pathway after ubiquitination (10). The
von Hippel-Lindau (VHL) protein acts as a particle recogni-
tion protein of the responsible E3 ubiquitin-ligase complex
if two distinct prolyl residues within a region, referred to as
the oxygen-dependent degradation domain of HIF-1, Pro*%?,
and/or Pro®®, are hydroxylated (11-15). The site-specific
hydroxylation of HIF prolyl residues is catalyzed by a conserved
class of 2-oxoglutarate-dependent and Fe (II)-dependent
dioxygenases, designated HIF prolyl hydroxylases (HIFPH;
refs. 15-18). Three different HIFPHs, HIFPH1, HIFPH2, and
HIFPH3, have been identified, but the difference among their
in vivo roles remain unclear. Some studies have pointed out
that HIFPH3 is strikingly expressed by hypoxia, displays
high substrate specificity, and has been identified in other
signaling pathways. HIFPH3 may therefore hydroxylate diver-
gent substrates and/or connect divergent cellular responses
with HIF (19).

In this report, we focused on the characteristics of HIFPH3
as a novel tumor antigen. We show that HIFPH3 expression was
detected in certain RCC cell lines and primary RCC tissues by
reverse transcription-PCR (RT-PCR) and immunohistochemical
staining. However, its expression could not be detected in
normal adult tissues by the most sensitive RT-PCR method. We
identified several 9- or 10-mer peptides with HLA-A24-binding
motif derived from HIFPH3 protein, and some of the peptides
had relatively high binding affinity to HLA-A24 molecule. By
stimulating peripheral blood mononuclear cells (PBMC) from
HLA-A*2402*/HIFPH3* RCC patients with HIFPH3 peptides,
CTLs specific for HIFPH3-8 peptide could be successfully
induced. In addition, CTLs induced by HIFPH3-8 peptide were
capable of exerting cytotoxicity on HIFPH3" RCC cell line in a
HLA-A24-restricted manner. These data highlight HIFPH3 as a
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potent target for immunotherapy of RCC and raise the pos-
sibility that HIFPH3-8 peptide may be suitable for the peptide-
based vaccine for HLA-A*2402* RCC patients.

Materials and Methods

Patients and samples. The surgically resected tissue specimens and
PBMC used in this study were obtained from HLA-A*2402" RCC
patients who were hospitalized at Sapporo Medical University Hospital
after obtaining their informed consent. PBMCs of RCC patients were
obtained just before the nephrectomy and prepared for the CTL
induction freshly without cryopreservation.

Cell lines and culture media. RCC cell lines SMKT R-1 (HLA-
A*2402*), SMKT R-2 (HLA-A*2402"), SMKT R-3 (HLA-A*2402°), and
SMKT R-4 (HLA-A*2402°), lung cancer line LHK2, gastric cancer line
SSTW, and pancreatic cancer line PUN were established in our
laboratory. RCC cell lines Caki-1 (HLA-A*2402%), ACHN (HLA-
A*2402°), melanoma lines 888MEL and LG2MEL, colon cancer line
SW450, lung cancer lines LNY-1, A549, 1-87, and LK79, pancreas cancer
line HS776T, hepatic cancer line CHC20, and erythroleukemia cell line
K562 were purchased from the American Type Culture Collection. All
these cell lines were cultured in RPMI 1640 (Sigma) or DMEM (Sigma)
supplemented with 10% fetal bovine serum (Filtron). SMKT R-4*2402,
a stable transfectant of HLA-A*2402 c¢DNA of SMKT R-4 cells was
cultured in RPMI 1640 supplemented with 10% fetal bovine serum and
500 ng/mL puromycin (Sigma). T2-A*2402, a stable transfectant
of HLA-A*2402 ¢DNA of T2 cells (a kind gift from Dr. K. Kuzushima,
Aichi Cancer Research Institute), was cultured in RPMI 1640 sup-
plemented with 10% fetal bovine serum and 800 pug/mL G418 (Invi-
trogen Life Technologies).

Development of monoclonal anti-HIFPH3 antibody. Monoclonal
antibody against HIFPH3 was generated by immunizing mice eight
times every week with recombinant His-tag HIFPH3 protein, which was
produced and purified by Ni-NTA agarose column (Qiagen) as
described previously (20). Spleen cells were fused with NS-1 myeloma
cells by using polyethylene glycol 4000 (Kanto Kagaku) and plated
into 96-well plates. Hybridoma supernatants were initially screened
using an ELISA with recombinant His-HIFPH3 protein and then
screened by Western blotting. The third screening of the supernatants
was done by immunostaining of formalin-fixed, paraffin-embedded
human tissue sections. The resulting hybridoma EMR-PHD3 was cloned
by limiting dilution and finally its subclone EMR-PHD3-7 that
produced monoclonal anti-HIFPH3 antibody with IgG1 subclass and
k chain was established.

Immunohistochemical staining of tissue sections. Immunohistochem-
emical staining was done with formalin-fixed, paraffin-embedded
sections of surgically resected tumor specimens of RCCs. Sections
(4-5 pm thick) were deparaffinized in xylene and rehydrated in graded
alcohols. Antigen retrieval was done by boiling sections for 20 min in
a microwave oven in preheated 0.01 mol/L sodium citrate (pH 6.0).
Endogenous peroxidase activity was blocked by 3% hydrogen peroxide
in ethanol for 10 min. After blocking with 1% nonfat dry milk in
PBS (pH 7.4), the sections were reacted with monoclonal anti-HIFPH3
antibody EMR-PHD3-7 for 1 h followed by incubation with biotiny-
lated anti-mouse IgG (Nichirei) for 30 min. Subsequently, the sections
were stained with streptavidin-biotin complex (Nichirei), followed by
incubation with 3,3"-diaminobenzidine used as the chromogen and
counterstaining with hematoxylin.

RT-PCR analysis. Multiple tissue cDNA panels (BD Biosciences
Clontech) were used as a template of normal tissue cDNA. Total RNA
was isolated from cultured cells and tumor tissues by using ISOGEN
reagent (Nippon Gene). cDNA mixture was synthesized from 1 pg total
RNA by reverse transcription using SuperScript II and oligo(dT) primer
(Invitrogen Life Technologies) according to the manufacturer’s proto-
col. PCR amplification was done in 50 pL PCR mixture containing
1 pL ¢cDNA mixture, 1 pL KOD Plus DNA polymerase (Toyobo), and
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15 pmol primers. The PCR mixture was initially incubated at 94°C
for 2 min followed by 35 cycles of denaturation at 94°C for 15 s,
annealing at 64°C for 30 s, and extension at 72°C for 30 s. For specific
detection of HIFPH3, the primer pairs 5-CATCCCTGTCTTGTGTGTGG-
3" and 5-CCAACAGCCCTGGATTAAGA-3" were employed as forward
and reverse primers, respectively. The expected size of PCR product for
HIFPH3 is 420 bp. For an internal control, glyceraldehyde 3-phosphate
dehydrogenase expression was detected by using forward primer
5'-ACCACAGTCCATGCCATCAC-3’ and reverse primer 5-TCCACCAC-
CCTGITGCTGTA-3" with an expected PCR product of 452 bp. The
PCR products were visualized with ethidium bromide staining under
UV light following electrophoresis on 1.0% agarose gel. The nucleotide
sequence of the PCR products was confirmed by direct sequencing
using an ABI Genetic Analyzer PRISM 310 and an AmpliCycle
sequencing kit (Perkin-Elmer).

Peptides and cytokines. HIFPH3-derived peptides carrying HLA-A24-
binding motif HIFPH3-1 (IMRLDLEKI), HIFPH3-2 (NWDAKLHGGI),
HIFPH3-3 (IFPEGKSFI), HIFPH3-4 (SFIADVEPI), HIFPH3-5
(GFCYLDNFL), HIFPH3-6 (SFLLSLIDRL), HIFPH3-7 (YYVKERSKAM),
HIFPH3-8 (RYAMTVWYF), EBV LMP2-derived HLA-A24-binding pep-
tide (TYGPVEMSL; ref. 21), and HIV env-derived HLA-A24-binding
peptide (RYLRDQQLLGI; ref. 22) were purchased from Greiner Bio-
One. The peptides were dissolved in DMSO at the concentration of
5 mg/mL and stored at -80°C. Human recombinant IL-2, IL-4, and
granulocyte-macrophage colony-stimulating factor were kind gifts from
Takeda Pharmaceutical, Ono Pharmaceutical, and Novartis Pharma-
ceutical, respectively. Human recombinant IL-7 was purchased from
Invitrogen Life Technologies.

Peptide binding assay. Peptide binding affinity to HLA-A24 mole-
cule was assessed by HLA-A24 stabilization assay as described
previously (22) based on the findings that MHC class I molecules
could be stabilized on the cell surface in the presence of binding
peptides. T2-A*2402 cells are the peptide transporter-negative B/T
hybrid cell line 174 CEM.T2 (referred to as T2) transfected with a
plasmid expressing HLA-A*2402. After incubation of T2-A*2402
cells in culture medium at 26°C for 18 h, 2 X 10° cells were washed
with PBS and suspended with 1 mL Opti-MEM (Life Technologies)
with or without 100 pg peptide followed by incubation at 26°C for
3 h and then at 37°C for 2.5 h. After washing with PBS, the cells were

incubated with anti-HLA-A24 monoclonal antibody at 4°C for
1 h followed by incubation with FITC-conjugated rabbit anti-mouse
IgG at 4°C for 30 min. The cells were then suspended with 1 mL PBS
containing 1% formaldehyde and analyzed by FACScan (Becton
Dickinson). Binding affinity was evaluated by comparing mean
fluorescence intensity (MFI) of HLA-A24 expression in the presence
of peptide pulsation.

Peptide-specific CTL induction with immature dendritic cells and
phytohemagglutinin blasts. CTLs were induced from PBMCs of cancer
patients by using autologous dendritic cells and phytohemagglutinin
(PHA) blasts as antigen-presenting cells (APC; refs. 23, 24). Briefly,
PBMCs (1 x 107-1 x 10®) were isolated from blood of cancer patients
by using Lymphoprep (Nycomed) and then separated into CD14* and
CD14" cells by using MACS separation system (Miltenyi Biotech)
and anti-CD14 monoclonal antibody coupled with magnetic microbe-
ads according to the manufacturer’s instruction. Autologous immature
dendritic cells were generated from CD14" cells in the plastic flask
by culturing in AIM-V medium supplemented with 10% human serum,
10 mmol/L HEPES, 50 pmol/L 2-mercaptoethanol, 100 ng/mL gra-
nulocyte-macrophage colony-stimulating factor, and 1,000 units/mL
IL-4 for 7 days. CD8" cells were isolated from CD14" cells by using
MACS separation system and anti-CD8 monoclonal antibody coupled
with magnetic microbeads according to the manufacturer’s instruc-
tion. PHA blasts were derived from CD14 CD8" cells by culturing in
AIM-V medium supplemented with 10 mmol/L HEPES, 50 pmol/L
2-mercaptoethanol, 100 units/mL IL-2, and 1 pg/mL PHA for 2 days
followed by culture in AIM-V medium without PHA for 5 days. APCs
(dendritic cells and PHA blasts) were cultured in AIM-V medium
supplemented with 50 pmol/L peptide at room temperature for
2 h followed by washing with AIM-V medium once and then irradiated
(100 Gy) and used for stimulation of CTL. CTL induction procedure
was initiated by stimulating CD8" cells with peptide-pulsed autologous
dendritic cells at a 20:1 effecter/APC ratio in AIM-V medium
supplemented with HEPES, 2-mercaptoethanol, and 10 ng/mL IL-7
for 7 days at 37°C. The following stimulation was done with peptide-
pulsed PHA blasts at a 10:1 effector/APC ratio. On the next day of
the second stimulation, IL-2 was added to the culture at a concentra-
tion of 10 units/mL. The same CTL stimulation cycle with PHA blasts
was then done twice more over the period of 2 weeks. One week after
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Fig.1. Expression profiles of HIFPH3 as assessed by RT-PCR in normal adult tissues, RCC cell lines, and primary RCC tissues. A, expression of HIFPH3 in RCC cell lines and
normal tissues including heart, brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, spleen, thymus, prostate, testis, ovary, small intestine, colon, and leukocyte.
Glyceraldehyde 3-phosphate dehydrogenase expression was detected as an internal control. B, expression of HIFPH3 in primary RCC tissues. C, expression of HIFPH3 in RCC
tumor tissue (7) and noncancerous tissue (V) of 3 RCC cases. D, expression of HIFPH3 in various tumor cells including melanoma lines 888MEL and LG2MEL, colon cancer
line SW450, lung cancer lines LNY-1, A549, LHK2, 1-87, LK79, and Lu65, pancreatic cancer lines HS776 Tand PUN, gastric cancer line SSTW, and hepatic cell cancer line
CHC20.
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Fig. 2. Immunochistochemical staining of HIFPH3 in RCC and other types of tumors. A, low magnified view (x40) of clear cell RCC. B, high magnified view (x100) of clear
cell RCC. C, low magnified view (x40) of papillary RCC. D, low magnified view (x40) of colon cancer tissue. £, low magnified view (x40) of breast cancer tissue. F low

magnified view (x40) of lung cancer tissue.

the fourth stimulation, cytotoxic activity of the CTL was measured
by ®'Cr release assay.

Cytotoxicity assay. The cytotoxic activities of CTLs were measured by
51Cr release assay as described previously (25). Briefly, target cells were
labeled with 100 pCi *'Cr for 1 h at 37°C and washed with RPMI 1640
thrice. Then, 2 x 10% *'Cr-labeled target cells were incubated with
effecter cells at various E:T ratios at 37°C for 6 h in V-bottomed 96-well
microtiter plates. Then, supernatants were collected and the radioac-
tivity was measured with a y-counter. % Specific lysis was calculated as
follows: % specific lysis = (test sample release - spontaneous release) x
100 / (maximum release - spontaneous release). For preparation of
peptide-pulsed target cells, target cells were incubated with 100 pg/mL
peptide at room temperature for 1 h before the assay.

Results

HIFPH3 is expressed in RCC cell lines and primary RCC
tissues but not in normal adult tissues. In this report, HIFPH3
expression profiles in normal adult tissues and RCC cell lines
and tissues were analyzed by RT-PCR method. We first studied
HIFPH3 expression in RCC cell lines and normal adult tissues
including heart, brain, placenta, lung, liver, skeletal muscle,
kidney, pancreas, spleen, thymus, prostate, testis, ovary, small
intestine, colon, and leukocyte. As shown in Fig. 1A, HIFPH3
mRNA was detected in 4 of 6 RCC cell lines (SMKT R-1, R-2,
R-3, and R-4). Nucleic acid sequence of the HIFPH3-specific
band was confirmed by DNA sequence analysis (data not
shown). In contrast, no overt expression of HIFPH3 mRNA
was observed in these normal adult tissues on the condition of
detecting the expression of glyceraldehyde 3-phosphate dehy-
drogenase mRNA. These data indicate that HIFPH3 is aberrant-
ly expressed in certain RCC cell lines. We then analyzed the
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HIFPHS3 expression in primary RCC tissue specimens. As shown
in Fig. 1B, the expression of HIFPH3 was detected in certain
RCC tissues in 13 of 15 (87%) cases. These data indicate that
HIFPH3 was expressed in primary RCC tissues as well as in RCC
cell lines.

We then examined the expression of HIFPH3 in cancerous
tissue and noncancerous tissue of 3 RCC cases (Fig. 1C). HIFPH3
was selectively expressed in cancerous tissue but not in non-
cancerous tissue.

SL-8 :SIINFEKL
HIV (eav) : RYLRDQQLLGI
EBV (LMP2) : TYGPVFMSL
HIFPH3 No.1 : IMRLDLEKI
HIFPH3 No.2 : NWDAKLHGGI
HIFPH3 No.3 : IFPEGKSFI
HIFPH3 No.4 : SFIADVEPI
HIFPH3 No.§ : GRCYLDNFL
HIFPH3 No.6 : SFLLSLIDRL
HIFPH3 No.7 : YYVKERSKAM
HIFPH3 No.8 : RYAMTVWYF
12 17 22 27 32

Mean fluorescence intensity

Fig. 3. Amino acid sequences of HIFPH3-derived peptides with HLA-A24-binding
motif and their binding assay to HLA-A24 molecule. Eight peptides carrying
HLA-A24-binding motif (HIFPH3-1-HIFPH3-8) were synthesized. Binding affinity
of HIFPH3-derived peptides to HLA-A24 molecule was evaluated by MFI of cell
surface HLA-A24 molecule onT2-A*2402 cells that were pulsed with each peptide.
HLA-A24-bound EBV LMP2-derived peptide (TYGPVFMSL) and HIV env-derived
peptide (RYLRDQQLLG/) were used as positive controls. SL-8 peptide (S#NFEKL)
was used as a negative control. Histograms of MFI were displayed for each peptide.
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Table 1. Summary of clinicopathologic characteristics and peptide-reactive CTL induction from PBMCs of
HIFPH3™ clear cell carcinoma patients
Case no. Age Sex Stage* Peptides HLA-A*2402 CTL induction '
1 56 M T1aNoMo HIFPH3-8 + +
2 54 F T1sNoMo HIFPH3-8 + +
3 72 M T1aNoMo HIFPH3-8 - +
4 68 F T1oNoMo HIFPH3-8 + -
5 50 M T1aNoMo HIFPH3-8 + -
6 56 M T1aNoMo HIFPH3-8 + -
7 61 F T1aNoMo HIFPH3-1 to HIFPH3-4 + -
8 65 M T1aNoMo HIFPH3-1 to HIFPH3-4 + -
9 53 M T1aNoMo HIFPH3-5 to HIFPH3-8 + -
10 75 M T1aNoMo HIFPH3-5 to HIFPH3-8 + +
11 68 F T1oNoMo HIFPH3-8 - -
12 82 M T1aNoMo HIFPH3-8 - -
*Tumor-node-metastasis classification.
1<20% specific lytic activity against HIFPH3 peptide-pulsed T2-A*2402 target cells was indicated as +.

To know if HIFPH3 is expressed in non-RCC tumor cells,
various tumor cells were examined by RT-PCR, including
melanoma lines, lung cancer lines, colon cancer line, pancreatic
cancer line, gastric cancer line, and hepatic cell cancer line.
Of these tumor cells, two of lung cancer lines and one of

pancreatic cancer lines had expression of HIFPH3 (Fig. 1D).
Immunohistochemical staining of HIFPH3. To detect the
HIFPH3 protein expressed in RCC tissues, we generated

HIFPH3-specific monoclonal antibody suitable for immuno-
histochemical staining. HIFPH3-specific reactivity of the
antibody was confirmed by Western blotting (data not shown).
Representative pictures of RCC tissue staining are shown in
Fig. 2A to C, indicating cytoplasmic staining of HIFPH3 in
RCC cells. Of 18 cases of clear cell RCC, 13 (72%) cases were
HIFPH3 positive by immunostaining (Fig. 2A and B). In
contrast, only 3 of 9 (33%) cases of non-clear cell RCC were
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Fig. 4. Induction of HIFPH3 peptide-specific CTLs and their peptide-specific cytotoxicity. CTLs were induced from PBMCs of a HLA-A*2402* RCC patient by stimulating
with group A (HIFPH3-1-HIFPH3-4) peptide-pulsed APCs (top four graphs) or group B (HIFPH3-5-HIFPH3-8) peptide-pulsed APCs (bottom four graphs). After four times
of stimulation, CTLs were subjected to standard 5'Cr release assay at the indicated E:Tratio. Peptide-pulsed T2-A*2402 cells and nonpulsed cells were used as target cells.
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Fig. 5. HIFPH3-8 peptide-specific CTL induction from PBMCs of HLA-A*2402" RCC patients. CTLs were induced from PBMCs of 6 HLA-A*2402" RCC patients
(patients 1-6) by stimulating with HIFPH3-8 peptide-pulsed APCs. The cytatoxic activity was examined by °'Cr release assay at the indicated ETratio. HIFPH3-8
peptide-pulsed T2-A*2402 cells and nonpulsed cells were used as target cells. K562 target cells were used for monitoring natural killer activity and lymphokine-activated

nonspecific cytotoxicity.

HIFPH3 positive. The histology of HIFPH3-positive cases
included granular cell carcinoma, papillary RCC (Fig. 2C),
and chromophobe cell carcinoma. Immunostaining of non-
RCC tumors revealed that HIFPH3 was expressed in some types
of tumors besides RCC, including colon cancer (Fig. 2D, 10
of 24 cases), breast cancer (Fig. 2E, 14 of 24 cases), and lung
cancer (Fig. 2F, 10 of 24 cases).

Binding analysis of HIFPH3-derived peptides to HLA-A24
molecules. Because HIFPH3 is expressed in RCC cells but not
in normal tissues, we hypothesized that it might be a suitable
target for tumor immunotherapy. Immune tolerance toward
HIFPH3 is considered to be weak because anti-HIFPH3
autoantibody was detected in sera of RCC cancer patients (data
not shown). Thus, it was reasoned that antigenic peptides
derived from HIFPH3 might be presented by MHC class I
molecules and recognized by CD8* T cells. To evaluate if
HIFPH3 might become a target of CTLs, we focused on HLA-
A*2402 allele because of its high frequency worldwide. The
total amino acid sequence of HIFPH3 was searched for peptides
that have HLA-A24-binding motif as 9- or 10-mer peptide with
Y, F, M, or W at the second position and L, I, F, or M at the
COOH-terminal position (26). Consequently, we found eight
peptides (HIFPH3-1-HIFPH3-8) carrying HLA-A24-binding
motif, and to assess their binding ability to HLA-A24 molecule,
binding assay using T2-A*2402 cells was done as described
previously (22). Two positive control peptides, HLA-A24-
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restricted EBV epitope and HIV epitope, and negative control
peptide, SL-8 peptide, were used in the assay. HLA-A24 level on
the cell surface of T2-A*2402 cells is up-regulated in the
presence of HLA-A24-binding peptides. Up-regulation of MFI
of cell surface HLA-A24 was detected by flow cytometer (Fig. 3).
Both EBV and HIV peptides increased MFI of HLA-A24 clearly,
whereas SL-8 peptide failed, indicating adequate qualification
of this assay system. HIFPH3-1 to HIFPH3-5 peptides could just
increased the cell surface HLA-A24 level to mild or moderate
levels, whereas HIFPH3-6 to HIFPH3-8 peptides were capable
of up-regulating the HLA level to almost similar levels to EBV
peptide. It was indicated that HIFPH3-6 to HIFPH3-8 might
have relatively high binding affinity to HLA-A24 molecule
among all the peptides.

CTL induction from PBMCs of HLA-A*2402" RCC patients. To
know which HIFPH3-derived peptides can be recognized by
T cells of cancer patients in the context of HLA-A24, we
attempted to induce peptide-specific CTL and compare their
cytotoxic activity. PBMCs were collected from RCC patients
with HLA-A*2402 (patient profiles in Table 1), and T cells
sorted out from the PBMCs were incubated with peptide-pulsed
autologous monocyte-derived dendritic cells or autologous
PHA blasts (27). Eight peptides were grouped into two peptide
mixtures: group A consisting of HIFPH3-1 to HIFPH3-4, and
group B consisting of HIFPH3-5 to HIFPH3-8. After four times
stimulation with either of the peptide mixtures and APCs,
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cytotoxic activity against each peptide-pulsed target cells was
examined by *'Cr release assay. As shown in Fig. 4, CTLs
induced from PBMCs by in vitro stimulation with group B
peptides could react specifically to the HIFPH3-8-pulsed T2-
A*2402 cells, whereas they could not react to HIFPH3-5,
HIFPH3-6, or HIFPH3-7 peptide-pulsed target cells. The other
CTLs induced by stimulation with group A peptides failed
to exert cytotoxicity against HIFPH3-1, HIFPH3-2, HIFPH3-3,
or HIFPH3-4 peptide-pulsed T2-A*2402 cells. Therefore, we
determined that HIFPH3-8 peptide could be the best candi-
date for the CTL epitope presented by HLA-A*2402.

CTL induction efficiency was examined by using HIFPH3-
8 peptide-pulsed autologous APCs from PBMCs of 6 RCC
patients. As shown in Fig. 5, CTLs reacting specifically to
HIFPH3-8 peptide-pulsed T2-A*2402 cells were successfully
induced from 3 of 6 patients (patients 1-3). These data indicate
that HIFPH3-8 peptide-specific CTLs could be efficiently
induced from PBMCs of HLA-A*2402" RCC patients.

The results of peptide-specific CTL induction from PBMCs of
RCC patients were summarized in Table 1. CTLs were not
induced by pulsation with group A peptides. No. 8 peptide-
specific CTLs could not be induced from two of HLA-A*2402-
negative RCC patients.

Cytotoxic activity of HIFPH3-8-specific CTLs against HLA-A24*
and HIFPH3* RCC cell line. To confirm that CTLs induced
with HIFPH3-8 peptide can exert cytotoxicity on HIFPH3-
expressing cancer cells in the context of HLA-A*2402, we
examined their cytotoxic activity against RCC cell lines: SMKT
R-1 that expresses endogenous HIFPH3 and HLA-A*2402 and
SMKT R-4-A*2402 that expresses both endogenous HIFPH3
and gene-transfected HLA-A*2402. As shown in Fig. 6, CTLs
induced with HIFPH3-8 peptide from PBMCs of RCC patient 1
and RCC patient 3 (Table 1; Fig. 5) exerted significant
cytotoxicity against SMKT R-1 and SMKT R-4-A*2402 cells
but not against SMKT R-4 lacking HLA-A24 expression or K562
cells. These data implied that HIFPH3-8 peptide-specific CTLs

Targets

=>= SMKT R-1

=@~ SMKT R4-A*2402

-~ SMKT R4

- K562

Pt 1 Pt.3
'a 50 50
HE .
< 30
g
§. 20 20
@ | 10 10
S 0
3 10 30 3 10 30
Effector / Target ratio

Fig. 6. Cytotoxic activity of HIFPH3-8-specific CTLs against HLA-A24" and
HIFPH3* RCC cell lines. CTLs were induced from PBMCs of RCC patients 1 and 3
(Table 1; Fig. 5) and their cytotoxic activity against HIFPH3* HLA-A*2402* SMKT
R-1cells, HIFPH3” HLA-A*2402° SMKT R-4 RCC cells, HLA-A*2402-transfected
SMKT R-4-A*2402, and K562 cells was ined by %'Cr rel assay at the
indicated ETratio.
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were capable of recognizing endogenously processed HIFPH3-
8 peptide in a HLA-A24-restricted manner.

Discussion

The process of tumor progression (proliferation, local
invasion, and distant metastasis) is characterized by rapid
cellular growth accompanied by alterations of the microenvi-
ronment of the tumor cells. To a large extent, the alterations in
the cellular microenvironment are due to an inadequate oxygen
supply and the resultant hypoxia or even anoxia (28, 29).
Among these conditions, changes in the expression of genes for
erythropoietin, the angiogenic vascular endothelial growth
factor, transferrin receptors, and other proteins allow for the
development of a more effective oxygen (and nutrient) supply.
Expression of the genes for most of these proteins is regulated
by HIF-la and HIF-2a. This transcription factor was first
identified by Semenza et al. as a regulator of hypoxia-induced
erythropoietin expression (30~-32) and has since been shown
to regulate the expression of >30 target genes. These genes
also play roles in tumor progression, thereby contributing to
tumor aggressiveness.

The activity of the transcriptional complex of HIF is regulated
by oxygen-dependent post-translational modifications that are
mediated by HIFPH (HIFPH1; refs. 2, 3). HIFPHs hydroxylate
two conserved proline residues of HIF-1a and HIF-2«, leading
to capture by the corresponding E3 ubiquitin-ligase VHL
complex and degradation (11-15). Although all three HIFPHs
can hydroxylate HIF-la and HIF-2a in vitre, they exhibit
different patterns of expression among tissues and distinct
substrate specificity (19, 33). It has been shown that HIFPH1
and HIFPH2 are expressed in various normal adult tissues and
predominantly contributes to HIF-1a hydroxylation, leading
to setting low steady-state levels of HIF-la in normoxic
condition (34). In contrast, as shown in our results, HIFPH3
was barely detected in normal adult tissues. It is induced
in hypoxic condition and retains its activity in mediating
HIF-2a hydroxylation in the condition (35), thus serving as a
negative feedback loop by limiting physiologic activation of
HIF in hypoxia (19, 33, 36). In the present study, we showed
for the first time that HIFPH3 was overexpressed in some of
RCC cell lines and tissues. Complete VHL gene sequence
analysis of RCC lines revealed that 4 HIFPH3-positive RCC
lines had VHL mutations and 2 HIFPH3-negative RCC lines
had no mutation in VHL genes (data not shown). Therefore, it
was indicated that HIFPH3 expression might be associated with
VHL mutation in RCC. However, as shown in our immuno-
histochemical studies, tumors without VHL mutation, such as
papillary RCC and non-RCC cancers, had also expression of
HIFPH3, indicating that VHL alone probably does not regulate
the expression of this gene. Although we have no clear
explanation about the molecular mechanism of HIFPH3
overexpression and the roles of HIFPH3 in cancer cells, its
expression selectively in tumor cells indicate that it may serve as
a cancer-associated antigen applicable to specific immuno-
therapies. Although the frequency of HIFPH3 expression was
highest among various malignant tumors that we tested, our
immunohistochemical studies showed that expression of
HIFPH3 was not limited to RCC. Therefore, HIFPH3 may be
an immunotherapy target for lung, breast, and colon cancer
besides RCC.
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We identified HLA-A24-restricted CTL epitope of HIFPH3.
Eight HIFPH3-derived peptides were shown to bind to HLA-
A24 molecule with various affinities, and we succeeded in
inducing HIFPH3-8 peptide-specific CIL from PBMCs of RCC
patients. Stimulation of PBMCs from HLA-A24*/HIFPH3* RCC
patients with HIFPH3-8 peptide could lead to efficient
induction of CTLs that exerted cytotoxicity against HLA-A24"/
HIFPH3* RCC cell lines. These data indicate that HIFPH3-
8 peptide might be one of the naturally processed antigenic
peptides derived from HIFPH3 with considerable immunoge-
nicity, thus serving as a potent peptide vaccine in immuno-
therapy for HLA-A*2402* RCC patients. In addition, we found
that anti-HIFPH3 autoantibody was detectable in sera of 10 of
32 RCC patients (data not shown}. These observations suggest
that HIFPH3 has high antigenic potential in vive in both
cellular immunity and humoral immunity. Indeed, in our
current study, HIFPH3-specific CTLs were successfully induced
from 3 of 6 HIFPH3* RCC patients’ PBMCs. The reason for

CTL induction failure in 3 patients remains unknown because
HIFPH3 was detected in RCC tissues by immunostaining.

In conclusion, we showed that HIFPH3 was one of potent
immunogenic antigens of RCC and HIFPH3-8 peptide might
serve as a tumor vaccine for HLA-A*2402* cancer patients.
It is expected that HIFPH3 targeting immunotherapy might
become a rational modality in therapy for RCC.
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We previously reported that 3-sulfoquinovosyl-1-monoacylglycerol
(SQMG) was effective in suppressing the growth of solid tumors due
to hemorrhagic necrosis in vivo. In the present study, we investi-
gated the antiangiogenic effect of SQMG. /n vivo assessment of
antitumor assays showed that some tumor cell lines, but not others,
were sensitive to SQMG. Microscopic study suggested that in SQMG-
sensitive tumors, but not SQMG-resistant tumors, angiogenesis
was reduced. We next investigated gene expression relating to
angiogenesis in tumor tissues by quantitative real-time polymerase
chain reaction. Consequently, although vascular endothelial growth
factor gene expression was not detected with significant differences
among the cases, significant downregulation of Tie2 gene expression
was observed in all SQMG-sensitive tumors as compared with
controls, but notin SQMG-resistant tumors. These data suggested that
the antitumor effects of SQMG could be attributed to antiangiogenic
effacts, possibly via the downregulation of Tie2 gene expression in
SQMG-sensitive tumors. (Cancer Sci 2008; 99: 1063-1070)

A?I;giogenesis, the formation of new blood vessels, is a
ndamental process required for normal embryonic
development and for the development of pathological conditions
such as cancer."? Its importance in solid tumor growth and
metastasis has been widely recognized by multiple studies.®
Therefore, antiangiogenic treatments may be a promising target
for the treatment of cancer. For example, it was reported that
agents such as angiostatin, endostatin, and anti-vascular endo-
thelial growth factor (VEGF) antibodies that inhibited VEGF
receptor tyrosine kinase were developed, resulting in effective
inhibition of solid tumor growth in vivo.®" However, it was
reported that the receptor tyrosine kinase Tie2 could play a
critical role in tumor-induced angiogenesis.“%'" It was also
demonstrated that the suppression of Tie2 signaling caused by
using specific blocking agents such as soluble dominant-
negative receptors,’'*"'¥ an antisense oligonucleotide,'® RNA
aptamers and RNA interference,"“'? and a short synthetic
peptide'® resulted in antitumor effects by influencing anti-
angiogenesis. Thus, therapeutic antiangiogenesis for cancer
treatment using multiple strategies was reported and its
importance has been widely recognized as a promising treat-
ment for cancer chemotherapy. However, there are few reports
about chemotherapeutic compounds for cancer targeting Tie2.
We previously reported that the growth of human adenocarci-
noma tumors treated with 3’-sulfoquinovosyl-1’-monoacylglycerol
(SQMG) was inhibited, and these tumors showed extensive
hemorrhagic necrosis by pathohistological examination.%2%
However the mechanism by which hemorrhagic necrosis occurs
via the antiangiogenesis activity of SQMG remains undefined.
Recently, Sakimoto er al. reported that combined treatment with

doi: 10.1111/j.1349-7006.2008.00785.x
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o-SQMG (C18:0) and radiation synergistically inhibited the
growth of human tumors transplanted into nude mice, accom-
panied by a significant reduction in the vascularity of the
tumors.?" Here, we demonstrate that the antitumor effects of
SQMG could be attributed to inhibition of tumor antiangiogen-
esis, which seems to be involved in downregulation of the Tie2
gene. Thus, SQMG is a promising candidate as an antitumor
drug targeting angiogenesis.

Materials and Methods

Synthesis of SQMG. The chemical structure of the synthesized
compound SQMG containing fatty acid 18:1 (oleic acid C18:1)
is shown in Figure 1. The procedure for synthesis of SQMG was
described previously.@®

Cell lines. Human breast adenocarcinoma MDA-MB-231,
lung adenocarcinoma AS49, colon adenocarcinoma WiDr,
prostate adenocarcinoma PC-3, tongue squamous cell carcinomna
SAS, esophagus squamous cell carcinoma TE-8, lung small cell
carcinoma LUG65 lines, and mouse normal fibroblast NIH3T3
were used in the present study. MDA-MB-231, A-549, WiDr,
PC-3, and NIH3T3 were provided by the Japanese Cancer
Research Resources Bank. SAS, Lu65, and TE-8 cells were
obtained from Health Science Research Resources Bank
(Sendai, Japan). A549, WiDr, PC-3, SAS, TE-8, and Lu65 cells
were cultured with RPMI1640 supplemented with 10% fetal
calf serum, 200 U/mL penicillin, 200 pg/mL streptomycin, and
2 mM L-glutamine. MDA-MB-231 was cultured with Leibovitz’s
L15 supplemented with 10% fetal calf serum, 200 U/mL penicillin,
200 ug/mL streptomycin, and 2mM L-glutamine. Human
umbilical vein endothelial cells (HUVEC) were purchased from
Cambrex (Walkerville, MD, USA) and maintained according to
the provider’s instructions. Cells in passage numbers three to
five were used for this study.

Invivo assessment of antitumor assay. Inbred mice, female
BALB/c nu/nu mice (20-22 g, 7 weeks of age) were obtained
from Japan SLC (Shizuoka, Japan). All procedures were carried
out in compliance with the guidelines of the Animal Research
Center of Sapporo Medical University. Human tumor cells from
lines MDA-MB-231, A549, WiDr, PC-3, SAS, TE-8, and LU65
(106 cells/mouse) suspended in phosphate-buffered saline (PBS)
were injected subcutaneously into a dorsal side of the mice.
After implantation, the tumor sizes in all of these mice were
measured at 2-day intervals. When the solid tumors grew to 30—
40 mm® in tumor volume (tumor volume = length x [width]?
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3'-sulfoquinovosyi-1-monoacylglycerol (SOMG)

SO3H
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R = Fatty acid (C18:1)

Fig. 1. Structure of 3-sulfoquinovosyl-1-monocacylglycerol (SQMG).
SQMG contains a single fatty acid, R = C18:1.

% 0.5), SQMG was administrated every day for 14 days, and
the tumor growth was observed. Each type of tumor was
divided randomly into two or three groups (n = 4/group). A
control group was injected intraperitoneally with 0.2 mL saline
solution, and test groups were injected intraperitoneally with
SQMG at a dose of 5 or 20 mg/kg every day for 14 days. On the
next day after the last administration of SQMG, the tumor
size was measured, and tumors were excised and prepared for
further study. The mean + SE tumor volume from each group
(n = 4/group) is shown (Fig. 2). The growth of each tumor was
analyzed using Student’s z-test.

Immunohistochemical study. All tumors excised from mice
(n = 4/group) were embedded in Tissue-Tek OCT Compound
(Sakura Finetek USA, Torrance, CA, USA) and frozen. Acetone-
fixed cryosections were stained with an antimouse CD31 mono-
clonal antibody, and then antirat IgG conjugated with AlexaFlour
488 (BD Bioscience Pharmingen, CA, USA) as a secondary anti-
body. Nuclei were counterstained with propidium iodide (PI)
(Vector Laboratories, Burlingame, CA, USA). The CD31-positive
ring-form blood vessels in 500-mm’-section areas of these samples
were counted at x100 magnification under a fluorescence
microscope (Olympus AX80; Olympus, Tokyo, Japan) and is
represented as the mean * SE of four section areas from each
group. The results were analyzed using Student’s /-test.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylthtrazolium bromide assay
and annexin V labeling assay. To investigate the cytotoxicity of
SQMG, the 3-(4,5-dimethylthiazol-2-yl]-2,5-diphenylthtrazolium
bromide (MTT) assay was carried out using HUVEC and
NIH3T3 cells according to methods described previously.!*2”
Briefly, cells (5 % 10° cells/well) were cultured in 96-well plates
for 24 h and then various amounts of SQMG suspended in PBS
were added to the wells. Following cultivation for 48 h, 50 pug
MTT was added to cells and incubation was continued for 3 h.
Then 4% HCI in 2-propanol was added to each well and mixed
by pipette to disrupt the cells. The absorbance of each well was
measured using a multiwell scanning photometer (Micro ELISA
MR600; Dynatech Laboratories, Alexandria, VA, USA) at a
wavelength of 570 nm. Results were represented as the mean *
SE of triplicate wells in one of three independent experiments.
The annexin V labeling assay was carried out for detection
of apoptotic HUVEC. HUVEC (10° cells) cultured in six-well
plates for 48 h in the presence or absence of various amounts
of SQMG were suspended in PBS. Following cultivation, cells
were double-stained with annexin-V-fluorescein and PI using
the Annexin-V-FLUOS staining kit according to the manu-
facturer’s instructions (Roche Applied Science, Penzberg,
Germany). The percentage of apoptotic (annexin V and PI double
positive) cells was determined by flow cytometric analysis
(FACS Calibur and Cell Quest software; BD Bioscience). The
results are represented as the mean + SE of three independent
experiments.

Angiogenesis assay. The angiogenesis assay was done using
an Angiogenesis Kit (Kurabo, Osaka, Japan) according to the
manufacturer’s instructions. Briefly, HUVEC grown on human
diploid fibroblast sheets on Matrigel (Kurabo, Osaka, Japan) were
cultured with or without SQMG at the indicated concentrations

1064

in growth medium containing 10 ng/ml. VEGF-A for 14 days.
Fresh growth medium with or without SQMG was replaced 4,
7, and 9 days after incubation. After incubation, cells were fixed
in 70% ethanol and immunostained with an anti-CD31 antibody
for 1 h and detected using the alkaline phosphate method.
The tube-formation areas of HUVEC were quantitated using
Image ++ software downloaded from the internet (http://
www.pluto.dti.ne.jp/~horie-msfindex-j.html). The results are
represented as the mean + SE of five independent areas. In some
experiment, HUVEC grown on human diploid fibroblast sheets
on Matrigel were cultured for 14 days, and then in the presence
or absence SQMG for 2 days. Subsequently, the cell-derived
total RNA was harvested and quantitated for the amount
of mRNA copy of human VEGF receptor-1 (Flt-1), VEGF
receptor-2 (KDR), and Tie2 by quantitative real-time reverse
transcription (RT)-polymerase chain reaction analysis (PCR).
Quantitative real-time RT-PCR analysis. Tumor-derived total
RNA was prepared using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions and then
reverse transcribed to cDNA with a Transcriptor First Strand
cDNA Synthesis Kit (Roche Applied Science). Measurement of
gene expression by quantitative analysis was carried out using a
LightCycler system (Roche Applied Science). Primers and
hybridization probes were synthesized by Nihon Gene Research
Laboratory (Sendai, Japan). Quantitative real-time RT-PCR
analysis of human VEGF i, mouse angiopoitin-1 (Ang/), mouse
angiopoitin-2 (Ang2), human Fit-I, human KDR, human Tie2,
human CD31, and human glucose-6-phosphate dehydrogenase
(G6PDH) gene expression was carried out using a LightCycler
FastStart DNA Master™ S SYBR Green I system (Roche Applied
Science) with primer sets described in Table 1. Detection of
gene expression of mouse Flt-1, VEGF receptor-2 (Fik-1), Tiel,
Tie2, CD31, SM22c, and G6PDH was carried out using a
LightCycler FastStart DNA Master HybProbe system (Roche
Applied Science) with primer sets and probes described in
Table 1. PCR amplification of the housekeeping gene G6PDH
was carried out for each sample as a control for sample loading
and to allow normalization among samples. To determine the
absolute copy number of the target transcripts, the amplified
fragments of G6PDH or target genes amplified by PCR using
the above-described primer sets were constructed using the
pCR4-TOPO cloning vector (Invitrogen, Carlsbad, CA, USA),
and the concentrations of these purified plasmids were
measured. The absorbance at 260 nm and copy numbers were
calculated from the concentrations of samples. A standard curve
was created by plotting the threshold cycle versus the known
copy number for each plasmid template in the dilutions. The
copy numbers for all unknown samples were determined
according to the standard curve using LightCycler software 3.5.3
(Roche Applied Science). To correct differences in both RNA
quality and quantity between samples, each target gene was first
normalized by dividing the copy number of the target by the
copy number of G6PDH (copy number of target/copy number
of G6PDH = normalized target gene). The initial value
corrected for the amount of G6PDH was indicated as 100% to
evaluate the sequential alteration of the mRNA expression level.
For mouse genes, each sample was corrected with the copy
number of the murine CD3! or SM22a gene as markers for
endothelial cells and pericytes, respectively.®>*® Thus, this
represents the amount of target gene expression in an
endothelial cell or pericyte, not in a human tumor cell. Results
were represented as the mean + SE of four RNA samples from
each group (n = 4/group), and analyzed using Student’s ¢-test.

Results

In vivo assessment of antitumor effects of SQMG. Seven human
tumor cell lines, MDA-MB-231, A549, WiDr, PC-3, SAS,
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o] TE-8, and LUG6S, were injected subcutaneously into mice, and
E g <a<S then these mice bearing solid tumors that grew to 30—40 mm? in
oy g e E 2 tumor volume were injected intraperitoneally with saline or
™ E 3 g S g g g SQMG every day for 14 days. As shown in Figure 2, SQMG
nIG3ggLSe treatment of mice bearing MDA-MB-231, A549, WiDr, and
319 g g 3 E g9 SAS solid tumors, injected with 5 and 20 mg/kg SQMG showed
g 3 29 333E significant inhibition of tumor growth as compared with the
clvp 38 S5 control group on the next day after the last injection date. None
¥ 9 R ,t_J 53 g of the mice showed any significant loss of bodyweight through-
2GS g’ S E S8 out the experiment period (data not shown). In contrast, mice
- E8%E ES bearing PC-3, TE-8, and LU65 solid tumors injected with
- 3 e 3 g e '5 SQMG did not show tumor growth inhibition as compared with
25 8 5EQ E the control on the day after the last injection. These data demon-
3 E GE § 3 strate that four tumor lines, MDA-MB-231, A549, WiDr, and
oZqeES E SAS, were sensitive to SQMG (SQMG-sensitive), but three lines,

PC-3, TE-8, and LU65 were resistant (SQMG-resistant).

Antiangiogenesis activity of SQMG in vivo. We previously indi-
cated that SQMG treatment results in hemorrhagic necrosis in
tumors. To investigate the mechanism of the antitumor effects
of SQMG, we first carried out immunchistochemical analysis
to determine the angiogenesis profiles in tumors. Tumors
were excised from mice on the next day after the last injection
and cryosections of these acetone-fixed tumors were stained
with antimouse CD31 monoclonal antibody as an endothelial cell
marker. Representative photos showing immunochistochemical
staining of MDA-MB-231 tumors treated with or without SQMG
are presented in Figure 3, in which CD31-positive ring-form
blood vessels are clearly observed for both the control (Fig. 3a,b)
and SQMG treatment (Fig. 3c,d). Therefore, the CD31-positive
ring-form blood vessels of all samples in 500-mm?-section areas
were counted under a fluorescence microscope. Consequently,
as shown in Table 2, in all four SQMG-sensitive tumors treated
with 20 mg/kg SQMG, the numbers of blood vessels were
significantly decreased (P < 0.01) with SQMG treatments, as
compared with controls. In contrast, in all three of the SQMG-
resistant tumors treated with 20 mg/kg SQMG, there were no
significant differences in the number of blood vessels between
controls and SQMG treatments. These data suggested that the
antitumor effect of SQMG could be attributed to the inhibition
of tumor angiogenesis.

Inhibitory effect of SQMG on endothelial cell-derived capillary
formation in vitro. To investigate whether SQMG directly affected
the growth profile of endothelial cells, we assessed proliferation
and cytotoxicity by using the human endothelial cell line
HUVEC. SQMG was added to HUVEC in concentrations from
0 to 100 uM, and cell proliferation and apoptosis were analyzed
using the MTT assay and annexin V labeling assay, respectively.
As shown in Figure 4a, there was no obvious the inhibitory
effect on the proliferation of HUVEC up to the concentration
of 25 pM. When 50 or 100 uM SQMG was added to cells,
the cell proliferation was inhibited to 71.5 + 5.6 or 55.3 +4.5%,
respectively. Meanwhile, when SQMG at concentrations
from 0 to 50 uM was added to cells, 8.5-13.3% of cells were
observed to be apoptotic. However, when 100 uM SQMG was
added to cells, apoptotic effects were increased to 33.8 + 11.6%,
suggesting that there was minimal weak influence on the
apoptosis of HUVEC up to the concentration of 50 uM SQMG
(Fig. 4b).

We further considered that it would be important to evaluate
the antiangiogenic activity of SQMG using an angiogenesis
model in vitro that is considered to closely represent in vivo sit-
uvations. It is well known that HUVEC cocultured with fibroblast
cells on Matrigel form capillary networks with tube-like struc-
tures and adopt characteristics of newly formed blood vessels.?
Before investigating the influence of SQMG on the formation
of these structures, we studied fibroblast cell proliferation and
cytotoxicity using mouse NIH3T3 instead of human normal
fibroblasts by MTT assay. Consequently, there was no obvious

CAGCAAAGGCTCAGGACAGTCAGTAGTCAT
CTCTTGGAGGAGGGAGTCCGATAGACG
TGTTGCTGGGTCATTGGAGGTCACCT

5’ LCRed640 probe (5-3")
TCCAGGCTCATGAATTTGAAAGCGTTTACAT
GAGGGGAAGCACGTCATTGGCCTT

AAGCTTGTACCACGTGAGGTTCTCAAACG
CTTGTAGGTACCCTCGTACTGGAAGCCCA

Reverse primer (5'-3")

GCAGAGTGCTAGTGTCCAG

CCCATGTGGACCGATGTT
GAGGCAGAGTATAGATGGTGTA

CAGGAAACCATCACCGGA
AATCACAACTTCATCCACTG
AGAGCTGTCAGG GCTAAGAAC
TAGCAGTTGTATTTCAAGTCG
GAGTCGTCGTAGTCGAGGGG
TACAAACAAATGCTTTCTCC
AGCGTGGTCGTAGGTGAAC
AAGGGTATGGGTTTGTCACTG
TCCGATAGAAGCTGTTIGTG
AATCTGGACCTCATCCACCG
CGGACGTCATCTGAGTTG

GTTGTTGCAGGGATCGC

Forward primer (5'-3%

GGCTTTGCAGATCCACAT
GAAGAGCGTGGACAGCACAGG
AGAGCAAGACAAGAAAATCC
GACTGACAGCAAACCCAAG

GAAGGAGGAGAAGGAGGCT
CGGACTGACTACGAGCTGT

AAGCGGGACGAGGAGAGA
CACCTTATGAAAGCAAAGAG
GGAGATCCCAACTGGTTTATG
GCACAAGATTGATCGAGA
TGGTCTCTCTGGTTGTGTATG
CAAACCCGTTAATCACTATG
CAACTTTTAAAAACAAGTAA
CTGCGTTATCCTCACCTTC

Primer and probe for quantitative real-time reverse transcription-polymerase chain reaction
GCATCTGGAGCATGTGATG

Mouse SM22a
Mouse G6PDH

Mouse Angi
Human VEGF,;

Mouse Fit-1
Mouse Flk-1
Mouse Tie1l
Mouse Tie2
Mouse CD31
Mouse Ang2
Human Fit-1
Human KDR
Human Tie2
Human CD31
Human G6PDH

Table 1.
Gene
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Fig. 2.

In vivo study of the antitumor effects of 3"-sulfoquinovosyl-1’-monoacylglycerol (SQMG). Human tumor cells (10°) of the cell lines (a) MDA-

MB-231, (b) A549, (c) WiDr, (d) SAS, (e) PC-3, (f) TE-8, and (g) LU65 were injected subcutaneously into mice, and when tumors grew to 30-40 mm?,

mice were injected with saline (control), 5 mg/kg (SQMG 5), or 20 mg/kg
each group (n = 4/group) are shown. *P < 0.01.

100 pm

100 pm

cytotoxic potential up to the concentration of 100 uyM SQMG
(Fig. 4c). Meanwhile, when 50 uM SQMG was added to these
cells, capillary network formation was markedly inhibited
compared with the control (Fig. 5a—c). Quantitation of these
capillary areas by Image ++ software showed that the capillary
formation treated with 50 pM SQMG was reduced approximately

1066

(SQMG 20) every day for 14 days. The means + SE of tumor volumes from

Fig. 3. Antiangiogenesis assessment by
immunohistochemical analysis. Cryosections
of MDA-MB-231 treated (a,b) without and (c,d)
with 3’-sulfoquinovosyl-1-monoacylglycerol were
stained with antimouse CD31 monoclonal
antibody and antirat IgG conjugated with
AlexaFlour 488, and nuclei were counterstained
with propidium iodide. Arrows indicate CD31-
positive blood vessels. Insets in (a) and (c) are
magnified and shown in (b) and (d), respectively.
Scale bar = 100 um.

70% compared with the control (Fig. 5d). Thus, these data suggest
that SQMG could influence capillary formation.

Influence of SQMG on VEGF gene expression in tumor tissues.
It is known that angiogenesis is basically dependent on VEGE!?
We next quantified the mRNA copy number of tumor-derived
VEGF,; in mice bearing tumors treated with or without 5 and
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Table 2. Number of tumor-induced blood vessels in tumor tissues

No. blood vessels (500 mm?)

Criteria Tumor
Control SQMG
MDA-MB-231" 10.2+1.0 23+1.8*
A549 63+1.1 2.9+0.3*
Sensitive WiDr 134142 6.6 £2.6*
SAS 15.2+13 7.2+1.6*
PC-3 10.7£1.7 11.9+27
Resistant TE-8 114124 11.7£19
LU65 6.2+2.2 38+1.1

'Data are presented as mean + SE. *P < 0.01. SQMG, 3’-sulfoquinovosyl-
1”-monoacylglycerol.

20 mg/kg SQMG by quantitative real-time RT-PCR. G6PDH
expression was used as a housekeeping gene control. Conse-
quently, as indicated in Table 3, in all four SQMG-sensitive and
the three resistant models, the mRNA copy number of human
VEGF ; did not show any overt difference between controls and
SQMG treatment groups, suggesting that SQMG did not
influence VEGF gene expression. In our preliminary experiments
using enzyme-linked immunosorbent assay, VEGF secretion
in SQMG-sensitive MDA-MB-231 and SQMG-resistant TE-8
tumor tissues did not differ between controls and SQMG treat-
ment groups (data not shown).

(a)
Fig. 4. Influence of 3’-sulfoquinovosyl-1'- 120
monoacylglycerol (SQMG) on cell proliferation 100
and apoptosis. (a) Human umbilical vein endo-
thelial cells (HUVEC) and (c) NIH3T3 were cultured g 80
in the presence or absence of SQMG at the 60
indicated concentrations. Cell proliferation was o
examined by MTT assay. Results represent means + ® 40
SE of triplicate wells on one of three independent 20

experiments. (b) HUVEC were cultured in the 04 .

Influence of SQMG on angiopoietin expression in tumor tissues.
We next quantified the mRNA copy numbers of Ang/ and Ang2,
which are known as important factors for vascular remodeling.
Because Angl and Ang2 are expressed mainly in pericytes and
endothelial cells, respectively,” the amounts of their expression
in mice were adjusted with the amounts of G6PDH-normalized
SM22 0 and CD31, respectively ([mRNA copy number of target
gene/mRNA copy number of G6PDH]/[mRNA copy number
of SM22a or CD31/mRNA copy number of G6PDH]).?® In
the SQMG-sensitive tumors MDA-MB-231, A549, and SAS,
the mRNA copy numbers of Ang/ in SQMG-treated tumors
appeared to have a tendency to increase two- to three-fold
(Table 4), whereas this was not true for Ang2.

Downregulation of Tie2 gene expression in SQMG-sensitive
tumors. We demonstrated that although SQMG had less effect
on cytotoxic activity against endothelial cells in vitro and on
VEGF secretion invivo, it strongly inhibited angiogenesis
in vitro and in vivo. To investigate the reasons why the number
of mouse-derived blood vessels was decreased by SQMG
treatment, we next quantified the mRNA copy numbers of
receptor genes related to angiogenesis that are expressed on the
endothelial cell surface, namely, Fit-1, Fik-1, Tiel, and Tie2, by
quantitative real-time RT-PCR. The expression profiles of these
genes were calculated with the following formula usi% the
mRNA copy number of each gene, as shown previously:?)

(target gene/G6PDH)/(CD31/G6PDH).

presence or absence of SQMG at the concen- 0
trations indicated for 48 h, harvested, and double-
stained with annexin-V-fluorescein and propidium
iodide (PI). The percentage of apoptotic (annexin
V and Pl double positive) cells was determined by
flow cytometric analysis. Results represent means +
SE of three independent experiments.

Fig. 5. Effect of 3’-sulfoquinovosyl-1'-
monoacylglycerol  (SQMG) on angiogenesis
in vitro. (a—¢) Human umbilical vein endothelial
cells (HUVEC) grown on a fibroblast sheet on
Matrigel were cultured (a) without and (b,c) with
SQMG at the indicated concentrations. After
cultivation, the cells were fixed and stained
with an antihuman CD31 antibody for 1 h. CD31
molecules were detected using the alkaline
phosphate method. (d) The tube formation of
HUVEC was quantitated using Image ++ software.
Results represent means + SE of five independent
areas on one of three independent experiments.
*P<0.01.
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Table 3. Human vascular endothelial growth factor (VEGF) gene Table 4. Mouse angiopoietin (Ang) gene expression in tumor tissues

expression in tumor tissues treated without or with 3'-sulfoquinovosyl-
1’-monoacylglycerol (SQMG)

mMRNA copy number
Criteria Tumor {(human VEGF,/G6PDH)
Control SQMG-5* SQMG-20¢
MDA-MB-231" 2.7110.63 2.76 £0.61 291 £0.81
Sensitive A549 0.15+0.01 0211006 0.18+0.03
WiDr 4.43 + 0.61 240+0.05 2374042
SAS 1.89+0.14 1.99 +0.04 1.67+0.1
PC-3 0.58+0.11 06310.04 0.661001
Resistance  TE-8 1.54+0.56 ND 1.76 £0.58
LUBS 3231043 ND 3.25+0.82

*Data are presented as mean t SE. G6PDH, glyceraldehyde-6-phosphate
dehydrogenase; ND, not done; SQMG 5, treatment with 5 mg/kg
SQMG; SQMG 20, treatment of 20 mg/kg SQMG.

As shown in Table 5, the mRNA copy number of the mouse
Flit-1 gene per copy of the CD31 gene, which is expressed on
mouse endothelial cells in tumor tissues, was similar in controls
and after SQMG treatment. This was also true for the mRNA
copy number of mouse Flk-/ in most tumor tissues other than
SAS tumors. Only in A549 did Tiel gene expression seem to be
influenced by SQMG treatment. In contrast, the mRNA copy
number of mouse Tie2 in tumor tissues was significantly down-
regulated in all SQMG-sensitive tumors but not in SQMG-
resistant tumors, suggesting that SQMG might affect mouse
Tie2 gene expression in the endothelial cells.

We further investigated whether Fit-/, KDR, and Tie2 gene
expression in capillary-formed HUVEC were influenced by
SQMG in vitro. As shown in Figure 6, although Flt-1 and KDR
expression were not influenced, Tie2 gene expression in capillary-
formed HUVEC was also downregulated to approximately 50%
lower than the control level when 50 pM SQMG was added to
cells. Taken together, the data suggest that SQMG plays a role
in downregulating Tie2 gene expression in vivo and in vitro.

mRNA copy number ratio

Tumor Treatment
Ang-1/SM22c Ang-2/CD31
Control 0.045 +£0.015 0.158 £0.053
MDA-MB-231 SQMG 5 0.187 £0.095* 0.312+£0.078
SQMG 20 0.120 £ 0.047* 0.300+0.103
Control 0.028 £ 0.003 1.838 +£1.087
A549 SQMG 5 0.041 +0.008* 1.422 £0.746
SQMG 20 0.054 £ 0.028* 4.346 +5.406
Control 0.021 £ 0.001 0.400 +0.021
WiDr SQMG 5 0.017 £0.002 0.409 +0.053
SQMG 20 0.022 £+ 0.005 0.458 £0.059
Control 0.035+0.025 0.355+0.167
SAS SQMG 5 0.093 £ 0.047* 0.390£0.185
SQMG 20 0.091 £0.051* 0.448 +0.109
Control 0.008 + 0.001 0.228 £ 0.067
TE-8 SQMG 5 ND ND
SQMG 20 0.009 £0.001 0.182+0.100
Control 0.008 £0.001 0.237+0.184
LU65 SQMG 5 ND ND
SQMG 20 0.011£0.001 0.225 +0.046
Control 0.572+0.212 0.295 £ 0.054
PC-3 SQMG 5 0.172 £ 0.024 0.340+£0.176
SQMG 20 0.301 £0.077 0.392 £0.040

*P-values are in the range of 0.22-0.54.
Data are presented as mean * SE. ND, not done; SQMG 5, treatment of
5 mg/kg SQMG; SQMG 20, treatment of 20 mg/kg SQMG.

Discussion

In the present study, we demonstrated that SQMG induced anti-
angiogenic effects in tumor xenografts, resulting in inhibition of
solid tumor growth. As significant decreases in tumor angio-
genesis were observed in SQMG-sensitive tumors but not in
SQMG-resistant tumors, it was speculated that the antitumor

Table 5. Angiogenic receptor gene expression on mouse endothelial cells in tumors

mRNA copy number ratio (target gene/CD31 gene)

Tumeor Treatment
Fit-1 Flk-1 Tiel Tie2
Control 0.22 £0.02 0.80:0.07 0.56+0.10 0.10 £0.01
MDA-MB-231 SQMG 5 0.22 +0.02 0.82+£0.06 0.59 +0.06 0.07 £ 0.01
SQMG 20 0.26 +0.04 0.69 +0.06 0.64 £ 0.01 0.06 + 0.02**
Control 0.21+0.01 0.82 £0.02 0.64 £ 0.09 0.20 £ 0.01
A549 SQMG 5 0.20+£0.01 0.67 +0.02 0.58 £0.10 0.08 £ 0.01**
SQMG 20 0.24 £ 0.01 0.79 £0.01 1.21£0.38* 0.14 £ 0.012*
Control 0.33+0.02 0.69+0.02 0.58+0.03 0.08 £ 0.01
WiDr SQMG 5 0.31x0.03 0.64 +0.01 0.59 +0.02 0.07 +0.01
SQMG 20 033+0.01 0.64£0.,02 0.63+0.02 0.06 +0.01*
Control 0.36 £0.01 1.04 £0.02 1.96 £ 0.58 0.20 £ 0.01
SAS SQMG 5 0.35+0.02 0.93 +0.05 2.16+0.73 0.18 £0.01
SQMG 20 0.25+0.01 0.52 £0.03** 1.94+0.43 0.11£0.01**
Control 0.16 £0.01 0.93+0.02 142 +0.03 0.08 £0.01
PC-3 SQMG 5 0.11+0.13 0.73+0.06 126 +0.17 0.07 £0.05
SQMG 20 0.15 £ 0.02 0.78 +0.07 1.40+0.04 0.09 £0.01
Control 0.34 £+ 0.03 0.74 £0.05 043+0.11 0.08 £ 0.01
TE-8 SQMG S ND ND ND ND
SQMG 20 0.30 £ 0.02 0.70+£0.04 044 +0.11 0.10 £ 0.01
Control 0.23 +£0.02 0.55+0.06 0.43 +0.01 0.04 £0.01
LU65 SQMG 5 ND ND ND ND
SQMG 20 0.21 +0.21 0.69+0.01 0.42 +£0.02 0.04 £ 0.01

Data are presented as mean + SE. ND, not done; SQMG 5, treatment of 5 mg/kg SQMG; SQMG 20, treatment of 20 mg/kg SQMG.

*P < 0.05. **P < 0.01.
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Fig. 6. Angiogenic receptor gene expression on capillary-formed
human umbilical vein endothelial cells (HUVEC) in vitro. Total RNA of
capillary-formed HUVEC was assessed as to the amount of mRNA copy
number of human (a) Fit-1, (b) KDR, and (c) Tie2 by quantitative real-
time reverse transcription-polymerase chain reaction analysis. Results
represent means + SE of triplicate wells on one of three independent
experiments.

effects of SQMG could be attributed to the inhibition of tumor
angiogenesis. To analyze this mechanism, we first investigated
the influence of endothelial cell proliferation and apoptosis
in vitro by SQMG. Although the proliferation of HUVEC cells
treated with 50 uM SQMG was inhibited, the apoptosis of these
cells were not clearly observed. Consequently, our study
implied that the inhibitory effects of SQMG shown in the MTT
assay are attributed to a slower proliferation of HUVEC cells
but not apoptosis.

Thus, SQMG appears to have only a weak inhibitory effect on
cell proliferation and apoptosis activity as compared with other
chemotherapeutic compounds for cancer.*? However, the
capillary formation, consisting of HUVEC treated with 50 pM
SQMG, was significantly reduced approximately 70% as compared
with the control. As Tie2 but not Fit-1 and KDR gene expression
in capillary-formed HUVEC was decreased selectively, it is
possible that some synergistic effects between slow proliferation
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and downregulation of Tie2 gene expression exist. This was
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with SQMG showed downregulation of Tie2 gene expression in
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The receptor tyrosine kinase Tie2 is highly expressed in
endothelial cells, and plays a critical role in normal vascular
development via the regulation of vascular remodeling and
endothelial cell interactions with supporting pericytes and
smooth muscle cells.?>? In particular, Tie2 is essential for the
development of embryonic vasculature but not hematopoietic
cell development® because Tie2~- mice die between embryonic
days 9.5 and 12.5 due to lack of remodeling of the primary
capillary plexus.?** However, Tie2 is constitutively expressed
and phosphorylated at a low level in adult mice, suggesting that
Tie2 activation is required in adult tissue to maintain the mature
quiescent phenotype of vasculature.®® Interruption of Tie2 sig-
naling with a soluble receptor can significantly inhibit tumor
growth in mice, suggesting that Tie2 is important for tumor
angiogenesis as well.!'? However, the molecular mechanism by
which SQMG induces the downregulation of Tie2 gene expres-
sion in vivo and in vitro was not demonstrated. The regulatory
mechanism of Tie2 gene expression by SQMG is currently under
investigations.

We also observed increased Ang/ gene expression in three of
the four SQMG-sensitive tumors. Angl and Ang2 are known to
function as ligands for Tie2. Angl, mainly secreted from peri-
cytes, acts as an agonist of Tie2, whereas Ang2, mainly secreted
from endothelial cells, is known to act as an antagonist as well
as an agonist, depending on the experimental system.'® Angl
specifically induces tyrosine phosphorylation of Tie2, which
results in multiple activities related to angiogenesis such as
endothelial cell migration,®> tube formation, sprouting,**” and
survival®>* but not proliferation of endothelial cells in vitro.“?
Thus, Angl basically act as a factor of angiogenesis. However,
it was reported that Angl-overexpressing human tumor xeno-
grafts could not grow due to inhibition of angiogenesis,®!*?
proposing an inhibitory mechanism whereby the antiangiogenic
effects of Angl overexpression are mediated in part by increased
support by vascular pericytes that results in overall vessel
stabilization and therefore inhibition of the initiation of tumor
angiogenesis. In the current study, although an upregulation of
Angl in SQMGe-treated tumor xenograft was observed, it
remains undefined whether Tie2 phosphorylation levels were
influenced by SQMG. The further regulatory mechanism of
antiangiogenesis between the Angl and Tie2 molecules and how
SQMG regulates this needs further study.

In conclusion, as little is known about chemical compounds
inducing downregulation of Tie2, SQMG could be a promising
candidate for the treatment of tumor-induced angiogenesis
targeting Tie2.
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® Gene Expression Profile of Dorsal Root Ganglion in a

Lumbar Radiculopathy Model

Hirohito Takeuchi, MD,* Satoshi Kawaguchi, MD,* Satoshi Mizuno, MD,*
Takashi Kirita, MD,* Tsuneo Takebayashi, MD,* Kumiko Shimozawa, MSc,t
Toshihiko Torigoe, MD,# Noriyuki Sato, MD,¥ and Toshihiko Yamashita, MD*

Study Design. DNA array analysis of dorsal root gan-
glion (DRG) using a rat model with nerve root constriction.

Objective. To determine the molecular changes in the
DRG adjacent to the injured nerve root in a lumbar radic-
ulopathy model.

Summary of Background Data. DNA array analysis in
lumbar radiculopathy model has so far focused on the
spinal dorsal horn. The molecular changes in the DRG
adjacent to the injured nerve root in lumbar radiculopathy
remain to be determined.

Methods. Bilateral L5 DRGs were removed from 12
Sprague-Dawley rats on days 2, 7, 14, and 21 after nerve
root ligation and on day 7 from 3 rats with sham opera-
tion. The aRNAs from the DRGs with nerve root ligation
were labeled with Cy5 dye and those from the opposite
side DRG (control) were labeled with Cy3 dye, and then
hybridized to a 7793-spot Panorama Micro Array. It was
considered to be significantly upregulated, when an av-
erage expression ratio of Cy5 to Cy3 was 2 or more.
Genes upregulated were classified into early phase group
(upregulated on day 2), midphase group (upregulated on
days 7 and 14), and continuous group (upregulated from
day 2 to 21). Seventeen genes were subjected to valida-
tion analysis with real-time quantitative PCR.

Results. There were 16 upregulated genes in the early
phase group, 56 genes in the midphase group, and 17
genes in the continuous group. Functional categorization
revealed dominantly upregulated gene categories in each
group; transcription/translation in the early phase group,
enzyme/metabolism in the midphase group, and struc-
ture in the continuous group. Validation analysis of 17
genes demonstrated mean relative expression of 2.0 or
more in all but 1 gene in the DRGs with nerve root ligation
and none of them in the DRGs with sham operation.

Conclusion. The genes identified in this study, espe-
cially those involved in pain signaling and inflammation,
serve as potential targets for molecular-based therapy for
lumbar radiculopathy.
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Painful lumbar radiculopathy is a common, disabling
condition associating with disc herniation and spinal ste-
nosis in the lumbar spine."” In addition to mechanical
compression of nerve roots, subsequent molecular events
in the adjacent dorsal root ganglion (DRG) and the dor-
sal horn of the spinal cord play a crucial regulatory role
in the severity and chronicity of lumbar radicular pain.>*

With the emergence of high-density DNA array tech-
nology, it has become possible to comprehensively inves-
tigate the levels of mRNA transcripts in tissues.>® In
peripheral nerve injury models, a number of DNA array
studies have analyzed changes in mRNA transcripts in
the DRG”"'% and the spinal dorsal horn.'!~!3 In contrast,
DNA array analysis in lumbar radiculopathy model has
so far focused on the spinal dorsal horn.*!* The molec-
ular changes in the DRG adjacent to the injured nerve
root in lumbar radiculopathy remain to be determined.

In the present study, the authors used DNA array
technology in a rat model'® to determine the gene profile
in the DRG adjacent to the injured nerve root.

B Materials and Methods
Animal Model

Sprague-Dawley rats (6-week-old males) were maintained in a
climate-controlled room on a 12/12 hours day/night cycle and
allowed free access to food and water. All animal care and
experiments were carried out according to the protocol ap-
proved by the Institutional Animal Care Committee of Sapporo
Medical University, Sapporo, Japan. The lumbar nerve root
ligation model was developed previously in our laboratory** by
modifying a reported model.'¢ Briefly, under anesthesia with
intraperitoneal injection of sodium pentobarbital (50 mg/kg
body weight), the LS lamina was removed. The left L5 nerve
root was isolated and tightly ligated using a 8 to 0 nylon suture
proximal to the DRG. In sham-operated rats, the right L5 nerve
root was exposed by laminectomy without ligation.
Manifestation of neuropathic pain of these rats was evalu-
ated by their susceptibility to mechanical stimuli before RNA
preparation from the DRG as described previously.!’ Rats
were subjected to sequential series of tactile stimulations to the
plantar surface of the ipsilateral (nerve root ligated) hind paw
using 12 g von Frey filaments (Stoelting, IL). The mechanical
stimulus was applied to the middle area between the foot pads
on the plantar surface of the left (constriction side) and right
(contralateral side) hind paw. Each hind paw was probed con-
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secutively with 10 tactile stimulations alternating between the
left and right. The trial was repeated successively 3 times with
atleast a 10-minute interval, which resulted in each foot receiv-
ing 30 mechanical stimulations. Mechanical sensitivity was as-
sessed by counting the total number of withdrawal responses
elicited for a total possible score of 30. Therefore, the mechan-
ical withdrawal frequency of each rat was expressed as the
number of responses obtained from the contralateral side (no
constricted) was subtracted from the number of responses from
the ipsilateral or constricted side. Preliminary experiments con-
firmed the reproducibility of pain behavior in the model. Some
rats having undergone ligation of the L5 root showed plantar-
flexed toe deformity in the ipsilateral hind paw, which im-
proved within 2 weeks. None of the model rats showed gait
disturbance or drop foot. Subsequent to the preliminary exper-
iments, the rats showing allodynic responses (5 times or more
of subtracted withdrawals on day 2 after the operation) were
elected for subsequent RNA preparation.

RNA Preparation and Labeling
Bilateral L5 DRGs were removed from rats on day 2, 7, 14, and
21 after nerve root ligation and on day 7 from sham-operated
rats. Three rats were used on each day and were designated a, b,
and ¢, respectively. They were stored at —80°C until use. Total
RNAs were extracted from DRG samples with an RNeasy Mini
Kit (Qiagen, Valencia, CA), according to the manufacturer’s
protocol. The quality of RNA was assessed by electrophoresis
on 1.5% agarose gel.

Using an Amino Allyl MessageAmp aRNA Kit (Ambion,
Austin, TX), total RNAs from DRGs were reverse transcribed
to single-strand cDNA with the oligo-dT primer containing a
T7 promoter sequence. The single-strand cDNA was then con-
verted into a double-strand cDNA template with the T7 pro-
moter primer. Multiple copies of amino allyl-modified aBRNA
were generated from the double-strand cDNA templates with
aaUTP. The aRNAs from the DRGs with nerve root ligation
were labeled with Cy5 dye and those from the opposite side
DRG (control) were labeled with Cy3 dye.

Hybridization to cDNA Microarrays and Data Analysis
The dye-labeled aRNA samples were hybridized to a 7793-spot
Panorama Micro Array (Sigma Genosys, Ishikari, Japan) for 16
hours at 45°C. One array membrane was used for each exper-
imental rat. Intensity of Cy3 and Cy5 fluorescence for every
gene spot on hybridized arrays was measured with a GenePix
4000B scanner (Axon Instrument, Austin, TX), and was ana-
lyzed with GenePix Pro 5.0 software (Axon Instrument).

For normalization, the fluorescent ratio for each spot was
first log-transformed using TIGR MIDAS software, version
2.19 (The Institute for Genomic Research, Rockville, MD).
Then the data for each sample were mean centered. Spots that
could not be interpreted were excluded, resulting in a list of
7513 genes available for subsequent analysis. The average of
expression ratio of Cy5 to Cy3 was obtained for each gene in
triplicate microarray experiments (3 rats in the same exper-
imental condition). The average ratio of 2 or more was de-
termined as differentially expressed. Genes were classified
into functional categories according to the categorization of
Lacroix-Fralish ez al.*

Real-Time Quantitative PCR
Seventeen genes that had been upregulated in DRG of ligated
nerve roots on day 7 and also in a peripheral axotomy model in
the literature® were picked up for validation analysis with real-
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Figure 1. Scatter plot representation of lumbar DRG gene expres-
sion. Gene expression signals of the hilateral L5 DRGs in a rat 14
days after ligation of the left L5 nerve root are shown. The x-axis
indicates the gene expression signals in the DRG of the ligated left
L5 nerve root. The y-axis indicates the gene expression signals of
the DRG of the right L5 nerve root (opposite side).

time quantitative PCR. TagMan probes for these 17 genes were
designed by and purchased from Applied Biosystems (Foster
City, CA). Total RNA was extracted from bilateral L5 DRGs of
nerve root-ligated rats (n = 3) and sham-operated rats (n = 3)
on day 7 after surgery and reverse transcribed as described
earlier. For individual reactions, 1 pg of each sample cDNA
was combined with 25 uL of TagMan Universal PCR Master
Mix, 2.5 uL of Inventoried Gene Expression Assay Mix includ-
ing TagMan probe, 1.5 uL of GAPDH Control Mix, and 20 pL
of RNase-free water. Real-time PCR was performed with the
ABI PRISM 7000 Sequence Detection system (Applied Biosys-
tems) according to the manufacturer’s protocol. All amplifica-
tions were done in triplicate and threshold cycle (C,) scores
were averaged for subsequent calculations of relative expres-
sion values. The C, scores represent the cycle number at which
fluorescence signal crosses an arbitrary threshold. The C, scores
of genes of interest for each sample were normalized against C,
scores of GAPDH. Relative expression of genes in the DRG
with nerve root ligation/sham operation versus those in the
opposite side DRG (control) was determined by the following
calculation: Relative expression = 2724 where AAC, = (C, of
ligated/sham-operated nerve DRG — C, of GAPDH) — (C, of
control DRG — C, of GAPDH). The mean of relative expres-
sion for each sample from 3 rats was then calculated.

B Resuits

Cluster Analysis of Gene Expression Profiles

of DRG Samples
To establish gene expression profiles of a lumbar radic-
ular pain model, we carried out cDNA array analysis on
DRG sample pairs from 12 different rats with lumbar
nerve root ligation and 3 rats with sham operation. As
representatively shown in Figure 1, the expression of
most lumbar DRG genes was not strongly changed after
ligation of the nerve root. We then subjected the expres-
sion profiles of the 15 DRG sample pairs to a hierarchical
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Figure 2. Hierarchial clustering of the expression profiles of 15

DRG sample pairs.

clustering analysis (Figure 2). As shown, the 3 DRG sam-
ples from sham-operated rats composed a cluster. Apart
from this cluster, the 12 DRG sample pairs of nerve root-
ligated rats were clustered into one large group. This
group was further subdivided into 2 subgroups; 1 com-
posed of the day-2 DRG samples, and the other com-
posed of day-7, day-14, and day-21 samples.

Identification of Upregulated Genes in the DRG

Adjacent to the Ligated Nerve Root
Based on the clustering analysis, we subsequently defined
genes that were upregulated at day 2 after nerve root
ligation (early phase group) and those upregulated at
days 7 and 14 (midphase group). We also defined genes
that were continuously upregulated from day 2 to day 21
after nerve root ligation (continuous group). As depicted
in Table 1, sixteen genes were upregulated in the DRG
specifically at day 2 after nerve root ligation. There were
56 genes that were upregulated both at day 7 and day 14,
but not day 2 (Table 2). Seventeen genes were continu-
ously upregulated from day 2 to day 21 after nerve root
ligation (Table 3). Thus, upregulation of genes was most
active in the midphase in line with the painful behavior of
rats that peaked during this phase.'®

We then classified genes into 9 functional categories.
Table 4 summarizes the percentages of categorized genes
in the early phase, midphase, and continuous groups.
Genes categorized into cell cycle, channels/transporters,
growth factors/cytokines, and synaptic represented less
than 10% of the upregulated genes in all 3 groups. In

contrast, 31% of genes were categorized into transcrip-
tion/translation in the early phase, whereas there were
15% in the midphase and 0% in the consistent group.
Inversely, more genes were involved in enzyme/
metabolism and structure in the midphase and continu-
ous groups than in the early phase group. Genes involved
in signal transduction comprised 19% and 20% of the
upregulated genes in the early phase and the midphase,
respectively.

Validation Analysis of Array Results

Finally we evaluated the validity of array results by real-
time quantitative RT-PCR. Seventeen genes were picked
up from 56 genes in the midphase group. Relative ex-
pression of these genes was determined in DRGs with
nerve root ligation and those with sham operation on
day 7, respectively. As depicted in Table 5, all but opioid
growth factor receptor showed mean relative expression
of 2.0 or more in the DRGs with nerve root ligation by
real-time quantitative RT-PCR. In contrast, mean rela-
tive expression of 17 genes was 1.3 or lower in the DRGs
with sham operation.

B Discussion

In the present study, we analyzed the gene expression
profile of DRG neurons using a cDNA microarray in a
rat nerve root ligation model. This model was used in our
previous electrophysiological analysis of the DRG neu-
rons as a lumbar radiculopathy model,'® showing behav-
ioral data consistent with those in the original model.'®'” The
present study was designed to extend the electrophysio-
logical approach toward comprehensive gene profiling.
We found, by cluster analysis of triplicate microarray
experiments, that the gene expression profiles were dis-
tinct, with 1 set of DRG samples in sham-operated rats
and another in rats having undergone nerve root liga-
tion. In addition, among the 12 DRG samples in rats
with ligated nerve roots, the 9 DRG samples taken at day
7, 14, and 21 were clustered into 1 group, apart from a

Table 1. List of DRG Genes Selectively Upregulated at Day 2 After Nerve Root Ligation

Gene Symbol Gene Name Accession No. Functional Categorization Day 2 Day 7 Day 14
Aurkb Aurora kinase B D89731 Cell cycle 2.2 1.6 15
CLCA Putative calcium-activated chloride channel AF077303 Channels/transporters 1.2 0.8 09
Ptgs2 Prostaglandin-endoperoxide synthase 2 NM_017232 Enzyme/metabolism 39 1.2 14
Hmox1 Heme oxygenase (decycling) 1 NM_012580 Enzyme/metabolism 26 16 1.1
Scgbilal Secretoglobin, family 1A, member 1 NM_013051 Growth factors/cytokines 20 1.3 1.2
Daf1 Decay accelarating factor 1 AF039584 Immune 2.1 14 1.6
Prir Prolactin receptor L48060 Signal transduction 2.1 15 13
Nrcam Neuron-glia-CAM-related cell adhesion molecule Us1037 Signal transduction 2.0 1.2 1.1
Flot2 Flotillin 2 AF023302 Signal transduction 2.0 1.5 16
Adcyapl Adenylate cyclase activating polypeptide 1 NM_016989 Synaptic 2.8 16 14
Fosl1 Fos-like antigen 1 NM_012953 Transcription/translation 2.3 16 12
Necl Nucleolin NM_012749 Transcription/translation 2.1 19 16
Rplp1 Ribosomal protein, large, P1 X15097 Transcription/translation 2.1 1.7 14
Pabpc1 Poly(A) binding protein, cytoplasmic 1 NM_134353 Transcription/translation 2.1 15 19
Rbm3 RNA binding motif (RNP1, RRM) protein 3 AF355190 Transcription/translation 20 18 15
Svall Seminal vesicle antigen-like 1 NM_133292 Unknown 20 0.7 08

The average Cy5/Cyt 3 ratio of gene in triplicate microarray experiments were calculated. Genes showing the ratio of 2 or more at day 2, but not at day 7 and day
14 were listed.
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