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apy was graded according to the Radiation Therapy Oncology
Group/European Organization for Research and Treatment of
Cancer late radiation morbidity scoring scheme. Vinorelbine
administration on day 8 was omitted if any of the following
were noted: WBC count <3.0 X 10/liter, neutrophil count
<1.5 X 10°/liter, platelet count <100 X 10%/liter, elevated
hepatic transaminase level or total serum bilirubin of at least
grade 2, fever =38°C, or PS =2. Subsequent cycles of
cisplatin and vinorelbine chemotherapy were delayed if any
of the following toxicities were noted on day 1: WBC count
<3.0 X 10%/liter, neutrophil count <1.5 X 10%liter, platelet
count <100 X 10%/liter, sefum creatinine level =1.6 mg/dl,
elevated hepatic transaminase level or total serum bilirubin of
at least grade 2, fever =38°C, or PS =2. The dose of cisplatin
was reduced by 25% in all subsequent cycles if the serum
creatinine level rose to 2.0 mg/dl or higher. The dose of
vinorelbine or docetaxel was reduced by 25% in all subse-
quent cycles if any of the following toxicities were noted:
WBC count <1.0 X 10%/liter, platelet count <10 X 10%/liter,
or grade 3 or 4 infection or liver dysfunction. Thoracic
radiotherapy was suspended if any of the following were
noted: fever =38°C, grade 3 esophagitis, PS of 3, or PaQ,
<70 torr. Thoracic radiotherapy was terminated if any of the
following were noted: grade 4 esophagitis, grade 3 or 4
pneumonitis, PS of 4, or duration of radiotherapy of over 60
days. The use of granulocyte colony-stimulating factor during
radiotherapy was not permitted unless radiotherapy was on
hold. The criteria for termination of docetaxel consolidation
were not defined in the protocol.

Response Evaluation

Objective tumor response was evaluated according to
the Response Evaluation Criteria in Solid Tumor.!! Local
recurrence was defined as tumor progression in the primary
site and in the hilar, mediastinal, and supraclavicular lymph
nodes after a partial or complete response; regional recur-
rence as the development of malignant pleural and pericardial
effusions; and distant recurrence as the appearance of a
distant metastasis.

Study Design, Data Management,
and Statistical Considerations

This study was conducted at three institutions: the
National Cancer Center Hospital, National Cancer Center
Hospital East, and Tochigi Cancer Center. The protocol and
consent form were approved by the institutional review board
of each institution. Registration was conducted at the regis-
tration center. Data management, periodic monitoring, and
the final analysis were performed by the study coordinator.

The primary objective of the current study was to
evaluate the feasibility of docetaxel consolidation therapy.
The secondary endpoints were toxicity observed during che-
moradiotherapy and consolidation therapy, the best response,
and overall survival in all patients eligible to participate in
this study. Because no standard method to evaluate consoli-
dation chemotherapy after chemoradiotherapy has been es-
tablished, we arbitrarily defined the primary endpoint of this
study as a ratio (R) of the number of patients receiving
docetaxel without grade 4 nonhematological toxicity or treat-
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ment-related death to the total number of patients receiving
docetaxel. The sample size was initially estimated to be 34
patients with a power of 0.80 at a significance level of 0.05,
under the assumption that a R of 0.95 would indicate poten-
tial usefulness, whereas a R of 0.8 would be the lower limit
of interest, and that 85% of patients would move into the
consolidation phase. An analysis of the first 13 patients,
however, showed that only 8 (61%) patients advanced into
the consolidation phase. The reasons for not receiving do-
cetaxel were disease progression in one, delay in completion
of chemoradiotherapy in two, grade 3 esophagitis in one, and
death due to hemoptysis in one patient. Considering that the
SWOG trial S9504 included 83 patients, we decided to revise
the number of patients in the current study. According to
Simon’s two-stage minimax design, the required number of
patients was calculated to be 59 with a power of 0.80 at a
significance level of 0.05, under the assumption that a R of
0.85 would indicate potential usefulness, whereas a R of 0.7
would be the lower limit of interest.!? Assuming that 61% of
registered patients would move into the consolidation phase,
the sample size was determined to be 97 patients.

Overall survival time and progression-free survival
time were estimated by the Kaplan—Meier method, and con-
fidence intervals (CI) were based on Greenwood’s formula.!3
Overall survival time was measured from the date of regis-
tration to the date of death (from any cause) or to the last
follow-up. Progression-free survival time was measured from
the date of registration to the date of disease progression,
death (from any cause), or the last follow-up. Patients who
were lost to follow-up without event were censored at the
date of their last known follow-up. A CI for RR was calcu-
lated using methods for exact binomial Cls. The Dr. SPSS 1I
11.0 for Windows software package (SPSS Japan Inc., To-
kyo, Japan) was used for statistical analyses.

RESULTS

Registration and Characteristics of the Patients

A total of 97 patients were enrolled in this study between
April 2001 and June 2003. Four patients were excluded from
this study before the treatment was started because the radiation
treatment planning disclosed that their tumors were too ad-
vanced for curative thoracic radiotherapy. Thus, 93 patients who
received the protocol-defined treatment were the subjects of this
analysis (Figure 2). There were 76 males and 17 females, with a
median age of 60 (range 31-74). Body weight loss was less than
5% in 77 patients; adenocarcinoma histology was noted in 57
patients, and stage IIIA disease was noted in 41 patients (Table 1).

Treatment Delivery

Treatment delivery was generally well maintained in
the chemoradiotherapy phase (Table 2). Full cycles of cispla-
tin and vinorelbine and the full dose of thoracic radiotherapy
were administered in 80 (86%) and 87 (94%) patients, re-
spectively. Delay in radiotherapy was less than 5 days in 61
(66%) patients. In contrast, the delivery of docetaxel was
poor (Table 2). A total of 59 (63%) patients could enter the
consolidation phase, and only 34 (37%) patients completed
three cycles of docetaxel chemotherapy. The reasons for not
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FIGURE 2. Patient registration. CDDP, cisplatin; DTX, do-
cetaxel; TRT, thoracic radiotherapy; YNR, vinorelbine.

receiving consolidation were toxicity in 22 (65%) patients
including pneumonitis in seven patients, myelosuppression in
five patients, esophagitis in four patients, liver dysfunction in
two patients, infection in two patients, other toxicity in two
patients, progressive disease in five (15%) patients, patient
refusal in three (9%) patients, early death due to hemoptysis
in one (3%) patient, and other reasons in three (9%) patients.
Of the 59 patients, 18 (31%) discontinued docetaxel consol-
idation because of toxicity, including pneumonitis (n = 14)
and esophagitis, infection, gastric ulcer, and allergic reaction
(n = 1 each), four (7%) because of patient refusal, and three
(5%) because of progressive disease.

Toxicity

Acute severe toxicity in the chemoradiotherapy phase
was mainly leukopenia and neutropenia, whereas grade 3 or
4 thrombocytopenia was not noted (Table 3). Severe nonhe-
matological toxicity was sporadic, and grade 3 esophagitis
“and pneumonitis were observed in only 11 (12%) and 3 (3%)
patients, respectively. Acute severe toxicity in the consolida-
tion phase also consisted of neutropenia and associated in-

TABLE 2. Treatment Delivery

Variables n %

Cisplatin and vinorelbine chemotherapy
Total number of cycles '

3 80 86
2 10 11
1 3 3
Number of vinorelbine skips
¢ 63 68
1 25 27
2-3 5 5
Thoracic radiotherapy
Total dose (Gy)
60 87 94
50-59 4 4
<50 2 2
Delay (days)
<5 61 66
5-9 20 22
10-16 6 6
Not evaluable (<60 Gy) 6 6
Docetaxel consolidation
Number of cycles
3 34 37
2 12 13
1 13 14
0 34 34

fection (Table 4). In addition, grade 3 or 4 pneumonitis
developed in 4 (7%) patients. The R observed in this study
was 0.05 (3 out of 57 patients), which was much lower than
the hypothetical value. Grade 3 or 4 late toxicities were
included lung toxicity in four patients, esophageal toxicity in
two patients, renal toxicity in one patient, and a second
esophageal cancer that developed 35.4 months after the start
of the chemoradiotherapy in one patient. Treatment-related

TABLE 1. Patient Characteristics

Characteristics n %

Gender TABLE 3. Acute Toxicity in Chemoradiotherapy (n = 93)
Male 76 82 Grade
Female 17 18 Toxicity 3 4 3+4 %

Age median (range) 60 31-74 -

Weight loss Leukopenia 54 18 72 77
<5% 76 81 Neutropenia 33 29 62 67
5-9% 12 13 Apemia 21 0 21 23
=10% 3 3 Infection 15 i 16 17
Unknown 2 Esophagitis i1 0 11 12

Histology Hyponatremia 11 0 11 12
Adenocarcinoma 57 61 Anorexia 9 1 10 11
Squamous cell carcinoma 23 25 Nausea 5 — 5 5
Large cell carcinoma 12 13 Pneumonitis 3 0 3 3
Others 1 1 Syncope 2 0 2 2

Stage Hyperkalemia 2 0 2 2
HIA 41 44 Tleus 0 1 1 1
1B 52 56 Cardiac ischemia 1 0 1 1
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TABLE 4. Acute Toxicity in Consolidation Therapy (n = 57)

Grade
Toxicity 3 4 3+4 %
Leukopenia 33 11 44 77
Neutropenia 24 26 50 88
Anemia 5 0 5 9
Infection 5 1 6 11
Esophagitis 2 0 2 3
Anorexia 1 0 1 2
Pneumonitis 2 2 4 7

death was observed in four (4%) patients. Of these, three
received docetaxel, and one did not. The reason for death was
pneumonitis in all patients. We calculated a V4 (the percent
volume of the normal lung receiving 20 Gy or more) on a
dose—volume histogram in 25 patients. Of these, five patients
developed grade 3 or severer radiation pneumonitis. A me-
dian V,; for these five patients was 35% (range, 26—40%),
whereas that for the remaining 20 patients was 30% (range,
17-35%) (p = 0.035 by 2 Mann—Whitney test).

Obijective Responses, Relapse Pattern,
and Survival

All 93 patients were included in the analyses of tumor
response and survival. Complete and partial responses were
obtained in 5 (5%) and 71 patients (76%), respectively, for an
overall RR of 81.7% (95% CI, 72.7-88.0%). Stable and
progressive diseases occurred in 12 (13%) and 5 (5%) pa-
tients, respectively. With a median follow-up period of 29.7
months, 38 patients developed locoregional recurrence, 32 de-
veloped distant recurrence, 4 developed both locoregional and
distant recurrences, and 19 did not. The median progression-free
survival time was 12.8 (95% CI, 10.2-15.4) months (Figure 3).
Two patients underwent salvage surgery for a recurrent primary

tumors. Conventional chemotherapy and gefitinib monotherapy ~

were administered after recurrence in 20 and 25 patients, respec-
tively. The median overall survival time was 304 (95% CI,
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FIGURE 3. Progression-free survival (n = 93). The median
progression-free survival time was 12.8 (95% Cl, 10.2-15.4)
months.
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FIGURE 4. Overall survival (n = 93). The median overall sur-
vival time was 30.4 (95% Cl, 25.4-35.4) months. The 1-, 2-,
and 3-year survival rates were 80, 60, and 40%, respectively.

24.5-36.3) months. The 1-, 2-, and 3-year survival rates were
80.7, 60.2, and 42.6%, respectively. (Figure 4).

DISCUSSION

This study showed that concurrent chemoradiotherapy
with cisplatin, vinorelbine, and standard thoracic radiotherapy
was well tolerated, with a high completion rate exceeding 80%.
The incidence of acute toxicity, including 67% (62/93) of grade
3 or 4 neutropenia, 12% (11/93) of grade 3 esophagitis, and 3%
(3/93) of grade 3 pneumonitis, were comparable with other
reports of concurrent chemoradiotherapy.3*10 In contrast, con-
solidation docetaxel could be administered in only 59 of 93
(63%) patients eligible to participate in this study. Of the
remaining 34 patients, 22 (65%) patients did not receive con-
solidation chemotherapy because of toxicities affecting various
organs. Other studies also showed that not all patients proceeded
to the consolidation phase after completion of concurrent che-
moradiotherapy: 61 to 78% of patients after two cycles of
cisplatin and etoposide with radiotherapy,31 and 54 to 75% of
patients after weekly carboplatin and paclitaxel with radiother-
apy.}415 Thus, for 20 to 40% of the patients, concurrent chemo-
radiotherapy was as much as they could undergo, and the addi-
tional chemotherapy was not practical.

Furthermore, the number of patients who fulfilled the
three cycles of consolidation docetaxel was only 34 (58%) of
the 59 patients, which corresponded to only 37% of those
eligible in this study. The reason for the termination of
docetaxel in the 25 patients was toxicity in 18 (72%) patients,
especially pneumonitis in 14 (56%) patients. The grade of
pneumonitis during the consolidation phase was within grade
2 in most cases, and this was probably because docetaxel was
discontinued early. Considering that pneumonitis associated
with cancer treatment is more common in Japan, docetaxel
consolidation is not thought to be feasible in the Japanese
population. The MST and the 3-year survival rate in all
eligible patients were 33 months and 44% in this study, but
docetaxel consolidation was unlikely to contribute to these
promising results because only 37% of patients received full
cycles of docetaxel. This contrasts clearly with the result of
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the SWOG study S9504, a phase II trial of two cycles of
cisplatin and etoposide with thoracic radiation followed by
three cycles of docetaxel. In this trial, 75% of patients starting
consolidation and 59% of those entering the trial received full
cycles. In addition, docetaxel consolidation seemed to pro-
long survival, although this was drawn from a retrospective
comparison of the results between the two SWOG studies
S9504 and $9019.10

There is no widely used definition of consolidation
therapy following chemoradiotherapy. Given that consolida-
tion therapy is arbitrarily defined as chemotherapy with three
cycles or more after the coppletion of concurrent chemora-
diotherapy, only one randomized trial is available in the litera-
ture. The randomized phase I1I trial of standard chemoradio-
therapy with carboplatin and paclitaxel followed by either
weekly paclitaxel or observation in patients with stage I
NSCLC showed that only 54% of patients proceeded to
randomization, and overall survival was worse in the consol-
idation arm (MST, 16 versus 27 months).!s Thus, there have
been no data supporting the use of consolidation therapy,
especially when a third-generation cytotoxic agent such as
paclitaxel and vinorelbine is incorporated into concurrent
chemoradiation therapy.

The low complete-response rate of 5% in this study
may be explained partly by an inability to distinguish be-
tween inactive scarring or necrotic tumor and active tumor
after radiotherapy. Positron emission tomography (PET) us-
ing 18F-fluorodeoxyglucose showed a much higher rate of
complete response than conventional CT scanning and pro-
vided a better correlation of the response assessment using
PET with patterns of failure and patient survival.!® In addi-
tion, the high locoregional relapse rate in this study clearly
showed that the conventional total dose of 60 Gy was insuf-
ficient. Three-dimensional treatment planning, omission of
elective nodal irradiation, and precise evaluation of the gross
tumor volume by PET may facilitate the escalation of the
total radiation dose without enhanced toxicity.

In conclusion, cisplatin and vinorelbine chemotherapy
concurrently combined with standard thoracic radiotherapy
and followed by docetaxel consolidation produced promising
overall survival in patients with stage IIl NSCLC, but the vast
majority of patients could not continue with the docetaxel
consolidation because of toxicity.
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A Literature Review of Molecular Markers Predictive of
Clinical Response to Cytotoxic Chemotherapy in Patients
with Lung Cancer
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Background: To find candidate genes for a predictive chemosensi-
tivity test in patients with lung cancer by using a literature review.
Methods: Using MEDLINE searches, “in vitro chemosensitivity
associated genes” and articles on association of the gene alteration
with clinical chemosensitivity in lung cancer patients were selected.
We calculated odds ratios (ORs) and their 95% confidence intervals
(95% Cls) of response rates for patients who had tumors with or
without gene alteration. Combined ORs and 95% ClIs were estimated
using the DerSimonian-Laird method.

Results: Of the 80 in vitro chemosensitivity-associated genes iden-
tified, 13 genes were evaluated for association with clinical chemo-
sensitivity in 27 studies. The median (range) number of patients in
each study was 50 (range, 28-108). The response rates of lung
cancer with high and low P-glycoprotein expression were 0% and
73% to 85%, respectively (p < 0.001). Glutathione S-transferase pi
expression (OR 0.22, 95% CI 0.06-0.79), excision repair cross-
complementing 1 alterations (combined OR 0.53, 95% C10.28-1.01;
p = 0.055), and tumor suppressor p53 mutation (combined OR 0.25,
95% CI 0.12-0.52) were associated with clinical chemosensitivity.
Conclusion: In total, 80 in vitro chemosensitivity-associated genes
were identified in the literature, and high and low P-glycoprotein,

glutathione S-transferase pi expression, excision repair cross-com- -

plementing 1 alterations, and tumor suppressor p53 mutation were
candidates for future clinical trials of chemosensitivity tests in lung
cancer patients.

Key Words: chemotherapy, drug response, molecular markers,
prediction, lung cancer

(J Thorac Oncol. 2006;1: 31-37)

ung cancer is the leading cause of death in many countries
despite extensive basic research and clinical trials. Ap-
proximately 80% of patients with lung cancer have developed
distant metastases either by the time of initial diagnosis or
during recurrence after surgery for local disease. Systemic
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chemotherapy against lung cancer, however, has limitations
in efficacy such that patients with distant metastases rarely
live long.!

Tumor response to chemotherapy varies among pa-
tients, and objective tumor response rates to standard chemo-
therapy regimens are approximately 20 to 40% in patients
with non—small-cell lung cancer and 60 to 90% in patients
with small-cell lung cancer. Thus, it would be extremely
useful to know in advance whether patients have tumors that
respond to chemotherapy agents and whether the tumors
would be resistant to such therapy. For this purpose, cell
culture-based chemosensitivity tests have been investigated
for more than 20 years, but they are not widely accepted
because of technical problems such as the large amount of
material required, a Jow success rate for the primary culture,
length of time required, and poor correlation with the clinical
response.?—

To overcome these obstacles, DNA-, RNA-, and pro-
tein-based chemosensitivity tests have been created, but gene
alterations that are predictive of the clinical drug response are
not established. Recently, as many as 400 genes whose
expression was associated with drug response were identified
by cDNA microarray studies, but their functions do not seem
to be related to drug sensitivity or resistance.5-1 In addition,
the genes identified by microarray studies were highly unsta-
ble and depended on the selection of patients used for gene
identification.! 12 The purpose of this study was to provide an
overview of gene alterations in lung cancer that are associated
with chemotherapy drug response to identify candidate genes
for predictive chemosensitivity tests in patients with lung
cancer,

MATERIALS AND METHODS

Because one set of genes associated with chemosensi-
tivity is those directly involved in drug resistance mecha-
nisms, we conducted a MEDLINE search for articles on
tumor drug resistance published in the years 2001-2003. This
search yielded 112 studies, including several review articles.
By searching manually through these articles, we identified
134 genes or gene families that may be involved in drug
resistance based on their function. We conducted the second
MEDLINE searches for papers of in vitro studies on the 134
genes or gene families by using their names as a keyword.
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From the 134 genes, we selected genes that met the following
definition of “in vitro chemosensitivity associated genes™: 1)
alteration of the gene was identified in a human drug-induced
resistant, solid tumor cell line; 2) transfection of the gene
induced drug resistance; or 3) down-regulation of the gene or
its encode protein increased drug sensitivity. In this latter
category, we included studies in which the gene expression or
function was suppressed by antisense RNA, hammerhead
ribozyme, or an antibody against the gene product. We
excluded studies in which drugs were used to inhibit function
because the specificity of the drug against the target may not
have been complete. We pepformed a third MEDLINE search

for articles on the association between the gene alteration and
* chemosensitivity of lung cancer cell lines by using the name
of the gene as a keyword. Articles in which the association
was evaluated in 20 or more cell lines were included in this
study. Finally, we searched MEDLINE for studies on the
association between the gene alteration and clinical drug
response in patients with lung cancer by using the name of the
gene as a keyword. Articles in which the association was
evaluated in 25 or more patients with advanced lung cancer
were included in this study. Studies in which gene expression
was evaluated with microarray were excluded because result
analysis and interpretation of this technique have not been
established, as indicated by the fact that the list of genes
identified by microarray studies was highly variable without
overlap between these gene sets.!’:'2 Clinical studies on
concurrent chemoradiotherapy were excluded. We con-
structed 2 X 2 tables from the response data and calculated
odds ratios (ORs), their variances, and 95% confidence inter-
vals (95% Cls) for the patients who had tumors with gene
alteration relative to those who had tumors without gene
alteration. Combined ORs and 95% Cls were estimated using
the DerSimonian-Laird method.!®> When a response rate was
0, association with gene alteration was evaluated using the x*
test because 95% Cls for ORs cannot be calculated. The name
of each gene was standardized according to Human Gene
Nomenclature Database of National Center for Biotechnol
ogy Information.

RESULTS

Of the 134 genes or gene families found, a gene
alteration in drug-induced resistant cells, an increased or
decreased resistance in transfected cells, and an altered sen-
sitivity in gene down-regulated cells were reported for 45, 57,
and 32 genes, respectively. In total, 80 genes met the defini-
tion of “in vitro chemosensitivity associated gene” (Table 1).

Gene alteration was associated with in vitro chemosen-
sitivity in 15 (50%) of 30 studies on 15 (56%) of 27 gene
alterations (Table 2). Clinical drug response was evaluated in 27
studies on 13 gene alterations. The methods used to identify
gene alteration included immunohistochemical protein expres-
sion analysis (n = 18), polymerase chain reaction (PCR)-
based mRNA expression analysis (# = 3), and PCR-based
mutation analysis (# = 6). All but one clinical study was
retrospective, and the median (range) number of patients in
each study was 50 (28-108). Gene alteration was associated
with clinical response in 8 of the 27 (30%) studies (Table 2).

TABLE 1. In Vitro Chemosensitivity-Associated Genes

Transporters: ABCA2, ABCB1, ABCB11, ABCCl, ABCC2, ABCC3,
ABCC4, ABCC5, ABCG2, MVP, ATP7A, ATP7B, SLC29Al,
SLC28A1, SLCI%AIL

Drug targets: TUBB, TUBB4, TUBA, TYMS, TOP1, TOP2A, TOP2B,
DHFR,

Target-associated proteins : MAP4, MAP7, STMN1, KIF5B, HSPAS,
PSMD14, FPGS

Intracellular detoxifiers: GSTP1, GPX, GCLC, GGT2, MT, RRM2,
AKRIBI

DNA damage recognition and repair proteins: HMGB1, HMGB2, ERCC1,
XPA, XPD, MSH2, MLHI, PMS2, APEX1, MGMT, BRCA], GLO1

Cell cycle regulators: RB1, GML, CDKNIA, CCND1, CDKN2A,
CDKNIB

Mitogenic signal regulators: ERBB2, EGFR, KRAS2, HRAS, RAF1
Survival signal regulators: AKT1, AKT2

Integrin: ITGB1

Transcription factors: JUN, FOS, MYC, NFKB1

Apoptosis regulators: TP53, MDM2, TP73, BCL2, BCL2L1, MCLI,
BAX, BIRC4, BIRCS, TNFRSF6, CASP3, CASPS8, HSPB1

We evaluated the association between transporter P-
glycoprotein/multidrug resistance 1 (ABCB1) expression and
clinical chemosensitivity in four studies. The response rate of
lung cancer with high ABCB1 expression was consistently
0%, whereas that for lung cancer with low ABCBI1 expres-
sion was 73 to 85% (Table 3). Among drug targets, only
topoisomerase Il-beta (TOP2B) expression was associated
with clinical drug response in patients with small-cell lung
cancer (OR 0.29, 95% CI 0.09-0.95). The intracellular detox-
ifier glutathione s-transferase pi (GSTP1) was associated with
both in vitro and clinical drug response (OR 0.22, 95% CI
0.06-0.79) (Table 4). DNA repair gene excision repair cross-
complementing 1 (ERCC1) alterations were associated with
drug response among patients with non—small-cell lung
cancer with marginal statistical significance; the combined
OR (95% CI) for ERCCI alteration was 0.53 (0.28-1.01; p =
0.055) (Table 5). Tumor suppressor p53 (TP53) mutation was
the only alteration associated with drug response among
patients with non—small-cell lung cancer among genes in-
volved in cell cycle and apoptosis. A combined OR (95% CI)
for TP53 among patients with non—small-cell lung cancer
was 0.25 (0.12-0.52) (Table 6). B-cell CLL/lymphoma 2
(BCL2) and its family protein expression was not associated
with clinical drug response (Table 7).

DISCUSSION

We identified 80 in vitro chemosensitivity-associated
genes in our literature search. Of these, 13 were evaluated
clinically in 27 studies; ABCBI, TOP2B, GSTP1, and
ERCC1 expression and TP53 mutation were associated with
changes to drug responses among patients with lung cancer.

Classical drug resistance is believed to be the result of
molecular changes inhibiting the drug-target interaction.
ABCBI, an ATP-binding cassette protein, acts as an energy-
dependent transmembrane efflux pump and decreases the
intracellular accumulation of anticancer drugs, including an-
thracyclines, vinca alkaloids, taxanes, and epipodophyllotox-
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TABLE 2. Chemosensitivity-Associated Genes and Association with Chemosensitivity

Association with chemosensitivity

In vitro studies (n)

Clinical studies (n)

Category No of Genes Total Yes Y Total Yes %
Transporter 15 9 5 55 4 4 100
Drug target 8 2 1 50 5 1 20
Target-associated protein 7 0 0 0 0
Intraceltular detoxifier 7 3 3 100 1 1 100
DNA repair A 10 1 1 100 6 0 0
Damage recognition protein 2 0 0 0 0
Cell cycle 6 4 2 50 2 0 0
Mitogenic signal 5 3 1 33 1 0 0
Survival signal 2 0 0 0 0
Transcription factor 4 3 0 0 0 0
Cell adhesion-mediated 1 0 0 0 0
drug-resistance protein
Apoptosis 13 5 2 40 8 25
Total 80 30 15 50 27 8 30

TABLE 3. ABCB1 (P-Glycoprotein) and Clinical Response to Chemotherapy

Author Histology Drugs Method Expression Patients (n) RR (%) Odds ratio
Yeh et al.*° Non-small ceil Paclitaxel [HC Low 35 80 0

High 15 0 p <0.001*
Kawasaki et at.?! Small cell CAV or EP HC Low 26 85 0

High 4 0 p <0.001*
Hsia et al.3? Small cell EP IHC Low 37 73 0

High 13 0 2 <0.001*
Savaraj et al.® Small cell CAV, CEV, or EP RT-PCR Low 24 75 0

High 7 0 p <0.001*

Combined odds ratio for ABCB expression in patients with SCLC: 0

IHC, Immunohistochemical analysis; RR, response rate; RT-PCR, reverse transcriptase-polymerase chain reaction.

*Calculated using the x? test because the confidence interval cannot be calculated.

ins. Overexpression of this protein gives tumor cells a mul-
tidrug resistance phenotype in vitro, which is thought to be
associated with clinical chemoresistance.* Our review
showed that the response rate of tumors with ABCB1 over-
expression was 0 in all studies of lung cancer, whereas that
for lung cancer tumors with low ABCB1 expression was 73
to 85% (Table 3).

There is a close relationship between drug sensitivity
and quantitative and qualitative alterations of the drug’s
target, including tamoxifen sensitivity and estrogen receptor
expression and trastuzumab response and Her-2/neu overex-
pression in breast cancer,!’ imatinib resistance and BCR-
ABL gene amplification and mutations in Philadelphia chro-
mosome-positive leukemias, 6 and imatinib response and KIT
gene mutations in gastrointestinal stromal tumors.!” In all of
these cases, the target molecule is a receptor or a mutated
tyrosine kinase located at the entry of growth-stimulating
signal transduction pathways. Recently, gefitinib, a tyrosine
kinase inhibitor of the epidermal growth factor receptor
(EGFR), has been developed, and two large phase II trials

showed a response rate of 18% and 12% in patients with
non—small-cell lung cancer who were previously treated
with conventional chemotherapy.!®1? Responses to the drug
have been unpredictable, but mutations of the EGFR gene
were identified in patients with gefitinib-responsive lung
cancer.202! Furthermore, all mutations in these tumors were
restricted to the activation loop of the kinase domain of
EGFR, which are in distinct contrast to mutations in extra-
celluar and regulatory domains of EGFR in glioblastoma,
which are unresponsive to gefitinib.22 Thus, molecular devel-
opments of structure and function of the targets hold the
promise of targeted cancer therapy. The target molecules of
many anticancer cytotoxic agents have not been clearly de-
fined; therefore, the relationship between the target molecule
status and sensitivity to the agent has not been established.
TOP2B expression was associated with drug response in
patients with small-cell lung cancer, with a response rate of
71% for high TOP2B expression tumors versus 90% for low
TOP2B expression tumors (OR 0.29, 95% CI 0.09-0.95).23
This result, however, is in contrast with the idea that a higher
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TABLE 4. Drug Targets, Intracellular Detoxifier, and Clinical Response to Chemotherapy

Auther Histology Drugs Method Expression Patients (#) RR (%) Odds ratio (95% CI)
Beta-tubulin class IiI
Rosell et al. 3 Non-small cell  Paclitaxel, Real-time Low 13 46 0.39
Vinorelbine PCR High 24 25 (0.09-1.62)

Topoisomerase II-alpha
Dingemans et al.? Small cell CEV or EP IHC Low 65 85 0.65

High 23 80 (0.20-2.17)
Dingemans et al.> Nfon-small cell  Platinum-based  IHC Low 30 47 0.67

High 8 38 (0.14-3.40)
Topoisomerase II-beta
Dingemans et al.2? Small cell CEV or EP IHC Low 48 90 0.29

High 35 71 (0.09-0.95)
Dingemans et al.* Non-small cell  Platinum-based ~ IHC Low 18 50 0.86

High 13 46 (0.21-3.58)
Glutathione s-transferase pi
Nakanishi et al.¢ Non-small cell Cisplatin-based IHC Low 17 47 0.22

High 37 16 (0.06-0.79)

Cl, confidence interval; IHC, immunchistochemical analysis; PCR, polymerase chain reaction; RR, response rate; CEV, cyclophosphamide, etoposide, and vincristine; EP,

etoposide and cisplatin.

TABLE 5. DNA Repair Genes and Clinical Response to Chemotherapy

Odd ratio
Author Histology Drugs Method Alteration Patients (1) RR (%) 95% CI)
Excision repair cross-complementing 1
expression
Lord et al. *7 Non-small cell  Cisplatin, Real-time Low 23 52 0.38
gemcitabine PCR High 24 36 (0.11-1.26)
Excision repair cross-complementing 1
(ERCC1) polymorphism at codon
118
Ryu et al.*® Non-small cell  Cisplatin-based ~ PCR cic 54 54 0.61
’ Hybridization  C/T or T/T 53 42 (0.28-1.31)
Combined odds ratio (95% C.1.) for
ERCC1 alteration in patients with
NSCLCO0.53 (0.28-1.01, p = 0.055)
Xeroderma pigmentosum group D
polymorphism
At codon 231
Ryu et al.3® Non-small cell  Cisplatin-based ~ PCR G/G 100 43 1.08
Hybridization = G/A or AJA 8 50 (0.26-4.57)
At codon 312
Camps et al.>® Non-small cell  Cisplatin, PCR G/G 18 17 333
gemcitabine Sequencing G/A or AJA 15 40 (0.66-16.7)
At codon 751
Camps et al.*° Non-small cell  Cisplatin, PCR A/A 22 23 2.04
gemcitabine Sequencing A/C or C/C 16 38 (0.49-8.45)
Ryu et al.*® Non-small cell  Cisplatin-based ~ PCR A/A 96 49 0.74
Hybridization ~ A/C 12 42 (0.22-2.51)

Combined odds ratio (95% CI) for XPD polymorphism in patients with NSCLC: 1.38 (0.68-2.78).

CI, confidence interval; PCR, polymerase chain reaction; RR, response rate; NSCLC, non—small-cell lung cancer; XPD, xeroderma pigmentosum group D.
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TABLE 6. Cell Cycle Regulators, Mitogenic Signals, Tumor Protein p53, and Clinical Response to Chemotherapy

Patients RR  Odds ratio
Author Histology Drugs Method Alteration (n) (%) (95% CI)
Retinoblastoma 1 expression
Gregorc et al. % Non-small cell  Cisplatin-based IHC Low 61 51 045
High 41 32 (0.20-1.03)
Cyclin-dependent kinase inhibitor 1A, p21 expression
Dingemans et al.? Small cell CEV, EP IHC Low 63 90 057
High 22 71 (0.17-1.92)
Kirsten rat sarcoma 2 viral oncogene homolog mutation
Rodenhuis et al. *" 4 f- Aenocarcinoma  [fosfamide, PCR-MSH  Normal 46 26 065
carboplatin Mutated 16 19 (0.16-2.70)
Tumor protein p53 (P53) mutation
Nakanishi et al 3¢ Non-small cell ~ Cisplatin-based IHC Normal 11 45  0.19
Mutated 29 15 (0.04-094)
Gregorc et al.* Non-small cell  Cisplatin-based [HC Normal 56 57 026
Mutated 46 26 (0.11-0.62)
Combined odds ratio (95% CI) for P53 mutation in
patients with NSCLC: 0.25 (0.12-0.52)
Kawasaki et al.3! Small cell CAV or EP IHC Normal 10 70 13
Mutated 20 75 (0.24-6.96)
Dingemans et al.* Smali cell CEV or EP IHC Normal 47 85  0.81
Mutated 45 82  (0.27-2.45)

Combined odds ratio (95% C.1.) for P53 mutation
in patients with SCLC: 0.93 (0.37-2.35).

Cl, confidence interval; IHC, immunohistochemical analysis; PCR-MSH, polymerase chain reaction-mutation specific hybridization; RR, response rate; CEV, cyclophosphamide,

etoposide, and vincristine; EP, etoposide and cisplatin.
“Prospective study.

TABLE 7. B-Cell CLL/Lymphoma 2 (BCL2) Family Expression and Clinical Response to Chemotherapy

Odds ratio
Author Histology Drugs Method Expression Patients (1) RR (%) (95% CI)
BCL2
Krug et al.*? Non-small cell  Docetaxel, IHC Low 26 46 1.75
vinorelbine High 5 60 (0.25-12.3)
Dingemans et al.? Smalt cell CEV or EP IHC Low 20 79 1.36
High 71 85 (0.38-4.86)
Takayama et al.¥ Small cell CAV or EP IHC Low 17 76 0.50
High 21 62 (0.12-2.08)
Combined odds ratio (95% CI) for BCL2 expression in patients with SCLC: 0.87 (0.33-2.32)
BAX (BCL2-associated X protein)
Krug et al.*? Non-small cell  Docetaxel, vinorelbine IHC Low 9 56 0.72
High 19 47 (0.15-3.54)

CI, confidence interval; THC, immunohistochemical analysis; RR, response rate; CEV, cyclophosphamide, etoposide, and vincristine; EP, etoposide and cisplatin.

expression of topoisomerase Il enzymes correlates with
greater chemosensitivity in patients with breast cancer.24

In addition to genes involved in classical drug resis-
tance, genes that act downstream of the initial damage in-
duced by a drug-target complex are thought to play an
important role in chemosensitivity.2s ERCC1 is a key enzyme
in nucleotide excision repair, one of the key pathways by
which cells repair platinum-induced DNA damage. High
levels of ERCC1 mRNA have been associated with platinum

Copyright © 2006 by the International Association for the Study of Lung Cancer

resistance in the treatment of ovarian and gastric cancer.2627
The codon 118 in exon 4 of ERCC1 gene is polymorphic with
the nucleotide alteration AAC to AAT. Although this base
change results in coding for the same amino acid, it may
affect gene expression based on the usage frequency of
synonymous codons.?® The associations between drug re-
sponse and both ERCC1 gene expression and polymorphism
at codon 118 in patients with non—small-cell lung cancer
have been reported in the literature. A combined OR (95%
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CI) for these ERCC]1 alterations was 0.53 (0.28-1.01, p =
0.055), although each study failed to show statistical signif-
icant association. Thus, ERCC1 may be a candidate for
evaluation of the predictability of drug response in future
clinical trials.

TP53, which is mutated or deleted in more than half of
lung cancer cells, has a remarkable number of biological
activities, including cell-cycle checkpoints, DNA repair, ap-
optosis, senescence, and maintenance of genomic integrity.
Because most anticancer cytotoxic agents induce apoptosis
through either DNA damage or microtubule disruption, mu-
tated TP53 may decrease chemosensitivity by inhibiting ap-
optosis or, in contrast, may increase chemosensitivity by
impairing DNA repair after drug-induced DNA damage.?
This review showed that mutated TP53 was associated with
poor drug response in patients with non—small-cell lung
cancer (Table 6).

No other genes located downstream (including xero-
derma pigmentosum group D, retinoblastoma 1, cyclin-de-
pendent kinase inhibitor 1A, Kirsten rat sarcoma 2 viral
oncogene homolog, B-cell CLL/lymphoma 2, and B-cell
CLL/lymphoma 2-associated X protein) were associated with
clinical drug response (Tables 5-7). The association was
evaluated for only 8 of 43 in vitro chemosensitivity-associ-
ated downstream genes; therefore, key genes may be among
the remaining 35 genes. Most clinical studies included a
limited number of patients with various background charac-
teristics such as tumor stage and chemotherapy regimen
administered, which resulted in low statistical power to iden-
tify the association. Finally, because all but one study was
retrospective, the quality of tumor samples may vary, and it
is therefore unclear whether the gene alteration was detected
in all samples. Thus, in future prospective clinical studies, the
method of tumor sample collection and preservation, as well
as immunohistochemistry and polymerase chain reaction-
based methods, should be standardized, and the sample size
of patients should be determined with statistical consider-
ation.

The recently developed microarray technique enables
investigators analyze mRNA expression of more than 20,000
genes at once, and as many as 100 to 400 genes were selected
statistically as chemosensitivity-related genes.5-%1¢ Among
them, however, only a limited number of genes were func-
tionally related to chemosensitivity, and only ABCBI and
BAX corresponded with the 80 chemosensitivity-associated
genes identified in this literature review, which were picked
because of their known function and contribution to in vitro
chemosensitivity. Thus, it will be interesting to evaluate the
role of expression profile of these genes using microarray
analysis.

The association between the expression and alterations
of genes and clinical drug responses should be studied further
in prospective trials. ABCB1, GSTPI, ERCC1, and TPS53,
and other genes identified by exploratory microarray analyses
should be evaluated in those trials. Simple methods to iden-
tify gene alterations, such as immunohistochemistry and
polymerase chain reaction-based techniques, will be feasible
in future clinical trials because of their simplicity, cost, and

time. The median number of patients in retrospective studies
analyzed in this review was 50 (range, 28-108). In future
prospective trials, sample size consideration for statistical
power will also be important.

In conclusion, we identified 80 in vitro chemosensitiv-
ity-associated genes in a review of the literature; ABCBI,
GSTP1, and ERCC1 expression and TP53 mutation were
associated with drug responses among patients with lung
cancer.
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Genetic polymorphisms of UDP-glucuronosyltransferases (UGTs) are involved
in individual and ethnic differences in drug metabolism. To reveal co-
occurrence of the UGTIA polymorphisms, we first analyzed haplotype
structures of the entire UGTTA gene complex using the polymorphisms from
196 Japanese subjects. Based on strong linkage disequilibrium between
UGTTA8 and 1A70, among TA9, T1A7, and 1A6, and between TA3 and 147,
the complex was divided into five blocks, Block 8/10, Block 9/6, Block 4, Block
3/1, and Block C, and the haplotypes for each block were subsequently
determined/inferred. Second, using pyrosequencing or direct sequencing,
additional 105 subjects were genotyped for 41 functionally tagged
polymorphisms. The data from 301 subjects confirmed the robustness of
block partitioning, but several linkages among the haplotypes with functional
changes were found across the blocks. Thus, important haplotypes and their
linkages were identified among the UGTI1A gene blocks (and segments),
which should be considered in pharmacogenetic studies.
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Introduction

Glucuronidation, catalyzed by UDP-glucuronosyltransferases (UGTs), is one of
the critical steps in the detoxification and elimination of various endogenous
and exogenous compounds.™? As for the genes coding UGTs, two subfamilies,
UGTI1 and UGT2, have been identified in humans. The human UGTIA gene
complex spans approximately 200kb, is located on chromosome 2qg37, and
consists of nine active and four inactive exon 1 segments (in the following
segment order: UGT1AI2ZP, 1A11P, 1A8, 1A10, 1AI3P, 1A9, 1A7, 146, 1AS, 1A4,
1A3, 1A2P, and 1AI) and common exons 2-5 (Figure 1). One of the nine active
exon-1's (namely, 1A1 and 1A3-1A410) can be used in conjunction with the
common exons.>? The UGT1A N-terminal domains (encoded by the exon-1’s)
determine the substrate-binding specificity and the C-terminal domain (encoded
by exons 2-5) is important for binding to UDP-glucuronic acid.? Thus, the exon 1
segments confer the substrate specificity of UGT1A isoforms,* and the 5'-flanking
region (and possibly the 3'-flanking region) of each exon 1 is acknowledged to
independently regulate the expression of each isoform.3*

A number of genetic polymorphisms including single nucleotide polymorph-
isms (SNPs) in UGTIAs have been identified and published on the UDP
glucuronosyltransferase home page (http://som.flinders.edu.au/FUSA/Clin-
Pharm/UGT/allele_table.html). Some of these polymorphisms are known to
affect glucuronidation rates.>?* Regarding 1A1, a TATA box variant (-40_-39
insTA: *28 allele), increases the risk of irinotecan-induced toxicity via decrease
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Figure 1 The organization of the human UGTTA gene complex and the polymorphisms used for genotyping. The human UGT74 gene complex
(nine active and four inactive exon-1’s, and common exons 2-5) spans approximately 200 kb. Four pseudogenes (1A2p, TAT1p, 1A12p, and 1A13p),

and 7145, which mRNA expression has not yet been detected in any tissue,

were not analyzed in this study and are depicted by the small and gray

bars. The complex was divided into five blocks, Block 8/10, Block 9/6, Block 4, Block 3/1, and Block C.

in detoxicating glucuronidation of 7-ethyl-10-hydroxy-
camptothecin (SN-38), an active metabolite of irinotecan.®
Another 1A1 polymorphism, 211G > A (G71R: *6 allele), also
shows reduced activity to SN-38.7% In addition, it has been
reported that the I1A7 alleles, *2 (387T>G (N129K),
391C>A and 392G>A (R131K)), *3 (N129K, R131K, and
622T>C (W208R)) and *4 (W208R) show reduced activities
towards benzo(a)pyrene metabolites: for SN-38 glucuronida-
tion, *3 and *4, but not *2, are less active.5”?

Haplotypes, linked combinations of SNPs on a chromo-
some, have the advantage of providing more useful
information on phenotype-genotype links than individual
SNPs.*¢ Co-occurrence of the SNPs or segmental haplotypes
with functional changes in the UGTIA complex could lead
to a cooperative alteration in glucuronidation activity.
Kohle et al.'” reported close linkages among 141*28, 1A6*2
(T181A/R184S), and 147*3 (N129K/R131K/W208R) in Cau-
casians and Egyptians. Moreover, a recent analysis has
shown that the low-activity alleles, IA7*2 and *3, were
completely associated with the 149 —126_-118 T9 allele,
whereas the high-activity IA7*1 allele was linked with the
—126_-118 T10 allele (1A9*22: high expression) in Amer-
icans.'® However, there is no haplotype analysis with a high
SNP density for the entire UGTIA complex, especially for
Asian populations, which includes the Japanese.

Previously, we have reported the segmental haplotype
structures for 141, 144, and 1A6 exon-1l's in Japanese
subjects.’®?! In this study, additional first exons (143,
1A7, 1A8, 1A9, and 1A10) and their surrounding promoter
or intronic regions were sequenced for the same 196
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Japanese subjects as used for the analysis of 141, 144, and
1A6, and the haplotypes for the UGTIA complex were
inferred in linkage disequilibrium (LD) blocks, 148-1410,
1A9-1A7-1A6, and 1A3-1A1. Then, the tagged polymorph-
isms with functional changes were genotyped for additional
105 Japanese subjects. Finally, several linkages among the
block haplotypes were inferred in a total of 301 subjects and
compared with those of other ethnic groups.

Results

UGT1AB, 1A10, 1A9, 1A7, and 1A3 polymorphisms detected
in a Japanese population
All the exon-1's and their flanking regions of UGTI1A8, 1410,
1A9, 1A7, and 1A3 were sequenced in 196 Japanese subjects
(108 arrhythmic patients and 88 cancer patients). As for
1A6, 1A4, 1A1, and common exons 2-5, their SNPs and
segmental haplotypes have already been reported.}®-2!
UGT1AS was omitted from the current analysis because
the expression of 145 mRNA has not been shown in any
tissue.? AF297093.1 (GenBank accession number) was used
as the UGTI reference sequence. All the allele frequencies
were in Hardy-Weinberg equilibrium. No statistically sig-
nificant differences in allelic frequencies of the detected
SNPs were found between the subjects with the different
disease types (P>0.05 by x* test or Fisher’s exact test). Thus,
the data for all subjects were analyzed as one group.

In 1A8, seven SNPs, including two novel synonymous
ones, were detected (Figure 2). The known nonsynonymous



SNP, 518C> G (A173G, *2 allele), was found at a frequency
of 0.594. As for 1A10, eight SNPs were detected. Among
them, two polymorphisms, 4G>A (A2T) and 200A>G
(E67G), were novel (Figure 2). Previously reported SNPs
177G>A (M591, *2 allele) and 605C>T (T202I, *3 allele)
were both found at a 0.010 frequency. Seven polymorphisms
were detected in 149, and two of them, —126_-118 T9>T11
and 422C>G (5141C), were novel (Figure 3). The SNPs
726T>G (Y242X, *4 allele) and 766G > A (D256N, *5 allele)
were found at frequencies of 0.003 and 0.010, respectively.
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In this study, the known insertion, —126_-118 T9>T10
(*22 allele), was also detected at a 0.666 frequency. A total of
nine SNPs including two novel ones (-70G>4A, and
726T>C (Y242Y)) were detected in IA7 (Figure 3). The
known nonsynonymous SNPs, 387T>G (N129K), 391C>A
and 392G>A (Ri31K: the SNPs at 391 and 392 are
completely associated), and 622T>C (W208R), were also
detected at frequencies of 0.350, 0.350, and 0.219, respec-
tively. In 143, 10 SNPs were detected, and only 46C>T
(L16L) was novel. The known nonsynonymous SNPs,
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rare haplotypes that were inferred from only one subject (frequency was

17A>G (Q6R), 31T>C (W11R), 133C>T (R45W), and
140T>C (V474A), were detected at frequencies of 0.051,
0.265, 0.043, and 0.133, respectively (Figure 4).

LD analysis

Next, pairwise LD analysis was performed for the UGTI1A
genes using the polymorphisms detected in this study (148,
1A10, 1A9, 1A7, and 1A3) and previous studies (146, 144,
1A1, and common exons 2-5)1°2! from the same 196
subjects, and the values for rho square (%), chi square (x%),
and |D'| were obtained. Variations found in only one subject
were excluded from the analysis. Since the data for r* and »*
values were almost equivalent, only the data for r* is
depicted in Figure 5. Several close linkages within each
segment were seen between the variations of the 148, 1A10,
1A7, and 1A3 gene segments, as seen in the 146, 144, and
1A1 segments and common exons that were previously
analyzed. Furthermore, strong linkages were also observed
across the segments, especially between 1A8 and 1A10,
among 1A9, 1A7, and 1A6, and between 143 and 1A1, where
approximately 19, 35.5, 10, 11, 26, 10.5, and 29.5kb
separate 1AI0 from 1A8, 1A9 from 1A10, 1A7 from 1A9,
1A6 from 1A7, 1A4 from 1A6, 1A3 from 1A4, and 1A1 from
1A3, respectively. Thus, the region from 1A8 to 1Al was
divided into four LD blocks: Block 8/10 (1A8 and 1A10), Block
9/6 (1A9, 1A7, and 1A6), Block 4 (1A4), and Block 3/1 (1A3
and 1A1). The data from the || values supported this block
partitioning (data not shown). In addition, a few excep-
tional strong linkages (over 0.7 for r?) beyond the LD blocks
were also observed. The perfect linkage (r* = 1) was detected
between 1410 177G >A (M59]) and 149 766G > A (D256N),
and between 1A4 IVS1+101G>T and IAI 686C>A
(P229Q). A strong LD (r*=0.95) was also shown between
1A8 711A>C (T237T) and 1A3 17A>G (Q6R). In addition,
1A7 756G>A (L252L) was strongly linked with 144
—219C>T, —-163G>A, 142T>G (L48V), 448T>C (L150L),
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0.003) is sometimes inaccurate.

804G >A (P268P), and IVS1 +43C>T (*=0.78 or greater).
The other linkages were less than 0.67 for 2.

Haplotype analysis

Next, the haplotypes for Block 8/10, Block 9/6, and Block 3/1
were analyzed. The haplotypes of Block 4, consisting of the
1A4 segment,®* and Block C, covering common exons 2-5
(Block 2 in a previous paper'®), have already been reported.
The block haplotypes were tentatively named with Roman
numerals plus small alphabetical letters. The haplotypes
were also estimated for each gene .segment (segment
haplotypes), where a group of haplotypes without amino-
acid changes was defined as *1.

As for Block 8/10, consisting of the two segments 148 and
1A10, six haplotypes were first unambiguously assigned by
the presence of homozygous SNPs at all sites (*Ia, *Ib, *Ila,
and *IIb) or a heterozygous SNP at only one site (*IIc and
*IIla). We separately estimated the diplotype configuration
(a combination of haplotypes) for each subject by LDSUP-
PORT software. The diplotype configurations of 184 subjects
were inferred with a probability greater than 0.96, and the

‘remaining diplotypes (12 subjects) had a probability greater
than 0.54. The haplotype inferred in the diplotypes with low
probabilities were described with a question mark in Figure 2
(i.e., *IVa?). There were eight additionally inferred haplo-
types. The block haplotypes were also described in the form
of segment haplotype (IA8 haplotype-1A10 haplotype)
combinations in Figure 2: in the 1A8 segment, the segment
haplotype bearing the nonsynonymous Al73G (*2 allele)
was named *2; in 1410, the haplotypes bearing MS59I (*2
allele), T2021 (*3 allele), A2T, and E67G were named *2, *3,
*2T, and *67G, respectively. The most frequent block
haplotype (segment haplotype combination in parenthesis)
was *[la (*2a*1a) (frequency: 0.492), followed by *Ia (*1b*1a)
(0.311), *IIb (*2a*1b) (0.084), and *Ib (*1c*1a) (0.051). The
frequencies of other block haplotypes were less than 0.05.
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It is noteworthy that the low-activity 1410 haplotype *3
was completely linked with the IA8*1 haplotype (Block
8/10 *IV).

Regarding Block 9/6 (1A9-1A7-1A6), 14 haplotypes were
first unambiguously assigned by homozygous SNPs at all
sites (*1a, *Ib, *Ila, and *Illa) or a heterozygous SNP at only
one site (*Ic, *Id, *IlIc, *IId, *IIIb, *IVa, *Va, *VIIla, *XIa, and
*XIla). Additionally, eight haplotypes (*IIb, *Ile, *Illc, *Via,
*VIb, *VIla, *IXa, and *Xa?) were inferred, and diplotype
configurations of 191 subjects were inferred with a 1.00
probability by the software. The haplotype inferred in the
diplotype with a low probability was *Xa? (Figure 3). The

block haplotypes were also described as combinations of
segment haplotypes (1A9 haplotype-1A7 haplotype-1A6
haplotype) in Figure 3: in the 1A9 segment, the segment
haplotype bearing Y242X (*4 allele), D256N (*5 allele),
—126_-118 T9>T10 (*22 allele), —126_-118 T9>T11, or
$141C were named *4,*5, *22, *T11, or *141C, respectively;
in the 1A7 segment, the haplotype bearing N129K/R131K
(*2 allele) was named *2, and the haplotype bearing N129K/
R131K/W208R (*3 allele) was named *3; in IA6, the
haplotypes bearing S7A/T181A/R184S (*2 allele), S7A/
R184S (*4 allele), S7A/S103X/T181A/R184S (*5 allele), and
S7A/R90H/T181A/R184S (*6 allele) were named *2, *4, *5,
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and *6, respectively, as described previously.?® The most
frequent haplotype of Block 9/6 was *Ia (*22a*1a*1a) (0.594),
followed by *IIa (*1g*3a*2a) (0.184), and *Illla (*1a*2a*1a)
(0.074) (Figure 3). The frequencies of the other haplotypes
were under 0.05. Notably, most (97.6%) of the high-activity
segment haplotype 1A9*22 was linked with IA7*1 and
1A6*1 (Block 9/6 *I). The 1A7 low-activity haplotype *3 was
mostly linked (97.7%) with 146*2 haplotype (*II and *IVa
in Figure 3).

Regarding Block 3/1 (1A3-1A1), six haplotypes were first
unambiguously assigned by the presence of homozygous
SNPs at all sites (*Ia, *IIa, *IlIa, and *Va) or a heterozygous
SNP at only one site (*Ib and *VIg). The diplotype
configurations of 188 subjects were inferred with a 1.00
‘probability. The additionally inferred haplotypes were *IIb,
*[Ic, *IIIb, *Ulc, *IVa~*IVe?, and *VIila. The haplotype *IVe?
was inferred with a low probability (Figure 4). The
combinations of segment haplotypes (1A3 haplotype-141
haplotype) were also described in Figure 4: in 143, the group
bearing the nonsynonymous variations Q6R/W11R, W11R,
R45W, and W11R/V47A were named the *6R11R, *1IR,
*45W, and *11R47A haplotypes, respectively;?* in 141, the
haplotypes bearing G71R (*6 allele), —40_—-39 insTA (*28
allele with or without *60 allele), and —3279T> G (*60 allele
without *28 allele) were named the *6, *28, and *60
haplotype groups as described previously.’® The most
frequent haplotype of Block 3/1 was *Ia (*1a*1a) (frequency:
0.564), followed by *Ila (*11R47A*28b) (0.122), *Illa (*1a*6a)
(0.102), *IVa (*11Ra*60a) (0.056), and *Va (*6R11R*60a)
(0.051). The frequencies of the other block haplotypes were
less than 0.05. It is noteworthy that the high-activity
segment haplotype 143*11R47A was completely linked with
the low-activity haplotype 1A1*28 (Block 3/1 *II). The low-
activity haplotype 1A1*6 was mostly linked (71.3%) with
the 1A3*1 haplotype (*III). The high-activity 1A3*1IR
haplotype was perfectly linked -with the low-activity
1A1*60 haplotype (*IV).

Finally, no statistically significant differences in haplotype
frequencies were found between the subjects with the
different disease types in Block 8/10, Block 9/6, and Block3/1
(P>0.05 by x* test or Fisher's exact test).

Genotyping and haplotype analysis across the LD blocks

A typing method was developed and additional 105
Japanese subjects (16 arrhythmic patients and 89 cancer
patients) were genotyped, where direct sequencing (for nine
polymorphisms in the 149 5'-flanking region and 1A4) and
pyrosequencing (for the rest of the polymorphisms) were
used for detection of 41 polymorphisms (see Materials and
methods and the Table 1 legend) with (potentially) func-
tional importance. The frequencies from 301 subjects in
total are described in Table 1. Again, all the allele frequencies
were in Hardy-Weinberg equilibrium, and statistically
significant differences were not observed in any of the
allelic frequencies between the two disease types (P>0.05 by
x* test or Fisher’s exact test). Almost the same LD map as in
Figure 5 was obtained between the 41 tagged variations
(data not shown), indicating the robustness of our block
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partitioning. It is noteworthy that the known variation 141
1456T > G (Y486D, *7 allele) was newly found in one subject
(frequency: 0.002).

Several reports have shown that some polymorphisms in
1A9, 1A7, 1A6, and 1A1 were closely linked,*”-*® and we also
observed several weak linkages beyond the LD blocks (see
Figure 5). Therefore, the block-haplotype combinations
(whole complex haplotypes) were analyzed among Block 8/
10, Block 9/6, Block 4, Block 3/1, and Block C (common exons
2-5) by LDSUPPORT software utilizing the polymorphisms.
In 1A4 (Block 4), the haplotypes bearing L48V (*3 allele) and
R11W (*4 allele) were named *3 and *4, respectively, as
described previously.?* Polymorphisms found at a frequency
less than 0.010, and subjects with these polymorphisms
were excluded in this analysis. When Block 8/10 or Block C
was included in the analysis, the whole-complex haplotypes
were highly complicated (data not shown). However, if Block
8/10 and Block C were excluded, the diplotype configura-
tions of 278 subjects were inferred with a probability greater
than 0.91 (mostly>0.95) using the 18 tagged polymorph-
isms (see Figure 6 legend for polymorphisms). The haplo-
types covering Block 9/6, Block 4, and Block 3/1 are
summarized in Figure 6. Again, we did not find any
statistically significant differences in frequencies of haplo-
types covering Block 9/6, Block 4 and Block 3/1 between the
subjects with the different disease types (P> 0.05 by x* test or
Fisher's exact test). The region from 149 to 1AI is
approximately 90kb length. Since the 18 variations were
used for haplotyping, the number of inferred haplotype
combinations (only 26) is unexpectedly small compared to
the theoretical ones (Figure 6).

Several functionally important linkages were found across
the blocks. Block 9/6 *VI (1A9*1-147*2-1A6*4) and Block 3/1
*IIb (1A3*11R47A-1A1*28c containing the *60, *28, and *27
alleles) were perfectly linked (6/6 cases). Most of the 14A1*6-
containing haplotypes (Block 3/1 *IIl and *VI) (69/85 cases)
were associated with Block 4 (1A4) *1 and Block 9/6 *II
(harboring 1A7*3 and 1A6*2). The 1A1*60-harboring hap-
lotypes (Block 3/1 *IV and *V) were very closely linked with
Block 9/6 *III (harboring 1A7*2) and Block 4*3 (59/71 cases of
1A1*60-harboring haplotypes). Most of Block 3/1 *VI
(1A3*45W-1A1*6) (25/26 cases) was associated with Block
9/6 *II (1A9*1-1A7*3-1A6*2), and Block 4 *4 was perfectly
linked (4/4 cases) with both Block 3/1 *VI and Block 9/6 *II.

In addition, we found that Block 8/10 *IV (containing the
low-activity allele 1410*3 (T202I)) was strongly linked with
Block 9/6 *IIl (1A9*1-1A7*2-1A6*1), 1A4*3, and Block 3/1 *IV
(1A3*11R-1A1*60) (4/5 cases of Block 8/10 *IV, data not
shown). Block 3/1 *V (harboring 1A3*6R11R and 1A1*60a)
was perfectly linked with Block C *IB (25/25 cases of Block 3/1
*V, data not shown).

Discussion
Previously, we have reported the genetic variations of

UGTI1A6, 1A4, 1A1 segments and common exons 2-5 found
in 196 Japanese subjects.”®?! In this study, we first directly
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Table 1 Frequencies of variations in the UGTTA gene complex detected in 301 Japanese subjects
Location Nucleotide Amino-acid Number of subjects Frequency
change change
Wild type Heterozygote Homozygote
1A8 Ex1 518 - C>G A173G 48 145 108 0.600
1A10 Ex1 42 G>A AZT 300 1 0 0.002
177° G>A M59i 297 4 0 0.007
200° A>G E67G 300 1 0 0.002
605° C>T T202I 295 6 0 0.010
1A9 5'-Flank -126 to -118 T9>Ti0 34 130 136 0.668
T9>T11 . 1 0 0.002
1A9 Ex1 422* C>G S141C 300 1 0 0.002
726° T>G Y242X 300 1 0 0.002
766° G>A D256N 297 4 0 0.007
1A7 Ex1 387° T>G N129K 128 135 38 0.350
3912 C>A 128 135 38 0.350
392° G>A R131K 128 135 38 0.350
622° T>C W208R 186 101 14 0.214
1A6 Ex1 19? T>G S7A 180 106 15 0.226
269° G>A R9OH 300 1 0 0.002
308° C>A S103X 300 1 0 0.002
541 A>G T181A 186 101 14 0.214
552° A>C R184S 180 106 15 0.226
1A4 Ex1 31 C>T R1IW 295 6 0 0.010
127 delA 43fsX22b 300 1 0 0.002
142 T>G L48v 229 66 6 0.130
175 delG 59fsX6° 299 2 0 0.003
271 C>T R91C 300 1 0 0.002
325 A>G R109G 299 2 0 0.003
1A4 3'-Flank IVS+1 G>T ' 300 1 0 0.002
1A3 Ex1 17° A>G Q6R 276 24 1 0.043
31 T>C W11IR 167 111 23 0.261
133° C>T R45W 274 26 1 0.047
140° T>C V47A 228 69 4 0.128
1A1 5'-Flank —-3279° T>G 167 110 24 0.262
—40 to —39° insTA 227 70 4 0.130
1AT Ex1 211° G>A G71R 217 76 8 0.153
247° T>C F83L 301 0 0 0.000
6862 C>A P229Q 295 6 0 0.010
1A Ex4 10912 C>T P364L 298 3 0 0.005
1A Ex5 1456>¢ T>G Y486D 300 1 0 0.002
1598%¢ A>C H533P 300 1 0 0.002
1A 3-UTR 18132 C>T 236 63 2 0.111
1941%¢ C>G 236 63 2 0.111
2042%¢ C>G 236 63 2 0111

%n all, 105 subjects were genotyped by pyrosequencing.
®43fsX22 represents frameshift from codon 43 resulting in the termination at the 22nd codon, codon 65. The same meaning for 59fsXé.
“The positions in UGTTAT were used.
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Block 916 Block 4 Block 31 Number of Frequency
UGT1AS | UGT1A7 | UGTIAG UGT1A4 UGT1A3 | UGT1A1 combination

*22 *1 *1 ki *1 *1 *1 ki 323 0.581
*1 *3 2 k) *1 *7 *1 * 3 0.005
*1 *2 *{ k'] *1 *1 *1 ki 3 0.005
*22 *f *1 ki *3 *1 *1 ki 1 0.002
*22 *3 *2 ki’ *1 *1 *1 ki 1 0.002
1 =3 2 ¥ *1 *1 *6 i 48 0.086
*22 3 2 i *1 *1 *6 ‘i 7 0.013
*22 * *1 ki *1 *1 *6 il 3 0.005
*1 *2 * R/ *1 *1 *6 /] 1 0.002
*1 *3 2 Al *1 *45W . *6 I 21 0.038
*1 *3 *2 ki *4 *45W *6 Vi 4 0.007
*22 *1 *1 k) *1 *45W *6 Vi 1 0.002
*22 *1 *1 f *1 *T1R47A *28b *lla 30 0.054
*1 *3 2 i * *11R47A *28b Hla 30 0.054
*1 *3 2 I '3 *11R47A *28b *lla 1 0.002
*1 *2 *4 *VI *1 *11R47A *28¢c *iib [ 0.011
*22 *1 *1 ki *1 *11R47A *28d ‘lle 1 0.002
* i 2 n *1 *11R47A *28d ic 1 0.002
*1 *2 *1 ki 3 *11R *60 v 36 0.065
*22 *1 “1 X 3 *11R *60 kid 3 0,005
*1 *3 2 ¥ *3 *11R *60 v 3 0,005
*1 *2 * ki *1 *11R *50 ki’ 3 0.005
*22 *1 *1 ki *1 *11IR *60 w 1 0.002
* "2 *7 ‘i 3 *6RT1R *60 v 23 0.041
*1 2 *1 i *1 "6RT1IR *60 v 1 0.002
*22 2 *1 Vi *3 *6RT1R *60 ' 1 0,002
556 1.000

Figure 6 Combinations of Block 9/6, Block 4, and Block 3/1 haplotypes in a Japanese population. The used variations were UGTIA9 ~126_-118

T9>T10, 1A7 387T>G, 391C>A, 392G>Aand 622T>C, 1A6 19T>G,

541A>Gand 552A>C, TA431C>Tand 142T>G, 1A317A>G, 31T>C,

133C>Tand 140T>C, and TAT —3279T>G, —40_-39 insTA, 211G>A and 686C>A. In 1A4 (Block 4), the haplotypes bearing L48V (*3 allele),

and RTTW (*4 allele) were named *3 and *4, respectively.

sequenced 148, 1410, 1A9, 147, and 1A3 using genomic
DNA from the same Japanese subjects and detected 7, 8, 7, 9,
and 10 genetic polymorphisms, respectively (Figures 2-4).
Two and one novel nonsynonymous SNPs were found in
IAI0 (4G>A, AZT; 200A>G, E67G) and 1A9 (422C>G,
§141C), respectively.. As for 1A9 S141C, our preliminary
results have shown that this amino-acid substitution
reduces the enzymatic activity against 7-hydroxy-4-trifluor-
omethylcoumarin in vitro (Jinno et al., unpublished data).
Since the guanine base at position +4 is important for
translation initiation,”® 1A10 4G>A might decrease the
translation rate. Moreover, the luciferase-reporter activity of
1A9 -126_-118 T10 (1A9*22 allele) was reported to increase
2.6-fold as compared to that of 149 -126_-118 T9.%*
Therefore, the novel variation 1A9 —-126_-118 T9>T11
may also affect transcriptional activity. Further studies are
needed to ascertain these possibilities. Recently, 147 —-57G
was reported to reduce the luciferase activity by 70% of the
wild-type —57T.25 While this SNP is linked with either 147*3
(129K/131K/208R) or *4 (208R) in Germans, our study
showed that —~57G was completely linked with 147*3 due
to the absence of 147*4 in Japanese.

For the 1A8 alleles, only *1 and *2 were detected. Our
segment haplotypes *1a, *1b, and *2a correspond to alleles
*Ia, *1, and *2, respectively, in a previous study on
Armericans.® The frequencies obtained in the United States,®
0.282, 0.551, and 0.145, for *1a, *1, and *2, respectively, are
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different from those obtained in this study, 0.023, 0.316,
and 0.587 for *la, *1b, and *2a, respectively. The allele
frequency of 1A9 —126_-118 T9>T10 (*22 allele) in our
data (0.666) was similar to that reported previously in
Japanese (0.60), but higher than those in Caucasians (0.39)
and African-Americans (0.44).2* For 147, the frequencies of
*1, *2 (129K/131K), and *3 (129K/131K/208R) haplotypes
were 0.651, 0.130, and 0.219, respectively. Our data are
comparable to the previous data for a Japanese population,?®
but not to those on Caucasians (0.355, 0.280, and 0.365)
and Egyptians (0.420, 0.200, and 0.380).'7 As for 143, the
frequencies of the haplotypes *1, *11R, *6R11R, *11R47A,
and *45W were 0.692, 0.082, 0.051, 0.133, and 0.043,
respectively. These are similar to the previous data obtained
from the Japanese.??

Recently, linkages among the SNPs in 149, 1A7, 1A6, and
1A1 have been reported in Americans.’® By our LD analysis,
strong linkages were shown between ‘the SNPs in 148 and
1A10, among those in 149, 1A7, and 146, and also between
those in 143 and 1A1. Moreover, this is the first report on
the haplotype analysis using high-density SNPs for the
entire UGTIA complex. By block haplotyping, several close
linkages between the segmental haplotypes were observed:
between the 148*1 and 1A410*3 haplotypes in Block 8/10;
between the I1A7*3 and 146*2 in Block 9/6; between the
1A3*11R47A and 1AI*28 and between the 1A3*1IR and
1A1*60 haplotypes in Block 3/1. Carlini et al.*® reported that



1A7 low-activity alleles (1A7*2 and *3) were perfectly linked
to 1A9*1 in Americans (including Caucasians (83%) and
African-American (14%)). Also in this study, most (95.6%) of
the 1A7*2 or *3 alleles were linked to the 1A9*] allele in
Japanese (Figure 3).

We conducted additional typing of 105 subjects by
pyrosequencing and direct sequencing, and confirmed the
presence of several functionally important haplotype com-
binations beyond the blocks (Figure 6). In Americans
(including Caucasians (83%) and African-American
(14%)),'® Caucasians, and Egyptians,’” 75, 78, and 57%,
respectively, of 1A7*3 were associated with the 1A41*28
allele, though only the *28 allele was genotyped in 1AI in
these analysis. In our more intensive analysis, most of the
1A7*3 haplotype was associated with either the 1AI1*28b
haplotype (having 1A1*60 and *28 alleles) (26.1% of the
1A7*3 haplotype) or the I1AI*6 haplotype (67.2% of
UGT1A7*3). Thus, different profiles for the linkage of
1A7*3 with the 1A polymorphisms between the Caucasians
and Japanese reflect the facts that the frequency of the
1A1*6 haplotype in the Asian populations was relatively
high, and that the 141*28 and *6 alleles were mutually
exclusive.!® In fact, linkage between 141*6 and 147*3 alleles
was recently suggested in Taiwanese.?” Innocenti et al.
reported the three most common I1A9-1A1 haplotype
combinations were 149*22-1A1*1 (36.4%), 1A9*1-1A1*28b
(28.0%), and 1A9*1-1AI1*1 (18.6%) for Caucasians, and
1A9*22-1A1%1 (45.3%), 1A9*1-1A1*60 (22.3%), and 1A9*1-
1AI*6 (12.7%) for Asians.?® In this study for Japanese,
1A9*22-1A1*1, 1A9*1-1A1*60, and 1A9*1-1A1%*6 (58.5, 11.9,
and 13.3%, respectively) were also the most common three
combinations. Furthermore, we revealed that most (98.2%)
of the 141*1 haplotype was linked with 149*22, and 87.1%
of 1A1*6, 100% of 1AI1*28c, and 93.0% of 1AI*60 were
associated with 1A49*1. Collectively, haplotype combina-
tions are suggested to be different between Caucasians and
Asians. In addition, several interesting linkages were found
between the segmental haplotypes as shown in the Results.
For example, the segment haplotypes 146*4 (S7A/R184S)
and 1A1*28c were strongly linked in Japanese subjects.

These linkages might be crucial for the metabolism of a
certain drug for which two or more UGTIA isoforms
significantly contribute to its metabolism. In fact, multiple
UGT isoforms are involved in glucuronidation of several
compounds, for example SN-38,72° estrogens and their
metabolites (estron, estradiol, 2-hydroxyestrone, and
others),3*3! and arachidonic acid and its metabolites.3%33
UGT1A1, 1A9, and 1A7 play important roles in SN-38
glucuronidation.”?® The 141*60, *28b, and *6 haplotypes
are associated with reduced UGTIAl activity to SN-
38,1519.3435 Since the 1A9 high-activity (high transcription)
haplotype *22 was dominant in Japanese (0.666), 1A9*1 can
be considered (relative to *22) as a low-activity haplotype.
The 1A7*3, but not *2, haplotype has a reduced glucuroni-
dation activity (by 59%) to SN-38.7 A more recent report has
shown that UGT1A10 is also responsible for SN-38 glucur-
onidation,3® and that the 1410 *3 (T202I) is a low-activity
allele.!? We found that the Block 8/10 *IV haplotype
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(harboring 1410*3) was closely linked with Block 9/6 *III
(harboring 1A9*1) and Block 3/1 *IV (harboring 1A1*60).
Furthermore, most of Block 9/6 *II (harboring 149*1 and
1A7*3) were estimated to be linked with Block 3/1 *Iil or *VI
(having 1A1*6), or Block 3/1 *Ila (having 1A1*28b). Though
the functional significance of 1A10 T202! toward SN-38 is
currently unknown, it is possible that the concurrently
reduced activities of UGT1A10, 1A9, 1A7, and 1Al may
influence SN-38 glucuronidation.

Arachidonic acid and its metabolites prostaglandins were
conjugated with UGT1Al, 1A3, 1A9, 1A10, and 2B7.%?
UGT1A1l, 1A3, and 1A4 also had catalytic activities toward
a hydroxylated metabolite of arachidonic acid, 12- and 15-
hydroxyeicosatetraenoic acid.®* Furthermore, glucuronida-
tion of leucotriene B4, another arachidonic -acid metabolite
that mediates the inflammation process, can be catalyzed by
UGT1A1l, 1A3, 1A8, and 2B7.3% Thus, co-occurrence of the
functionally less active haplotypes (such as Block 9/6 *II
(including 1A9*1)-Block 3/1 *VI (harboring 1A3*45W and
1A1*6)), might cooperatively influence the metabolism of
several important compounds in the arachidonic acid
cascade.

Since plural UGT isoforms are often involved in the
glucuronidation of ‘one’ compound, co-occurrence of the
functionally less active haplotypes in the entire UGTIA
gene complex needs to be carefully considered in studies on
the association of genetic polymorphisms with pharmaco-
kinetic parameters and clinical and epidemiologic data. Our
findings would provide fundamental and useful information
for genotyping or haplotyping of UGT1As in the Japanese
and probably other Asian populations.

Materials and methods

Human genomic DNA samples

The 301 Japanese subjects consisted of 124 arrhythmic
patients, who were administered $-blockers, and 177 cancer
patients, who were administered irinotecan. Genomic DNA
was extracted directly from blood leukocytes. The ethical
review boards of the National Cancer Center, the National
Cardiovascular Center, and the National Institute of Health
Sciences approved this study. Written informed consent was
obtained from all patients.

Polymerase chain reaction (PCR) conditions for DNA sequencing

First, the fragments were amplified from genomic DNA
(150ng) using 2.5U of Z-Taq (Takara Bio Inc., Shiga, Japan)
with 0.2 uM primers (see ‘1st amplification’ in Table 2 for
primer sequences). The exon-1's of UGT1AS8 and 1410 were
simultaneously amplified by mixed primers for each gene,
and those of 149 and 1A7 were amplified as one fragment.
The primer sequences for the 1st amplification of 1410 were
described previously.®” The first PCR conditions consisted of
30 cycles of 98°C for 5s, 55°C for 55, and 72°C for 190s.
Then, each exon 1 was amplified by Ex-Taq (0.625 U) (Takara
Bio Inc.) using the first PCR products as templates with the
2nd amplification primers (0.2 yM) that were designed in the
introns (see ‘2nd amplification’ in Table 2 for primer
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