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epithelium and CA [2]. These facts imply that there are
sequential stages of ADs, ranging from almost normal
(i.e., hyperplastic polyp) to nearly cancerous forms. The
ability to identify high-risk ADs and to predict the
likelihood of 2 lesion becoming malignant would be very
useful clinically.

For the accurate diagnosis of colorectal cancer, it is
important to identify a gene set that is useful as marker
of neoplasia. Although alterations in the genomic
structure of the K-ras oncogene and the tumor sup-
pressor genes APC, DCC, and p53 have been reported
to be strongly involved in colorectal carcinogenesis [3—
6], no gene set whose aberrant expression perfectly
corresponds with the pathologic stage of every colorec-
tal malignancy has yet been identified. To avoid misdi-
agnosis by chance because of statistical fluctuation
resulting from a small number of genes, the use of at
least 10 genes in the multigene expression signature is
recommended, and DNA microarray technology is
suitable for generating this signature [7]. To accommo-
date large sets of expression data, several methods have
been developed to classify two distinct states (or classes),
such as tumers versus clinically normal samples or
subtypes with different prognoses, in light of genes dif-
ferentially expressed between the two classes [7-9). The
appropriateness of the classification from these methods
relies much on the samples used as a ““training set,”
because of fundamental characteristics of the methods.
Therefore, we tried to develop a method of selecting
genes that would be less dependent on the training set
used and that would have more potential to predict la-
tent malignancy. In addition, the candidate gene set
used as a predictor of malignancy must assign the CA
state with 100% sensitivity, because misclassifying be-
nign lesions as malignant (i.e., false-positive classifica-
tion) likely would be more preferable than misclassifying
malignant lesions as benign (i.e., false-negative classifi-
cation) in clinical diagnosis [9,10). We focused on se-
lecting genes to create a predictor set that (1) was 100%
sensitive for predicting malignant samples as malignant
and (2) had the potential for predicting latent malig-
nancy. We call our method the ADMS and describe its
strategy in detail later. By applying our ADMS (algo-
rithm for diagnosing malignant state) method to the
gene expression data derived from seven ADs and 16
CAs, we successfully selected 335 clones characteristic of
the malignant state of colorectal CAs. We, then, suc-
cessfully used this clone set to characterize 12 additional
tumors including primary tumors with metastasis and
metastatic tumors.

Materials and methods

Patients and sampies. We obtained 35 operative specimens (in-
cluding 21 primary colorectal carcinomas, seven colorectal adenomas,

five liver metastases, and two lung metastases) from 24 patients. None
of the patients with adenoma or primary colorectal cancer had received
any other therapy previously, Our patient population comprised 17
patients {age, 38-77 years) with well- (n = 10) or moderately- (n =7)
differentiated adenocarcinoma and seven patients (age, 39-87 years)
with mild (2 = 1) or moderate (n = 5) dysplasia or serrated adenoma
{n = 1) of the colorectum who underwent resection at Yokohama City
University in Japan (Table 1). Samples (including normal colonic
mucosa) were frozen in liquid nitrogen as soon as possible in the
surgery suites and stored at —80°C before use.

Table 1
Sumimary of characteristics in various colorectal specimens

Sample RE Tumor size (mm)
Adenoma

ADI1 0.775927 7
AD2 0.791106 15
AD3 0.793689 5
AD4 0.77645 12
AD5 0.715965 25
AD6 0.584908 25
AD7 0.791039 10
Carcinoma

CAl 0.931021 10
CA2 0.753601 20
CA3 0.845746 90
CA4 0.86255 15
CAS 0.868843 65
CA6 0.803393 38
CAT7 0.803198 70
CA3B 0.713931 26
CA9 0.5669531 90
CAlD 0.580932 34
CAll 0.925502 35
CAl2 0.819852 70
CAl3 0.831103 50
CAl4 0.652069 45
CAlS 0.715589 60
CAl6 0.687025 25
meta_pril 0.72009

meta_pri2 0.889506

meta_pri3 0.837234

meta_prid 0.918368

meta_pri5 0.888062

Metastatic lesion

rmeta_liverl 0.818897

meta_liver2 0.681267

meta_liver3 0.761274

meta_liverd -

meta_livers 0.845192

meta_lungl 0.637546

meta_lung2 (.882045

Samples AD1-7, CAl-16, and meta_pril-5 were obtained from
primary colorectal tumors. Tumors CA11-16 and meta_pril-5 were
metastatic to lymph nodes by histology. In addition, the tumors for the
meta_pril-5 samples cansed hepatic metastasis; samples meta_liverl-5
derived from these liver metastases. Samples meta_lungl and 2 were
from lung metastases. The data from AD1-7 and CAl-16 were used as
a “training set” for identifying genes characteristic of the malignant
(CA) state, and the remaining samples were used as an independent set
to test our method.

* Correlation coefficient of the expression ratio in the duplicate ex-
periment after PRIM filtration. The meta_liverd4 sample lacks this in-
formation because of the failure of an experiment.
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Human 21K array. The target DNAs used to construct human 21K
array were the glycerol stock cDNA clones purchased from Research
Genetics (http:/fwww.resgen.com/). Total of 20,784 clones with posi-
tive and negative controls were printed. After plasmid DNAs were
extracted, the PCR amplification using universal primers was per-
formed. The PCR products were, then, precipitated with isopropy!
alcohol and resuspended in 15p] of 3x SSC. The DNA solution was
spotted on poly (L-lysine)-coated slides by using RIKEN DNA arrayer
with 48 tips (SMP3, TeleChem Intetnational, Sunnyvale, CA). The
detailed protocol was described elsewhere [11].

RNA extraction. We homogenized 2 g of each sample in 20ml so-
Iution D, then added 2ml 2M sodium acetate, 16 ml water-saturated
phenol, and 4ml chloroform and mixed vigorously, After storage on
ice for 15min, samples were centrifuged {6000z, 30min, 4°C). The
aqueous layer was carefully aspirated and added te 20 ml isopropanol
and stored overnight in -20°C. Afterwards, the solution was centri-
fuged (7500g, 15 min, 4°C), and the resulting RNA pellet was washed
with 75% ethanol and centrifuged (7500g, Smin, 4 °C). The RNA was
resuspended in 4 m! RNase-free water, to which we added 1.3ml 5M
NaCl and 16 ml CTAB/UREA. The mixture was centrifuged at 7500g
for 15min at room temperature. We added 4ml 7M guanidine-HCl
and 100% ethanol to the supernatant and stored it overnight at —20°C.
The solution was then centrifuged and washed as described previously,
and the RNA was resuspended in 500-1000 ul RNase-free water. The
quality of the RNA was checked by electrophoresis.

Fluorescent probe, hybridization, and screening. Hundred pg of total
RNA was labeted with the fluorescent dye Cy3 (cancer or adencma
tissue) or Cy5 (normal mucosa) by SuperScript II (Gibco). Three
samples of normal colon mucosa were mixed to provide a reference
sample. Hybridization to the human 21K array was carried out in a
65°C water bath for 6h. Slides then were washed in 0.1% SDS in 2x
SSC for Smin, 1x $SC for 5min, and 0.2x SSC for 15min at room
temperature. These slides were scanned on a ScanArray5000 confocal
laser scanner (Packard Inst.), and the images were analyzed by using
ScanAlyze (Stanford University). Each spot was defined by manually
positioning a grid of circles over the array image, and spots deemed
unsuitable for accurate quantitation because array artifacts were
flagged and excluded from analysis. The duplicate experiments were
performed by using the same template mRNA, but the labeling and
hybridization were done separately for each experiment.

Data processing, To select reproducible spots from the microarray
experiments, we ran the PRIM filtration program [12] on the ScanA-
lyze program output files. Briefly, this data processing method extracts
reproducible data efficiently from the ScanAlyze output files of du-
plicate experiments and outputs averaged value of log,(cy3/cy5) to the
duplicate experiments. In this process, the threshold value for filtering
data is optimized by using the product of N and R, where N is the ratio
of the number of spots that passed the filtering to the total number of
spots, and R is the correlation coefficient for the results obtained from
the duplicate experiments. The average R overall was 0.7665 (SD,
0.0905). We constructed a gene expression matrix in which genes
(clones) were placed in rows, and columns corresponded to the carci-
nogenesis classification {e.g., CA versus AD),

Results

We studied a series of colorectal specimens (total, 35
samples) by using microarray technology. All the ex-
periments were performed in duplicate. We hybridized
Cy3-labeled human ¢cDNA probes from tumor (carci-
noma or adenoma) samples to Cy5-labeled cDNA
probes corresponding to normal colon mucosa. The
resulting output files produced by scanning and image
analysis were processed further by using the rational

filtration program PRIM to pick up the repreducible
data [12]. We then constructed the gene expression
matrix in which each row represents one of the 20,784
clones in the array, and the columns correspond to series
of samples.

Gene selection and sample classification

Using the gene expression matrix from the training
set (i.e., the subset of all samples used), we used our
ADMS method (Fig. 1) to select clones that satisfy the
following conditions for characterizing the CA state:

e <rl and r >l (1)
(EKECA, i%k) (i€AD, keCA)

where ¥y is the average correlation coefficient (r) be-
tween sample i and sample k, ¥3!' is Fx for all clones () in

the original set, and ¢/ is 75 for all clones but the jth
(j=1,2,...,n). Disregarding the effect of the compac-
tion in AD samples, the separation between benign and
malignant samples in ADs was expected.

After the predictor clones were extracted by using the
training set, we calculated the classification score S for
sample x as

S= Ty ~ Fu,
(k€CA)  (k€AD)

2

where ¥y is the average r of x against sample set k. If
8 > 0, the sample x is assigned to be in the CA state;
otherwise, x is assigned to be non-CA.

We then applied ADMS to select clones characteristic
of the malignant (i.e., CA) state from those represented
in the clone expression matrix by using seven adenomas
(ADI1-7) as benign cases and 16 carcinomas (CA1-16)
as malignant ones (Table 1}. We used the leave-one-out
cross validation (LOOCV) method on the carcinoma
{CA1-16) samples to show the accuracy of ADMS. In
LOOCYV, the method omits a CA sample, selects can-
didate clones in light of the remaining samples, and
evaluates whether the omitted sample is assigned to CA
(Fig. 1). We limited the use of LOOCV to the CA
samples because of several reasons: (1) specimens clas-
sified as AD do not always remain AD—some progress
to a malignant state; (2) CA lesions practically never
revert to an AD state; and (3) some of the differences in
mRNA expression observed in carcinomas also will
occur in the adenomas [2). Therefore, we restricted our
LOOCY analysis to using CAs to attempt to achieve a
classification performance with 100% sensitivity.

The characterization of each sample as CA or non-
CA by using the candidate clones derived from the
LOOCYV test showed that all 16 assignments coincided
with the clinical diagnosis (Fig. 2). Further, the S value
for each sample was higher than that for a 1% signifi-
cance level, as calculated by the random selection of
each number of genes with 1000 repetitions. In addition,
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Fig. 1. Schematic diagram of the ADMS method. (a) Schematic diagram of selecting candidate genes characteristic of the carcinoma (CA) state. The
candidates were selected in light of the following criteria: when the gene was withheld, the average of the Pearson correlation coefficients within CA
samples across all genes (' (1,k € CA, i+ k)) is higher than that across all but the jth (remaining) gene { MMi ke CA, i k)), and the average of
Pearson correlation coefficients between CA and adenoma (AD) samples across all the genes (2 (i € AD, k € CA)) is lower than that across those
remaining (¥} (i € AD, & € CA)). (b) Expected features of genes selected by the procedure in (a). The selected candidates (especially those strongly
indicative of the CA state), which frequently emerged in the leave-one-out cross-validation (LOOCYV) analysis {see Results), must have high
pndkates (i k€ CA, i3 k) and low #§%9% (5 ¢ AD, k € CA). (¢) Classification of the sample x, where the evaluation is based on Eq. (2) using the
candidate predictor genes. Sample x is categorized as either CA or non-CA.

we observed that the LOOCY analysis returned a vari-
ous number of candidate clones depending on the
sample omitted. The 335 clones common to all 16 CAs
included 135 known genes that were considered strong
candidates for diagnosing the cancer state. The 200
clones list excluding 135 known genes is provided as a
supplementary information,

The classification score S of all 35 samples (including
12 metastatic samples) as the test set was re-evaluated, in
which CA consisted of CA1-16, and query sample itself

was not included in set & in Eq. (2} (Fig. 3). The higher
the § score, the closer the expression profile of the
specimen is to that of the CA state. The classification
scores of all of the metastatic and primary lesions used
in the test set had higher (positive) values than those
needed for a 1% significance level, whereas those of four
of the seven AD samples (AD1-4) showed negative
values. In contrast, samples ADS5-7 had positive §
scores. Of these, tumors ADS and AD6 were larger than
those with lIow § values (Table 1).
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Fig. 2. Classification scores of 16 CA samples in LOOCYV analysis.
Each sample label designates the sample withheld in the LOOCV
analysis and evaluated as the unknown sample. The nuraber in pa-
renthesis is the number of genes selected when the corresponding
sample is withheld. Classification scores for each of sample are denoted
as circles, Mean classification scores, calculated from 1000-fold itera-
tion in which the corresponding number of genes in the sample was
selected randomly, are denoted as the horizontal line above each of the
samples. The 1% significance levels are denoted as the dashed lines.
Note that all observed scores are highet than that of the corresponding
1% significance level.

To evaluate the effect of differences in the training set
on the fluctuation level of the classification score S, we
constructed 16 sub-training sets consisting of 15 CAs (a
set in which the jth (j = 1,2,...,16) sample is omitted
from the original 16 CAs) and the seven ADs. Then, we
evaluated each of the subtracted CAs as a test set by
using the same procedure with which 335 clones were
selected previously. As a result, 16 classification scores
(15 from when a CA sample was included in the training
set and ine from when that sample was the test set) were
produced for each of the 35 samples evaluated (Fig. 4a).
All of the scores for cancer (CA and metastasis-related)
samples had positive values, indicating that the accuracy
of ADMS is 100%. If our method was sensitive to the
training set used, the score of a sample when evaluated
as test set would be lower than those when the sample
was included in the training sets. Although nine of the
16 CA samples had such low scores, the scores of the
remaining (CAl, 3, 4, 7, 11, 14, and 16) were higher than
that for the 1% significance level associated with the 15
scores obtained when a sample was included in a
training set (data not shown). These findings suggest
that our method is not particularly sensitive to the
characteristics of the training set.

We compared results from our ADMS with those
obtained by using the widely known Golub’s method [7],
which aims to select genes that can classify two different

conditions. We adopted Golub’s method to see the
fluctuations and accuracy of prediction associated with
using the same set described above (Fig. 4b). The Golub
method selects the predictor genes from the training set
by using “neighborhood analysis™ and assigns unknown
samples by using a “weighted-voting algorithm” [7]. The
neighborhood analysis chose the same number of clones
as ADMS did. With the weighted-voting algorithm, the
“prediction strength (PS)” was calculated as a classifi-
cation score. If PS > 0, the sample was classified as CA;
otherwise, the sample was classified as AD. As a result,
the PS of CA9 when evaluated as a test set was negative.
That is, the weighted-voting algorithm returned a false-
negative result, which would be detrimental to actual,
clinical diagnosis [9]. Although the scores of the re-
maining cancer samples led to correct classification re-
sults, the score of each CA when evaluated as a test set
(red circles in Fig. 4b) was the lowest value of the 16
scores of each CA, In addition, these test set-associated
values exceeded the threshold for the 1% significance
level of the 15 scores when the sample was included in
the training set {data not shown). These results suggest
that Golub’s method has a tendency to “over fit” to the
genes characterizing the CA state in the training set.
Among the 335 clones we identified as strong candi-
dates for markers of malignancy, the expression profiles
of the 135 known genes were delineated according to the
cellular functions apoptosis, cell adhesion, cell eycle, sig-
nal transduction, gene expression, and miscellaneous
(Fig. 5). Many of the assignments we made are consistent
with those reported in the literature. The most striking
example is the expression profiles of apoptosis-related
genes, whose expression is down-regulated in lesions in a
malignant state (including the “precancerous” AD3-7
samples) but up-regulated in the benign state, corre-
sponding to our intuition about the multistep progression
of cancer. Two-hundred clones list excluding 135 known
genes (Fig. 5) is shown as a supplementary information.

Discussion

We have developed the ADMS method to extract
clones that can feature the malignant characteristics
using the expression profile data. ADMS was applied
using 16 CA samples and seven AD samples. Three-
hundred and thirty-five clones were finally selected as
common ones after repeating LOOCY method.

Of the 20,784 human clones on a microarray chip,
about 1500 clones were selected during each LOOCY for
the CA1-16 samples (Fig. 2). All the CA lesions were
correctly diagnosed as cancerous state, Our ADMS
method selects malignancy marker clones by the fol-
lowing criteria: (1) the average Pearson correlation co-
efficient (r) of expression profiles among all the
combinations of clones within CA samples but the clone
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Fig. 3, Classification scores of all 35 samples by using the 335-gene predictor set. All samples including the 12-sample test set were evaluated. The 1%
significance level (dashed line} was calculated from 16,000 data points: (1) 335 genes were selected randomly, (2) the classification score of each of the
16 CA samples was calculated, (3) this process was iterated 1000 times. All scores of cancer samples showed were positive values, which also were
higher than that of the 1% significance level (100% sensitivity). In addition, two of three adenomas that had positive scores were relatively larpe
(225 mm) and were larger than the four adenomas with negative scores. This result suggests that ADMS has the potential of screening for high-risk

adenomas.

of interest is lower than that among all the combinations
within CA samples, and (2) the average r of the ex-
pression profiles among all combinations of clones in the
CA and AD samples but the clone of interest is higher
than that among all the combinations of CA and AD
samples. We expected the rational separation between
benign and malignant samples in AD samples by not
regarding the additional criteria of AD samples in the
above criteria (1) about CA samples.

The governing idea of our method arises from sev-
eral facts and ideas. First, AD occupies a biological
position between normal colon epithelium and CA, and
the abnormalities in mRNA expression observed in
carcinomas also may be present in the ADs [2]. ADs
can range in nature from a completely benign state to
nearly cancerous. Means of identifying AD samples or
states with a strong potential for malignant conversion
likely will be useful for effective diagnosis and therapy.
Second, false-negative errors (tumor samples being
classified as normal) can be detrimental, whereas false-
positive results (normal samples being classified as tu-
mor) are more easily tolerated clinically [9,10]. This
idea is applicable to the assignment of CA (malignant)

versus AD (benign) classifications. Accordingly, we
aimed at 100% accuracy in diagnosing CA samples and
have been screening additional latently malignant AD
samples by using our ADMS universal evaluation
system.

We demonstrated the feasibility of our ADMS
method by using classification scores (§ > 0) and by
S > 1% significance level, produced by 1000-fold itera-
tion of random clone selection test. All scores of CAs in
LOOCY were higher than 0 with 1% significance level.
However, the number of clones selected by an LOOCY
analysis ranged from 1728 to 2096, depending on the
test sample. As our predictor set we chose the 335 clones
that were common to all 16 test cases. We assumed this
set was a very robust one featuring the malignant state,
and further evaluated the feasibility of this set using
another sample set including five primary colon cancer
with metastatic lesion and seven metastatic tumors.

Using the 335-clone predictor set classified 31 (16 CAs,
12 test samples, and three ADs) samples as CA and the
remaining four as non-CA (Fig. 3). Of the 31 CA clas-
sifications, those for all 28 malignant samples (16 CAs
and 12 test samples) coincided with the clinical diagnosis
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Fig. 4. Fluctuation in classification scores upon changing the training set. For each sample, the black circles correspond to the 15 scores obtained
when the sample is included in the training set; the red circle denotes the score when the designated sample is the test sample. (a) Results from the
ADMS method. (b) Results from Golub’s method. Positive value for both scores shows assignment to CA states. Unlike Golub’s, our method shows
100% sensitivity (5 > 0} for cancer classification (CA and metastatic). Note also that ADMS is less sensitive to changes of the training set than is

Golub’s method.

(100% sensitivity). Two (AD5 and ADG6) of the three AD
samples had relatively large tumor size (>25mm,; see
Table 1). This result is reasonable, because tumor size is
one of the indicators for potential malignancies. How-
ever, AD7 lacked any such characteristic suggestive of
cancer, thus suggesting a false-positive error. This result
might have been caused because we have not included the
criteria for true-negative classification (AD samples be-
ing classified as AD) in our method. Further follow-up of
this patient should clarify this argument.

In the 12 test samples, the classification scores of
“meta_pril-5" were similar to those of the CA sam-
ples, whereas the other seven metastatic samples were
relatively lower in score than were the primary lesions
{(see Fig. 3). These findings suggest that this tendency
may reflect the heterogeneity of the sample tissues.
Nonetheless, this result showed that we can diagnose
malignancy in light of the expression profile of
the tumor samples without using laser capture
microdissection [13] because of the high classification
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Fig. 5. The 135 known genes among the 335 candidates strongly predictive of the CA state. Each row corresponds to a gene, and the columns
correspond to its expression levels in different samples. The genes are allocated according to the cellular functions apoptosis, cell adhesion, cell cycle,
signal transduction, gene expression, and miscellaneous, Gene expression ratios are depicted according to the color scale shown at the top right. Gray
indicates missing or excluded data. The expression profiles of many of these genes were consistent with those reported in the literature.

scores of those samples with statistical significance
(P < 0.01).

Although many methods have been developed for
identifying genes that discriminate two different condi-
tions by using the expression profile, the utility of most
of them is heavily dependent on nature of the training
set. Development of a method that is relatively insensi-
tive to variability in the training set is essential to avoid
misdiagnosis, and ADMS was less sensitive to this type
of variability than was Golub’s method (Fig. 4). Fur-
ther, our results revealed a 100% sensitivity for cancer
classification. Intriguingly, the scores of five CA samples
(CAl, 3, 4, 11, and 16} when evaluated as test sets are
within the range of scores when they were evaluated as
part of the training set. With Golub’s method, however,
the test set-associated score for each sample was always
the lowest value obtained. These findings strongly sug-
gest that Golub’s method is more dependent on the
training set applied than is ADMS. Other evidence of

the advantages of ADMS is that the scores of two CA
samples (CA7 and CAl4) with above five CA samples
when evalvated as test set in ADMS were located within
the interval of 1% significance level of the 15 scores in
each training set, whereas there was no such samples
when Golub’s method was used. The two methods
cannot be compared directly because of the differences
in the evaluation scores. However, both scores ranged
from —1 to 1 and the positive scores, at least, have the
same meaning (the sample is classified as cancerous).
The 135 known genes among the 335 clones selected
were categorized according to one of six cellular func-
tions: apoptosis, cell adhesion, cell cycle, signal trans-
duction, gene expression, and miscellaneous (Fig. 5).
Many of the expression profiles we obtained agreed with
those reported in the literature. Of the 10 apoptosis-re-
lated genes, expression of Bci2 was consistently higher in
adenomas than in carcinomas [14]. Of the 15 cell-adhe-
sive proteins, catenin was down-regulated in the CA and
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metastasis samples. This finding coincided well with a
previous report showing that down-regulation of cate-
nin in colon cancer may be associated with metastasis
and poor clinical ontcome [15]. MUC2 gene is also in-
cluded in this category. MUC2 encodes intestinal type
secretary mucin produced by Goblet’s cells. It has been
reported that up-regulation of MUC2 is observed in
adenoma whereas the gene is not up-regulated in colon
cancer unless it is a mucinous type [16]. In the category
of cell cycle, Gasl, a membrane-associated protein and
induces GO to S phase transition by wild p53 dependent
and independent manner was down-regulated in cancer,
indicating uncontrolled cell growth [17,18]. TACC3 was
reported to be over-expressed in cancer cell line and
interact with microtubules in mitosis. This gene is also
up-regulated in cancer suggesting active cell division.
Cyclin E1 [19], MYBL2 (v-myb avian myeloblastosis
viral oncogene homolog-like 2) is also up-regulated in
cancer as have been reported in the literature. MYBL2 is
a cell-cycle regulated phosphoprotein involved in cell
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cycle and located on human chromosome 20q13. Am-
plification of this region has been reported to be in-
volved in malignant carcinoma [20].

During the actual diagnosis of the carcinoma state in
light of the multigene expression signature using mi-
croarray data, it may not be necessary to adhere to the
minimal gene set to diagnose the carcinoma state, In this
sense, we did not focus on the identification of the
minimal genes set, rather focused on accurately assign-
ing an unknown sample according to its relatedness to
the colorectal carcinoma state.,

In principle, our method can be used to predict
prognosis for a patient. Takahashi et al, [21] could
assign patients with renal cell carcinoma to a high-
or low-risk group by comparing the expression profile
with data regarding the 5-year survival rate. However,
in general, it is difficult to set a threshold for
discriminating two such groups. Our ADMS method
can provide a new measure for the prediction of

prognosis,
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In summary, our ADMS method showed 100% sen-
sitivity for carcinoma classification, a potential for
screening high-risk samples of adenoma, and robustness
in the evaluation. In the future, we would like to further
decrease the method’s dependency on the training set
used. ADMS was designed to assess relatedness to a
carcinoma state but can be applied to various types of
tumors and stages.
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Quantitative Analyses of Osteopontin mRNA Expression in Human
Proximal Tubules Isolated From Renal Biopsy Tissue Sections of
Minimal Change Nephrotic Syndrome and IgA
Glomerulonephropathy Patients

Jun-Ya Kaimori, MD, Masaru Takenaka, MD, Yasuyuki Nagasawa, MD, Hideaki Nakajima, MD,
Masaaki Izumi, MD, Yoshitaka Akagi, MD, Enyu Imai, MD, and Masatsugu Hori, MD

¢ Osteopontin (OPN), a secreted phosphoprotein and chemotactic to monocytes/macrophages, Is upregulated in
renal cortical fubules in a variety of rodent models of renal injury and Is believed to possibly have a role in
tubulointerstitial injury. We previously reported the establishment of a system for the quantification of messenger
RNA (mRNA) expression in isolated rat glomeruli using laser-manipulated microdissection and real-time polymer-
ase chain reaction. This system was applied to human renal biopsy specimens. We quantified OPN mRNA
expression in proximal tubules of § patients with minimal change nephrotic syndrome (MCNS) and 11 patients with
mild immunoglobulin A (IgA) glomerulonephritis. We also examined the correlation between OPN mRNA expres-
sion in proximal tubules and clinical data and pathological findings in glomeruli and tubulointerstitial regions.
Patients with MCNS showed a positive correlation between OPN mRNA expression in proximal tubules and urinary
protein excretion {r = 0.93; P < 0.05), whereas for patients with IgA glomerulonephritis, logarithmic values of OPN
mRNA expression in proximal tubules positively correlated with low urinary protein levels (r = 0.72; P < 0.05),
Patholegical changes, ranging from nenexistent to minor, in glomeruli and tubulointerstitium of these patients with
mild IgA glomerulonephritis did not significantly correlate with OPN mRNA expression in proximal tubules. In
patients with mild IgA gtomerulonephritis, OPN mRNA expression in proximal tubules increased exponentially in
response to a small amount of urinary protein (<1.2 g/d).

© 2002 by the National Kidney Foundation, inc.

INDEX WORDS: Laser microdissection; osteopontin {(OPN); proximal tubule; immunoglobulin A {IgA) nephropathy;
minimal change nephrotic syndrome (MCNS); proteinuria.

HE KIDNEY CONSISTS of different func-

tional units, termed nephron segments, that
presumably express different genes. To analyze
gene expression in renal tissues, each nephron
segment should be isolated, and to collect the
requisite tiny samples of tissue structure from
histological specimens, several methods have
been used.!S Recently, laser-based techniques
have come into use, and successful isolation of a
specific nephron segment has been reported.
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Two types of laser microdissection techniques
are available: laser-capture microdissection
(LCM) and laser-manipulated microdissection
(LMM).57 With the former method, the laser
pulse is used to create focal adhesion between a
transparent thermoplastic film and the surface of
the targeted tissue section.® The strong attach-
ment results in guaranteed procurement of the
specific tissue region. With the latter method, the
fine laser beam makes it possible to cut out micro
tissue structures under a microscope without
contamination of other components. The laser
beam then blows away the laser-microdissected
tissues for collection. We used this method to
gather glomemli from histochemical specimens
of rat kidney and quantify messenger RNA
(mRINA) of the tissue portion by means of real-
time polymerase chain reaction (PCR).2

Tubulointerstitial injury is believed to be
important for the progression of renal dis-
ease.?!® Several factors, such as osteopontin
(OPN),112 macrophage-specific chemoattrac-
tant protein,'! regulated on activation normal
T-cell expressed and secreted chemokine,!3
platelet-derived growth factor,'* insulin-like
growth factor-1,1° and transforming growth fac-
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OPN mRNA QUANTIFICATION FROM BIOPSY SPECIMENS

tor-B (TGF-£3},6 are believed to be involved in
tubulointerstitial injury.

OPN is a highly acidic, phosphorylated, se-
creted protein originally believed to be produced
only in bone matrix.!” Recently, OPN protein
secretion was identified in various tissues, includ-
ing tubular epithelium,!® macrophages,’® T lym-
phocytes,? and smooth muscle cells.2! Tt has
been given many different names, such as uropon-
tin, eta-1, bone sialoprotein-1, and secreted phos-
phoprotein-1,'* OPN has an arg-gly-asp (RGD)
motif, through which it adheres to osteoclasts,
osteoblasts, fibroblasts, and smooth muscle and
endothelial cells.?22*

In a variety of rodent renal disease models, the
appearance of OPN has been observed in cortical
tubules from the early stage of the disease before
monocyte/macrophage accumulation of tubular
damage has become apparent. This is followed
by recruitment of monocytes/macrophages for
infiltration into the interstitium.!225-28 These re-
sults indicate that OPN is an important mediator
of wbulointerstitial disease. In human progres-
stve membranous nephropathy, strong OPN pro-
tein expression in tubular epithelial cells has
been shown to coincide with interstitial cell
infiltration and tubular injury.? In human crescen-
tic glomenlonephritis, monocytes and macro-
phages in glomerular crescents have been re-
ported to secrete OPN.3® Okada et al*! used an
immunchistological staining method to show that
inducible expression of OPN protein in proximal
and distal tubules apparently is related to intersti-
tial monocyte recruitment and tubular interstitial
changes in immunoglobulin A (IgA) nephropa-
thy and lupus nephritis (World Health Organiza-
tion type IV).

For the study reported here, we used the laser-
based microdissection technique® to quantify
mRNA expression in human proximal tubules
isolated from histological tissue specimens by
means of LMM and LCM, as well as real-time
PCR. We examined renal biopsy specimens of 5
patients with minimal change nephrotic syn-
drome (MCNS}) and 11 patients with IgA glomer-
ulonephritis by using LMM to cut and collect
proximal tubules accurately and without contarmi-
nating other tissues. The amount of OPN mRNA
expression in proximal tubules isolated from the
renal biopsy specimen was successfully quanti-
fied. We also studied any correlation between the
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quantity of OPN mRNA expression and clinical,
histopathologic, and immunohistochemical data
for OPN.

MATERIALS AND METHODS

Renal Biopsies

Renal biopsy specimens were obtained from 16 patients
(3 patients, MCNS; 11 patients, IgA glememlonephritis) at
Osaka University Hospital (Osaka, Japan) during & standard
hospitalization for renal biopsy examination. Informed con-
sent for this sdy was obtained from all subjects. The
protocol for this study was approved by the Ethics Commit-
tee of the Department of Internal Medicine and Therapeu-
tics, Osaka University Graduate School of Medicine. For
RNA analyses, a scction of the biopsy specimen was soaked
in an RNAlater reagent (Ambion Inc, Austin, TX) soon after
the former was obtained. Subsequently, specimens were
fixed in 100% ethanol and embedded in 100% paraffin using
a standard method. With the permission of the committee
and informed consent, we also used normal kidney tissues
obtained from nephrectomy specimens of patients with renal
Cancer.

Selective Tissue Collection by LMM and LCM

Proximal tubules were isolated according to previously
described methods.! LMM can collect samples of virtually
any shape and size between one to several hundred microme-
ters in diameter by cutting tissue sections from a histological
specimen with a strong laser beam.” By careful cutting
inside the proximal tubular basement membrane, only epithe-
lial cells of the proximal tubule were successfully isolated,
presumably without contamination of other nephron seg-
ments, We then collected samples by means of LCM, We
identified proximal tubules by confirming their brush bor-
ders in serial periodic acid-Schiff (PAS)-stained sections.
Ten sections of proximal tubules were immediately pro-
cessed for the following RNA extraction procedures.

Quantificarion of OPN mRNA Expression by
Real-Time PCR

Ten proximal tubules collected by LMM and LCM were
treated with proteinase K solution (200 mmol/L of Tris-HC],
pH7.5; 200 mmol/L. of NaCl; 1.5 mmol/L of MgCly; 2%
sodium dodecyl sulfate; 500 gg/mL of proteinase K) for 15
minutes at 45°C.*2 Total RNAs were isolated with the aid of
Trizol reagent (Life Technologies, Rockville, MD) accord-
ing to the manufacturer's instructions. The first strand of
complementary DNA (cDNA) was synthesized by using the
Superscript Preamplification System (Life Technologies)
with random hexamers. Excess primers were removed with
a Microcon YM-10 (Millipore, Bedford, MA). Quantifica-
tion of human OPN/glyceraldehyde-3-phosphate dehydroge-
nase {(GAPDH) mRNA was performed by real-time PCR
using the ABI Prism 7700 Sequence Detection System
{Perkin Elmer Applied Biosystems, San Diego, CA). The
TagMan probe for human OPN sequence was 5'-
CGAAGTTTTCACTCCAGTTGTCCCCACA-3" (acces-
sion no. JO4765; 495 1o 522 bp). The forward primer
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sequence of human OPN was 5-TCACTGATTTTCCCACG-
GACC-3‘ (464 to 484 bp), and the reverse was 5'-
CCTCGGCCATCATATGTGTCTA-3' (524 to 545 bp). The
human GAPDH TagMan probe and forward and reverse
primers were obtained from TagMan Human GAPDH Con-
trol Reagents (Perkin Elmer Applied Biosystems).

‘To prepare standard lines for the quantification of mRNA,
human GAPDH was cloned by means of PCR. OPN ¢cDNA
was provided by Dr Cecilia M. Giachelli (University of
Washington, Seattle, WA}, The forward primer sequence of
human GAPDH was 5'-TCAGCCGCATCTTCTTTT-
GCGTCG-3' (accession no. NM002046; 25 to 48 bp), and
the reverse was 5'-TTGTCATGGATGACCTTGGC-
CAGG-3' (552 to 575 bp). Resultant PCR products were
cloned and sequenced for confirmation. Relative amounts of
OPN and GAPDH mRNA in each sample were calculated in
terms of their own standard lines by using real-time PCR
(details of these procedures using real-time PCR are de-
scribed at the Internet site of Perkin Elmer: http://
www?2 perkin-elmer.com/ab/).

To determine whether there was contamination in col-
lected proximal tubules, we performed reverse transcriptase
PCR along with real-ime PCR of human Tamm-Horsfall
glycoprotein. Primer sequences {accession no. M15881 and
M17778) were ' TCCAAGTGGTGGAGAATGGG 3’ (for-
ward primer) and 5° TCCAGCAAACCGGAACATCT3'
(reverse primer). The TagMan probe for human Tamm-
Horsfall glycoprotein was 5° Fam-CCTCCCAGGGC-
CGATTTTCCGT-Tamra 3",

Immunohistochemistry

Four-micron sections were processed by means of an
indirect avidin-biotin immunoperoxidase method (Vec-
tastain ABC kit; Vector Laboratories, Burlingame, CA)
using the mouse monoclenal antibody MPITIB10, which is
specific for rat OPN and has been shown to cross-react with
human OPN (American Research Products, Belmont, MA)
and the murine monocional antibody PGM 1, directed against
CD68 on human macrophages and monocytes (Dako, Carpin-
teria, CA). The number of CD68-positive cells was deter-
mined as deseribed previously3? to evaluate interstitial mono-
cyte/macrophage infiltration. Ten random cortical fields were
counted for CD68-positive cells, using original magnifica-
tion X400. Results are shown as the total number of CD68-
positive cells per high-power field.

Pathological Examination

Glomenlar and tubulointerstitial examinations were per-
formed by two renal pathologists using 1-pm PAS-stained
sections from the same renal biopsy specimens. Glomerular
injuries of sections were scored semiquantitatively to deter-
mine the proportion of mesangial cells that had proliferated
and the increase in mesangial matrix, 3% Proliferation of
mesangial cells observed with light microscopy was classi-
fied according to the following scale of 0 to 3: 0, none; 1,
proliferation of mesangial cells observed in less than 25% of
glomeruli {mild); 2, proliferation of mesangial cells ob-
served in 25% to 75% of glomeruli {moderate); and 3,
proliferation of mesangial cells observed in more than 75%
of glomeruli (severe). The increase in mesangial matrix was
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evaluated according to the following scale of 0 to 3: 0, no
increase; 1, up to 25% of sclerotic glomeruli affected (mild);
2, 26% to 50% of glomenili affected (moderate); and 3,
more than 50% of glomeruli affected (severe).

Tubulointerstitial injuries were evaluated in terms of
interstitial cell infiltration and fibrosis.?35 Interstial cell
infiltration was scored according to the following scale of 0
to 3: 0, less than 10% of parenchyma cell infiltrated; 1, 10%
to 25% of parenchyma cell infilirated; 2, 26% to 50% of
parenchyma cell infiltrated; and 3, more than 50% of paren-
chyma cell infiltrated. Interstitial fibrosis was evaluated
according to the following scale of O to 3: 0, interstitial
fibrosis in up to 5% of the cortical area; I, interstitial fibrosis
in 6% to 25% of the cortical area; 2, interstitial fibrosis in
26% to 50% of the cortical area; and 3, interstitial fibrosis in
greater than 50% of the cortical area. The presence of
interstitial monocytes/macrophages was evaluated in terms
of CD68-positive cell infiltration. Scores were averaged,
although they were virtually identical.

Clinical Data Presentation

Urinary protein excretion (in grams per day), seram
creatinine (in milligrams per deciliter), utinary protein-
creatinine ratio, creatinine clearance (in milliliters per
minute), body weight (in kilograms}, blood pressure (in
millimeters of mercury), sex, and age at the tme of renal
biopsy are shown.

RESULTS

Accurate Human Proximal Tubule Collection by
LMM and LCM to Quantify Segment-Specific
mRNA Expression Isolated From Historic
Specimens

To evaluate mRNA expression in nephron
segments, we applied an established method to
isolate human proximal tubules from histologi-
cal specimens,® By careful cutting inside their
basement membrane by means of LMM, only
epithelial cells of proximal tubules could be
isolated with virtually no contamination of other
components. Cells were then collected by means
of LCM (Fig 1). We could identify proximal
tubules by confirming their brush borders in
serial PAS-stained sections. OPN gene expres-
sion in human proximal tubules also was mea-
sured because OPN has been reported to be an
important mediator of tubulointerstitial injuries
in a variety of animal disease models,!225.27.28.36
as well as in human progressive membranous
nephropathy.?

In normal renal tissue taken from tumor-
containing kidneys, OPN protein expression has
been reported to vary among specimens.¥ We
therefore collected 10 proximal tubules to aver-
age any variability of OPN mRNA expression.
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before
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after
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Fig1. Representative photographs of a human renal biopsy specimen before and after laser microdissection. By
carefully cutting inside the proximal tubular basement membrane, only epithelial cells of the proximal tubule were
successfully isolated without contamination using LMM, They were collected by means of LCM. Microdissected and

collected proximal tubules are shown by arrowheads. (High original magnification x400; low original magnification
X40.)

OPN/GAPDH

0 T r T T T T T T
3 4 5 6 7 8 9% 101N
urinary protein excretion (g/day)

Fig 2. Correlation between OPN/GAPDH and uri- Fig 3. Representative photograph of immunohisto-
nary protein excretion in five patients with MCNS, chemica! staining for OPN in a human renal biopsy
Each dot shows the OPN/GAPDH value and quantity of section of patient 2 with MCNS, These staining pat-
urinary protein excretion in each patient with MCNS. terns were virtually identical to those reported in nor-

The correlation was statistically significant (P < 0.05), mal kidney, The section was 4-um thick,
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Table 1. Data for Patients With MCNS and 1gA Nephropathy
Age(yy BW s-Cr CCr BP Mean U-Prot
Patient No, Sex (kg) (mg/dL) (mL/min} (mm Hg) (g/d) U-ProtU-Cr  OPN/GAPDH st
MCNS
1 26/F 6589 0.6 103 90/60 3.9 4.1 0.197 0.095
2 23/F 486 0.6 95 132/80 5.9 6.8 0.749 0.016
3 38F 899 0.6 87.9 113775 79 7.5 0.867 0.097
4 26/F 447 0.4 81 86/52 10 10.9 1.864 0.127
5 59/F 425 0.6 88 102/84 5.8 5.9 0.281 0.098
IgA glomerulonephritis
1 17/ 540 0.8 156 124/68 0.18 0.16 0.14 ND
2 34/F 46.4 1.2 63 102170 0.79 0.81 1.31 ND
3 45/M €73 0.8 73.6 115/72 0.48 0.50 0.69 ND
4 32M 555 1.0 76.9 116/78 0.72 0.75 4.86 ND
5 52/F 47.6 0.6 g2 132/70 0.77 0.85 0.18 ND
& 55/M  89.2 0.8 11 138/84 0.67 0.81 0.55 ND
7 29/F 754 08 120 102772 0.15 Q.10 0.05 ND
8 24/F 595 0.6 120 102/74 0.85 0.78 0.25 ND
9 48M 562 0.9 104 128/62 0.30 0.17 0.29 ND
10 26/F 541 0.4 132 96/63 1.20 0.95 4.64 ND
1 27 685 0.7 165 120/55 0.79 0.66 1.01 ND

Abbreviations: BW, body weight; s-Cr, serum creatinine; CCr, creatinine clearance; BP, blood pressure; U-prot, urinary
protein; OPN/GAPDH, osteopontin mRNA/GAPDH mRNA; Sl, selectivity index; ND, not detected.
*Urinary transferrin was not detectad in patients with |gA glomerulonephritis; thus, Sls were not measured.

Total mRNA was extracted from the 10 proxi-
mal tubules and converted to cDNA by reverse
transcriptase reaction, described in Materials
and Methods. Human GAPDH and target
mRNA were quantified by means of real-time
PCR,? and expression ratios of OPN-GAPDH
mRNA were determined. Clinical data and
OPN mRNA expression values are listed in
Table 1. OPN/GAPDH expression in proximal -
tubules obtained from nephrectomy specimens
of patients with renal cancer was less than
0.04.

To determine whether there was contamina-
tion of other nephron segments, we performed
real-time PCR for human Tamm-Horsfall glyco-
protein. Because no PCR products were detected
in mRNA. extracted from isolated proximal tu-
bules using the laser-based microdissection
method (data not shown), we assumed there was
virtually no contamination of distal tubules. Proxi-
mal tubules of normal tissues obtained from
nephrectomy specimens were isolated, and OPN/
GAPDH mRNA was determined as described in
Materials and Methods. OPN/GAPDH expres-
sion of normal proximal tubules was 0.03, 0.01,

0.04, and 0.01, indicating they were less than the
lowest value of patients,

Correlation of Urinary Protein Excretion and
OPN mRNA Expression in Patients With MCNS

We first examined clinical profiles of the five
patients with MCNS, including OPN mRNA
expression (Table 1), and found a positive corre-
lation between OPN mRNA expression and uri-
nary protein (Fig 2). This result seems to agree
with results of experiments using disease mod-
els.!l27 OPN mRNA expression in proximal tu-
bules of patients with MCNS was upregulated in
proportion to the quantity of urinary protein.

To confirm OPN expression further, OPN was
subjected to immunohistochemical analyses.
Staining patterns of these five patients were
virtually identical to those of normal human
kidney tissue in which only collecting ducts and
distal tubules were positively stained (Fig 3).
Their OPN mRNA expression could be quanti-
fied using LMM and PCR methods. Immunchis-
tochemical analyses using anti-CD68 antibody
showed that menocytes or macrophages were not
present in the interstitium of patients with MCNS
(data not shown).
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Correlation of Urinary Protein Excretion and
OPN mRNA Expression in Patients With IgA
Glomerulonephritis

We examined OPN mRNA expression in proxi-
mal tubules, pathological evaluation results, and
urinary protein levels in the 11 patients with IgA
glomerulonephritis. Patients with IgA glomerulo-
nephritis listed in Table 1 showed no or minor
pathological changes and urinary protein excre-
tion less than 1 g/d. As shown in Fig 4, there was
a positive correlation between the logarithmic
value of OPN mRNA expression in proximal
tubules and urinary protein. Patients with IgA
glomerulonephritis with proteinuria less than 1
2/d of protein showed exponential upregulation
of OPN mRNA in proximal tubules. No other
clinical data, including blood pressure and renal
function, showed a significant correlation with
OPN mRNA expression (data not shown).

In Table 1, urinary protein-creatinine ratios
and body weight are shown for a comparison
among individuals of different masses, again
showing no significant difference. Typical immu-
nohistochemical stainings of OPN are shown in
Fig 5. We found that cortical tubules of patient 4,
who had OPN expression values greater than 4,
were diffusely stained. Conversely, the staining
pattern of paticnt 7 (OPN expression value, 0.05),
as well as those of other patients, looked simnilar
to reported normal expression patterns in the
kidney.?” OPN expression levels of normal proxi-

OPNIGAFDH
10 -
=0.72
p<0.05
1
o1
T L] T L L L) L
o 2 4 6 8 1 12 14

mean winary prolein excretion{giday}

Fig 4. The correlation between the logarithmic value
of OPN/GAPDH and urinary protein excretion in pa-
tients with IgA glomerulonephritis was statistically
significant (P < 0.05).

Fig 5. Immunchistochemical staining for OPN in
human renal biopsy specimens from patients with IgA
glomerulonephritis, (A) OPN-positive stains were dif-
fusely detected in cortical tubules, including proximal
tubules of patient 4 with IgA glomerulonephritis. (B)
Staining patterns of patient 7 with igA glomerulonephri-
tis were similar to those reported in normal kidney.

mal tubules obtained from nephrectomy speci-
mens were quantified. Values were less than the
lowest value of patients. By using laser-based
microdissection and the mRNA quantifying pro-
cedure, we thus could detect differences in OPN
mRNA expression in proximal tubules, even if
OPN immunostaining could not be clearly identi-
fied.

Correlation of OPN mRNA Expression and
Pathological Evaluation, Including Glomerular
or Tubulointerstitial Injury, in Patients With IgA
Glomerulonephritis

We examined OPN mRNA expression in proxi-
mal tubules of patients with IgA glomerulonephri-
tis with respect to pathological evaluations of
glomerular and tubulointerstitial injury. Glomer-
ular injuries were evaluated in terms of prolifera-
tion of mesangial cells and increase in mesangial
matrix. Tubulointerstitial injury was assessed in
terms of interstitial cell infiltration and fibrosis.



954

We ranked proliferation of mesangial cells, in-
crease in mesangial matrix, interstitial cell infil-
tration, and interstitial fibrosis on a scale of 0 to 3
according to the pathological score for each
category, described in Materials and Meth-
ods. 3435

OPN mRNA expression in proximal tubules of
patients with moderate-stage IgA glomerulone-
phritis entered onto our study did not correlate
with pathological evaluations of glomerular or
tubulointerstitial injury (Fig 6). To examine the
correlation between interstitial monocyte/macro-
phage infiltration and OPN mRNA expression in
proximal tubules of patients with IgA glomerulo-
nephritis, we performed immunochemical analy-
ses of monocytes/macrophages using anti-CD68
antibody PGM1 and counted the number of
CD68-positive infiltrated interstitial cells. No
significant correlation was found between the
number of CD68-positive interstitial cells and

A B
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OPN mRNA expression in proximal mbules (data
not shown).

DISCUSSION

LMM, together with real-time PCR.? wasused
to quantify OPN mRNA expression in proximal
tubules of human renal biopsy sections. We suc-
ceeded in isolating proximal tubules by means of
the laser microdissection method and quantify-
ing OPN mRNA expression level in 10 proximal
tubules of 10-um thick human renal biopsy speci-
mens. This laser-based procedure previously en-
abled us to quantify TGF-B8 mRNA expression in
rat glomeruli of an anti-Thy 1 glomerulonephri-
tis model® The same method allowed us to
detect and quantify mRNA expression in proxi-
mal tubules of renal biopsy specimens, and this
method seemed to be more sensitive than immu-
nohistochemical analyses. We could detect differ-
ences in OPN mRNA expression in proximal

oPN/ 0PN/
GAPDH GAPDH
59 8 54 8
41 41
31 31
21 24
1 o o 14 g
J e 8 o
o 1 2z 3 6 1 2 3

mesanglal cell proliferation score

C

mesanglal matrix Increase score

OPN/ OPN/
GAPDH GAPDH
Fig6. Evaluation between
51 B8 59 o o OPN mRNA expression and
4 4 pathological findings. The
amount of OPN mRNA ex-
37 37 pression in proximal tubules
2 21 of patients with IgA glomeru-
o o lonephritis was evaluated by
11 g 19 o o (A} proliferation of mesan-
] ] ] 8 8 gial cells, (B) increase in
0 0 mesangial matrix, {C) inter
r Y - r Y " . . stitial cell infiltration, and (D)
0 1 2 3 0 1 2 3 interstitia) fibrosis. There

Interstitial cell infiitratlon score

Interatitial fibrosis score

seemed to be no significant
correlations.
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tubules of patients even if results of OPN immu-
nostaining were not clear. This laser-based proce-
dure also enabled vs to simultaneously perform
quantification of gene expression and pathologi-
cal evaluation by using the same renal biopsy
tissue specimen. However, in situ hybridization
would be preferable for the localization of mMRNA
expression. This laser-based procedure thus may
be suitable for the quantification of mRNA expres-
sion in highly restricted and very small sections
of tissue specimens.

For this study, we selected OPN as an impor-
tant mediator of tubulointerstitial disease and
guantified its mRNA expression in proximal tu-
bules. OPN, a phosphoprotein, creates strong
adhesion to macrophages in vitro?®® and exerts
chemotactic activity on macrophages. Subcutane-
ous infusion of OPN resulted in a cellular infil-
trate consisting primarily of macrophages.?® Re-
cently, many studies using in situ hybridization
and immunohistochemistry for various renal in-
jury models have reported that vpregulation of
OPN was observed in proximal tubules, and this
upregulation was related to interstitial cell infil-
tration and fibrosis.122628.36 Patients with progres-
sive idiopathic membranous nephropathy and
IgA glomerulonephritis showed overexpression
of OPN in proximal tubular epithelial cells as-
sessed by immunohistochemistry, and this over-
expression was associated with an interstitial
accumulation of mononuclear cells.?3 In nor-
mal rat kidney, OPN was found only in distal
tubules,? whereas in human kidney, OPN mRNA
and protein were identified in distal tubules,
collecting ducts, and transitional epithelium of
the renal pelvis.*?

OPN mRNA levels significantly increased in
proportion to the quantity of urine protein in the
rat kidney with overload proteinuria'! and puro-
mycin aminonucleoside nephrosis.? These re-
ports suggested that proteinuria might cause in-
creased OPN mRNA expression in kidney, We
therefore gave spectal attention to the correlation
of urinary protein excretion and OPN mRNA
expression in proximal tubules of patients with
MCNS and IgA glomerulonephritis. OPN expres-
sion in five patients with MCNS was measured
successfully using the laser microdissection real-
time PCR method, and their immunostaining
patterns were virtually identical to those of nor-
mal human kidney tissues. However, there was a
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positive correlation between OPN expression
and urinary protein excretion in patients with
MCNS (Fig 2). These results seem to agree with
those obtained in proteinuria rat models.!1-#?

Conversely, a small quantity of urinary protein
(<1.2 g/d) was associated with the exponential
upregulation of OPN mRNA expression in proxi-
mal tubules of patients with IgA glomerulonephri-
tis. These results may explain the importance of
a small quantity of urinary protein in the disease
course of IgA glomerulonephritis.

There may be several explanations for the
difference in expression patterns of OPN mRNA
in proximal tubules between patients with MCNS
and IgA glomerulonephritis. Inflammation in glo-
meruli of patients with IgA glomerulonephritis
may cause the secretion of various cytokines,
resulting in a remarkable increase in expression
of OPN mRNA in proximal tubules. OPN expres-
sion in cultured rat renal epithelial cells in-
creased 7.0 to 8.5 times as much as in control
subjects in response to several cytokines, such as
TGF-f and epidermal growth factor.*! Angioten-
sin II infusion has been reported to enhance OPN
expression in rat cortical tubules.?8

Another possible explanation of the difference
is the low selectivity of urine protein in patients
with IgA glomerulonephritis.*?>*? Urinary protein
in patients with MCNS is mainly albumin,
whereas several kinds of proteins other than
albumin are assumed to be contained in urine of
patients with IgA glomerulonephritis, Various
proteins have been shown to be involved in
tubulointerstitial injury. Transferrin®4% and li-
poproteins*647 are reportedly cytotoxic. Further-
more, the possible role of complement compo-
nents in tabulointerstitial injury was emphasized
in recent studies.*®4? These findings may help
explain our observation of the exponential in-
crease in OPN mRNA expression in proximal
tubules of patients with IgA glomerulonephritis.

Patients with IgA glomerulonephritis with uri-
nary protein excretion less than 1 g/d on this
study showed pathological changes ranging from
nonexistent to minor. OPN immunohistochemis-
try showed diffuse staining of tubules of only
those patients with OPN mRNA expression
greater than 1. In other patients, OPN staining
patterns were similar to those of normal human
kidney. This suggests that laser-based microdis-
section combined with the real-time PCR proce-
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dure may be more sensitive than immunohisto-
chemistry in terms of identification of a particular
gene product. We did not observe a correlation
between pathological evaluations of tubulointer-
stitial injury, monocyte/macrophage infiltration
to the interstitium, and OPN mRNA expression
of mild IgA glomerulonephritis. This may be
because the quantity of OPN expression detected
with this method is too small to recruit monocytes/
macrophages to the interstitium or OPN secre-
tion may be insufficient. The first patient joined
this program approximately 18 months age and
has shown no clinical changes to date. Further
studies are required to address the question of
whether the amount of OPN gene expression in
proximal tubules correlates with the prognosis
for pathological changes in IgA glomerulonephri-
f1s.

If results of the Hurnan Genome Project en-
able us to identify the key player genes of the
progression of human tubulecinterstitial injury,
we may be able 10 use this method for a more
accurate prognosis of kidney disease.
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Abstract Immunoglobulin A nephropathy (IgAN) is a
form of chronic glomerulonephritis of unknown etiology
and pathogenesis. Immunogenetic studies have not conclu-
sively indicated that human leukocyte antigen (HLA) is

F. Akiyama - W. Obara - 8. Miyano - Y, Nakamura
Human Genome Center, The Institute of Medical Science,
University of Tokyo, Tokyo, Japan

F. Akiyama - I. Narita - F. Gejyo

Division of Clinical Nephrology and Rheumatology, Niigata
University Graduate School of Medical and Dental Sciences, Niigata,
Japan

T. Tanaka - Y. Ohnishi
Laboratory for Cardiovascular Diseases, SNP Research Center, The
Institute of Physical and Chemical Research (RIKEN), Tokyo, Japan

R. Yamada
Laboratory for Rheumatic Diseases, SNP Research Center, The
Institute of Physical and Chemical Research {(RIKEN), Tokyo, Japan

T. Tsuncda
Laboratory for Medical Informatics, SNP Research Center, The
Institute of Physical and Chemical Research (RIKENY}, Tokyo, Japan

S. Maeda
Laboratory for Diabetic Nephropathy, SNP Research Center, The
Institute of Physical and Chemica! Research (RIKEN), Tokyo, Japan

T. Takei - K. Ito - K. Honda + K. Uchida - K. Tsuchiya - K. Nitta -
W. Yumura - H. Nihei

Department of Medicine, Kidney Center, Tokyo Women’s Medical
University, Tokyo, Japan

T. Ujiie
Department of Urclogy, Iwate Prefectural Ofunato Hospital, Twate,
Japan

Y. Nagane
Department of Urclogy, Sanai Hospital, Iwate, Japan

Y. Suzuki - T. Fujioka
Department of Urology, Iwate Medical University, Iwate, Japan

Y. Nakamura ()

Laboratory of Molecular Medicine, Human Genome Center,
Institute of Medical Science, University of Tokyo, 4-6-1
Shirokanedai, Minato-ku, Tokyo 108-8639, Japan

Tel. +81-3-5449-5372; Fax +81-3-5449-5433

e-mail: yusuke@ims.u-tokyo.ac.jp

involved. As a first step in investigating a possible relation-
ship between HLA class IT genes and IgAN, we analyzed
the extent of linkage disequilibrium (LD) in this region of
chromosome 6p21.3 in a Japanese test population and
found extended LD blocks within the class I locus. We
designed a case-control association study of single-
nucleotide polymorphisms (SNPs) in each of those LD
blocks, and determined that SNPs located in the HLA-
DRA gene were significantly associated with an increased
tisk of IgAN (P = 0.000001, odds ratio = 1.91 [95%
confidence interval 1.46-2.49]); SNPs in other LD blocks
were not. Our data imply that some haplotype of the HLA-
DRA locus has an important role in the development of
IgAN in Japanese patients.

Key words Single-nucleotide polymorphism - IgA nephr-
opathy - Linkage disequilibrium - HLA class IT1- HLA-DRA

Introduction

Immunoglobulin A nephropathy (IgAN [MIM161950]),
a disease characterized by predominant IgA deposits in
glomerular mesangial areas, is the most common type of
glomerulonephritis (GN); its prevalence may be as high
as 50% of all cases of GN in Asia, especially among the
Japanese. Long-term follow-up studies of biopsy-proven
cases of IgAN have revealed that 20%-30% of patients
progress to end-stage renal disease within 20 years of GN
onset (Galla 1995; Floege and Feehally 2000).

The pathogenesis of IgAN is unknown, but accumulated
data suggest that some genetic factors are involved in dis-
ease susceptibility {(Galla 2001). The prevalence of IgAN
seems to reflect demographic and ethnic characteristics of
the populations studied; moreover, several cases of familial
IgAN (Julian et al. 1985; Scolari et al. 1999) and higher
risk of identical twins to IgAN (Tolkoff-Rubin et al. 1978:
Sabatier et al. 1979) have been reported. Investigators have



