heterogeneity of the DLBCL component using morphological,
immunohistochemical, and FISH analyses.

FL transformed most commonly to the DLBCL centroblastic
subtype,” but occasionally to the DLBCL anaplastic subtype
with CD30 expression.® We confirmed that most of the DLBCLs
were of the centroblastic subtype, with two exceptional cases of
the anaplastic subtype.

CD10 shows restricted expression in germinal center B-cells
of reactive lymphoid tissue. Although the reported frequency
of CD10 expression in FL varies, about 60% of FLs express
CD10.* However, no previous report has documented changes
in CD10 expression through transformation from low-grade FL
to DLBCL. In this study, 14 DLBCLs were negative for CD10,
and among them, six showed loss of CD10 expression through
transformation. Previous reports have indicated that CDI0
expression is often stronger in follicles than in interfollicular
neoplastic cells, and that the frequency of CD10 expression is
lower in FL grade 3 than in low-grade FL.%* It is suggested that
loss of CD10 expression through FL transformation is possible
in the process of escape from the follicular dendritic cell meshwork
and diffusion, and tumor cell enlargement.

Bcl-2 is expressed on resting and B and T cells, but not on
normal germinal center cells. Bel-2 protein has an antiapoptotic
function,® and is expressed in the majoré:? of FLs ranging from
nearly 100% in grade 1-75% in grade 3,*® and in about 30-50%
of de novo DLBCLs.”*® Bcl-6 is expressed in germinal center
B-cells and a subset of CD4* T cells.%” Bel-6 is expressed in
88% of FLs,”™ and 55-97% of de novo DLBCLs.®” Most of
the DLBCLs that had transformed from FL retained a high
frequency of Bcl-2 and Bel-6 expression, which tended to be
higher than that in de novo DLBCL. Because Bcl-2 and Bel-6
expression was retained during transformation in most cases,
Bcl-2 and Bcel-6 positivity might be a precondition for trans-
formation of DLBCL from FL.

MUMI is a lymphoid-specific member of the interferon
regulatory factor family of transcription factors.®” MUMI is
normally expressed in plasma cells and a minor subset of germinal
center B cells, and has been reported to be expressed in 50-77%
of DLBCLs.?"*¥ In this study, MUMI was positive in 16% of
low-grade FLs and 34% of DLBCLs. This rate was lower than
that in de novo DLBCL, but it was surprising that 34% of
transformed FLs expressed MUMI. Twenty cases that were
MUM 1-positive in both the FL and DLBCL components were
suggested to be derived from germinal center MUM 1-positive B
cells, and seven cases showing MUM-gain indicated that this
event was not infrequent during FL transformation.

CD30 was positive in Hodgkin and Reed-Stermberg cells of
classical Hodgkin lymphoma, anaplastic large cell lymphoma,
anaplastic variant of DLBCL, and a subset of non-ncoplastic
activated B and T cells." Most FLs contain a small number of
CD30-positive cells, located mainly at the edge of the neoplastic
follicles,”® and we confirmed this feature. Transformation of FL
into CD30-positive large B-cell lymphoma with anaplastic f

anaplastic variant, indicating that CD30-positive large lymphoid
cells tended to increase gradually during transformation.

CDS5 is reported to be an unfavorable prognostic marker in de
novo DLBCL.®® Richiter’s syndrome, a transformant of chronic
Ilymphocytic leukemia/small lymphocytic lymphoma, is a
well-known secondary CD5* DLBCL. Manazza et al. reported
that CD5 and CD10-double-positive FL transformed to CD5*
DLBCL.®® Qur present study is the first to indicate that CD5/
CDI10* FL with IGH/BCL2 fusion can transform to secondary
CD5*/CD10- DLBCL with IGH/BCL2 fusion.

Notably, our series included one case of classical Hodgkin
lymphoma that had transformed from FL via DLBCL. Previous
reports have suggested that composite follicular lymphoma and
Hodgkin lymphoma represent two morphologic manifestations
of the same tumor clones.™ In the present case, IGH/BCL2 fusion
was detected in both the FL and the Hodgkin/Reed-Stemberg
cells by FISH analysis, strongly suggesting transformation from FL.

Although transformed FL is generally considered to have a GCB
phenotype, we demonstrated that a proportion of FLs can show
a dramatic change in immunophenotype through transformation.
Davies er al."® examined 35 cases of transformed FL, and found
that 89% of them had a GCB phenotype and 9% had a non-GCB
phenotype. In our study, six (16%) of the DLBCLSs had a non-GCB
phenotype. Some previous studies examining the difference in
prognosis between patients with a GCB phenotype versus those
with non-GCB-phenotype DLBCL revealed that the former group
had a more favorable prognosis."*'® However, Colomo et al. found
no prognostic difference between them,”” and recently therefore
this issue has been controversial. In the present study, GCB versus
non-GCB was not a significant prognostic factor. However, as
the number of cases was small, further studies are necessary
to clarify the prognostic difference between GCB and non-GCB
in transformed FL.

We detected a high relative frequency (82%) of IGH/BCL2
fusion in transformed FL. Although the rate is higher than that
in Japanese FL, it is almost equal to that in FL grade 1 (10/12,
839%).%Y Because the present cases of DLBCL had transformed
from low-grade FL, we were unable to conclude whether cases
showing IGH/BCL2 fusion transformed more frequently than
cases without it.

In conclusion, our study has clearly demonstrated heterogeneity
of the immunophenotype in DLBCL transformed from low-
grade FL, suggesting that various mechanisms may affect FL
transformation. As many genetic changes including c-MYC
amplification and p53 mutation have been detected in transformed
FL, it will be necessary to analyze the relationship between these
genetic abnormalities and morphological, immunohistochemical,
and IGH/BCL2 fusion status in transformed FL.
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Rituximab is a chimeric monoclonal antibody that recognizes
the CD20 antigen. It has been used to treat B-cell non-Hodgkin
lymphoma (B-NHL), but recently rituximab resistance has been a cause
for concern. We ined histological and i histochemical
changes in 59 pati with B-NHL after rituximab therapy. The
patients comprised 32 men and 27 women with a median age of
59 years. Pre-rituximat mens comprised 34 follicular lymphomas
(FL), 11 diffuse large B-cell lymphomas (DLBCL), 10 mantle cell
lymph two marginal zone B-cell lymphomas (MZBCL), and two
chronic lymphocytic leukemias (CLL). CD20 expression in lymph
cells was evaluated by immunchistochemistry or flow cytometry. Post-
rituximab materials were taken a median of 6 months (4 days to
59 months) after rituximab therapy. Sixteen cases (27%) showed
loss of CD20 expression with four histological patterns: pattern 1,
no remarkable histological change (FL, 5; DLBCL, 3; and CLL, 2);
pattern 2, proliferation of plasmacytoid cells (FL, 2; DLBCL, 1; and
MZBCL, 1); pattern 3, transformation to classical Hodgkin's lymphoma
(FL, 1); and pattern 4, transformation to anaplastic large cell
lymph like undiff iated lympt (FL, 1). Loss of CD20 was
unrelated to the interval of biopsies, treatment regimen, clinical

P and freq y of rituximab administration. Loss of CD20
within 1 month of rituximab therapy (3/14, 21%) and regain of
CD20 (2/7, 29%) were not frequent. CD20-positive relapse with
transformation occurred most frequently in cases of early relapse. In
conclusion, B-NHL sh d various histological i ph ypi
changes after rituximab therapy, including not only CD20 loss but
also proliferation of plasmacytoid cells or transformation to special
subtypes of lymphoma. (Cancer Sci 2009; 100: 54-61)

Riluximab is a chimeric monoclonal antibody that has
recently been incorporated into the treatment of B-cell
non-Hodgkin lymphoma (B-NHL). It recognizes the CD20
antigen, a pan-B-cell marker, binds to it, and induces apoptosis
of CD20-positive cells."* Rituximab can be used as a mono-
therapy or in combination with conventional chemotherapy for
treatment of low- and high-grade, untreated, relapsed, or
refractory CD20-positive B-NHL, achieving a high response
rate with a low toxicity.

Recent studies have reported that B-NHL show CD20-
negative relapse after rituximab therapy.*~'" Transformation of
follicular lymphoma (FL) to CD20-negative diffuse large B-cell
lymphoma (DLBCL),"® proliferation of CD20-negative
plasmacytoid tumor cells of marginal zone B-cell lymphoma
(MZBCL)"® or lymphoplasmacytic lymphoma,” transforma-
tion of FL to classical Hodgkin's lymphoma,"” and progression
of nodular lymphocyte-predominant Hodgkin lymphoma to
CD20-negative T-cell-rich B-cell lymphoma have also been
reporled.‘ L]
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Several mechanisms of resistance to rituximab have been
suggested, including selection of a CD20-negative clone as a
consequence of rituximab exposure, masking of CD20 epitopes
by rituximab itself, or true loss of CD20 antigen by genetic and
epigenetic changes.['2113.1%-24)

In the present study we carried out retrospective analyses
of histological and immunophenotypic changes and outcome
in 59 patients with B-NHL after rituximab-containing therapy, to
explore the effect of rituximab on CD20 expression and morphology
in B-NHL.

Materials and Methods

Patient selection. We reviewed the pathology archives of the
National Cancer Center Hospital, Tokyo, Japan, for the period
2002 to 2007. Fifty-nine consecutive cases of CD20-positive
B-NHL treated with rituximab, with or without chemotherapy, for
which pre- and post-rituximab specimens were available, were
included in our study. Rituximab (Zenyaku Kogyo, Tokyo,
Japan) was used at a standard dose of 375 mg/m® once a week
for rituximab monotherapy and once every 3 weeks for the
rituximab-cyclophosphamide, doxorubicin, vincristine and
prednisone (CHOP) regimen. Clinical information was extracted
from the medical records, and the Ann Arbor system was used
for staging.

Histological review. Biopsy or surgical specimens were fixed in
10% neutral-buffered formalin overnight, embedded in paraffin,
cul into sections 4 pum thick, and stained with hematoxylin—eosin
for histological evaluation. All of the pre-rituximab specimens
were CD20-positive B-NHL by definition, and post-rituximab
specimens included any lymphomas. All of the specimens were
reviewed by three pathologists (AMM., HT, and YM.) to
confirm that the morphological characteristics fulfilled the
criteria of the World Health Organization classification of
lymphoid neoplasms, 2001.% Histological subtype, loss of CD20
expression by immunohistochemistry or flow cytometry, presence
or absence of plasmacytoid differentiation, and the relationship
between histological transformation and CD20 loss were
examined.

Immunchistochemistry, flow cytometry, in situ hybridization, and
interphase fluorescence in situ hybridization analyses. We carried out
immunohistochemical staining on formalin-fixed paraffin-
embedded pre- and post-rituximab specimens using a panel of
monoclonal and polyclonal antibodies. Sections 4 um thick
were cut from each paraffin block, deparaffinized, and incubated
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at 121°C in pH 6.0 citrate buffer for 10 min for antigen retrieval.
Antibodies included those against the following antigens: CD3
(clone PS1, x25; Novocastra, Newcastle, UK; polymer method),
CD20 (126, x100; Dako, Glostrup, Denmark; labeled streptavidin—
biotin method (LSAB]), and CD79a (JCB117, x100; Dako;
LSAB) routinely; and CDS5 (4C7, x50, Novocastra; polymer),
CD7 (CD7-272, x100; Novocastra; avidin-biotin complex method
[ABC]), CD10 (56C6, x50; Novocastra; polymer), CD15 (MMA,
x100; Becton Dickinson, Franklin Lakes, NJ, USA; polymer),
CD30 (Ber-H2, x100; Dako; polymer), CD45 (2B11 + PD7/26,
x100; Dako; LSAB), CD45R0O (UCHLI, x50; Dako; LSAB),
CD356 (1B6, x100; Novocastra; LSAB), ALK (ALK1, x200;
Dako; polymer), Bcl-2 (124, x100; Dako; LSAB), Bel-6 (poly,
%50; Dako; ABC), cyclin D1 (SP4, x25; Nichirei, Tokyo, Japan;
polymer), TIA-1 (26gA10F5, x1000; Immunotech, Marseille,
France; polymer), granzyme B (GrB-7, x200; Dako; polymer),
MPO (poly, x1000; Dako; LSAB), MUMI1 (MUMIp, x50;
Dako; ABC), PAXS5 (24, x200; Becton Dickinson; ABC), TdT
(poly, x100; Dako; polymer), Igx (poly, %20 000; Dako; LSAB),
Igh (poly, x40 000; Dako; LSAB), IgA (poly, x100 000; Dako;
polymer), IgG (poly, %20 000; Dako; polymer), and IgM
(poly, x20 000; Dako; polymer) optionally. The percentages
of CD20-positive tumor cells were counted semiquantitatively
by immunohistochemistry (IHC). Immunoreactivity for CD20
was judged positive (no CD20 loss) if >95% of the tumor cells
were stained, partially negative (partial CD20 loss) if 10-95% of
the cells were stained, or negative (CD20 loss) if <10% of the
cells were stained. When a post-rituximab specimen showed loss
of CD20 expression, it was judged as B-cell lineage if there
was positivity for CD79a.

Flow cytometry was carried out using an Epics XL-MCL
instrument with System II Software (Beckman Coulter), The
flow cytometry panel included CD20 (B-Lyl), CD19 (HD37),
Igx (poly), and Igh (poly) (Dako). Fluorescence in situ hybridi-
zation (FISH) and in situ hybridization (ISH) analyses were
optional. Sections 4 um thick were cut from each paraffin block
and used for FISH analysis. Judgment of the fusion gene was
carried out as described previously.® Dual-color LSI IGH
Spectrum Green/LSI BCL2 Spectrum Orange Dual Fusion
Translocation Probes (Vysis, Downers Grove, IL, USA) were
used to detect 1(14;18): IGHBCL2 fusion. ISH with Epstein—
Barr-encoded RNA (EBER-1) probes (Dako) was carried out in
some cases (o detect possible Epstein-Barr virus infection.

Statistical analysis, The relationships between CD20 expression
and treatment regimen (rituximab monotherapy vs combination
therapy with rituximab and chemotherapy), response (complete
response [CR] vs others, or overall response [OR] vs others),
frequency of rituximab administration, and interval belwm the
last dose of rituximab and rebiopsy were examined by -test or
Mann-Whitney U-test. Differences were considered mg;ruﬁcam
when the P-value was less than 0.05.

Results

Patient characteristics. Clinical information for all consecutive
59 patients is summarized in Table 1. The patients comprised 32
men and 27 women, ranging in age from 37 to 80 years with a
median age of 59 years. Eight patients had stage VIl disease and
51 patients had stage III/IV disease. All of the patients received
rituximab by definition, with or without chemotherapy (CHOP
or other types of regimen). The 59 patients received a median of
six courses (range 1-17) of rituximab. The median interval
between the last dose of rituximab and rebiopsy was 6 months
(range 4 days to 59 months). The overall response rate was 79%
and the % CR was 46% to rituximab-containing regimens.

Four histological patterns of CD20 loss. The results of histological
analysis and immunohistochemical staining for each antibody
are summarized in Tables 1-2, The total of 59 pre-rituximab

Maeshima ef al.

B-NHL specimens included 34 FL with or without a DLBCL
component, 11 DLBCL, 10 mantle cell lymphomas (MCL), two
MZBCL, and two chronic lymphocytic leukemias (CLL). We
considered that the following two factors may have contributed
1o case selection bias. The first factor is that the date of the
approval of rituximab for low-grade B-cell lymphoma preceded
that for DLBCL for 2 years in Japan. The second factor is that
FL were rebiopsied more frequently than DLBCL because FL
relapsed frequently and were followed up for a long time, and
checks for transformation to DLBCL were sometimes necessary.

Sixteen cases (27%) showed loss of CD20 expression in post-
rituximab specimens by IHC or flow cytometry. The frequencies
of CD20 loss in the various histological subtypes were: FL, 26%
(9/34); DLBCL, 36% (4/11); MCL, 0% (0/10); MZBCL, 50%
(1/2); and CLL, 100% (2/2). Among them, two DLBCL and two
FL. showed partial loss of CD20 expression. Among the 12
tumors with complete loss of CD20 expression, seven had avail-
able flow cytometry data, and all of them showed loss of CD20.

Four patterns of loss of CD20 expression were evident
(Table 2): pattern 1, CD20 loss with no remarkable histological
change (FL, 5; DLBCL, 3; and CLL, 2) (Fig. 1); pattern 2, pro-
liferation of plasmacytoid cells (FL, 2; DLBCL, 1; and MZBCL,
1) (Fig. 2); pattern 3, transformation to classical Hodgkin
lymphoma (FL, 1); and pattern 4, transformation to anaplastic
large cell lymphoma (ALCL)-like undifferentiated lymphoma
(FL, 1) (Fig. 3). All of the lymphomas after rituximab treatment
with pattern 1 or 2 histology were positive for CD79a. Two FL
with pattern 2 showed proliferation of plasmacytoid cells, not
in the inal zone but in follicles, as with FL with plasma
cells,”# and the plasmacytoid tumor cells were positive for
IgM and Igx by IHC. One DLBCL with pattern 2 was negative
for IgM and IgA by THC in the pre-rituximab specimen, but
positive for them in the post-rituximab specimen. Hodgkin
lymphoma with pattern 3, which was previously reported to be
a form of transformed FL,*® was positive for CD30, CD15, and
the IGH-BCL2 fusion by FISH, and negative for CD10, CD20,
and EBER-1 by ISH. Although we could not determine the
lineage of ALCL-like undifferentiated lymphoma with pattern 4,
because it was positive for only CD45 and CD45RO and negative
for CD3, CD5, CD7, CD10, CD15, CD20, CD30, CD56, CD79%a,
ALK, bcl-2, bel-6, granzyme B, MPO, MUM1, PAXS, TdT, TIA-1,
and EBER-1 by ISH, it was considered to be transformed FIL.
because of the presence of the IGHBCL2 fusion revealed by
FISH in both the pre- and post-rituximab specimens (Fig. 3).

Relationship between rituximab therapy and CD20 expression, and

changes. The relationships between CD20 expression
and interval after the last dose of rituximab, treatment regimens,
clinical response, and frequency of rituximab administration
were not detected. Among 16 cases showing loss of CD20, the
clinical response to treatment was no change (NC) in three
cases, and CR or partial response (PR) in the others.

Fourteen patients underwent rebiopsy within 1 month of the
last dose of rituximab. Among them, only three cases (21%)
were negative for CD20. Seven cases showing loss of CD20
expression after rituximab therapy were subsequently observed
and rebiopsied and, among them, two cases (cases FL4-2 and
FL8) regained CD20 expression at 7 and 15 months after the last
dose of rituximab, The other five cases were found not to have
regained CD20 expression at 2, 7, 12, 28, and 44 months after
the last dose of rituximab.

Nine patients with FL achieved CR or PR after treatment with
a rituximab-containing regimen, but their lymphomas showed
early relapse (within 3 months to 1 year later). Among them,
five cases (cases FL12, FL18, FL25, FL33, and FL34) relapsed
as CD20-positive DLBCL, two (cases FL16 and FL.21) as CD20-
positive low-grade FL, one (case FL3-2) as CD20-negative FL
grade 2, and one (case FL8) as transformation to Hodgkin's
lymphoma.
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Table 2. Four histological patterns of loss of CD20 expression after
rituximab therapy

Distribution

FL, 5; DLBCL, 3; CLL, 2

Histological pattern

Pattern 1: loss of CD20 with

no remarkable histological change
Pattern 2: proliferation

of plasmacytoid cells

FL, 2; DLBCL, 1; MZBCL, 1

Pattern 3: transformation FLL 1
to classical Hodgkin lymphoma
Pattern 4: transformation to FL1

anaplastic large cell lymphoma-like
undifferentiated lymphoma

CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell
lymphoma; FL, follicular lymphoma; M2BCL, marginal zone B-cell
lymphoma.

Discussion

Recent reports have indicated that the treatment of B-NHL with
rituximab may be associated with CD20-negative lymphoma
relapse,®'" and the frequency of loss of CD20 afier rituximab
treatment varies widely (24, 56, 60, and 94%).*'""*1% In the
present study, 16 of 59 B-NHL (27%) showed loss of CD20
after rituximab-containing therapy using a larger series than in

Fig. 1. (a—e) A case of pattern 1 change in CD20-
positive follicular lymphoma (FL) to CD20-negative
FL. FL, grade 1, (a) in a lymph node (hematoxylin-
eosin, x40) and (b) with CD20-positive phenotype,
pre-rituximab (x100), FL, grade 2, () in a lymph
node (hematoxylin-eosin, x40) with (d) CD20-
negative (x40) and (e) CD79a-positive (x40)
phenotypes, post-rituximab.

previous reports. Our results also suggested that the frequency
of CD20 loss was not largely affected by the period before
rebiopsy. Although the site of sampling (bone marrow vs non-
bone marrow) might affect the observed degree of CD20 loss,”
this issue needs to be studied further using a larger number of
cases. Tumors with loss of CD20 in the present study included
FL, DLBCL, MZBCL, and CLL. Although Goteri er al. reported
that MCL frequently showed loss of CD20 expression in bone
marrow, none of our MCL cases showed CD20 loss."* Because
a previous report indicated that rituximab + CHOP combination
therapy (R-CHOP) had insufficient efficacy for MCL,®” it was
considered that this regimen might not have been sufficiently
potent to induce selection of a CD20-negative clone.

Four histological patterns of CD20 loss were evident. The
majority were patterns 1 or 2, whereas patterns 3 or 4 were rare.
Recently, several reports have described relapse with pattern |
or 2 histology after rituximab therapy.®*® Using flow cytome-
try, Goteri et al. demonstrated that 26 cases of low-grade B-cell
lymphoma showed CD20 loss in bone marrow aspirates, includ-
ing cases with no histological change, and with residual Klnsma-
cytoid tumor cells of lymphoplasmacytic lymphoma.'¥ It has
also been reported that mucosa-associated lymphoid tissue lym-
phoma changes to a pure plasma-cell neoplasm."®

Case FL8, which showed transformation to Hodgkin lym-
phoma (pattern 3), was one of the transformed FL that we
reported previously.”” As composite Hodgkin lymphoma and
FL is reported to be very rare,”*? rituximab might have
induced transformation to Hodgkin lymphoma. Recently, a case

dol: 10.1111/].1345-7006.2008.01005x
© 2008 Japanese Cancer Association
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Fig.2. (a-f) A case of pattern 2 change of
follicular lymphoma (FL) to FL with plasma cells.
FL, grade 1 in duodenum (hematoxylin-eosin),
(a) x40, (b) =400, with (c) IgM-negative phenotype
(%100), pre-rituximab. FL, grade 1 with plasmacytoid
differentiation in lymph node (hematoxylin-eosin),
(d) x40, (e) %400, with (f) IgM-pasitive phenotype
(x100), post-rituximab.

Fig.3. (a<) A case of pattern 4 change of
follicular lymphoma (FL) to anaplastic Lirge—(ell
lymphoma (ALCL}Mike undiffs iated |
(a) FL, grade 2 in lymph node, pre- fnuxnmah
(hematoxylin-eosin, x40). (b) ALCL-like undifferen-
tiated lymphoma in liver, post-ritudmab {hematoxyﬁn-
eosin, xitOO‘.l {c) The result of fluorescence in situ
of ALCL-like undifferentiated lymphoma,
IGH and BCL2 fusion pattern, Two fusion IGHBCL2
signals were present,

Maeshima et al.
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of Hodgkin lymphoma subsequent w FL in a patient receiving
maintenance rituximab was reported./”

Transformation from FL to ALCL-like undifferentiated
lymphoma (pattern 4) has been reported previously as neither
transformation of FL nor histological change after rituximab
therapy. Although two cases of FL with relapse to J)enpheral
T-cell lymphoma after rituximab have been reported,”™**" it was
suspected that the T-cell lymphomas were another clone, thus
differing from the present case. Cohen et al. reported large-cell
transformation of CLL and FL during or soon after treatment
with a fludarabine- and rituximab-containing regimen,®® thus
resembling the present case treated with fludarabine and
rituximab.

Several mechanisms of resistance to rituximab have been
suggested, including selection of a CD20-negative clone as a
consequence of rituximab exposure, masking of CD20 epitopes
by rituximab itself, or true loss of CD20 antigen due to genetic
and epigenetic changes,"*"1%1%29 Although the present study
was not intended to address the mechanism of CD20 loss, several
remarkable phenomena were evident. No relationships were
detected between loss of CD20 and the interval between the last
dose of rituximab and rebiopsy, frequency of rituximab administra-
tion, clinical responses, and treatment regimens. It is suspected
that susceptibility to rituximab differs greatly among lymphomas.
Our results also indicated that loss of CD20 immediately after
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A significant problem in gene expression analysis is that the sample size is substantially lower
than the number of genes. Bagging is an effective method of solving this problem in the case of
small sample datasets. We have devised a combination method, called the BagPART filtering
method, that uses the projective adaptive resonance theory (PART) to select important genes and
achieve a binary classification more accurately (p<10"'") than conventional methods, particularly

when the sample size is small.

[Key words: gene expression analysis, bootstrap aggregating, projective adaptive resonance theory, gene filtering
method, boosted fuzzy classifier with SWEEP]

In gene expression analysis, filtering methods are needed
to avoid the problem of dimensions. A number of methods
have been developed to solve this problem; these include
signal-to-noise (S2N) measurement, significance analysis of
microarrays (SAM), and nearest shrunken centroid (NSC)
(1-3). We developed a projective adaptive resonance theory
(PART) filtering method for gene expression analysis by
modifying the original PART filtering method reported in
our previous studies (4, 5). Currently, we can obtain gene ex-
pression information from more than 10,000 genes owing to
advanced DNA microarray technology; however, the sample
size is, at most, about 100 in most datasets. Thus, the sam-
ple size is much smaller than the number of genes. We have
improved the PART filtering method by introducing the idea
of bootstrap aggregating (Bagging) (6). We have designated
the new method as BagPART. We applied BagPART to the
analysis of the two gene expression profile datasets and com-
pared its results with those of PART. In addition, we tested
the performance of both methods in the case of a small sam-
ple size. As aresult, we have shown that BagPART is statis-
tically superior to PART for each dataset, and that BagPART
is more effective when sample size is small.

We used two sets of gene expression profiles downloaded
from the Stanford Microarray Database (hitp://genome-wwwS5,
stanford.edu). The first set consisted of the colon cancer
gene expression profiles reported by Alon et al. (7). This
dataset comprised 2000 genes and 62 samples (40 tumor
samples and 22 normal samples). The second set consisted
of the prostate cancer gene expression profiles reported by
Singh ef al. (8). This dataset comprised 12,600 genes and

* Corresponding author. e-mail: honda@mnubio.nagoya-u.ac.jp
phone: +81-{0)52-T89-3215 fax: +81-(0)52-789-3214

* Present address: College of Bioscience and Biotechnology, Chubu
University, 1200 Matsumoto-cho, Kasugai, Aichi 487-8501, Japan.
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102 samples (52 tumor samples and 50 normal samples).
We selected only those genes for which all the 102 samples
showed a positive intensity, resulting in the selection of
1820 genes. Signal values were transformed to a common
logarithm. For the colon dataset, because the tumor sample
number is about twice as large as that of normal controls,
we randomly selected tumor samples to equal the number of
normal samples.

BagPART modifies the PART algorithm in the following
manner. Assume that we have an original dataset §= {(x,, y,),
.y (x,, )} Of size n, where x, represents the feature and y, is
the class label of the observation (x,, ). We draw bootstrap
datasets with the replacement 5,*={(x,*, »,*), ..., (x,*, »,*)},
b=1, ..., B for a large B (between 50 and 200). In the boot-
strap dataset, a sample is randomly selected and some de-
gree of overlap within the sample is permitted. For each
bootstrap dataset §,*, we carry out PART and extract the
gene group G,. We repeat this procedure for all bootstrap
datasets, S,*, ..., S,*, and finally select genes that are in-
cluded in more than half of the B gene groups, G, ..., Gy A
schematic diagram of this process is shown in Fig. 1.

A parallel comparison of PART and BagPART was car-
ried out. Firstly, all the samples were randomly divided into
two groups: one was designated a training group, which
helped to construct classification models, and the other was
designated a test group, which was used to evaluate the model
constructed by the training group. The distributions of nor-
mal and tumor samples were equal for both groups. To in-
vestigate the performance of each model in the cases where
the number of samples in the training group was small, the
training sample size was changed to three patterns. The ratios
of the training sample size to the total number of samples,
hereafter expressed as training sample ratio (TSR), were
0.8, 0.6, and 0.4. Table 1 shows the number of samples used
in the analysis of each expression dataset. Secondly, to se-
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FIG. |, Schematic image of BmPART In the first step, the resam-
pling data 5%, 5.%, .. s, are made using boatstrap from the original
data . Inmesmndmp.ﬂwgﬂmmG,,G, s Gy are extracted by
PART from each resampling dataset. Finally, genes included in more
than half of the B gene sets are selected. The selected gene set is repre-
sented as G,

lect genes used to construct classification models, BagPART
and the PART filtering method were each applied to the
training group, and about 100 genes were returned by each
method in both expression datasets. In the BagPART algo-
rithm, we used B= 100, which was adequate to converge the
selected gene size (Fig. 2). Finally, classification models
were constructed from the training group using only infor-
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TABLE 1. Number of samples in each d

TSR* Training sample Test sample
Dataset: Colon cancer (normal: 22, tumor: 22)

08 36 8

0.6 26 18

04 18 26
Dataset: Prostate cancer (numul 50, tumor; 52)

0.8 20

0.6 6i 41

0.4 41 61

* TSR, Training sample ratio, indicates the ratio of the number of
training samples to the total number of samples

mation on extracted genes and the estimated test group. Here,
we used the Boosted Fuzzy Classifier with SWEEP operator
method (BFCS), we developed in a previous study, which
constructs 10 models for various gene combinations (9). We
repeated these operations 10 times, and tested whether there
is a statistically significant difference between the results
using a paired t-test.

Tables 2 and 3 show the results of our analysis of the colon
cancer and prostate cancer gene sets, respectively. Both re-
sults showed that BagPART was statistically superior to

Prostate cancer
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FIG 2. Number of selected genes for each bootstrap iteration. BagPART was applied to each dataset 100 times and showed the average num-

ber of selected genes and standard deviation for cach bootstrap iterations (B) in Fig.

deviation was very small in each dataset when B= 100,

1. The number of selected genes converged, and the standard
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TABLE 2. Classification results of BagPART and PART for colon cancer dataset
A test %
TSR Method - - e :. Sy %) - - S d gene
1 input 2 inputs 3 inputs 4 inputs 5 inputs

0.8 BagPART 66.3'+6.6" 733187 75.5¢6.9 71.8+83 71.3+£10.6 1o0*
PART 60.3£7.2 61.0£R.3 68.1£10.0 69.0x8.3 709+£11.2 9
p-value 4.19x 107"

0.6 BagPART 65.325.9 75.38.1 73.5%83 76.0£8.2 74393 100
PART 60.313.7 6942103 T1.148.7 724182 69.7£9.0 99
p-value 5.30x 107"

0.4 BagPART 65.4x1.8 72.246.8 73.8+6.3 74.846.2 76.2+6.1 100
PART 62.7£2.9 682188 70.1+6.5 689182 71.216.8 99
p-value 2.16x107"

* Average of lest accuracies in |0 various datasets x 10 models.

* Standard deviation of test accuracies in 10 various datasets x 10 models.

* Result of paired t-test for comparison of test accuracies of BagPART with PART.

* The ber of selected genes obtained from BagPART or PART. In BagPART, this is represented as G in Fig. 1.

TABLE 3, Classification results of BagPART and PART for prostate cancer datasct
TSR Method , : Averdgn It aootrag) (%) , : Selected
1 input 2 inputs 3 inputs 4 inputs 5 inputs 6 inputs e

0.8 BagPART 734179 79.1165 B1.247.9 B1.746.7 83.016.8 83.046.8 100
PART 68.7¢5.6 194457 789483 B0.6+7.1 80.9+74 809474 100
p-value 1.70x10*

0.6 BagPART 76.74£4.3 80,2139 82,7435 83.7£33 84.5+3.2 B5.4£3.4 101
PART 732445 Bl.4+42 82.6%3.6 842442 84.2+42 84.8432 100
p-value 4.58x107

0.4 BagPART 77.1%1.5 81.0£2.8 83.642.0 83.512.7 849422 853125 99
PART 71.6£4.3 80.6+3.9 80.9+2.9 81.8+3.2 82.0£3.6 83,1234 101
p-value 248x10"

PART. For the colon cancer dataset, it was clear that despite
the smaller sample sizes in the training data, we observed
smaller p values using BagPART than using PART. Thus,
BagPART can correctly extract genes even if the sample size
is small. For the prostate cancer dataset, when TSR de-
creased from 0.8 to 0.6, p increased p=from 1.70x 10~ to
4.58 % 102, However, when TSR decreased to 0.4, p de-
creased markedly to 2.48 x 107", This means that when TSR
was between 0.8 and 0.6, the number of training samples in
each dataset (82 samples and 61 samples, respectively), was
sufficient to correctly extract genes with PART. In practice,
we obtained a more significant value, p=5.45x 107", when
TSR decreased to 0.2 and the training sample size was 20
(data not shown). These results were in accord with previ-
ous results of Fu er al. (10). When the sample size is small,
the performance of estimation models varies markedly de-
pending on the proposal method. Many researchers have also
reported that analytical methods using bootstrap could po-
tentially provide more accurate estimates from datasets with
small sample size.

We concluded that our method benefited from the boot-
strap method. However, it is likely that when the sample size
is too small, the performance of BagPART becomes poor. It
is difficult to describe the minimum sample size needed for
satisfactory results because the minimum sample size strong-
ly depends on the quality of the dataset or complexity of the
acquired model.

A number of genes appeared frequently in the outputs of
the BagPART analysis of both datasets (Table 4). For the co-
lon cancer dataset, in particular, the two genes, MYH and

COLI1IA2, were frequently selected. COLIIA2 is onc of
two genes that encode two alpha strands of typell collagen.
COL11A1I has been reported to be not expressed in a normal
colon but to be upregulated in colorectal cancer (11). This
gene was selected frequently in BagPART analysis when the
TSRs were 0.8, 0.6, and 0.4. However, in regular PART
analysis, this gene was only selected when TSR was 0.4,
and was only the 11th most frequent gene to appear in the
output (data not shown). MYH is relevant to DNA repair;
MYH mutation causes familial adenomatous polyposis (FAFP)
(12, 13). This gene was also constantly selected in BagPART
analysis regardless of TSR; however, in PART, it was not
selected at all when TSR was 0.8.

MYH and COLI1A2 have been reported as important genes
by many researchers, such as Le er al. (14), Shevade and
Keerthi (15), Chu er al. (16), and Ma and Huang (17). How-
ever, when we employed PART as a filtering method, both
genes were not frequently selected amongst all datasets.
Thus, there is a substantial difference in results between
PART and BagPART. For the prostate cancer dataset, HPN
was frequently selected by both filtering methods. This gene
has been reported as a marker of prostate cancer (20). More-
over, other genes, such as AXRIBI and HSPD1, which have
been reported to play a role in prostate cancer (21), were
frequently selected by BagPART, but not by PART (data not
shown). These results indicate that BagPART can select
meaningful genes even if the sample size is small. More-
over, BagPART could constantly sclect important genes in
spite of the poor TSR values; we speculate that this charac-
teristic is a result of using the bootstrap method.
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TABLE 4. Gene lists selected frequently by BagPART

Rank Gene ID Genbank Gene name Description Reference
Colon cancer
1 Hsa 37937 RB7126 MYH Myosin heavy chain, nonmuscle (Gallus gallus) 16,17
2 Hsa 6814 HO08393 COL11A2 Collagen alpha 2(XI) chain (Homo sapiens) 16,17
3 Hsa.549 R36977 GTF3A general transcription factor I A 18,19
4 Hsa 627 M26383 IL8 MONAP mRNA, complete cds. 17,18
5 Hsa.21562 ROB021 PPAI Inorganic pyrophosphatase (Bos faurus) -
Prostate cancer
1 37639 _at X07732 HPN Hepsin (transmembrane protease, serine |) 19,22
| 38406 _[ at Al207842 - Homo sapiens cDNA, 3 end 17,19
3 36589 _at X15414 AKRIBI Aldo-keto red family 1, b Bl (aldose reductase) 19
4 40282 s _at MB84526 DF D P of I di 19,22
5 37720_at M22382 HSPDI Heat shock 60kDa protem 1 (l:hup:mmn) 19,23
We have developed an improved PART filtering method 9. Takahashi, H. and Honda, H.: A new reliable cancer diag-
that uses Bagging. To investigate the effect of the new nosis method using boosted fuzzy classifier with SWEEP op-
method, BagPART, on the gene expression analysis, weap- | E_fﬂ% rr-llewé:d. 1 Chlelmj En&ﬁlw' 35-5'7‘?353?7 (2005). I
lied BagPART to two types of dataset, and obtained a sig- s Py W, Corvoll, B. 1., sud Wong, 8-: Estimating mischas-
L ; > i sification error with small samples via bootstrap cross-valida-
nificant difference between the two datasets. In addition, we tion. Bioinformatics, 21, 19791986 (2005).
have clarified that the new method could more correctly ex- 11. Fisher, H., Stenling, R. Rnbtu. C., and Lindblom, A
tract genes than conventional methods when the sample size Colorectal carci d with stromal expres-
is small. In this study, we compared BagPART with only ?‘Z%'H;‘COL“M and COLSAZ Carcinogenesis, 22, 875-878
PART’ In Qe previous paper, we have reported that PART is 12. Varesco, L.: Familial adenomatous polyposis: genetics and
superior to signal-to-noise (S2N) measurement and ncarest epidemiology. Tech. Coloproctol., 8, 305-308 (2004).
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. S t us 15 al Al
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pression data. Bioinformatics, 18, 1332-1339 (2002).
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