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Figure 1. Comparison of gene expression profiles between individuals
with de novo AML-MLD and those with MDS-related leukemia. (A): Gene
tree for the expression levels (color-coded as indicated by the scale at
the bottom) of 56 human genes in AC133* cells from patients with de
novo AML-MLD (MLD} or MDS-related leukemia (MDS), Each row
corresponds to a single gene and each column to a different patient. The
gene symbols are indicated at the right. The position of the PF4 gene is
indicated by an arrow. (B): Two-way clustering analysis of the patients with
de novo AML-MLD (green) or MDS.-related leukemia (red) based on the
similarities in the expression profiles of the 56 genes shown in (A). (C):
Correspondence analysis of the 56 genes identified three major dimensions
in their expression profiles. Projection of the specimens into a virtual space
with these three dimensions revealed that those from de novo AML-MLD
and those from MDS-related leukemia were separated from each other.
The arrow indicates a nonconforming specimen (ID 35). ‘
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Figure 1. Continued

from MDS-related AML in, at least, the point of view of
gene expression profiles.

To address these issues, we tried to visualize the similar-
ity/difference between the two classes. Correspondence anal-
ysis is a novel method to decomposite multidimensional data
(16]. It enables not only a low-dimensional projection of
expression profiles for numerous genes, but measurement
of the contribution of each gene to a given extracted dimen-
sion and, at the same time, measurement of the contribution of
each extracted dimension to the whole complexity. Corre-
spondence analysis was performed on the expression data
of the 56 genes in Figure 1A, successfully reducing the
complexity of 56 dimensions into 3. On the basis of the calcu-
lated three-dimensional (3D) coordinates for each sample,
the specimens were then projected into a virtual space (Fig.
1C). It was clear from this figure that most of the samples
could be separated into two diagnosis-related groups
(whether the coordinate in the first dimension was greater
than or equal to O or less than 0), supporting the feasibility to
set a clinical entity “de novo AML-MLD.” Figure 1C
also suggests that gene expression profiling could be applied
to the differential diagnosis of AML-MLD and MDS-related
AML. There was, however, a single patient with AML-MLD
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(ID 35) who was misplaced in the MDS group (indicated
by an arrow in Fig. 1C).

Comparison of AML without

dysplasia and de novo AML-MLD

Similarly, we compared the gene expression profiles between
the cases with de nove AML-MLD and AML without dys-
plastic changes. From the data set of microarray experi-
ments for de novo AML-MLD (2 = 9) and de novo AML
without dysplasia (n = 15), we selected those whose expres-
sion profile received the “Present” call in at least 30% of the
cases. Toward such 3608 genes identified, we then applied
Student’s t-test {p << 0.001) to extract disease-associated
genes between AML-MLD and AML without dysplasia.
Further selection with an effect size of at least 10 U led to
the identification of four genes whose expression profiles
were shown as a gene tree format in Figure 2A.

Similar to the comparison between AML-MLD and
MDS-related AML (Fig. 1A), the PF4 gene was again
chosen as a selective marker for AML-MLD. Therefore,
among the three classes of AML (de novo AML without
dysplasia, de novo AML-MLD, and MDS-related AML),
high expression of PF4 was appreciated only in a single
subclass, AML-MLD. It should be also noted that PF4 was
the only gene comrmonly selected in the compariseon of MDS-
related AML vs AML-MLD and de nove AML without
dysplasia vs AML-MLD,

Two-way clustering of the samples according to the pro-
filesin Figure 2 A failed to separate the samples into two major
branches corresponding to the clinical diagnosis (Fig. 2B).
Three cases of AML-MLD (ID 21, 27, and 35) were mis-
placed in the large branch of AML without dysplasia, while
a patient with AML-MLD (ID 9) was included in the right
branch of AML-MILD.

This figure did not clearly tell us how the two conditions
are independent or overlapped. Therefore, as in Figure 1C,
we tried to construct a 3D view of the samples with the
coordinates calculated from correspondence analysis on
the four genes. As shown in Figure 2C, the majority of
the cases with AML-MLD and AML without dysplasia were
separated in the 3D space. In contrast to the prominent
separation power of the first dimension in Figure 1C, both
of the first and second dimensions in Figure 2C significantly
contributed to the separation of the samples. These data
indicate that de novo AML without dysplasia can be differen-
tiated from de novo AML-MLD on the basis of gene expres-
sion profiles. Again, there was a single subject (ID 27) whose
place was incompatible with its clinical diagnosis (indicated
by an arrow). '

Comparison of de novo AML

without dysplasia and MDS-related AML

We have also compared the expression profiles of leukemic
blasts between de novo AML (n = 15) and MDS-related
leukemia (n = 11). A similar comparison has been pre-
viously tried between 10 individuals with de novo AML and

A

AML MLD

EEEENENNEREREE B REREEE] 151G

ol DRSO g s B P
rESSCETS SN NESENNENY ~ce

ECEN ZENZEN TS B BNZERN e

\
| !
1.04
& AL
: MLD ||
oLl ® E kb © ®
c N H
S z I
] i ' ®
c i :
ool [+] :
E P
b ; e
7] N T e’
T e.°
._Z,-ﬁ.kh
/ )
i by 1027
“orf|| } i e.
i ; (-4
e e e - ALY
y s 1 5 ko’e %
1 x 03,
[ X} ‘6

=10 -0.8 =08 0.4 02 0.0 92

2nd dimension 2
Figure 2. Comparison of gene expression profiles between patients with.
de novo AML without dysplasia and those with de novo AML-MLD, {(A):
Gene tree for the expression levels of four human genes in AC133* cells
from individuals with de novo AML without dysplasia (AML) or de novo
AML-MLD (MLD). (B,C): Two-way clustering analysis {B) and 3D projec-
tion based on correspondence analysis (C) for the patients with de novo
AML without dysplasia (blue) or de novo AML-MLD (green) were per-
formed as in Figure IB and C. The arrow indicates a nonconforming
specimen (ID 27).

10 with MDS-related AML matched for the M2 subtype in
the FAB classification [10]. In the present study, we identified
30 probe sets (28 genes) whose expression level differed be-
tween the two conditions (p << 0.001 in Student’s ¢ test and
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Figure 3. Comparison of gene expression profiles between patients with de novo AML without dysplasia and those with MDS-related leukemia. (A):
Expression profiles of 30 prabe sets (28 genes) that contrast de novo AML without dysplasia (AML) and MDS-related leukemia (MDS). Two independent
probe sets were selected for the LGALSY and SFN genes. The genes also selected in Figure 1A are indicated by asterisks, (B,C): Two-way clustering
analysis (B) and 3D projection (C) of the patients with de novo AML without dysplasia (blue) and those with MDS-related leukemia (red).

an effect size of at least 10 U) (Fig. 3A). Nine of these 28
genes were also among the genes identified in Figure 1A.
The gene for lysosomal-associated multispanning membrane
protein-5 (LAPTMS) was, for instance, preferentially acti-
vated in the MDS-related leukemia but suppressed in AML
without dysplasia and AML-MLD. LAPTMS may be, there-
fore, a candidate for the novel molecular marker for MDS-
related leukemia. All other eight genes were specifically
suppressed in MDS-related lenkemia compared to AML
without dysplasia or AML-MLD.

Two-way clustering analysis of the samples led to genera-
tion of three major branches: the left and the center ones
composed mostly of the cases of AML without dysplasia
(with a misplacement of ID 36), while the right one consisted
of cases of MDS-related AML. (with a misplacement of ID
32) (Fig. 3B).

To visualize directly the similarity or difference between
the two conditions, we also constructed a virtual space
with the coordinates obtained from a correspondence analysis
on 30 such probe sets (Fig. 3C). Although there was little
overlap, in the 3D view, between the AML-MLD and MDS-
related AML groups (Fig. 1C), or between the AML without
dysplasia and AML-MLD groups (Fig. 2C), in this figure

there was a cluster of the samples at the center of the space that
contained both individuals with AML without dysplasia and
with MDS-related AML. Indeed, the samples in Figure 3C
appear to fall into three different groups according to the
coordinate for the first dimension. Although the first group
(defined by a value of =0 in the first dimension) and the
third group (defined by a value of <<—(.3) consisted only
of individvals with de novo AML without dysplasia and
those with MDS-related AML, respectively, the second
group (defined by a value of =-0.3 and <0) included both
types of patients.

Therefore, both the two-way clustering (Fig. 3B) and
correspondence analysis (Fig. 3C) indicate that the expres-
sion profiles for leukemic blasts of the two clinical enti-
ties (AML without dysplasia and MDS-related AML) do
not clearly differ from each other. Rather, with regard to tran-
scriptome, the current entities may be partially overlapped.

Comparison of whole samples

Finally, we examined the interrelations among the various
subcategories of AML based on the microarray data obtained
from all 39 specimens. We combined all the disease-
associated genes identified in Figures 1A, 2A, and 3A, and
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performed hierarchical clustering analysis of the patients on
the basis of the expression profiles of these 78 genes (80
probe sets) (Fig. 4A). Although a few small branches con-
tained only samples from a single clinical entity, the tree
failed to group the patients into large diagnosis-related
classes.

In contrast to the patient tree, the 3D view of the samples
may provide some insight into the independence of each
clinical entity (Fig. 4B). There may be three groups of sam-
ples in this space, approximately corresponding to the clini-
cal diagnosis (de novo AML without dysplasia, AML-MLD,
and MDS-related AML). It is apparent, however, that the
central region in this space contained samples of each clinical
diagnosis. Clinical history- and cell morphology-based dif-
ferential diagnosis of AML-related disorders thus remains
ambiguous in certain individuals. In this 3D view, the
patients with TRL were positioned in close proximity to
those with MDS-related AML. The sample size for TRL
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Figure 4. Comparison of all samples. Two-way clustering analysis (A)
and correspondence analysis (B) were performed on all 39 specimens based
on the expression profiles of the 80 probe sets whose expression was
associated with the clinical diagnosis of de novo AML without dysplasia
(AML, blue), AML-MLD (MLD, green), or MDS-related leukemia (MDS,
red). The samples from patients with TRL (yellow) were also included in
this analysis.

(n = 2) was too small, however, to draw any conclusion on
its relation to the other clinical entities.

Discussion

We have compared the expression profiles of more than
12,000 human genes among AC133% HSC-like fractions
from 39 individuals with AML-related disorders in an at-
tempt to evaluate the reliability of the current AML classifi-
cation scheme. We first focused on the relation between de
novo AML-MLD and MDS-related leukemia, given that
it is currently difficult to discriminate between these two
conditions without a clinical history of the patient. Corre-
spondence analysis and 3D projection of the samples sug-
gested that de novo AML-MLD is independent and separable
from MDS-related leukemia, at least with regard to gene ex-
pression profiles. The 56 genes listed in Figure 1A are
thus potential molecular markers for facilitation of the differ-
ential diagnosis of the two clinical conditions even in the
absence of prior clinical records.

Interestingly, those 56 genes include many related to nu-
clear functions. All of the high mobility group nucleosomal
binding protein 2 (HMGN2), nucleosome assembly protein
1-like 1 (NAPIL1), and high mobility group box 1 (HMGB1)
are nuclear proteins that bind to and regulate the structure
of double-stranded DNA [22]. On the other hand, hetero-
geneous nuclear riboprotein L (HNRPL), tunp (or heteroge-
neous nuclear ribonucleoprotein K [HNRPK]), and nuclear
RNA export factor 1 (NXF1) are involved in the maturation
process of mRNA. Although the precise relationship of high
expression of these genes with dysplastic morphology is not
clear yet, our observation may indicate an activated status
of nuclear function in the AML-MLD blasts,

Additionally, high expression of ubiquitination-related
genes was apparent in de novo AML-MLD. Ubiquitin-pro-
tein ligase E3B (UBE3B), for instance, directly catalyzes
the transfer reaction of ubiquitin toward the substrates, and
thereby regulates their degradation process [23]. Ubiquitin-
specific protease 9, X-chromosome (USP9X) is presumed
to function as a ubiquitin C-terminal hydrolase [24]. High
expression of these genes may reflect a dysregulation in
proteasome activity in the leukemic cells.

With our large expression data set (39 samples % 12,625
probe sets), we attempted to isolate genes that characterize
the subgroups of AML-related disorders. Also, by applying
the correspondence analysis/3D projection approach, we
could demonstrate that de novo AML without dysplasia,
de novo AML-MLD, and MDS-related AML may have their
own expression profile or “molecular signature.” How-
ever, given the fact that the sample group of each category
is partially overlapped in the virtual space, the restricted
separation power of the current clinical diagnostic methods
may still allow misclassification of patients,

Finally, we should carry in mind a caveat that, despite a
large data set (a total of 492,375 data points), the sample
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number in each subclass was still small to draw conclu-
sive statements on the identity of AML subcategories. How-
ever, our analysis may pave the way for a reorganization of
the subcategories of AML in the postgenomic era.

Acknowledgments

We thank all patients and physicians who participated in the Blast
Bank project. This work was supported in part by grants for the
Second-Term Comprehensive 10-Year Strategy for Cancer Control,
and for Research on Development of Novel Therapeutic Modalities
for Myelodysplastic Syndrome from the Ministry of Health, Labor,
and Welfare of Japan; by a grant from Research Foundation
for Community Medicine of Japan; by a grant from Sankyo Founda-
tion of Life Science; by a grant from Takeda Science Foundation;
and by a grant from Mitsubishi Pharma Research Foundation.

References

1. Jaffe ES, Harris NL, Stein H, Vardiman JW, eds. Pathology and genetics
of tumours of haematopoietic and lymphoid tissues. Lyon: IARC
Press; 2001.

2. Smith SM, Le Bean MM, Huo D, etal. Clinical-cytogenetic associations
in 306 patients with therapy-related myelodysplasia and myeloid leuke-
mia: the University of Chicago series. Blood, 2003;102:43-52,

3. Bain BJ. The bone marrow aspirate of healthy subjects, Br J Haema-
tol. 1996;94;206-209.

4. Brito-Babapulle F, Catovsky D, Galton DAG., Clinical and laboratory
features of de novo acute myeloid leukemia with trilineage myelodys-
plasia. Br J Haematol. 1987,66:445-450.

5. linnai I, Tomonaga M, Kuriyama K, et al. Dysmegakaryocytopoiesis in
acute leukaemias: its predominance in myelomonocytic (M4) leukae-
mia and implication for poor response to chemotherapy. Br J Haematol.
1987;66:467—472,

6. Kuriyama K, Tomonaga M, Matsuo T, et al., Japan Adult Leukaemia
Study Group (JALSG). Poor response to intensive chemotherapy in
de novo acute myeloid leukaemia with trilineage myelodysplasia. Br
J Haematol. 1994;86:767-773.

7. Taguchi J, Miyazaki Y, Yoshida S, et al. Allogeneic bone marrow
trapsplantation improves the outcome of de novo AML with trilineage
dysplasia (AML-TLD). Leukemia, 2000;14:1861-1866.

8. Miyazato A, Ueno §, Ohmine K, et al. Identification of myelodysplastic
syndrome-specific genes by DNA microarray analysis with purified
hematopoietic stem cell fraction. Blood. 2001;98:422-427.

9. Hin AH, Miraglia S, Zanjani ED, et al. AC133, a novel marker for
human hematopoietic stem and progenitor cells. Blood. 1997;90:5002—
5012,

10. Oshima Y, Ueda M, Yamashita ¥, et al. DNA microarray analysis of
hematopoietic stem cell-like fractions from individuals with the M2
subtype of acute myeloid leukemia. Leukemia. 2003;17:1990-1997.

11. Ohmine K, Ota J, Ueda M, et al. Characterization of stage progression
in chronic myeloid leukemia by DNA microarray with purified hemato-
poietic stem cells. Oncogene. 2001;20:8249-8257.

12. Ueda M, Ota J, Yamnashita Y, et al. DNA microarray analysis of stage
progression mechanism in myelodysplastic syndrome. Br J Haematol.
2003;123:288-296.

13. Otal, Yamashita Y, Okawa K, et al. Proteomic analysis of hematopoietic
stem cell-like fractions in leukemic disorders. Oncogene. 2003;22:
5720-5728,

14, Van Gelder RN, von Zastrow ME, Yool A, et al. Amplified RNA
synthesized from limited quantities of heterogeneous ¢cDNA. Proc Natl
Acad Sci U S A. 1990;87:1663-1667.

15. Bennett JM, Catovsky D, Daniel MT, et al. Proposed revised criteria
for the classification of acute myeloid leukemia. A report of the French-
American-British Cooperative Group. Ann Intern Med. 1985;103:620-
625.

16. Fellenberg K, Hauser NC, Brors B, et al. Comespondence analysis
applied to microarray data. Proc Natl Acad Sci U § A. 2001;98:10781-
10786.

17. Goasguen JE, Matsuo T, Cox C, Bennett IM. Evaluation of the dysmye-
lopoiesis in 336 patients with de novo acute myeloid leukemia: major
importance of dysgranulopoiesis for remission and survival. Leukemia.
1992;6:520-525.

18. Kuriyama K, Tomonaga M, Kobayashi T, et al. Morphological diagno-
ses of the Japan adult lenkemia study group acute myeloid leukemia
protocols: central review. Int J Hematol, 2001;73:93-99.

19. Dhanasekaran SM, Barrette TR, Ghosh D, et al. Delineation of prognos-
tic biomarkers in prostate cancer. Nature. 2001;412:822-826.

20. Gumey D, Lip GY, Blann AD. A reliable plasma marker of platelet
activation: does it exist? Am J Hematol, 2002;70:139-144.

21. Alon U, Barkai N, Notterman DA, et al. Broad pattems of gene
expression revealed by clustering analysis of tumor and normal colen
tissues probed by oligonucleotide arrays. Proc Natl Acad Sci U S A.
1999;96:6745-6750.

22, Bustin M. Regulation of DNA-dependent activities by the functional
motifs of the high-mobility-group chromosomal proteins. Mol Cell Biol.
1999;19:5237-5246.

23. Gong TW, Huang L, Wamer $J, Lomax ML Characterization of the
human UBE3B gene: structure, expression, evolution, and alterna-
tive splicing. Genomics. 2003;82:143-152.

24, Jones MH, Furlong RA, Burkin H, et al. The Drosophila developmental
gene fat facets has a human homologue in Xp1l.4 which escapes X-
inactivation and has related sequences on Yqli.2, Hum Mol Genet.
1996;5:1695-1701.



Leukemia (2004) 18, 556-565
£ 2004 Nature Publishing Group All rights reserved 0887-6924/04 $25.00

www.nature.com/leuy

DNA microarray analysis of natural killer cell—tyfe lymphoproliferative disease of

granular lymphocytes with purified CD37CD56

fractions

YL Choi'?, H Makishima?, ] Ohashi?, ¥ Yamashita', R Ohki', K Koinuma', ] Ota', ¥ Isobe?, F Ishida®, K Oshimi® and H Mano'->

'Division of Functional Genomics, Jichi Medical School, Kawachigun, Tochigi, Japan; *Division of Hematology, Department
of Medicine, Juntendo University School of Medicine, Tokyo, Japan; *Second Department of Internal Medicine, Shinshu University
School of Medicine, Matsumoto, Nagano, Japan; and *Department of Human Genetics, Graduate School of Medicine, University

of Tokyo, Tokyo, fapan; *CREST, JST, Saitama, japan

Natural killer {NK) cell-type lymphoproliferative disease of
granular lymphocytes (LDGL) is characterized by the outgrowth
of CD3I~CD16/56 ~ NK cells, and can be further subdivided into
two distinct categories: aggressive NK cell leukemia (ANKL)
and chronic NK lymphocytosis (CNKL). To gain insights into
the pathophysiology of NK cell-type LDGL, we here purified
CD3"CD56* fractions from healthy individuals {(n=9) and
those with CNKL (n=9) or ANKL (n=1), and compared the
expression profiles of >12000 genes. A total of 15 ‘LDGL-
associated genes' were identified, and a correspondence
analysis on such genes could clearly Indicate that LDGL
samples share a ‘molecular signature’ distinct from that of
normal NK cells. With a newly invented class prediction
algorithm, ‘weighted distance method’, all 19 samples received
a clinically matched diagnosis, and, furthermore, a detailed
cross-validation trial for the prediction of normal or CNKL
status could achieve a high accuracy (77.8%). By applying
another statistical approach, we could extract other sets of
genes, expression of which was specific to either normal or
LDGL NK cells. Together with sophisticated statistical meth-
ods, gene expression profiling of a background-matched NK
cell fraction thus provides us a wealth of information for the
LDGL condition.
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Introduction

Lymphoid cells (10-15%) in peripheral blood (PB) are char-
acterized by the presence of multiple azurophilic granules in
pale blue cytoplasm, referred to as large granular lymphocytes
(LGLs}. Such LGLs originate either from CD3™ T cells or
CD3"CD16/56~ natural killer {NK} cells," and sustained
outgrowth of LGLs has been designated as lymphoproliferative
disease of granular lymphocytes (LDGL),? granular lymphocyte-
proliferative disorders (GLPD}® or LGL leukemia (LGLL).?

NK cell-type LDGL can be further subdivided into twa distinct
categories, that is, aggressive NK cell leukemia (ANKL) and
chronic NK lymphacytosis (CNKL).> The former is a clonal
disorder of NK cells with a very poor outcome. Mono- or
oligoclonal Epstein—Barr virus (EBV) genome can be frequently
found in an episomal position in these NK cells,® suggesting a
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pathogenetic role of EBV in this disorder, The leukemic NK cells
are often refractory to chemotherapeutic reagents, and multiple
organ failure is common to ANKL patients.

In contrast, a chronic, indolent course is characteristic to
CNKL. Individuals with CNKL are often symptom-free with
infrequent fever, arthralgias, and cytopenia, and their NX cells
are rarely positive for EBV genome.”® Although the clonality of
CNKL cells is still obscure partly due to the limited availability
of assessment procedures, one study with X chromosome-linked
gene analysis failed to detect clonality in the affected NK cells,’
suggesting a reactive, rather than a neoplastic, nature of CNKL
condition, This hypothesis is further supported by the fact that
splenectomy can lead to a sustained elevation of PB NK cell
count in vivo.'® However, the hypothesis for the reactive nature
of CNKL may be challenged by the fact that some CNKL patients
were proved to have a clonal proliferation in NK cells and/or to
undergo transformation into NK cell leukemia/lymphoma.’'-'2

Making issues further complicated, the diagnostic criteria for
CNKL are not clearly settled yet. Previous reports have proposed
the requirement of sustained (> 6 months} outgrowth of NK cells
in PB (>2.0 x 10% or >0.6 x 10%1)*® for the diagnosis of CNKL.
However, NK cell count in the PB of CNKL individuals may
fluctuate, and does not always fulfill the criteria, Morice et af'?
have reported that affected NK cells may have a restricted
expression of a single isoform of killing inhibitory receptors
(KIRs), supporting the usefulness of KIR expression as a clonality
marker of NK cells.* However, these findings yet provide little
information for the nature of affected NK cells in the CNKL
condition.

DNA microarray enables us to measure the expression
level for thousands of genes simultaneously,'*'® and would
be a promising tool to shed light from a new direction on
the pathophysiology as well as diagnostic system for LDGL.
GCene expression profiling with microarray has, for instance,
succeeded in the differential diagnosis between acute
myeloid leukemia (AML} and acute lymphoid leukemia (ALL),
in extracting novel prognostic markers for prostate cancer,'®
and in the identification of molecular markers for myelodys-
plastic syndrome (MDS)!” or chronic myeloid leukemia
(€mL)."®

However, simple comparison of tissues or specimens may
only yield pseudopositive and pseudonegative data. Although
NK cells occupy 10-15% of PB mononuclear cells (MNCs) in
healthy individuals, 80-90% of MNCs may be composed of
affected NK cells in CNKL patients. If PB MNCs are simply
compared between these two groups, any genes specific to NK
cells would be considered to be activated in the latter. This
misleading result may not reflect any changes in the amount of
mRNA per NK cell. To minimize such pseudopositive/pseudo-
negative data, background-matched NK cell fractions should be
purified from healthy individuals as well as LDGL patients prior
to microarray analysis. Such approach, referred to as ‘back-



ground-matched population (BAMP) screening’,'” should pin-

point the gene expression alterations truly specific to each
condition,

The efficacy of BAMP screening has been already demon-
strated by Makishima et al'? in the analysis of CD4™CD8™ T-
cell type LDGL. CD4~CD8" fractions were purified from PB
MNCs of such LDGL patients and age-matched healthy
volunteers, and were subjected to microarray analysis, resulting
in the identification of novel molecular markers for T cell-type
LDGL.

Analogously, here we isolated CD37CD56* NK cell fractions
from healthy volunteers (n =9} as well as individuals with CNKL
{rr=9) or with ANKL {n=1). By using high-density oligonucleo-
tide microarray, expression profiles for > 12000 human genes
were obtained for these purified NK cell specimens. Analysis of
the data set with sophisticated statistical methods has clarified
that the affected NK cells are clearly distinct from normal ones,
at least, with regard to transcriptome.

Materials and methods
Purification of CD3~CD56™" cells

PB MNCs were isolated by Ficoll-Hypaque density gradient
centrifugation from the subjects with informed consent. The
cells were incubated with anti-CD3 MicroBeads (Miltenyi
Biotec, Auburn, CA, USA), and loaded ontc MIDI-MACS
magnetic cell separation columns (Miltenyi Biotec) to remove
CD3™ cells. The flow-through was then mixed with anti-CD36
MicroBeads (Miltenyi Biotec), and was subjected to a MINI-
MACS column for the ‘positive selection’ of CD56™ cells. Cells
bound specifically to the column were then eluted according to
the manufacturer’s instructions, and stored in aliquots at —-80°C.

Enrichment of CD3~CD56 T NK cell fraction was confirmed
in every specimen by subjecting portions of the MNC and
column eluates to staining with Wright-Giemsa solution and to
the analysis of the cell surface expression of CD3 and CD56 by
flow cytometry (FACScan; Becton Dickinson, Mountain View,
CA, USA). The CD37CD56* fraction was shown to constitute
>90% of each eluate of the affinity column.

DNA microarray analysis

Total RNA was extracted from the CD3"CD56™* cell prepara-
tions by the acid guanidinium method, and was subjected to two
rounds of amplification with T7 RNA polymerase as de-
scribed.?® High fidelity of our RNA amplification procedure
has been already reported.’® The amplified cRNA (2 pg) was
then converted to double-stranded cDNA, which was used to
prepare biotin-labeled cRNA for hybridization with GeneChip
HGU95AV2 microarrays (Affymetrix, Santa Clara, CA, USA}
harboring oligonuclectides corresponding to a total of 12625
genes. Hybridization, washing, and detection of signals on the
arrays were performed with the GeneChip system (Affymetrix).

Class prediction by the ‘weighted distance method’

The fluorescence intensity for each gene was normalized
relative to the median fluorescence value of all human genes
on the array in each hybridization. Hierarchical clustering of the
data set and isolation of genes specific to the NK cells from
healthy individuals (Normal) or to those of patients with LDGL

Microarray analysis of NK-type LDGL
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were performed with GeneSpring 5.1 software (Silicon Genetics,
Redwood, CA, USA).

In the comparison of normal- and LDGL-CD3~CD56 ™ cells,
f statistic and effect size (difference in the mean of expression
level between normal and LDGL classes)'® were calculated for
each gene. When a gene showed || > 3,966 (corresponding to a
significance level of 0.001 in t-test with 17 degrees of freedom)
and |effect size| > 3, the difference in expression level between
two classes was considered statistically significant. The genes
showing the significant differences were called as ‘informative
genes’ in this study. Correspondence analysis™' was then
performed with ViSta software (http:/www.visualstats.org) for
all genes showing a significant difference. Each sample was
plotted in three dimensions, based on the coordinates obtained
from the correspondence analysis.

To examine whether the informative genes were able to
predict the class of the present specimens, we performed class
prediction with our ‘weighted distance method’ (RO et al,
submitted). This prediction method utilizes the dimensions
obtained from correspondence analysis for the informative
genes. :

Consider a sample X to be predicted from N samples
(excluding sample X in the data set (Na from class A and N
from class B). Each sample can be represented by three
dimensions, d;, b, and ds, where d; denotes the coordinate in
the ith dimension for the sample. The weighted distance from

sample X to sample Y is defined as D = \/E;?’=1 [vi(d¥ — dY},
where v; indicates the contribution of the ith dimension from
correspondence analysis, and & and d} represent d; for sample
X and sample Y, respectively. Let Da be the mean value of D
from sample X ta N, samples belonging to class A, and Dg be

the mean value of D from sample X'to N samples belonging to
class B. When D/(Da+ Dy) < T, the sample X is assigned class

A, and when Dg/(Da + D) < T, the sample X is assigned class B,

where T is a threshold value, In our analysis, the Tvalue was set
to be 0.4, It should be noted that the weighted distance method
could be applied to more than two classes.

In a cross-validation trial for the prediction of normal or CNKL
class, the entire prediction process mentioned above was
repeated for the 18 samples (nine for normal and nine for
CNKL). To predict the class of every sample X, the correspon-
dence analysis was carried out for the informative genes
obtained from the remaining 17 samples. In this case, the
informative genes were selected with a criteria of |t|>4.073
{corresponding to a significance level of 0.001 in &test with 15
degrees of freedom) and [effect size| > 3.

All raw array data as well as details of the genes shown in the
figures are available as supplementary information at the
Leukemia web site.

‘Real-time’ reverse transcription-polymerase chain
reaction (RT-PCR} analysis

Portions of nonamplified cDNA were subjected to PCR with a
QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA, USA}
The amplification protocol comprised incubations at 94°C for
155, 60°C for 305, and 72°C for 60 s. Incorporation of the SYBR
Green dye into PCR products was monitored in real time with an
ABl PRISM 7700 sequence detection system (PE Applied
Biosystems, Foster City, CA, USA), thereby allowing determina-
tion of the threshold cycle (Gp) at which exponential amplifica-
tion of PCR products begins. The C; values for cDNAs
corresponding to the glyceraldehyde-3-phosphate dehydrogen-
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ase (GAPDH) and interferon-y (IFNG; GenBank accession  96.0% of those cells {Figure 1, upper panel). Similar purity of
number, X13274) genes were used to calculate the abundance  CD37CD56* fraction was also obtained for the patients with
of IFNG mRNA relative to that of GAPDH mRNA, The  CNKL, as demonstrated in the lower panel. The purified cells
oligonucleotide primers for PCR were 5-GTCAGTGGTG-  exhibited a homogenous phenatype of LGL (Figure 1). Success-
CACCTCACCT-¥ and 5-TGAGCTTGACAAAGTCGTCG-3 for  ful enrichment of NK cells (>90% purity) was confirmed in
CAPDH, and 5-GGGCCAACTAGGCAGCCAACTAA-3" and  every case by flow cytometry and Wright-Giemsa staining of
5-CGAAGCACCAGCCCATGAAATCTCC-3! for IFNG cDNA. cytospin  preparations (not shown). Cell number of the
CD3°CD56* fractions obtained in each individual was
3.9x10°+3.4 x 10° (mean+s.d.).
Determination of serum level of IFNG protein
Sera were obtained from healthy volunteers and individuals with
aplastic anemia {AA), systemic lupus erythematosus (SLE}, virus
infection-associated hemophagocytic syndrome (VAH), LDGL
of af* T cell, LOGL of 4% T cell, infectious mononucleosis Eluent
(IMN), CNKL, or ANKL. The serum concentration of IFNG was
determined by a flow cytometer with Human Th1/Th2 Cytokine
Cytometric Bead Array Kit (BD Biosciences, San Diego, CA,
USA) according to the manufacturer’s protocols.
ot
Results Normal
Purification of NK cells
To directly compare the transcriptome of normal and affected
NK cells, we here purified CD3~CD56* fractions from PB N
MNCs of healthy volunteers (n=9) as well as of individuals with
CNKL (n=9) or ANKL (n=1). A total of 19 specimens were thus
registered into this study. The clinical characteristics of the 10 —
patients (CNKL-1~9 and ANKL-1) are summarized in Table 1.
The LGL count in their PB was 14056 cells/mi+11695
(mean+s.d.). The proportion of CD567 cells in PB MNC was
>50% in all aifected individuals, indicating a predominant
outgrowth of NK cells. All CD56% fractions in this study were
negative for the surface expression of CD3. CNKL
The mono- or oligoclonal expansion with regard to EBV
infection was confirmed in the NK cells of one CNKL (CNKL-9}
and the ANKL (ANKL-1) patients. Importantly, the CNKL-9
patient with monoclonal expansion of EBV* NK cells died from
leukemic transformation with infiltration into multiple organs at I R
24 months after the blood sampling. It is, thesefore, likely that .
this patient might have been under a transition process toward ~ Figure 1 Purification of CD37CD56" fraction. MNCs isolated
ANKL or been at a very early stage of ANKL. from PB of;'a healthz volunt+eer {nqrmal) and a patient with CNKL were
Magnetic bead-based affinity column has succeeded in a used to purify CD37CD56 _fractlo_ns (Eluent). (;ell surface expression
BN - ty ‘ of CD3 and CD56 was monitored in each fraction by flow cytometry,
substantial enrichment of the NK cell fraction. In one healthy and the proportion (%) of CD3~CDS56% cells is indicated. Cytospin
volunteer, for instance, PB MNCs was occupied with 12.3% of preparation of each fraction was stained with the Wright-Giemsa
CD3°CD56* fraction, while the column eluent contained solutions. Scale bar, 50 um.
Table 1 Clinical characteristics of the patients with NK cell-type LDGL
Patient Disease Age Sex WBC (/mm°) Lymph {/mm®) LGL ¢mm® Hb (g/d} Pit{x 10%mm® CD3*{%) CD5* (%) CD56" (%) EBV
CNKL-1 CNKL 70 F 5880 4586 3927 14.6 241 13 13 78 -
CNKL-2 CNKL 54 M 10190 7133 6842 14.9 61.8 6 10 94 -
CNKL-3 CNKL 73 F 13780 11024 9721 13.2 24.9 9 7 9N n.d.
CNKL-4 CNKL 81 F 16 500 11390 8420 13.1 25 21 23 76 n.d.
CNKL-5 CNKL 55 F 21100 17700 16880 13 17 10 9 79 n.d.
CNKL-6 CNKL 62 M 18 000 11880 10252 13.1 39.6 13 13 86 n.d.
CNKL-7 CNKL 34 M 22100 13040 6590 16.4 31.2 35 n.d. 51 -
CNKL-8 CNKL 682 F 454030 43580 22250 1.7 16 3 3 82 n.d.
CNKL-9 CNKL 7w M 14800 13620 10510 11.2 58 12 9 75 +
ANKL-1  ANKL 15 F 51700 45760 41360 13.7 20.6 20 20 58 +
F, female; M, male; WBC, white bloed cells; Lymph, lymphocytes; LGL, large granular lymphocytes; Hb, hemoglobin; Pit, platelets; n.d., not
determined. Monoclonal or biclonal EBV genome was detected in the NK cells of CNKL-9 or ANKL-1 patient, respectively.
Leukemia



BAMP screening of NK cell fractions

Biotin-labeled cRNA was prepared from surface marker-
matched NK fractions from the study subjects, and was
hybridized with high-density oligonucleotide microarrays {Affy-
metrix HGU95Av2), providing the expression data for >12 000
human genes. To exclude genes that were virtually silent
transcriptionally, we first selected genes whose expression
received the ‘Present’ call from the Microarray Suite 4.0
software (Affymetrix) in at least 10% of the samples. A total of
6494 genes passed this ‘selection window,” and their expression
profiles in the 19 samples are shown in Figure 2a as a
dendrogram, or ‘gene tree,’ in which genes with similar
expression profiles (assessed by standard correlation} among
the samples were clustered near each other. In Figure 23, several
clusters of genes that were expressed preferentially in either
normal or affected NK cells (shown by arrows) were identified.
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Figure 2 Expression profiles of 6494 genes in NK cell fractions. (a)

Hierarchical clustering of 6494 genes on the basis of their expression
profiles in CD3"CD56™ iractions derived from nine healthy volun-
teers (Normal), nine individuals with CNKL, and one with ANKL. Each
column represents a single gene on the microarray, and each row a
separate patient sample. Expression level of each gene is shown color-
coded, as indicated by the scale at the bottom. Arrows indicate the
positions of clusters of genes that were expressed preferentially in
either normal or affected NK cells. (b} Two-way clustering analysis of
the healthy individuals (Noermal-1-9), CNKL patients (CNKL-1-9j, and
the ANKL patient (ANKL-1), based on the similarities in the expression
profiles of the 6494 genes demanstrated in (a).
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To statistically evaluate the similarity of the overall gene
expression profiles across the 19 samples, we generated another
dendrogram, a ‘patient tree,’ by the two-way clustering
method,?? with a separation ratio of 0.5 (Figure 2b). The
samples did not clearly cluster into disease-specific branches;
rather, normal and affected NK samples were mixed in several
branches.

Identification of LDGL-associated genes

One of the major goals in this study was to develop expression
profile-based diagnostic procedures for the NK cell disorders.
For such an approach to be meaningful, an important question
to be addressed would be thus to clarify whether affected NK
cells share a specific gene expression profile, or ‘molecular
signature’,” clearly distinct from that of normal NK cells.
Therefore, we first tried to identify genes whose expression
level may efficiently differentiate normal NK cells from LDGL
ones. For this purpose, we chose genes whose expression level
differed significantly between the two groups of samples
{Student’s ttest, P<0.001). However, most of the genes thus
identified had a low level of expression throughout all samples,
making their usefulness as molecular markers uncertain. From
these genes, therefore, we selected those whose mean expres-
sion intensity differed by >3.0 arbitrary units (U} between the

two groups. The resultant 15 ‘LDGl-associated genes’ are

shown in a gene tree format (Figure 3a); five of them were
specific to CNKL/ANKL cells, while the remaining 10 genes
were to normal NK cells.

The former group of the genes included those for transcrip-
tional factors involved in the regulation of cell growth and/or
apoptosis. B [ymphoma Mo-MLV insertion region (BMIT;
GenBank accession number, L13689), for examfle, belongs to
the Polycomb type of DNA-binding proteins.** Intriguingly,
BMI1 is expressed in hematopoietic stem cells (H5Cs), and plag
an indispensable role in the self-renewal process of HSCs.2%2#
Therefore, abundant expression of BMIT gene only in the
affected NK cells may be involved in the deregulated outgrowth
of the NK cells. Similarly, a zinc-finger protein ZFR (GenBank
accession number, Al743507) was shown to protect embryonic
cells from apoptosis and provide mitotic activity.””

Class prediction by our ‘weighted distance method”

We next performed two-way clustering analysis, with a
separation ratio of 0.5,. of the 19 specimens based on the
expression levels of such 15 LDCL-associated genes. As shown
in Figure 3b, the samples clustered into three major branches;
one contains mainly normal NK specimens (with an addition of
CNKL-1), another is composed solely of two CNKL patients
{CNKL-2 and -7}, and the other contains only affected NK cells.
It should be noted that the ANKL sample was clustered closely
with CNKL ones in the third branch.

Do the gene-expression profiles of NK cells differ between
healthy individuals and those with NK cell disorders, and, if so,
how different? is such difference large enough to develop an
express:on profile-based diagnosis system? To address these
issues, we performed correspondence analysis?! to extract three
major dimensions from the expression patterns of the 15 LDGL-
associated genes. On the basis of the calculated three-
dimensional coordinates for each sample, the specimens were
then projected into a virtual space (Figure 3c). All normal
samples were placed at a position clearly far from that of the
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Figure 3 Identification of LDGl-associated genes. (a) Expression
profiles of 15 LDGL-associated genes are shown in a dendrogram,
color-coded as indicated by the scale in Figure 2a. Each row
corresponds to a single gene, and each column to NK cells from
healthy individuals (normal) and patients with CNKL or ANKL. The
gene symbols are indicated on the right. The names, accession
numbers, and expression intensity data for these genes are available at
the Leukemia web site. (b) Two-way clustering analysis of the 19
samples based on the expression levels of the LDGL-associated genes.
(c) Correspondence analysis of the LDGL-associated genes identified
three major dimensions in their expression profiles. Projection of the
specimens into a virtual space with these three dimensions revealed
that the specimens from healthy individuals {(normal) were clearly
separated from those from the patients with CNKL or ANKL, The
position of EBV*+ CNKL-9 sample is indicated.
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affected NK cells, indicating that all affected NK cells possessed
a common molecular signature which was distinct from that of
the normal NK cells. Again, here the two samples with clonal
EBV infection (CNKL-9 and ANKL-1) were placed closely with
the other CNKL specimens.

The clear separation of affected NK specimens from normal
ones in Figure 3¢ also supported the feasibility of an expression
profile-based prediction for NK cell disorders. We therefore tried
class prediction {normal or LDGL} for each specimen on the
basis of the coordinates calculated by the correspondence
analysis. The relative ‘weighted distances’ of a given specimen
to the normal or LDGL group (excluding the specimen for the
prediction) were calculated, and the specimen was assigned a
class when the relative distance to the class was <0.4. As
demonstrated in Table 2, our weighted-distance method could
correctly predict the class of every sample examined, making
the array-based diagnostic procedure of NK cell-type LDGL into
reality.

Comparison of ‘Normal vs CNKL’ by the
weighted-distance method

Civen the large difference in the clinical course between CNKL
and ANKL, there may be gene-expression alterations specific to
the latter condition, which characterize its aggressive clinical
course. Therefore, it might be appropriate to investigate these
two conditions separately. We thus focused on the comparison
between normal individuals and those with CNKL, and tried to
assign, by the weighted-distance method, either normal or
CNKL class to every specimen among nine healthy individuals
and nine patients with CNKL.

To accurately measure the prediction power of our weighted-
distance method, we conducted a cross-validation trial (i.e.,
‘drop-one-out’ format) for the diagnosis of normal or CNKL
class. To predict the class of sample X, ‘CNKL-associated genes’
were extracted from the comparison of remaining 17 samples

Table 2 Diagnosis by the ‘weighted-distance method’
Patient iD Clinical Distance to Distance to  Prediction
giagnosis nomal LOGL
Normal-1 Normat 0.207 0.793 Normat
Normal-2 Normal 0.256 0.744 Normal
Normal-3 Normal 0.192 0.808 Normzl
Normal-4 Normal 0.200 0.800 Normal
Normal-5 Normal 0.211 0.789 Normal
Nomai-6 Narmal 0.229 0.771 Normal
Nomal-7 Nomal 0.311 0.689 Normal
Normal-8 Normal 0.352 0.648 Normal
Nomal-9 Normal 0.391 0.609 Normal
CNKL-1 LDGL 0.729 0.271 LDGL,
CNKL-2 LDGL 0.845 0.155 LOGL
CNKL-3 LDGL 0.854 0.146 LDGL
CNKL-4 LDGL 0.877 0.123 LDGL
CNKL-5 LDGL 0.80C 0.200 LDGL
CNKL-8 LDGL 0.877 0.123 LDGL
CNKL-7 LDGL 0.735 0.265 LDGL
CNKL-8 LDGL 0.861 0.139 LDGL
CNKL-9 LDGL 0.868 0.132 LDGL
ANKL-1 LDGL 0.842 0.158 LDGL

The relative weighted distance ta the normal group (distance to normal)
or to LDGL group (distance to LDGL) was calculated, and used to
assign a class {nermal or LOGL) to each sample.



according to the criteria used in Figure 3a (P<0.001 in Student’s
ttest, and |effect size|>3). The number of such CNKL-
associated genes ranged from 4 to 10. Correspondence analysis
was carried out for the expression profiles of the CNKL-
associated genes, and was used to calculate the relative
weighted distance of the ‘dropped’ sample X to either normal
or CNKL class. As shown in Table 3, with a T-value of 0.4, a
clinically matched prediction was obtained for 14 (77.8%} out
of 18 cases, while one case (CNKL-2) was unpredictable and
three cases (normal-6, normal-8 and CNKL-1) received a
prediction incompatible with the clinical diagnosis. Therefore,
even in a cross-validation assay, the weighted-distance method
could achieve a high accuracy.

For comparison, we also conducted a cross-validation trial of
class prediction by using a known prediction algorithm, the ‘k-
nearest neighbor method’  (http://www silicongenetics.com/
Support/GeneSpring/GSnotes/class_prediction.pdf). Among the
18 samples tested, only 10 samples (55.6%) received correct
prediction, indicating the superiority of our weighted distance
methaod.

Since CNKL-9 patient had NK cells with EBV in a clonal
episomal form, and had progressed into an ANKL phase in a
refatively short period, we questioned if this patient had an
atypical molecular signature for CNKL. To visualize the
similarity of transcriptome of CNKL-9 sample with that of the
other CNKL ores, the result of the cross-validation trial for
CNKL-9 is demanstrated as a virtual-space format in Figure 4a.
Correspondence analysis of nine genes that most efficiently
differentiated normal-1-9 from CNKL-1-8 has identified three
major dimensions in their expression pattern, and projection of
the CNKL-9 patient together with the other samples in a 3D
space indicated that CNKL-9 had an expression profile highly
similar to that of the other CNKL subjects at least in the space of
these nine highly informative genes.

To confirm the similarity in the gene-expression profile of
EBV* ANKL cells to the CNKL ones, we next carried out
correspondence analysis for the ANKL-1 patient. Statistical
comparison of transcriptome between Normal-1-9 and CNKL-
1-9 subjects identified a total of seven genes, which contrasted
the expression profile of normal NK cells from that of CNKL NK
cells. As shown in Figure 4b, projection of the ANKL-1 patient
into a 3D space constructed from the data of such seven genes

Table 3 Cross-validation of disease prediction

Patient ID Clinical diagnosis Predictiort
Normal-1 Norrnal Norrmal
Normal-2 Normal Normal
Normal-3 Normal Nermal
Normal-4 Normal Normal
Normal-5 Normnal Normal
Normal-6 Normal CNKL
Normal-7 Norrmal Normal
Normal-8 Normal CNKL
Nermal-9 Normal Normal
CNKL-1 CNKL Normal
CNKL-2 CNKL Unpredictable
CNKL-3 CNKL CNKL
CNKL-4 CNKL CNKL
CNKL-5 CNKL CNKL
CNKL.-6 CNKL CNKL
CNKL-7 CNKL CNKL
CNKL-8 CNKL CNKL
CNKL-9 CNKL CNKL

Microarray analysis of NK-type LDGL
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demonstrated that the EBY T ANKL-1 sample was plotted at a
neighbor position to those of the CNKL samples. In accordance
with the 3D view, the weighted-distance method also con-
cluded that the ANKL-1 sample belonged to the same class with
the CNKL ones (data not shown). These analyses unexpectedly
suggested that the gene expression profile characteristic to
CNKL NK cells is also shared with EBV™ NK cells. It should be
noted, however, that additional genetic changes specific to EBV
infection may exist, and account for the fulminant clinical
character of EBV* LDGL.
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Figure 4 Investigation of the EBY ™ samples. (a) We could isolate
nine genes, expression of which differentiated normal NK cells
{normal) from indolent CNKL ones (CNKL-1-8). The EBV™ CNKL-9
was projected into a virtual space together with the other normal and
CNKL specimens, based on the coordinates calculated by the
correspondence analysis of such nine genes. (b) A total of seven
genes were identified to be differentially expressed between normal
NK cells (normal} and CNKL cells. The ANKL-1 sample was projected
into the virtual space as in {a).
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Isolation of single-gene markers for LDGL diagnosis

The gene set identified in Figure 3a may potentially be the
candidate genes to construct custom-made DNA microarrays for
disease diagnosis of NK cell disorders. Since availability of DNA
microarray systems is still restricted in current hospitals,
however, it would be valuable if a high expression of single
gene or its product can be used as a reliable marker for such
purposes. For instance, it would be highly useful if the serum
level of a protein can help to diagnose NK cell disorders. Given
the presence of false data even with DNA microarray, it is
unlikely that an expression of any single gene can correctly
diagnose all samples. Therefore, here we have tried to isolate
genes whose high expression may be ‘sufficient’ to predict the
presence of NK cell-type LDGL, but the absence of its
expression may not necessarily mean that the NK cells are
normal. Such type of predictor genes should be strictly
inactivated in all normal NK cells, but become activated in, at
least, a part of the NK cells in the LDGL group.

To screen such type of predictors, first, the mean expression
value of each gene was calculated for the normal or LDGL
group. Then, with the use of GeneSpring software, we searched
for genes whose expression profiles were statistically similar,
with a minimum correlation of 0.95, to that of a hypothetical
‘LDGL-specific gene’ that exhibits a mean expression level of
0.0 U in the normal group and 100.0 U in the LDGL group. From
such 652 genes identified, we then applied another criteria that
gene-expression value should be (i) 260.0U in, at least, one of
the LDGL samples, and (i) <25.0U in all normal samples, A
total of six genes were finally identified to be ‘LDGL-specific’
(Figure 3a). Here we have tried to extract LDGL-specific genes
with minimum false-positive results, while allowing false-
negative ones. Therefore, we should confidently tell that the
given NK cells are of LDGL if one of the ‘LDGL-specific genes’ is
highly expressed in the specimens,

Conversely, we also tried to identify ‘normal-specific genes’
through the same approach. Firstly, a total of 1424 genes were
identified to be statistically similar to a hypothesized ‘normal-
specific gene’ that has a mean expression value of 100.0U in the
normal group, but of 0.0U in the LDGL group. Among these
genes, those whose expression was kept below 25.0 U through-
out the samples in the LDGL group, but became activated at
=60.0U in, at least, one sample in the normal group were
selected. We could thus extract a set of 22 genes, expression of
which was specific to normal NK cells (Figure 5b).

Confirmation of overproduction of IFNG

NK cells become activated and produce IFNG in response to the
stimulation with 1L-2,%® 1L-12,%% and IL-15.3° Under physiolo-
gical circumstances, however, activated NK cells eventually
undergo apoptotic changes to prevent overactivation of the
immune system. Interestingly, IFNG itself provides a survival
signal onto NK cells, and, therefore, sustained incubation with
IFNG of NK cells protects efficiently them from cell death.®' It
was thus provocative to find IFNG in our LDGL-specific genes
(Figure 5a), indicating a potential role of IFNG in the outgrowth
mechanism of NK cells in the LDGL condition.

Here we have confirmed the disease-specific expression of
IFNG gene by a quantitative ‘real-time’ RT-PCR assay. As shown
in Figure 6a, abundant expression of [FNG mRNA was only
detected in the purified NK cell fraction of LDGL patients, but
not of the normal controls. Furthermore, a high concentration of
IFNG protein was also observed in the sera of CNKI/ANKL

Leukemia

a Normal CNKL ANKL
123456789 123456789?

- T T AN e
‘23N EEEER. N o
S L1 GZMK

S W
] Eﬁin Hiiq‘éﬁ@a

5 y O]
bl s S W | R

Sample ID

b ANKL

Normal CNKL

SamplelD 12 34567829 4567889 1

12
nis s BN e i xpz:- Wl ¢

CTNNA1
CTNNA1
FGL2
co183
MYOTF
MAL
TLR2
EST
CKAP4
TGFBI
IL3RB
CDKN1A
DUSPB
ET1
TIMP1
FON1
HRY
i est
1 aLoxs
1 kiaaoazz
AKR1C3
csPG2

L4 i 1asFs

Figure 5 Identification of single-gene markers for LDGL. {(a)
Dendrogram showing the expression profiles of six genes whose
expression intensity was kept suppressed in normal NK cells, but
became activated in a part of affected NK cells. Each row represents a
single gene, and each column a separate patient sample. Expression
level of the genes is shown colored according to the scale in Figure 2a.
{b) Expression profiles of 22 ‘normal-specific genes’ are demonstrated
as in (a). Two different oligonucleotide sets for the alphaE-catenin
(CTNNAT) gene are present on an HGU95Av2 array.
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patients (Figure 6b), proving that overexpression of IFNG mRNA
in NK cell disorders leads to the systemic elevation of IFNG
protein level, Interestingly, overexpression of IFNG protein was
also noticed in the patients with IMN. High expression of IFNG
in IMN individuals may result from the infection of EBV
associated with IMN, or may indicate the activated status of T
or NK cells in the condition of IMN.

Discussion

In this manuscript, we tried to clarify whether gene-expression
profiling can help to differentiate NK cells of LDGL individuals
from those of healthy ones. Toward this goal, we first purified
NK cell fractions from study subjects, which are characterized
by the absence of cell surface CD3 molecule and the presence of
CD56 antigen. Analysis with these isolated NK cells should be
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of IFNG mRNA in NK cell fractions. Complementary DNA was
prepared from the NK cell fractions, and was subjected to real-time
RT-PCR analysis with primers specific for the IFNG or GAPDH genes.
The ratio of the abundance of IFNG mRNA to that of GAPDH mRNA
was calculated as 2", where n is the Gr value for GAPDH cDNA minus
the Cr value for IFNG ¢DNA. (b) Sera were obtained from healthy
volunteers {healthy) and individuals with aplastic anemia (AA),
systemic lupus erythematosus (SLE), virus infection-associated hemo-
phagocytic syndrome (VAH), LDGL of e * T cell, LDGL of y6* T cell,
infectious mononucleosis (IMN), CNKL, or ANKL. The expression
level of IFNG protein in the sera was determined by flow cytometry,
and shown as pg/ml.

intrinsic for an accurate comparison of the disease status, since
simple comparison with PB MNCs would be severely influenced
by any changes in the cell composition of PB MNCs in each
individual.

However, even by using expression profiles of the purified
fractions, similarity of the expression pattern of all gene set
failed to clearly separate the affected NX cells from normal ones
(Figure 2b), indicating the necessity of a diagnostic system with
a ‘supervised’ algorithm. For this aim, we first extracted gene
clusters, expression of which was specific to either normal or
affected NK cells. Correspondence analysis on the expression
patterns of such ‘LDGL-associated genes’ has succeeded in the
reduction of the number of pattern dimensions into three, To our
surprise, projection of all samples into this 3D space clearly
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demonstrated that the affected NK cells (CNKL/ANKL) were
placed clustered at a position separate from that of normal NK
cells (Figure 3c). With coordinates in such decomposited
dimensions, we then invented a novel class prediction mears,
‘weighted-distance method’. As expected from the clear
separation in the 3D view, the weighted-distance method
provided correct prediction for all samples studied. A cross-
validation trial for the disease diagnosis also gave a highly
accurate prediction rate (77.8%).

Given a high incidence of clonal EBY infection in ANKL cells,
EBV is believed to play an essential role in the pathogenesis of
this fulminant disorder. From the point of view of gene-
expression profile, the NK cells positive for EBY infection
(CNKL-9 and ANKL-1) shared gene-expression patterns char-
acteristic to other indolent CNKL cells. For instance, a
comparison of normal NK cells and CNKL samples (except
EBV ™ CNKL-9) has identified a total of nine CNKL-related genes
including those for nuclear matrix protein-2 (GenBank acces-
sion number, D50926), cytochrome C (D00265), tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation pro-
tein, theta polypeptide or 14-3-3 protein tau {X56468), O-linked
GClcNAc transferase (AL050366), IFNG, chemckine C-C motif
receptor 1 (CCR1; D10925), chondroitin sulfate proteoglycan 2
(X15998), and fibrinogen-like 2 (Al432401). The 3D view of the
correspondence analysis for these ‘CNKl-associated’ genes
clearly demonstrated that the EBVY CNKL-9 subject was
included in the other indolent CNKL group (Figure 4a).
Similarly, another EBV ™ subject (ANKL-1) was placed closely
with the CNKL samples, according to the expression profiles of
the genes which differentiated CNKL cells from normal NK cells
{Figure 4b).

These data propose a hypothesis that gene-expression
alterations characteristic to an activated, yet indolent, prolifera-
tion of NK cells found in CNKL patients also take place in the
highly proliferating NK cells in EBV* individuals. In other
words, a similar mechanism may be utilized for the sustained
outgrowth of NK cells both in the individuals with CNKL and
ANKL. It should be emphasized, however, that the number of
EBV™ samples (n=2) in these analyses was too small to extract
any conclusive remarks on the pathophysiology of proliferating
EBV™* NK cells. Nevertheless, we believe that it was interesting
to find that EBV ™ NK cells may share a molecular signature with
EBV™ LDGL cells.

We finally tried to identify single-gene markers, the presence
or absence of which helps the diagnosis of LDGL. A total of 22
genes were shown to be specific to normal NK cells, including
those for cyclin-dependent kinase inhibitor 1A (CDKN1A;
GenBank accession number U03106) or CIP1, dual-specificity
phosphatase 6 (DUSP6; AB(013382), toll-like receptor 2 (TLR2;
AF051152), tissue inhibitor of metalloproteinase 1 (TIMP1;
D11139), and aldo-keto reductase family 1 member C3
(AKR1C3; D17793) (Figure 5b).

CDKN1A is transcriptionally regulated by the activity of p53,
and functions as a major effector for antitumor activity of p53,
through the suppression of cyclin-dependent kinase activities.*?
Therefore, loss of expression of COKNTA may allow uncon-
trolled transition at the G;-M boundary in the cell cycle, and
may partially account for the overgrowth of NK cells in LDGL
individuals. Similarly, DUSP6 antagonizes MAPK activities via
dephosphorylation of the latter kinases.** Decrease of DUSP6
expression may therefore contribute to overactivation of MAPK
and to enhanced mitogenesis.

AKRIC3 catalyzes conversion of aldehydes and ketones to
alcohols in vivo. Although its role in NK cells is unknown yet,
downregulation of its transcription has been also reported in the
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LGLs of T cell-type LDGL."® Comparison with DNA microarray
of CD47CD8* T-cells between healthy individuals and those
with T cell-type LDGL has identified the AKRIC3 gene as the
specific marker to the former, Decrease of AKRTC3 message was
also confirmed by quantitative ‘real-time’ RT-PCR method in
those patients. Transcriptional suppression of AKRTC3 was thus
revealed in affected LGLs for both NK cell- and T cell-type
LDGL, and may be a common marker for the diagnosis of LDGL
condition,

A number of growth-promoting factors were found in the
‘LDGL-specific genes’ in Figure 5a. IFNG and BIRC3** are, for
instance, known to protect NK cells from apoptosis, and IRF4
has an oncogenic activity in vive® Additionally, CHD1
contains an SNF2-related helicase/ATPase domain, and is
presumed to be involved in the regulation of chromatin structure
and gene transcription as well.*®

Our data, together with that by Mizuno et aP' suggest that the
serum concentration of IFNG protein may be an indicator of NK
cell-type LDGL. Direct production of [FNG by affected NK cells
may also imply the presence of an autocrine loop for the NK cell
growth.

The mechanism by which affected NK cells produce IFNG
is still to be revealed. It is known that [L-2, IL-12, IL-15, and IL-
18 all activate production of IFNG in NK cells. In our microarray
data set, however, none of IL-2, IL-12, and 1L-18 were found
to be significantly expressed in the subjects (not shown).
Although IL-15 was moderately expressed in our NK
samples, its expression level did not differ between normal
and affected NK cells. In support of this notion, we could not
detect significant level of IL-2 protein in the examination of
serum level of cytokines (not shown), Therefore, it is currently
an open question as to whether activation of IFNG transcription
in the affected NK cells is a secondary event from the
stimulation by other cells such as T cells, or intracellular
mechanism of IFNG expression is deregulated in the affected
NK cells.

Conclusion

We have characterized the transcriptome of a relatively
uncommon disorder, NK cell-type LDGL. Comparison of
purified NK cells between healthy and CNKL individuals led
to the identification of gene sets which are useful in the
expression profile-based differential diagnosis of the disorder,
Such disease-associated genes have also provided us insights
into the molecular pathogenesis of NK cell-type LDGL. Together
with further optimization of statistical methods, increase in
the number of both genes and subjects for the analysis would
help to define and clarify the clinical entities of NK cell
disorders.
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MUTATIONS OF BRAF ARE ASSOCIATED WITH EXTENSIVE hMLHI
PROMOTER METHYLATION IN SPORADIC COLORECTAL CARCINOMAS
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Activating mutations of BRAF have been frequently ob-
served in microsatellite unstable (MSI*) colorectal carcino-
mas (CRCs}), in which mutations of BRAF and KRAS are mu-
tually  exclusive. Previously, we reported that
hypermethylation of h(MLH| might play an important role in
the tumorigenesis of right-sided sporadic CRCs with MSI
showing less frequency of KRAS/TP532 alteration. Therefore,
we have assumed that BRAF mutations might be highly asso-
ciated with hMLHI methylation status rather than MSI sta-
tus. In this study, mutations of BRAF and KRAS and their
relationship with MS] and hMLH! methylation status were
examined in 140 resected specimens of CRC. The methyl-
ation status was classified into 3 types: full methylation (FM),
partial methylation (PM) and nonmethylation {NM). Only FM
closely linked to reduced expression of h(MLHI protein. BRAF
mutations were found in 16 cases (11%), all leading to the
production of BRAFY>**E, As for MSI status, BRAF mutations
were found in 43% of MSI™ and 4% of MSI ™~ cases (p < 0.0001).
Among the MSIT individuals, BRAF mutations were more
frequent in cases with hMLH| deficiency (58%) than those
with hMSH2 deficiency (0%; p = 0.02). Moreover, they were
found in 69% of FM, 4% of PM and 4% of NM, revealing a
striking difference between FM and the other 2 groups (FM
vs. PM or NM; p < 0.0001). These findings suggest that BRAF
activation may participate in the carcinogenesis of sporadic
CRCs with hMLH] hypermethylation in the proximal colon,
independently of KRAS activation.

@ 2003 Wiley-Liss, Inc.

Key words: sporadic colorectal cancer; BRAF mutation; hMLHI
hypermethylation; microsatellite instability

In the development of colorectal cancer (CRC), it is now widely
accepted that some forms of genetic instability lead to the sequen-
tial accumulation of genetic alterations and consequently develop
carcinomas.! RAS activation in the MAP kinase cascade is sup-
posed to constitute a part of the primary events in colorectal
carcinogenesis, and the KRAS gene mutations have been found in
about 30-40% cases of sporadic CRCs.24

Recently, activating BRAF mutations have been found almost
invariably in melanoma cells and sometimes in other types of
carcinoma, including CRCs,5-7 implying a function of BRAF as a
protooncogene. The RAF genes are members of MAPK pathway,
encoding serine/threonine kinases that integrate the upstream input
signals.®® Once recruited at the cell membrane by GTP-loaded
RAS, RAF becomes activated and subsequently phosphorylates
the downstream kinases, MEKs, which eventually induce tran-
scriptional activation of the target genes.®

More recently, frequent BRAF mutations and infrequent KRAS
mutations have been reported in DNA-mismatch repair (MMR)-
deficient CRCs.10 Inactivation of MMR genes incurs instability of
genomic microsatellite sequence (microsatellite instability, or
MSTI), which is found in the majority of patients with hereditary
nonpolyposis colorectal cancer syndrome (HNPCC) and in 10-
15% of cases of sporadic CRCs.1-13 Moreover, it was also re-
ported that 70-90% of sporadic CRCs with MST (MSI™ CRCs) are
associated with hypermethylation of AMLHI, one of DNA-MMR
genes, and have distinct clinical and pathologic characteristics, i.e.,

occurrence in older females, location in the proximal colon and
histopathology of mucious or poor differentiation.14-20

‘We have previously examined the methylation status of kRMLH]
gene in sporadic CRCs by usé of 5 sets of primer spanning the
whole CpG sites within its promoter region and have classified the
methylation status into 3 subtypes: full methylation, partial meth-
ylation and nonmethylation.2122 We reported that an extensive
methylation, or full methylation, of AMLH1 promoter was found in
about 80% of MSI™ CRC cases and was highly assoclated with
loss of expression of its gene product. Interestingly, this type of
CRC cells are rarely associated with KRAS mutations and loss of
heterozygosity (LOH) of TP33 gene.22 It is therefore possible that
extensive methylation of AMLHI promoter region may contribute
to the carcinogenesis of the right-sided sporadic CRCs, indepen-
dently of KRAS/p53 alterations.

From these results, 2 questions may arise. First, does the acti-
vation of BRAF, instead of KRAS, take part in the carcinogenesis
of CRCs with extensive hMLHI methylation? Second, if so, does
the BRAF activation have any relationship with the CRCs with
partial methylation, although most of which are microsatellite
stable (MSI™), maintain MMR gene expression and show a rela-
tively high incidence of KRAS and p53 alterations?22

Additionally, in the melanoma cells, high frequency of muta-
tions of B-catenin and BRAF has been recognized.?® Some re-
searchers previously reported that $-catenin mutations were more
common in MSI* CRCs than in MSI™ ones,1923-25 However, it
has not been elucidated yet whether there are any relationship
between the mutations of B-catenin and BRAF in the CRCs with
hMLHI hypermethylation.

In this study, we have investigated the frequency of BRAF
mutation and its relationship with KRAS and B-catenin mutations
in a large consecutive series of sporadic CRCs in regard to both
MSI status and degrees of AMLHT methylation.

Abbreviations: CRC, colorectal cancer; FM, full methylation; HNPCC,
hereditary nonpolyposis colorectal cancer syndrome; LOH, loss of het-
erozygosity; MAPK, mitogen-activated protein kinase; MAPKKK, mito-
gen-activated protein kinase kinase kinases; MEK, mitogen-activated pro-
teinfextracellular  signal-regulated kinase kinase; MGMT, ©°-
methylguanine DNA methyltransferase; MMR, mismatch repair; MSI,
microsatellite instability; NM, nonmethylation; PM, partial methylation.
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MATERIAL AND. METHODS
Tumor samples

Turnor samples were obtained from 140 sporadic CRC patients
who underwent surgical treatment at the Jichi Medical School
Hospital. None of the patients had first-degree relatives with CRC.
Informed consents were obtained from all patients, and the ethics
committee of the Jichi Medical School approved this study (#02-
01). We sclected these cases from approximately 380 consecutive
series of CRCs previously analyzed for MSI status.21.26 All the
MSI™ cases were reconfirmed for the MSI status by pentaplex
PCR method, whereas MSI™ CRCs were selected so that the
gender and tumor site were balanced between the MSI™* and MSI™
groups (MSI*, n = 28; MSI™, n = 112). The patients were 69 men
and 71 women, and their age ranged from 19 to 86 years with a
mean of 63 years. '

DNA extraction

Genomic DNA was extracted from fresh-frozen samples of
tumor by use of QlAamp DNA Mini Kit {Qiagen, Chatsworth,
CA) according to the manufacturer’s protocol.

BRAF mutation analysis

BRAF mutations were analyzed in exons 11 and 15. These exons
were chosen because all reported BRAF mutations occurred at
these regions. PCR was performed with 2-5 ng of genomic DNA
as a template by using the same PCR primer as reported previous-
ly.5 PCR condition was as follows: 94°C for 9 min, followed by 35
cycles of 94°C for I min, 60°C for 1 min and 72°C for 2 min. The
PCR products were purified using a QIAquick spin purification kit
(Qiagen), and the purified PCR products were sequenced with
BigDye Terminator Cycle Sequencing Ready Reaction kits (PE
Applied Biosystems, Foster City, CA), all according to the man-
ufacturers’ instructions. Sequencing was performed in both direc-
tions using forward and reverse PCR primers. The purified prod-
ucts were run on an ABI 310 PRISM Genetic Analyzer (PE
Applied Biosystemns), The data were collected and analyzed using
the Applied Biosystems sequencing analysis software.

MSI status analysis

MSI was analyzed by using 9 microsatellite repeat loci (3
markers were dinucleotide repeats and 6 were mononucleotide
repeats) as described previcusly.2! MSI status was stratified as
follows according to the criteria of the National Cancer Institute
(NCI) workshop.?” High-frequency MSI (MSI-H) was defined as
the alterations of microsatellite repeat were found in more than
40% of examined markers or in 2 or more NCl-recommended
markers. Low-frequency MSI (MSI-L) was defined as the alter-
ations in less than 40% or only one NCI-recommended marker, If
no alterations of any examined markers were found, tamors were
defined as microsatellite stable (MS8). In this study, we defined
MSI-H as MSI-positive (MSI™*), and both MSI-L and MSS as
MSI-negative (MSI™), because only the MSI-H phenotype in
sporadic CRCs is associated with true MMR defects and distinc-
tive clinicopathologic features.?2® For the precision of MSI status,
we reexamined all MSI* samples by pentaplex PCR method using
5 quasimopomorphic mononucleotide repeats, because this
method has been reported to be simpler to use and show higher
sensitivity and specificity.3?

Analysis of methylation status of h\MLHI promoter region

Analysis of methylation status of AMLHI gene was performed
by Na-bisulfite treatment and PCR single-strand conformation
polymorphism (SSCP} analysis (BiPS) as described previously.?!
In brief, 5 sets of primers comprising the whole CpG sites within
the AMLHI promoter region were prepared (Fig. 1), and methyl-
ated and unmethylated DNA amplicons were separated through
SSCP analysis. When the bands showed mobility shifts, they were
cut from the gels and subsequently sequenced directly by use of an
ABI 310 PRISM Genetic Analyzer, Primer sequences and PCR
conditions were utilized as reported previously.?! The methylation
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patterns were defined as full methylation if all the CpG sites within
the promoter regions showed methylation; as partial methylation if
some Cp@ sites in the upstream region showed methylation; and as
nonmethylation if no Cp( sites in the region showed methylation.

KRAS mutation analysis

KRAS mutations were analyzed by direct sequencing at codons
12 and 13 of KRAS by using its genomic DNA. First, a flanking
PCR product of 179 bp was amplified (annealing temperature was
58°C) using the primers 5 -AGGCCTGCTGAAAATGACT-
GAATA-3' (sense) and 5 -CTGTATCAAAGAATGGTCCTG-
CAC-3' (antisense). The resulting fragment was then used as a
template to amplify a 114 bp fragment, including codons 12 and 13
using the primers 5'-AAAATGACTGAATATAAACTTGTGG-3'
(sense) and 5'-CTCTATTGTTGGATCATATTCGTC-3" (anti-
sense; annealing temperature was 50°C). The PCR product was
sequenced by the same method as in the BRAF mutation analysis.

B-catenin mutation analysis

Mutations in B-catenin were analyzed by direct sequencing at its
exon 3, in which the majority of mutation hot spots were included.
The PCR primers were 5-GATTTGATGGAGTTGGA-
CATGG-3' (sense) and 5'-TGTTCTTGAGTGAAGGACT-
GAG-3’ (antisense; annealing temperature was 63°C). The direct
sequencing of the PCR product was performed by the same
method as in the BRAF mutation analysis.

Immunohistochemical analysis

Immunohistochemical analysis for both hMLH1 and hMSH2
expression was performed on all MSI" tumor samples as described
previously.26

Statistical analysis

Statistical analyses for variable results were performed by Fish-
er’s exact test and Student’s r-test. Probability values below 0.05
were considered to be statistically significant (StatView J 5.0
software, Abacus Concepts, Berkeley, CA).

RESULTS
Clinicopathologic features of patients with BRAF mutations

We identified 16 patients whose CRCs showed BRAF mutations
(Table I). All the mutations resulted in a V599E substitution in the
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Ficure 1-Top: Schematic presentation of the MLH! promoter
region. Middle: Full methylation (all CpG sites in regions A—E show
methylation), partial methylation (some CpG sites'in upstream region
show methylation) and nonmethylation (no CpG site shows methyl-
ation). Bottom: Design of the PCR primers and the PCR products for
regions A-E. Their positions relative to the adenine residue at the start
codon and the size of the amplified DNA fragments are shown.
Numbers in parenthesis indicate the number of CpG sites within each
region.
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BRAF protein (Fig. 2). None of the cases had BRAF mutations in
the normal colonic mucosa positioned far away from the cancer
area, implying that the BRAF mutations should be a somatic event.
The mean age of cancer onset in the patients with BRAF mutations
was older than those without BRAF mutations, although the dif-
ference was not statistically significant: 73.1 * 10.5 years com-
pared with 62.5 * 12.5 years (p = 0.06, Student’s r-test; Table II).
Gender distribution was also different between these 2 groups,
with females comprising 75% (12/16) of the BRAF mutation group
and 48% (59/124) of the nonmutation group (p = 0.06, Fisher’s
exact test; Table II). The tumor with BRAF mutation cases was
more frequently located in the proximal colon (94%; 15/16) than
that with nonmutation ones (37%; 46/124; p < 0.0001, Fisher's
exact test; Table I).

BRAF mutations and MSI status

BRAF mutations were found in 43% (12/28) of MSI* CRCs and
4% (4/112) of MSI™ CRCs (p < 0.0001, Fisher’s exact test; Table
HI).

BRAF mutations and MMR protein expression

BRAF mutations were more common in the tumors showing
reduced hMLH1 protein expression (58%; 11/19) than those show-
ing reduced hMSH2 expression (0%; 0/6; p = 0.02, Fisher's exact
test; Table IV).

BRAF mutations and hWMLH] promoter methylation status

BRAF mutations were found in 69% (11/16) of full methylation,
4% (2/45} of partial methylation and 4% (3/79) of nonmethylation
(Table V). The ratio of BRAF mutations was statistically signifi-
cant between full and partial as well as between full and none (p <
0.0001, Fisher's exact test). :

KRAS mutations

KRAS mutations were identified in 38 cases. Two cases with
KRAS mutations were in MSI* (7%; 2/28) and 36 cases were in
MSI™ (32%; 36/112; p = 0.008, Fisher’s exact test; Table II).
Regarding the methylation status, KRAS mutations were not found

TABLE I- ALL CRC CASES WITH BRAF MUTATIONS

Patient no. Age (yr) Gender Site MSI mfgyﬁg{on aﬂgxﬁ:‘;‘:i d KRAS B-catenin Dukes’ stage Hl;‘r‘;ldoeg'c
225 83 F P + Full V399E Wild wild cC Well
263 86 F P o+ Full V599E wild wild B Moderate
268 85 F P + Full V599E Wild wild B Poor
280 83 F P + Full V599E Wild Wild C Well
305 74 M P + Full V599 Wwild Wild B Poor
318 76 F P + Full V599E Wild Wwild B Well
336 68 M P + Full V599E Wild Wild B Mucinous
413 69 F P + Full V599E Wild wild B Well
416 76 F P + Full V595E Wild Wild B Mucinous
479 74 F P + Full V59%E Wild Wwild B Moderate
507 64 M P + Fuil V399E wild Wild A Moderate
274 81 M D - Partial V599E Wild Wild B Moderate
328 52 F P - Partial V599E Wild Wild B Moderate
293 T0 F P - Non V599E Wild Wild D Mucinous
334 77 F P + Non V599E Wild Wild A Poor
509 51 F P - Non V599E Wild Wild C Poor

P, proximal colon; D, distal colon; Full, full methylation; Partial, partial methylation; Non, nonmethylation; Well, well-differentiated
adenocarcinoma; Mod, moderately differentiated adenocarcinoma; Poor, poorly differentiated adenocarcinoma; Mue, mucinous carcinoma.
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FIGURE 2 - {a) Representative sequence chromatographs from BRAF exon 15 showing wild type. (b) TI796A transversion resulting in a

V599E substitution.
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TABLE I - CLINICOPATHOLOGIC FEATURES OF BRAF MUTATION CASES

BRAF Non-BRAF
mutation mutation P-value
(1 = 16) (%) (n = 124) (%)
Age (yn) 731 £ 10.5 62.5 £ 125 0.06
Gender : ‘ 0.06
- Male 4 (25) 65 (52)
Female 12 (75) 59 (48)
Tumor site ' < {1.0001
Proximal 15 (94) 46 (37)
Distal 1(6) 78 (63)
Dukes’ stage ) 0.07
A/B 12(75) 59 (50)
C/D 4(25) 59 (50)
Histologic grade B 0.0008
" Well/moderate 9 (56) 109 (92)
Poor/mucinous 7(44) 10(8)

Well, well-differentiated adenocarcinoma; moderate, moderately
differentiated adenocarcinoma; Poor, poorly dlfferenuated adenoca:—
cinoma; mucinous, mucmous carcinoma.

TABLE III - MSI STATUS AND MUTATIONS OF BRAF,

KRAS AND B-CATENIN

MSI status BRAF gulation KRAS(%t)thﬁon E;-cczrerrir';{7 r)nuta:ion
MSI* 42,9 (12/28)" 7.1(2/28)° 7.1(2/28)
MSI™ 3.6 (@/112¢ 321 (36/112)° 2.7 (3/112)
Total 11.4(16/140) 27,1 (38/140) 3.6 (5/140)

*Fisher’s exact test, p << 0.0001.-"Fisher’s exact test, p = (.008.

TABLE IV — BRAF MUTATION AND MMR PROTEIN EXPRESSION

Number BRAF mutation

of cases (%)
hMLH1-deficient 19 57.9(11/19)*
hMSH2-deficient 6 0 (0/6)*

*Fisher’s exact test, p = 0.02.

TABLE ¥V - hMLH! METHYLATION STATUS AND MUTATIONS OF BRAF,
KRAS AND B-CATENIN

AMLH] methylatdon BRAF mutation KRAS mutation B-catenin
status (%) } fmutation (%)

Full methylation 68.8 (11/16)*° 0(0/16**  0(0/16)

Partial methylation 4.4 (2/45) 37.8 (17/45)° 0(0/45)

Nonmethylation 3.8 (3/79)° 26.6 (21/79)° 6.3 (5/19)
Total 11.4 (16/140)  27.1 (38/140) 3.6 (5/140)

*Fisher’s exact test, P < 0. 0001 —PFisher's exact test, P < (.0001.
~“Fisher’s exact test, P = 0.003.-%Fisher’s exact test, P = 0.02.

(0%; 0/16) in any of the full methylation cases, but were found in
17 of the partial methylation patients (38%; 17/45) and 21 of the
nonmethylation group (26.6%; 21/79), which was consistent with
our previous results?! (Table V). The ratio of KRAS mutations was
significantly different between full and partial and between full
and none cases (p = (0.003 and 0.02, respectively, Fisher’s exact
test). None of the cases with BRAF mutations exhibited KRAS
mutations simultaneously.

[3-catenin mutations

B-catenin mutations were found in 5 cases. Two cases were in
MSI* (7%; 2/28) and 3 cases were in MSI™ (3%; 3/112; p = 0.26,
Fisher’s exact test; Table III). However, none of the cases with full
or partial methylation showed B-cafenin mutations, and there were
no cases exhibiting both BRAF and B-catenin mutations simulta-
neously (Table V).

KOINUMA ET AL.

DISCUSSIONS

The MAPK pathway plays a crucial role in the signal transduc-
tion of many hormones, growth factors and differentiation fac-
tors.2132 At the level of MAPKKKSs, several RAF family members
exist, that is, ARAF, BRAF dnd RAF] with divergent tissue
specificity and upstream regulation 3? The 3 proteins are thought to
have uneven ab111ty to activate MEK, and BRAF has bcen identi-
fied as the major MEK activator.3?

Recently, BRAF actwatmg ‘mutations were observed in some
proportion of human carcinomas, especially in melanoma, lung
cancer, as well as colon cancer.5-7 BRAF gene was therefore
supposed to be a novel protooncogene that might contribute to the
tumorigenesis in these types of transformed cells. Interestingly, the
mutational spots of BRAF gene cluster within the activation seg-
ment (exon 15} and the: G-loop (exon 11} of the kinase domain,
which are highly conserved among serinefthreonine kinases
throughout evolution.® Activating mutations in these hot spots are
supposed to incréase its kinase activity and subsequent!y vrge to
phosphorylate the downstream kinase, MEK. V599 is the major
site of point mutations in the BRAF protein and V599E acidic
substitution has been commonly found in melanoma, colon cancer
and ovaran cancer cells.5 Intriguingly,- the tumors with
BRAFY3%%E showed no KRAS mutations simultaneously, although
non-V3599E cases were sometimes coincident with KRAS muta-
tions, 51934 [t has been hypothesized therefore that V599E might
mimic the phosphorylation of T598 of BRAF that constitutes the
natural activation mechanism of this protein. Because of its potent
kinase activity, BRAF with this type of mutation might have no
need to depend on RAS for the initiation of the MAP kinase
pathway activation.

In our series of sporadic CRCs, 28 cases showed MSI™, in
which 19 were with hMLH1 deficiency and 6 were with hMSH2
deficiency, BRAF mutations were more frequent in MSI™ CRCs
than in MSI™ CRCs (43%, 12/28 vs. 4%, 4/112; p < 0.0001). This
result was nearly consistent with that in the previous report.'©
Interestingly, BRAF mutations were more frequent in hMLHI-
deficient cases than hMSH2-deficient ones (58%, 11/19 vs. 0%,
0/6; p = 0.02). It has been widely accepted that MSI in sporadic
CRCs commonly results from epigenetic silencing of AMLHI
gene, secondary to its promoter methylation, and 70-90% of
MSI* CRCs indeed show hypermethylation of the AMLH!
gene. 132135 Moreover, extensive methylation of RMLHI promoter
is closely correlated with hMLH1 inactivation.2' Therefore, we
have examined the frequency of BRAF mutations with regard to
the methylation status of AMLHI promoter region. Amazingly,
BRAF mutations were extremely frequent in the cases with full
methylation compared to those without full methylation (69%,
11/16 vs. 4%, 5/124; p < 0.0001). As generally seen in the cases
with AMLH! methylation, the CRCs with BRAF mutations were
more frequent in older fémales, commonly located in the proximal
colon, and showed the histopathology of mucinous or poor differ-
entiation. Our data suggest that the activating mutation of BRAF
may be highly associated with an extensive methylation of AMLHI
gene.

In a recent study, we proposed that the shift of methylation
status from partial to full might be critical in the tumorigenesis of
right-sided sporadic CRCs with MSI, because more than half of the
cases with full methylation showed partial methylation in their
normal mucosa far from the tumor.2! However, the cancers with
partial methylation not yet reaching full merthylation showed dis-
tinct clinical and biologic features from those with full methyl-
ation, with relatively high frequency in the alterations of KRAS/
p53.22 In this study, BRAF mutations were less frequent in the
cases with partial methylation compared to those with full meth-
ylation (4%, 2/45 vs. 69%, 11/16; p < 0.0001). We state that
partial methylation is not generally the true pathogenic methyl-
ation status of hMLHI gene.

In our study, all the mutations of BRAF resulted in V599E
substitutions (T-to-A transversion at nucleotide 1796). Rajago-
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palan et al.19 reported that all but one of the 15 BRAF mutations in
MMR-deficient cases resulted in V599E. G%-methylguanine DNA
methyltransferase (MGMT) is a DNA repair protein and MGMT
epigenetic inactivation by its promoter hypermethylation is sup-
posed to cause G-to-A transition mutation in KRAS and G:C-to-
A:T transition mutation in p33. Indeed, 71% cases with KRAS and
P33 mutations showed hypermethylation of MGMT.3637 There-
fore, it might be possible that inactivation of an anonymous DNA-
repair gene by promoter hypermethylation has an association with
A-to-T transition mutation in BRAF gene.

Yuen er al3* have reported that there are many similarities
between the phenotypic patterns of CRCs with KRAS and BRAF
mutations. However, they showed that the cases with BRAF mu-
tations differ from those with KRAS mutations in the Dukes’ stage.
Consistent with their results, the cases with BRAF mutations in our
study were more common with Dukes’ A/B grades than with
Dukes’ C/D, although the difference was not statistically signifi-
cant {(p = 0.07, Fisher's exact test). Moreover, the patients with
BRAF mutations were approximately 13 years older than those
with XRAS mutations (data not shown). Therefore, we speculate
that the CRCs with BRAF mutations may belong to a clinical entity
distinct from one of CRCs with KRAS mutations.

In melanoma cells as well as MSI™ CRC cells, high frequency
of B-catenin and BRAF mutations have been reported.!923-25 [n
this study, B-catenin mutations were uncommon in both MST*
(7%; 2/28) and MSI~ (3%; 3/112), as reported previously by Jass
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et al ?® Moreover, none of our cases with full or partial methylation
showed B-catenin mutations. There were no cases harboring BRAF
and B-catenin mutations simultaneously, implying that B-catenin
mutation may have no association with AMLHI hypermethylation
with regard to CRC carcinogenesis.

We previously proposed that extensive methylation of AMLH1
promoter might play a crucial role in tumorigenesis in the proximal
colon.?! In this study, we additionally demonstrated that the acti-
vating mutations of BRAF might take part in the carcinogenesis of
sporadic CRCs with AMLHI hypermethylation in the proximal
colon, independently of KRAS activation. However, one question
remains to be addressed. At which stage does BRAF activation
contribute to malignant transformation of colon epithelial cells?
Hyperplastic polyps and serrated adenomas in the right-sided
colon show high frequency of AMLHT hypermethylation, and these
lestons have been presumed to be premalignant lesions of right-
sided CRCs with MSI?® It would be interesting to examine
whether the majority of such hyperplastic polyps and serrated
adenomas already have BRAF mutations. If most of the CRCs with
extensive methylation are associated with BRAFY**?E, such sub-
type would be a good target for novel anticancer drugs acting on
the MAPK pathway.38.39
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