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Overexpression of the Runx3 Transcription Factor Increases
the Proportion of Mature Thymocytes of the CD8
Single-Positive Lineage'

Kazuyoshi Kohu,* Takehito Sato,® Shin-ichiro Ohno,* Keitaro Hayashi,* Ryuji Uchino,*
Natsumi Abe,* Megumi Nakazato,* Naomi Yoshida,* Toshiaki Kikuchi,! Yoichiro Iwakura,?
Yoshihiro Inoue,* Toshio Watanabe,* Sonoko Habu,® and Masanobu Satake?*

The Runx family of transcription factors is thought to regulate the differentiation of thymocytes. Runx3 protein is detected mainly
in the CD478" subset of T lymphocytes. In the thymus of Runx3-deficient mice, CD4 expression is de-repressed and CD478"
thymocytes do not develop. This clearly implicates Runx3 in CD4 silencing, but does not necessarily prove its role in the differ-
entiation of CD4~8" thymocytes per se. In the present study, we created transgenic mice that overexpress Runx3 and analyzed
the development of thymocytes in these animals. In the Runx3-transgenic thymus, the number of CD478% cells was greatly
increased, whereas the numbers of CD4*8*% and CD4*8~ cells were reduced. The CD47 8" transgenic thymocytes contained
mature cells with a TCR"*"HSA'™™ phenotype. These cells were released from the thymus and contributed to the elevated level
of CD478" cells relative to CD4"8™ cells in the spleen. Runx3 overexpression also increased the number of mature CD4~8*
thymocytes in mice with class Il-restricted, transgenic TCR and in mice with a class I-deficient background, both of which are
favorable for CD4*8" lineage selection. Thus, Runx3 can drive thymocytes to select the CD478* lineage. This activity is likely to

be due to more than a simple silencing of CD4 gene expression. The Journal of Immunology, 2005, 174: 2627-26136.

entiation and gradually develop into immurocompetent T

lymphocytes. At each stage of differentiation, thymacytes
face fate decisions, such as whether they will survive or die, which
lineage they will select, and how they will mature. These events
are mostly regulated by a network of signals that are presented to
thymocytes as morphogens, cytokines, MHC, and self-Ag peptides
(1, 2). The most critical receptors for these signals are the TCR and
its coreceptor molecules, CD4 and CD8. Thus, one of the chal-
lenging and fascinating steps of thymocyte differentiation is the
positive selection of CD4*8" double-positive (DP)? cells and the
subsequent lineage selection to either CD4™ or CD&* single-pos-
itive (SP) cells (3-5). Various transcription factors appear to func-
tion coordinately in the regulation of the TCR, CD4, and CD§
genes (6, 7).

T hymocytes pass through multiple, distinct steps of differ-
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Recent advances in our understanding of gene regulation in thy-
mocyte differentiation have involved the roles of the Runx family
of transcription factors (6). Expression of Runxl protein is de-
tected in immature, CD4 78~ double-negative (DN) and premature
DP thymocytes, as well as in mature SP thymocytes (8-11). As
expected from this expression pattern, Runx1 appears to exert its
function at each step of thymocyte differentiation. For example,
beth the transition of DN cells to the DP stage and the maturation
of postselected SP cells are significantly perturbed if the endoge-
nous Runx1 activity in thymus is reduced by artificially expressing
a dominant interfering form of Runxl (8, 11). Each of these steps
is normally accompanied by a tremendous amount of cell prolif-
eration, for which Runx1 function is necessary. Conditional tar-
geting of Runxl has also revealed that it has an indispensable role
in the initial emergence of T-committed cells from stem cells (12).

In contrast to Runx1, the expression of Runx3 protein is de-
tected mainly in the CD4~8" subset of thymocytes and spleno-
cytes (9, 10). In accordance with this protein expression profile,
CD47 8" thymocytes do not develop in the Runx3 (—=/-) thymus
{13, 14). Based on an analysis of CD4 gene regulation, Taniuchi et
al. (13) proposed that Runx3 binds to the Runx elements in the
CD4 silencer and represses CD4 expression. Use of a Morpholino
antisense oligonucleotide in an in vitro thymocyte differentiation
system also supported the requirement for Runx3? in the generation

of CD47 8% cells (10).

These studies clearly implicate Runx3 in the regulation of CD4
expression, but do not necessarily prove its role in the differenti-
ation of CD4~8™ thymocytes per se. Loss-of-function experiments
provide information about what Runx3 does but not about every-
thing it can do. In the present study, we overexpressed a transgenic
Runx3 specifically in the T lineage and analyzed the development
of the transgenic thymocytes. Runx3 can actively drive thymocytes
to the CD478™ lineage, which implies that it does more than sim-
ply silencing CD4 gene expression.

0022-1767/05/$02.00
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Materials and Methods
Plasmids

The hemagglutinin (HA) tag that represents the epitope of flu virus HA was
fused to the N terminus of the murine Runx3 coding region by the PCR
method as follows, PCR was performed using a murine Runx3 cDNA (15)
as a template, The sequences of the sense and antisense primers were
3'-GCC GGA TCC GAA TTC ACC ATG TAT CCA TAT GAT GTT
CCA GAT TAT GCT ATG CGT ATT CCC GTA GAC CC-3’ and 5'-
UCC GGA TCC GAA TTC TTA GTA GGG CCG CCA CAC-3', respec-
tively. The PCR product was digested with BaniHI and subcloned into the
BamHI site of pLek (p1017), which harbors the proximal promoter region
of the murine Lek gene and a poly(A) addition sequence derived from the
human growth hormone gene (16), The resulting plasmid was designated
pLek-HA/Runx3. The accuracy of the modified sequences in the plasmid
was confirmed by sequencing. Immunohistochemical staining of ¢cDNA-
transfected HeLa cells confirmed the nuclear localization of HA-tagged
Runx3 protein (data not shown).

Mice

To generate transgenic mouse lines expressing Runx3, the DNA of pLek-
HA/Runx3 was digested with Spel, and the purified fragment containing the
Runx3 expression unit was microinjected into fertilized eggs of C57BL/6
mice. Transgenic founders were identified and crossed to C57BL/6 mice,
The presence or absence of the transgene was examined by PCR using
genomic DNA as a template. The sense and antisense primers were 5'-
CGG GAA TTC ATG TAT CCA TAT GAT GTT CCA GAT TAT GCT
ATG CGT ATT CCC GTA GAC CC-3' and 5'-CCG GAA TTC TTA
GTA GGG CCG CCA CAC-3', respectively, and a 1275-bp fragment was
amplified from the transgene. Establishment of the human CD4-transgenic
mice will be described elsewhere (Y. Iwakura, manuscript in preparation).
Briefly, fertilized eggs of CIH/HeN mice were microinjected by the human
CD4 cDNA which harbors the murine CD4 enhancer/promoter and an
S§V40-derived poly(A) addition signal. B,-microglobulin (B m)-deficient
mice and CD4-deficient mice were purchased from The Jackson Labora-
tory. The I-Ad-restricted, OV A;;;.50-Specific TCR-transgenic mice have
been previously reported (17).

Flow cytometrical analysis

Cells were liberated from the thymus and spleen and suspended in PBS
containing 0.2% (w/v) BSA. The single-cell suspensions were incubated
with appropriately diluted mAbs on ice for 30-60 min. The following
fluorescein-conjugated mAbs were used: CyChrom-CD4 (Rm4-5), FITC-
CD4 (Rm4-5), PE-CD8a (53-6.7), RED613-CDRga (53-6.7; Invitrogen Life
Technologies), PE-TCRB (H57-597), FITC-CD69 (H1.2F3), FITC-V#2
(B20.6), FITC-VB3 (KI25), FITC-VB4 (KT4), FITC-VB5.1 and -5.2,
FITC-VB6 (RR4.7), FITC-VB7 (TR310), FITC-V£8.1 and -8.2 (MR5-2),
FITC-V38.3 (1B3.3), FITC-V9 (MR10-2), FITC-V810® (B21.5), FITC-
VBI1 (RR3-15), FITC-VB12 (MR11-1), FITC-VBI13 (MRI12-3), FITC-
V(14 (14-2), FITC-VBI7* (KJ23), FITC-HSA (M1-69), and FITC-human
CD4 (Leu3a). Except for RED613-CD8a, the mAbs were purchased from
BD Pharmingen. The labeled cells were separated with an analytical flow
cytometer (EPICS-XL), and the data were analyzed with EXPO32 software
(Beckman Coulter).

Immunoblot analysis and EMSA

The CD4™8+YHSA"™ and CD4*8 HSA"™ fractions were purified from
thymocytes or splenccytes, respectively, using autoMACS (Miltenyi Bio-
tec). Its purity was judged to be >90% by flow cytometry. Protein was
extracted from cells using a radioimmunoprecipitation assay solution {50
mM Tris-HCL (pH 7.4), 1% (v/v) Triton X-100, 0.5% (w/v) sodium de-
oxychelate, 0.1% (w/v} 8DS, 150 mM NaCl, 1 ug/ml aprotinin, | mM
NaVQ,, and 1 mM NaF}. The other procedures necessary for immunoblot
analysis including the electrophoresis, transfer to the filter, and immuno-
reaction were performed as described previously (18). The raising and
characterization of the anti-Runx peptide Ab was also described previously
(19). The antiserum raised against the C terminus of muring Runxl can
recognize Runx!, Runx2, and Runx3, because they share the common
VWRPY sequence at their extreme C-terminal ends. The anti-tubulin & Ab
(Ab-1) was purchased from Oncogene. The procedures for preparing nu-
clear extracts and for the EMSA were described previously (20). The Runx
binding sequence from the Polyomavirus enhancer was used as a probe to
detect Runx DNA binding activity. The anti-HA mAb 3F10Q used for the
supershifi assay was purchased from Roche Diagnostics.

RUNX3 INCREASES THYMOCYTES OF CD8 LINEAGE

RT-PCR

Total cytoplasmic RNA was isolated from cells using the ISOGEN reagent
(Nippon Gene). ¢DNAs were synthesized from the RNAs by reverse tran-
scription using Superscript [I reverse transcriptase (Invitrogen Life Tech-
nologies). The cDNAs were PCR-amplified (25 cycles for each gene) with
LA-Tag polymerase (Takara), using the following sense and antisense
primers to detect transcripts: for CD4, 5'-CCT GCG AGA GTT CCC AGA
AGA AGA TCA CAG-3' and 5'-TGA TAG CTC TGC TCT GAA AAC
CCA GCA CTG-3'; for CD8a, 5'-GGT GAG TCG ATT ATC CTG GGG
AGT GGA GAA-3" and 5'-ACA CAA TTT TCT CTG AAG GTC TGG
GCT TGC-3'; for perforini, 5'-CAA GCA GAA GCA CAA GTT CGT-3*
and 5'-CGT GAT AAA GTG CGT GCC ATA-3'; for GATA3, 5'-AGG
CAA GAT GAG AAA GAG TGC CTC-¥ and 5'-CTC GAC TTA CAT
CCG AAC CCG GTA-3'; and for G3PDH, 5'-ACC ACA GTC CAT GCC
ATC AC-3' and 5'-TCC ACC ACC CTG TTG CTG TA-3'. The PCR
products were run through agarose gels and visualized with ethidium bro-
mide staining.

Chromatin inumunoprecipitation assay

A chromatin fraction was prepared from thymocytes, fixed and immuno-
precipitated by the anti-Runx or anti-HA Ab, respectively. The procedures
were as recommended by the manufacturer of the assay kit (Upstate Cell
Signaling Solutions). DNA was purified from the precipitate and processed
as a template for PCR to amplify the CD+ silencer-specific sequence. The
primers for PCR were 5'-TGT AGG CAC CCG AGG CAA AG-3 and
5"-GTT CCA GCA CAG GAG CCC CA-3". The amplified product was
run through agarose gels and transferred to nylon membranes. The mem-
branes were hybridized with **P-labeled, CD4 silencer-specific oligonu-
cleotide, 3'-ATA CGA AGC TAG GCA ACA GA-3'.

Results

Overexpression of Runx3 in the T lineage cells

Endogenous expression of Runx3 protein is detected mainly in the
CD478" subset of T lymphocytes (9, 10). To artificially overex-
press Runx3 in the T cell lineage, we placed the Runx3 coding

A

thymocytes splenocytes
wt te wt tz

CD4+ CD8+ CD4+ CDE+ CD4+ CDB+ CD4+ DB+

Runx1 —» [ﬁﬁ .. 3
Runx3 -» yﬁx‘_

tubulin

B thymooytes splenocytes

HA-Runxd _
super shift %

FIGURE 1. Expression of trensduced Runx3 protein. A, Protein was
extracted from thymic and splenic CD4*8 HSA™™ as well as
CD4~8 HSA"™ cells and processed for immunoblot analysis. The extracts
from wild-type and Runx3-transgenic cells were probed with an anti-Runx
Ab, The bands indicated by the arrows represent the Runx3 and endoge-
nous Runx! proteins of 52 and 56 kDa, respectively. An immunoblot with
an anti-tubulin « Ab served as a control. B, Runx DNA binding activity
detected by EMSA. The nuclear extracts from the wild-type and Rinx3-
transgenic thymocytes and splenocytes were processed for EMSA. The
bands indicated by the arrowhead and bar represent the activity of endog-
enous Runx] and transduced HA-Runx3, respectively. The HA-Runx3-
derived band was supershifted by the addition of an anti-HA Ab to the
transgenic extract,
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FIGURE 2. Flow cytometrical analysis of thymocytes and splenocytes.
The cells from wild-type and Runx3-transgenic mice were stained for CD4
and CD® and processed for flow cytometry. Numbers given in the indi-
vidual quadrants indicate the percentage of cells of each type.

region under the control of the proximal Lek gene promoter, This
promoter is known to be active in immature as well as mature T
cells and in thymic as well as peripheral T cells (16). Transgenic
mouse lines were established and the expression of Runx3 protein
was examined by immunoblot analysis using an anti-Runx Ab
(Fig. 1A). The 52-kDa Runx3 band was clearly detected in the
extract of both CD4*8~ and CD478" fractions, which were pre-
pared from transgenic thymi as well as spleens. The endogenous
Runx3 was also detected in the wild-type, CD478" thymocytes
and splenocytes but to a much lesser degree compared with the
transgenic cells. Thus, the magnitude of Runx3 overexpression in
the transgenic vs wild-type cells was roughly 5-fold in the case of
thymi and 3-fold in the case of spleens. A very faint band seen in
the CD4*8~ wild-type cells represents the nonspecific reaction of
the Ab, because the band was not abolished by the preabsorption
of the Ab with the Ag peptide. The endogenous Runxi protein of
56 kDa was detected in all the fractions tested.

We assessed the contribution of overexpressed Runx3 to the

Runx-specific DNA binding activity using EMSA (Fig. 1B). The -

endogenous activity detected in a thymocyte extract from wild-
type mice was mainly due to the Runx1 protein, The extract from
transgenic thymocytes gave rise to a band that migrated slightly
faster, reflecting the smaller size of the Runx3 protein compared
Runxl (52 vs 56 kDa). Addition of an anti-HA Ab supershifted the
band of the transgenic, HA-tagged Runx3 but not that of the en-
dogenous Runx1 protein. Similar results were seen in the extracts
of splenocytes, although the band intensity was much weaker due
to the presence of other than the T cells,

The percentage of CD4~8" cells increases and the percentage
of CD4*8" and CD4*8™ cells simultaneously decreases in the
Runx3-transgenic thymus

After confirming the protein expression of transgenic Runx3, we
evaluated its effect on T cell differentiation. Flow cytometry was
used to analyze CD4 and CD8 in thymocytes and splenocytes (Fig.
2). In the Runx3-transgenic thymi, the percentage of CD4~8* cells

2620

A Runx3-tg wild-type
VS 4

— CD4 —» — (D3 ~—»
B wild-type Runx3-tg
IS R |
06 10 84 02 03 13
o — - — —
65 13 70 08 21 19
emum
15 34 14 21 a8
C
wi Runx3
—tl
ChiP :

antH-Runx E‘ lEl
attiA - [ Jfe ]
oot [e] @]

FIGURE 3. CD4 and CD8 expression in the wild-type and Runx3-trans-
genic cells. A, Thymocytes stained for CD4 or CD8 were analyzed for their
Ruorescence intensity. The shaded peak represents the wild-type cells,
whereas the open peak represents the Runx3-transgenic cells. B, Semiquan-
titative RT-PCR analysis of CD4, CD8a, and G3PDH transcripts. An in-
creasing amount of ¢cDNA synthesized from the wild-type and Runx3-
transgenic thymocytes was used for PCR. The relative amounts of PCR
products were measured and are shown as numbers below the gels. The
G3PDH product obtained for the least amount of wild-type cDNA was
taken to be 1.0. C, Chromatin immunoprecipitation analysis. A chromatin
fraction prepared from the wild-type and Runx3-transgenic thymocytes was
immunoprecipitated by an anti-Runx or anti-HA Ab, respectively, DNA
was purified from the precipitates, and an increasing amount of DNA frac-
tion was processed as a template for PCR. The PCR products were detected
by a CD4 silencer-specific oligonucleotide. Input means a DNA fraction
that was present in the chromatin fraction before immunoprecipitation.

increased to 80% of the total population, whereas the percentage of
CD4*8* cells decreased to only 9%; the percentage of CD4¥ 8~
cells also decreased substantially. The unvsuat profile of CD4 and
CD3 expression in the transgenic thymocytes was reflected in the
transgenic splenocytes as well. In the transgenic spleen, the per-
centage of CD4~8* cells was higher than that of CD4*8~ cells,
whereas the opposite was true in the wild-type spleen.

We counted the number of cells that were recovered from the
thymi and spleens of several individual adult mice (Table I). The
number of transgenic thymocytes was ~60% of that of wild-type

Table 1.  The numbers and percentages of SP cells in wild-type und Runx3-transgenic thymi and spleens®
Thymus Spleen
Total cells (X10%) CD4*8* (%) CD4%8” (%) CD478" (%) Total cells (X10%) CD4*8~ (%) CD478" (%)
Wild type (n = 220067 808 =15 873051 536+063 1,13+ 052 155+526 756238
Runx3-transgenic (n = 9) 1.33 + 046 10517 221029 783x17 0.84 + 035 873+1392 1055*1385

“The means and SD are presented. n, The number of individual mice examined.
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FIGURE 4. Different subpopulations exist in the &
CD478" fractions from wild-type and Runx3-trans- E @
genic thymus. 4, Ontogeny of thymocyte develop- ® g

ment. Thymocytes were prepared from wild-type and
Runx3-transgenic mice at E15.5, E16.5, E17.5, birth
(NB), and 2 days after birth (D2). The cells were
stained for CD4 and CD8 and processed for flow cy- B
tometry. The numbers above each panel indicate the
number of cells recovered. B, The wild-type and
Runx3-transgentc thymocytes from adult mice were
processed for four-color flow cytometrical analysis.
The CD4~CD8™* fractions were further analyzed for
their TCR and HSA expression profiles. The level of
TCR expression was classified into three stages (lo,
med, and hi), as indicated. The numbers represent the
percentages of each subpopulation in the CD478%
fraction. C, CD69 and TCR expression profiles in dif-
ferentiating thymocytes. The wild-type and Runx3-
transgenic thymocytes were processed for four-color C
flow cytometry. The cells were first screened for their

CD4- g+

CD69 and TCR expression profiles. The wild-
TCR™’CD69™ (broken boxes) and TCR"2"CD69* type
fractions (solid boxes) were further analyzed for their
CD4 and CD8 expression profiles.
Runx3
-tg
&
2.

thymocytes. As a result, the number of cells in the CD4~8" frac-
tion was higher, and the number in the CD4*8% and CD4%8~
fractions was lower, in the transgenic thymi compared with the
wild-type thymi. The total number of splenocytes did not differ
significantly between the two genotypes.

Decrease in the CD4 expression in the Runx3-transgenic
thymocytes

The increase in the CD4 ™8™ fraction in the Runx3-transgenic thy-
mus could be due either to an increase in CD8 expression or a
decrease in CD4 expression. To distinguish these two possibilities,
the CD8 and CD4 expression profiles were displayed for the wild-
type and the Runx3-transgenic thymocytes (Fig. 3A). The relative
ratios of CD8~ and CD8* cells were not different between the two
genotypes. In contrast, the number of CD4 ™ cells was greatly in-
creased and the number of CD4™ cells was decreased in the trans-
genic thymus compared with the wild-type thymus.

We also performed a semiquantitative RT-PCR analysis of CD4
and CD8 transcripts {Fig. 3B). RNA was prepared from the thy-
mocytes, and increasing amounts of the cDNAs were processed for
PCR. Although the relative amount of CD8 transcript did not differ

t

TCR= -} . .
Y

significantly between the two types of cells, many fewer CD4 tran-
scripts were present in the Rrenx3-transgenic thymocytes compared
with the wild-type cells.

The CD4 silencer is proposed to be a main target by a Runx3
transeription factor (13, 14). We checked this by chromatin im-
munoprecipitation analysis (Fig. 3C). An increasing amount of
chromatin fraction-derived DNA that was precipitated by the anti-
Runx or anti-HA Ab was processed for PCR and hybridized by a
CD4 silencer-specific oligonucleotide. Both Abs precipitated a sig-
nificantly greater amount of CD4 silencer sequence from the
Runx3-transgenic thymocytes compared with the wild-type cells.
The results in Fig. 3 thus suggest that the phenotypic alteration
seen in the transgenic thymocytes in Fig. 2 can be at least partly
explained by the down-regulation of CD4 expression.

The increased CD4™8" fraction of transgenic thymocytes
includes immature, premature, and mature subpopulations

We next characterized in detail the CD4 ™8™ fraction of transgenic
thymocytes. As described below, this fraction was found to contain
three different subpopulations: immature, premature, and mature
cells.
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The first subpopulation in the CD4~8" fraction was recognized
as immature single-positive (ISP) cells, which can be easily seen
by following the ontogeny of thymocyte development (Fig. 44). In
wild-type thymus, only CD4787 cells were detected at embryonic
day (E)15.5. CD478" ISP cells transiently appeared at EI16.5,
CD4%8"* cells at E17.5, and CD4*8~ cells at day 2 after birth. In
the Runx3-transgenic thymus, immature CD478% cells first ap-
peared at E16.5 and remained as the main population until after
birth. The persistence of ISP cells is probably due to the down-
regulation of CD4 by Runx3. This CD4 repression appeared to be
partial, because some CD4%8" and CD4¥ 8™ cells emerged at day
2 after birth in transgenic mice.

Immature CD478" cells were also prominent in thymi from
adult transgenic mice. To further characterize this population, fow
cytometry was first used to select the CD478* fraction of the
thymocytes, and then the expression profiles of TCRB (hereafter
TCR) and heat-stable Ag (H3A}) were displayed for this fraction
{(Fig. 4B). The immature TCR"“YHSA™*" fraction made up 27% of
the wild-type and 37% of the transgenic CD478" thymocytes.
Therefore, overexpression of Runx3 increased the number of ISP
cells.

Another characteristic of the transgenic CD4~ 8" fraction was
the presence of an aberrant TCR™“HSA™M" subpopulation that
was not as apparent in the wild-type fraction (33 vs 4%; Fig. 4B).
The medium degree of TCR expression indicates that this second
subpopulation should be categorized as representing the premature
DP stage rather than the ISP stage. We further confirmed this point
by staining the thymocytes with CD69, a marker of positive se-
lection (Fig. 4C). In the case of wild-type cells, the TCR™“CD69 ™"
cells exhibited a CD4* 8% phenotype, whereas the TCR""CD69*
exhibited both the CD4*8~ and CD4~8* phenotypes. The
TCR™ICDES* population could also be detected in the transgenic
thymus, but the apparent phenotype of this population was
CD478*, not CD4*8*. The CD4~8" fraction persisting in the
developing transgenic thymus (Fig. 44) may contain these TCR™¢
cells as well. Thus, the second subpopulation can be summarized
as the prematuore, “CD4-repressed DP” cells.

The transgenic CD478% fraction also contained a third sub-
population of mature, TCR™EPHSA'™ cells (see 10% in Fig. 48).
We next evaluated the effect of Runx3 overexpression on these
mature CD478" cells. To do so, we first obtained a TCR expres-
sion profile for the total thymocyte population (Fig. 5A). Both the
wild-type and Runx3-transgenic thymi contained TCR™,
TCR™9, and TCR™E" subpopulations to a comparable degree. Be-
cause the TCRME" subpopulation corresponds to mature cells,
overexpression of Runx3 did not appear to arrest or block thymo-
cyte differentiation. We gated the TCR™#" subpopulation and then
displayed the CD4/8 profile (Fig. 5B). In the TCR™#" thymocytes
from the wild-type, the percentage of CD4 ™8™ cells was one-third
that of CD4¥8™ cells, whereas in the transgenic TCR™*" thymo-
cytes, the percentage of CD478% cells was three times that of
CD47%8~ cells. We also counted the cell numbers constituting each
fraction and found that the absolute number of CD4~8* TCR™&"
cells in the transgenic thymi was approximately twice that in the
wild-type thymi.

To further verify the differentiation stage of the apparently ma-
ture CD4 ™8™ cells that were generated in Runx3-transgenic thymi,
we examined the marker expression in the HSA'"™ cells by RT-
PCR analysis (Fig. 5C). A transcript of perforini, a CD478"
marker (21), was clearly detected in the wild-type as well as
Runx3-transgenic CD478" cells, but detected only in a subtle
amount in the CD4%87 cells of both genotypes. In contrast, a
transcript of GATA3, a CD4™8™ marker (21), was expressed more
abundantly in the CD478~ cells than in the CD478" cells irre-
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FIGURE 5. Effect of the Runx3 transgene on the differentiation of ma-
ture, TCRM®" cells. A, The thymocytes from wild-type and Runx3-trans-
genic mice were stained for TCR, and their expression profiles were ana-
lyzed. The cells were classified into three subpopulations: TCR'¥,
TCR™, and TCRM#". B, The wild-type and Runx3-transgenic thymocytes
were processed for three-color Row cytometrical analysis, The mature,
TCR"#" subpopulation was selected, and its CD8 and CD4 expression
profile was analyzed. The numbers in the individual quadrants indicate the
percentage of cells of each type. C, Semiquantitative RT-PCR analysis of
perforinl, GATA3, and G3PDH transcripts. RNA was isolated from the
CD4*8 HSA"™ and CD4-8*HSA"™™ thymocytes’ fractions and con-
verted to ¢DNA. An increasing amount of cDNA synthesized from the
wild-type and Runx3-transgenic cells, respectively, was processed for PCR.

spective of genotypes of cells, The results in Fig. 5 indicate that the
overexpressed Runx3 in fact promoted the differentiation and mat-

" uration of thymocytes toward the CD8 lineage.

The mature CD4™8" cells are released into periphery of
Runx3-transgenic mice

Promotion of thymocyte differentiation toward the CD8 lineage by
Runx3 was also reflected in the cell composition in the spleen (Fig.
6, A and B). Among the TCRM"HS A" mature T cells, the ratio
of CD478" cells to CD4*87 cells was 0.5 in the spleens from the
wild type, but was 1.4 in the transgenic splenocytes.

We wondered whether the increase in mature CD8™ cells re-
flected the preferential expansion of a specific repertoire of TCR.
We therefore examined the usage of VS regions by the
TCRME"CD8™* splenocytes using flow cytometry (Fig. 6C). The
pattern of the VB repertoire was essentially similar between the
transgenic and wild-type cells. Therefore, in the Runx3-transgenic
mice, apparently normal, multiclonal, mature CD8™" cells were
generated in the thymus and released into periphery as in the
wild-type mice.
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Overexpression of Runx3 can drive originally CD4-oriented
thymocytes toward the CD8 lineage

The results shown in Figs. 5 and 6 indicate that the overexpressed
Runx3 can drive thymocytes to select and mature along the CD3
lineage. We then examined whether this effect of Runx3 is depen-
dent on the TCR signaling elicited from proper MHC interactions.
The TCR transgene, which is restricted to MHC class II, was in-
troduced into Runx3 transgenic mice (Fig. 74). Thymi from TCR
single-transgenic mice showed a skew of cell differentiation to the
CD4 lineage (33% CD4*8™ compared with 3.6% CD478"). In
contrast, in the TCR and Runx3 double-transgenic thymi, the
CD478" cells constituted the major population (73%), just as in
the case of Runx3-single-transgenic thymi. When only the mature
cells were selected by gating the HSA'®™ fraction (and by gating
the transgene-specific TCR™&" fraction as well {data not shown)),
it was clear that the Runx3 transgene switched the differentiation of
class Il-restricted cells to the CD8 lineage.

We further confirmed the cell-autonomeous activity of Runx3 by
altering the MHC background. The B8,m {—/-), class I-deficient
thymus provides an environment unfavorable for the selection of
CD478™ cells (Fig. 7B). In the TCR™®" fraction, 90% of wild-type
thymocytes were CD4% 87 cells. In contrast, the Runx3 transgene
appeared to shift the differentiation of thymocytes toward the CD8
lineage even in the context of class I deficiency. Thus, overex-
pressed Runx3 can push a cell toward the CDS8 lineage indepen-
dently of the MHC-elicited TCR signaling.

QOverexpression of Runx3 can drive thymocytes toward the CD8
lineage irrespective of the CD4 signaling

In thymocyte differentiation, the TCR signaling exerts its effect in
concert with the signaling elicited from either the CD4 or CD§
molecule. We examined the activity of overexpressed Runx3 on
thymocyte differentiation under the condition of either excess or
deficiency of CD4 signaling. First, the Runx3-transgene was intro-
duced into human CD4-transgenic mice (Fig. 8A). As seen, the

level of human CD4 expression was not so high and therefore
might be limited to compensate the endogenous, murine CD4,
which should be silenced by the overexpressed Runx3. Under this
limitation, a majority of mature TCRMEM cells possessed a
CD4™8% phenotype in Runx3-transgenic thymi. Second, the
Runx3-transgene was expressed in a CD<4-deficient background
(Fig. 8B). When a CD4™8" fraction was displayed for its TCR
expression, the matre TCR™®" cells cormresponded to 27% of
CD4-deficient and Runx3-transgenic thymocytes. In contrast, such
mature cells occupied only 17% of simple CD4-deficient thymo-
cytes. Collectively, neither an excess nor a lack of CD4 signaling
appears to influence the extent of overproduction of mature
CD4~8* thymocytes, which is caused by the overexpressed
Runx3, Thus, the activity of Runx3 to drive thymocytes toward the
CD3 lineage is likely to be due to more than a simple silencing of
CD4 gene expression.

Discussion

Whether DP thymocytes select the CD8 or CD4 lineage is deter-
mined by the strength and/or duration of the TCR signal the cells
receive through their interactions with an MHC/peptide complex
(7. 22, 23). The DP cells cease expressing either the CD4 or CD8
gene, and thus eventually become committed to the CD8 SP or
CD4 SP lineage, respectively. A CD4 silencer element and the
Runx binding sites in it play a pivotal role in the cessation of CD4
expression (13, 24). Based on the analysis of thymocytes lacking
Runx! or Runx3, Taniuchi et al. (13) proposed that Runx1 func-
tions as an active repressor of CD4 expression at the DN stage,
whereas Runx3 is involved in the epigenetic silencing of the gene
at the CD8 SP stage,

In the present study, we created Runx3-transgenic mice and
found that the number of mature CD478" thymocytes was in-
creased. This result is opposite to that found in the Runx3 (—/-)
thymus, in which the number of mature CD4~8% cells is markedly
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decreased (13, 14). Therefore, the present gain-of-function analy-
sis complements the previous loss-of-function analysis. However,
a close inspection of our results reveals a new aspect of Runx3
function as described below and as summarized in Fig. 9.

In the Runx3-transgenic thymus, the absolute number of mature
CD4~8" thymocytes was increased 2-fold compared with the non-
transgenic thymus, This phenomenon cannot be explained solely

by the effect of Runx3 on the CD4 silencer. If CD4 silencing had
been overwhelming in the Runx3-transgenic mice, then the mature
CD4%8~ thymocytes might also lose CD4 expression, and a sig-
nificant number of CD4~ 8 TCR"™#" thymocytes might have been
generated. However, we did not see evidence of such a population
in the transgenic thymus. Mice lacking the CD4 gene itself lose
CD4 expression completely, and the number of mature CD4™8*
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human CD4 transgene driven by the murine CD4 enhancer/promoter (leff) was introduced into Runx3-transgenic mice (middle). The murine CD4/CD8
expression profiles are shown for the mature, TCR™E" thymocytes (left and middie). In the right panel, the expression profiles of human CD4 are displayed
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human €D4- and Runx3-double-transgenic cells, respectively. B, A murine CD4 deficiency (leff) and the same deficiency coupled with the Runx3-transgene
(middle). The CD4/CD8 expression profiles are shown for the nongated thymocytes {left and middle). In the right panel, the expression profiles of TCR
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mice.

thymocytes does not vary from that of wild-type mice (25). In
contrast, we observed that overexpression of Runx3 could more
efficiently convert the CD4 (—/~) thymoacytes to the mature CD8™
cells. A similar result was obtained for the Runx3- and class II-
restricted TCR double-transgenic mice as well as Runx3-trans-
genic:Bm (—/—) mice. Taken together, Runx3 likely possesses
the capacity not only to suppress CD4 gene expression but also to
actively drive the thymocytes toward the CDR lineage.

In the wild-type thymus, the endogenous Runx3 is likely in-
volved in the selection of and commitment to the CD8 lineage in
concert with TCR signaling. A short and/or weak TCR signal is
somehow transduced to Runx3, which in turn regulates the gene

d for the gated CD4~8" fraction. The shaded peak represents CD4 (—/~) mice, whereas the open peak represents CD4 (=/—):Runx3-transgenic

expression necessary for the CD8 lineage determination. CD4 si-
lencing is one target of Runx3 (13) and maintenance of CD8 ex-
pression is probably a target as well. Another possibility is that
Runx3 is involved in the survival and/or maturation of thymocytes
after they have selected the CDS lineage.

At the DN stage, the CD4 silencer is reported to be “ON." Tran-
scription of the CD4 gene is initiated when the DN cells move to
the DP stage, and the activity of the CD4 silencer is expected to be
tummed “OFF” during the transition from DN to DP (26). The
mechanism of this "OFF” switch cannot be assessed by targeted
deletions of Runx3 or CDA4 silencer. In our Runx3-transgenic
thymus, the percentage and number. of CD4*8% cells were
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FIGURE 9. A model of T lymphocyte differentia- DN

tion in the Runx3-transgenic thymus. Each step of dif- TCRP
ferentiation is characterized by the specific expression HSAN

patterns of C[34, CD8, TCR, and HSA. The cells usu-
ally start at the DN stage, go through the ISP and DP
stages, and mature at the CD8 SP stage. The “CD4-
repressed DP™ stage is characterized by TCR™? ex-
pression; is apparently categorized as a CD4™ 8" frac-
tion; and is observed only in the Runx3-transgenic,
but ot the wild-type, thymus. The majority of mature
TCRM#"HSA'™CD4 8" cells are considered to be
derived from the premature “CD4-repressed DP"
cells. A minor pathway for CDB™ maturation in the
transgenic animals would be through the usual “DP”
stage,

remarkably reduced, and an aberrant population of “CD4-
repressed DP” cells with a CD4~8*TCR™“HSA™#" phenotype
emerged instead. It is likely that exogenous expression of the
transgene-derived Runx3 protein maintained the CD{ silencer in
the “ON™ position, thereby giving rise to the “CD4-repressed DP”
thymocytes from the immature CD4~8* TCR"" cells. However,
these premature cells do acquire a CD4~8" phenotype, probably
due to the strong repression of CD4 expression.

We previously reported the phenotype of Runx!-transgenic mice
in which the numbers of both immature ISP and mature CD8 SP
cells were increased (9). Even taking into consideration the dif-
ferences between the Runx3- and Runxl-transgenic thymocytes in
terms of the promoters used and/or the magnitude of transduced
protein expression, it is interesting to note that overexpression of
Runx] did not generate the “CD4-repressed DP” cells as Runx3
did. Furthermore, the endogenous Runx1 protein is easily detected
in the DP cells of wild-type thymus (10, 11), and Runxl and
Runx3 do not associate with each other in a coimmunoprecipita-
tion experiment (K. Kohu and M. Satake, unpublished data). These
observations suggest both that Runx1 is not involved in the turning
the CD4 silencer “OFF at the DP stage and that the overexpressed
Runx3 can reactivate the CD4 silencer at this DP stage. It must be
noted, though, that the enforced expression of Runxl in a fetal
thymic organ culture could generate similar “CD4-repressed DP”
cells (27). The mechanism by which the CD4 silencer is turned
“OFF™" at the DN-to-DP transition needs further investigation.

The Runx3-transgenic thymus clearly contained mature
CD4*8" cells, and we confirmed that the transduced Runx3 was
indeed expressed in these cells. Perhaps in thymocytes that are
committed to the CD4* 8™ lineage, the chromatin structure at the
CD4 silencer region may be in a “closed” state, denying Runx3
access to the site.

Several transcription factors have been reported to be involved
in the lineage selection of CD4/8 thymocytes. GATA3 is a positive
regulator that boosts thymocytes toward the CD4 lineage (28 -30),
whereas TOX (31, 32) and/or activated Notchl (33) move thymo-
cytes toward the CD8 lineage. These factors are thought to func-
tion in response to an adequate signal from TCR when expressed
endogenously, but transgenic overexpression might reveal cell-au-
tonomous aspects of their functions. Thus, the possible interplay
between the TCR signal, TOX, and Runx3 in the CD8 lineage
selection will be a fascinating subject to pursue,
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Abstract

Seminoma constitutes one subtype of human testicular germ cell tumors and is uniformly composed of
cells that are morphologically similar to the primordial germ cells and/or the cells in the carcinoma in situ.
We performed a genome-wide exploration of the genes that are specifically up-regulated in seminoma by
oligonuclectide-based microarray analysis. This revealed 106 genes that are significantly and consistently
up-regulated in the seminomas compared to the adjacent norma! tissues of the testes. The microarray data
were validated by semi-quantitative RT-PCR analysis. Of the 106 genes, 42 mapped to a small number of
specific chromosomal regions, namely, 1q21, 2p23, 6p21-22, 7p14-15, 12p11, 12p13, 12q13-14 and 22q12-13.
This list of up-regulated genes may be useful in identifying the causative oncogene(s) and/or the origin
of seminoma. Furthermore, immunohistochemical analysis revealed that the seminoma cells specifically
expressed the six gene products that were selected randomly from the list. These proteins include CCND2

and DNMT3A and may be useful as molecular pathological markers of seminoma.
Key words: testicular seminoma; gene expression; microarray analysis; immunohistochemistry

1. Introduction

Human testicular tumors of germ cell origin are histo-
logically classified into two major groups, namely, semi-
nomas and non-seminomas. These two types of tumors
have an invasive phenotype and are believed to be derived
from a common ancestor, carcinoma in situ (CIS), where
the generation and expansion of tumor cells is limited to
within the seminiferous tubules. Non-seminomas, such as
embryonal carcinoma and teratoma, contain stem cells
as well as cells that have differentiated toward somatic
lineages to various degrees, thus giving rise to a morpho-
logically pleiotropic appearance. In contrast, seminomas
have a rather uniform appearance, at least at the his-
tological level. Due to this apparently homogenous cell
composition, semincmas are particularly suitable for in-
vestigations of tumor-associated alterations in gene ex-
Communicated by Misao Ohki
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T17-8477, Fax. +81-22-T17-8482, E-mail: satake@idac.tohoku.
ac.jp

pression. In addition, the cells that constitute semino-
mas resemble the primordial germ cells and/or the cells
in the CIS. Thus, gene expression profiling of semino-
mas is interesting not only with regard to understanding
their oncogenesis, it may also be useful for research into
primordial germ cells.

Many reports have described cytogenetic and molec-
ular abnormalities associated with testicular germ cell
tumors.!:? These abnormalities include: aneuploidy (near
triploidy is most common);* > the gain and/or loss of
some specific chromosomal regions such as the pres-
ence of iso-chromosome 12p;5# the amplification of 12p
sequences; 10 the gain of chromosomal material in 1, 2p,
7, 8, 12, 14q, 15q, 17q, 21q and X or the deletion of chro-
mosomal material from 4, 5, 11q, 13q and 18q;2 the alter-
ation of expression of genes located on chromosomes 12p
and 17q;'*'3 and the up-regulation of several specific
genes, including cyclin D2 (CCND2).24718 Despite these
observations, the exact molecular mechanism(s) behind
the carcinogenesis of germ cells and their progression is
still poorly understood. In the present study, we per-
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formed a genome-wide profiling of the gene expression in
seminomas by oligonucleotide-based microarray analysis.
We identified 106 genes that are specifically up-regulated
in seminomas. These represent candidate genes that may
indicate the origin of seminomas and/or may be respon-
sible for the development of seminomas. In addition, we
showed by immunohistochemical analysis that seminoma
cells but not normal testicular cells stain positively for
the products of several of these genes. Thus, these pro-
teins may be useful as molecular pathological markers of
the tumors,

2. Materials and Methods

2.1. RNA isolation

Testicular tissues surgically dissected from patients
were kept frozen at —80°C until use. The use of these
samples for gene analysis was approved by the Committee
for Medical Research of the Graduate School of Medicine,
Tohoku University (2002-082). The tissues were homog-
enized in Trizol (Life Technologies Inc., Rockville, MD)
and extracted with chloroform, and the RNA was precipi-
tated by isopropanocl. The RNA pellet was then dissolved
in RNase-free water. The quality of the RNA was ana-
lyzed by an RNA LabChip (Caliper Technologies Corp.,
CA).

2.2, Microarray Analysis

cDNA was synthesized from 5 ug of RNA by reverse
transcriptase and then biotinylated ¢RNA was synthe-
sized from the ¢DNA using T7-RNA polymerase. The
fragmented cRNA (10 ug) was then hybridized to human
genome U133A oligonucleotide probe arrays (Affymetrix,
Santa Clara, CA) that cover roughly 20,000 independent
genes. The hybridization was performed at 45°C for 16 hr
in a specific cocktail. Washing and staining was done ac-
cording to the protocol supplied by the manufacturer.
The arrays were scanned by an HP Gene Array Scan-
ner (Affymetrix) at a resolution of 3 um. The images
thus obtained were analyzed quantitatively with Microar-
ray Suite 4.0 software (Affymetrix) to yield the raw sig-
nal intensity data. When detection calls were marginal
or absent, their signal intensities were taken as 1. In
order to compare mRNA expression levels among sam-
ples, we normalized the raw data by setting the mean
of the signal intensities of all probe sets in each sam-
ple to 1,000. The signal intensities thus normalized were
average difference scores and used in the following anal-
ysis. To statistically analyze the gene signal intensities,
Microsoft Excel was used, while Cluster and Tree View
at http://rana.lbl.gov/EisenSoftware.htm were used for
cluster analysis.

Up-Regulated Transcripts in Seminoma
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2.3. RT-PCRE analysis

Semi-quantitative RT-PCR analysis was performed
with 1 pg ¢DNA. Forward and reverse primers were
designed for each of the transcripts examined using
the Genetyx Mac 9.0/search primer software. The se-
quences of the forward and reverse primers used are
presented in supplementary Table 1, http://www.dna-
res.kazusa.or.jp/11/5/03/supplement table/tablel.html.
The polymerase that was used was ExTaq (Takara,
Otsu, Japan) and PCR was performed for each tran-
script with 25, 27 or 30 cycles using the appropriate an-
nealing temperature. PCR products were run through
an agarose pgel and their relative intensity compared
to the internal DNA marker was determined using the
NIH Image 1.63 software (http://rsb.info.nih.gov/nih-
image/download.html)}.

2.4. Immunohistochemistry

Testis specimens were fixed in 4% (wt/vol)
paraformaldehyde in PBS for 18 hr at 4°C and em-
bedded in paraffin. Micro-sectioned specimens on slides
were then de-paraffinized and processed for immunohis-
tochemical staining. The primary antibodies used were
anti-DNMT3A (sc-10231), anti-SOX4 (sc-17326), anti-
CCND2 (sc-181G), anti-ACVRIB (42222), anti-FGD1
(sc-11109) and anti-PIM2 (sc-13675). Anti-ACVR1B was
purchased from Techne whereas the other antibodies were
from Santa Cruz Biotech. Inc., Santa Cruz, CA. The an-
tibodies were used at an appropriate dilution and the
immune-complexes were detected using a Histofine kit
(Nichirei, Tokyo, Japan). The kit employs a streptoa-
vidin/biotin amplification method. The specimens were
counter-stained with methyl green.

3. Results

3.1.  Selection of seminoma samples and adjacent

normal tissues

Eight testes were surgically dissected from patients suf-
fering from seminoma {Table 1). The samples were num-
bered patient (Pt.) 1 through to Pt. 8. In addition, one
apparently normal testis was obtained from Pt. 9, who
suffered from prostate cancer and received bilateral or-
chiectomy,

In the case of Pts. 5-8, the entire {estes were invaded by
the tumor cells. In contrast, in the case of Pts. 1-4, tumor
and adjacent normal regions could be macroscopically
distinguished from each other and were separated from
each other. Thus, we isolated 13 different kinds of RNAs
from testes, namely, RNAs prepared from the adjacent
normal tissues and the tumor portions of Pts. 1-4, RNAs
prepared from the tumors of Pts. 5-8 and RNA from the
normal testis of Pt. 9. All of the RNAs were processed
for microarray analysis.
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Table 1. Clinical data of patients and RNA preparation from seminoma.®

Patient Patient Clinical Carcinoma  App® Hea!  HCG-8 LDH  RNA

number®  age stage® insitu®  (ng/ml} (miW/ml) (ng/ml) (U/L) preparation?
Pt 1 27 Is not detected 2.3 3 0.04 ne. Pt 1-T, Pt.1-N
Pt. 2 44 Is not detected 4.3 16 0.3 336 Pt 2-T, Pt.2-N
Pt.3 41 Is detected 1.6 1 0.2 5,035 Pt.3-T, Pt.3-N
Pt. 4 28 b detected n.e. n.e. ne. 1,267 Pt.4-T, Pt. 4-N
Pt. 5 35 b 4 202 5.4 1,124 Pt 5-T

Pt. 6 42 1<} 5.9 n.e. 1.6 938 Pt.6-T

Pt.7 45 Is 5.9 52 06 446 PL.7-T

Pt. 8 33 b 2.1 295 1.1 8,324 Pt.8-T

Pt.9 65 normal” Pt. 9-N

® Abbreviations used are Pt., patient; AFP, alpha-fetoprotein; HCG, human chorionic gonadotropin; HCG-#, human chorionic
gonado-tropin beta; LDH, lactate dehydrogenase; n.e., not examined.

YAt the time of surgery, patients did not receive any medication of anti-cancer drugs nor irradiation.

®The clinical stage of seminoma was based on the tumor, nodes and metastasis staging system employed by the American

Joint Committee on Cancer staging.

4Presence or absence of carcinoma in situ in the adjacent normal regions of testes from the patient 1 through to 4 was

examined histologically.

®AFP is an indication of yolk sac tumor and its serum level was low in most of the patients examined.
fA moderate level of HCG in sera of Pt. 5 and Pt. 8 is probably due to the presence of syncytiotrophoblastic giant cells that

are scattered in the seminoma tissues.

€In the cases of patient 1 through to 4, RNA was prepared from the tumorous (T) and adjacent normal (N) regions of testes,
whereas, in each case of patient 5 through to 8, the entire testis appeared to be occupied with the tumor cells (T).
" The patient 9 suffered from a prostate cancer and received bilateral orchiectomny. The testis showed no pathological alteration.

3.2, Screening for up-regulated genes in serninomas

For the paired RNA samples of Pts. 1-4, the sig-
nal intensity of the tumor region-derived RNA was di-
vided by that of RNA from the adjacent normal tis-
sue. These T/N ratios were thus caleulated for four
pairs of RNAs and for each probe. The probes that
showed a T/N ratio that exceeded 3.0 for all four
patients were selected for further analysis. Of the
20,000 probes, 115 met these criteria. Their details
are shown in supplementary Table 2, http://www.dna-
res.kazusa.or.jp/11/5/03/supplement table/table2.html.
In this table, the gene names are aligned according to
their chromosomal map location. The numbers therein
represent normalized signal intensities. It must be noted
that the signal intensities obtained with the RNAs of
Pts. 5-9 were not used during the course of gene extrac-
tion.

We then performed a cluster analysis of all 13 different
kinds of RNA using the 115 probes we had extracted.
A dendrogram depicting the neighboring relatedness of
RNA samples is presented at the top of Fig. 1. This in-
dicates that the RNAs from seminomas and those from
the adjacent normal tissues are clearly divided into sep-
arate groups. This separation can also be recognized in
a matrix format presentation of cluster analysis (see the
separation of red and green dots into the tumor-derived
and adjacent normal tissue-derived RINAs, respectively).
Thus, the genes that were selected according to the crite-
ria described above probably represent those with higher

expression in seminomas than in normal testes.
Multiple probes were sometimes used for a sin-
gle gene (supplementary Table 2, http://www.dna-
res.kazusa.or.jp/11/5/03/supplement table/table2.html).
TUBB, 50X4, OSBPL3, DDX11, CCND2, FKBP/ and
SLC23A1 are examples of this. Taking these overlaps
into consideration reduced the 115 probes to 106 distinct
genes. We next analyzed these 106 genes by plotting the
number that are present on the short (p) and long (g)
arms of each chromosome (Fig. 2A). This revealed that
the 106 genes tended to cluster on several specific chro-
mosomes such as 1q, 2p, 6p, 7p, 12p, 12q and 22q. Fur-
thermore, we found by inspecting map location of the
genes that 42 of the 106 up-regulated genes appear to
be concentrated macroscopically on eight distinct chro-
mosomal regions (see the 42 genes which are indicated
by coloring in supplementary Table 2, http://www.dna-
res.kazusa.or.jp/11/5/03/supplement table/table2.html).
Thus, four genes map on 1q21, three on 2p23, eight
on 6p21-22, six on Tpl4-15, four on 12pll, seven on
12p13, six on 12q13-14, and four on 22q12-13. We ac-
tually measured the distance between the neighboring
genes and found that the average distance between the
genes which were grouped as “concentrated” is 3,820 kilo-
bases (+4,590, n=34), whereas the average distance be-
tween the genes which were grouped as “scattered” is
19,300 kilobases (£17,600, n=35). A difference between
the two values is significant by a T-test (p= 4.81x107%).
Of these 42 genes, we chose 19 genes for further anal-
ysis since their putative functions are relatively well an-
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notated in the database and they are interesting from a
biological perspective. We also analyzed the two genes
that occur on Xp. Thus, 21 genes in total were analyzed
further.

3.3.  Verification by RT-PCR of highly expressed genes

in seminomas

We sought to verify the microarray data by measur-
ing the relative expression of the 21 genes by semi-
quantitative RT-PCR. Thus, cDNA was synthesized from
the RNA sample pairs of Pts. 1-4. A fixed amount
of cDNA was then subjected to PCR with 25, 27 and
30 cycles, and the amplified products were quantified
based on their band intensities in agarose gels. An ex-
ample of such RT-PCR. analysis is shown in Fig. 3 for
FGDI and PIMZ2 and the control GSPDH. The data for
the 21 distinct transcripts are summarized in Table 2.
Although it is not practical to compare the amount of
PCR product among genes, the amount of a given tran-
script may well be compared among RNA samples. It is
thus clear that expression of all of the transcripts exam-
ined, except those of CHD4 and FBLN1, were higher (by
more than threefold) in the tumor tissues compared to
the adjacent normal tissues (see the T/N ratio column
in Table 2). This strengthens the validity of the mi-
croarray data and indicates that most of the 106 genes
listed in supplementary Table 2, http://www.dna-
res.kazusa.or.jp/11/5/03/supplement table/table2.html,
represent genes that are highly expressed in seminomas.

3.4.  Immunohistochemical analysis of up-regulated gene
products

We also evaluated the expression of protein products in
the seminoma specimens by immunochistochemistry. Fig-
ure 4 shows sections of seminomas, CIS and the adjacent
normal tissues that were stained with several distinct
antibodies. The antigens that were examined, namely,
DNMT3A, SOX4, CCND2, ACVR1B, FGD1 and PIM2,
were selected from Table 2.

As shown by the left column, most of the seminoma
cells themselves were uniformly positive for immunostain-
ing by all the antibodies tested. DNMT3A and CCND2

Figure 1. Cluster analysis of the 13 different RNA samples
that formed the basis of this study. The fluorescence intensity
of each of the 115 probes shown in supplementary Table 2,
http://www.dna-res kazusa.or.jp/11/5/03/supplement._table/
table2.html, was processed for cluster analysis. The resulting
dendrogram, which indicates the neighboring relatedness be-
tween RNA samples, is presented at the top. Pt. indicates the
‘patient number (Pt. 10 included in this analysis is omitted from
the description in the main text, since a closer examination of
this mainly seminomatous testis revealed the co-existence of a
minor choriocarcinoma tissue). T and N represent RNAs pre-
pared from the tumor and adjacent normal regions of the testes,
respectively. Gene symbols are shown alongside the matrix pre-
sentation. In each dot, red and green coloring represents higher
and lower fluorescence intensity, respectively.
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Table 2. Relative amounts of 21 transcripts as determined by semi-quantitative RT-PCR,

Gene symbol jMap PLI-T _PLi-N| Pt2-T Pt2-N. PL3-T PL3-N! Pt4-T Pt4-Nl T/N ratio
AF1Q 1q21 21 4i 11 1.9i 22 33 2.8 21 48£21
ILER 1921 73 8.7 73 11I 81 8.3 36 5.4 7.7%13
RAB25 1g21.2 93 4.8 88 35 11 3.7 104 21 13%10
KIF3C 2p23 27 4 22 26 25 2.8 14 31 7.2£16
DNMT3A 2p23 48 9.8 40 38 44 10 14 1.8 7.0£25
GTF3C2 2p23.3 54 20 48 10 54 21 33 2.3 59147
E2F3 6p22 15 2.2 12 22 11 1.8 11 NDI 62427
S0OX4 6p22.3 74 16 60 & 64 15 4.3 1.6 5.3x2.7
OSBPL3 p15 75 4.1 67 8.8 85 12 55 34 12.2+48
HOXA1 7p15.3 65 1.7 60 1.9 64 21 16 ND >33£3.3
CCND2 12p13 67 1.7 44 15 46 6.8 44 9.9 13+14
CHD4 12p13 74 45 43 17 61 23 23 7 2.5+06
SLC2A3 12p13.3 56 5.8 32 49 35 6.6 58 7.4 7.3+16
FKBP4 12p13.33 86 36 60 23 62 N 47 8.9 3.0£1.3
CACNB3 12¢13 70 14 S1 7.4 68 12 37 36 7.0+21
ACVRIB 12913 54 24 41 12 51 10 29 2.1 59144
NELL2 12913.11-q13.12 18 8.8 38 2 3 33 25 ND[ =>9.9%7.2
MCMS 229131 65 20 55 9.4 &6 12 48 5.8 54%1.9
FBLN1 22q13.31 78 31 80 59 87 56 65 56 1.6£0.5
FGDA1 Xp11.21 87 14 58 12 70 9.2 14 4.8 53%1.7
PIM2 Xpl11.23 77 7.1 64 5.4 63 4.9 56 19 9.6+3.9
G3POH 163 156] 163 1671 144 144] 167 135 _ 1.0£0.1

See Supplementary Table 2, http://www.dna-res.kazusa.or.jp/11/5/03/supplement_table/table2. html, for the authentic names
of gene symbols. The T/N ratio represents the average 4 standard deviation obtained for the four patients. ND means not
detected. Note that the amount of PCR product for a respective gene may well be compared between different patients, but
it is not practical to compare the amount of PCR product between different genes. G3PDH was used as a reference.
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Figure 2. The number of up- and dewn-regulated genes that
map to each chromosome. The numbers of genes that were up-
and down-regulated in the seminoma samples were mapped to
the short (p) and long (q) arms of each chromosome. There
were 106 and 308 up- (A) and down-regulated (B) genes, re-
spectively.
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Figure 3. Semi-quantitative RT-PCR. Relative amounts of the
FGD!, PIM2 and GS8PDH transcripts were compared between
the tumor-derived (T) and adjacent normal tissue-derived {N)
RNAs. The PCRs shown employed 25 cycles for each tran-
script. The amplified products were then run through agarose
gels.

are known to be nuclear antigens whereas FGD1 and
PIM2 are cytoplasmic/cell membrane antigens. The sub-
cellular localization patterns of these proteins are consis-
tent with their putative functions. Unexpectedly, how-
ever, ACVR1B, a membrane receptor, was present both
in the nucleus and cytoplasm and the antibedy specifie
for SOX4, a transcription factor, stained positively in the
cytoplasm. Note that the infiltrating mononuclear cells
and the endothelial cells that line the capillaries are not
immunostained (arrows).

The CIS cells in the middle column were also immunos-
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Figure 4. Immunohistochemical staining of representatives of the up-regulated proteins in the seminoma (left column), the CIS {middle
column), and the adjacent normal tissues (right column). The antibodies used were specific for DNMT3A, SOX4, CCND2, ACVRIB,
FGD1, and PIM2, as indicated. The arrows in the seminoma column indicate the infiltrating mononuclear cells and/or endothelial
cells that line the capillaries, none of which stained positively. In the normal testes stained by anti-FGD1 and anti-PIM?2, the arrows
indicate the nonspecifically stained contours of the seminiferous tubules, The bar in the lowest left corner indicates the length

(50 pm).

tained by each antibody. In contrast, the germ cells in
the seminiferous tubules of the normal tissues adjacent
to the seminomas were not immunostained at all by the
antibodies (right column). An exception was DNMT3A,
which stained positively but only cells at a specific stage
of spermatogenesis. These cells probably correspond to
the pachytene to early round spermatid stages. Thus, the
results shown in Fig. 4 indicate overall that, in the case
of the 6 genes selected from the 21 genes listed in Table 2,
their protein expression is up-regulated in seminomas as
well as in CIS cells.

3.5. Screening for down-regulated genes in seminomas

We next searched for the probes that yielded N/T
ratios that exceeded 3.0 for all four of the paired RNA
samples of Pts. 1-4. In total, 343 probes were extracted.
Their details are shown in supplementary Table 3,
http://www.dna-res.kazusa.or.jp/11/5/03/supplement _
table/table3.html. The style of presentation used in
supplementary Table 3, http://www.dna-res.kazusa.or.

jp/11/5/03/supplement table/table3.html, is similar to
that in supplementary Table 2, http://www.dna-res.
kazusa.or.jp/11/5/03/supplement table/table2.html, ex-
cept that it employs N/T ratios instead of T/N ratios.
When we took into account that some genes were repre-
sented by multiple probes, the number of down-regulated
gene candidates was reduced to 308. Cluster analysis us-
ing these 308 genes again resulted in the clear separation
of the RNAs derived from seminoma and adjacent normal
tissue (data not shown).

The number of genes that mapped on each arm of
each chromosome was counted and the result is shown in
Fig. 2B. The candidate down-regulated genes were dis-
tributed relatively evenly throughout the chromosomes
except the X chromosome. This is in contrast to the up-
regulated genes, which showed a tendency to cluster on
several specific chromosomal arms as described above.
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Table 3. The number of up-regulated transcripts as classified into functional groups.
Class Number of transcripts
{A) Functions that many kinds of cells use
A | Transpotation and binding proteins for ions and small molecules 13
A1l RNA processing,polymerizing,splicing and binding proteins,and enzymes 6
Afll  Cell replication,histones,cyclins and allied kinases,DNA polymerases, topoisomerases,DNA modification 18
AN Cytoskelton and membrane proteins 4
AV  Protein synthesis co-factors,tRNA synthetases,ribosomal proteins 1
AM  Intermediary synthesis and catabolism enzymes 3
AVl Stress response,detoxification and cell defense proteins 2
AWl Protein degradation and processing,proteases 2
AlX Transpotation and binding proteins for proteins and other macromolecules 2
Subtotal 51
(8) Cell-cell communication
B 1 Signaling receptors,including cytokine and hormone receptors,and signaling ligands : 6
B Il Intracellular signal transduction pathway molecules including kinases and signal intermediates 13
8l Extracellular matrix proteins and cell adhesion 5
Subtotal 24
(C) Transcription factors and other gene regulatory proteins 16
Subtotal 16
(D) Not engugh information to classify 15
Subtotal 15
Total 106

See Table 4 as for the details of each transcript.

4. Discussion

In the present study, we assessed the genome-wide gene
expression in seminoma tissues and compared this to
the expression patterns in adjacent normal tissues. This
analysis revealed that 106 genes are significantly and con-
sistently up-regulated in the seminoma tissues. Semi-
quantitative RT-PCR analysis of the expression in semi-
noma and normal adjacent tissues of 21 of these 106 genes
(Table 2) revealed that 19 of the 21 genes are indeed
up-regulated in seminomas. This validates the microar-
ray data. It is thus likely that the 106 genes that we
identified reflect the alteration of gene expression that is
specific to seminoma cells. Furthermore, immunohisto-
chemical analysis of six gene products (Fig. 4) revealed
strong and specific staining of tumor cells. This suggests
that these proteins may be useful as molecular patholog-
ical markers of seminomas.

When we analyzed the up-regulated genes according to
their location on the short and long arms of each chro-
mosome, we found that they were not evenly distributed
as several chromosomal regions seem to possess more
up-regulated genes than others. Indeed, 42 of the 106
up-regulated genes are concentrated on only eight chro-
mosomal regions such as 1q21, 2p23, 6p21-22, Tpl4-15,
12p1l1, 12pl3, 12q13-14, and 22¢12-13. It has been previ-
ously reported that these chromosomes/chromosomal re-

gions often gain chromosomal sequences in seminomas.?
In particular, the presence of iso-chromosome 12p and
the amplification of 12p-sequences are hallmarks of in-
vasive testicular germ cell tumors.® Consistent with this
finding is the observation that 12p contained the largest
number of up-regulated genes. Thus, our gene list may
be useful as a basis for the further analysis of candidate
genes that are indicative of the presence of seminomas
and for are responsible for the development of seminoma.

In Table 3, the 106 up-regulated genes are categorized
according to their putative functions. The gene classi-
fication used here is based on our previous reports on
cDNAs/ESTs of ascidian hemocytes!?2?? and Table 4 il-
lustrates each gene thus categorized. It is interesting
to find that a number of genes were grouped into class
ATII (cell and DNA replication-related), class BII (signal
transducing molecules) and class C {transcription fac-
tors). Namely, 18, 13 and 16 genes belonged to classes
AIIL, BII and C, respectively. The up-regulation of the
class AIll genes may be related to the observation that
the expansion of seminoma cells is usually very rapid
compared to the tumor cells in other tissues. Of these,
CCND2 is the best-studied gene in relation to testicular
germ cell tumors. This gene is located on 12p13 and it is
amplified and highly expressed in seminomas.!418 Up-
regulation of genes in classes BII and C is noteworthy
since these genes have the potential to become a cause of
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Table 4. Up-regulated transcripts as classified into functional groups.

Class Tide Gane Symbot| Class Title Gena Symbal
Al famy acid bincing protesn 7. brain FABPT B Inisrioukin § receptor LER
Al oxysterol bincing prolsin-ike 3 OseFLY Bl sema domain, brane domain (TM), and cy ¥ domain, (sernaphonin) 8/ SEMASA
A ATFase, H+ ransporting, lysosomal 42D, V1 subunit C, isoform 1 ATPEVIC1 (Bl low denaity Rpoprolein recaplor-relaled proten § LRP§
Al welanium donor proten SPS - B8l activin A receplor. type [B ACVRIB
A prosisis cancer overaxprossed gena | POV Bl pajlide YY PYY
Al patassium Inwardly-rectifying channel, sublamity J, member 8 KCNB Bl Opioid growth faclor receptor OGFR
A sciute caier famity 2 (faciitated ghucoss transporter), member 3 SLC2M) ail protein kinase, AMP-activated, beta 2 non-catalylic subunit PRKABZ
AN talcium channel, vollage-dapandent, beta 3 subunil CACNB3 Bl SHC (Sre homology 2 domain containing) transiomming protein 1 SHC
Al ATP-binding cassette, sub-family D (ALD). membaer 4 ABCO4 Bl RAB2S, mermber RAS oncogens Tamity RAB25
Al celutar retincic scid binding protein 1 CRABP1 Bll  tumor-sssocialed cakckum signal trameducer 1 TACSTON
Al potessium inwardly-ractifying channed, subfamiy .. inhibitor 1 KCNJN1 Bl zine fnger prolein RINZF RINZF
Al solute camier family 23 (nucieobase transporters), member 1 SLC23AT  |BIl  FK506 birding protesn 4 (SOkD) FKBPY
A neuronatin NNAT 11} mitogen-activated protein kinasa kinase kinasa 12 MAP3K12
Al Abonuclectice reductase M2 polypeptide RRMZ Bll  dusk-tpecificity tyrosine-{Y}-phosphoryiation reguiated kinasa 2 DYRK2
All U3 snoRNP-sssociated 55-kDa protew U3-85K Bil huntingtin interacting protein 12 HIP12
All U8 ;nRNA-asaocialed Sm-ike protein LSMS Bif  JAK binding prolem 88k
Al DEADM {Asp-Gh-Ala-Asp/His) box potypapiide 11 (CHL1-ike helicasa homoiog, S. carsvisiae) DDX11 Bl ankyrin repeal domain 3 ANKRDY
All ARDIOME COMPonend Rrpds. RRP48 Bt Teciogenital dysplasia {Aarskog-Scolt syndroene} FGIM
Al mall nuclesr ribonucieoprotein potypeptide A SNRPA1 BH __pim-2 oncogens PiM2
Al ALL 1-usad gana from chromosome 1q AF1Q Bilk  Integral membrane prolewn 3 ™3
Al DNA {cytosions-5-}-meiiyftranslersss 3 sipha DNMT3IA Bt NEL-ks 2 {chicken) MNELL2
Alll diator of the p53-dep G2 arest REPRIMO |BIN  claudinB CLONS
Al high-mobiity group (nonhisione chromasamal} protein isoforms | and ¥ HMGIY Bt cadhern 3, lype 1, P-cadherin [piacerisl) COH3
Alll  H2B hisione tamiy, member A H2BFA B fibukn 1 FBLMY
Alll H2B histong famiy, member G H2BFG [~ genarsl L] Iacior HIC, poty 2 (beta subunit, 110x0) GTFaC2
Al F2B histone family, member J H2BFJ [+ Tirw: finger peotein 142 {clone pHZ-49) ZNF142
AL H2E hislone Eamity. membec I H2BFK [+ KRAB-zinG finger protein 5ZF1-1 S2F1
Al coll eycie progression 2 protein CPR2 [+ E2F tramcription facior 3 E2F3
Al DNAZ DNA replication hekcass 2-kke {ysast) DNAZL c SRY (sax determicing region Yi-box 4 SOx4
ANl snbgen identfed by monocknal antibody Ki-87 MIGET? c homaa box A1 HOXA1
Al cycin 02 CCND2 c nuciear respicatory tacier 1 NRF1
Al eivomnodormnain helicase DA binding prolein 4 CHO4 [+ homea box HBS HLXBS
Al nuclecsome assembly prolein 1.ke 1 NAF1L1 c fibrincgen slercar binding protein FSBP
Al eycinF CCNF [+ forkhead box H1 FOXHI
At DNA repiication factor COT4 c undifferentiated smbryonic cell ranscription factor 1 UTF1
Al MCMS minichromosome mainlenance deficient 5, oall division cycle 46 (S. cerevislas) MCMS c ety dator 1 {potyty e 1 homolog) EDR1
AI_pigh-moblity group ronhistons chromosomal) protein 4 HMGA C  T-odlleukemiatymohona 18 TcLe
AV sddusin 2 (bets) ADDZ € tumaor prolein P53 (LiFraumen syndroma) P53
AV kinain tamily member 3C KIF3C € zine finger protein 144 (Mek-18} INF144
AV nebuin NEB € zinc finger protein 278 INFITR
AV tubulin, beta polypetide Tues o hypothetical protein FLJ10884 FLI10884
AV sukaryotic transiaton initiaton factor 4€-He 3 EIF4ELY o trypothetical prolein FLI12457 FLI2457
AV1  putsive ATPase HSA994T (D typathatical protein FLJ12505 FLI12505
AVI  NotS5 (D. melancgasted-ike peciein NOTS6L, D KAWAY15S pratsin KLAA1155
AVt transiocass of inner Aal membrane 3 hormolog A (yeast) TikaMeA 2} hyp ical protein FLI20059 FLJ20C58
AVH  defonsin, bets 1 DEFBA o] hypothatical protein FLI20627 FLI20627
AVH __metaliothionsin 1H MT1H o KLAAGIED protein KIAAQIE3
AVl mayi 12z phusge sk MMP12 D KLAA 1886 prolen DKFZPI8I123
AVl 12 tate-13-acetate-induced i 1 PHAIPY o DKFZP584D208 prodesn OKFZPS640208
AX  sorting rexin 10 SNX1) ] hypothatical protein FLJ10339 FLJ10339
AlX_ Biicaudal  homolog 1 {Drosophila) BICD D putative protein similer ko nessy {Drosophils) C3F
D hypathetical protein FLI10865 FLI10865
D Iypothatical protein FLIZZBES FLIZZ36S
o Trypothatical protein FLI21803 FLI2160)
D KIAADTS? prolein KAMDTET

As for the details of classes, see Table 3.

further alteration in gene expression. If a gain of chromo-
somal material hits and induces one of these genes, then
its elevated expression might lead to changes in the ex-
pression of other genes. Therefore, the list of 106 genes
might include both genes with direct effects caused by
a gain of chromosomal material and genes affected by
the up-regulation of the genes in classes BII and C. Of
these, transcription factors such as E2F3, HOXA1 and
S0X4 have been reported to be somehow involved in cell
transformation. E2F3 is a cell cycle-related protein.?!
In mammary tumors, HOXA1 is highly expressed®? and
its forced expression can transform normal mammary ep-
ithelial cells into tumor cells.?* In mice, the SOX{ gene is
a common integration site (Evil6) in retrovirus-induced,
murine leukemia/lymphoma.2? Another interesting fea-

ture seen from Table 3 is that the number of genes clas-
sified as AVIII (protein degradation) and BIII (extracel-
lular matrix and cell adhesion protein) is relatively low
(2 and 5, respectively). This point, however, remains
to be examined in more detail in the future, since one
half of the patients selected in this study suffered from
metastasis and the other half did not.

The microarray analysis also revealed 308 candidate
genes that are down-regulated in seminomas compared
to adjacent normal tissues. The chromosomal distribu-
tion pattern of these genes differs from that of the up-
regulated genes (compare Figs. 2A and 2B). While 12p
has 11 up-regulated genes, it has only 2 down-regulated
genes. In contrast, 4q has 12 down-regulated genes
but only 1 up-regulated gene, while 11q has 20 down-
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regulated genes yet only 1 up-regulated gene. This pat-
tern reflects previous observations that 4q and 11q are
frequent sites of chromosomal deletion in seminoma.? An-
other factor that might contribute to the down-regulation
of gene expression would be the status of promoter
methylation of genes. In this respect, the up-regulation of
DNMT3A as described above is worth mentioning since
it is involved in the de novo methylation of DNA dur-
ing embryonic development,?526 and its protein expres-
sion was detected in seminoma cells as well as spermato-
cytes/round spermatids in normal testis (Fig. 4). There-
fore, DNMT3A might function in the methylation of gene
promotors in the tumor cells, although the genome de-
rived from seminoma is reported to be in a hypomethy-
lated status in general.?” It should be noted, however,
that the down-regulated transcripts may merely reflect
the lack of some specific cell types in the seminoma.
For example, transition protein I and protamine I are
included in supplementary Table 3, http://www.dna-
res.kazusa.or.jp/11/5/03/supplement table/table3.html,
which lists the down-regulated genes in seminoma. These
two genes are expressed specifically in the haploid sper-
matids in the normal testis and the seminoma tissues are
obviously devoid of such normally differentiated cells.

Recently, similar genome-wide surveys of gene expres-
sion in seminomas have been conducted independently
by two other laboratories.??% These studies identified
347 and 1,518 transcripts that are up-regulated in semi-
noma, respectively. When we compared our list of 106
up-regulated genes with theirs, we found to our surprise
that only 13 and 41 of our genes were present among the
347 and 1,518 genes, respectively. Furthermore, only the
transcripts of 9 genes, namely IL6R, DNMT3A, KIF3C,
S0X4, POV!, CCND2, ABCD{, CDH3and MCM5, were
found to be up-regulated in all three studies. This means
that a significant portion of our gene list differs from
theirs. Although the exact reason for this difference is
not clear, one reason may be the control samples that
were used. In the study of Ref. 28, one RNA sample from
normal testis (Clontech) was used as a control, whereas,
in the study of Ref. 29, 14 samples of normal testes as
well as 17 somatic cell lines were used as controls. In the
present study, however, we employed four normal testis
tissues as controls which were localized adjacent to the
tumor regions. A second factor may be that different
oligonucleotide (our study) and ¢DNA arrays (Refs. 28
and 29) were used in the different studies. A third factor
may be the method of gene extraction used. In Ref. 28,
genes were selected whose expression was higher in more
than half of informative seminoma samples compared to
normal RNA, whereas in the study of Ref. 29, a method
of significance analysis of microarrays3® was used to ex-
tract the up-regulated genes. In our study, we picked up
the transcripts whose elevated expression was detected
in all four seminoma samples compared to the same pa-
tient’s normal tissues.
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In conclusion, whatever the reason is for the difference
between our results and those of previous studies, one
advantage of our study would be that we could remark-
ably reduce the number of genes of interest. A num-
ber of 106 as the up-regulated genes is not too large to
start analyzing the functions of individual genes. Sec-
ondly, we could map 42 of the 106 genes to 1q21, 2p23,
6p21-22, 7p14-15, 12pll, 12pl3, 12q13-14 and 22q12-13.
These regions are included in those which were reported
to be the frequent sites of gain of chromosomal mate-
rial by a method of comparative genomic hybridization.?
Thus, these 42 genes could be of particular interest for
further study. Finally, functional classification of 106 up-
regulated genes revealed unique features associated with
seminoma.
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