Tec SIGNALING IN THE HEART

presented here to give the most information about Tec inter-
actors along with the appropriate level of experimental confi-
dence.

HIF-1a, identified as a Tec interactor in this study, is an
important mediator of adenosine nucleoside-induced neuropro-
tection in hypoxia-stimulated PC12 cells (34). Since Tec is
activated by adenosine nucleotide stimulation in cardiomyo-
cytes, it may participate in HIF-1la signaling during cardiac
protection. Another interactor, CDC37, is an emerging heat
shock protein 90 cochaperone whose client proteins are pre-
dominantly kinases (20). Also among the interactors we found
was Rho kinase 1 (ROCK1), an diate do kinase
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allows Tec to associate with lipid membranes and regulate
target proteins. Future studies will be necessary to test this
model in detail in cardiac myocytes as well as to reveal the
nuances of how Tec signals to different in vivo cellular targets.

GRANTS

This study was supported by National Heart, Lung, and Blood Institute
(NHLBI) Grants HL-087132 and HL-096041 (to T. M. Vondriska), HL-
088640 (to E. Stefani), and HL-080111 (to P. Ping) and the Laubisch Endow-
ment of the University of California-Los Angeles (to T. M. Vondriska). M. J.
Zhang received a scholarship from the University of California-Los Angeles
Undergradua&e Research Center. S Franklin is the recipient of NHLBI Ruth
p F32-HL-091673.

effector of RhoA GTPase. A recent knockout study (33) has
indicated a critical role for ROCKI1 in reactive fibrosis during
pressure-overload hypertrophy. The specifics of how Tec may
contribute to this process are unclear, but this observation is
consistent with Tec’s proliferative role in cell signaling and its
abundant expression in fibroblasts. Finally, we found many
structural proteins, such as ankyrin, spectrin, and clathrin, and
many muscle contraction-associated proteins.

To mine for bioinformatic insights into the Tec subpro-
teome, we examined how the physical-chemical properties of
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ARTICLE INFO ABSTRACT
Afﬂc{e history: The Tec protein tyrosine kinase (PTK) belongs to a group of structurally related nonreceptor PTKs that
:ece!veg 16July 23‘39 21 October 2009 also includes Btk, Itk, Rlk, and Bmx. Previous studies have suggested that these kinases play impor-
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t rol : o
Accepted 23 October 2009 tant roles in hematopoiesis and in the lymphocyte signaling pathway. Despite evidence suggesting the

involvement of Tec in the T-lymphocyte activation pathway via T-cell receptor (TCR) and CD28, Tec’s
role in T-lymphocytes remains unclear because of the lack of apparent defects in T-lymphocyte function
in Tec-deficient mice. In this study, we investigated the role of Tec in human T-lymphocyte using the

Available online 31 October 2009

g:': words: Jurkat T-lymphoid cell line stably transfected with a cDNA encoding Tec. We found that the expression of
D25 wild-type Tec inhibited the expression of CD25 induced by TCR cross-linking. Second, we observed that
T-lymphocyte LFM-A13, a selective inhibitor of Tec family PTK, rescued the suppression of TCR-induced CD25 expres-

sion observed in wild-type Tec-expressing Jurkat cells. In addition, expression of kinase-deleted Tec did
not alter the expression level of CD25 after TCR ligation. We conclude that Tec PTK mediates signals that
negatively regulate CD25 expression induced by TCR cross-linking. This, in turn, implies that this PTK
plays a role in the attenuation of IL-2 activity in human T-lymphocytes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The activation and development of lymphocytes are regulated
by the engagement of cell surface immune cell antigen receptors.
ing receptor these receptors transmit signals

by the activation of cytoplasmic protein tyrosine kinases (PTKS),
such as Src, Syk, and Tec families [1,2]. The Tec family PTKs are non-
receptor PTKs including Tec, Btk, Itk (Emt/Tsk), Rlk (Txk), and Bmx
(Etk). They are typically characterized by a pleckstrin-homology
domain, a Tec-homology domain, Src homology domains (SH2 and
SH3), and a kinase domain [3,4]. The biological importance of the
Tec PTK subfamily was first confirmed in B-lymphocytes by the
finding that Btk is essential for B-cell development [5,6] and that
mutations in Btk cause X-linked agammaglobulinemia (XLA) in
humans and B-cell defects in xid mice [7-10]. For T-cells, mice
lacking Itk exhibited decreased numbers of mature thymocytes
and reduced proliferative responses to both allogeneic major histo-
compatibility complex stimulation and T-cell receptor (TCR) cross-
linking [11]. In addition, TCR-induced phosphorylation and activa-

* Corresponding author. Tel.: +81 87 891 2145; fax: +81 87 891 2147.
E-mail address: hdobashi@med.kagawa-u.ac jp (H. Dobashi).

0165-2478$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.imlet.2009.10.009

tion of PLC-y are reduced in T-cells lacking Itk [12]. According to
early observations, it has been speculated that the functions of Btk
and Itk are essentially related to B- and T-lymphoid development
and activation, respectively, while Tec participates mainly in signal-
ing pathways regulating myeloid cell growth and differentiation.

In our previous studies, we revealed Tec's contribution to anti-
gen receptor signaling in B-lymphoid cells. Ligation of the B-cell
receptor (BCR), CD19, and CD38 caused tyrosine phosphorylation
of Tec and increased Tec PTK activity [13]. Tec’s important role in
B-cells was further confirmed by the generation of Tec/Btk double-
deficient mice exhibiting an early block in B-cell development and
a severe reduction in peripheral B-cell numbers [14]. In T-cells,
TCR stimulation induces the activation of Itk [15], Rk [16], and Tec
[17]. In addition, the ligation of T-cell costimulatory receptor CD28
also activates Itk [18] and Tec [17]. In primary splenocytes from
5C.C7 TCR-transgenic mice, depletion of Tec using an antisense
oligonucleotide treatment reduces IL-2 production in response to
TCR ligation [19]. Studies using the Tec-transfected Jurkat human
T-lymphoid cell line proposed the unique roles of Tec in T-cell acti-
vation [17,20]. However, purified T-cells from Tec-deficient mice
were reported to have no apparent defects in TCR or CD28 signal-
ing [14]. Thus, it is still an open question whether or not Tec is
essential in the signaling pathway of T-lymphoid cells.
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In the present study we investigated Tec's role in human T-
lymphoid cells using a Jurkat cell line stably transfected with a
cDNA encoding Tec. We found that the expression of wild-type
Tec inhibited the expression of CD25 induced by TCR cross-linking.
Second, we observed that LFM-A13, a selective inhibitor of Tec
family PTK, rescued the suppression of TCR-induced CD25 expres-
sion observed in wild-type Tec-expressing Jurkat cells. In addition,
expression of kinase-deleted Tec did not alter the CD25 expression
level after TCR ligation. We conclude that Tec PTK activity medi-
ates signals that negatively regulate CD25 expression induced by
TCR cross-linking in human T-lymphocytes.

2. Materials and methods

2.1. Reagents and cells

The rabbit polyclonal anti-Tec antibodies were previously
described [13]. A monoclonal antibody to phosphotyrosine (PY99)
and goat antisera to Tec were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Monoclonal anti-CD3 antibody (OKT3) was
obtained from Janssen Pharmaceutical (Tokyo, Japan). Monoclonal
anti-CD28 antibody was from Immunotech (Marseille, France). PE-
conjugated anti-CD25 antibody and FITC-conjugated anti-CD69
antibody were from Dako (Glostrup, Denmark). LFM-A13 (a-cyano-
b-hydroxy-b-methyl-N-(2,5-dibromophenyl) propenamide) was
from Calbiochem (San Diego, CA). LFM-A13 was dissolved in
dimethyl sulfoxide (DMSO) and aliquots were stored at —30°C.
The final concentration of DMSO was less than 0.5% for all experi-
ments. DMSO at this concentration had no discernible effect on cell
growth or surface marker expression profiles, including CD3 and
CD25 expression (datanot shown). All other agents were purchased
from commercial sources.

The Jurkat human T-lymphoid cell line was a generous gift from
Dr. D. Campana (St. Jude Children’s Research Hospital, Memphis,
TN). Jurkat cells were maintained in RPMI-1640 (Sigma, St. Louis,
MO) with 10% fetal calf serum, L-glutamine, and antibiotics.

2.2. Immunoprecipitation, electrophoresis, and Western blotting

The cells were lysed in lysis buffer (50mM Tris-HCl [pH
7.5], 150mM NaCl, 1% [v/v] Triton X-100, 1mM Na3VOy,
1mM phenylmethyl-sulfonyl fluoride, 5 pg/ml aprotinin, 1mM
EDTA-2Na). Immunoprecipitation and Western blotting analysis
were performed as described previously [13]. The experiments
were repeated independently at least three times.

2.3. DNA constructs and electroporation conditions

The construction of pSR expression vector containing cDNA of
wild-type Tec (TecWT) and kinase-deleted Tec (TecKD) has been
described elsewhere [21]. Jurkat cells (5 x 10%/experiment) were
subjected to electroporation with 30 g of pSR or pSR containing
TecWT or TecKD, as described previously [22]. Transfected cells
were selected after 2 weeks’ culture in the presence of 5 pg/ml of
blasticidin S hydrochloride (Funakoshi, Tokyo, Japan). Blasticidin-
resistant clones were expanded and screened for Tec expression
by means of immunoprecipitation and Western blotting. Individ-
ual clones were cultured and were analyzed as a mixture of clones
to avoid clonal variations.

2.4. Stimulation of T cells

Anti-CD3 antibody (2 p.g/ml) was incubated in 24-well flat-
bottom plates at 4°C for 16 h for immobilization to the bottoms
of the plates. The plates were washed twice to remove excess anti-
bodies. Cells were incubated in each well of anti-CD3-coated plates

at 37°C in 5% CO, with 90% humidity for indicated periods. At the
termination of the cultures, the cells were harvested, suspended
in PBS, and subjected to further analysis. The experiments were
repeated independently at least three times.

2.5. Flow cytometric analysis

The surface phenotypes of the cells were examined by flow
cytometry as described previously [23]. Briefly, collected cells were
incubated with a specific fluorescent-conjugated monoclonal anti-
body or control mouse IgG on ice for 30 min. After two washes with
PBS, cells were analyzed with an EPICS XL flow cytometry system
equipped with EXPO32 ADC software (Beckman Coulter, Miami,
FL). The experiments were repeated independently three times.

2.6. Quantification of IL-2

To measure IL-2 production, Jurkat cells were cultured in
24-well plates at 1 x 106 cells/ml, 1 ml/well and stimulated with
2 pg/ml anti-CD3 plus 2 pg/ml anti-CD28 monoclonal antibodies,
or 50 ng/ml PMA and 1 wM ionomycin for the positive control cul-
tures. After 24 h culture, IL-2 secreted in the culture supernatant
was measured using Quantiflow Human IL-2 Immunoassay kits
(BioE, St. Paul, MN) according to the manufacturer’s instructions.
The experiments were repeated independently at least three times.

2.7. RT-PCR analysis

RT-PCR analysis was performed as described previ-
ously [24]. For amplification of the cDNA products, the
following oligodeoxynucleotide primers were used: CD25

primers,  5-GGGATACAGGGCTCTACACAG-3'  (sense) and
5'-ACCTGGAAACTGACTGGTCTC-3' (antisense); B-actin
primers, 5-ATCATGTTTGAGACCTTCAA-3' (sense) and 5'-

GATGTCCACGTCACACTTCA-3' (antisense). The PCR product was
resolved by agarose gel electrophoresis and analyzed by means
of densitometric analysis, and the fold increase in the CD25 cDNA
level was normalized to the B-actin product. The experiments
were repeated independently at least three times.

2.8. Statistical analysis

Data were analyzed by Student’s t-test; P<0.05 was considered
to indicate a statistically significant difference.

3. Results
3.1. Ectopic expression and activation of Tec in Jurkat cells

As we reported previously, Jurkat cells lack endogenous Tec
expression [13,25], making this cell line a useful model for studying
the role of Tec in human T-cell biology. To investigate the role of
Tec in human T-lymphoid cells, we introduced Tec cDNA to Jurkat
cells. Clonal Jurkat cells expressing Tec protein (Jurkat-TecWT cells)
were obtained after transfection and a subsequent series of limiting
dilution procedures (Fig. 1a). In contrast, proteins in the anti-Tec
immunoprecipitates from mock-transfected Jurkat cells (Jurkat-
Mock cells) did not react with anti-Tec antibody (Fig. 1a). Ligation
of TCR or CD28 is known to induce tyrosine phosphorylation of
intracellular proteins in T-lymphoid cells, including Jurkat cell lines
[1]. To determine whether or not the signaling pathways trig-
gered by TCR or CD28 ligation were affected by the presence of
Tec, intracellular protein tyrosine phosphorylation was analyzed by
Western blotting using anti-phosphotyrosine antibody. As shown
in Fig. 1b, in Jurkat-TecWT cells the ligation of CD3 or CD28 induced
tyrosine phosphorylation with molecular weights and intensities
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Fig. 1. Ectopically expressed Tec is activated following cell surface receptor cross-linking in Jurkat cells. (a) Cell lysates of Jurkat-Mock cells and Jurkat-TecWT cells were
The

subjected to immunoprecipitation with anti-Tec antibody. Proteins were separated by SDS-PAGE and to a PVDF

was probed with

anti-Tec polyclonal antibody. The positions of Tec and molecular mass markers (in kDa) are indicated. The intense band of approximately 50 kDa corresponds to the Ig heavy
chain of the antibody used for immunoprecipitation. (b) Jurkat-Mock cells and Jurkat-TecWT cells were stimulated with control IgG, anti-CD28, or anti-CD3 forS ‘min. Total cell

lysates (TCLs) and proteins immunoprecipitated with anti-Tec (Tec IP) from these lysates were separated by SDS-PAGE and

to a PVDF

was probed with anti-phosphotyrosine antibody (anti-pTyr; upper panel), then stripped and reprobed with anti-Tec polyclonal antibody (lower panel). The posmons of Tec

and molecular mass markers (in kDa) are indicated.

similar to those seen in Jurkat-Mock cells. Thus, the ectopic expres-
sion of Tec did not affect the overall profile and magnitude of the
tyrosine-phosphorylated proteins, at least to an extent detectable
by Western blotting. To determine whether or not TCR signaling
activated transfected Tec in Jurkat cells, we examined Tec tyro-
sine phosphorylation after cross-linking the TCR with an anti-CD3
antibody. In contrast to the lack of a significant effect of Tec expres-
sion on the overall pattern of tyrosine phosphorylation, exposure
to anti-CD3 antibody markedly increased tyrosine phosphoryla-
tion of Tec in Jurkat-TecWT cells (Fig. 1b). Stimulation of cells with
anti-CD28 also triggered the tyrosine phosphorylation of Tec. Thus,
activation of transfected Tec by ligation of T-cell-specific surface
molecules was confirmed in Jurkat-TecWT cells. No tyrosine phos-
phorylation signal was detected in anti-Tec immunoprecipitates
obtained from Jurkat-Mock cells (Fig. 1b).

We next examined the effect of Tec expression on Jurkat cell
surface marker expression. The cell surface antigenic phenotype of
Jurkat-TecWT cells was investigated by flow cytometry and com-
pared with that of Jurkat-Mock cells. No apparent differences were
observed in the expression of T-lymphoid cell markers and the acti-
vation markers examined, such as, CD1, CD2, CD3, CD4, CD8, CD25,
CD28, and CD69, indicating that Tec expression had aminimal effect
on the basal expression of representative T-cell surface proteins
(data not shown).

3.2. Effect of Tec on IL-2 production

Because Tec overexpression in Jurkat cells has been reported
to enhance IL-2 production and can induce TCR-mediated phos-
pholipase Cy (PLC~y) phosphorylation and NFAT (nuclear factor
of activated T-cells) activation [17,19,20,26,27], we attempted to
replicate those findings with Jurkat cells stably transfected with
Tec. Unexpectedly, exposure of Jurkat-TecWT cells to anti-CD3 plus
anti-CD28 resulted in low levels of IL-2 production in both Jurkat-
Mock cells and Jurkat-TecWT cells, without significant differences

between the two cell types. In one experiment, after 24 h of incuba-
tion, 36 pg/ml IL-2 with anti-CD3 plus anti-CD28 stimulation versus
845 pg/ml IL-2 in control cultures with 50 ng/ml of PMA and 1 uM
ionomycin were detected in the supernatant of the Jurkat-Mock cell
culture, while 10 pg/ml IL-2 versus 850 pg/ml IL-2 was detected in
the Jurkat-TecWT cell culture. Low IL-2 secretion in response to TCR
stimulation was reproduced in both cell lines in repeated exper-
iments. The addition of IL-2 at concentrations below 100 pg/ml
had no influence on CD25 expression in either Jurkat-Mock cells
or Jurkat-TecWT cells (data not shown).

3.3. Tec downregulates CD25 expression

(D25 is an essential component of high-affinity IL-2 recep-
tors [28,29]. Although several investigators have proposed the
possibility that Tec is involved in the IL-2-producing machinery
[4,17,19,20,26,27,31,32,35], little is known about the relationship
between Tec family PTK and CD25 expression, except the downreg-
ulation of CD25 observed in stimulated T-cells from Itk-deficient
mice [12]. We evaluated the effect of Tec expression in Jurkat cells
on CD25 expression. The membrane expression of CD25 increases
after T-] lymphocyte actlvauon [28, 29] To examme whether or
not Tec TCR: ing, we exam-
ined changes in CD25 surface expression on Jurkat-derived clones
activated for 24 h with TCR cross-linking using flow cytometry.
As shown in Fig. 2a , enhanced CD25 expression was observed
in Jurkat-Mock cells after the 24 h incubation with plate-bound
anti-CD3. In contrast, the expression of CD25 after TCR cross-
linking was markedly suppressed in Jurkat-TecWT cells (Fig. 2a).
The percentage of CD25-expressing cells after TCR cross-linking
was 39.5% in Jurkat-Mock cells and 9.9% in Jurkat-TecWT cells.
These findings suggest that activation of Tec kinase results in the
downregulation of CD25 expression induced by TCR cross-linking.
CD69 (an activation-inducer molecule) is also known to be upreg-
ulated upon T-cell activation [1,12]. Next, we examined the effect
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Fig. 3. Tec selective inhibitor LFM-A13 increases the CD25 expression on Jurkat-
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mdlcated concentrations of LFM-A13 or DMSO (vehxcle) for 1h. The cells were then

withTCRc i for24h.CD25 luated by means
of flow cytometric analysis. Bars (mean + SD of quadruplicate tests) represent the
percentage of cells expressing CD25. *P<0.05.

of Tec expression on the induction of CD69 caused by TCR cross-
linking. Although CD25 expression was markedly suppressed after
TCR stimulation in Jurkat-TecWT cells, no apparent difference was
observed on the CD69 expression between Jurkat-Mock cells and
Jurkat-TecWT cells (Fig. 2a). Thus, Tec expression inhibited CD25
expression after TCR cross-linking, without affecting CD69 induc-
tion. The defect in the signal seems to be adjacent to TCR, as Tec
expression does not affect the CD25 expression level in Jurkat cells
after PMA plus ionomycin activation, which bypasses the early
stage signals induced by TCR cross-linking (Fig. 2b).

CD25 gene expression is tightly regulated at the transcriptional
level [28,29]. Therefore, we next investigated the expression of
CD25 mRNA in Jurkat-derived clones. Using RT-PCR, we exam-
ined the effect of TCR cross-linking on CD25 mRNA expression
in Jurkat clones. As shown in Fig. 2c, CD25 mRNA expression in
Jurkat-Mock cells was increased after 24 h stimulation with TCR
cross-linking. In contrast, the increase in CD25 mRNA expres-
sion in Jurkat-TecWT cells after TCR cross-linking was markedly
suppressed. The densitometric analysis of the relative intensities
(means +S.E.) of three independent experiments showed signifi-
cant inhibition of the CD25 mRNA expression in Jurkat-TecWT cells
after TCR cross-linking (P<0.05) (data not shown). These results
imply the importance of Tec PTK on the downregulation of CD25
expression after TCR cross-linking.

To further elucidate the contribution of Tec PTK activity on the
results obtained by comparing Jurkat clones with or without Tec,
we took advantage of LFM-A13, a compound that preferentially
inhibits the enzymatic activity of Tec family PTKs both in vitro
and in vivo [30] in order to investigate Tec's role in the regula-
tion of CD25 expression. We examined LFM-A13’s effect on CD25
surface expression in Jurkat-TecWT cells after TCR cross-linking.
LFM-A13 dose-dependently increased CD25 expression in Jurkat-
TecWT cells after TCR cross-linking (Fig. 3). After 24h of culture,
17.6+2.8% of cells incubated with 100 pM LFM-A13 expressed
CD25, versus 12.9+2.1% of cells in control cultures. CD3 surface
expression was not altered when measured after 1 or 24 h incuba-

tion of Jurkat-TecWT cells with LFM-A13 (data not shown). Thus,
LFM-A13's effect was not due to the modulation of cell-surface CD3
expression. In Jurkat-Mock cells, CD25 surface expression induced
by TCR cross-linking was not affected by the presence of LFM-A13
(data not shown).

To corroborate the results obtained using LFM-A13, we estab-
lished stable transfectants of Jurkat cells expressing a kinase
domain-deleted Tec (Jurkat-TecKD) (Fig. 4a). Although rapid and
t i tyrosine ylation of Tec was observed after
ligation of TCR in Jurkat-TecWT cells, no detectable tyrosine
phosphorylation was observed in TecKD protein obtained from
Jurkat-TecKD cells throughout the time course examined (Fig. 4b).
In Jurkat-TecKD cells, CD25 expression after TCR cross-linking was
comparable to that of Jurkat-Mock cells (Fig. 4cand d). These results
indicate that Tec PTK activity contributes to the downregulation of
CD25 observed in TCR-stimulated Jurkat-TecWT cells.

4. Discussion

Studies of Tec family PTKs have begun to reveal the crucial
roles of these kinases in transducing stimuli triggered by immune
cell antigen receptors, such as TCR and BCR, regulating lymphoid
cell development and activation [31,32]. Targeted disruption of
Tec family PTK genes has revealed the unique roles of individ-
ual PTKs in lymphocyte signal transduction. In T-cells, Itk and Rlk
play important roles in the TCR-mediated signaling pathway, which
leads to the phosphorylation and activation of PLC-7y, an essential
step in lymphoid cell activation [4,33-35]. Despite evidence sug-
gesting Tec’s involvement in TCR and CD28 signaling, Tec's role in
T-lymphocyte remains unclear because of the lack of an overt defect
in T-lymphocyte function in Tec-deficient mice [14]. Recent find-
ings indicating that Itk and Rlk have nonessential roles in pre-TCR
signaling in the thymus [36] may suggest that Tec has a compen-
satory effect on the lack of these kinases in T-cell development. In
the present study, we attempted to address Tec’s role in human
T-lymphocyte function using Jurkat cells stably transfected with
Tec-based constructs. We have demonstrated that Tec PTK activa-
tion results in the suppression of TCR-induced CD25 expression,
implying that this PTK transmits signals attenuating IL-2 activity in
human T-lymphocytes.

IL-2 transmits its effects via a high-affinity IL-2 receptor, which
is composed of three transmembrane proteins (a, B, 'yc subunits)
[28,29]. The binding of CD25 (a subunit) to the low-affinity IL-2R
(B, yc subunits) increases affinity to IL-2, enhancing the cellular
responses to the low concentration of IL-2. A very small popula-
tion of circulating mononuclear cells expresses CD25 in normal
human peripheral blood. After antigen-induced activation, CD25
was strongly expressed in human T-lymphocytes [28,29]. CD25
expression is induced not only by antigen-induced activation, but
also by various mitogenic stimulations including cytokines such as
IL-1, IL-2, IL-7, IL-12, IL-15, IL-16, TNF-o, TGF-@, and IFN-o [28,29].
There have been extensive studies of how CD25 expression is reg-
ulated in response to these stimuli. CD25 expression is believed to
be controlled mostly at the stage of transcription regulation. There-
fore, the promoter lesions of CD25 have been analyzed in detail,
and multiple molecules regulating its transcriptional level have
been identified [28,29]. In contrast, relatively little effort has been
made to identify the PTK that plays a key role in CD25 expression
after T-cell activation. Although a higher degree of CD25 upreg-

with 50 ng/ml of PMA and 1 wM ionomycin were incubated with anti-CD25 antibody. Flow cytometric histograms show the intensity of staining with anti-CD25 antibody
(solid line) compared with that of an isotype-matched nonreactive control antibody (broken line). () Total RNA was isolated from Jurkat-Mock cells and Jurkat- -TecWT cells
with or without TCR cross-linking using anti-CD3 antibody. The expression of CD25 mRNA in the cells was analyzed by means of RT-PCR using specific pnmers as described

in Section 2. The expression of B-actin was used as a control. The intensity of the CD25 mRNA band was

to B-actin. The

by scanning i y and

fold change in CD25 mRNA after TCR cross-linking is shown in comparison with the level in the unstimulated cells as the average of three |ndepEndent experiments.
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to B-actin. The fold change in CD25 mRNA after TCR cross-linking is shown in comparison with the level in the unstimulated cells as the average of three independent
experiments.

ulation on wild-type T-cells compared with Itk-deficient T-cells
was observed after TCR cross-linking, this difference is attributed
to the IL-2-induced increase in CD25 expression, which is absent
in Itk-deficient T-cells [12]. In our Jurkat system, the effect of Tec

plus anti-CD28 stimulation [20] may imply that Tec has a negative
regulatory role in the latter phase of the TCR-mediated signaling
pathway. In human CD4+ T-cells, the Tec expression 24 h after TCR
cross-linking was not altered (Susaki and Kitanaka, unpublished

expression on IL-2 production was too small to alter CD25 expres-
sion level. The inefficient expression of CD25 in Jurkat-TecWT cells
upon TCR stimulation seems to be dependent on the Tec PTK activ-
ity. Thus, the induction and activation of Tec in TCR-stimulated
T-cells may impair the regulation of CD25 expression, resulting
in the attenuation of IL-2-induced biological effects accomphshed
by autocrine and paracrine mechani Pr lati
of Tec relative to that of Itk in primary T-cells following antl-CD3

observation). Due to the difficulty of maintaining cell viability after
sustained cell culture, we failed to examine the Tec expression level
within the long time course in TCR-stimulated human CD4+ T-cells.

Previous studies using Jurkat cells have revealed that Tec over-
expression enhances IL-2 promoter activity [17,19,26,27]. In our
study, IL-2 production did not differ significantly between Jurkat-
TecWT cells and Jurkat-Mock cells after anti-CD3 plus anti-CD28
stimulation. There is an apparent discrepancy between our find-
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ings and those of previous studies. This may simply reflect clonal
variations of individual Jurkat cell lines maintained in individ-
ual laboratories. Another possible explanation for the conflicting
results is that these studies employed different gene transfer
methods. Our experiment was performed using Jurkat cells stably
transfected with Tec cDNA, whereas others carried out experiments
with Jurkat cells transiently transfected with Tec. In most of the
experimental conditions, transient transfection of cDNA results in
higher levels of protein expression than those observed in the sta-
ble transformants. The differences in Tec expression levels among
the experiments may have had diverse cellular effects.

In Epstein-Barr virus (EBV)-transformed B-lymphoblastoid cell
lines from XLA patients, Fluckiger et al. [37] showed that the ectopic
expression not only of Btk but also of Tec or Itk restored deficient
extracellular calcium influx after BCR cross-linking in Btk-deficient
cells. We, as well as Fluckiger et al. [13,37], have found that these
XLA-derived Btk-deficient cell lines express endogenous Tec. The
difference in the expressed amount of protein is considered the
cause of the endogenous Tec's inability to compensate for Btk
deficiencies. Interestingly, the overexpression of other PTK fam-
ily members, such as Src (Lyn or Fyn) and Syk, failed to restore
Btk-mediated signaling in XLA cells, suggesting the presence of
strict kinase-substrate relationships between different PTK fam-
ilies regardless of the expression level [37]. These observations
suggest that the expression of excess amounts of proteins may
overcome the substrate specificity among individual Tec family
PTKs that are present under physiological protein expression levels.
This hypothesis is supported by our failure to detect any alteration
of CD25 expression after TCR ligation in human primary CD4+ T-
cells transiently transfected with Tec cDNA (Susaki and Kitanaka,
unpublished observation). To reproduce findings obtained using
the Jurkat cell line in human primary T-cells, it may be essential to
establish a more sophisticated method to regulate the expression
of introduced genes.

Tomlinson et al. [20] quantitated individual Tec family PTK pro-
tein levels in murine lymphoid cells. They found substantially lower
Tec expression in murine primary T- and B-cells relative to Itk and
Bk, respectively. They speculated that the lack of an obvious phe-
notype in the immune systems of Tec-deficient mice reflected the
small amounts of Tec in murine lymphoid cells. Although there
is not enough quantitative information on Tec expression relative
to other Tec family PTKs in human lymphoid cells, our previous
study revealed that EBV-transformed human B-lymphoblastoid cell
lines expressed Tec levels similar to those observed in the K562
human erythroleukemia cell line [13]. In this regard, it is clear that
human B-lymphoid cells express an amount of Tec comparable to
the amounts in the representative human myeloid cell line. There-
fore, the inability of a physiological amount of Tec to compensate
for Btk in human lymphoid cells may be the reason why defec-
tive Btk function results in more severe consequences in humans
than in mice [14,38]. Thus, the expression profiles and/or func-
tional redundancies of individual Tec family PTK in lymphoid cells

should clarify the role of Tec expression and activation in the IL-
2/IL-2 receptor syst diated human T-ly yte activation
pathway.
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Abstract

Purpose: Anaplastic lymphoma kinase (ALK) fusion genes represent novel oncogenes for non-small
cell lung cancers (NSCLC). Several ALK inhibitors have been developed, and are now being evaluated in
ALK-positive NSCLC. The feasibility of detecting ALK fusion genes in samples obtained by endobronchial
ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) was determined. The clinicopathologic
characteristics of ALK-positive lung cancer were also analyzed.

Experimental Design: From April 2008 to July 2009, NSCLC cases with hilar/mediastinal lymph node
metastases detected by EBUS-TBNA were enrolled. Positive expression of ALK fusion protein was
determined using immunohistochemistry, and ALK gene rearrangements were further examined to verify
the translocation between ALK and partner genes using fluorescent in situ hybridization and reverse
transcription-PCR. Direct sequencing of PCR products was performed to identify ALK fusion variants.

Results: One hundred and nine cases were eligible for the analysis using re-sliced samples. Screening of
these specimens with immunohistochemistry revealed ALK positivity in seven cases (6.4%), all of which
possessed echinoderm microtubule-associated protein-like 4-ALK fusion genes as detected by fluorescent
in situ hybridization and reverse transcription-PCR. All ALK-positive cases had an adenocarcinoma histol-
ogy and possessed no EGFR mutations. Compared with ALK-negative cases, ALK-positive cases were more
likely to have smaller primary tumors (P < 0.05), to occur at a younger age (<60 years; P < 0.05), and to
occur in never/light smokers (smoking index < 400; P < 0.01). Mucin production was frequently observed
in ALK-positive adenocarcinomas (29.4%; P < 0.01).

Conclusions: EBUS-TBNA is a practical and feasible method for obtaining tissue from mediastinal
and hilar lymph nodes that can be subjected to multimodal analysis of ALK fusion genes in NSCLC.
Clin Cancer Res; 16(20); 4938-45. ©2010 AACR.

A small inversion within the short arm of human
chromosome 2 leads to the generation of a fusion gene
between the anaplastic lymphoma kinase (ALK) gene
and the echinoderm microtubule-associated protein-like
4 (EML4) gene, the protein product of which is reported
to function as an oncokinase in non-small cell lung
cancer (NSCLC); in fact, this was the first oncogenic trans-
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location to be identified in lung cancer (1). The EML4-ALK
fusion gene has been detected in ~5% of NSCLC cases,
and several ALK fusion gene variants have been reported
(2). Standard methods for the detection of ALK fusion
genes include reverse transcription-PCR (RT-PCR) with
primers flanking the fusion points, as well as fluorescent
in situ hybridization (FISH). Previously, immunohisto-
chemistry-based diagnosis of ALK fusion genes in lung
cancer has proven to be difficult, most likely due to the
low expression level of the fusion protein products (3).
An intercalated antibody-enhanced polymer (iAEP) tech-
nique has recently been developed that enables reliable
immunohistochemistry-based detection of ALK fusion
products (4). However, this technique has only been per-
formed in cell lines and in large, surgically resected speci-
mens; thus, it remains unclear whether such methodology
can be applied to small biopsy samples obtained from
patients with advanced NSCLC.

Endobronchial ultrasound-guided transbronchial needle
aspiration (EBUS-TBNA) is an established modality for the
definitive diagnosis of mediastinal and hilar adenopathy in
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Translational Relevance

Acquisition of proper tissue samples for molecular
analysis is not always an easy task; however‘ informa-
tion obtained from such specxmens i essential for the
selection of app d cancer therapies. Thi
study shows that endobronc}ual ultrasou ed

bronchial needle (EBUS-TBN
butes to the resolution of this issue in lung cancer.
| because tissue samples obtained by EBUS -TBNA can
be successfully used to assess the presence of echino-
derm microtubule-assodiated protein-like 4- aplasuc
lymphoma kinase fusion genes. We have shown that
EBUS-TBNA samples could be subjected to immuno-
histochemistry, fluorescent in situ hybridization, and
reverse transcription-PCR analysis. EBUS-TBNA for the
assessment of mediastinal and hilar adenopathy is a
practical tool that can be used in the molecularly

targeted treatment era for lung cancer.

patients with lung cancer (5, 6). EBUS-TBNA is generally
accepted to be as safe as standard bronchoscopy, less inva-
sive than mediastinoscopy, and of high diagnostic quality.
Compared with conventional fine-needle aspiration,
EBUS-TBNA is an outstanding procedure with respect to
its extremely low morbidity and its repeatability; fine-
needle aspiration could cause pneumothorax, and repeated
sampling might be difficult to perform.

In this study, we analyzed the feasibility of EBUS-TBNA
for the detection of EML4-ALK fusion genes. We also ret-
rospectively analyzed the clinicopathologic characteristics
of ALK-positive lung cancer cases with mediastinal and/or
hilar lymph node metastasis.

Materials and Methods

Patients

From April 2008 to July 2009, 112 cases with proven
hilar and/or mediastinal lymph node metastasis of NSCLC
were enrolled; re-sliced specimens for histologic examina-
tion were available for 109 of these cases. Independent
pathologists (D. Ikebe and M. Itami) reviewed all cases
and histologically confirmed the presence of cancer cells
in each specimen. Morphologic features detected with
HA&E staining were also recorded, and mucin production
was evaluated by Alcian blue staining. First, samples were
screened for ALK abnormalities using immunohistochem-
istry. Cases that were determined to be ALK-positive or
suspicious by immunohistochemistry in our laboratory
were subjected to additional evaluation by FISH and
immunohistochemistry restaining by an independent
pathologist (K. Takeuchi) at the Division of Pathology,
The Cancer Institute, Japanese Foundation for Cancer
Research. Final confirmation was performed by direct
sequencing of EML4-ALK fusion cDNAs using EBUS-TBNA

histologic cores that had been preserved at -80°C. EGFR
gene mutation status was also evaluated in all EBUS-TBNA
samples. Associations between the presence of ALK fusion
genes and clinicopathologic characteristics were retrospec-
tively analyzed from medical records.

EBUS-TBNA

In all cases, chest computed tomography was performed
prior to EBUS-TBNA. Brain magnetic resonance imaging,
enhanced computed tomography, and bone scintigraphy
were also performed for clinical staging of each case.
EBUS-TBNA was performed for lymph nodes >5 mm in
short axis on chest computed tomography. To obtain a
histologic core, a dedicated 22-gauge needle equipped
with an internal stylet was used. After the initial puncture,
the internal stylet was used to clean out the internal lumen
that was clogged with bronchial tissue (Fig. 1A). The inter-
nal stylet was removed, and negative pressure was applied
using a syringe. The needle was then moved back and forth
inside the lymph node. Finally, the needle was retrieved,
and the internal stylet was used to push out the histologic
core (6). Each histologic core was divided into two sam-
ples: one was fixed with formalin and used for histologic
diagnosis, and the other was mixed with Allprotect Tissue
Reagent (Qiagen) following the instructions of the manu-
facturer, and stored at -80°C.

ALK detection with immunohistochemistry

For detection of the ALK fusion gene, we applied the
iAEP method, which incorporates an intercalating anti-
body between the primary antibody to ALK and dextran
polymer-based detection reagents (4).

Histologic cores obtained by EBUS-TBNA were routinely
fixed in 20% neutralized formalin and embedded in paraf-
fin. Blocks were sliced at a thickness of 4 pm, and sections
were placed on silane-coated slides. Antibody preparations
specific for the intracellular region of ALK (5A4, Abcam)
were subjected to i histochemical g according
to standard protocols using dextran polymer reagents (anti-
mouse immunoglobulin, EnVision+DAB System; Dako).
The ALK antibody (5A4) was used at a dilution of 1:50.
For antigen retrieval and deparaffinization, slides were
heated for 20 minutes at 98°C in Target Retrieval Solution
(low pH; Dako) with PT-link (Dako). Pretreated slides were
positioned in a progr ble AutoStainer ir nt
(EnVision System; Dako). Following the immunohisto-
chemical program, slides were incubated at room tempera-
ture first with Peroxidase Blocking Solution (Dako) for
5 minutes and then with ALK antibody (5A4, 1:50;
Abcam) for 30 minutes. Following application of the iAEP
method, which has been described in detail elsewhere (4),
we included an incubation step of 15 minutes at room
temperature with intercalated immunoglobulin (Mouse-
LINKER; Dako) to increase the detection sensitivity.
Immune complexes were then detected using the dextran
polymer reagent for 30 minutes. 5A4-positive cells were
stained with 3,3’-diaminobenzidine for 5 minutes, and
nuclei were then stained with hematoxylin for 2 minutes.
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Fig. 1. Diagnosis of metastatic
nodes by EBUS-TBNA. A, lymph
node sampling by EBUS-TBNA.
B, adenocarcinoma was revealed
in the EBUS-TBNA sample.

C, mucin production was
observed by Alcian blue staining.
D, immunohistochemistry with an
anti-ALK antibody showed ALK
fusion protein positivity in lung
adenocarcinoma cells.

The samples obtained with EBUS-TBNA were small,
paraffin-embedded biopsy specimens, which might limit
the utility of immunohistochemistry. To avoid false-
negative diagnosis, the first immunohistochemical proce-
dure was used as a screening test to define three categories
with which to judge the first run. Cancer cells were defined
as “positive” if staining was as strongly positive as a positive
control (clinical lung cancer tissues previously defined as
positive by both molecular and immunohistochemistry
analyses) and a fine, granular cytoplasmic staining pattern
was observed. Cancer cells that showed no staining were
classified as “negative.” The “suspicious” classification
was defined as the presence of weakly stained cells that were
considered difficult to differentiate from background
staining. While using these categories, we further subdi-
vided the suspicious category into “probably positive”
and “probably negative” categories. Probably positive
meant that the tumor cells stained, but not strongly, where-
as probably negative indicated very weak staining that was
difficult to differentiate from background staining. After the
screening immunohistochemistry, suspicious cases were
re-tested by immunohistochemistry in addition to FISH
by a second independent pathologist (K. Takeuchi).

in situ hybridizati

To further confirm the ALK genomic rearrangement, two
FISH assays were performed: an ALK split assay and an
EMIA4-ALK fusion assay. Unstained sections were processed
with a Histology FISH Accessory Kit (Dako), subjected to
hybridization with fluorescently-labeled bacterial artificial
chromosome clone probes for EML4 and ALK (self-produced

probes; EML4 RP11-996L7, ALK RP11-984121, and RP11-
62B19) or for genomic regions upstream and downstream
of the ALK breakpoint (Dako), stained with 4,6-diamidino-
2-phenylindole, and examined with a fluorescence micro-
scope (BX51; Olympus; ref. 7). FISH analysis was performed
at the Division of Pathology, The Cancer Institute, Japanese
Foundation for Cancer Research (K. Takeuchi). The FISH
positivity criteria for EBUS-TBNA samples were defined as
“over 50% cancer cells.” As EBUS-TBNA samples are small
biopsy samples, entire tumor cells in the paraffin-embedded
section were evaluated.

RT-PCR and direct sequencing

Frozen histologic cores obtained by EBUS-TBNA were
used to extract RNA. All immunohistochemistry-positive
or suspicious cases were subjected to direct sequencing of
the fusion cDNAs. RNA was extracted from frozen samples
using the AllPrep DNA/RNA mini kit (Qiagen), and cDNA
cloning was performed with the High Capacity RNA-
to-cDNA Kit (Applied Biosystems). For RT-PCR analysis
of EML4-ALK, we used primer sequences that have been
described previously (2). After PCR amplification, PCR
products were analyzed using agarose gel electrophoresis.
RT-PCR products were extracted from gel slices using the
QIAquick Gel Extraction Kit (Qiagen). Purified products
were then sequenced with a capillary sequencer. Resultant
nucleotide sequences were compared with previously
reported sequences for determination of the EML4-ALK var-
iant. EGFR mutation status was also examined using
the peptide nucleic acid/locked nucleic acid PCR clamp
method for samples obtained with EBUS-TBNA (8).
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Ethics committee approval

This research was approved by the Ethics Committee of
Chiba Cancer Center (nos. 20-21 and 21-10). Written
consent was obtained from all patients. All samples were
coded and managed independently.

Statistical analysis

For clinical characteristics and genetic factors, frequency
analysis was performed with Fisher's exact test (dichoto-
mous factors) and x? test (multinomial factors). Mann-
Whitney U test was applied to continuous data. General data
analysis was conducted with StatView 5.0 (SAS Institute,
Inc.). All P values were based on a two-sided hypothesis,
P < 0.05 was considered to have statistical significance.

Results

Patient characteristics

The clinical characteristics of all 109 patients are listed in
Table 1; 82 patients (75.2%) were male. The median age
was 64.4 years (range, 38-90 y). Histologic examination
was performed in all cases, leading to a diagnosis of adeno-
carcinoma (Fig. 1B) in 82 cases (75.2%), squamous cell
carcinoma in 18 cases, and “other” in 9 cases. With respect
to smoking status, 22 cases (20.4%) were never-smokers,
15 (13.9%) were light smokers (defined as a smoking index
score <400), and 72 were heavy smokers (smoking index
score 2400). A total of 191 mediastinal lymph nodes and
84 hilar lymph nodes (2.52 lymph nodes/patient) were
detected with EBUS, and 158 mediastinal lymph nodes
and 71 hilar lymph nodes (2.10 lymph nodes/patient) were
sampled. The median size of the sampled lymph nodes was
12.1 mm (range, 3.0-33.4 mm) in the short axis on ultra-
sound. According to criteria from the International Union
Against Cancer, there were 9 stage II cases, 49 stage III cases,
and 45 stage IV cases; the remaining 6 cases were defined as
having recurrent lung cancer. EGFR gene mutations were
detected in 25 cases (22.9%), which included 9 cases with

in-frame deletions at exon 19, 9 cases with a point tion
atexon 21, 3 cases with a point mutation at exon 18, 2 cases
with point mutations at exons 18 and 21, 1 case with a
point mutation at exon 20, and 1 case with point mutations
in exons 20 and 21.

ALK fusion gene assessment

Out of 109 cases examined by immunohistochemistry
using the iAEP method, 6 ALK-positive cases and 17 suspi-
cious cases (1 probably positive and 16 probably negative)
cases were detected. The staining of the small histologic core
did not show any heterogeneity.

FISH confirmed the existence of an ALK fusion gene in all
six ALK-positive cases (Figs. 1D, 2A and B), and there were
no false-positive cases for immunohistochemistry. Sixteen
probably negative cases were determined to be negative
for the ALK fusion gene by re-testing with immunohisto-
chemistry and FISH. One probably positive case had too
few tumor cells to be used for FISH analysis; however,
RT-PCR assessment confirmed the presence of EML4-ALK

Table 1. Clinical characteristics of patients with
NSCLC
Parameter Number of cases (%)
109

Age

Mean (y) 64.4 (range, 38-90)
Gender

Male 82 (75.2%)

Female 27 (24.8%)
Pathology

Adenocarcinoma 82 (75.2%)

Squamous cell 18 (16.5%)

Other histology 9 (8.3%)
Clinical stage

n 9 (8.3%)

mn 49 (45.0%)

v 45 (41.3%)

Recurrence 6 (6.5%)
Bone metastasis

Yes 22 (20.2%)

No 87 (79.8%)
Brain metastasis

Yes 16 (14.7%)

No 93 (85.3%)
Smoking

Never (Sl = 0) 22 (20.4%)

Light (SI < 400) 15 (13.9%)

Heavy (SI > 400) 70 (64.8%)
EGFR mutation status 25 (22.9%)

Exon 18 3

Exon 19 9

Exon 20 1

Exon 21 9

Exons 18 + 21 2

Exons 20 + 21 1

Sl ing index.

fusion cDNA. EML4, ALK, and fusion signals (arrows in
Fig. 2A) are presented in the green, red, and merged image
and a pair of split signals (arrow in Fig. 2B, downstream)
shows rearrangement of ALK. In Fig. 2C, unique bands in
each ALK-positive case reveal variant 1 and variant 3
EML4-ALK fusion genes. Thus, the ALK fusion gene was
detected in a total of seven cases (6.4%). Direct sequencing
of the PCR products revealed that four cases carried EML4-
ALK variant 1, whereas three cases had variant 3. The fusion
point of ALK and EML4 is observed in the cDNA sequence
(arrow in Fig. 2D).

Clinicopathologic characteristics of lung cancers
possessing ALK fusion genes

Clinicopathologic characteristics were compared be-
tween the 7 ALK-positive cases and the 102 ALK-negative

www.aacrjournals.org

Clin Cancer Res; 16(20) October 15, 2010

=111 -



Sakairi et al.

cases (Table 2). All ALK-positive cases had an adenocar-
cinoma histology and lacked EGFR gene mutations. With
respect to smoking habits, six out of the seven ALK-positive
cases were either never-smokers or light smokers (smoking
index score <400). No significant difference in gender was
observed between ALK-positive and ALK-negative patients;
however, ALK-positive patients were significantly younger
than ALK-negative patients (55.4 versus 65.0 years; P =
0.0408). No significant differences in the incidence of bone
metastasis (9.1% versus 5.7%; P = 0.64) or brain metastasis
(12.5% versus 5.4%; P = 0.30) were observed. Overall, the
mean primary tumor diameter was 40.4 mm; interestingly,
the mean primary tumor diameter of ALK-positive cases
was 28.6 mm, which was significantly smaller than that
of ALK-negative cases (41.9 mm; P < 0.05). Mucin produc-
tion was significantly more frequently observed in ALK-
positive cases as shown by Alcian blue staining (Fig. 1C;
P <0.01). Finally, among the 84 cases expressing wild-type
EGFR, 8.3% (7 of 84) were ALK-positive.

Discussion

This is the first attempt and report about using EBUS-
TBNA samples in the detection of ALK fusion genes, and
is expected to have a major effect on the management of
patients with lung cancer. EBUS-TBNA is an established

procedure for the evaluation of mediastinal and hilar
adenopathy in patients with lung cancer. It is as safe,
as highly diagnostic, and less invasive than other diag-
nostic modalities (9-11). Biopsy samples obtained with
EBUS-TBNA can be subjected to histologic as well as
cytologic evaluation. Nonsurgical modalities for obtain-
ing tumor specimens are particularly critical in lung can-
cer because many patients have advanced disease at the
time of first presentation, and are therefore not eligible
for radical surgery. In addition to histologic diagnosis
and stage definition, EBUS-TBNA enables molecular anal-
ysis of biopsy samples, the clinical significance of which
is growing as molecularly targeted strategies for NSCLC
are becoming increasingly important. We have previously
reported that metastatic lymph node samples obtained
by EBUS-TBNA can be applied to multidisciplinary anal-
yses (5), and the present study is the first report of suc-
cessful analysis of ALK fusion genes, a newly identified
genetic abnormality in NSCLC, with such specimens
(2). However, the small size of the paraffin-embedded
biopsy samples obtained from EBUS-TBNA might limit
the utility of this methodology; thus, multidirectional
analysis will be critical for microsampling methods such
as EBUS-TBNA.

The reliability of the newly developed immunohisto-
chemistry (AEP) method for the detection of ALK fusion

EML4 exon 13 ALK exon 20

Variant 1

vi: Variant 1, v3: Variant 3, N: Negative control, W: Water

EML4 exon 6

BOGAAACCACCTAAAGIGTACCOCCOOAAGCA 1 CATCATCAACCAAGIGTACCGECOGAAGCA
Al 120 e a4 450 450

Fig. 2. Molecular analysis of ALK
fusion genes. A, FISH EML4-ALK
fusion assay with labeled probes
for EML4 (green, arrow) or ALK
(red, arrow). The EML4-ALK fusion
gene is observed (yellow, arrow).
B, EML4-ALK split assay with
labeled probes for the upstream
(red) or downstream (green,
arrow) region of the ALK locus.
C, RT-PCR detection of the
EML4-ALK fusion gene. D, direct
cDNA sequence of EML4-ALK
variants 1 and 3.

ALK exon 20
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Table 2. Clinical, pathologic, and genetic
analysis of ALK-positive NSCLC

C i EML4-ALK fusion P
NSCLC  + -

Female gender 27 4 23 0.062
Mean age (y) 64.4 554 650 0.0408
<60 29 5 24 0.0139
Bone metastasis 22 2 20 0.6396
Brain metastasis 16 2 14 0.2973
Mean tumor 404 286 41.9  0.0478
diameter (mm)
Smoking index 784 161 827 0.0071
(n =107)
Never/light smoker 37 6 31 0.0056
Adenocarcinoma 82 7 75 0.1896
Mucin production 17 5 12 0.0009
EGFR wild-type 84 7 77 0.3317
ALK variant 1 4
ALK variant 3 3

NOTE: Two cases without primary tumors and six cases
of recurrence were excluded from the tumor diameter
analysis. Smoking history was recorded in 107 patients.

genes is very precise (4). This method is expected to be more
practical for the detection of ALK fusion genes compared
with FISH because FISH can sometimes be very difficult
to perform for ALK fusion genes due to the close proximity
of the two fusion gene components. We performed both
fusion and split assays for FISH, and FISH was performed
to confirm the immunohistochemical results. In addition,
the ALK fusion genes are novel oncogenes in lung cancer.
There is a possibility of existing unknown fusion pattern
which cannot be detected by FISH or RT-PCR. Immunohis-
tochemistry has an advantage of detecting novel unknown
fusion patterns (4). In this study, we performed immuno-
histochemistry using the iAEP methodology and an Auto-
stainer instrument. This technique is convenient, highly
reproducible, and enables accurate diagnosis even if only
a small amount of specimen is available. These features
are well-suited for the screening of ALK-positive lung
cancers using small biopsy samples. The Autostainer instru-
ment also allows uniform immunohistochemical analysis,
which may lead to consistent results among different
institutions/hospitals; such uniformity is essential for the
standardization of diagnostic procedures that assess the
presence of ALK fusion genes. Recently, a highly sensitive
antibody directed against ALK fusion products that can
possibly be used for immunohistochemistry has been
reported, therefore representing a novel candidate for ALK
fusion detection (12).

The median age of ALK-positive cases in the present study
was 55.4 years. Patients <60 years represent approximately
10% of all lung cancer deaths (6,655 of 63,255 deaths)
according to the Japanese National Cancer Center Cancer

Information Service Statistics published in 2008 (13). In
the present study, a significant number of ALK-positive
cases were <60 years of age (17.2%, 5 of 29; P < 0.05).
ALK-positive cancer may therefore be more common in
patients with early-onset NSCLC. However, it should be
noted that two ALK-positive cases were >70 years of age
(71 and 73 years); therefore, although patient age may
become a predictor of ALK fusion gene positivity, ALK
screening must also be performed in elderly individuals.
The median diameter of primary lung tumors was signifi-
cantly smaller in ALK-positive cases (28.6 versus 41.9 mm;
P < 0.05), further emphasizing the importance of EBUS-
TBNA because this technique does not require a large prima-
1y lesion. An additional advantage of EBUS-TBNA is that it
can be used for lymph node sampling, which is relevant to
the majority of advanced lung cancer cases. Although lung
cancer is generally more common in smokers, most of the
ALK-positive cases in this study (37 cases; 34.3%) were
never-smokers or light smokers. The smoking index scores
in the ALK-positive cohort were significantly lower than that
of ALK-negative patients (161 versus 827; P < 0.01). Hence,
being a never-smoker or light smoker seems to be a strong
predictor of ALK positivity (P < 0.01).

Evaluation of the clinicopathologic characteristics of pa-
tients in our cohort indicated that ALK-positive lung cancer
tends to have an adenocarcinoma histology, expresses wild-
type EGFR, has an early age of onset (<60 y), manifests as a
relatively small primary lesion, more frequently occurs in
never-smokers or light smokers (smoking index score
<400), and has a mucin-producing histology. However, as
EBUS-TBNA samples are obtained from metastatic lymph
nodes rather than the primary tumor, these clinical features
are nearly compatible with previously reported features
(14). Patients harboring one or more of these predictive
factors may therefore derive the most benefit from ALK
fusion gene screening.

Recently, ALK-positive NSCLC was reported to be a signet
ring cell type adenocarcinoma (15, 16). We assume that this
description also includes mucin production, i.e., mucin-
produding tumors or tumors with >10% Alcian blue stain-
ing in the cytoplasm. Herein, we performed Alcian blue
staining on suspected mucin-producing tumors as part of
the histologic diagnosis. By this classification, 17 (15.6%)
NSCLC cases were determined to be mucin-producing can-
cers. These cases were all adenocarcinomas and included
five ALK-positive cases; thus, approximately 30% of the
mucin-producing adenocarcinomas showed ALK positivity.
This is a significantly high frequency compared with that of
other NSCLCs (P < 0.01). This histologic feature, which can
be d in cytologic therefore seems to be
useful for the prediction of ALK positivity.

The standard therapy for patients with advanced lung
cancer at the time of presentation is chemotherapy and/
or radiotherapy. However, standard platinum-based com-
bined chemotherapy is not sufficient for disease eradica-
tion (17). Recently, lung cancer treatment strategies have
become refined through the development of molecular
markers and molecularly targeted agents. ALK inhibitors
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have a high potential to become a definitive treatment for
ALK-positive lung cancer, in a manner parallel to the excep-
tional therapeutic response of EGFR-positive lung cancers to
EGFR tyrosine kinase inhibitors (18, 19). The efficacy of
ALK inhibitors has been confirmed in cell lines (20, 21),
and phase I clinical development of an oral ALK inhibitor
for patients with lung cancer is currently under way
(PF-02341066); two of the seven ALK-positive NSCLC cases
from the present series have been enrolled in this trial
(22, 23). As the background of ALK-positive lung cancer is
similar to that of EGFR-positive lung cancer, and ALK tyro-
sine kinase inhibition is fundamentally similar to EGFR
tyrosine kinase inhibition, ALK inhibitors might experience
a similar progression of drug development and clinical and
pathologic prediction of ALK positivity in lung cancer
patients as EGFR tyrosine kinase inhibitors have for patients
with EGFR-positive lung cancer. In this study, all ALK-
positive lung cancers possessed wild-type EGFR and were
therefore ineligible for EGFR tyrosine kinase inhibitor ther-
apy (24). Therefore, ALK fusion gene assessment and admin-
istration of ALK inhibitors may become important for
patients with EGFR-negative lung cancers.

Although some ALK inhibitors have already been devel-
oped and are currently being evaluated in clinical trials, it
is important to establish a method for determining the exis-
tence of ALK fusion genes prior to the administration of ALK
inhibitors. Both the presence of ALK fusion genes as well as
EGEFR gene mutations were successfully evaluated using his-
tologic samples obtained by EBUS-TBNA of lung cancer re-
gional lymph nodes. This diagnostic strategy allowed both
pretreatment staging and evaluation of critical molecular
markers to be definitively determined in a less invasive
manner. There are some publications related with the
genomic difference between primary tumor and metastatic
site (25-29). EBUS-TBNA is a minimally invasive modality
that allows the sampling of tumor cells from metastatic
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Incidentally Proven Pulmonary “ALKoma”
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Abstract

Genetic alterations of echinoderm microtubule-associated protein-like 4 (EMLA4)-anaplastic lymphoma
kinase (ALK) inversion were recently found in lung cancer. A 39-year-old woman with multiple brain metas-
tases and bulky mediastinal lymph node metastases was admitted. Biopsy from her supraclavicular lymph
nodes was performed to differentiate the diagnosis between lymphoma and lung cancer. Pathologically, the
lymph nodes had a feature of adenocarcinoma. On the other hand, the commercially available chromosomal
fluorescent in situ hybridization (FISH) analysis showed split signals of ALK, which was confirmed to be the
EMIA-ALK inversion. The commercial-based ALK FISH is useful for screening pulmonary ALKoma.

Key words: EMLA-ALK, lung cancer, oncogene addiction
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Introduction

The echinoderm microtubule-associated protein-like 4
(EMILA)-anaplastic lymphoma kinase (ALK) inversion was
recently d d in 6.7% of Jap non-small cell lung
cancer (NSCLC) patients (1). The fusion gene encodes a
constitutive active oncoprotein with activated ALK kinase,
resulting in the aberrant activation of the downstream signal-
ing targets including Akt, signal transducer and activator of
transcription (STAT) 3, and Ras-extracellular signal-
regulated kinase (ERK) 1/2 (2).

The term ALKoma, coined by Benharroch et al, originally
was used to represent anaplastic large cell lymphoma
(ALCL) carrying the (2 ; 5)(p23 ; q35) chromosome
translocation (3). In 1994, Morris et al found that the t(2 ;
5) translocation fuses part of the nucleophosmin (NPM)
gene on chromosome 5q35 to a portion of the ALK receptor
tyrosine kinase gene on chromosome 2p23 (4). As with
other fusion proteins found in hematological malignancies,
ALKoma is also thought to become addicted to the ALK
signaling pathway (3). Recently oncogene addiction has
mainly been recognized among non-smoking NSCLC pa-

tients (5, 6). Just as epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs) have become a
mainstay of therapy for patients harboring EGFR mutation,
patients with EMI4-ALK inversion may benefit from therapy
with ALK inhibitors. We herein report an incidentally
proven EMIA-ALK inversion in primary pulmonary adeno-
carcinoma.

Abbreviations: EMLA: echinoderm mi bul iated
protein-like 4, ALK: anaplastic lymphoma kinase, NSCLC:
non-small cell lung cancer, ALCL: anaplastic large cell lym-
phoma, NPM: nucleophosmin, EGFR: epidermal growth fac-
tor receptor

Case Report

A 39-year-old woman was admitted to hospital because of
generalized seizures. An initial screening head and body CT
showed multiple brain metastases and swelling lymph nodes
throughout the thorax (Fig. 1A, B). Fiber optic broncho-
scopy showed direct invasion of tumor to the carina
(Fig. 1C). After a crisis of generalized seizures, neurological
disorders were not obvious. The patient’s performance status
(PS) was graded as one, because of a dry cough, which had
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The laboratory data, including the tumor markers (carci-
noembrionic antigen and soluble interleukin 2 receptor)
were normal. The white blood cell count was 11,770/pL,
probably due to the prophylactic use of corticosteroids
against seizures. As the patient was thought to be in need of
immediate therapy, an open biopsy from her right supracla-
vicular lymph nodes under local anesthesia was performed
on the day of the transfer. The frozen samples were sub-
jected to pathological examination, to EGFR mutation analy-
sis (the peptide nucleic acid-locked nucleic acid polymerase
chain reaction (PCR) clamp method (7), Mitsubishi Chemi-
cal Medience, Tokyo, Japan), and to a comprehensive analy-
sis for malignant lymphoma. Pathologically, the lymph
nodes had a feature of moderately to poorly differentiated
adenocarcinoma (Fig. 2A), with positive immunohistochemi-
cal staining for thyroid transcription factor-1 and epithelial
markers (CAMS.2 and AEI/AE3). Immunohistochemical
staining for lymphocyte markers was negative (CD20, CD45
RO, and CD30). Finally, her clinical diagnosis was deter-
mined to be cTxXN3M1(BRA), clinical stage IV, adenocarci-
noma of the lung. Although she was a young, never-
smoking Japanese woman (8), she was found to be negative
for EGFR mutations.

Meanwhile, the results of a comprehensive analysis for
malignant lymphoma were reported. These analyses con-
sisted of flow cytometric analyses with CD45 gating and a
chromosomal G-banding analysis. In addition, the chromo-
somal fluorescent in situ hybridization (FISH) analyses were
performed to detect the transition of ALK (2p23), BCL6
(3q27), IGH/BCLI t(11 ; 14)(q13 ; q32), IGH/BCL2 (14 ;
18)(q32 ; q21), and IGH/CMYC (8 ; 14)(q24 ; q32), based
on a pathologist’s decision (“ML-NET”, SRL, Tokyo). In
this case, the FISH analyses were added because the sample
was not adequate for G-banding. Surprisingly, the FISH
analysis of ALK, using 5-(green) and 3’-(red) sequences for
hybridization probes, showed the split signals of ALK, in up
to 96% of the cells counted (total 100 cells) (Fig. 2B). In
order to analyze the counterpart of transition for ALK, multi-
plex reverse transcription PCR of the EMIL4-ALK fusion
transcripts was performed by YLC, MS and HM, and the
transition was found to be EML4-ALK inversion, variant 2
(Fig. 2C).

Abbreviations: PCR: polymerase chain reaction, FISH: fluo-

[C] : s
rescent in situ hybridization
Figure 1. The i at pr ion. C d tomogra-
phy presents brain (A) and mediastinal Discussion

lymphadenopathy (B). Fiber optic bronchoscopy showed a di-
rect invasion from metastatic lymph nodes to the carina (C).
Both bronchi are too narrow to perform further examinations.

been apparent for the past 6 months before her admission to
our hospital. Fine needle aspiration was performed from her
right supraclaviclar lymph nodes, and malignancy at any ori-
gin was detected. As the patient was suspected to have ma-
lignant lymphoma or lung neoplasm, she was transferred to
our institution for further examinations and therapies.

EMIA-ALK inversion was first identified by Soda et al,
from a lung adenocarcinoma specimen that was surgically
resected from a 62-year-old male with a history of smoking.
They made a c¢cDNA library from the specimen, inserted
cDNAs into the plasmid clones, and then infected them into
mouse 3T3 fibroblasts with recombinant retrovirus to assess
its ability to transform the foci. The EMIA-ALK inversion
transcripts were found in one of the transformed foci (1).

ALK, as well as leukocyte tyrosine kinase (LTK), is a re-
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