A. Sato et al. /Leukemia Research 28 (2004) 959967 ' 963
12 - 20 1
- I ATRA ==
(d . .
3‘:' 10 /] 9~cis RA I Morphalagical Apoptosis
E 15 NET reduction
2 s q
5 $
E 6 k-
L] £
= p
T E
o
=
B 2
=]
<
0
0oM 10 aM 100 nM 1M
108 aM ATRA
. - + - +
RA concentrations N ; + N N

Fig. 3. Apoptotic morphology of UF-1 cells treated with ATRA or 9CRA.
After 8 days of culture in the absence or presence of different concen-
trations of ATRA or 9CRA, UF-1 cells were examined for morpholog-
ical features of apoptosis. Bars are mean &+ S.D. of three experiments
(*P < 0.05).

PML-RARw chimeric gene (data not shown). To assess
ligand-dependent transcriptional activity of the mutant pro-
tein in comparison with that of the wild-type, we performed
transient transfection experiments. Increased transcription
of the reporter constructs was observed when cells ex-
pressing wild-type PML-RARa were treated with various
concentrations of ATRA or 9CRA alone. Although cells
expressing mutant PML-RARa showed increased transcrip-
tion in response only to 1 pM ATRA, the level reached
only that of the wild-type PML-RAR« stimulated by 10 oM
ATRA (Fig. 6). There was no significant difference be-
tween ATRA and 9CRA for RA-dependent transcriptional
activity of the mutant protein, and the combination of
HX600 and ATRA had no effect on the response of mu-
tant PML-RARx to RA (Fig. 6A-C). Furthermore, when
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Fig. 5. Apoptosis of and NBT reduction by UF-1 cultured for 7 days in
the absence or presence of 100nM ATRA or I pM HX600, or both, Bars
indicate mean £ $5.D. of three experiments,

cells were co-transfected with vectors expressing nermal
RARa and PML-RAR«, the mutant protein showed sig-
nificantly higher dominant-negative inhibition of RAR« in
comparison with that of wild-type PML-RAR« (Fig. 6D).

3.6. Three-color FACS analysis of early apoptotic
cells ;

To detect cells in early apoptosis, the percentages of
dead cells or viable, mature cells were analyzed during
ATRA-induced differentiation and apoptosis (Fig. 7). In the
presence of 1 WM ATRA, the percentage of CD11b (+), PI
{~) viable, mature cells gradually increased over:a period of
6 days, and then the number of PI (+) dead cells increased
gradually (Fig. 8A). A small fraction (5.0 £ 0.4%) of early
apoptotic cells with annexin V (+), PI (~) phenatypes were
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Fig. 4. DNA fragmentation in UF-1 cells treated with ATRA (A) or 9CRA (B). Total DNA was extracted from UF-1 cells cultured for 7 days in the absence
or presence of various concentrations of ATRA or 9CRA and then separated by electrophoresis in 2% agarose gels. Markers are shown in bp in size.
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Fig. 6. Ligand-dependent transcriptjonal activities of wild-type or mutant PML-RAR proteins. Luciferase and B-gal reporter constructs were co-transfected
with expression vector encoding wild-type or mutant PML-RARe into COS-1 cells, and the cells were cultured in the absence or presence of various
concentrations of ATRA (A) or 9FRA (B) or the combination of 100nM ATRA with 1M HX600 (C). To evaluate the dominant-negative effect of
PML-RARa on normal RAR« actavity, vector expressing normal RARa was co-transfected with vector expressing wild-type or mutant PML-RAR« (D).
Luciferase activity was normahzecf to B-gal activity and expressed as fold-increase of activities in the absence of retinoids.

detected after 6 days when ithe cells started to show mor-
phologic features consistent with apoptosis. Interestingly,
approximately 50% of the annexin V (+), PI (-) cells did
not express CD11b (Fig. 8B). Furthermore, annexin V (+),
PI (=), CD11b{-) UF-1 cells sorted after 8 days culture in
the presence of 1 pM ATRA showed immature morphology

(Fig. 8C).

4, Discussion

In the present study, we*showed that UF-1 cells had a
unique response to RA at the cellular level. RA sensitivity
was markedly altered in connection with the dose and time
of RA treatment. UF-1 cells were unresponsive to ATRA at
doses <100nM, but showed growth inhibition, differentia-
tion and apoptosis in response to 1 uM ATRA. UF-1 cells
showed a similar but more sensitive response to 9CRA. In-

terestingly, the reduced sensitivity of UF-1 cells to RA was @ "~
obvious within 4 days of ATRA treatment, biit we found

that culture with 1 uM ATRA for longer periods induced

UF-1 cells to undergo growth inhibition, dlﬁ'erentlanon and e

apoptosis.

It is likely that the impaired cellular response to <100 nM
ATRA is due to the mutant PML-RAR«, because the UF-1
cell line was established from an ATRA-resistant APL, pa-
tient with the mutation at relapse. Furthermore, the mu-

tant PML-RAR« protein showed no transcriptional activity

in response to <100nM ATRA and lacked ATRA binding
[25,30). However, it is not clear how APL cells with the

0o 81 ATRA . Oo
10 nM 10 M
B 100aM 7 E 100 nM

B 1M B M

HX500(-) HXs00(+)

+ wild-type + mutant

mutant PML-RARa can respend to 1 pM ATRA when ex-
posed for longer times. To assess this question, we com-
pared RA responses of UF-1 cells with those of the mutant
PML-RARa as assessed by RA-dependent transcriptional
activity in vitro, : :

In response to | pM ATRA, >100nM 9CRA, or 1 uM
HX600 in combination with ATRA, UF-1 cells showed

“morphological and - functional maturation. *By- contrast, -

the extents of in vitro transcriptional activity of mutant
PML-RAR« in response to the same conditions were as low
as that of wild-type PML-RARq in response to 10nM RA
and had no influence by HX600. Therefore, it is suggested
that there are differences between the cellular . response
of UF-1 to RA and the molecular response of mutant
PML-RARa. Furthermore, mutant PML-RARa had an in-
crease in dominant-negative effect on the RA-dependent
transcriptional activity of normal RARx as compared with
that by wild-type PML-RAR«. Therefore, the response of
UF-1 cells can not be due to the response of the mutant

- - "PML-RAR«, suggesting that signaling pathways other than<:---- - -

that of the mutant protein may alter the UF-1 response to

..lp.MATRA.
-Although- the mechamsm that underlles APL ceIl mat-

uration remains unclear, it is thought that PML-RAR«x
causes a differentiation block that can be released by RAR«
agonist [31]. In this context, the response of APL cells
expressing mutant PML-RAR« may be determined primar-
ily by the altered response of mutant PML-RAR« to RA.

. “An in vitro transfection study revealed that patient-derived . . .. .
.PML-RARa carrying distinct mutations have diverse effect
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Fig. 7. Flow cytometric detection of undifferentiated early-apoptotic cells. UF-1 cells were cultured for 6 days in the absence (A, B) or, presence (C,
D) of 1 uM ATRA and then stained with PI, ennexin V, and anti-CDI1b aatibody. The proportion of early-apoptotic cells with the annekin V (+), PI

(—) phenctype were analyzed emong the whole cell population (A, C). After gating PI (—) viable cells, undifferentiated early-apoptotic cells with the
annexin V (+), CD11b (—) phenotype were analyzed in the gated populations (B, D).

on RA-dependent transcriptional regulation [15]. It was
reported that the Arg611Trp mutant PML-RARa does nei-
ther release the co-repressor SMRT nor recruit co-activator
ACTR. even when stimulated with >1 pM ATRA, whereas

the mutant PML-RAR« retained the ability to interact with
DRIP, a ligand-dependent transcription activators of vitamin
D3 receptor, with RA sensitivity similar to that of wild-type
PML-RAR« [16,32].
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Fig. 8. Three-color cytometric analysis of UF-1 cells stained for annexin V, CDI1b, and PL. (A) Chronological changes in proportion of PI (+) dead
cells (O) or viable CD11b (+), PI (=) differentiating cefls (@). Results are mean 4 S.D. of three expreiments. (B) Among the gated PI (=) viable cells,
chromological changes in proportion of aanexin V (+) early-apoptosic cells (O) or undifferentiated annexin V (+), CD11b () early-apoptotic cells (@)
were evaluated. Results are mean 3= 8.D. of three expreiments. (C) Morphology of annexin V (+), CD11b (=) UF-1 cells stained with anht-Glemsa

(1000 x magnification).
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There have been two reports of the cellular response of
primary cultures of APL cells with distinct mutations in

PML-RARa [14,17]. Such- APL cells may be categorized - --

into two groups: (1) APL cells with moderately decreased
responses to 1 uM ATRA by day 4 and partially reduced
ATRA binding and (2) cells with little response to 1 pM
ATRA by day 4 and almost complete loss of ATRA binding.
Although UF-1 cells seem to belong to the latter category, it
needs further investigation to know whether patient-derived

APL cells with features of the latter category would have an-

altered RA response similaf to that of UF-1,

It should be noted that I:JF-I cells gradually underwent
maturation with subsequent apoptosis after 4 days of treat-
ment with 1uM ATRA. However, it is not known how
UF-1 cells would respond to ATRA if UF-1 cells have had
wild-type PML-RAR« protein instead of the mutant. This
time course of RA responsé of UF-1 cells is relatively slow
if compared with that of HL-60 or NB4 cells, which show
a maximal response by day 4 [33,34), suggesting that RA
signaling other than that through PML-RAR« may under-
lay the delayed response of. UF-1 to 1 uM ATRA. Recently,

it was shown that RARB is upregulated in response to RA -

stimulation and is involved in RA-induced apoptosis of tu-
mor cells [35]. Thus, activation of RARB may play a role in
the delayed RA response of UF-1, although further analyses
are needed.

The response of APL to RA may be regulated by signals
other than PML-RAR«. Fanelli et al. {36] showed that the
sensitivity of APL cells to RA is altered by the proteosome
pathway through constitutive degradation of PML-RARa
protein. Moreover, Benoit et al. [37] reported the exis-
tence of an RARa—mdependent RXR signaling pathways,
in which a combination of RXR agonists and protein ki-
nase A stimulators induce differentiation of ATRA-sensitive
and ATRA-resistant NB4, cells without degradation of

PML-RARa protein or reconstitution of PML nucléar bod-
ies. Alternatively, post-transcriptional modification through -

covalent binding of RA to c:iellular proteins, a process called
“retinoylation”, may be involved in the RA response of
UF-1 cells {38]. Further studies are needed.

ATRA at pharmacological doses can restore RA signal- -

ing in APL cells by releasing the dominant-negative effect
of PML-RARg, leading to maturation and subsequent death
of cells via apoptosis. However, hematological findings in
patients who had undergorie ATRA therapy suggesied that
APL cells can be induced'to undergo apoptosis as a con-
sequence of maturation, and independent of differentiation
[23]. Interestingly, in the presence of 1| pM ATRA, we de-
tected a small fraction of viable UF-] cells that were annexin
V-positive, CD11b-negative, and morphologically imma-
ture, indicating that a portion of the ATRA-treated APL was
in the early stage of apoptosis. UF-1 cells may be predis-
posed to undergo apoptosis independent of differentiation as
observed in response to stimuli involving the STAT signal
pathway [39] or prior to termlnal differentiation in response
to arsenic trioxide [8). This separation of apoptosis from

K |

differentiation in RA-treated APL suggest that there may
be a cellular imbalance in _the restored functions of proteins

- such as normal RARa and PML restored by ATRA [20,40].

In conclusion, the UF-1 cell line, which was established
from a patient with ATRA resistance, may be of great value
for investigating the relation between the cellular and molec-
ular responses to ATRA of APL with mutant PML-RAR«a
chimeric gene. Moreover, this cell line may be useful for elu-
cidating the mechanism(s) by which APL cells are induced

+ into apoptosis independent of differentiation.
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Nerve growth factor-induced ¢lone B (NGFI-B; NR4Al) and
Nur-related factor 1 (Nurrl; NR4A2) are members of NGFI-B
family of orphan receptors. We recently demonstrated induc-
tion of CYP11B2 (aldosterene synthase) by Nurrl and NGFI-B,
suggesting possible important roles of these transeriptional
factors in the regulation of adrenocortical steroidogenesis.
Therefore, we immunolocalized Nurrl and NGFI-B in various
human adrenal specimens to study their biological signifi-
cance, In nonpathological adrenal glands (m = 25), Nurrl and
NGFI-B immunoreactivities were detected at high levels in
the fetal definitive zome or posinatal zona glomerulosa.
NGFI-B immunoreactivity was increased according to devel-
opment in the zona fasciculata, reaching a level similar to that
in the zona glomerulosa in adult adrenal cortex. In adreno-

cortical neoplasms (n = 44), Nurrl immunoreactivity was
higher in aldosteronoma than in Cushing’s adenoma or adre-
nocortical carcinoma. NGFI-B immunoreactivity was also
higher in aldosteronoma than in adrenocortical carcinoma,
but was not significantly different among the types of ade-
noma. Both Nurrl and NGFI-B mRNA expressions were cor-
related with their immunoreactivities in adrenocortical neo-
plasms (n = 23), and mRBRNA expression ;of Nurrl was
significantly (P < 0.0001) associated with that of CYP11B2.
These results suggest that the expression of Nurrl and NGFI-B
plays an important role in human adrenal cortex and its neo-
plasms, including possible regulation of steroidogenesis.
(J Clin Endocrinol Metab 89: 4113-4118, 2004)

UMAN ADRENAL CORTEX is composed of three dis-
tinct zones, ie. the zonae glomerulosa, fasciculata,
and reticularis. These three zones produce distinct steroid
hormones, such as aldosterone in the zona glomerulosa, cor-
tisol in the zona fasciculata, and dehydroepiandrosterone
and dehydroepiandrosterone sulfate in the zona reticularis
(1). This functional zonation results from the zone-specific
expression of steroidogenic enzymes (2). It is also well
known that adrenocortical neoplasms excessively produce
various corticosteroids and are generally associated with an
abnormal expression of steroidogenic enzymes (3-5). There-
fore, it is very important to examine the possible regulation
of adrenocortical steroidogenesis to obtain a better under-
standing of functions of the human adrenal cortex and its
disorders.

Nerve growth factor-induced clone B (NGFI-B; NR4A1)
and Nurrl (Nur-related factor 1; NR4A2) belong to a NGFI-B
family of nuclear hormone receptors as well as neuron-de-
rived orphan receptor 1 (NR4A3) (6). These nuclear receptors
activate transeription by binding to the NGFI-B-responsive
elements (NBREs) located in the promoter region of target
genes (7, 8) and regulate various cellular functions, such as
the differentiation of neural cells (9, 10), the apoptosis of T

Abbreviations: GAPDH, Glyceraldehyde-3-phosphate dehydroge-
nase; 38HSD2, 3p-hydroxysteroid dehydrogenase type 2; NBRE, nerve
growth factor-induced clone B-responsive element; NGFI-B, nerve
growth factor-induced clone B; Nurrl, Nur-related factor 1.
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lymphocytes in the thymus (11), and the modulation of reti-
noic acid signal transduction (12). The expression of Nurrl
and NGFI-B has been previously detected in murine adrenal
glands (13). Very recently, we demonstrated that the human
CYP11B2 (aldosterone synthase) gene, which is a key enzyme
of aldosterone production, contains NBRE in the promoter
region, and its expression was markedly induced by Nurrl
or NGFI-B (14). These in vitro data suggest important roles for
Nurrl and NGFI-B in the human adrenal cortex, including
the regulation of steroidogenesis. However; a detailed ex-
amination of the expression of these nuclear receptors has not
been reported in the human adrenal gland and its disorders.
Therefore, after the previous in vitro study (14), we immu-
nolocalized Nurrl and NGFI-B in nenpathological and
pathological specimens of human adrenal cortex. In addition,
we examined mRNA expression of Nurrl and NGFI-B in
adrenocortical neoplasms using real-time RT-PCR and ex-
amined the correlation with CYP11B2 mRINA expression.

Materials and Methods
Human adrenal specimens

Sixty-nine human adrenal specimens were examined in this study.
Twenty-five specimens of nonpathological adrenal glands were ob-
tained from autopsy files (11-36 wk gestation and 1 d to 68 yr of age)
from Tohoku University Hospital (Sendai, Japan). Forty-four cases of
adrenocortical tumors (14 aldosteromas, 10 Cushing’s adenomas, 10
nonfunctioning adenomas with no clinical hormonal abnormalities, and
10 adrenocortical carcinomas) were retrieved from the surgical pathol-
ogy files of Tohoku University Hospital. Adrenocortical carcinomas
were histologically diagnosed based on the criteria of Weiss (15). These
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specimens were fixed in 10% forrmtalin for 24-48 b at room temperature
and embedded in paraffin wax.

Twenty-three cases of adrenocortical neoplasms were also available
for real-time RT-PCR analysis (eight aldosteronomas, six Cushing’s ad-
enomas, six nonfunctioning adencmas, and three adrenocortical carci-
nomas). Specimens for RNA lsolatlon were snap-frozen and stored at
-80 C.

Research protocols for this study were approved by the ethics com-
mittee at Tohoku University School of Medicine.

Immunohistochemistry

Rabbit polyclonal antibodies for Nurr1 (sc-991) and NGFI-B {1600045)
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA),
and Geneka Biotechnology (Montréal, Canada), respectively. Utilization
of these antibodies for immunohistochemistry has been reported pre-
viously (14;.

Immunochistochemical analysis was performed employing the
streptavidin-biotin amplification method using a Histofine Kit (Nichirei,
Tokyo, Japan). Antigen retrieval was performed by heating the slides in
an autoclave at 120 C for 5 min in dtric acid buffer (2 mm citric acid and
9 mum trisodium citrate dehydrate, pH 6.0). The dilutions of the primary
antibodies used in this study were: Nurr1, 1:250; and NGFI-B, 1:200. The
antigen-antibody complex was visualized with 3,3'-diaminobenzidine
solution [1 mum 3,3'-diaminobenzidine, 50 mu Tris-HCl buffer (pH 7.6),
and 0.006% H,0,] and counterstained with hematoxylin. Immunohis-
tochemical preabsorption tests for Nurrl and NGFI-B were performed
for negative controls of immunchistdchemistry. Normal rabbit IgG was
also used in place of the primary antibodies as a negative control

Evaluation of immunoreactivity

After completely reviewing immunohistochemical sections, relative
immunoreactivity for Nurrl and NGFL-B in each zone of adrenocortex
was evaluated by an H scoring system, as described by McCarty ef al.

Lu et al. » Nurrl and NGFI-B in Human Adrenal

(16) with some mod:.ﬁcahons (17) Bneﬂy, adrenocortical cells were. .. .- .

courited in each Zore, and H-scores were subsequently générated by
adding together 2 X the percentage of strongly stained nuclei, 1 X the

. percentage of weakly stained nuclei, and 0 X the percentage of negative

N

e

nuclei, giving a possible range of 0-200. The H scores were indepen-
dently and blindly evaluated by three of the authors (T.S., T.M.;and HS.)

-0 obtain immunohistochemical data objectively, and the mean of the
; three values was used for analysis. The adrenals were classified intothe
following age groups in this study: 11-36wk gestation {n = 5), 1d to5 . ~
~months of age (n = 4}, 11 months to 8 yr of age {n = 5), 10-18 yrof age

(n = 5), and 27-68 yr of age (n = 6). The relative immunoreactivity of
tumor cells was also evaluated by H-scoring system described above.
Statistical significance was evaluated using a Bonferroni test, and P <
0.05 was considered significant.

Real-time RT-PCR

Total RNA was carefully extracted from 23 specimens of adrenocor-
tical neoplasms with guanidinium thiocyanate, followed by ultracen-
trifugation in cesium chloride. An RT kit (SuperScript Il Preamplification
System, Invitrogen Life Technologies, Inc., Grand Island, NY) was used
in the synthesis of cDNA.

The Light Cycler System (Roche, Mannheim, Germany) was used to
semiquantify the mRNA levels of Nurrl, NGFI-B, and CYP11B2 in 22
adrenocortical neoplasms by real-time PCR (18). Settings for the PCR
thermal profile were: initial denaturation at 95 C for 1 min, followed by
40 amplification cycles of 95 C for 0 sec, annealing at 66 C {(Nurl,

NGFI-B, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH))or S
60 C (CYP11B2) for 15 sec, and elongation at 72 C for 15 sec. The primer "~

sequences used in this study are as follows: Nurrl: forward, 5'-AAC-
CCTGACTATCAAATGAGTG-3'; reverse, 5'-CAATGCAGGAGAAG-
GCAGAAAT-3 (19); NGFI-B, forward, 5'-TCTGCTCAGGCCTGGTGC-
TAC-3"; reverse, 5'-GGCACCAAGTCCTCCAGCTTG-3' (20); CYP11B2: -
forward, " 5'-TCCTGCTCTTCTTGCATCTGG-3; reverse, 5-TTTGC:
CCTGCAAATGGTTG-3' (21); and GAPDH: forward, 5'-TGAACGG-

TABLE 1A. Relative immunoreactivity of Nurrl in nonpathological human adrenal cortex

Age ; ¢ ) - Fetal type Adult type
group fno. of cases '4_'- Definitive zone Fetal zone Glomerulosa Fasciculata
11-36 wk gestation (n = 5) . 151 = 19.8 2024747 L e e e e
After birth - : ; i - e

1 d-5 months (n = 4) 153 * 19.0 28.7 £ 9.82°
11 months-8 yr (n = 5) 132 = 895 58.8 + 16.5° 15.3 = 7.765*
10-18 yr(n = 5) 150 = 148 69.8x 17.9° 7.20 + 3.435°
27-68 yr (n = 6) 147 = 16.9 77.3 = 13.2% 13.8 + 6.655¢

The relative immunoreactivity of each zone in the adrena.l cortex was evaluated by the H scoring system (0—200) Data are the mean + SEM

P < 0,001 vs. definitive zone.-
& P < 0.001 vs. zona glomerulosa.
¢ P < 0.001 vs. zona fasciculata.

L

TABLE 1B. Relative immunoreactivity of NGFI-B in nonpathological human adrensl cortex

(qo. of cases) Fetal type -~ AUt e
Age group (no. of cases : j - Definitive zone - - Petal zone - - Glomerulosa- Fasciculata - -~ Reticularis

Fetus

11-36 wk gestation (n = 5) 122 = 126 242 * 3.61°
After birth 3

1 d-5 months (n = 4) i 125 £ 243 20.8 = 5.83° S e : :

11 months-8 yr (n = 5) Y 143125 - -53.0*167 -16,7 £ 5.54%-

10-18yr(n = 5) ; 147+ 124 113 * 8.09°9 12.7 = 2.405¢

27-68 yr (n = 6) 167 + 8.87 132 = 79457 . 24.8 = 12.05

The relative immunoreactivity ¢ of each zone in the adrenocortex was evaluated by the H scoring system (0-200). Data are the mean * SEM.

# P < 0.001 vs. definitive zone..

b P < 0.001 vs. zona glomerulosa.

¢ P < 0.05 vs. zona glomerulosa.

4 P < 0.05 vs. age 11 months-8 yr.
* P < 0.001 ps. zona fasciculatd.
fP < 0.01 vs. age 11 months-8 yr.

v

[

-

Downloaded from jcem.endojournals.org on April 12, 2005



Lu et al. * Nurrl and NGFI-B in Human Adrenal

Fio. 1. Immunohlsbochemstry for Nurrl (A—D) a.nd NGFI B (E—H)
in the adrenal cortex. A, Immunoreactivity for Nurrl was detected at
a high level in the nuclei of cortical cells in the definitive zone (D; 11
wk gestation), Fe, Fetal zone. B and C, Nurrl immunoreactivity was
detected at a high level in the zona glomerulosa (G; B, 5 yr of age; C,
49 yr of age). F, Zona fasciculata. D, Immunchistochemical preab-
sorption test for Nurrl showed no specific immunoreactivity. E,
NGFI-B immunoreactivity was detected at a high level in the defin-
itive zone (14 wk gestation). F, At 11 months of age, immuncreactivity
for NGFI-B was high in the zona glomerulosa, but low in the zona
faseiculata. G, NGFI-B immunoreactivity was high in both zonae
glomerulosa and fasciculata in the adrenocortex at 28 yr of age. H,
Immunohistochemical preabsorption test for NGFI-B. No specific im-
munoreactivity was detected. Bar, 50 um.

GAAGCTCACTGG-3; and reverse, 5'-TCCACCACCCTGTTGCT-
GTA-3' (22). To verify amplification of the correct sequences, PCR
products were purified and subjected to direct sequencing. Nonpatho-
logical adrehal tissues were used as positive controls for Nurrl, NGFI-B,
and CYP11B2. Negative control experiments lacked cDNA substrate to
check for the possibility of exogenous contamijnant DNA, and no am-
plified products were detected under these conditions. The mRNA level
for Nurrl, NGFI-B, and CYP11B2 in each case has been summarized as
a ratio of GAPDH, and subsequently evaluated as a ratio (percentage)
compared with that in the positive controls (nonpathological adrenal
glands = 100%).
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FiG. 2. Immunohlstochem.lst!y for Nurrl and NGFI-B in adrenocor-
tica! adenoma (A-D) and its attached nonneoplastjc adrenal cortex
(E-H). A-D, Nurrl xmmunoreachwty was detected lat a high level in
the nuclei of tumor cells in aldosteronoma (A), whereas a great ma-
jority of tumor cells were negative for Nurrl in Cushing’s adenoma
(B). NGFI-B immunoreactivity was detected at a high level in aldo-
steronoma (C; same case as in A) or Cushing’s adenoma (D; same case
as in B). E-H, Nurrl (E and F) and NGFI-B (G and H) immunore-
activities were not significantly different in the attached nonneoplas-
tic adrenocortex regardless of the type of adenoma. E-H were taken
from the same slide as A-D, respectively. Bar, 50, um.

Results
Nonpathological adrenal cortex :

Results for Nurrl immunoreactivity in nOnpathologlcal
human adrenocortex are summarized in Table 1A. Nurrl
immunoreactivity was detected in the nuclei of cortical cells,
and its relative immunoreactivity was significantly (P <
0.0001} higher in the definitive zone (151 * 19.8) than in the
fetal zone (26.0 = 4.74) of the fetal adrenal (Fig. 1A). At 11
months to 8 yr of age, immunoreactivity .for Nurrl was
significantly higher in the zona glomerulosa (132 + 8.95) than
in the zonae fasciculata (58.8 * 16. 5) and reticularis (15.3 *
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| 7.76; P < 0.0001, respectively-)- Nurr] immunoreactivity in
each zone was not significantly changed among the age

groups examined (11 months tq 8yr, 10-18 yr, and 24-62 y1;

Fig. 1, B and C).

Results for NGFI-B lmmunoreachwty in nonpatholog1ca1
adrenal cortex are summarized in Table 1B. NGFI-B immu-
noreactivity was detected in the nuclei of cortical cells, and
its relative immunoreactivity was significantly (P < 0.0001)
higher in the definitive zone (122 * 12.6) than in the fetal zone
(24.2 = 3.61; Fig. 1E). At 11 months to 8 yr of age, NGFI-B
immunoreactivity was significantly higher in the zona glo-
merulosa (143 + 12.5) than in the zonae fasciculata (53.0 =
16.7) and reticularis (16.7 + 5.54; P < 0.0001, respectively; Fig.

1F). Immunoreactivity for NGFI-B in the zona fasciculata was -

significantly increased in adolescent and adult age groups
(10-18 yr, 113 = 8.09; 27-68 yr, 132 = 7.94) compared with
that the 11 months to 8 yr of age group (P < 0.05, and P <

0.01, respectively; Fig. 1G), whereas NGFI-B immunoreac- -

tivity in the zonae glomerulosa and reticularis was not sig:
nificantly changed.

Adrenocortical tumor

The results for Nurrl and NGFI-B immunoreactivity in
adrenocortical tumors are summarized in Table 2A. Nurrl
relative immunoreactivity was; significantly higher in aldo-
steronoma (121 % 9.91; Fig. 2A) than in Cushing’s adenoma
(62.1 = 12.2; Fig. 2B) and adrehocortical carcinoma (60.0 *

TABLE 2A. Relative immuncreactivity of Nurrl and NGFI-B in
adrenocortical tumors

Type of tumor (no, of cases) ‘Nurrl NGFI-B
Aldosteronoma (n = 14) . 121991 122 +14.3
Cushing’s adenoma (n = 10) 621122 105 + 13.0
Nonfunctioning adenoma (o = 10) 91.8 * 12,6 9001956
Carcinoma (n = 10) 60.0 + 19.0° 764 = 13.6*

The relative immunoreactivity was evaluated by the H scoring
system in each case (0-200). Data are the mean * SEM.

%P < 0,01 vs. aldosteronoma.

b P < 0.05 vs. aldosteronoma.

i
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19.0; P < 0.001, respectively). NGFI-B immunoreactivity was
also higher (P < 0.05) in aldosteronoma (122 + 14.3; Fig. 2C)
than in adrenocortical carcinoma (76.4 * 13.6), but its dif-
ference among the types of adrenocorhcal adenoma did not
reach statistical significance (Fig. 2D).

The results for Nurrl and NGFI-B immunoreactivity in
attached nonneoplastic adrenal cortex of adenoma are sum-

marized in Table 2, B and C. The relative immunoreactivity . .

of Nurrl and NGFI-B in attached nonneoplastic adrenocor-
tex of adenoma was not significantly changed regardless of --

the type of adenoma examined (Fig. 2, E-H).

_.mMENA expression of Nurrl, NGFI-B, and CYP11B2. in

adrenocortical edenoma

mRNA expression for Nurrl, NGFI-B, and CYP11B2 was
detected as a specific single band (352, 358, and 121 bp,
respectively) and was semiquantified by real-time RT-PCR.

mRNA expression of Nurrl and NGFI-B was detected in'all ~

adrenocortical adenomas examined, and the range of mRNA
levels was 0.160-354% for Nurrl and 12.0-223% for NGFI-B
(nonpathological adrenal glands = 100%, respectively). As
shown in Fig, 3, A and B, the mRNA levels of Nurrl and
NGFI-B were significantly correlated with the relative im-
munoreactivity (for Nurrl: r = 0.89¢; P < 0.0001; for NGFI-B:
r = 0.787; P < 0.0001). mRNA expression of Nurrl was
significantly associated with that of CYP11B2 (r = 0.765; P <
0.0001; Fig. 3C), whereas no significant association was de-
tected between NGFI-B and CYP11B2 mRNA levels {r =
0.213; P = 0.3301; Fig. 3D).

Discussion

Aldosterone is produced in the zona glomerulosa of the
adrenal cortex through an interaction of several stercido-
genic enzymes, including P450 side-chain cleavage
(CYP11A), 3p-hydroxysteroid dehydrogenase type 2
(3gHSD2), CYP21, and CYP11B2. Among these enzymes,
CYP11B2 is a specific enzyme for aldosterone biosynthesis,

- and it is expressed exclusively in the zona glomerulosa (23).

TABLE 2B, Relative immunoreactivity of Nurrl in the adjacent nonneoplastic adrenal cortex of adenomas

Type of adenoma (no. of cases) Glomerulosa Fasciculata Reticularis
Aldosteronoma (n = 14) 124 = 10.8 72.4 * 9,627 17.1 + 3,942
Cushing’s adenoma (n = 10) 143 = 10.8 88.6 = 12.5° 242 * §.21%%
Nonfunctioning adenoma (r = 10) 124+ 113 60.9 + 9.61° 9.38 + 4.26>*
Nonpathological adrenal (27-68 yr; n = 6) 147 + 16.9 77.3 £ 13.2* 13.8 * 6.65%%

The relative immunoreactivity of ea_ch zone in the adrena.l was evaluated by the H scon.ug system (0—200) Data are the mean * * SEM.

=P < 0.001 vs. zona glomerulosa.
5 P < 0.001 vs. zona fasciculata.
¢ Data were taken from Table 1A.

TABLE 2C. Relative immunoreactivity of NGFI-B in the attached nonneoplastic adrenal cortex of adenomas

Type of adenoma {no. of cases) Glomerulosa Fasciculata Reticularis
Aldosteronema (n = 14) - 149 = 8.97 111 + 12.1° 22.6 + 12.0°
Cushing’s adenoma (n = 10) 151 = 11.3 119 = 10.5° 22.4 * 430°
Nonfunctioning adenoma (n = 10) 143 =74 109 = 9.80° 25.8 + 4.46°
Nonpathological adrenal {27-68 yr;n = 6F 167 = 8.87 132 + 7.94° 24.8 + 12.0°

The relative immunoreactivity of each zone in the adrenal was evaluated by the H scoring system (0-200). Data are the mean * SEM.

2P < 0.05 vs. zona glomerulosa.
b P < 0.001 vs. zona glomerulosa. P < 0.001 vs. zona faacxculata
¢ Data were taken from Table IB
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Fic. 3. A and B, Association between the mRNA 2 ﬁ
level and the relative immunoreactivity of Nurrl (A) T B
or NGFI-B (B) in 23 cases of adrenocortical adeno- Z e

mas. Significant positive associations were detected
(for Nurrl: r = 0.896; P < 0.0001; for NGFI-B: r =
0.787; P < 0.0001). C and D, Association between
the mRNA level of Nurrl (C) or NGFI-B (D) and
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Very recently, Bassett ef al. (14) demonstrated that the
CYP11B2 gene has two functional NBREs in the promoter
region and was markedly up-regulated by Nurrl and
NGFI-B. In this study Nurrl immunoreactivity was present
ata high level in the zona glomerulosa or aldosteronoma, and
mRNA expression of Nurrl was significantly correlated with
that of CYP11B2 in adrenocortical neoplasms. Therefore, it is
suggested that Nurrl expression plays an important role in
aldosterone production through the induction of CYP11B2 in
the zona glomerulosa of adrenal cortex or aldosteronoma.
However, it is also true that Nurrl immunoreactivity was
detected at low levels in the zona fasciculata or adrenocor-
tical neoplasms in addition to aldosteronoma in this study.
Activation of Nurrl depends on two so-called activation
functions (AF1 and AF2), located at the N- or C-terminal
regions, and it was partly regulated by the phosphorylation
(24). Therefore, posttranslational modifications of Nurrl are
also considered to play some role in the zone-specific ex-
pression of CYP11B2 in the adrenal gland. In adrenocortical
adenomas expressed Nurrl mRNA at low levels, relative
immunoreactivity of Nurrl was variably detected (Fig. 3A).
In these cases, evaluation of Nurrl mRNA in tumor tissues
may be reflected by heterogeneous expression of Nurrl in
neoplastic cells and/or amounts of stroma within the
sarnples.

NGFI-B immunoreactivity was detected at high levels in
the zonae glomerulosa and fasciculata in the nonpathological
adrenal gland and in various types of adrenocortical ade-
noma. The zona fasciculata is mainly involved in cortisol
production, and CYP11A, 38HS5D2, CYP17, CYP21, and
CYP11B1 (118-hydroxylase) are expressed in this zone. Pre-
vious studies demonstrated that human and mouse CYP21
gene promoters contain NBREs, and induction of CYP21
transcription by NGFI-B has been proposed (20, 25). In ad-
- dition, Bassett et al. (26) recently demonstrated that 38HSD2
contains an NBRE in the promoter region and was signifi-

@ S WO IS0 0 2% M0 O3S0 ol L] L] LU ) M pL]
Narrl mRNA kevel (%)

NGFLB mRYA level (%)

cantly up-regulated by NGFI-B. On the other hand, NGFI-B
had no effect on the induction of CYP11B1 (14) and CYP17
(26), which are not expressed in the zona glomerulosa (2, 23,
27). Therefore, NGFI-B may be partly involved in aldosterone
and/or cortisol produchon through the regulation of some
related enzyme expressions in the adrenal.cortex and its
neoplasms.

In fetal adrenal glands, immunoreactivity o of steroidogenic
enzymes is known to become generally discernible after 23
wk gestation in the definitive zone (28), and the definitive
zone is considered to become steroidogenically active in the
late phase of pregnancy (29). However, Nurrl and NGFI-B
immunoreactivities were detected in the definitive zone in all
fetal adrenals examined (from 11-36 wk gestational) in our
study. Therefore, the expression of Nurrl and NGFI-B is
postulated to occur before the expression of steroidogenic
enzymes in the definitive zone in the fetal adrenals. Rainey
et al. (30) reported that NGFI-B mRNA expression was very
low in the fetal adrenal gland (15-20 wk gestation) compared
with that in the adult adrenal by micrearray and Northern
analyses. These data are not necessarily consistent with our
present results, but may be due to the different gestational
ages examined or the different examination methods used. In
addition, the fact that microarray and/or Northern analysis
required a whole adrenal specimen may contribute to this
difference from the present immunohistochemical study, be-
cause the definitive zone is markedly thin and much smaller
in volume than the fetal zone in human adrenal.

Autonomous neoplastic production of cortisol in Cush-
ing’s adenoma or at least some nonfunctioning adenoma
patients results in adrenocortical atrophy with suppression
of stercidogenic enzyme in the zonae fasciculata/reticularis
of the adjacent nonneoplastic adrenocortex through inhibi-
tion of ACTH secretion. In addition, the expression of ste-
roidogenic enzymes is markedly decreased, except for
CYP21, in the zona glomerulosa of the adjacent nonneoplas-

)
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tic adrenocortex in patients w1th aldosteronoma (2, 31). Pre-
. vious in vitro studies demonstrated that Nurrl and/or
NGFI-B were rapidly induced by various factors, including

ACTH (32) and angiotensin II (14). However, unexpectedly,”

Nurrl and NGFI-B immunoreactivities in the attached non-
neoplastic adrenal cortex of adenoma were not significantly
different from those in the nonpathological adrenal cortex in
our study. It is difficult to explain the mechanisms of these
findings, but Davis and Lau (32) reported that NGFI-B iso-
lated from ACTH-stimulated Y-1 cells was hypophosphor-
ylated at serine 354 and significantly bound to its responsive
element, whereas NGFI-B present in the unstimnulated cells
did not. The expression of Nu¥rl or NGFI-B was generally
considered to be regulated by multiple pathways, and the
transcriptional activity is intricately modulated by phos-
phorylation (24). Therefore, a decrement in steroidogenesis
in the attached nonneoplastic adrenal cortex of an adenoma

may be partly due to the changes in posttranslational mod-. .
ifications of Nurrl and/or NGFI-B. Additional examinations -

are required to clarify this hypothesis.
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Abstract
Background/Purpose: Neuroblastoma (NB) detected by mass screening (MS) usually shows

observation program for these patients to avoid overtreatment. In this study, the authors analyzed the -
profile of NB resected after observation to clucidate the nature of NB detected by MS. s
Methods: Between 1994 and 2004, 22 NB patients matched the following criteria’ and entered the |

favorable prognosis and sometimes regresses spontaneously. Therefore, the authors started an - -

observation program after obtaining informed consent: stage I or I, less than 5 cm in diameter, and -

without involvement of large vessels or organs. If increase in size, elevation of tumor markers, or
evidence of metastasis was observed, the tumor was immediately resected.

Resutts: Thirteen (59%) of 22 cases showed spontaneous regression. In the remaining 9 cases, tumors
were resected because of parents® request, increase in size, and/or elevation of tumor markers.. Four

Shimada’s system, 2 had unfavorable histology. One was diploid tumor, 3 had 1p deletion, and Trk-A
expression was low in 4 tumors. All patients survived without evidence of recurrence.

tumors had at least one unfavorable biologic feature, and 3 of them had more thar 2. According to =

Conclusions: The observation program has shown that at least one third of the NB detected by MS

regressed spontaneously. Cn the other hand, MS may detect some cases with unfavorable tumor in
early stage, which benefit from screening.
© 2005 Elsevier Inc, All rights reserved.

Presented at the 51st Annual Congress of the British Association of Paediatric Surgeons, Oxford, England, July 27-30, 2004, 2

* Cormresponding suthor. Department of Pediatric Surgery, Jichi Medical School, Minamilawachi-machi, Tochigi-ken, 329-0498 Jepen. Tel.: +81 28558 . ...

7371; fax: +81 285 44 3234,
E-mail address: oue@jichi.gc.jp (T. Oue).

tugg o -

0022-3468/05/4002-0012530.00/0 © 2005 Elsevier Inc. All rights reserved.
doi: 10.10167,jpedsurg 2004.10.062



360

The prognosis of neuroblastoma (NB) in younger than 1
year is much better than that ‘older than 1 year. In 1985,
Japanese nationwide mass screening (MS) using urinary
vanillyl mandelic acid (VMA) and homovanillic acid (HVA)
for 6-month-old infants was started to improve the
prognosis of this tumor [1]. Since then, more than 2000
patients with NBs were discovered and treated. Their
prognosis was extremely good: more than 97% of them
are alive [2]. Moreover, the majority of the NBs in MS
group were biologically favorable even in advanced stages
[3]. Recent reports have also shown that NB detected by MS
sometimes regresses spontaneously [4,5]. Although the
incidence of NB has remarkably increased after introduction
of MS, several reports suggest that the number of advanced
NB patients older than 1 year has not decreased substan-
tially [3]. These findings indicate that MS has detected
tumors that otherwise may have regressed spontaneously
without recognition [4,5]. Therefore, we started an obser-
vation program in the limited cases to avoid overtreatment
and to estimate how frequently regression occurs (Wait and
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See pilot study) in June 1994 [6]. Our preliminary results -+ .-«

- observation program regressed spontaneously [6]. In this

study, we analyzed the profile of NB resected after
observation to elucidate the nature of NB detected by MS.

-1. Patlents and methods :' B

'I'he detmls of our observation program have been

described previously [6]. The entry criteria were as follows: =~
(1) stage I and II (7], (2) less than 5 cm in diameter, (3) no- * -
involvement of large vessels or organs and surgical

resection is not difficult, and (4) parents’ informed consent.

The patients were strictly followed up without receiving any -

treatment. If increase in size, elevation of tumor markers, or
evidence of metastasis was observed, . the tumor. was

P
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Table 1 Neuroblastoma resected after observation
Case Stage Origin Tnitial Precperative Reason of interruption Obs days Ageat
, ‘ ope (mo)
VMA HVA VMA HVA Size .
t IVs Ltretro = 211 316 19.0 4563 33 Size T, marker | 199 13
2 I Lt retro 210 25.5 191 237 25 Size 1, parents’ request T 291, . 16.
3 I Lt adrenal 315 39.9 1.7 313 50  Size 1 309: N [
4 M Ltadrenal 395 833 524 945 50  Size 1,LNmeta [ 2260 16°
5 [0 Rtadrenal 325 463 Si.ze T , matker | 174 i3
6 [ Ltadrenal 300 387
7 N H Rrrch'o 386 10LS
8. 295

resected immediately. Biological features of the tumor were
identified: Shimada’s histological features [7], amplification
of N-myc (Southem blotting, SRE Inc, Tokyo, Japan), lp
deletion (FISH, Otsuka Assay Laboratory, Tokyo, Japan),
and expression of Trk-A (immunohistochemistry) [8].
Between June 1994 and March 2004, 43 patients with NB
detected by MS were admitted to our hospital, and 22 (51 %)
of them matched the criteria and were enrolled in the
observation program. They included 11 boys and 11 girls.
Age at diagnosis ranged from 7 to 11 months. Origins of the
tumors were adrenal grand in 15 and retroperitoneal
paraganglion in 7. Seventeen cases were in stage I, and 3
in stage II. Two patients in stage [V were also enrolled in the
study, because the parents refused any treatment.

2. Results

Thirteen (59%) of 22 cases showed spontaneous regres-
sion and continued the observation program. The observa-
tion periods ranged from 15 to 116 months until May 2004.
Urinary levels of VMA and HVA decreased and normalized
within 18 months in all cases except one (Fig. 1). The tumor
size (maximum diameter) was decreased to 0.7 to 2 cm

within 3 years in all the cases; however, no tumor has
disappeared (Fig. 1). In the remaining 9 (41%) cases, tumor
resection was performed in 96 to 309 days after initial
screening. In 2 cases, parents decided to stop the observa-
tion; therefore, the tumors were resected after 291- and 172-
day observation. The remaining 7 tumors were resected
because of increase in size and/or elevation of tumor
markers (Fig. 2). In 2 cases (cases 4 and 5), lymph node
metastases were observed at operation, -resulting in the
upgrading of the tumor stage from I to I and I to I,
respectively. In case 9, tumor growth resulted in the
upgrading of stage from I to II. The profile; of the resected
cases is listed in Tables 1 and 2. Four tumors (cases 2, 3, 7,
and 8) showed differentiation to ganglioneuroblastoma.
Biological features of the 9 resected tumors were listed in
Table 2. According to Shimada’s system, 7 were favorable,
and 2 were unfavorable. DNA content was aneuploid in 7
tumors and diploid in one. Three of them had 1p deletion.
Trk-A expression was low in 4 cases. Two cases (cases 6
and 7) showed biological heterogeneity in the tumor. No
tumnor showed N-myc amplification. Four (44%5) tumors had
at least one unfavorable biologic feature, and 3 of 4 tumors
had more than 2 features. All tumors were resected
completely without major surgical complication. Two of

“His Shlmadasclasmﬁcanon Nemye DNA plmdy

N L .—"(COPY) :

3 GNB 1 ND -

3 NB  Favorble - 1 A

6* NB . Favorable 1 “AD

T* GNB Un.favomble 1 A/A
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9 .NB Favomshle .. 1 A
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them were resected laparoscopically. Postoperative chemo-
therapy was performed in 4 cases who had stage ITT tumor
and/or unfavorable prognostic factors. All patients survived
without evidence of recurrence.

3. Discussion

In the presented series, among 43 NBs detected by MS, 22
have entered the observation. program, and 13 tumors
regressed spontaneously. Therefore, tumors are expected to
regress at least in 59% of the patients who fulfilled our
observation program or in 29% of all the patients detected by
MS. Moreover, 5 of the'9 resected tumors had favorable
biologic feature, which indicate that they have possibility of
spontaneous regression if observation was continued. There-
fore, the incidence of spontaneous regression should be
higher. Similar observation trials were made at other
institutes; Nishihira et al [5] reported that 17 (65%) tumors
of 26 patients who were enrolled in their observation
program regressed. Yamamoto et al [4] reported that 92%
of the observed tumors or 44% of all the tumors identified by
MS have spontaneously regressed. These results suggested
that at least one third of the NB detected by MS might regress
spontaneously. To avoid the gvertreatment, several trials
have been introduced including laparoscopic surgery [9] and
reduction of chemotherapy [5]. We consider that observation
program is most effective to avoid the unnecessary treatment.

Most of screened NBs were biologically favorable.
However, there was a small group with biologically
unfavorable factors, such as diploid DNA content, chromo-
somal pattern with 1p deletion, lower Trk-A expression, and
N-mye amplification. Suita et al reported that 5 of 285 NBs
detected by MS had amplified] N-myc oncogene, 4 of 74
showed unfavorable Shimada’s histological findings, and 3
of 33 had an unfavorable DNA ploidy pattern {3]. Therefore,
MS may detect 2 biologically different groups, described as
favorable and unfavorable. The unfavorable tumors may
progress and/or disseminate in the future. Mass screening
enables the cases with unfavorable tumor to undergo early
treatment; therefore, these cases may benefit from MS. The
favorable and unfavorable group can be identified only after
analysis for the surgically removed tumor specimens.
Therefore, identification of new prognostic factors that could
distinguish the regressing tumor without surgery is required.
Our examinations of the resected tumors after observation
. revealed high incidence of unfavorable biologic factors and

- upgrading of the tumor stage. Four (44%) of 9 resected
tumors had at least one unfavorable biological feature. This
percentage is much higher than reported percentage (0% to
20%) among all of the NBs detected by MS [3,10]. These
findings suggest that unfavorable fumor may grow in size;
therefore, they can be distinguished from the regressing

tumors and be resected if they enter the observation program..

To clarify the benefits of M$ in public health, we should
prove whether MS decreases .the number of advanced

tumnors and improves the survival. Several reports suggested
that MS did not improve the overall mortality rate of NB
{3]. Moreover, the results of the present study have proven
that MS detects a considerable number of regressing tumors.
Treatment of the regressing tumors may extremely harm the
significance and cost benefit of MS, because the patients

- with regressing tumors had not received any treatment if MS

would not have detected them. Based on the information
obtained so far, the MS for NB at 6 months of age probably
should not comtribute to the public.health. Therefore,
Japanese Ministry of Health and Welfare has decided to
discontinue the MS for NB at 6 months of age in April
2004. At the same time, our observation program at 6 .
months of age was also closed. o h

The optimal time for MS should be the point at which
NB regressing spontaneously can no longer be detected, but
more aggressive tumors can be found. Qur observation
program may determine the optimal timing of screening.
Utrinary VMA and HVA levels were normalized within 18
months in most of the regressed cases (Fig. 1). On the other
hand, in the patients whose tumor increased in size, VMA
and HVA levels were over the cutoff value at the time of
operation. These findings suggest that screening in age
around 18 months may be more effective; most of the
favorable tumor has regressed, and unfavorable tumor
should be detected. Now we are planning to start the new
MS program for 18-month-old infants in Osaka prefecture,
expecting to clarify whether MS in older age has benefit
or not.
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LOW EXPRESSION OF HUMAN TUBULIN TYROSINE LIGASE AND x
SUPPRESSED TUBULIN TYROSINATION/DETYROSINATION CYCLE ARE
ASSOCIATED WITH IMPAIRED NEURONAL DIFFERENTIATION IN
NEUROBLASTOMAS WITH POOR PROGNOSIS
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Meurcblastoma (NBL), one of the most common child-
hood solid tumors, has a distinct nature in different prognos-
tic subgroups. However, the precise mechanism underlying
this phenomenon remains largely unknown. To understand
the molecular and genetic bases of neuroblastoma, we have
generated its cONA libraries and identified 2 human ortholog
of tubulin tyrosine ligase gene (hTTLINbIa0540) as a differen-
tially expressed gene at high levels in a favorable subset of the
tumor. Tubulin is subjected to several types of evolutionarily
conserved sfational modification, including tyrosina-
tion and detyrosination. Tubulin tyrosine ligase catalyzes li-
gation of the tyrosine residue to the COOH terminus of the
detyrosinated form of a-tubulin. The measurement of ATTL
mRNA expression in 74 primary neuroblastomas by quanti-
tative real-time reverse transcription-PCR revealed that its
high expression was significantly associated with favorable
stages (1, 2 and 4s; p = 0.0069), high TrkA expression (p =
0.002), a single copy of MYCN (p < 0.00005), turmors found by
mass screening (p = 0.0042), nonadrenal origin (p = 0.0042)
and good prognosis (p = 0,023). The log-rank test showed
that high expression of hTTL was an indicator of favorable
prognosis (p = 0.026). Immunohistochemical analysis using
specific antibodies generated by us demonstrated that tyrosi-
nated tubulin (Tyr-tubulin), detyrosinated tubulin (Glu-tubu-
lin) and hTTL as well as A2-tubulin were positive in favorable
tumors, whereas only A2-tubulin was positive in the tumors
with MYCN amplification. In an RTBMI neuroblastoma cell
line, hTTL was increased after treating the cells with bone
morphogenetic protein 2 (BMP1) or all-trans retinoic acid
(RA), which induced neuronal differentiation. These results
suggest that the deregulated tubulin tyrosination/detyrosina-
tion cycle caused by decreased expression of hTTL is associ-
ated with inhibition of neurcnal differentiation and enhance-
ment of cell growth in the primary neuroblastomas with poor
outcome.
© 2004 Wiley-Liss, Inc.

Key words; tubulin tyrosine ligase; wbulin tyrosination; neuroblas-
toma; neuronal differentiation; prognostic factor

Tubulin is one of the most important molecular components that
regulate cytoskeletal structure relating to cell motility, cell divi-
sion, differentiation, invasion and metastasis in cancer. However,
functional modification of tubulin protein has still been elusive.
Tubulin is subjected to several types of evolutionarily conserved
posttranslational modification that includes tyrosination/detyrosi-
nation, acetylation, phoscphorylation, palmitoylation, polyglu-
tamylation and polyglycylation.!-* The discovery of tyrosination
cycle stems from the serial observations that the addition of
radiolabeled tyrosine to a rat brain cytosolic extract leads to
tyrosination of the COOH terminus of a single endogenous protein,
a.-tubulin, by a translation-independent mechanism.*? Posttrans-
lational incorporation of tyrosine into the tubulin has also been
shown to occur in vivo.5-1¢ The cycle of tyrosination/detyrosina-
tion is evolutionarily conserved!!~!* and is regulated by both
tubulin tyrosine ligase (TTL) and carboxypeptidase, the gene of
which has not yet been identified (Fig. 1). Microtubule dynamics
is also an important factor. TTL protein was first purified by

immunoaffinity chromatography from the lysates of bovine and
porcine brains and was extensively characterized by protein se-
quencing.'* Recently, rat TTL cDNA has also been isolated.!”
Interestingly, in 1991, Paturle-Lafanechere et al.'$ identified a
nontyrosinatable variant of tubulin that Iacked 2 amino acid resi-
dues, glutamic acid and tyrosine, at the COOH terminus (A2-
tubulin), A2-tubulin was found to accumulate in mature neurons
and in stable microtubule assemblies in cells.!"!8 In some tumors,
it also accumulated in the cellular cytoplasm in association with
decreased levels of TTL, suggesting that the amount of A2-tubulin
and TTL expression level in tumor cells are important to define the
malignant grade of cancer.'® However, pathophysiologic signifi-
cance of the tyrosination/detyrosination cycle in normal and cancer
cells still remains unclear,

Neuroblastoma (NBL) is one of the most cornmon childhood
solid tumors and has distinct biologic characteristics in different
prognostic subgroups. For example, NBL. in patients under § year
of age usually regresses spontaneously, whereas that in patients
over 1 year of age often grows aggressively and eventually kills
the patient. To understand the molecular mechanism of distinct
biclogy and tumorigenesis of NBL, we have previously performed
a comprehensive approach to unveil the gene expression profiles
among the NBL subsets.2021 We constructed the subset-specific
oligo-capping cDNA libraries from the primary NBL tissues with
favorable (stage 1, high expression of TrkA and a single copy of
MYCN) and unfavorable (stage 3 or 4, decreased expression of
TrkA and MYCN amplification) characteristics and randomly
cloned 4,654 cDNAs. After adding the cDNAs obtained from the
stage 45 NBL cDNA library to our NBL gene collection; we made
an in-house ¢cDNA microarray carrying 5,340 genesjproper to

"NBL. The comprehensive analysis of 136 NBLs using ; microar-

Abbreviations: BMP2, bone morphogenetic protein 2; DMEM, Dulbec-
co’s modified Eagle's medium; ECL, enhanced chemiluminescence; FBS,
fetal bovine serum; hTTL, human tubnlin tyrosine ligase; NBL, neuroblas-
torma; RA, retinoic acid; TCP, tubulin carboxypeptidase; TTL, tubulin
tyrosine ligase.
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Figurz 1 -The ryrosmauon/dctyrosmauon cycle catalyzed by tubu-
lin tyrosine ligase and tubulin carboxypeptidase.

ray showed that many genes that are related to the cytoskeletal

components, including a-tubulin, had prognostic significance (data
not shown), . .
In the present study, we have cloned for the first time the hixinan

ortholog of TTL (ATTL) from both the NBL and a fetal brain -

¢DNA libraries. The analysis using 74 primary NBLs shows that
expression of ATTL mRNA is significantly lower in unfavorable
NBLs than in favorable tumors. The examination using specific
antibodies raised against hTTL, Tyr-tubulin, Glu-tubulin and A2-
tubulin demenstrates that hTTL is increased during induction of
neuronal differentiation of cultured NBL cells treated with BMP2
or RA. The immunohistochemical study shows that KTTL, Tyr-
tbulin, Glu-tubulin and A2-tubulin are positive in favorable
NBLs, whereas only A2-tubylin is positive in aggressive NBLs
with MYCN amplification, These suggested that the tyrosination/

detyrosination cycle of a-tubulin is active in NBLs with high"

potential to differentiate or underge apoptosis, while it is disregu-
lated by downregulation of hTTL in MYCN-amplified NBLs, re-
sulting in accumulation of A2-tubulin.

MATER[AL AND METHODS
Tumor specimen

Fresh frozen tumor tissues obtained by surgery or blopsy were
sent to the Division of Blochemlsn:y. Chiba Cancer Center Re-
search Institute, from various hospitals in Japan with informed
_ consent. Ninety tumors examined in this study were staged ac-
cording to the International Neuroblastoma Staging System
(INSS).22 The number of tumors subjected to quantitative real-time
RT-PCR were 24 in stage 1, 11 in stage 2, 5 in stage 4s, 10 in stage
3 and 24 in stage 4. The patients were treated according to the
protocols previously described.?* Biologic information on each
turnor, including MYCN gene copy number, TrkA gene expression
and DNA ploidy, was analyzed in our laboratory as described
previously.2¢

Cell culture and rransfection

COS7 and HEK293T cells were maintained in Dulbecco's mod-
ified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Life Technologies, Gaithers-
burg, MD) and penicillin {100 TU/ml)/streptomycin (100 pg/ml).

Human neuroblastoma RTBMI cells were grown in RPMI-1640

medium containing 10% heat-inactivated FBS and antibiotic mix-
ture. Cultures were maintained at 37°C in a water-saturated atmo-
sphere of 5% CO, in air. Transient transfection was performed by
LipofectAMINE 2000 transfection reagent (Invitrogen, Carlsbad,

-
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CA) accordmg to the manufacturer’s msu-ucuons In bnef cells
were seeded in tissue cilture plates to achieve 50% confluence.
Twenty-four hours later, cells were transfected by using & mixture
of the expression plasmids and LipofectAMINE 2000 transfection
feagent in DMEM without serum. Forty-eight hours after trans-
fection, cells were collected and analyzed by Western blotting, For
neurite extension assays, RTBMI cells were treated either with
recombinant human BMP2 (Yamanouchi Pharmaceutical, Tokyo,
Japan)} or with RA at a final concentration of 1 aM or 5 uM,
respectively.

RNA isolation and semiguantitative RT-PCR

Total RNA was prepared from neuroblastoma tissues according to
the AGPC method.* Five micrograms of total RNA were subjected to
the synthesis of the first-strand cDNA with pd(N), random hexamer
(Takara Shuzo, Otsu, Japan) and a Superscript II reverse transcriptase
(Invitrogen) at 42°C for 90 min. The resultant cDNA was diluted to
be a 1:20 solution and was amplified in a final volume of 10 ul of

* “reaction mixture containing 100 WM of each deoxynucleoside triphos-- --
_phate, 1 X PCR buffer, 1 pM of each primer and 0.2 U of rTag DNA - .
polymerase (Takara Bio, Ohtsu, Japan). The following primers weré' ~

used: RTTL, 5'-CAGCTCTTCGGCTTTGACTT-3' (sense) and 5'-
GCTGTGGGCTGGATAAAGAG-3 (antisense); human GAPDH,
S"-ACCTGACCTGCCGTCTAGAA-3' " (sense) and 5°-TCC
ACCACCCTGTTGCTGTA-3' (antisense). PCR templates were
standardized by its GAPDH expression before performing semiquan-

" titative PCR experiment, The PCR-amplified products were separated --- -
by elccu'ophoreas on a 1.5% agarose gel and wsm.hzed by ethidium

brormde pos’(sta:mng

Quanntarwe real-time RT- PCR

¢DNA was prepared by the same method as in the semiquantitative
RT-PCR and 2 pl of the 40-fold dilution was used for each PCR
reaction. Primers and TagMan probes for A77L were designed using
the primer design software Primer Express (Perkin-Elmer Applied
Biosystems, Foster City, CA). The primer sequences for ATTL are
5'-AAGGAACTGCCTCCTGAGC-3" and 5'-TCAATGAGCCAC
ACCTTCA-3'. The probe sequence for TTL is 5'-FAM-ATTAGC
ACCAAGCACCTCCCTTACCAGAGC-TAMRA-3'. PCR was car-

.tied out with the ABI Prism 7700 Sequence Detection System (Per-

kin-Elmer Applied Biosystems). Two jul of cDNA was amplifiedina
final volume of 25 pl containing 1 X TagMan mixture, 300 nM each
primer and 200 nM TagMan probe. The thermal cycling condition
was as follows: 50 cycles of 2 2-step PCR (95°C for 15 sec, 60°C for
1 min) after the initial activation of UNG followed by denaturation
{50°C for 2 min, 95°C for 10 min). TagMan GAPDH control reagent
kit (Roche Molecular Biochemicals, Basel, Switzerland) was used for

" the amplification' of GAPDH accordmg to the manufacturer’s fstriig:? -

tions; all data were normalized using GAPDH expression. The exper-
iments were performed in triplicate for each data point.

Generation of polyclonal anti-hTTL antibodies
The polyclonal anti-hTTL antibody was raised in rabbits against

Cys-coupled synthetic peptides derived from hTTL (222-RTASEPY-
HVDNFQDKTCHLTNH-243 and 244-CIQKEYSKNYGKYEE-

'GNE-261). The polyclonal anti-Tyr-tubulin, anti-Glu-tubulin and an-

ti-A2-tubulin antibodies were rised in rabbits immunized with Cys-
coupled synthetic peptides corresponding to their COOH termini
(CEEEGEEY, CGEEEGEE and CEGEEEGE, respectively). Anti-
bodies were purified by using peptide-coupled affinity columns and
tested for their ability to identify the corresponding proteins by West-
ern blots. The synthetic peptides and antibodies were generated by
Protein Express (Chiba, Japan).

Construction of FLAG-tagged hTTL expression plasmid

The FLAG-tagged hTTL expression plasmid was generated by
PCR amplification using the ¢cDNA library derived from human
fetal brain (Stratagene, La Jolla, CA) and an ATTL cDNA that
lacked the 5'-portion encoding the NH, terminal region of hTTL
as templates, The forward and reverse primers used were
5 -TAAATAGTCGACGATATCATGGACTACAAGGACGAC
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GACGACAAGTACACCTTCGTGGTACGCGATGAGAACAGC
AGCGTCTACGCCGAGGTCTCCCGGCTGCTCCTCGCCA-3'
(sequence encoding FLAG epitope tag i5 in boldface, and EcoRV
recognition site is underlined} and 5'-TACATGTCGACGCGG
CCGCTCACAGCTTGAT GAA-3' (Notfl restriction site is under-
lined). The resulting PCR product was gel-purified, digested with
EcoRV and Nod, inserted into identical restriction sites of a
mammalian expression plasmid pIRESpuro2 {Clontech Laborato-
ries, Palo Alto, CA) and its nucleotide sequence was verified by
automated dideoxy terminator cycle sequencing.

Western blot analysis

Cells were washed in ice-cold phosphate-buffered saline (PBS),
collected by centrifugation and lysed in | X sample buffer. Equal
amounts of whole-cell lysates were fractionated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE), and electrophoreti-
cally transferred onto a polyvinylidene difluoride (PVDF) mem-
brane filter (Immobilon-P; Millipore, Billerica, MA). The filter
was then blocked with Tris-buffered saline {TBS) containing 5%
nonfat dry milk at room temperature for 1 hr and subsequently
incubated for 1 hr with the antibodies against hTTL, Tyr-tubulin,
Glu-tubulin, A2-tubulin, ce-tubulin (5H1; PharMingen, San Diego,
CA) and actin (20-33; Sigma Chemical, §t. Louis, MO). The filter
was further incubated with horseradish peroxidase-conjugated
mouse or rabbit IgG secondary antibody (Cell Signaling Technol-
ogies, Beverly, MA). Immunoreactivity was detected using the
enhanced chemiluminescence system (ECL; Amersham Pharmacia
Biotechnology, Uppsala, Sweden) according to the manufacturer’s
instructions. The films were exposed at multiple time points to
ensure that the images were not saturated.

Immunohistochemistry

Immunohistochemical stainings with antibodies against hTTL
{1:100), Tyr-tubulin (1:100), Glu-tubulin (1:100) and A2-tubulin
(1:100) were performed on 10 human neuroblastoma tumors se-
lected from the surgical pathology file at the Department of Pa-
thology, Aichi Medical University, based on the results of histo-
pathology evaluation? and MYCN status. Also performed were
immunostainings with antibodies against TrkA (1:40, 763; Santa
Cruz Biotechnology, Santa Cruz, CA), CD56 (1B6; Novaocasira
Laboratories, Peterborough, UK} and Ki-67 (1:200, MIB-1;
Dako, Kyoto, Japan) on the same tumor tissues. All of those tumor
samples were obtained prior to chemotherapy and irradiation ther-
apy and included 6 favorable histology cases with nonamplified
MYCN (FH&NA) and 4 unfavorable histology cases with ampli-
fied MYCN (UH&A). Among the neuroblastoma cases, tumors in
the FH&NA subset were reported to be the most faverable bio-
logically and clinically. In contrast, tumors in the UH&A subset
are known to be the most aggressive with the poorest clinical
outcome.2” Four yum thick sections from the formalin-fixed and
paraffin-embedded tissue samples were deparaffinized and micro-
waved for 3 X § min in Na-citrate buffer (pH 6.0) for antigen
retrieval, The slides were first immersed in 0.3% hydrogen perox-
ide in methanol for 20 min and then in 10% normal goat serum for
30 min. The primary antibodies were then applied at 4°C over-
night, followed by a standard staining procedure using the Vec-
tastain ABC kit (Vector Laboratories, Burlingame, CA). Sections
were counterstained with hematoxylin for light microscopic re-
view and evaluation, hTTL, Tyr-tubulin, Glu-tubulin and A2-
tubulin were always positively detected in the cytoplasm and
neuritic processes of normal ganglion cells in the separate positive
control sections as well as in the test sections as built-in control,
whenever available. As for the negative controls of hTTL, Tyr-
tubulin, Glu-tubulin, A2-tubulin and TrkA stainings, normal rabbit
immunoglobuling (1:500 dilution, Vector Laboratories) were ap-
plied as the primary antibody. As for the negative controls of
CD56 and Ki-67 stainings, we followed the staining procedure
without the primary antibodies.
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Statistical analysis

Student’s t-tests were used to explore possible associations
between ATTL expression and other factors, such as age. Since the
values of the ATTL expression were skewed, a log transformation
was used to achieve the normality when using stest and Cox
regression. The distinction between high and low levels of ATTL
was based on the median value (low, RTTL < 95 e.u.; high,
RTTL > 95 e.u.), regardless of tumor stage, MYCN copy number,
or survival. Kaplan-Meier survival curves were calculated, and
survival distributions were compared using the log-rank test. Cox
regression models were used to explore associations between ATTL
expression, age, MYCN amplification, mass screening, origin and
survival. Statistical significance was declared if the p-value was
< 0.05. Statistical analysis was performed using Stata 7.0. (Stata,
College Station, TX).

RESULTS
Cloning and expression of hTTL gene

We have previously constructed oligo-capping ¢cDINA libraries
from 3 fresh human NBL tissues (stages 1 and 2; high TrkA
expression and a single copy of MYCN), which were graduaily
undergoing spontaneous regression probably due to neuronal ap-
optosis.2® Screening of 1,152 novel genes by reverse transcriptase
(RT)-PCR revealed that 194 genes were expressed differentially
between NBLs with favorable prognosis and those with unfavor-
able outcomé. Among them, we detected a partial cDNA sequence
(Nbla00660) comresponding to the human ortholog of tubulin ty-
rosine ligase (hTTL} gene. We then cloned the full-length ATTL
¢DNA using both conventional phage library screening and ge-
nome sequence-based RT-PCR procedure. The ATTL gene was
mapped to chromosome 2q13 and consisted of 7 exons (Fig. 2a)
with 377 predicted amino acids (Genbank/DDBJ accession num-
ber AB071393; Fig. 2b). Comparison of the deduced amino acid
sequence of tuman TTL ¢cDNA with those of mouse, rat, pig and
cow showed identity by 94%, 94%, 93% and 94%, respectively.
hTTL was ubiquitously expressed in various human tissues includ-
ing heart, kidney, lung, colon, thymus, spleen, mammary gland,
testis, prostate, brain, cerebellum, liver, fetal brain, fetal liver,
adrenal gland and skeletal muscle (Fig. 2c). However, it was rather
preferentially expressed in adult and fetal brains and lung.

Specific antibodies and catalytic activity of RTTL

To study the role of KTTL and the tyrosination/detyrosination
cycle regulated by TTL in neuroblastoma, we generated specific
antibodies against hurnan Tyr-tubulin, Glu-tubulin and A2-tubulin
based on the previous reports.’-1828 The PYDF membranes spot-
ted with equal amount (1 p.g) of synthetic peptides corresponding
to COOH terminal 7 amino acid residues of Tyr-tubulin (CEEE-
GEEY), Glu-tubulin (CGEEEGEE) and A2-tubulin (CEGEEEGE)
were immuncblotted with rabbit anti-Tyr-tubulin antibody (Fig.
3a, top), anti-Glu-tubulin antibody (Fig. 32, middle) and anti-A2- -
tubulin antibody (Fig. 3a, bottom), respectively. There were no
crossreactivities among them, suggesting that those 3 antibodies
were highly specific to each form of tubulin. To ¢onfirm the
catalytic activity of hTTL encoded by the gene we cloned, we
transfected the HEK293T cells with various amount of ATTL
expression construct. Increased levels of hTTL in. those cells
induced tyrosination of tubulin in dose-dependent manner, while
the level of endogenous Glu-tubulin was decreased (Fig. 3c).
These results showed that hTTL protein encoded by the gene we
cloned has its catalytic activity.

Upregulation of hTTL expression during neuronal differentiation

BMP2 has been cheracterized as a neurotrophic factor.?® Re-
cently, Nakamura et al.3® have reported that RTBML1, a human
neurcblastoma cell line, is responsive to both BMP2 and RA by
extending neurites. By using this system, we examined whether the -
expression levels of hTTL change during induction-of neuronal
differentiation. As shown in Figure 4, the treatment of RTBMI
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humanTTIl gene human chromosome 2q13
humanTTL MY TEFVVEDENSSVYAERVSRLLLATGHNRRLRADN ERENLMLGERNRLEFGRLGHEPGLVOLYNYYRGADELCRKAS 76
mouseTTL MYTEVVRDENSSVYARVIRLLLATGYRKRLRRDN PR PNIMLGERNRL P FGRLGHEFGLAGLVNYYRGADKLORKAS 76
ratTTL MY TRV VRQEN S SV Y AEV S RLLLATGYWKRLRADN R FY LM LGS RNRLEFSRLGHE PELACLYNY YRGADKLORKAS 76
pigTTL MY TEVVRDEN SV Y ARV RLLLATCHRK RLARDN PRFN LMLGERYRL P FERLGHEPGIMOLVNYYRGADKLORXAS 746
COWTTL MY TEYVRDENISVYAEVSELLLATGHKKRLRRONPRENLMLGERNRL P FGRLGHEPGLMQLYNY YRSADKLCRKAS 74
kb TR TA TR TXRERAELER XhEARRELEX LRt R EERERXE AR ERAEYRR Ak h oAk vk Aweyn
humanTTL LVELIKTSPELAESCTREPESYVIY P IHLKT PVARPAONGINPPISNSRTDEREFFLASYNAKKEDGEGNVWIAKSS 157
mouseTTh LVKLVKTSPELSESCSWFPESYVIYPTNLKTPVAPAQNGIQLPVSNSRTDEREFFLASYHARKEDGEGNVHIAKSS 152
ratTTL LKL YK T S PR LSS R PR S Y VI N LK PYA P AQNGIQLEVSN SRTDEREFFLAS YNRKKEDGECNVWIARSS 152
pig?rL LYKLIKT S PELARSCINEPESYY I Y P IN LK T PVAPAQNG IHEPIHA 3R TDEREPELY SYNRKKEDGEGHVHIAKSS 152
cowttL VKL IS PR A S TR PR Y VI Y BTN LK P PVAPAQ DG IHP P LHS SRTDEREFFLAS YNRKKEEGEGNVALAKSES 152
AAdE Fhx bk thi FTXLLAENAE RAF A EAThhkr¥k *4& * Pede Al X o RE wRN Sk kAR Nk kR
humanTTL AGAKGEGILISSERSELLDFIDHOGOVHYIOKYLEHPLLLEPGHREXFDIRSWVIVDHOYNIYLYRESVLRTASERY 228
mouseTTL  AGAKGEGILISSEASELLDFIDSUGOVHVIOKY LER PLLLE PGHRR FOI RS WV LVDHOY N IYLYREGVLATASERY 229
ratTrL AGAKGEGILISSEASELL DM DNQGOVHY IQRY LEH PLLLEPGHRK FDIRSWYLYDHOYNIYLY REGVLRTASERY 228
pigTTL AGAKGEGILISSEATELLD I DNQGUVHVIQKY LERPLLLEPGHRK DI RSWVLVDHOYNIY LY REGVLRTASERPY 228
cow?TL AGAKGEGILISSUATALLDF I DNQGOVHV IQKY LERPL L LEPGHRKFD IRSWVLVDHQFNIYLY REGVLETASERPY 228
*i‘*-ﬁﬁ-kt-ﬁ_-tﬁit* LR R RS SR T LN ERERE SR E IR R RS R R R R R Sy *k&it-ﬂritt’f’*k!ﬂ'***__'
human?TL ﬁvnﬁFQDRTCELT&HCIQKEY&RNYGK&EEGNEM?EK&FNQYLTSALNITLESSILLQ:KH::RNCLLSVE?AIST 304
mouseTTL HVDNECDRTCHLTNHCIQKEY SKNYGKY BEGNEM PR FNQY L TSALN T TLESSILLOIKHI IRSCLMEVERPAIST 204
ratTTL HY DN QDK TCHL TR HS TOKE Y S XN Y GRY E RGN EM T FEE FNQY L PSALNITLENS ILLOIKHI IRSCIMSVERAIST 304
pigTTL BT N PO DK TCHL TN C T QR E Y SKN Y G BRGNP P L R ENOY LT SALNITLESSILLOIKHI IRSCLELSVEPAIST 334
cowTTL HMDR PO DRI CHL IRHC I QKEY SAN Y GKY EEGNEMFFEAFNRY LTSALN I TLESS ILLQIKHIIRACLMSVERPALST 304
* *ki\k****i‘tttikttkttt*ttt#ii-ti—t**t-tﬁ Wk R Ak ke kbR k bRk kW TR 22 F F R
humanTTL KﬁLEEQs?Qi?sfnrmvasaLKvwaxEVﬁGA?ACAQKLYAELCQGIVDIAISBV?PPPBvEQEQTQP--AAFIxn 377
mouseTTL  KHLPYQSFQLLGEDFMVDEELKVRLIEVNGARRCAOKLYAELCOGIVITAISSVEEPPOTEQVEQQP--AAEVKL 377
ratTTL. KELPYQSFQLLGYDFMVDEELRKYWL L EVHGARPACAGK LY AELCQGIVDIATSRVEPPPDTEQVEQQP-—ARFMKL 377
pigTTL RHLFYQSFQLFGFL FMVDEDLKVE LI EVNGRPACAQKLY AELCQGIVDIATASVFPEPDARGOCOQPPFAAFTIKL 370
COWITL KHLPYQS QL EGFD MY DEELRVWL I EVNGAPACAGKLYAELCOGIVDIATASVERPPDARQOPEQP~—ATFIKL 377
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