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with NIPP1-WT was highly phosphorylated. These results are
consistent with previous reports that NIPP1/5ap155 interac-
tion requires both the NIPP1 FHA domain and Sap155 phos-
phorylation (19). Furthermore, interaction between NIPPI
FHA and Sap155 appears to require that Sap155 be “hyper”-
phosphorylated because a faster migrating Sap155 species seen
on SDS-PAGE was likely phosphorylated at relatively low levels
(autoradiography in Fig. 58) and was not significantly co-im-
munoprecipitated with NIPP1-WT, Notably, NIPP1-RATA,
which binds PP1 less efficiently than NIPP1-W'T, co-immuno-
precipitated hyperphosphorylated Sapl55 more efficiently
than did NIPP1-WT. In contrast, NIPP1-AC again decreased
hyperphosphorylation of Sapl55 based on its mobility shift
(“lysate” in Fig. 7A), and hence did not co-immunoprecipitate
Sapl55 ("IP” in Fig. 7A4). Collectively, these results indicate that
PP1, which is recruited to hyperphosphorylated Sapl55 by
NIPPI through the FHA domain, dephosphorylates Sap155 and
suggest that its de-regulation by a mutant form of NIPP1,
NIPP1-AC, results in defects in pre-mRNA splicing. Strikingly,
the NIPP1 mutants NIPP1-RATA/AC and -R53A/AC, which
harbor second mutations that no longer inhibit splicing (Fig. 3),
also failed to reduce levels of Sapl55 hyperphosphorylation
(Fig. 7B).

PPl Overexpression Compromises Pre-mRNA Splicing—
Three PP1 isoforms exhibiting differing N- and C-terminal
sequences (PPla, PPlyl, and PP15) are expressed in mamma
lian somatic cells. To determine which isoforms bound to
NIPP1, co-immunoprecipitation experiments were performed
Significant amounts of PPla, the most abundant isoform
expressed in Hela cells, but not PP1y1 and PP16, co-immuno-
precipitated with endogenous NIPP1, in the order PPla =
PPi1yl > PP15 (Fig. 8A). Because NIPP1 recruited PP1 to
dephosphorylate Sap155 and NIPP1 dysregulation resulted in
splicing inhibition, one might predict that excess nuclear PP1
might also inhibit splicing. To test this possibility, the effects of
PPl overexpression on Sapl55 phosphorylation and splicing
were investigated. Hyperphosphorylated forms of Sap155 were
reduced in cells transfected with PP1a-WT and PP1a-T320A
but not in cells transfected with the inactive PPla mutant,
PP1a-H125A (Fig 8, Cand D). As expected, either overexpres-
sion of wild-type or the active mutant of PPla, PP1c-T320A,
compromised splicing of the reporter gene (Fig. 8E), In con-
trast, the inactive PP1a mutant, PP1la-H125A had no effect.

DISCUSSION

In this study, we investigated physical and functional associ-
ation between NIPP1, PP1, and pre-mRNA splicing in vivo.
Recently, it was reported that PP1 and/or PP2A are required for
a catalytic step in splicing, specifically the second step, in vitro
and that Sap155 and U5-116k are potential targets of these two
PPases (6). But how these PPases are recruited to spliceosomal
substrates has not been elucidated. Our results demonstrate
that NIPP1 targets PP] to Sapl55. Because NIPP1 has been
considered a PP1 inhibitor, the stimulating effect of NIPP1 on
Sapl55 dephosphorylation by PP1 is unanticipated. These
ohservations are reminiscent of Mypt1, another PP1 regulatory
protein, Mypt1 inhibits PP1 activity against nonphysiological
substrates such as phosphorylase a but stimulates it against
35811
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FIGURE 7. Physical and functi NIPP1
proteins and Sap155. A, AC mutation of NIPP1 decreases Sap 155 phospho
rylation and results in dissoclation of the NIPP1-5ap155 complex. HTO cells
were transfected with FLAG-NIPP1 plasmids. Twenty eight hours later, cells
\wreiyu:dand subjected to immunoprecipitation (/P) with an antl-FLAG anti
body. were analyzed by blot using anti-Sap155
urantH:i.kG antibodies. Hyper-P indicates positions of hyperphosphorylated
forms of Sap155. B, reduction of hyperphosphorylated Sap155 by NIPP1-AC
requires both a functional FHA domain and interaction with PP1. Cells were
transiently transfected with FLAG-NIPP1 plasmids depicted in Fig. 14 and Fig.
3A, lysed, and immunoblotted with anti-Sap155 and anti-FLAG antibodies.
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transfected with siRNA against NIPP1, treated with OA, and lysed. Lysates were incubated with 50 ng of
recombinant PP1a at 30 °C for the times indicated. Immunoblots were done with anti-Sap155 or anti-pThe
antibody. B, NIPP1 enhances 5ap155 dephosphorylation by PP1 in witro. Lysates of OA-treated HTO cells were
incubated with increasing amounts of exogenous NIPP1 (upper) or PP1-NIPP1 holoenzyme lower) at 30 °C for
10 min. Immunoblots were done with anti-Sap 155 antibody. The holoenzyme was reconstituted using recom-
binant PP1a and His-NIPP1 expressed in and purified from E. coli. Lower panel, NIPP1 amounts are shown as a
ratio relative 1o recombinant PP1a. C dephosphorylation experiments using purified Sap155. In vitro dephos-
phorylation experiments were performed, as in 8, using Sap155 immunopurified from Hela cells treated with
OA. Reactions were done using 50 ng of PP1a and/or His-NIPP1 per reaction and analyzed by immunoblot
using anti-Sap155, anti-PPla, and anti-NIPP1 antibodies. Asterisk marks residual signal of anti-PP1a blot
D, reconstitution of 5ap155-NIPP1-PP1 ternary complex in vitro, Physical association between Sap155 and PP1
was analyzed by far-Western. 5ap155 was immunoprecipitated, size-fractionated by SD5-PAGE, and trans-
ferred to a membrane. Membrane pieces were reacted with 100 ng/ml of PP1a in the presence or absence of
recombinant His-NIPP1 {+ + and + indicate 300 and 100 ng/ml His-NIPP1, respectivelyl. PP1a overaid on
Sap155 was detected by immunoblot using anti-PP1a antibody. Similar amounts of Sap155 in each lane were

zyme, produced more severe pheno-
types, such as virtual loss of Sap155
hyperphosphorylation and defects in
pre-mRNA splicing. The robust effect
of NIPP1-AC is, at least in part,
because of defects in regulation of the
NIPP1-PP1 holoenzyme by inhibitory
phosphorylation of the catalytic sub-
unit. In contrast, PP1 bound to
NIPP1-WT is highly phosphorylated
at Thr-320. Although Thr-320 phos-
phorylation is implicated in regulat-
ing the cell cycle, our results suggest
that regulation of PP1 by inhibitory
phosphorylation is important in more
general cellular functions, including
regulation of pre-mRNA splicing.
Recently, it was reported that Sf3a/b
proteins, including Sap155, are desta-
bilized and dissociate from the RNP
core of the activated spliceosome dur-
g the transition from the B to C
complex in vitro (5). Thus, it is likely
that ${3a and 5f3b are dispensable for
the second splicing step while essen-
tial in early step(s). Given that PP1/PP2A are required for the sec
ond step, dephosphorylation of Sap155 may be critical for dissoci-
ation of Sf3a/b from the RNP core, facilitating structural
rearrangement of the spliceosome required for further splicing
steps. In this scenario, one could imagine that such regulation
occurs by modulation of PPase activity through inhibitory phos-
phorylation of PP1 bound to NIPP1. Currently, why PP1 bound to
NIPP1-AC is minimally phosphorylated on Thr-320 is not known
and is under investigation.

Although our results show that NIPP1 enhances recruitment
of PP1 to Sapl55 and promotes Sap155 dephosphorylation,
detailed mechanisms whereby NIPP1 stimulates Sapl55
dephosphorylation remain unknown. It is important to deter-
mine how the PP1/NIPP1 holoenzyme can effectively and spe-
cifically dephosphorylate Sap155. PP1/NIPP1 interactions may
be competed and transiently interrupted by element(s) within
Sap155. Interestingly, Sap155 contains an RICF sequence (Arg-
1057 to Phe-1060) resembling a consensus PP1-binding motif,
although it has not been shown to be functional. Alternatively,
NIPP1 may block substrates other than Sap155 from accessing
the PP1 active pocket via steric hindrance. Future structural
analysis of the PP1/NIPP1 holoenzyme should address these
issues. In context, it is still possible that NIPP1 simultaneously

“ESEDE\

* +

4 *

. -1754D

3 “

VOLUME 283-NUMEER 51-DECEMBER 19, 2008



Dephosphorylation of Sap155 by NIPP1-associated PP1

D *
SEES
Sap155 : hyper-P
Myc-PPa -!
[ e v ) E
TRE-BGG: 5
_ _ : Myc-PPla:WT TA - W
s H e MTUCHEE “Mm[ a— Ex2+int2
c = Ex1+inti
1.3]
¥
£o — ' :
o £
% & . +—Ex2
T g e

FIGURE B PP1 overexpression affects Sap155 phosphorylation and splicing. A PP1 isolorms associating
with NIPP1. Lysates of HTO cells were Incubaiedwﬂhan:i»NlPPi antibody or control normal rabbit IgG, Immu-
napreciy P were | blotted using antibodies spﬁl!k to each PP isoform. B, diagram of wild-type
and mutant forms of PP1a. Each is tagged with a Myc epitope at the N C, phospl activities of
PP 1o prateins expressed in HTO cells. Myc-PP1a were 1ranshnuy expressed in HTO cells and Immunopre: Ipl
tated with an anti-Myc antibody. Phosphatase activities were determined using phospho-phosphorylase pep
tide as substrate. Data represent means of three independent experiments with 5.0, D, effects of PP 1a over
expression on Sap155 phospharylation. HTO cells were transiently transfected with myc-PPla, lysed, and
analyzed by Western blotting using anti-5ap 155 and anti-Myc antibodies. £ cells were transiently translected
with the B-globin reporter together with myc-PP1a constructs, Total RMA was isolated and analyzed by RPA as

ing is critically important for under-
standing how S5apl55 is regulated
byphosphorylation/dephosphoryla-
tion. Furthermore, recent reports
revealed that Sapl55 functions not
only in constitutive splicing but also
in alternative splicing and in epige-
netic gene silencing (26, 38). Roles
for Sap155 phosphorylation in these
processes are the next questions to
be analyzed.

NIPP1 knockdown sensitized
Sapl55 to hyperphosphorylation
upon further stimulation of cells
by OA. Because OA preferentially
inhibits PP2A family PPases. our
results are consistent with a previ-
ous report that PP1 and/or PP2A s
essential for splicing in vitro (6). It is
likely that PP1 and PP2A family
PPase(s) indeed have overlapping
rales in regulating Sap155 phospho-
rylation in intact cells. According to
this notion, the relatively weak
effects of mutant NIPP1 lacking
the canonical PP1-binding motif
(NIPP1-RATA) on splicing seem
plausible. NIPP1-RATA was less
efficient in binding PP1 and hence
co-immunoprecipitated greater lev-

in Fig. 2

suppresses PP1 activity in a way that balances Sap155 phos-
phorylation activity to ensure proper phosphorylation/de-
phosphorylation cycle. Our results also do not exclude the
possibility that higher activity of PP1-NIPP1AC against
Sapl55 in vivo is because of less inhibitory activity of the
mutant NIPP1 itsell. Currently, we cannot determine
whether NIPP1-WT and -AC have similar inhibitory activity
on hyperphosphorylated Sap155.

In cells expressing NIPP1-WT and -AC, Sap155 phosphoryl-
ation levels were specifically reduced, although normal phos-
phorylation levels of U5-116k were seen, suggesting de-regula-
tion of Sap155 phosphorylation alone is sufficient to perturb
splicing. But these results do not exclude the possibility that
phosphorylation/dephosphorylation of U5-116k is also essen-
tial for splicing. Sapl55 is the first example of a protein that
phosphorylated exclusively at the time of the catalytic step of
the splicing reaction (4). Indirect evidence has indicated the
importance of Sap155 phosphorylation in splicing, although
there has not yet been a direct demonstration. Our results pro-
vide additional evidence suggesting an essential role of Sap155
phosphorylation, namely NIPP1-AC constituted a hyper-active
PP1 holoenzyme. decreasing hyperphosphorylated Sap155 and
thereby inhibiting splicing. Sap155 has many potential phos-
phorylation sites, and several are phosphorylated in in vitro
splicing reactions and also in vivo (36, 37). ldentification of
Sap155 phosphorylation sites and their functions during splic-
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els of hyperphosphorylated Sapl155

compared with NIPP1-WT (Fig. 7).
indicating that it functions as a dominant negative in some con-
texts, although its inhibition of splicing was partial (Figs. 1 and
2). One explanation for this observation would be that NIPP1-
associated PP1 plays a kinetic role in splicing, affecting only
splicing rate. Alternatively, we propose that lower levels of PP1
recruited by NIPP1-RATA could be compensated, for example,
by PP2A class PPase(s). The relatively small increase in hyper-
phosphorylated Sap155 seen in mock- or control siRNA-trans-
fected cells treated with OA (Fig. 5C) strengthens this hypoth-
esis, although the precise mechanism by which OA enhances
Sap155 hyperphosphorylation is not clear. As seen in Fig. 5D,
treating cells with OA globally affected phosphorylation levels
of several cellular proteins, possibly because of a broad spec-
trum of targets of PP2A class PPases or to indirect effects. Thus,
we cannot exclude the possibility that OA enhances Sapl55
hyperphosphorylation by stimulating Sapl55 kinase(s). We
tried co-transfection of siRNAs targeting PP2A in addition to
NIPP, but massive cell death resulting from that treatment pre-
vented analysis of these cells.” It is still possible that PP1 and
PP2A dephosphorylate Sap155 differentially in terms of target
residue or timing during splicing. Furthermore, PP1 and PP2A
may be regulated differentially by intra- or extracellular signals
through modification of the phosphatases themselves and/or
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their regulatory protein. In addition to inhibitory phosphoryl-
ation of PP1, it should be noted that NIPP1 is also subject to
regulation by phosphorylation, decreasing its association with
PP1 (39, 40).

Interestingly, NIPP1-AC promoted severe splicing defects in
vive but not in vitro. Although in vitro splicing assays are reli-
able and widely used, they may not always reflect in vivo condi-
tions, at least in terms of PP1. In fact, some investigators have
reported differences between in vivo and in vitro splicing. For
example, a sub-domain of U2AF65, an essential splicing factor,
plays important role in vive but not in vitro (41).

In summary, our results provide evidence that NIPP1 directs
PP1 to dephosphorylate Sap155. Further elucidation of the role
of the NIPP1 C terminus in regulating PP1 and identification of
specific Sap155 sites dephosphorylated by PP1 will be required
to fully understand how pre-mRNA splicing Is regulated by pro-
tein phosphorylation/dephosphorylation cycles. Also, cell lines
conditionally expressing NIPP1-AC, which mediates a decrease
in Sap155 hyperphosphorylation, will be useful to analyze the
roles of Sap155 phosphorylation.
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ARTICLE INFO ABSTRACT
Article history: Although quality control is essential in mass screening system for early detection of cancer, no global
Received 22 December 2007 method for quality control has not been established, because the mass screening system in each country

Received In revised form 24 April 2008

Accepted 13 May 2008 Is quite different from each other, At present, we have to find appropriate method for each cancer and for

each country, In 2000, The Lung Cancer Screening Division (LCSD) of the Miyagi Prefectural Committee for
Management of the Cancer Screening System (Miyagl PCMCSS) decided to evaluate annually whether the

:7"::"-' local go had appropriate information to evaluate the quality of lung cancer screening systems,
s SO announcing that the results would be informed to residents, On the basis of the manual developed by
Ei o the Ministry of Health, Labor and Welfare, 45 items were selected 23 indicators for the survey, which
Quality contral could be obtained easily when the screening had been conducted according to the standard method,
Quality assurance LCSD of Miyagl PCMCSS sent a questionnalre including the 45 items to the municipalities, According to
Survey the reply to the questionnaire, LCSD rated each municipality using a 5-rank classification depend on the
number of insufficient items: A: 0; B: 1-4; C: 5-8; D: 9 or more; E: no reply. As the results, 58, 3, 6, 3,
and 0 municipalities were categorized in 2002 as A, B, C, D, and E, respectively. In 2003, the number of
municipalities changed to 60,7, 2, 1, 2nd 0. In 2005, the distribution mproved more, such 25 68,2, 0,0, and
0. The detection rate of lung cancer also improved. It is possible for PCMCSS to annually conduct surveys
to determine whether the local government has appropriate information to evaluate the quality of lung

cancer screening systems. Such surveys improve the distribution of response to better
© 2008 Elsevier treland Ltd. All rights reserved.
1. Introduction In Japan, mass saeening for tuberculosis using chest X-ray

In mass screening system for early detection of cancer, qual-
ity control is essential. However, no global method for quality
control which can be adopted in all countries has not been estab-
lished, because the mass screening system in each country is
quite different from each other. Although there have been some
reports concerning quality control of mammography in breast can-
cer screening [1-3] and cytological diagnesis in cervical cancer
screening |4.5), there has been few report about other examina-
tions or other cancers [6,7]. At present, we have to find appropriate
method for each cancer and for each country.
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films had been widely developed since 1950s. In 1982, lung can-
cer screening, using chest X-ray films for all screenees and sputum
cytology for smokers, was introduced under the Health and Medi-
cal Services Law for the Aged |8.9]. According to the law, each local
municipality conducts lung cancer screening for residents of 40
years old or older. For the quality control of the screening system,
The Prefectural Committee for Management of the Cancer Screen-
ing System (PCMCSS) was established in each prefecture. Although
the committee was expected to conduct appropriate quality con-
trol of the cancer screening, the activity of the committee in almost
all of the prefectures has been very low. Most of them counted the
number of screenees, test-positive rate, and lung cancer detection
rate which were submitted from each municipality, but the qual-
ity of the data was not tested and no guidance or intervention was
conducted to each municpality. The quality control of the screening
system totally depended on the individual efforts of those who are
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in charge of screening activities in the municipality or the screen-
ing providers which was commissioned lung cancer screening from
the municipalities. As a result, quality of the screening system has
been quite different according to the municipality. Although PCM-
CSS does not have enough budget or personnel, some members of
the committee thought that additional action should be taken.

In Miyagi Prefecture, Japan, the condition was almost the same
as other prefectures until 2000. Some munidpalities did not sub-
mit the data to PCMCSS, even after several demands to submit. In
2000, The Lung Cancer Screening Division (LCSD) of Miyagi PCM-
CSS decided to conduct a new survey for the quality control, which
began in 2001. We present herein the 4-year results of the survey
from 2001 to 2005.

2. Methods

In February 2000, LCSD of Miyagi PCMCSS decided to start
the survey annually whether the local governments had appropri-
ate information to evaluate the quality of lung cancer screening
systems. On the basis of “The Lung Cancer Screening Manual” devel-
oped by the Ministry of Health, Labor and Welfare, Japan, 45 items
were selected as indicators for the survey, which were the indis-
pensable for evaluating the quality of the screening. The items could
be obtained easily when the screening had been conducted accord-
ing to the standard screening method. The survey was authorized
by Miyagi PCMCSS in March 2001, and the questionnaire was sent
to all local governments in June 2001 (Table 1} When the local gov-
emnment did not have the data, they would inquire to the screening
provider which was commissioned the lung cancer screening from
the local government. In the questionnaire, we notified them that
the survey would be conducted annually, and that the results of the
survey would be informed to the residents.

After several demand for submission to themunicipalities which
had not submitted, the questionnaires were finally collected from
all munidpalities until January 2002. According to the reply to the
questionnaire, LCSD rated each municipality using a 5-rank clas-
sification: A: all of the items were obtained sufficently; B: 1-4
items were insuffidient; C: 5-8 items were insufficient; D: 9 or more
items were insufficient; E: no reply to the survey. The survey was
conducted annually since then.

In order to evaluate whether the results in this survey really
influenced the quality of lung cancer screening, the munidpalities
were classified into two groups: Group X (municipalities which had
A rank in 2001-2002 survey) and Group Y {municipalities which
had B, C, or D rank in 2001-2002 survey). In 2004-2005 survey, all
58 municipalities of Group X also got A rank. On the other hand, 10
of 12 municipalities of Group Y got A rank, and remaining two got B
rank. Then, average values of following three indicators were com-
pared between the two groups: (1) the detection rate of lung cancer
in all screenees; (2) the ratio of cases who actually underwent fur-
ther examination to test-positive cases; (3) the ratio of number of
dinical stage | lung cancer patients to number of all lung cancer
patients.

Mann-Whitney U test, Fisher's exact test, and Student's I-test
were used for statistical analysis. p<0.05 was regarded as statisti-
cally significant.

3. Results

In 2002, a total of 70 municpalities were rated, and 58, 3,
6, 3, and 0 municipalities were categorized as A, B, C, D, and E,
respectively. All of the rating, with the name of municipality, was
proclaimed in the website of Miyagi Prefectural Government [ 10].

Table 2 shows the rating of the survey in 2001-2002 accord-
ing to the population of the municipality. The population of the

Tabie 1
The questionnaire of the survey

| The information about sereenees
1.1 The tabile of the nurmber of sreepess accoiding W gender and age (5-vear
stratum)
1.2 The number of screenees who was soreened in (he previos year
1.3 The test-pasitive rate
L33 inchest x-ray
1.3.2 insputum rytology
1.3.3 in both tests
1.4 The case who underwent lurther examination/The test- positive cases
141 in chest x-ray
L4.2 in sputuim cytology
14.3 in hoth tests
2 The information about lung cancer patient
2.1 The rable of the number of lung cancer patients acconding to gender and
age (5-year stratuin)
2.2 The detection rate of hing cancer
221 inall screanees
2.2.2 in the screenees who was screened in the previous year
2.2.3 in the screenkes who was not screened in the previous year
2.3 The standardized detection ratio {the calculation method was in The Lung
Cancer Screening Manual)
2.4 The detection rate of lung cancer by chest X-ray
241 inall steenees
247 ip the streenees who was scieened in the peevious yeay
243 In the ¢ feenees who was nat screened in the prévivus year
2.5 The detection rate of lung cancey by sputum cytology
2.6 The detection rate of lung cancer only by sputum cytology (negative result
by chest X-ray screening)
2.7 The number of clinical stage | lung cancer patientsf/the number of all lung
cancer patients
2.8 Positive predictive value
281 in all swreenees
281 In the screeness who was screened in the previous year
2 B3 in the screenees whao was not screened (n the previous year
1 The information of the screening system
3.1 Indirect chest X-ray or divect ches X-ray
3.2 Maximum voltage of chest X.ray equlpment
3.3 Exposure voltage of chest X-ray
3.4 |s fluotescent sereen used?
1.5 Is magnifying paper used?
3,615 ortho-type Alin wsed?
1.7 The number of or radi istfthe number of all doctors who
performed Interpretation
1.8 |s double check in interpretation performed as described in The Lung
Cancer Screeninyg Manual?
1.6 Does compare with previous flms of the patients as described in The Lung
Cancer Screenlng Manual?
3.10 Does the conference about chest X-ray screening hawe?
3.11 Is the quality of chest X-ray fitms evaluated?
312 The number of radk technicians who work at lung cancer screening
3.13 The number of exposutes per technician per day
3.14 Do the technicians have opportinity to study?
115 The number of doctors who certified fur cytological diagnosis
116 The number of doctors who nainly diagnose respiratory cytological
specimens
3,17 The munber of cytoscresners
318 This number of specimend per cytoscreener per day
3.19 Do the cytoscreseners have opportunity to study?
1.20 1s doublé check performed In cytological screening?
3.21 Direct smear method or cell collection method?
3.22 Are the cytological findings ln previous specimens of newly diagnosed
patlents re-evalpated?
323 Is the report of the results of further examination collected from the
hospitats?

municipalities had no association with the rank they got (p =0.143,
Mann-Whitney U test).

Each local government comimissioned the lung cancer screen-
ing to one of several screening providers. Table 3 shows the rating
of the survey in 2001-2002 according to the screening providers
commissioned. Screening provider P and Q got more A-rank than
others (p<0.001, Fisher's exact test).
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Table 2
The rating of the survey in 2001-2002 ding to the pop of the
Population Rating Total
A 1] C 5] E
1-5.000 G 100T) [
5.001 -10,000 {mnx) I 1 n
10001 -15,000 N7 1 { 15
15,001-20.000 5(83x) 1 &
20.001-30.000 5{831) 1 [
30.001-60,000 G(B86X) ! 7
0,001 - S{71%) 1 1 1
Table 3
The ratiog of the survey in 2001 2002 scconding to (he company curmmisshuned
Company Rating Total
A ] C 4] E
P 55 2 L7 4
Q 1 1
R 3 1 1
s 2 2
T 1 2
u 1 i
Tabile 4
The ehanges of thie numbes of insufBicient (e and the vank of 15 mamcpalities in Uie T 2 years (remaining 55 municipalities had A sk Doth yeags)
Munictpality Survey in 20012002 Survey in 20022003 Number of items iImproved Number of rank improved
turnbe of ingulficient imms Rank MNumber of inmufficient items Rank
a 19 b ! B 7 2
b 1 o 5 < G |
[ g o (1} A 9 i
d ] C 2 B B 1
* f < ] A 8 1
T 4 [ 1 B 7 L}
£ 7 [S 3 ] 'l 1
h 7 < ] A 7 2
I b [ o 9 4] -3 -1
| 1 B 6 c -4 -1
k 1 B o A 1 |
1 1 8 ] A 1 1
m ] A 1 B -1 -1
n a A | B -1 -1
a L] A 1 B e -1
Total 87 k| 56 10
In 2002-2003, the number of municipalities with each rating 4. Discussion

changed to 60, 7, 2, |, and 0, which indicated that 56 more items
were newly obtained in the whole prefecture (Table 4), The results
improved year by year. In 2004-2005, the number of munidpalities
changed to 68,2, 0,0, and 0 (Table 5).

Table 6 shows the results of the changes of the average val-
ues concerning quality control in the two groups of municipalities.
Although “The detection rate of lung cancer in all screenees” and
“The ratio of cases who actually underwent further examination
to test-positive cases™ of Group Y in 2001-2002 were significantly
worse than those of Group X (Student’s t-test, p=0.049 and 0.036,
respectively), those differences disappeared in 2004-2005.

Tabie §
The nurmnber of the rank which local municipalities obtained in the 4 years

Year Rank

A 1] € D E
1001-1002 58 | 6 | ]
10M -2003 60 7 2 1 0
2003-2004 B3 5 0 0 o
1004-200% 68 2 o o ]

In February 2000, LCSD in Miyagi PCMCSS decided to stait a
new survey about quality control of the lung cancer screening. At
the beginning. LCSD had to decide what kind of survey they should
do, because there was a manual for screening method, but there
was not a manual for quality control of screening system in Japan.

When developing the survey, following points were considered.
First, the survey should be simple and could be conducted with
low cost, because PCMCSS did not have enough budget or person-
nel. Second, the results of the survey should be concisely informed
to the public, showing the comparison to other mumapalities,
because the residents should know the quality of the screening
system in their municipalities to seek better screening system of
high quality with reasonable cost. Third. the survey was to evalu-
ate whether the screening system In each municipality achieved
at least the minimally required level Therefore, LCSD of Miyagi
PCMCSS decided to conduct the annual survey with questionnaires,
whether the local government had gh inf ion to eval
the quality of their lung cancer screening systems. The question-
naire was prudently made according to "The Lung Cancer Screening
Manual®, and the survey was authorized by Miyagi PCMCSS in
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Table 6
The changes of the average values conveining guality canteol in the two graups of municipalities
2001-2002 pvalue 2004-2005 pwalue
(1) The detection rate of lung cancer in all screenees (per 1000)
Group
X 0.703 (n=58) 0.049 0.535 [n~58) oG
¥ 0.351 (n= 10, 2 unknown | 0.538 (n=12)
{2)The ratio of cases whu actually further ination fo est-positive cases
Group
X 0508 [n =58) 0.036 0.874 (n=58) 0739
Y 0838 (n= 10, 2 unknown) 865 (n=12)
{3} The ratio of number of clinical stage | lung cancer patlents to number of all lung cancer patients
Group
x 0512 (n=58) 0.on 530 (n ~58) 0563
Y 0111 (n=3,9 unknown ) 0609 (n =11 | unknown)

March 2001. In order to avoid misunderstanding, the question-
naire required numerical value rather than Yes-No question, and
we could ask to muniaipalities if the value was strange.

The first survey actually began in June 2001 and finished in Jan-
uary 2002. The result of the survey was satisfactory. Although some
municipalities did not submit annual reports of lung cancer screen-
ing to LCSD until 2000 despite of several demand to submut, all of
the municipalities replied the questi ire of the survey to LCSD
by January 2002. The size of the municipalities did not have an
association with the rating, whereas the screening provider com-
missioned had, which might indicate that the screening providers
R. S and T had some problems in quality control.

The results of the survey in successive years were impressive
There were several factors which influenced the results. The most
important point was that LCSD declared that the results of the sur-
vey would be informed to the residents with comparison to other
municipalities. The person in charge in each municipality, espe-
clally in municipalities which could not achieve A-rank, inquired
many questions to LUSD during the survey. Some people even asked
LCSD to postpone the announcement of the results to the residents,
which was not accepted. The governor of the local government must
feel social pressure when his municipality had lower-rank. After 3
years, there was no municipality which got C, D, or E, regardiess of
the screening provider commissioned.

By the analysis of the rel b 1 the results of this sur-
vey and the three indicators concerning quality of lung cancer
screening, two of them were significantly worse in Group Y munic-
ipalities than in Group X in 2001-2002. However, in 2004-2005,
such differences were not detected, During the years, the rating of
Group Y municipalities in the survey had dramatically improved
(2001-2002, B: 3; C: 6; D: 3. 2004-2005, A: 10; B:2). Although
this survey using the questionnaire did not directly influence these
indicators, it might affect the results indirectly.

1t 15 possible for PCMCSS to annually conduct surveys to deter-
mine whether the local government has appropriate information
to evaluate the quality of lung cancer screening systems. The sur
vey can be developed for lung cancer screening by chest CT. Even in
the present system in Japan, such surveys should be done in each

prefecture, announcing that the results will be informed to the res-
idents. However, the survey is an only first step in quality control
of cancer screening, and more essential, effective, and nationwide
surveys should be developed.
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Protein phosphatase Dusp26 associates with KIF3 motor and promotes
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Recent studies have demonstrated essential functions for
KIF3, a microtubule-directed protein motor, in subcellular
transport of several cancer-related proteins, including the
p-catenin—cadherin(s) complex. In this study, we report
identification of the protein-phosphatase Dusp26 as a
novel regulator of the KIF3 motor. Here we undertake
yeast two-hybrid screening and identify Kif3a, a motor
subunit of the KIF3 heterotrimeric complex, as a novel
Dusp26-binding protein. Co-immunoprecipitation and
colocalization experiments revealed that Dusp26 associ-
ates pot only with Kif3a, but also with Kap3, another
subunit of the KIF3 complex. Dephosphorylation experi-
ments in vitro and analysis using mutant forms of Dusp26
in intact cells strongly suggested that Dusp26 is recruited
to the KIF3 motor mainly by interaction with Kif3a, and
thereby dephosphorylates Kap3. Forced expression of
Dusp26, but not its catalytically inactive mutant, pro-
moted distribution of f-catenin/N-cadherin, an established
KIF3 cargo, to cellcell junction sites, resulting in
increased cell—cell adhesiveness. We also showed that
Dusp26 mRNA expression was downregulated in human
glioblastoma samples. These results suggest previously
unidentified functions of Dusp26 in intracellular transport
and cell-cell adhesion. Downregulation of Dusp26 may
contribute to malignant of glioma.

Oncogene (2008) 0, 000-000. doi:10.1038/onc.2008.431

Keywords: e, »;

Introduction

Dual-specificity protein phosphatases (DSPs) form an
evolutionarily conserved subgroup of protein-tyrosine
phosphatases, originally characterized by their ability to
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catalyse dephosphorylation of protein phospho-Ser/Thr
and phospho-Tyr residues (Camps et al., 2000; Alonso
ef al., 2004; Pulido and Hooft van Huijsduijnen, 2008).
Dusp26 (also referred to as LDP-4, MKP-§ and NEAP)
is a recently identified DSP protein and its function
remains obscure. Expression of Dusp26 mRNA appears
restricted to specific tissues such as brain and retina
(Wang er al., 2006; Takagaki er al., 2007). The only
functional motif identified thus far in Dusp26 is a DSP
catalytic domain: Dusp26 does not resemble DSP
molecules belonging to the MKP family, which exhibit
Rhodanase domains that recognize substrate mitogen-
activated protein kinases (MAPKs: Erk, JNK and p38)
(Camps er al., 2000). To date, reports regarding Dusp26
function have been limited to its function in the MAPK
pathway. Specifically, Dusp26 has been reported to
function as a p38-specific phosphatase (Vasudevan
et al., 2005; Yu et al., 2007) and an Erk-phosphatase
(Hu and Mivechi, 2006). In contrast, Wang er al. (2006)
suggested that Dusp26 is not an MAPK phosphatase
but rather negatively regulates the PI3K-Akt pathway
by an unknown mechanism. In addition, Takagaki et al.
(2007) reported that Dusp26 can potentiate JNK and
p38 activation rather than inactivate it in a certain
cellular contexts. Thus, the regulatory functions of
Dusp26 on MAPK function are controversial. On the
basis of these findings, we hypothesized that Dusp26
might interact with unidentified cofactor(s) and/or
substrate(s), in addition to proteins in the MAPK
cascade.

The KIF3 complex, a microtubule plus-end-directed
motor and member of the kinesin superfamily (KIF),
functions in transport of membrane organelles and is
composed of two motor subunits, Kif3a and Kif3b, and
a nonmotor subunit Kap3 (Hirokawa, 2000b). Mice
lacking either Kap3 or Kifla show loss of left-right
asymmetry and embryonic lethality due to the proteins’
indispensable function in formation of primary cilia and
nodal flow during embryogenesis (Takeda er al., 1999;
Hirokawa, 2000a; Hirokawa er al, 2006). The KIF3
motor is also implicated in tumorigenesis: cancer-related
proteins such as APC, P-catenin-cadherin(s) and the
Par3 polarity complex have been identified as KIF3-
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cargos (Jimbo er al, 2002; Nishimura et al, 2004).
p-Catenin and cadherin associate with the KIF3 motor
probably through interaction of B-catenin with Kap3
(Jimbo et al., 2002). Conditional Kap3 knockout mice
develop neuroepitherial tumors likely due to defects in
post-Golgi transport of the p-catenin/N-cadherin com-
plex to the cell periphery, resulting in abnormal
f-catenin accumulation in the cytosol and nucleus (Teng
et al., 2005). More recently, an important function for
KIF3 in regulating f-catenin-dependent gene expression
in response to Wnt signaling by cilia-dependent mechan-
ism has been reported (Corbit et al., 2008).

B-Catenin/cadherin(s) subcellular localization is cri-
tical for tumorigenesis. Cadherin(s) at the plasma
membrane functions in calcium-dependent cell-cell
interactions whereas P-catenin links cell adhesion to
activities of the actin cytoskeleton. Recent studies reveal
that modulation of cell-cell contact affects cell motility
and has consequences for cancer metastasis. Further-
more, defects in transport of B-catenin/cadherin(s) to the
cell periphery result in aberrant accumulation of
B-catenin in the cytosol as well as in the nucleus, where
it together with T-cell factor (TCF) functions as a
transcriptional mediator of canonical Wnt signaling
Thus proper localization of the p-catenin-cadherin
complex at cell-cell junctions is essential for tumor
suppression.

Here, using yeast two-hybrid screening, we identified
Kif3a, a subunit of the KIF3 microtubule-dependent
protein motor, as a Dusp26-interacting protein
(Figure 1). We also demonstrate that Dusp26 depho-
sphorylates the Kap3 subunit of the KIF3 motor and
enhances N-cadherin-mediated cell-cell interactions.
Finally we analyse tumor samples and show that Dusp26
expression is downregulated in gliomas, suggesting it
may have a tumor-suppressive function in brain tumors.

Results

Dusp26 interacts with the KIF3 kinesin motor

To search for factors interacting with Dusp2é we
undertook yeast two-hybrid screening of a human
embryonic brain ¢cDNA library. One of the clones

Figure 1 Dusp26 interacts with the Kif3a subunit of KIFI motor.
(a) Schematic structure of Kif3a. The motor domain, ATP-binding
site (ATP) and microtubule-binding site (MT) therein, and coiled-
coiled domain (CC) are shown. The line represents the cDNA
fragment isolated in two-hybrid screening using Dusp26 as a bait.
(b) Two-hybrid analysis showing interaction of Dusp26 with Kif3a
fragment isolated in the screening. Duspl$ served as negative
control. (¢) Co-immunoprecipitation of Kif3a with Dusp26. HTO
cells were transfected with Flag-tagged versions of wild-type (WT)
and inactive mutant forms (CS and DA) of Dusp26, Myc-Kif3a
and empty vector in combinati precipitated with an
anti-Flag antibody, and probed with anti-Myc or anti-Flag
antibodies. (d) Kif3Ja and Dusp26 colocalization. HTO cells
transfected with Flag-Dusp26 and Myc-Kif3a were immunostained
using anti-Flag and anti-Myc antibodies, followed by anti-rabbit
1gG-Alexa 488 and anti-mouse IgG-Cyl. Images shown are
extended focus views obtained by maximum projection of confocal
images along the Z axis. Arrows indicate overlaps of Flag-Dusp26
and Myc-Kif3a outside the Golgi.

274

obtained encoded the Kif3a C terminus (Figure la). We
did not detect interaction between Kif3a and Dusp2$,
another DSP molecule showing 24% amino-acid
sequence homology with Dusp26 (Figure 1b). Physical
interactions between Dusp26 and Kif3a were further
confirmed by co-immunoprecipitation in cells trans-
fected with Myc-Kif3a with or without Flag-Dusp26
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| MT
[Cmoer T ¢ | ]
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(Figure Ic). Dusp26 protein exhibited conserved Asp
and Cys residues, which are required for catalysis in all
DSP family members. Substitution of these residues to
Ala and Ser (Dusp26-DA and -CS, respectively) did not
affect Dusp26 and Kif3a interaction, indicating that
association with Kif3a does not require catalytic activity
of Dusp26 (Figure Ic). Dusp26 showed cytoplasmic
localization and enrichment in Golgi apparatus, as
reported previously (Takagaki et al., 2007), and strong
colocalization of Dusp26 and Kif3a was observed
(Figure 1d).

We next asked whether Dusp26 associates with Kap3,
another subunit of the KIF3 motor complex. As shown
in Figure 2a, Kap3, as well as Kif3a, was also cfficiently
co-immunoprecipitated with Dusp26. In a yeast
two-hybrid assay, inoteraction between Dusp26 and
Kap3 was relatively weak when compared to that of
Dusp26-Kif3a (Figure 2b). Collectively, these results
suggest that Dusp26 binds to the K1F3 motor complex,
primarily through interaction with the Kif3a subunit.

Dephosphorylation of Kap3 by Dusp26

It has been reported that Kap3 is a phosphoprotein, and
that its phosphorylation is regulated during cell cycle
(Haraguchi er al., 2006). To elucidate the significance of
the Dusp26-KIF3 motor interaction, we asked whether

a + Myoc-Kap3
Fiag _—
-Dusp2: = WT C8 DA WT
T, g— —— Myc
g
rr
* g O
B
Flag

Figure 2 Interaction between Dusp26 and K.np‘! (a) Co-
immunoprecipitation of Kapl with Dusp26. COS-T cells were
transfected with Flag-Dusp26 or its mutants together with Myc-
Kap3 and analysed by co-immunoprecipitation as in Figure Ic. (b)
Interaction between Dusp26 and Kap3 detected by two-hybnd
analysis in yeast. Kifla served as a positive control.

Regulation of KIF3 and cell-cell adhesion by Dusp26
N Tanumna of o/

Kap3 was a Dusp26 substrate. To this end, we analysed
Kap3 phosphorylation using a recently developed
phosphate-binding tag (Phos-tag) that captures phos-
phomonoester dianions bound to Ser, Thr and Tyr
residues (Kinoshita et al., 2006). As shown in Figure 3a,
Kap3 expressed in HeLa cells was identified as two
bands. The slower migrating band, which in this assay
represents phosphorylated proteins, disappeared follow-
ing treatment with bacterial A-phosphatase in vitro
(Figure 3b), and slightly increased in cells synchronized
at Gy/M phase by treatment with demecolcine, a
microtubule-disrupting reagent (Figure 3c¢). These find-

&

WT Cs

Flag — —

Figure 3 Negative regulation of Kapl phosphorylation by
Dusp26. (s) Analysis of Kap3 phosphorylation using Phos-tag/
SDS-polyacrylamide gel (PAGE). Lysates from mock- or
Myc-Kap3-transfected HTO cells were scparated by Phos-tag/
SDS-PAGE, under conditions in which phosphorylated proteins
mn;rll.: more lluwlr than corresponding nonphosphorylated
and blotting using an anui-Myc
mubo:ly, b) Id:nuty of slower migrating Kapl on Phos-tag/SDS-
PAGE as phosphorylated Kap3. I-ITO cells were transfected with
Myc-ij! lysed, and mmumprmuwd with tlli Myc antibody.
Immunoprecipitates were d with and
subjected to rhn.-uusuwmn as in A MycKapd was
detected by western blotting. (¢) Confirmation of increased Kap3
hocphoryhmnmocﬂnl(}mmm Kap3 phosphorylation of
HTO cells treated with demecolcine (Deme) was analysed as in A.
(d) Dusp26, but not its inactive mutant (CS), suppresses Kap3
phosphorylation. Myc-Kap3 was introduced into HTO cells
together with wild-type (WT) or a mutant form (CS) of Dusp26
and analysed using Phos-tag/SDS-PAGE. An asterisk marks cross-
reacted bands.
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ings are consistent with a previous report that Kap3 by GST-Dusp26-ANIS5 in vitro, indicating that Kap3 is a
phosphorylation increases as cells progress toward M-  Dusp26 substrate (Figure 4g).
phase (Haraguchi et al., 2006). Strikingly, coexpression In the course of this study, we found that Dusp26 can
of Dusp26 markedly decreased Kap3 phosphorylation,  be translated from an alternative start site. Dusp26
whereas an inactive Dusp26 mutant, Dusp26-CS, had  mRNA including its 5'-untranslated region appeared to
no effect on Kap3 phosphorylation levels (Figure 3d). be translated mainly from a second or third in-fame
To characterize Dusp26-mediated dephosphorylation ~ ATG codon (Metll or Metl4) (Tanuma et al., unpub-
of Kap3, we constructed several N-terminally truncated  lished observations). Thus we excluded full-length
mutants of Dusp26 (Figure 4a). Dusp26-AN15 and  Dusp26 from further analysis. Note that Dusp26-
AN36 suppressed Kap3 phosphorylation as well as did ~ AN15 showed characteristics similar to full-length
full-length Dusp26. By contrast, expression of Dusp26-  protein in terms of association with KIF3 and Kap3
ANS8 did not decrease Kap3 phosphorylation  dephosphorylation as described previously but slightly
(Figure 4b), indicating that the Dusp26 N terminus is  different localization from full-length protein (that is,
essential for mediating Kap3 dephosphorylation. No-  mild enrichment in the Golgi apparatus, as shown in
tably, this region is also required for co-immunopreci-  Figure 6).
pitation of Kif3a and Kap3 with Dusp26. As shown in
Figure 4c, deletion of the N terminus by 36 or 58 but not
15 amino acids produced gradual decreases in Dusp26/  Dusp26 enhances N-cadherin-mediated cell-cell contacts
Kif3a and Dusp26/Kap3 co-immunoprecipitations, sug- To analyse consequences of Dusp26-mediated Kap3
gesting that the entire Dusp26 N terminus contributes to  dephosphorylation, stable cell lines expressing Dusp26
the Dusp26/KIF3 interaction. Although the Dusp26 N (AN15) or its inactive mutant (AN15CS) were developed
terminus is required for Kap3 dephosphorylation and by retroviral infection of NIH3T3 cells (Figure 5a).
Dusp26/KIF3 association together with Figure 3b, we  Expression of endogenous Dusp26 in parent NIH3T3
could not exclude the possible structural functions of  cells was under the detection limit by western blot and
this region (see below). The interaction between Dusp26  immunohistochemical analysis (see below). After drug
and KIF3 motor at endogenous levels was confirmed by  selection, pools of cells were analysed to avoid clonal
co-immunoprecipitation of Kif3a with Dusp26 from  variation. As KIF3 was implicated in intracellular
lysate of IMR-32 neuroblastoma cells (Figure 4d). In  transport of N-cadherin, aggregation assays were
addition, we also observed co-immunoprecipitation of  performed to examine the effect of Dusp26 on cell-cell
N-cadherin and f-catenin with Dusp26 (see below). To  adhesion. As shown in Figures 5b and ¢, NIH3T3 cells
determine whether Dusp26 dephosphorylates Kap3  expressing Dusp26-AN15 (NIH3T3-AN15) showed
directly, we prepared recombinant Dusp26 proteins  more rapid aggregate formation than did cells infected
but found that GST-Dusp26 (full length) expressed in ~ with vector only (NIH3T3-vector) or with Dusp26-
Escherichia coli and His-Dusp26 translated in vitrousing ~ AN15CS (NIH3T3-AN15CS). Increased adhesiveness of
wheat germ extracts were highly insoluble, preventing ~ NIH3T3-AN15 cells was lost when Ca2*-dependen
analysis using these proteins. Thus we performed in vitro  adhesion was blocked by EGTA, suggesting tha
experiments using recombinant Dusp26-AN1S protein.  Dusp26 specifically enhances Ca2*-dependent cel
Purified GST-Dusp26-AN15 showed vanadate-sensitive  adhesion (Figure 5b). Western blotting of lysates fror
catalytic activities against a pNPP substrate in  stable lines indicated little change in total N-cadheri
@B agreement with general features of PTP and DSP  levels in these cells (Figure S5a). Immunostainin
enzymes (Figure 4¢). Incubation of cell lysate containing  revealed that N-cadherin was localized to the cytoplasn
Kap3 with GST-Dusp26-AN1S in vitro under dephos-  to cell-cell contact sites, to the ruffling membrane and 1
phorylation conditions, that is, in the absence of  tips of membrane protrusions in NIH3T3-vector ar
phosphatase inhibitors, resulted in loss of phosphory-  NIH3T3-AN15 cells seeded at subconfluent densiti
lated Kap3 in a vanadate-sensitive manner (Figure 4f).  (Figure 6a). In these conditions, colocalization
In addition, purified Kap3 was also dephosphorylated ~ N-cadherin and Dusp26-ANI15 was observed at t
Figure 4 Dusp26 dephosphorylates Kap3. (a) Diagram of wild-type and N-terminally truncated Dusp26 proteins. The dual-specificity
protein phosphatase (DSP) catalytic domain is shown by shaded box. (b) The Dusp26 N-terminal region contributes to suppression of
Kapd phosphorylation. HTO cells were transfected with E"Iag-Dusp% constructs depicted in A together with Myc-Kap3. Kapl
phosphorylation was analysed by Phos-tag/SD5-PAGE as in Figure 3. (¢) Co-i i ion of KIF3 subunits with Dusp26
proteins. HTO cells were transfected with full-length or dclcuon mutants of I-‘Iag-Duapzs with Myc-Kapl and Myc-Kif3a,
immunoprecipitated with an anti-Flag antibody, and d. (d) Co-i precipitation of KIF3 with endogenous Dusp26.
IMR-32 cells were lysed and immunoprecipitated with an anti-Dusp26 antibody or control normal immunoglobulin G (IgG). Western
blotting was performed using anti-Kif3a, anti-N-cadherin, anti-B-catenin and anti-Dusp26 antibodics, An asterisk marks cross-reacted
and unrelated bands, (¢) Characterization of purified recombinant Dusp26 protein. The AN form of Dusp26 was expressed as a GST-
fusion protein in E. mff:ﬁpmﬁuildipudshmfommmm;ofpnmﬁﬂd Dusp26-AN15. Asterisk marks fragment cleaved
during the wmmﬁumn process, I:kely posed of glutath S-transfe (GST) alone. The catalytic activity of the
purified was d in the p b of vanad c using substrate pNPP and shown in the right panel. (f)
Dephosphorylation of Kap3 by Duspza in vitra. In vitro dephosphoryl ctions were performed as described in *Materials and
methods', and analysed for Kap3 phosphorylation by PhwuySDS—PAGE followed ivy western hlou.ing, Severe distortion of r.hc
hnnds,nemmrepnladupmmmu.wuhuydwtovm;emunsn do-ph , and th bed Phos-tag/p
(g) Dephosphorylation experiments were performed, as in (f), using munupm&d Kap3,
Oncogene
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membrane ruffle but not at cell-cell contact sites. When
cells were cultivated at higher density to allow cell-cell
contacts, N-cadherin was concentrated at contact sites
in NITH3T3-vector cells (Figure 6b). Strikingly, accumu-
lation of N-cadherin at the cell periphery was much
more pronounced in NIH3T3-AN15 cells and correlated
with virtual loss of cytosolic N-cadherin, in contrast to
NIH3T3-vector and NIH3T3-ANISCS cells. Similar
results were obtained when cells were stained for
fi-catenin (Figure 6c). Overall, these results suggest that
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Dusp26 promotes N-cadherin-mediated cell-cell adhe-
sion. We also generated cells expressing Dusp26-ANS58
mutant. Neither cell adhesivencss nor N-cadherin/p-
catenin localization was affected by the Dusp26-ANS8
but its expression was low (Supplementary Figure la
and data not shown). This was probably due to its
misfolding of the mutant protein since recombinant
GST-Dusp26-AN58 showed little pNPPase activity
(Supplementary Figure 1b). Thus it remains not clear
whether the Dusp26 N-terminal region is directly
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Figure § Enh d cell-cell adhesion of cells expressing Dusp26. (a) Western analysis of NIHIT3 cells infected with retroviral vector
encoding Dusp26 (AN15 form and its inactive , see text for details) or the empty vector. After drug selection, cells were seeded
on collagen-coated dishes and immunoblotted with antibodies shown at the left. (b, ¢) Enhanced adhesiveness of NIH3T) cells
expressing Dusp26. Aggregation assays were performed as described in "Materials and methods’. Some rep ive photographs of
assays arc shown in (b). The extent of cell aggregation was calculated by the aggregation index (Ng=Nazo)/Ng, where Ny is the total
particle number after a 20 min incubation and Nj is the total particle number at the initiation of incubation, and is shown in (c). Data
represented are averages of three independent assays with s.d. (*P<0.05).
involved in association with Kif3a/Kap3 while it is  was downregulated in eight of nine patients evaluated
required for mediating both Kap3 dephosphorylation  (Figure 7a). Together with findings that cell-cell
and increased cell adhesiveness. adhesion is enhanced in cells expressing Dusp26, these
results suggest tumor-suppressing activities of Dusp26
and raise the possibility that the extent of Dusp26
Downregulation of Dusp26 expression in human brain downregulation correlates with invasive phenotypes of
tumors glioblastomas.
Previous studies revealed preferential Dusp26 expres-
sion in brain and that Dusp26 mRNA is broadly
expressed in neuronal and glial populations throughout  Discussion
the brain, except in hippocampus (Takagaki et al., .
2007). We undertook qRT-PCR analysis of human  Cadherin-mediated cell-cell adhesion plays pivotal
glioblastoma samples and found that Dusp26 mRNA  functions for regulation of cell proliferation, differentia-
Oncogene
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b N-cadherin N-cadh/Dusp26/DNA < catenin i-cat/F-actin/DNA

. ¢

N-cadh

Figure 6 Enhanced N-cadherin and B-catenin localization at cell-cell contact sites of cells expressing Dusp26. (a) Representative
images of immunostaining of NIH3T3 cells infected with Dusp26 or vector alone. Cells on coverslips coated with collagen and seeded
at low density were immunostained with anti-N-cadberin (N-cadh) and anti-Dusp26 (Dusp26) antibodies. Shown are single sections
obtained by confocal scans. Note Dusp26 and N-cadherin colocalization st the membrane ruffie (indicatad by arrows) but not at cell
cell contact sites (arrowhead), where N-cadherin is also enriched. (b, ¢) Enhanced N-cadherin (b) and p-catenin (¢) localization at cell-
cell contact sites mediated by Dusp26. Cells were seeded al higher densities to allow contact and analysed for N-cadherin (N-cadh) and
Dusp26 (b), and for f-catenin (P-cat) and F-actin (c). DRAQS staining shows similar cell densities of the fields,
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vector

vector
AN15

AN1S

AN1SCS
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tion and polarity, and overall has significant effect on  tumor metastasis. We have shown that Dusp26 depho-
tissue architecture. Altered adhesiveness is often asso- sphorylates the Kap3 subunit of the KIF3 motor and
ciated with increased cell motility, invasiveness and  promotes localization of N-cadherin/B-catenin to sites
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Figure 7 Analysis of Dusp26 mRNA levels in primary tumor
!III:IPIGK Downregulation of Dusp26 mRNA in primary glioblas-
ples and a bl cell line. Expression levels of
Duplﬁ mRNA in human primary glioblastoma samples were
estimated by qRT-PCR. Results were normalized to mRNA levels
of the housckeeping gene porphobilinogen deaminase (PBG D) and
shown as relative to mRNA levels seen in normal brain (normal
brains (mixed)), which was set as 1.0, Also shown is Dusp26
expression in the human IMR-32 neuroblastoma cell line.

of cellcell contact, resulting in enhanced adhesion.
It has been established that post-Golgi transport of
B-catenin/Cadherin(s) to the plasma membrane is
mediated by the KIF3 motor (Jimbo et al., 2002; Teng
et al., 2005). Although the detailed mechanisms by
which Dusp26 enhances distribution of N-cadherin/
B-catenin remain unclear, they likely involve Kap3l
dephosphorylation by Dusp26, since expression of its
inactive mutant does not alter Ca**-dependent adhesion
(Figure 5) or N-cadherin localization (data not shown).
Accumulated evidence reveals the importance of mole-
cular motors such as myosin, dynein and KIF proteins
in organelle transport, but it remains largely unknown
how binding and release of cargo at destination sites
are regulated. Our results suggest a possible function for
Kap3 phosphorylation in these processes. Previous
studies in which phosphorylation of the myosin-V and
KIF17 motors by calcium/calmodulin-dependent pro-
tein kinase IT were suggested to control docking of cargo
(Karcher et al., 2001; Guillaud er al., 2008) support our
hypothesis. Identification of Kap3 phosphorylation
site(s) is the next critical step to address these issues.
Analysis of human glioblastoma revealed that Dusp26
expression was low compared to that seen in normal
brain in most samples. Given that cell-cell adhesion
was enhanced in cells expressing Dusp26, these results
suggest tumor-suppressing activities of Dusp26, and
that Dusp26 gene is silenced and/or deactivated in
glioma. Dusp26 downregulation may be associated with
invasive phenotypes of glioblastomas, although mechan-
isms underlying Dusp26 downregulation are not known.
In summary, Dusp26 dephosphorylates Kap3,
enhances cell-cell adhesion by promoting localization
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of N-cadherin/p-catenin at sites of cell-cell contact
and is downregulated in human glioblastomas. Further
investigation to elucidate mechanisms regulating
Dusp26 expression in brain tumors and identify
kinase(s) responsible for Kap3 phosphorylation is
required to understand how dysregulation of intra-
cellular transport and cell-cell adhesion coincides with
tumor development.

Materials and methods

Antibodies

Anti-Flag M2 and anti-Myc 9E10 antibody were purchased
from Sigma (MO, USA) and Roche (Basel, Switzerland),
respectively. Anti-B-Catenin, anti-N-Cadherin, anti-Kap3 and
anti-Kif3a monoclonal antibodies were from BD Transduction
(San Jose, CA, USA). Polyclonal anti-Dusp26 antibodies were
described previously (Takagaki er al., 2007).

Yeast two-hybrid screening

Full-length ¢cDNA encoding human Dusp26 was subcloned
into pBTM116-HA and used as bait to screen a human fetal
brain ¢cDNA library subcloned into pACT II (Clontech
Laboratories Inc., Mountain View, CA, USA). The L40 yeast
strain was transformed with bait and library plasmids, and
about 3x 10* clones were screened. A total of 22 positive
clones were obtained and sequenced.

Cell culture, transfection and retrovirus infection

HeLa-TetOff (Clontech) and COS-7 cells were transfected
using Fugene6 (Roche, Mannheim, Germany) reagent follow-
ing the manufacturer’s recommendation. Dusp26 expression
plasmids were described previously (Takagaki ei al, 2007).
Human Kif3a and Kap3 cDNAs were subcloned into pCMV-
Myc (Clontech). For stable transfection, Flag-tagged Dusp26
cDNAs were subcloned into the retroviral vector pMXs-puro.
The packaging line (PLAT-E cells; Morita er al., 2000) was
grown in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal calf serum (FCS) and transfected with a series of
pMXs-puro-Dusp26 plasmids using Fugene 6, The medium
was changed the next day and further cultured for 1 day.
Supernatants were used to infect NIHIT3 cells in the presence
of polybrene at 7.5 ug/ml for 5h. Infectants were selected and
maintained in medium plus puromycin. Human ATC cell lines
8305C, 8505C and HTC/C3 were obtained from the Health
Science Research Resources Bank (Tbaraki, Japan). 8505C and
HTC/C3 cells were cultured in DMEM with 10% FCS. 8305C
cells were maintained using MEM with 10% FCS. The human
IMR-32 neuroblastoma line was from RIKEN and cultured in
MEM supplemented with nonessential amino acids (Gibeo)
and 10% FCS.

Western blot analysis

Immunoprecipitation and western blotting were performed as
described (Takagaki e al., 2007). To analyse Kap3 phosphory-
lation, cells were washed in Hepes buffer twice, harvested and
Iysed in radioimmunoprecipitation assay buffer by sonication
using Bio-ruptor (CosmoBio, Tokyo, Japan). Samples were
separated on a 6% SDS-polyacrylamide gel, with 50 pum
Phos-tag acrylamide (ALL-107) and 100 uM MnCl;. Gels were
soaked in transfer buffer with SmM EDTA for 10min and
clectrotransferred.



Immunohistochemistry

Cells were sceded on collagen-coated coverslips in 12-well
plates at 2.5 x 10* cells per well (subconfluent condition) and
fixed on the next day. To obtain confluent monolayers, cells
were seeded at 2 x 10 cells per well, cultured for 2 days and
fixed. Immunostaining was performed as described (Takagaki
et al., 2007) except images were obtained using a Pascal
confocal laser-scanning microscope (Zeiss). DRAQS, a fluor-
escent DNA probe was obtained from Alexis (Lausen,

Switzerland).

Phosphatase assay and dephosphorylation of Kap3 in vitro
GST-Dusp26-AN15 was expressed in the E. coli DH5a strain
using the pGEX system (GE Healthcare UK Ltd., Buck-
inghamshire, UK) and purified using glutathione sepharose 4B
following the manufacturer’s recommendations. pNPPase
assays were performed as described previously ('l'akngah
et al., 2007). For in vitro Kap3 dephosphorylation experiments,
KnpS was prepared by sonication of cells transfected with
Myc-Kap3 in buffer (50mM Tris-Cl, 150mM NaCl, 10%
glycerol, 0.1% Triton X-100), Cleared lysates were supple-
mented with dithiothreitol (DTT) at 5mM and incubated with
or without GST-Dusp26-AN15 at 30°C for 3 h in the presence
or absence of 1mM date. In Figure 4g, Myc-Kap3 was
immunopurified from cells transfected Myc-Kap3 using anti-
Myc-Agarose (Sigma),

Cell aggregation assays
Cells were trypsinized in phosphate-buffered saline supple-
mented with 2mM CaCly, suspended in medium, washed with
and then resuspended in medium, passed through a 27G
needle three times, and adjusted to 5 x 10° cells per ml Cells
were incubated in 1.5ml tubes with gentle rotation at 37°C to
l.Ilow aggregate formation. After 20min, aliquots of the
ion were cvaluated and the extent of aggregation
ca]culawd by the index (Ng-Nz)/Ny, where Ny is the total
particle number after 20min incubation and N, is the total
particle number at the initiation of incubation, as described
previously (Ozawa et al., 1990). One-way analysis of variance
combined with Tukey's test was used to analyse data with
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ARTICLE INFO ABSTRACT

FBXW7 is reported to be a tumor suppressor gene, and the functional inactivation of FEXW? has been reported
in various human tumors. In this study, we investigated the FEXW7 gene in human thymoema: although no
mutations were evident, a significantly high frequency of methylation in the FEXW? fi-form promoter was
observed in types B or higher (P«0.014). We propose a novel mechanism for the pathogenesis of thymoma
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potential of thymoma.

P al suppression plays an important role in the malignant
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Although the incidence of thymoma is 1-5/million popu-
lation/year [1], it is the most frequently observed thymic epi-
thelial tumor and the most commonly observed mediastinal
tumor. This tumor frequently associates with myasthenia gravis
and other paraneoplastic syndromes such as hypogammaglob-
ulinemia, pure red cell aplasia, Graves disease, or Cushing syn-
drome; all of these deteriorate the quality of life (QOL) of the
patients. A histological classification system for thymoma was
previously proposed by Masaoka et al. [2], changed by WHO in
1999 [3], and revised in 2004 [1], Thymoma is now classified
into several histological subtypes: five major types (type A, AB.
B1, B2, and B3) and others. Several studies have sought signifi-
cant correlations among clinical and pathological results [4-7];
these reports suggest that type A thymoma is the most favor-
able; then the prognoses gradually deteriorate from type B2 to
type B3.

FBXW?7 (F-box and WD40 domain protein 7) is one of the
ubiquitin ligases that catalyzes promoting proteins for cell pro-
liferation, such as CCNE1, MYC, AURKA, NOTCHT, and JUN [8].
Mutations of this gene are reported in a variety of human tumors
such as endometrial, pancreatic and colorectal cancers and leu-
kemia |9-15], and FBXW7 has been suggested to function as a
tumor suppressor. We determined that FEXW7 fi-form was sup-
pressed and highly methylated in normal peripheral blood cells
[ 16). Furthermore, abnormalities of FEXW7 have been reported
in T cell-originated lymphomas and leukemias [15.17,18]. Hence,
it is of great interest to analyze FEXW? in human thymoma, one
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of the major tumors of the important T cell-associated organs.
In the present study, we report our findings that the methyla-
tion status of FBXW?7 fl-form correlates with a high malignant
potential in human thymoma.

Materials and methods

Tumors analyzed in this study. A total of 13 specimens of human
thymoma, surgically resected in Tohoku University Hospital (Sen-
dai, Japan) between July 2004 and October 2006, were analyzed in
this study. Tumor cells were collected under the microscope [19]:
tumor cellularity was quite high in all the tumor specimens in this
study. The list of patients is summarized in Table 1. According to
the WHO classification [1], these 13 rumors were classified as fol-
lows: 1 type A, 3 type AB, 5 type B, 3 type B2, and 1 type B3. The
specimens were collected under written informed consent, and
the study was approved by the Ethics Committee of Tohoku Uni-
versity School of Medicine.

DNA extraction and mutation search. Genomic DNAs were
extracted using Nucleon™ BACC2 Genomic DNA Extraction Kit for
Blood & Cell Cultures (Amersham Biosciences, Little Chalfont, UK)
following the manufacturer's protocol. The purified DNAs were
PCR amplified for the whole exons and their intron-exon bound-
aries of FEXW7 by methods described previously [19] with the
GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA).
Primer pairs for individual exons and PCR conditions are described
previously |20}, and the nucleotide sequences were determined
by methods described previously [21] using the Hi Di Formam-
ide (Applied Biosystems) and ABI PRISM3100 Genetic Analyzer
(Applied Biosystems).
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Tahle 2
Summary of methylation status.

Rty = g

The methylation status for each of the 13 tumors is summa-

rized in Table 1 and schematically illustrated in Fig, 1C. Results

clearly indicated the methylation status for individual tumors.

We designated the three categories as methylated (M), partially

methylated (P), and unmethylated (U). Based on this classifica-

tion, patient #6 (type AB) is unmethylated (U), #11 (type B1) is

methylated (M), and #7 (type B2) is partially methylated (P).

Unfortunately, no mRNA samples were available, so we could

not further analyze the expression levels of FBXW7 fi-form in
Genomic sodium bisulfite sequencing analysis. Genomic sodium  these tumors,

bisulfite sequencing analysis was performed by methods described

previously |22] using each 1 ug of genomic DNA and CpGenome™  Methylation status significantly correlates with histological

DNA Modification Kit (Chemicon, Temecula, CA), The modified DNA  classification

was used as a template for PCR amplifications with primers 5°-TA

AAATGTTTTTGAAAAGATTTATTTG-3' and 5'-TATTTTTCCCCTTCAA ‘We analyzed our present resulls to see if there is any associa-

TAATTCTATA-3' {16, and the nucleotide sequences of the amplified  tion between methylation status and histological subtypes, and a

products were determined by a method described previously [21]. significant correlation was observed. When we divided our sam-
Staristics, Statistical calculation was done using Statview soft-  PIes into two groups (types A and AB, and types B1 through B3),

ware (SAS Institute Inc., Cary, NC). a positive association between methylation status and histologi-
cal classification was observed, as shown in Table 2 (P=0.014 by
Results and discussion Fisher's exact test). Our present results suggest that the FBXW7
fi-form plays an important role in the development and progression
Mutation analyses of thymoma and that inactivation of this gene is one of the crucial

factors in changing the tumors into those with higher malignant
In this study, we analyzed mutations in 13 resected thymoma  Potential.
specimens. The entire exonic region (exons a, fi, and v, correspond-
ing to the first exon for each of the -, f-, and y-form of the tran- Conclusion
script, and the common exons 2 through 11) of the FEXW? gene

was surveyed by sequencing the genomic DNAs, No mutations In the present study. we found for the first time that meth-
were detected. ylation status positively correlates with histological classifica-

tion of human thymoma. This novel finding will contribute to
Determination of the methylation status in the promoter region of not only better understanding of the mn_lecular pathogeneses
FBXW?7 fi-form of thymoma, but also to accurate diagnosis of the disease. Fur-

thermore, may also be possible to open up novel therapeutic

We previously demonstrated that the expression of the approaches it for thymoma utilizing this cell cycle negative reg-
FBXW7 fi-form is specifically suppressed in human glioma cell ~ ulator protein.
lines as well as peripheral blood cells [16,20]. Furthermore,
the promoter and the 5' region in exon 1 of FBXW7 fi-form are  Acknowledgments
specifically methylated in peripheral blood cells [16], Because
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Fg. 1. (A) Nucleotide sequences of the putative promoter and 5 region of exon | of FEXW fi-form are shown, and the CpG sites are underlined. Arrows indicate the positions
of primers used in the sodium bisulfite sequence assay. Binding sites for transcription factors along with the transiational initiation codon (ATG) are boxed with thin lines,
and the nucleotide sequences shown in (B) are baxed with thick lines. Mucleotide numbers were comected because the database has been updated since our p report
[16]. (B) Representative results of the sequencing analyses of the FEXWT fi-form after sodium bisulfite-modification. The black dot indicates the cytosine residues in
CpG sequences with complete methylation; high peaks for Care observed. Gray dots indicate partial methylation; double peaks for Cand T are observed. White dots indicate
no methylation; only a single peak for T is observed. Cytosine residues that were ¢ d to thy after modification at the non-CpG sites are indicated by triangles. (C)
The methylation status for each | tumor is sch iy il Vertical bars on top indicate the relative location of the CpG sites. The CAP site and translarional
initiating codon {ATG) are also indicated. Black and white dots reg hylated and CpG sites, respectively, and the gray dots indicate partially methyl-
ated CpG sites. The nucleotide sequences shown in (B) are boxed, M, methylated: I\ p u, R
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