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A nucleus cytoplasm Figure 2. STAT5A and MgcRacGAP simultaneously entered
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and colocalization of STATSA and MgcRacGAP in the nucleus
(Fig. 2 B). These results indicated that MgcRacGAP trans-
located to the nucleus concurrently with STATSA in response 1o
IL-3 and ITD-Flt3 stimulation. Intriguingly. a dominant-negative
form of Racl, N17Racl. completely inhibited the ITD-Fli3-
induced nuclear translocation of STATSA (Fig. S2. available
at hitp://www.jeb.org/egi/content/full/jeb.200604073/DC1). This
result suggested that the GTP-bound form of Rac| was required
for the nuclear accumulation of activated STATSA. However,
NI7Rac1 was recently reported to inhibit not only Racl but also
other Rho-GTPases (Debreceni et al., 2004). To confirm that the
NI17Rac! inhibition of nuclear translocation of p-STATSA was
indeed due to the inhibition of Racl. we used mouse embryonic
fibroblasts derived from gene-targeted conditional Racl-flox
mice in the Rac2-null background (Gu et al.. 2003).

Hac1

translo

is required far the nuclear
cation of p-STATSA in mouse

embryonic fibroblast celis

ITD-FIt3 induced the nuclear localization of STATSA-Flag in the
presence of Racl (Fig. 3 A, a and b). However, when Racl was
depleted by Cre recombinase in Rac2™'"Racl™™* fibroblasts
(Fig. 3 B). the nuclear translocation of STATSA was severely
impaired (Fig. 3 A. ¢ and d), and even p-STATS mostly remained in
the cytoplasm (Fig. 3 A, e and f). In addition, CA-STATSA did not
enter the nucleus in the absence of Racl (unpublished data). We
performed a similar analysis using Rac1™ " Rac2*"™" fibroblasts
and obtained identical results. These results demonsirate that Racl
plays an essential role in the nuclear translocation of p-STATSA.

Rac1 and MgcRacGAP were reguired

for the nuclear accumulation and
ranscriptional activation of STATSA

We next used siRNA to knock down Racl or MgcRacGAP ex-
pression in Ba/F3 cells where STATS activation is required for
cell growth. The siRNA treatment for Racl or MgcRacGAP re-
sulted in severe growth retardation of Ba/F3 cells and caused
apoplosis in some cells. The total cell number was only one tenth

or one fifth 48 h after siRNA treatment for Racl or MgcRac-
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and nucleus. Il-3-starved Ba/F3 cells were stimulated with
IL-3 for the times indicated, and cytosol and nuclear extracts
were prepared os described previously [Nokamuro et al.,
2002). 10 pg of protein for each of the extracts was immuno-
depleted with the anti-MgcRocGAP, anti-STAT5A, or control
antibody, fellowed by immunoblotting with the anti-p-STATS
and anti-STAT5A antibodies (o-d). The immunoprecipitates
were also examined by Western blotfing with the anfi-
p-STATS ond anti-STAT5 antibodies (e-h). (B] STAT5A and
MgcRacGAP translocated into the nucleus upon ITD-FIt3 stimu-
lation in 2937 cells. Cells were transfected with pME/STATSA.
Flag together with pMKIT (MOCK; top) or pMKIT/ITD-Fi3
[bottom]. After 36 h, cells were immunacstained with the anti-
MgcRocGAP and anti-Flag antibodies and viewed using a
Fluoview FV300 confocol microscope. Bar, 10 um,

GAP, respectively (unpublished data). The siRNA treatment for
MgcRacGAP led to the formation of multinucleated cells, as re-
ported previously (Mishima et al.. 2002), but no more than 20%
of the cells. indicating the failure of cytokinesis by MgcRacGAP
depletion is not the major cause of the growth inhibition.

We then did semiquantitative RT-PCR analysis to test
whether transcriptional activation of STATS is affected by the
knock down of Rac1 or MgcRacGAP and found that expression
of bel-xL, one of the STATS target genes, was severely impaired
by the siRNA treatment (Fig. 4 A). We also confirmed that siRNA
treatments specifically decreased the expression levels of Racl
or MgcRacGAP protein but not those of RhoA and HDAC.,
similar to the results shown in Fig. 4 B (not depicted).

We also investigated whether knock down of Racl or
MgcRacGAP affects the subcellular distribution of STATSA
and p-STATSA in Ba/F2 cells before and after [L-3 stimulation.
The siRNA-treated Ba/F3 cells were starved for 6 h after the
isolation of live cells using Ficoll and stimulated with IL-3
(15 min). and the cell lysates were fractionated. The siRNA
treatments specifically decreased expression levels of Racl or
MgcRacGAP protein (Fig. 4 B, ¢ and d) but not those of RhoA
and HDAC (Fig. 4 B, e and f). The IL-3-induced nuclear accu-
mulation of STATSA and p-STATSA was almost completely
blocked in Ba/F3 cells treated with either Racl or MgcRacGAP
SIRNA when compared with those treated with the control
siRNA (Fig. 4 B. a and b). The same treatment moderately de-
creased the amounts of p-STATSA and total STATSA in the cyto-
plasmic fraction (Fig. 4 B. a and b). suggesting that Racl and
MgcRacGAP enhance the IL-3-induced phosphorylation of
STAT5A and somehow stabilize STAT3A in the cytoplasm.

Direct interaction between STATs
MgcRacGAP/Rac1 regulates the activationr
of STATs through facilitating their

and

Tyrosing
phosphorylation and nuclear transiaocation

We previously found that STAT3 bound MgeRacGAP through
its DBD (Tonozuka et al., 2004). To examine whether MgcRac-
GAP regulated transcriptional activity of STAT3 and -5A through
direct interaction. we attempted (o produce mutant STATS lacking

RacGARP AS A NUCLEAR CHAPERONE OF »-STATS -
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Figure 3. The nuclear translocation of p-STAT5 was not observed in the
Rac1-knockout mouse embryonic fibroblasts. (A) The nuclear translocation
of ITD-FIt3-induced p-STAT5 was impaired in the Rac2 / Rac 1% fibro-
blasts. The Rac2 / Rac1™ ™ fibroblasts were transduced with a conirol
PMXHG (o and b) or pMXIG-Cre (c and d) retrovirus vector. Alter 3 d, cells
were fronsiently cotranstected with pME/STAT5A-Flag and MOCK (o and ¢|
or pMKIT/ITD-FIt3 (b and d|. After 36 h, the cells were fixed and immuno-
stained with the anti-Flag antibody {o—d, lef) or anti-p-STATS antibody
(e and f, left}. Bars, 10 um. (B) Expression of Rac1 was depleted in the
Roc2 / Rac1®™% fibroblasts by Cre recombinase. Expression of a-ubulin
and Rocl was examined in the Rac2 7 Rac ™" fibroblasts retovirally
transduced with a control pMXIG or pMXIG

the MgcRacGAP binding site. To this end, we narrowed down
the binding site in DBD-STAT3 to a 25-amino-acid stretch. using
MBP-fused DBD-STAT3 truncations (DB [-DB6; Fig. S3 A, avail-
able at hup://www.jcb.org/cgifcontent/full/jcb.200604073/DC1 ).
We found that only DB2 (aa 338-362) of DBD-STATS3 inter-
acted with MgcRacGAP (Fig. 83 B). Conversely, the mutant
of DBD-STAT3 lacking DB2 (DBD-STAT3-dDB2) did not
bind MgcRacGAP (Fig. S3 C). These results clearly demon-
strated that the DB2 region (25 amino acid) of STAT3 hound
MgcRacGAP. This region is well conserved among STAT fam-
ily proteins and harbors a B-sheet structure. which is thought to
mediate prolein—protein interaction. Purified MgcRacGAP was
pulled down by the MBP-DB2 of STAT3, and the corresponding
region of STATS (aa 341-365) fused with MBP but not by MBP
alone, demonstrating that MgcRacGAP directly bound DB2 of
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Figure 4. Racl and MgcRacGAP were required for IL-3-induced nuclear
accumulation and transcriptional activation of p-STAT5A. (A) I[-3-induced
transcriptional activation of STAT5A was suppressed by knock down of
Rocl or MgcRocGAP, Expression of bekxl or GAPDH mRNA wos exam-
ined in Ba/F3 cells treated with the control siRNA (lane 1), Rocl siRNA
(lone 2), or MgcRacGAP siRNA (lane 3). 24 h after the siRNA Ireatment,
the live cells were collected using Ficoll and subjected to semiquantitative
RT-PCR. (B} Il-3—induced nuclear accumulation of p-STAT5A wos impaired
by knock down of Roc1 or MgeRacGAP. The intracellular distribution of
p-STATSA or total STATSA in the IL-3-stimulated or unstimulated Ba/F3 cells
pretreated with the control, Rac1, or MgcRacGAP siRNA (a and b). Naote
that Racl or MgcRacGAP expression wos specifically suppressed by
siRNA (c and d). Cytosol and nuclear exirocts were prepared as described
previously (Nakamura et al,, 2002} and validated by Western blot using
an anti-HDAC antibody or anti-RhoA antibody (e and f) "

STAT3 and -5 (Fig. S3 D and Fig. 5 A). Both of the STAT3
and -5A mutants lacking DB2 (STAT3- and STATS5A-dDB2) did
not bind MgcRacGAP and the extent of tyrosine phosphoryla-
tion of these mutants was less prominent after [L-6 or ITD-Flt3
stimulation (Fig. 5 B and not depicted). In addition, STAT3-
and STATSA-dDB2 lacked their transcriptional activities (Fig.
S3 E and Fig. 5 C). These results indicated that the interaction
of MgcRacGAP/Racl with STAT3 and -3A facilitates cytokine
receptor—induced tyrosine phosphorylation of both STAT3 and

-5A. Considerable decrease in the tyrosine phosphorylation of

STATSA was also observed when Racl or MgcRacGAP was
knocked down (Fig. 4 B. a). Intriguingly, MgcRacGAP also in-
teracted with JAK2 (Fig. 5 D), suggesting that MgcRacGAP/
Racl also mediated the tyrosine phosphorylation of STATs
through the interaction with JAK2. Importantly, STAT3- and
STAT5A-dDB2 that do not bind MgcRacGAP did not enter the
nucleus even afier tyrosine phosphorylation by [L-6 or ITD-Flt3
(Fig. 5 E and not depicted), suggesting that MgcRacGAP/Racl
is required not only for nuclear translocation of p-STATs but
also for efficient tyrosine phosphorylation of STATS.

MgcRacGAPRP and GTR-bound Rac

required for the nuclear transiocation

of p-STATS5A in cytosol-free
digitonin-permeabilized cells

We established a nuclear transport assay using semi-intact
permeabilized cells (Adam et al., 1990). which enables us to
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Figure 5. The mutant of STAT5A, which lacks MgcRecGJ;;
binding site, was not efficiently tyrosine rylated

ITD-FIt3 stimulation and did n!z enter ﬂup:uccsli‘:mn after
tyrasine phosphorylation. {A) The DB2 region of STATS directly
interacted with MgcRacGAP in vitro. Fulllength MgcRacGAP
was expressed in SF9 cells using the baculovirus vector and
was purified from infected S£9 cells. The recombinant MgcRac-
GAP was pulled down by MBP-DB2 or MBP-bound beads and
subjected lo Western blot analysis with the anfi-MgcRacGAP

— Total lysate (top) or anti-MBP antibody for the loading control (bottom). (B)

Flagmfs) g?) :DD JAK2 The deletion mutant of DB2 did not bind %\QCRGCGAP, and the
MgcRacGAP 1 —®%— 75 kD @ 120kD STATS phosphorylotion was considerably impaired by the de-
ITO-Fr3 letion of DB2. Expressian and tyrosine phosphorylation of

g = * Flog-tagged STAT5A-dDB2 (fop and middle, respectively) were

c .» F examined in the MOCK or ITD-Flt3—transfected 2237 cells. The
§: MOCK WT-STATSA STAT5A-dDB2  interactions of MgcRacGAP with the WT.STATSA or STAT5A-
o i * * dDB2 were also examined in the MOCK or ITD-Fit3-trans-
g‘: ITD-Fit3 _ ITD-Fit3 ITD-FIt3 fected 2937 cells [bottom). Imoges of the immunoblots using

% ‘ the MOCK or ITD-Fit3-transfected cells are derived from the

: p-STATS
ITD-FH3 -_* % % - ¥
MOCK WT STAT5A-dDB2 =

same exposure of one gel that was cut to remove intervening
lones. (C) The transcriptional activity of STAT5-dDB2 was
impaired. Luciferase activities were examined in the lysates of
ITD-Fit3-stimulated 293T cells cotransfected with the STATS-
reporter plasmid together with internal control reporter plasmids

and the MOCK vector [pME), the expression vector for the Flog-tagged WT-STATS, or STATS-dDB2 mutant. The results shown are the mean = SD of three in-
dependent experiments. (D] MgcRacGAP was coprecipitated with JAKZ, The cell lysates of 2937 cells transfected with the expression vector (pRKS5) for JAK2
were subjected fo immunoprecipitation with the anti-MgcRacGAP or control antibody, followed by the immunoblotting with the anti-JAK2 (top) or anfi-MgcRac-
GAP antibody (middle). Levels of transfected JAK2 were assayed by blotting with the anti-JAK2 anfibody (bottom). (E) STAT5A-dDB2 did not enter the nucleus
even ofter the phosphorylation. The 2937 cells were cotransfected with pMKIT/ITD-Fi3 together with the MOCK [left], the expression vector for the Flag-

tagged WT-STAT5A (middle), or STATSA-DB2 [right). After 24 h, the cells were

biochemically analyze the roles of Racl and MgcRacGAP in
the nuclear import of p-STAT5A. We confirmed the purities
of STAT5A. MgcRacGAP. VI2Racl. N17Racl, importin «al,
importin «5, importin B1, Ran, and NTF2 produced by Sf-9
cells, and the tyrosine phosphorylation of STATSA induced
by coexpression with the kinase domain of JAK2 in Sf-9 cells
(Fig. 6. A and B). It was confirmed that the purified p-STATSA
bound DNA in electrophoretic mobility shift analysis (EMSA)
in a similar fashion with GM-CSF-activated STATS in TF-1
cells (Fig. S4 A, available at hup://www.jcb.org/cgi/content/
full/jcb.200604073/DC1), indicating that the recombinant in
vivo phosphorylated STATSA formed a proper dimer. Permea-
bilized HeLa cells were incubated with the indicated combina-
tions of purified proteins in transport buffer (TB) plus an energy
regenerating system. After the import reaction in the cells in-
cubated with purified unphosphorylated STAT5A. a consider-
able amount of unphosphorylated STAT5A was detected at the
cytoplasm in most cells (Fig. 6 C, a). The addition of purified
MgcRacGAP. VI2Racl, importin «l. and importin B1 did not
affect localization of unphosphorylated STATSA (Fig. 6 C. b—d
and ). Although rabbit reticulocyte lysate reduced cytoplasmic
localization of unphosphorylated STATSA (Fig. 6 C, ¢), it
induced both the nuclear and plasma membrane localization
of p-STATSA (Fig. 6 C, k). These results suggested that rab-
bit reticulocyte lysate contained cofactors that are required for
the nuclear translocation of p-STATSA in this transport assay.
Interestingly, p-STATSA accumulated at the nuclear membrane,
with some migrating into the nucleus in the presence of puri-
fied MgcRacGAP and VI12Racl. but the nuclear translocation
of p-STATSA was inhibited in the presence of purified MgcRac-
GAP and N17Racl (Fig. 6 C, h and 1). These results indicate
that the GTP-bound form of Racl and MgcRacGAP facilitate

Rac1/MGCRACGARP AS A
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fixed and immunostoined with the anti-p-STATS antibody. Bor, 10 pm.

the nuclear translocation of p-STATSA. Given that purified
importin 31 also accumulated mostly in the nuclear envelope
and only partially migrated to the nucleus in our assay system
(unpublished data) as reported previously (Kutay et al.. 1997). the
accumulation of p-STATS and importin B1 in the nucleus might
have been caused by residual amounts of nuclear transporters
left in the assay system. Thus. it is likely that the GTP-bound
form of Racl and MgcRacGAP play critical roles in targeting
p-STATSA to the nuclear envelope and that cofactors are required
for the efficient nuclear import of p-STATSA from the nuclear
envelope. In fact. nuclear translocation of p-STATSA was en-
hanced by further addition of the purified nuclear transporters,
including importin a |, importin B 1, Ran. and NTF2 to the assay
(Fig. 6 C, j). This nuclear translocation of p-STAT5A was not
observed in the absence of MgcRacGAP even in the presence of
cofactors (Fig. 6 C, 1).

To confirm whether the unphosphorylated recombinant
STATSA conserved a native folded state, we did nuclear trans-
port assay using the in vitro phosphorylated STAT5A. The
recombinant full-length JAK2 efficiently phosphorylated the
recombinant STATSA in the kinase reaction buffer (Fig. 54 B).
This in vitro phosphorylated STATSA behaved in the nuclear
transport assay like the in vivo phosphorylated STATSA (Fig.
S5, a—i. available at hup://www.jcb.org/cgi/content/full/jcb.
200604073/DCI). The nuclear transport of p-STATSA requires
both MgcRacGAP and VI12Racl. The nuclear import of the in
vitro phosphorylated recombinant STATSA was also achieved
by the presence of the cytosol fraction of HeLa cells (HeLa-CS),
which had been prepared as described previously (Adam et al..
1990). In addition, immunodepletion of MgcRacGAP or Racl
considerably inhibited the nuclear import of the in vitro phos-
phorylated recombinant STATSA (Fig. §5, j-m). This inhibition

NUCLEAR CHAPERONE OF p-STATS -

6002 ‘62 yosep uo Bio-sseidni-gol woly papeojumog

941



Published December 18, 2006

Figure 6. Purified p-STAT5A accumulated to the nuclear en- A purified proteins B S &
velope in the presence of V12Racl and MgcRacGAP in the & QS‘ 2 W “}’9“
nuclear tronsport assay. (A} Coomassie blue [CBB) staining of ?' \ & ,bc’ 2 & 39
purified STATSA, p-STATSA, V12Racl, N17Rac!, imporfin 4;% Qoé qo @2@0 & PO &\@

al, imporfin o5, importin B1, Ran, NTF2, or MgcRacGAP. b &g

(B) Western blot analysis of the STAT5A-Flag protein puritied P- T

from SE9 cells with or without coexpression with the kinase 80 kD-To: paagh i

domain of JAK using the anti-p-STATS antibody. Total cell lysate 50 kD - S0 kD- gy -p-STATS
of GM-CSF-stimulated TF-1 was used as a control. (C) The

nuclear transport assay. Hela cells were permeabilized with e S

40 pg/ml digitonin. Incubation with 50 ul import mix was done 26 kD4 E— i+

at 37°C for 30 min. Import mix contained TB, an energy re-

generating system, and a single or combinations of the follow- CBB stain Blot p-STATS

ing purified proteins as indicated: 1 pM STATSA, p-STATSA,

V12Rocl, N17Racl, MgcRacGAP, importinal, importin B1, ¢ +MgcRacGAP

Ran, or NTF2. After the import reaction, the cells were fixed. :x::;‘;: e ::;::;“:m
STAT5A protein was detected using the anti-STAT5A antibody. buffer +MgQCRacGAP +MgCRacGAP Lroomin i1 +RRL +importin 1
Cells were examined using o Fluoview FV300 confocal micro- Wil WOy mz i

scope. A represeniative result of three independent experi-
ments is shown. Bar, 10 pm. (D) The direct bindings of both
GTP-bound Racl and MgcRacGAP facilitated the interaction
of p-STATSA with importin as, Purified p-STATSA was incu-
bated with impartin «s in the absence or presence of the indi-
cated combinations of V12Racl, L&61Racl, N17Racl, or
MgcRacGAP in TB containing 5% BSA to block nonspecific
bindings. 1 pg of each puritied protein was used for each
sample. After the incubation for 30 min at RT, STATSA was
immunoprecipitated with anti-STATSA antibody and washed
three times with TB, The immunoprecipitotes were subjected to
Western blot analysis with the onti-importin « 1, anti-importin

a5, antiRocl, anti-MgcRocGAP, or anli-STATSA anfibody. D

Purified Protein

was restored by add-back of the purified recombinant MgcRac-
GAP or Racl (Fig. S5, n and o).

To determine whether the Racl activation or the presence
of MgcRacGAP is required for the interaction of p-STATSA
with importin as. an in vitro binding assay was done using puri-
fied proteins. Intriguingly, p-STATSA formed complexes with
importin cl and o5 only in the presence of both MgcRacGAP
and VI2Rac| or another constitutively active mutant L6 1Racl,
but not N17Racl (Fig. 6 D). These results demonstrated that
GTP-bound Racl and MgcRacGAP functions as p-STATSA
nuclear chaperone, facilitating p-STATSA to form protein com-
plexes with importin as.

Discussian

In the present work. we demonstrate that Racl and MgcRac-
GAP are essential for the nuclear translocation of STATSA.
based on the following observations. First, Racl and MgcRac-
GAP directly bound STATSA. and the interaction between
MgcRacGAP and STATSA was enhanced by IL-3 stimulation.
Second, STATSA and MgcRacGAP simultaneously entered the
nucleus upon IL-3 and ITD-FIt3 stimulation, Third, knock down
of Racl or MgcRacGAP profoundly inhibited both the TL-3-

21

o . . . . .
B . . . . .

f

IP_STATSA
importin at = 58 kD

importin «5 o e . o= 63 kD
MgcRacGAP [ e wm aww @ | 75 kD
STATSA [ I W 50 kD
RaclLL_._IN kD
Raet - V L N ¥ L N
MgcRacGAP - - - - + + =+
importinul + + + + + 4+ + %

importin u§  +
p-STATSA $ W A W W

L I I

induced transcriptional activation of STATSA and the nuclear
accumulation of p-STAT5A in IL-3-dependent Ba/F3 cells.
Fourth, depletion of Rac1 in fibroblasts, as well as expression of
N17Racl in 293T cells, prevented p-STATSA from entering the
nucleus, Fifth, p-STATSA lacking the MgcRacGAP binding site
(p-STAT5A-dDB2) did not accumulate in the nucleus. Last. in
a nuclear transport assay. purified V12Racl and MgcRacGAP
induced accumulation of purified p-STATSA on the nuclear
envelope, with some p-STATSA migrating into the nucleus, and
the further addition of nuclear transporters. including importin
al. importin B1. Ran. and NTF2, achieved the efficient nuclear
translocation of p-STATSA. Moreover. either the absence of
MgcRacGAP or the presence of N17Rac] inhibited this nuclear
translocation of p-STATSA.

Simon et al. (2000) suggested that an active form but not
an inactive form of Racl bound STAT3 and played important
roles in EGF-induced STAT3 activation. These authors did not,
however, specifically examine the nuclear transport of STAT3.
Interestingly. EGF receptor-mediated endocytosis is required
for cytoplasmic transport of STAT3 (Bild et al., 2002), and
MgcRacGAP is recruited to the EGF receptor complex after EGF
stimulation (Blagoev et al., 2003). We also found that STAT3
bound Racl and Rac2, which was enhanced by IL-6 stimulation.

6002 ‘62 u2.ew uc Biorssaidnu gol woiy papeojumo(



Published December 18, 2006

In addition, STAT3 bound MgcRacGAP. which was required for
the transcriptional activation of STAT3, and some population
of MgcRacGAP entered the nucleus together with STAT3
(Tonozuka et al., 2004). Although these results suggested a role
of Rac1/MgcRacGAP in STAT3 activation. the underlying mole-
cular mechanisms remained elusive. We studied the functional
interactions using a nuclear transport assay and found that
the nuclear translocation of p-STAT3 as well as p-STATSA was
induced in the presence of a combination of purified proteins,
including VI2Racl, MgcRacGAP. importin «l, importin B1,
Ran, and NTF2 (Fig. 6. Fig. S5. and not depicted). These results
demonstrate a novel Racl function in the nuclear transport of
p-STAT3 as well as p-STAT5A.

Although we showed the results for STATSA. we obtained
identical results in experiments so far performed for closely re-
lated STATSB (unpublished data). In addition, the phenotypes
of STAT3- and STAT5A-dDB2 were nearly identical (Fig. 5 and
Fig. §3), and the region of STAT3 that binds to MgcRacGAP
(STAT3-DBD-DB2) is well conserved among STAT family pro-
leins, suggesting a general role for MgcRacGAP and Racl in
the nuclear transport of p-STAT proteins.
involvement of Rac1 in the nuclear
transport of STATs
The Rho family small GTPases play key roles in a variety of
cellular functions, including regulation of cell cycle, wanscrip-
tion, and transformation (Bishop and Hall. 2000). Among them,
the Rac subfamily consists of three known members: Racl,
Rac2, and Rac3. Although Racl and Rac3 are ubiquitously ex-
pressed. Rac2 expression is specific in hematopietic cells. Racl
and Rac2 were implicated in both distinet and overlapping func-
tions, including cell migration, membrane ruffling, production
of superoxide, and phagocytosis (Ridley, 1995: Roberts et al.,
1999; Bishop and Hall. 2000; Williams et al.. 2000: Gu et al.,
2003; Cancelas et al., 2005). Interestingly, the C-terminal region
of Racl but not Rac2 or Rac3 contained a functional NLS, sug-
gesting a role for Racl in the nucleus. Consistent with this, Racl
was reported to play a role in the nuclear import of SmgGDS and
p120 catenin (Lanning et al., 2003), members of the importin
a-like armadillo family of proteins (Peifer et al.. 1994: Chook
and Blobel. 2001). In the present paper. using Rac | -deficient mouse
embryonic fibroblasts, we demonstrate that Racl was critically
required for the nuclear transport of p-STATSA (Fig. 3).

Reqguirement of cofactors involved

i importcin W/} pathway for nuciear import
of STATS

It was reported that unphosphorylated STATs shuttled between
the cytoplasm and nucleus (Zeng et al., 2002: Marg et al.. 2004).
Activated STAT| was reported to bind importin a5, leading 1o
its nuclear translocation (Sekimoto et al., 1997; McBride et al..
2002). How activated STAT3 is imported to the nucleus has re-
mained controversial. Ushijima et al. (2005) showed that acti-
vated STAT3 binds importin al. «3. and a5, and Ma and Cao
(2006) demonstrated that activated STAT3 binds importin o3
and a7 but not a1, a3, or a4, whereas Liu et al. (2005) reported
that STAT3 nuclear import is independent of tyrosine phosphor-

ylation and mediated by importin «3. On the other hand, how
activated STATSA is imported to the nucleus remained largely
elusive. It was reported that the ERBB4/HER4 receptor tyrosine
kinase, which harbors the NLS sequence, functions as a STATSA
nuclear chaperone. implicating the NLS of STATS5A-associated
molecules in the nuclear translocation of STATSA (Williams
et al.. 2004). However, unlike ERBB4/HER4, ITD-FIt3 does not
harbor an NLS and did not enter the nucleus (unpublished data).
In the nuclear transport assay. most p-STATSA accumulated to
the nuclear envelope in the presence of V12Racl and MgcRac-
GAP, and further addition of the purified nuclear transporters.
including importin a1, importin B1. Ran. and NTF2, facilitated
the nuclear translocation of p-STATS5A (Fig. 6 C, j). Together. it
is likely that the complex of p-STATS, GTP-bound Racl, and
MgcRacGAP translocates 1o the nuclear envelope, where it re-
cruits other factors such as importin o/p to pass through the nu-
clear pore complex into the nucleus. Indeed, direct interaction
of both GTP-bound Racl and MgcRacGAP facilitated the inter-
action of p-STATSA with importin as (Fig. 6 D). In agreement
with this, Racl harbors an NLS (Lanning et al.. 2003) and
MgcRacGAP harbors a bipartite NLS and binds importin «s
(unpublished data). Interestingly, a mutant of MgcRacGAP

lacking NLS strongly blocked the nuclear translocation of

p-STATS in the nuclear transport assay even with VI2Racl, im-
portin wl. importin B1, Ran, and NTF2 (unpublished data),
suggesting a role of MgcRacGAP as an NLS-containing nuclear
chaperone of p-STATs. Establishment of the nuclear transport
assay for p-STATs has enabled us to clearly demonstrate the
requirement of Racl and MgcRacGAP for the nuclear trans-
location of p-STATS.

The activities of small GTPases are regulated by two
classes of proteins, GAPs and GEFs (guanine nucleotide exchange
factors). In this paper. we did not address GEFs, but some. such
as smgGDS or ECT-2, may also participate in the nuclear trans-
port of STAT proteins. Based on the results that p-STATSA
binds importin as only in the presence of MgcRacGAP and
active forms of Racl but not inactive form of Racl. we specu-
late that Racl inactivation by MgcRacGAP release p-STATs
from the importin complex in the nucleus. To prove this hypoth-
esis and clarify its molecular mechanisms. further work will
be required.

Coordinate control of cell division

and transcription

Another interesting question raised by our work concerns the
coordinate control of cell division and transcription. We origi-
nally identified MgcRacGAP as a GAP protein that regulates
IL-6—induced macrophage differentiation of leukemic M1 cells
(Kawashima et al.. 2000). Later, we and others found that
MgcRacGAP or Cyk-4, an orthologue in Caenorhabditis ele-
gans. played essential roles in cytokinesis (Jantsch-Plunger et al.,
2000: Hirose et al., 2001; Van de Putte et al., 2001: Mishima
et al., 2002). We further demonstrated that MgcRacGAP was
phosphorylated at Serine 387 by Aurora-B at the midbody.
functionally converted from Rac/Cdc42-GAP to Rho-GAP, and
played essential roles to complete cell division in cytokinesis
(Minoshima et al., 2003). In interphase. MgcRacGAP formed a
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complex with Racl and STAT3 and was required for the full
transcriptional activation of STAT3, thereby enhancing the
differentiation of IL-6-stimulated M1 cells (Tonozuka et al.,
2004). On the other hand, when STATS was activated by IL-3 or
ITD-FIt3 in conjunction with Racl and MgcRacGAP, the cells
proliferate, Thus, MgcRacGAP functions as a Rac-GAP to acti-
vate transcription of STAT in the nucleus of interphase cells,
probably leading to cell proliferation or differentiation. At cyto-
kinesis. it functions as a Rho-GAP to complete cytokinesis, in-
dicating that the distinct roles of the Rho family small GTPases
depend on the cell cycle.

Coes Rac1 play a general role

in nuclear transport of transcription-
ralated proteins?

The experiments using N17Rac] showed that Racl contributes
to maximal activation of STAT! and -3 in response to IFN-y
(Park et al.. 2004). The molecular mechanisms of this phenom-
enon can be explained by our current results. Esufali and Bapat
(2004) suggested that Racl plays some role in redistribution of
[B-catenin and that a mutant Racl lacking its NLS hampers nu-
clear localization of B-catenin, leading to attenuation of the
{3-catenin—dependent transcriptional activity of T cell factor/lym-
phoid enhancing factor. The authors stated that it was not yet
clear whether the Rac 1/B-catenin association facilitated nuclear
import or retention of B-catenin or. alternatively, Racl augments
the function of B-catenin as a coactivator. Given the results of
the present study, however, it is likely that Racl also plays a
critical role in the nuclear transport of B-catenin, suggesting a
general role of Racl GTPase for the nuclear transport of trans-
cription factors. It is tempting to speculate that Racl is a mole-
cular link between changes in cytoskeletal organization and
alterations in transcription.

Materials and methods

Culture, cytokines, and antibodies

Ba/F3 cells were mointained in RPMI1 640 medium {Invitrogen) containing
10% FCS and 1 ng/ml mil-3 (R&D Systems). An ecotropic retrovirus pack-
aging cell line PLAT.E was maintained os described previously [Hirose
et al., 2001). An anti-STAT5A antibody and anti-STAT5B anlibedy were
obtained from R&D Systems. Affinity-purified anti-MgcRacGAP antibody
was produced as described previously (Hirose et ol., 2001}, An antiRac]
mAb and anti-imporfin a1 mAb were purchased from BD Bicsciences. The
rabbit polyclonal anti-Rac1, anti-RhoA, anti-JAK2, and goot polyclonal
anti-HDAC or anfi-importin o5 ontibodies were obiained from Santa Cruz
Biotechnology, Inc.

Immunoprecipitation and Western blotting

Immunoprecipitation, gel electrophaoresis, and immunoblotting were done
as described previously (Kowashima et ol., 2001), with minor modifica-
tions. Cell lysates (2 x 107 cells/ml) were incubated ot 4°C for 2 h with
the indicated ontibodies ond protein A-Sepharose. The immunoprecipi-
tates were subjected to Western blot anolysis with on onti-p STATS mAb
[Upstate Biotechnology), enti-MgeRocGAP, or anti-STAT5A antibody. The
loading emounts were verified with the anti-STAT5A or onti-MgcRacGAP
antibody after stripping the filters. The filterbound antibody was detected
using the ECL system (GE Healthcare). Cytosol ond nuclear fractions were
prepared as described previously (Nakamura et al., 2002},

MBP pull-down assays

MBP tusion proteins (0.5 pg) bound to amylose resin beads were incu-
bated with cell lysates (10 ug) from IL-3-stimulated Ba/F3 cells as described
previously (Tonozuka et al., 2004).
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Transfection and immunostaining

The 2937 cells were fransfected with 1.0 pg pME/STAT5AFlag together
with 0.5 pg pMKIT [MOCK) or pMKIT/ITD-FIt3, and in some experiments
cells were transfected with 0.5 ng pME/STATSA-HA and 0.5 pg pMKIT
(MOCK] ar pMKIT/ITD-FIt3 together with 1.0 ug pCMV5/N17Rac |-Flog,
using Lipofectamine Plus reagents (Life Technclogies). Atter 24 h, cells were
ploted on glass coverslips, and the next day the cells were immunostained
as described previously [Hirose et al., 2001).

Microscopy

Fluorescence images were anclyzed on a confocal micrescope {Fluoview
FV300 Scanning laser Biological Microscope X 70 system; Olympus)
equipped with two lasers (Ar 488 and HeNe 543) using o 60 oil objective
[PlanApo; Olympus). Fluoview version 4.3 software [Olympus) was used for
imoge ocquisition from confocal microscopy. Photoshop 7.0 or Photoshop
Elements 2.0 sofiware [Adobe) was used for processing of imoges.

RNA interference and semiquantitative RT-PCR

For the silencing of Rac! or MgcRacGAP, SMARTpool Racl or MgcRac-
GAP siRNA (041170 or LO40081; Dharmacen) wos used. A control
siRNA wos used as a nonsilencing control [Tonozuka et al., 2004). 5 ul of
40 pM double-stranded siRNA were introduced in to 2 x 10° cells of
Ba/3F cells with Nucleofector Il [Amoxa) set at program T-16 using o Cell
line MNucleofector kit V (Amaxa) occording to the manufacturer’s instruc-
tion. A control vector carrying GFP was introduced to >80% of Ba/3F cells
under this condition. 24 h after transfaction, live cells were isolated using
FicollPaque PLUS |GE Healthcare), and gene expression was examined by
semiquantitative RT-PCR anclysis as described previously (Nosaka et al.,
1999). The primers used are as follows: 5'bclx, 5-GAAAGAATTCACCAT-
GTCTCAGAGCAACCGG-3'; 3'bekx, 5" -GAAAGCGGCCGCTCACTTCC-
GACTGAAGAGTG3'; 5'GAPDH, 5-ACCACAGTCCATGCCATCAC-3";
3'GAPDH, 5" TCCACCACCCTGTTGCTGTA-3".

Production of retroviruses

High-titer refroviruses harboring Cre recombinase were produced in a tran-
sient retrovirus packaging cell line PLAT-E {Morita et al., 2000) and were
used to deplete Rac1 in Roc2 ¥ Rac1™™* fibroblasts (Fig. 3 BJ.

Generation, expression, and purification of recombinant proteins

in 5f-9 cells

To construct baculovirus vectors, the cDNAs encoding STATSA, MgcRac-
GAP, V12Racl, L61Racl, N17Rac], importin as, importin 31, Ran, and
NTF2 with the Cterminal Flog epitope tog, and o kinase domain of JAK2
UH1; Saharinen et al., 2000] were subcloned into pBacPAK [BD Biosci-
ences). The resulting constructs were used to obtain recombinant baculovi-
ruses by cotransfection with Bsu36 I-digested BocPAK viral DNA (BD
Biosciences) into 5t9 cells according to the manufacturer’s protocol. For
protein expression, SE9 cells were infected with highiter viral stocks for 96 h
and lysed. The lysate was clarified by centrifugation, and the supernatant
was immunaprecipitated with the anti-Flog M2-agerase affinity gel (Sigma-
Aldrich) for 2 h ot 4 °C. The recombinant Flog-tagged proteins were eluted
with 3x Flag pepfide [Sigma-Aldrich}.

EMSA using purified p-STATSA

To determine whether purified p-STAT5A formed a proper dimer, EMSA
was performed using consensus sequence of STAT5A as o probe, as
described previously (Kawashima et ol., 2001).

In vitro kinase reaction

An in vitro kinase reaction of purified STATSA was performed as described
previously with minor madifications [Quelle et al., 1995]. In vilro phos-
phoryloted STAT5A was immunoprecipitated with the anti-Flog M2-ago-
rose affinity gel and reeluted with a 3% Flog peptide. The purified in vitro
phosphorylated STATSA wos dialyzed ogoinst TB, and the final concentra-
tians of STATSA protein were determined for use in SDS-PAGE and in the
nuclear transport assay.

Preparation of fluorescent conjugates

FITC-lobeled BSA (Sigma-Aldrich) conjugated with a synthetic peptide con-
taining the 5V40 large T antigen (CGGGPKKKRKVED; NLS-conjugated
FITC-BSA) was prepared as described previously [Adam et al., 1990), as
a control profein harboring an NLS. We confirmed that NLSconjugated
FITC-BSA was imported to the nucleus in our experimental conditions as re-
ported previously [Kutay et al., 1997), which was not inhibited by immuno-
depletion of MgcRacGAP or Racl [Fig. S5, p-1).
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Import assays with permeabilized cells

Hela cells were grown on poly+-lysine—coated coverslips and permeabi-
lized with 40 ug/ml digitonin (Roche) in TB (20 mM Hepes, pH 7.3, 110 mM
KOAC, 2 mM Mg[OAC);, 1 mM EGTA, 2 mM DTT, 0.4 mM PMSF,
3 pg/ml aprotinin, 2 pg/ml pepstatin A, 1 pg/ml leupeptin, and 20 mg/ml
BSA] for 10 min ot RT. Subsequently, the cells were washed twice in TB.
Incubation with 50 pl import mix was performed at 37°C for 30 min. The
import mix contained TB, an energy regenerating system (0.5 mM ATP,
0.5 mM GTP, 10 mM creatine phosphate, and 30 U/ml creatine phosphe-
kinase), and 1 pM of purified unphosphorylated or phosphorylated STAT5A
alone, or STAT5A plus the 1 uM of other purified cofactor proteins as indi-
cated in Fig. 6 C. Alfter the import reaction, the cells were washed with ice-
cold TB and immunostained with the anti-STAT5SA antibody and anti-p-STATS
mAb as described previously [Hirase et al., 2001). Fixed cells were exam-
ined using a Fluoview FV300 confocal microscope (Olympus).

Online supplemental material

Fig. 51 depicts the binding domains of MgcRacGAP with STATSA ond
that of STAT5A with MgcRocGAP. Fig. S2 shows that N17Rac | expression
inhibits the nuclear translocation of p-STAT5A. Fig. S3 shows that the DB2
region is required for the interoction of STAT3 with MgcRacGAP and the
transcriptional activation of STAT3. Fig. 54 shows that purified p-STATSA
forms a dimer and binds DNA containing the STATS consensus sequence
and that the purified STAT5A can be phosphorylated in vitra. Fig. 55 shows
that the in vilro phosphorylated recombinant STAT5A can be imported to
the nucleus in the nuclear fransport assay and that immunodepletion of
Racl or MgeRacGAP specifically inhibits the nuclear import of p-STATSA
using Hela cytosol extract. Online supplemental material is available af
http://www.jcb.org/egi/content/full /icb. 200604073 /DC1 .
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Identification of TSC-22 as a potential tumor suppressor that is upregulated by
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Transforming growth factor-f (TGF-p)-stimulated clone-22
(TSC-22) was originally isolated as a TGF-f-inducible gene. In
this study, we identified TSC-22 as a potential leukemia
suppressor. Two types of FMS-like tyrosine kinase-3 (FIt3)
mutations are frequently found in acute myeloid leukemia: Flt3-
ITD harboring an internal tandem duplication in the juxtamem-
brane domain associated with poor prognosis and FIt3-TKD
harboring a point mutation in the kinase domain. Comparison
of gene expression profiles between Fit3-ITD- and Fit3-TKD-
transduced Ba/F3 cells revealed that constitutive activation of
Fit3 by FIt3-TKD, but not Fit3-ITD, upregulated the expression of
TSC-22. Importantly, treatment with an Fit3 inhibitor PKC412 or
an FIt3 small interfering RNA decreased the expression level of
TSC-22 in FIt3-TKD-transduced cells. Forced expression of
TSC-22 suppressed the growth and accelerated the differentia-
tion of several leukemia cell lines into monocytes, in particular,
in combination with differentiation-inducing reagents. On the
other hand, a dominant-negative form of TSC-22 accelerated the
growth of Flit3-TKD-transduced 32Dcl.3 cells. Collectively, these
results suggest that TSC-22 is a possible target of leukemia
therapy.
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Introduction

Fms-like tyrosine kinase 3 (FIt3), originally isolated as a
hematopoietic progenitor cell-specific kinase, belongs to the
class Il receptor tyrosine kinase family." Flt3 is mainly
expressed by early myeloid and lymphoid cells and has a
crucial role in normal hematopoiesis,”™ while FIt3 mutations
are frequently observed in acute myeloid leukemia (AML).**7
An internal tandem duplication within the juxtamembrane
domain of the FIt3 gene (FIt3-ITD) or an activating mutation at
aspartic acid 835 (D835) in the kinase domain of Flt3 (FIt3-
D835), including FIt3-D835V, was found in 20-30 or 7%,
respectively, of patients with AML.%'®

Whereas both types of FIt3 mutations cause constitutive
activation of Flt3, resulting in autonomous Pmliferalion of
factor-dependent hematopoietic cell lines,'”™"" only Flt3-ITD
was associated with poor clinical outcomes in both pediatric
and adult patients with AML,312:13:1620-23 Recant accumulated
data have shown that Fit3-ITD causes the constitutive activation
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of both Ras/extracellular regulated kinase (ERK) and signal
transducer and activator of transcription 5 (STATS5), and that the
activation of STAT5 is more prominent in the signaling pathway
downstream of FIt3-ITD as compared with Fit3-Dg35,'%2%25
However, the reason why FIt3-ITD causes poor clinical
outcomes is not fully understood.

Transforming growth factor-f (TGF-fi)-stimulated clone-22
(TSC-22) was initially isolated from mouse osteoblastic cells as
an immediate early response gene of TGF-£.°° It encodes a
putative transcriptional regulator containing a leucine zipper
structure that is highly conserved between many species.”*°
TSC-22 was upregulated by many different stimuli such as
anticancer drugs®® and a variety of growth factors and cytokines,
including follicle-stimulating hormone,*® fibroblast growth
factor-2,”' progesterone,® epidermal growth factor,® TGF-
$,2%272% tumor necrosis factor-x, interferon-y and interleukin-
18.%7 TSC-22 was also expressed in a dynamic pattern at sites of
epithelial-mesenchymal interactions during mouse develop-
ment.**?5 Accumulated data suggest that TSC-22 is a potential
tumor suppressor gene, because TSC-22 was a progesterone
target gene upregulated in breast cancer cells, where growth is
inhibited by progestins.*? In addition, overexpression of the
TSC-22 gene caused apoptotic cell death involved in the
activation of caspase-3 in a human gastric carcinoma cell line®®
and TSC-22 suppressed growth in a salivary gland carcinoma
cell line and reduced tumor formation in nude mice,**37*8

In this study, to understand the molecular basis for the fact
that Flt3-ITD, but not FIt3-TKD, is associated with poor
prognosis, we transduced FIt3-ITD and FIt3-D835V into a
mouse IL-3-dependent pro-B cell line Ba/F3 and compared the
gene expression profiles downstream of FIt3-ITD and Flt3-
DB835V. We identified TSC-22 as a gene upregulated by Flt3-
D835V, but not by Fit3-ITD. We report the effect of TSC-22 on
the proliferation and differentiation of leukemia cells in the
context of leukemic therapy.

Materials and methods

Reagents

Recombinant murine interleukin-3  (rmiL-3), recombinant
human Flt3 ligand (rhFL), and recombinant murine granulocyte
colony-stimulating factor (G-CSF) were obtained from R&D
Systems (Minneapolis, MN, USA). Mouse anti-human CD14 and
anti-human leukocyte antigen-DR (HLA-DR) monoclonal anti-
bodies (mAbs) were purchased from Becton Dickinson (San
Jose, CA, USA). Mouse anti-human CD80 mAb were from
ImmunoTech Co., Ltd (Osaka, Japan). Phycoerythrin (PE)-
labeled mouse anti-human Flt3 (CD135) and CD11b mAbs
were from BD Pharmingen (San Diego, CA, USA). Rabbit



polyclonal anti-ERK-1/2 antibody (Ab) was from Cell Signaling
Technology (Beverly, MA, USA). Rabbit polyclonal anti-Fit3 Ab
was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
PKC412 was obtained from Novartis Pharmaceuticals (Basel,
Switzerland). 12-O-tetradecyanoylphorbol 13-acetate (PMA)
and 1,25-dihydroxy vitamin D3 (Vit.D3) were from Sigma
(St Louis, MO, USA). Fibrinogen (FB) was from Calbiochem
(San Diego, CA, USA).

Cell lines and cell culture

The murine pro-B cell line, Ba/F3 cells and the murine myeloid
progenitor cell line, 32Dcl.3 (32D) cells were maintained in
RPMI 1640 containing 10% fetal calf serum (FCS), penicillin/
streptomycin and 1 ng/ml rmiL-3. The murine B-cell lymphoma
line, WEHI-231 (WEHI) cells were cultured in RPMI 1640
containing 10% FCS, 50 mm 2-mercaptoethanol and penicillin/
streptomycin, The human leukemia cell lines, U937 and HL-60
cells, were maintained in RPMI 1640 containing 10% FCS,
penicillin/streptomycin. An ecotropic retrovirus packaging cell
line, Plat-E cells, was maintained in Dulbecco’s modified Eagle’s
medium containing 10% FCS, 1 pg/ml puromycin (Sigma) and
10 ug/ml blasticidin S (Funakoshi Co., Tokyo, Japan).

DNA constructs and retroviral transfection

The construction of pMKIT-Neo vectors containing Flt3-wild
type (WT) or FIt3-ITD and the transfection of Ba/F3 cells with
these vectors were described previously.*” The FIt3-D835V and
FIt3-D835Y constructs were amplified by two-step polymerase
chain reaction (PCR) from FIt3-WT in pMKIT-Neo vector using
PFU DNA polymerase (Stratagene, La Jolla, CA, USA). Primers
used in step 1 were: forward Flt3-BamHI: 5'-CGCGGATCCATG
GGCCCAGGAGTTCTG-3', reverse FIt3-D835V: 5-CATGATAA
CGCGTGCCAATTCAAA-3 or reverse Flt3-D835Y: 5'-GAATCA
CTCATGATATATCGAGC-3'. Primers used in step 2 were:
forward FIt3-D835V: 5'-TTTGCGATTGGCACGCGTTATCATG-3
or forward Flt3-D835Y: 5-GCTCGATATATCATGAGTGATTC-
¥, reverse Flt3-Xbal: 5'-GCTCTAGACTACGAATCTTCGACC
TG-3". PCR products from step 1 and step 2 were diluted and
combined as templates using Flt3-BamHI and Flt3-Xbal as the
forward or reverse primers, respectively, to create mutant
fragments, which were then subcloned into the pMKIT-Neo
expression vector, For generation of stably transfected 32D cells,
the sequence of FIt3-WT, FIt3-1TD, Flt3-D835V or FIt3-D835Y
excised from pMKIT-Neo was subcloned into pMXs-1ERS-
Neomycin (pMXs-IN) retroviral vector.*® The Plat-E packaging
cells were transfected with these vectors by FuGENE 6
transfection reagent (Roche Diagnostics, Indianapolis, IN,
USA) as described previously.*® The retroviruses were used to
infect 32D cells in the presence of rmiL-3. Stable transfectants
were then selected with 1 mg/ml G418 (Nacalai Tesque Inc.,
Kyoto, Japan) for 2 weeks. Ba/F3 and 32D transfectants
expressing Flt3-ITD, FIt3-D835V or Flt3-D835Y were main-
tained in RPMI 1640 containing 10% FCS in the absence of
rmliL-3, while FIt3-WT-expressing cells were maintained in the
presence of 10 ng/ml rhFL. The coding sequence of mouse TSC-22
was amplified by PCR from complementary DNA (cDNA) of Ba/
F3 cells using AmpliTaq Gold (Roche Molecular Systems Inc.,
Branchburg, NJ, USA} and subcloned into pMXs-1ERS-Puromy-
cin (pMXs-IP) retroviral vectors.*” A truncated TSC-22-LZ was
amplified by PCR from plasmid, pEGFP-TSC-22-LZ (kindly
provided by Hitoshi Kawamata, School of Medicine, Dokkyo
University, Japan) and subcloned into pMXs-IP retroviral
vectors. TSC-22-L7Z contains TSC-box and leucine zipper, but
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not both repressor domains (RD). For retroviral transduction of
TSC-22 into Ba/F3, 32D, WEHI, U937, HL-60 cells or Fit3-1TD-
expressing cells, Plat-E packaging cells were transfected with
pMXs-IP, pMXs-TSC-22-IP or pMXs-TSC-22-LZ-IP construct
before infection with retroviruses. To avoid clonal differences
as well as a bias by the selection in the absence of IL-3, pooled
transfectants were selected with 2 ug/ml puromycin for 2 weeks
and were subjected to experiments. These procedures were
performed multiple times with the similar results.

Microarray analysis

Ba/F3 transfectants expressing Flt3-ITD or Flt3-D835V were
maintained in the absence of rmlL-3, Total RNA was extracted
by Trizol reagent (Invitrogen, Carlshad, CA, USA) according to
the manufacturer’s protocol. Double-stranded c¢DNA was
synthesized from 5 pg of total RNA with oligo (dT),4 T7 primer,
amplified with T7 RNA polymerase up to approximately 50 ug of
cRNA, and hybridized to Affymetrix Mouse Expression array
430A, which contains 45000 probe sets for 39000 transcripts
and variants from over 34 000 well-characterized mouse genes
(Affymetrix, Santa Clara, CA, USA). After washing and staining,
the arrays were scanned on the GeneChip system confocal
scanner (Affymetrix, Hewlett-Packard, Santa Clara, CA, USA).
The intensity for each feature of the array was captured with
Affymetrix Microarray Suite (MAS) Version 5.0 software.

Real-time reverse transcription-PCR

Real-time reverse transcription-PCR was performed using a
LightCycler Workflow System (Roche Diagnostics, Mannheim,
Germany). cDNA was synthesized and amplified from 200 ng of
RNA using a LightCycler FastStart DNA Master SYBR Green | kit
(Roche Diagnostics). Reaction was subject to 45 cycles of PCR
at 95°C for 10s, 55°C for 10s and 72°C for 20s. All samples
were independently analyzed at least three times. The following
primer pairs were used: 5'-ATGAAATCCCAATGGTGTAGA-3'
(TSC-22 forward), 5'-CTATGCGGTTGATCCTGAGCC-3' (TSC-22
reverse). The housekeeping gene, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), served as an additional control for
cDNA quality. Relative gene expression levels were calculated
using standard curves generated by serial dilutions of cDNA of
Ba/F3 cells or 32D cells. Product quality was checked by
melting curve analysis via LightCycler software (Roche Diag-
nostics). Expression levels for each gene were divided by the
GAPDH RNA expression level.

SIRNA transfection

An Flt3-specific SMARTPool and Nonspecific control small
interfering RNA (siRNA) were purchased from Dharmacon
(Lafayette, CO, USA). For transfection, 5x 10" cells were
resuspended in the specific Nucleofector Solution V, mixed
with 2.5 ug double-stranded siRNA targeting FIt3 mRNA or
control siRNA, and nucleofected with the cell-specific program
X-001 using the Amaxa Nucleofector Device (Amaxa, Gaithers-
burg, MD, USA), according to the manufacturer's protocols.
Cells were analyzed 24 h after transfection by western blot and
flow cytometry analysis.

Generation of anti-TSC-22 antibody

Purification of recombinant TSC-22 protein and generation of
anti-TSC-22 polyclonal antibody was performed as described
previously.’” Briefly, a ¢cDNA for the mouse TSC-22 was
subcloned in the corect reading frame into pGEX4T-1

2247

27

Leukemia



Identification of TSC-22 as a potential tumor suppressor
Y Lu et al

2248

(Amersham Biosciences, Uppsala, Sweden) and verified by
sequencing. glutathione S-transferase (CST)-TSC-22 was ex-
pressed in Escherichia coli strain BL21 (DE3) cultured with
100mm lactose analog isopropylf-D-thiogalactoside. GST-fu-
sion proteins were purified by glutathione-sepharose 48
according to the standard protocols (Amersham Biosciences).
Anti-TSC-22 polyclonal antibody was generated from the serum
of immunized rabbit using purified GST-TSC-22 fusion protein
(SCRUM Inc., Tokyo, Japan). In western blot analysis, this
antibody detected two bands, the large of which corresponded
to the full-length protein in size.

Immunoprecipitation and western blot analysis

Cells were lysed in lysis buffer (10% glycerol, 150mm NaCl,
50mm Tris-HCI at pH7.5, 1% NP-40) containing protease and
phosphatase inhibitor cocktail tablets (Sigma), and then cell
lysates were clarified by centrifugation. The protein concentra-
tion of the supernatants was determined with a Bio-Rad Protein
Assay kit (Rio-Rad, Hercules, CA, USA). For immunoprecipita-
tion, equivalent amounts of protein were incubated with anti-
TSC-22 antibody and protein G Sepharose at 4°C for 2 h. The
immunoprecipitates were washed four times with lysis buffer,
then resuspended in sodium dodecyl sulfate (SDS) sample buffer
and heated at 95°C for 5 min. Cell lysates or immunoprecipitates
were separated by SDS-polyacrylamide gel electrophoresis gel
(Wako, Osaka, Japan). Gels were transferred onto Immobilon
membranes (Millpore, Bedford, MA, USA) and immunostained
with an anti-TSC-22 Ab, anti-FIt3 Ab or anti-ERK Ab, followed
by a horseradish peroxidase-labeled secondary Ab. Stained
protein was visualized by chemiluminescence using ECL
reagents (Amersham Biosciences).

Flow cytometry

Cells were washed with phosphate-buffered saline (PBS)/2%
FCS, blocked with mouse FcBlock (BD Biosciences, Franklin
Lakes, NJ, USA) for 15min, and stained with the indicated
antibodies for 20 min. After washing, cells were analyzed using
a FACSCalibur flow cytometer with CellQuest software (BD
Biosciences).

Analysis of cell growth

The cells were resuspended in RPMI 1640 including 10% FCS
with or without indicated growth factors, and 1 x 10" cells were
seeded into 96-well plates (Corning, NY, USA). After incubation
for the indicated time at 37°C, cell growth was estimated by
quantitating luminescence from the 96-well plates using
CellTiter-Glo (Promega, Madison, W1, USA) and a Micro Lumat
Plus luminometer (EG&G Berthold), according to the manufac-
turer’s instructions. Briefly, the luminescence is recorded with a
luminometer measuring the amount of ATP which is propor-
tional to viable cell number.

Adhesion assay

Adhesion assay was performed as described previously.*! In
brief, the 96-well plates (Corning) were coated with 20 ug/ml FB
in PBS for 1h at 37°C, washed three times with PBS, blocked
with 3% bovine serum albumin (BSA)/PBS for 1 h at 37°C, and
washed three times with RPMI 1640. Cells were resuspended
with the RPMI 1640 containing 10% FCS and transferred into
coated wells with or without 1 ng/ml rmIL-3. The plates were
incubated at 37°C for 2 h, and the unbound cells were washed
away. Input and bound luminescence were directly quantitated
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from the 96-well plates using CellTiter-Glo and a Micro Lumat
Plus luminometer. The percent of adhesion was calculated by
dividing bound luminescence by input luminescence.

The evaluation of cell differentiation

U937 and HL-60 cells were seeded at 3 x 10°cells/ml and
treated with 10ng/ml PMA or 10nm Vit.D3 for the indicated
time. Surface expression level of CD11bh, CD14, CD80 or HLA-
DR was estimated by flow cytometry. Cells of cytocentrifuged
by Shandon Cytopsin (Thermo Fisher SCIENTIFIC, Waltham,
MA, USA) were stained with May-Grunwald-Giemsa and
evaluated morphologically.

Mice

Eight-week-old male Balb/c mice or C3H/He] mice were
purchased from Charles River Japan Inc. Mice were kept under
standard laboratory conditions according to the guidelines of the
Laboratory Animal Research Center, The Institute of Medical
Science, The University of Tokyo. The transduced Ba/F3 cells
(1 % 10° cells) or 32D cells (1 x 10° cells) were injected into the
lateral tail vein of Balb/c or syngeneic C3H/He] mice,
respectively. The injected mice (five mice in each group) were
monitored daily. This study was approved by the Institutional
Ethics Committee for Laboratory Animals Used in Experimental
Research.

Statistical analysis

Statistical significance was calculated using the Student t-test for
independent variables with Excel (Microsoft). P-values<0.05
were considered statistically significant.

Results

Leukemia-like disease was rapidly induced by Flt3-ITD-
transduced Ba/F3 cells but not by Flt3-D835V-
transduced Ba/F3 cells

As reported, both FIt3-ITD and FIt3-TKD led to factor-
independent growth of the transduced Ba/F3 cells.” "> We
next investigated the leukemogenic potential of the transduced
Ba/F3 cells by injecting them into syngeneic Balb/c mice. All the
mice receiving the Flt3-ITD-transduced cells developed a lethal
hematopoietic disease with a median latency period of
approximately 8-9 weeks (Figure 1a). In contrast, only four of
10 mice receiving the FIt3-D835V-transduced cells developed a
similar disease, with a longer latency period of 10-12 weeks.
The remaining six mice were as healthy as the mice given an
injection of the Fit3-WT-transduced cells during an extended
observation time of 120 days. Histopathological analysis of the
mice inoculated with FIt3-ITD-transduced cells revealed marked
pathological findings. The expansion and infiltration of leuke-
mia-like cells observed in liver and bone marrow confirmed the
strong transforming ability of the Ba/F3 cells expressing FIt3-1TD
(data not shown).

TS5C-22 is highly expressed in Flt3-TKD-transduced cells
but not in FIt3-ITD-transduced cells

The different phenotypes observed in transplantation experi-
ments using the FIt3-ITD- or FIt3-D835V-transduced Ba/F3 cells
prompted us to investigate the underlying molecular mecha-
nisms. We hypothesized that the changes in gene expression
patterns induced by Flt3-ITD or FIt3-D835V might reflect the
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Figure 1 In vivo and in vitro effects of FIt3-ITD and Fit3-D835V. (a) Kaplan-Meier plot of survival. Balb/c mice (n=35 for each group) were
injected via tail veins with 1 x 10° Ba/F3 cells expressing FIt3-WT, FIt3-ITD, Flt3-D835V and vector as control. Mouse survival was monitored
daily for 120 days. The percentage of surviving mice {y axis) is plotted over the time after injection (x axis). This graph presents data from two
independent experiments. (b) Quantification of TSC-22 mRNA levels in Ba/F3 cells by real-time RT-PCR. Total RNA was isolated from Ba/F3
transfectants under the same conditions as shown in Table 1. The bar represents the ratios of GAPDH-normalized expression values. Each bar
represents the mean of three independent experiments. (c) Expression levels of TSC-22 protein in Ba/F3 transfectants. Equivalent amounts of cell
extracts prepared from Ba/F3 transfectants were immunoprecipitated with anti-TSC-22 antibody, followed by immunoblotting with the same
antibody. (d) Downregulation of TSC-22 by an FIt3 inhibitor PKC412. Flt3-D835V-expressing BaF3 cells were incubated with the indicated
concentrations of PKC412 for 24h in the absence of rmIL-3. Equivalent amounts of cell lysates were immunoblotted with anti-ERK Ab or
immunoprecipitated with anti-TSC-22Ab, followed by immunoblotting with the same Ab. (e-f) Fit3 siRNA-induced downregulation of TSC-22.
Fit3-D835V-expressing BaF3 cells were nucleofected with Flt3 or nonspecific control siRNA in the absence of rmiL-3. Expression of FIt3-D835V
was determined (e) by immunablotting of equivalent amounts of tatal cell lysates with anti-FIt3 Ab or (f) by flow cytometry analysis using isotype
control mAb (blank areas) and PE-conjugated anti-CD135 mAb (filled areas) 24 h after siRNA transfection. Expression of TSC-22 or ERK was
determined as described above. Ab, antibody; ERK, extracellular regulated kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; mAb,
monoclonal antibody; PE, phycoerythrin; RT-PCR, reverse transcription-PCR; siRNA, small interfering RNA; TSC-22, TGF-g-stimulated clone-22.

different phenotypes during leukemogenesis. Therefore, we
analyzed the gene expression profiles of Ba/F3 cells expressing
FlIt3-ITD or FIt3-D835V by microarray experiments. We chose
the genes that were up- or downregulated at least twofold
between the cells expressing FIt3-ITD versus Flt3-D835V
(Table 1). Among them, we focused on one of the genes
upregulated in FIt3-D835V-expressing cells, TSC-22, because it

is known to be a tumor suppressor involved in the induction of
apoptosis.

First, we quantified expression levels of TSC-22 mRNA by
real-time PCR and confirmed that the Flt3-ITD-transduced Ba/F3
cells expressed a lower level of TSC-22 mRNA when compared
with Flt3-D835V-transduced Ba/F3 cells (Figure 1b). Thus, the
real-time PCR results were consistent with the microarray data
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Table 1 Expression of genes regulated by FIt3-ITD and Flt3-D835V
Gene symbol Gene description Average difference
Ft3-ITD Fit3-D835V
Increased by FIt3-ITD
Ms4a3 Membrane-spanning 4-domains, subfamily A, member 3 204 100.4
Bnip3 BCL2/adenovirus E1B 19 kDa-interacting protein 1, NIP3 226.5 80.6
Cdar CD47 antigen (Rh-related antigen, integrin-associated signal transducer) 2483 105
Enh-pending Enigma homolog (R. norvegicus) 265.2 107.6
Podxl podocalyxin-ike 3039 142.4
Csf2rb1 Colony stimulating factor 2 receptor, beta 1, low-affinity (granulocyte-macrophage) 35563 162.8
Hba-a1 Hemoglcbin alpha, adult chain 1 423.1 150.2
Serpina3g Serine (or cysteine) proteinase inhibitor, clade A, member 3G 475.3 49.7
Terg-V4 T-cell receptor gamma, variable 4 501.1 182.6
Cd53 CD53 antigen 549.3 268.2
Csf2rb2 Colony stimulating factor 2 receptor, beta 2, low-affinity (granulocyte-macrophage) 861.1 349.6
Decreased by Flt3-D835V
Tgfb1i4 (TSC-22) Transforming growth factor beta 1 induced transcript 4 124.5 279.2
Hbb-b1 Hemoglobin, beta adult major chain 288.7 817.9

Changes in gene expression in Ba/F3 cells expressing Fit3-ITD and Fit3-D835V. RNAs harvested from Ba/F3 transfectants without cytokines were
hybridized to mouse expression array. Only genes with fold differences of raw data > 2 are listed.

described above. Next, we examined whether the change in
mRNA levels correlated with that in protein levels. Since Flt3-
D835Y is most frequently found among FIt3-TKD mutations, we
examined the expression levels of TSC-22 in the cell lysates
prepared from Flt3-D835Y-expressing Ba/F3 cells in addition to
FIt3-ITD- and FIt3-D835V-expressing Ba/F3 cells. Immuno-
precipitated lysate with anti-TSC-22 Ab was subject to immuno-
blotting for TSC-22. As shown in Figure 1¢, western blot analysis
revealed higher expression of TSC-22 in FIt3-D835V- and Flt3-
D835Y-expressing cells compared to that in Fit3-ITD-expressing
cells. To explore whether the kinase activity of FIt3-TKD is
required for upregulation of TSC-22, we treated Flt3-D835V-
expressing Ba/F3 cells with increasing concentrations of a
known FIt3 inhibitor PKC412 for 24 h in the absence of rmlilL-
3% As shown in Figure 1d, PKC412 dose-dependently
decreased protein expression levels of a full length of TSC-22,
while it did not affect expression level of ERK1/2 used as a
control. Moreover, to determine whether sufficient expression
levels of FIt3-TKD is indispensable for upregulation of TSC-22,
we performed experiments to downregulate Fit3-D835V by
transfecting FIt3 siRNA into Flt3-D835V-expressing Ba/F3
cells.** Flt3 siRNA, but not control siRNA, strongly inhibited
the expression of FIt3-D835V at protein levels 24 h after trans-
fection, although it did not affect that of ERK1/2 (Figure Te). At
the same time, flow cytometry analysis clearly demonstrated a
drastic reduction of surface expression levels of Fit3-D835V by
Flt3 siRNA, but no by control siRNA (Figure 1f). Importantly, a
full length of TSC-22 was strongly inhibited in accordance with
downregulation of FIt3-D835 by siRNA (Figure 1e). Collectively,
sufficient expression and kinase activity of FIt3-TKD was
indispensable for upregulation of TSC-22.

To further confirm if these data generally applied to
hematopoietic cell lines, another murine myeloid cell line,
32D, was stably transfected with either FIL3-WT, FIt3-ITD, Flt3-
D835V or Flt3-D835Y construct. Flow cytometry analysis
revealed that the surface expression levels of FI3-ITD, Flt3-
D835V and Fit3-D835Y were comparable, but slightly lower
than that of FIt3-WT and higher than that of endogenous Fit3
(Figure 2a). Then, we analyzed TSC-22 expression at both
mRNA and protein levels. In accordance with the data using Ba/
F3 cells, the expression level of TSC-22 in FIt3-ITD-ransduced
32D cells was significantly lower than those of FIt3-D835V- and
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FIt3-D835Y-transduced 32D cells in the presence of rmiL-3
(Figures 2b and c). Then, we compared the growth of 32D cells
carrying either FIt3-ITD, FIt3-D835V or Fit3-D835Y. As
reported, FIt3-ITD-, Flt3-D835V- and Flt3-D835Y-transduced
32D cells proliferated independently of an exogenous growth
factor IL-3, although FIt3-D835V- and Flt3-D835Y-expressing
cells showed a weaker proliferative response than Fit3-ITD-
expressing cells (Figure 2d). Taken together, while both FIt3-ITD
and FIt3-TKD induced factor-independent growth of 32D cells,
upregulation of TSC-22 expression was observed only in the
cells transduced with FIt3-D835V and FIt3-D835Y but not those
transduced with FIt3-ITD. We postulated that the lower
expression levels of TSC-22 might be associated with the higher
rale of cell proliferation, resulting in the rapid induction of
leukemia-like disease by FlIt3-ITD-carrying cells.

Forced expression of TSC-22 inhibits cell growth in
several leukemia-derived cell lines

To further evaluate the effects of TSC-22 on cell proliferation,
we transduced TSC-22 or its dominant-negative form TSC-22-1Z
into several leukemia-derived cell lines, including 32D, WEHI
or U937 cells. TSC-22-LZ containing TSC-box and leucine
zipper but not two RD has been reported to act as a dominant-
negative inhibitor.** Flow cytometry analysis revealed that the
surface expression levels of transduced-Flt3 isoforms were not
altered with or without transduced-TSC-22 in 32D cells
(Figure 3a). Enforced expression of TSC-22 or TSC-22LZ was
confirmed by western blot using an anti-TSC-22 mAb (data not
shown). As shown in Figure 3b (left panel), IL-3-dependent
growth of 32D cells was significantly inhibited or accelerated by
exogenous expression of TSC-22 or TSC-22-LZ, respectively.
Interestingly, autonomous growth of Fit3-ITD-transduced 32D
cells was significantly inhibited by exogenous expression of
TSC-22 as shown in Figure 3b (right panel), while growth of Fit3-
TKD-transduced 32D cells was accelerated by forced expression
of TSC-22-LZ as shown in Figure 3d. Intriguingly, enforced
expression of TSC-22 significantly inhibited the growth of Flt3-
ITD-expressing cells down to the growth rate of Flt3-D835V-
expressing cells (Figure 3e). We also demonstrated similar
effects of TSC-22 on the growth of WEHI and U937 cells
(Figure 3c). To next examine the in vivo effect of TSC-22 on the
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proliferation of leukemic cells, we injected FIt3-ITD-transduced ~ performed a similar experiment using FIt3-ITD-carrying 32D
32D cells with or without enforced expression of TSC-22 into cells transfected with the TSC-22 construct. Forced expression of
the C3H/He] mice. Overexpression of TSC-22 marginally TSC-22 did not affect the differentiation into granulocytes in the
extended the survival of C3H/He] mice inoculated with Fit3- presence or absence of G-CSF (data not shown). However, we
ITD-transduced 32D cells (Figure 3f), suggesting attenuated found that parental or FIt3-ITD-carrying 32D cells adhered to
growth of the leukemic cells by TSC-22. We concluded that the plastic plates by forced expression of TSC-22. To confirm
enforced expression of TSC-22 led to decreased growth rates in this, an adhesion assay using BSA- or FB-coated plates was
several leukemia-derived cell lines. conducted. As shown in Figure 4a, the number of cells adhering
to the plates was significantly increased by forced expression of
TSC-22. The adherent cells displayed well-spread morphology,
32D cells actquire adhesive properties by forced similar to monocytes/macrophages (Figure 4b). Expression levels
expression of TSC-22 of several integrins and surface markers indicative of granulo-
A differentiation block is one of the characteristics of leukemia cytes or monocytes/macrophages did not change except that
cells. As previously reported by Zheng et al,*® 32D cells ~ CD11b expression level was slightly increased by the enforced
differentiated into mature granulocytes in the presence of  expression of TSC-22 (data not shown). These results indicated
G-CSF, while FIt3-ITD-expressing 32D cells did not. To examine  that TSC-22 might play a role in the differentiation, giving an
whether TSC-22 was involved in the differentiation, we adhesive property to the cells.
Leukemia
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Expression of TSC-22 promotes monocytic
differentiation of several leukemia cells

To elucidate the role of TSC-22 in the differentiation of leukemia
cells, we performed experiments using differentiation-inducing
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reagents. When U937 cells transfected with a TSC-22 construct
or vector alone were exposed to 10ng/ml PMA, both TSC-22-
transduced and control U937 cells showed decreased prolifera-
tion, However, TSC-22-carrying U937 cells treated with PMA
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showed stronger growth arrest as compared with U937 control
cells (Figure 5a). Morphological analysis showed that TSC-22-
transduced U937 cells treated with PMA differentiated more
efficiently into mature monocytes, the characteristic phenotypes
of which were cell spreading, reduced nucleus-to-cytoplasm
ratios and appearance of vacuoles (Figure 5b). In accordance
with morphological changes, flow cytometry analysis demon-
strated that the mean fluorescence intensity (MFI) of CD11b,
CD14, CD80 and HLA-DR dramatically increased in TSC-22-
expressing U937 cells compared to control U937 cells after
PMA treatment, suggesting that differentiation into mature

monocytes was efficiently induced in TSC-22-transduced
U937 cells (Figure 5c). We also observed similar effects of
TSC-22 on Vit.D3-induced differentiation of U937 (Figure 5c).

To further confirm the effect of TSC-22 on the monocytic
differentiation of leukemia cells, another human leukemia cell
line HL-60 was utilized. As was the case for U937 cells,
fluorescence-activated cell sorting analysis showed that higher
MFI of CD11b was observed in TSC-22-transduced HL-60 cells
as compared with control HL-60 cells in response to either PMA
or Vit.D3 (Figure 5d). Collectively, these data suggested that
forced expression of TSC-22 played a role in monocytic
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differentiation of several leukemia cells. Therefore, TSC-22
appears to have the potential to suppress the growth of several
leukemia cells, in part by promoting differentiation into
monocytes.

Discussion

Leukemia is caused by multiple gene alterations, including
chromosomal translocations, deletions and point mutations.
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Among them, constitutive activation of a tyrosine kinase
receptor Flt3 is the most common mutation found in 30-40%
of patients with AML as well as in some patients with
myelodysplastic syndromes. There are two types of FIt3
mutations, FIt3-ITD and FIt3-TKD. Overexpression of the WT
FIt3 frequently associated with autonomous expression of Flt3
ligand is also found in leukemic patients. These facts indicate
that Flt3 activation is pivotal in leukemogenesis in a large
population of patients with AML. Both FIt3-ITD and FIt3-TKD
constitutively stimulate the downstream signaling pathways;



however, only FIt3-ITD was found to be associated with poor
prognosis.121316.20-23

In the present study, we confirmed that FIt3-ITD was more
potent than Fit3-D835V in inducing cell transformation by
in vivo experiments where Ba/F3 cells expressing FlIt3-ITD or
Flt3-D835V were transplanted into syngeneic recipient mice. To
clarify why FIt3-ITD is more oncogenic than Flt3-TKD, we
compared the gene expression profiles of Ba/F3 cells expressing
FIt3-ITD and FIt3-D835V. Among the genes upregulated or
downregulated by Flt3-D835V as compared with FIt3-ITD, we
focused on one of the upregulated genes, TSC-22, a potential
tumor suppressor originally identified as a TGF-f-induced gene.
Indeed, experiments using an Flt3 inhibitor and Flt3 siRNA
confirmed that both expression and kinase activity of FIt3-TKD
are required for upregulation of TSC-22. Several studies
demonstrated that high expression of TSC-22 inhibited the
growth or induced the differentiation of a variety of human
tumor cell lines, such as gastric carcinoma cells,*® breast cancer
cells,”® salivary gland cancer cells,?**”*® brain tumors*® and
prostate cancer cells.*” The findings that anticancer drugs
increased or carcinogens decreased the expression of TSC-22
support the concept that TSC-22 can be a key molecule in
cancer therapy. TSC-22 expression was also enhanced by
various cytokines and growth factors.’®* Further study is
now under way to determine in which part of signaling
pathways TSC-22 integrates. TSC-22 mRNA is expressed in
various hematopoietic cell lines as well as bone marrow-derived
cells, including macrophages, mast cells and dendritic cells
(data not shown). While TSC-22 expression significantly
inhibited the growth of several cell lines, including 32D, WEHI
and U937, it profoundly inhibited the growth of FIt3-ITD-
transduced 32D cells (Figure 3b). Expression of TSC-22 in Ba/F3
cells only weakly inhibited the growth and did not significantly
improve the prognosis of Balb/c mice inoculated with FIt3-ITD-
transduced Ba/F3 cells (data not shown). This is probably
because the endogenous expression level of TSC-22 in Ba/F3
cells is much higher than those in other cell lines (data not
shown). Therefore, we used 32D cells in both in vitro and in
vivo experiments that express much less amount of TSC-22. A
dominant-negative form of TSC-22 accelerated the growth of
32D cells, which is consistent with the growth suppressive
effects of TSC-22 on leukemic cells. In addition, expression of
TSC-22 in FI3-ITD-transduced 32D cells seemed to improve the
prognosis of C3H/He| mice inoculated with FIt3-ITD-transduced
32D cells. Thus, although we still do not know if the difference
in clinical outcomes is relevant to the differing expression levels
of TSC-22 downstream of FIt3-ITD and Flt3-TKD, the increased
expression of TSC-22 may explain at least in part the attenuated
growth of FIt3-TKD-expressing cells when compared to Fli3-
ITD-expressing cells. According to recent reports, activation of
STAT5, mitogen-activated protein kinase (MAPK) and protein
kinase B(Akt) and repression of the myeloid transcription factors
CCAAT/enhancer binding protein « (EffiPx) and PU.1 are relevant
to tent transforming  abilities of  Flt3-ITD-bearing
cells.'8242538 However the activation of STAT5, MAPK and
Akt was not affected by enforced expression of TSC-22 (data not
shown), suggesting that TSC-22 is rather downstream but not
upstream of these signaling molecules. Further investigation is
required where and how TSC-22 integrates in the signal
transduction pathway. To fully evaluate the impact of TSC-22
on leukemogenesis, experiments involving bone marrow trans-
plantation using TSC-22 knock out mice will be useful.

In general, the suppression of growth is associated with the
induction of apoptosis or cell-cycle arrest. In fact, TSC-22
induces the apoptosis of several cancer cells, as reported by
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Ohta et al.*® and Uchida et al.** However, neither apoptosis nor
cell-cycle arrest was significantly induced in TSC-22-transduced
leukemia cells (data not shown). Instead, we found that
monocytic differentiation of several leukemia cells was accel-
erated by the forced expression of TSC-22. This effect was more
evident when differentiation-inducing reagents were given
(Figures 5c and d). On the other hand, G-CSF-induced
granulocytic differentiation of 32D cells was not enhanced by
TSC-22 expression.

A differentiation block is one of the two major causes of
leukemogenesis, acting in concert with progressive proliferation
or inhibition of apoptosis. Thus, TSC-22 may exert growth-
suppressive effects on leukemia cells in part through the
acceleration of monocytic differentiation. Although Choi
et al>® reported that TSC-22-induced erythroid differentiation
of K562 cells by enhancing TGF-f signaling, the differentiation
was not induced by cooperation with TGF-# signaling in the
TSC-22-transduced leukemia cells we used. In acute promye-
locytic leukemia (APL), all-trans retinoic acid (ATRA) is a potent
inducer of differentiation in APL cells. Moreover, combinatorial
use of ATRA and G/granulocyte macrophage-CSF promoted
myelomonocytic differentiation, as reported by Glasow et al.*'
Our data, together with recent findings, suggest that combina-
tion of chemical compounds that increase TSC-22 expression
and differentiation-inducing drugs will be attractive as a new
therapy for leukemia. TSC-22 is considered to be a transcrip-
tional regulator because of its leucine zipper-like structure;
however, the precise mechanism by which TSC-22 functions in
the differentiation of leukemia cells remains to be elucidated.

In conclusion, the increased expression of TSC-22 down-
stream of FIt3-D835V was not observed downstream of Fit3-
ITD. Forced expression of TSC-22 suppresses the growth and
promotes the monocytic differentiation of several leukemia
cells, in particular, in combination with differentiation-inducing
reagents. TSC-22 appears promising in developing more
effective therapy for leukemia.
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