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GAP directly bound importin as through its bipartite NLS
(182KRR and 199KK).

NLSs of MgcRacGAP and GTP-bound Racl were required
for nuclear translocation of p-STATs in the in vitro nuclear
transport assay. GTP-bound Racl and MgcRacGAP were re-
ported to promote nuclear translocation of p-STATS, forming
a ternary complex via the importin o/f pathway in an in vitro
nuclear transport assay (17), but the component of the ternary
complex that directly binds importin « remained elusive. Nei-
ther STAT3 nor STATS harbors an apparent polybasic or
PY-type NLS. One possibility is that p-STATSs themselves har-
bor unidentified functional NLSs. However, the requirement
of MgcRacGAP/GTP-Racl for the nuclear translocation of
p-STATSs raises another possibility that MgcRacGAP functions
as an NLS-containing nuclear chaperone of p-STATs. We first
asked if the NLS of MgcRacGAP plays a role in the nuclear
translocation of p-STATSA by using an in vitro nuclear trans-
port assay (1). For this, Sf-9-mediated protein purification was
done for WT or the 199AA mutant of MgcRacGAP, a consti-
tutively active mutant Racl (V12Racl), STATSA, or
p-STATSA and for nuclear transporter proteins, including im-
portin al, importin 1, Ran, and NTF2, which binds Ran and
enhances Ran-dependent nuclear import (Fig. 2A, panel a).
We confirmed the purities of recombinant proteins and the
tyrosine phosphorylation of STATSA induced by coexpression
with the kinase domain of JAK2 (JH1) (40) in Sf-9 cells (Fig.
2A, panels a and b). We also examined the extent of STATSA
phosphorylation by phosphate-affinity SDS-PAGE using acryl-
amide-pendant Phos-tag and found that about 10% was phos-
phorylated by coexpression of JH1 (data not shown). Although
purified p-STATSA contained only about 10% phosphorylated
forms, as we previously reported (17), efficient accumulation to
the nuclear envelope of p-STATSA but not of unphosphoryl-
ated STATSA was achieved in the presence of both purified
MgcRacGAP and V12Racl (Fig. 2B, panels g and b), and
further addition of the purified nuclear transporters, including
importin «l, importin B1, Ran, and NTF2, induced efficient
nuclear translocation of p-STATSA but not of unphosphoryl-
ated STATSA (Fig. 2B, panels i and d). Addition of the puri-
fied nuclear transporters alone was not sufficient for the nu-
clear translocation of p-STATSA, and the addition of purified
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dominant negative N17Racl instead of V12Racl blocked the
nuclear translocation of p-STATS5A even in the presence of
purified MgcRacGAP and other nuclear transporters (data not
shown). Notably, 199AA-MgcRacGAP did not support the
accumulation of p-STAT5A at the nuclear envelope, even in
the presence of V12Racl, and abolished the nuclear translo-
cation of p-STATSA even in the presence of V12Racl, impor-
tin a1, importin B1, Ran, and NTF2 (Fig. 2B, panels h and j).

To determine if both the NLS of MgcRacGAP and Racl
activation are required for complex formation of p-STATSA
with importin «, an in vitro binding assay was done. As we
reported previously (17), p-STATSA, but not unphosphory-
lated STATS5A, formed complexes with importin a1 only in the
presence of WT MgcRacGAP and V12Racl (Fig. 2C). On the
other hand, p-STAT5A did not form complexes with importin
al in the presence of 199AA-MgcRacGAP and V12Racl (Fig.
2C). Addition of importin B1 increased the amount of importin
al associating with the complex of p-STATSA, WT MgcRac-
GAP, and V12Racl, and further addition of GTP-bound Ran
(L69Ran) but not GDP-bound Ran (N24Ran) dissociated the
import complex (Fig. 2D), suggesting that Ran was indeed
involved in the nuclear import of p-STATSA. We also found
that 199AA-MgcRacGAP did not support the nuclear translo-
cation of p-STAT3 in the presence of V12Racl, importin al,
importin B1, Ran, or NTF2 (see Fig. S2 in the supplemental
material). Conversely, addition of purified p-STATs and
V12Racl was required for the nuclear import of GST-
MgcRacGAP in the presence of purified importin /B pathway
proteins (see Fig. S3A and B in the supplemental material).
These results suggested that the NLS of MgcRacGAP was
somehow activated by the association with p-STATs and GTP-
bound Racl, and bound importin «, thereby facilitating nu-
clear transport of the MgcRacGAP/p-STATs/Racl complex.
Altogether, the present results indicate that the bipartite NLS
was essential for MgcRacGAP to function as a nuclear chap-
erone of p-STATSs, in accordance with GTP-bound Racl, at
least in the in vitro nuclear transport assay.

Generation of MgcRacGAP conditional knockout DT40
cells, in which expression of exogenous MgcRacGAP is under
control of a tetracycline-repressible promoter. To determine if
the 199AA or 182AAA/199AA mutant could alter the tran-

FIG. 2. Nuclear translocation of p-STAT5A requires the NLS of MgcRacGAP. (A) The recombinant proteins used in the experiments are
shown, after CBB staining of purified proteins (a) or Western blot analysis of the STATSA-Flag protein purified from Sf-9 cells with or without
coexpression with the kinase domain of JAK, using the anti-p-STATS Ab (b). (B) Nuclear transport assay of STATSA. HeLa cells were
permeabilized using 40 pg/ml digitonin and were incubated at 37°C for 30 min with 50 pl IM. The IM contained TB, ERS, and a single protein
or combinations of the following purified proteins, as indicated: 1 pM STATSA, p-STATSA, V12Racl, MgcRacGAP, 199AA-MgcRacGAP,
importin o1, importin B1, Ran, or NTF2. After the import reaction, the cells were fixed. STATS5A protein was detected using the anti-STATSA
Ab. Cells were examined using a FLUOVIEW FV300 confocal microscope (Olympus). A representative result of three independent experiments
is shown. Bar, 10 um. (C) The ternary protein complex composed of p-STATSA, GTP-bound Racl, and 199AA-MgcRacGAP did not bind
importin «1 in the transport buffer. Purified STATSA and p-STATS5A were incubated with importin «1 in the absence or presence of the indicated
combinations of V12Racl, N17Racl, MgcRacGAP, or 199AA-MgcRacGAP in the transport buffer containing 5% bovine serum albumin for
blocking nonspecific binding. One microgram of each purified protein was used for each sample. After the incubation, STATSA was immuno-
precipitated (IP) with anti-STATSA Ab and washed three times with transport buffer. The immunoprecipitates were subjected to Western blot
analysis with the anti-importin ol, anti-Racl, anti-MgcRacGAP, anti-STATSA Ab, or anti-p-STATSA Ab. (D) GTP-bound Ran (L69Ran)
dissociates Racl, importin a1, and importin 81 from the import complex composed of p-STATSA. Purified p-STATSA was incubated with purified
V12Racl, MgcRacGAP, and importin ol in the presence of the indicated combinations of purified importin B1 alone, importin B1 plus Q69Ran
(GTP-bound Ran), or importin 81 plus N24Ran (GDP-bound Ran) in the transport buffer containing 5% bovine serum albumin for blocking
nonspecific binding. One microgram of each purified protein was used for each sample. After the incubation, STATSA was immunoprecipitated
with anti-STATS5A Ab and washed three times with transport buffer. The immunoprecipitates were subjected to Western blot analysis with the
anti-importin «l, anti-Racl, anti-MgcRacGAP, anti-importin 1, or anti-STATSA Ab.
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scriptional activation of STATs in vivo, we first performed a
luciferase assay using 293T cells. The IL-6-induced activation
of STAT3 was clearly enhanced by cotransfection with the
wild-type MgcRacGAP (~45-fold, compared with mock trans-
fection [~10-fold]). Unexpectedly, cotransfection of the
199AA or 182AAA/199AA mutant modestly inhibited the IL-
6-induced transactivation of STAT3 (~25-fold) compared with
WT but, rather, enhanced it when compared with mock treat-
ment (data not shown). It is possible that these MgcRacGAP
mutants form a heterodimer with endogenous MgcRacGAP
and that the heterodimer but not the homodimer of the 199AA
or 182AAA/199AA mutant enhanced IL-6-induced transcrip-
tional activation of STAT3. To exclude the effects of endoge-
nous MgcRacGAP, we attempted to establish an MgcRacGAP
conditional knockout using DT40 cells. We generated DT40
mutants in which cells with a disrupted MgcRacGAP gene
were sustained by expression of the exogenous MgcRacGAP
cDNA under the control of a tetracycline-repressible pro-
moter. As shown in Fig. S4A in the supplemental material, an
MgcRacGAP-targeting construct was generated such that the
8.0-kb genomic fragment encoding the open reading frame was
replaced with one of the two selection cassettes. We trans-
fected the MgcRacGAP-targeting construct containing the his-
tidinol resistance cassette into DT40 cells and isolated
MgcRacGAP™~ clones. One MgcRacGAP™*'~ clone was co-
transfected with a chicken MgcRacGAP transgene under the
control of a TET-repressible promoter and a TET-repressible
transactivator containing a zeocin (ZEQ) resistance cassette.
We selected ZEO-resistant colonies and identified several
clones carrying these constructs integrated at random sites in
the genome (MgcRacGAP ™/~ /MecRacGAP transgeney Live clones
with the MgcRacGAP™/~/MecRacGAP wransgene gonatyne were
transfected with another MgcRacGAP-targeting construct har-
boring a puromycin selection marker to disrupt the remaining
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MgcRacGAP allele. We obtained 24 clones with the MgcRac-
GAP™/7/MeeRacGAP transgene genotype, and one clone, 5C, was
chosen for further analysis (see Fig. S4B, panels a and b, in the
supplemental material). Exogenous MgcRacGAP protein un-
der the control of a TET-repressible promoter in 5C cells was
not detected by Western blot analysis with anti-chicken
MgcRacGAP Ab at 6 to 12 h after addition of TET, indicating
that a TET-repressible promoter of this clone worked success-
fully and that MgcRacGAP was actively turned over (Fig. 3A).
When the expression of the MgcRacGAP transgene was sup-
pressed by adding TET, cell growth of 5C cells was suppressed
together with the inhibition of cytokinesis, and the cells formed
multinucleated cells, eventually undergoing apoptosis within
48 h (Fig. 3B and data not shown). This phenotype is consistent
with the previous result indicating that MgcRacGAP is re-
quired for completion of cytokinesis.

The 199AA and 182AAA/199AA mutants inhibited nuclear
translocation and transcriptional activation of p-STAT3 in
MgcRacGAP knockout cells. To determine if MgcRacGAP is
required for the nuclear translocation of p-STAT3 in vivo, we
investigated whether depletion of MgcRacGAP affected the
subcellular distribution of p-STAT3 after granulocyte colony-
stimulating factor (G-CSF) stimulation using the 5C cells. The
5C cells, which had been transiently transfected with a vector
carrying a G-CSF receptor, were treated with TET for 4 h and
were stimulated with G-CSF (15 min), followed by nuclear-
cytosol fractionation analysis. We also confirmed that after
treatment with TET for 4 h only a portion of the 5C cells
formed multinucleated cells (less than 10%) (data not shown).
The nuclear-cytosol fractionation analysis revealed that deple-
tion of MgcRacGAP resulted in a decreased amount of the
G-CSF-induced p-STAT3 as well as inhibition of the nuclear
accumulation of p-STAT3 (Fig. 3C). These results implied that
MgcRacGAP mediates the G-CSF-induced phosphorylation

FIG. 3. The NLS of MgcRacGARP is required for the transcriptional activation of p-STAT3 in 5C cells. (A) Suppression of MgcRacGAP by TET
in 5C cells. The 5C cells were treated with TET for the time indicated and lysed. Cell lysates were separated on SDS-PAGE and immunoblotted
with the anti-chicken MgcRacGAP Ab (upper panel) or anti-a-tubulin Ab (lower panel). (B) Flag-tagged WT MgcRacGAP rescued 5C cells from
becoming multinucleated after addition of TET. The 5C cells transduced with mock or Flag-tagged WT were stained with rhodamine-conjugated
phalloidin (red) and DAPI (blue) 12 h after the addition of TET and viewed using a FLUOVIEW FV300 confocal microscope (Olympus). Bar,
10 pum. (C) Subcellular localization of p-STAT3 in 5C cells after addition of TET in the absence or presence of G-CSF. Cell fractionation was
performed using 5C cells transiently transfected with the expression vector for the G-CSF receptor (G-CSFR). Twenty-four hours after trans-
fection, live cells were isolated using Ficoll-Paque Plus (Amersham) and used for further analysis. Cells were treated or untreated with TET for
4 h and were incubated with 100 ng/ml of G-CSF for 15 min before cell fractionations. Fractionated samples were then subjected to Western
blotting with anti-p-STATS3, anti-Flag, anti-RhoA, or anti-HDAC Ab (upper panels). The total amount of p-STAT3 was also examined using
whole-cell lysates of 5C cells by Western blotting with anti-p-STAT3 (lower panel). C, cytosol; N, nuclear. (D) Effect of NLS mutants of
MgcRacGAP on cell proliferation. Flag-tagged WT or various MgcRacGAP mutants (182AAA, 199AA, and 182AAA/199AA) were transduced
into 5C cells by using a retrovirus vector, pMXs-1G. GFP-positive cells were selected by addition of TET. The number of transfectants was counted
at the indicated time points after selection. GFP-positive mock-transduced cells, which were analyzed using fluorescence-activated cell sorting,
were used as a control. (E) Expression levels of the Flag-tagged WT or mutant MgcRacGAPs in 5C transfectants, Cell lysates from 5C cells
expressing mock, WT, or mutant MgcRacGAPs (1 X 107/lane) were examined by Western blotting using the anti-Flag M2 monoclonal antibody
(upper panel) or anti-a-tubulin Ab (lower panel). (F) G-CSF-induced phosphorylation of STAT3 in 5C cells expressing Flag-tagged WT or mutant
MgcRacGAPs. The 5C cells expressing WT or mutant MgcRacGAPs cotransfected with the expression vector for G-CSFR were stimulated with
100 ng/ml of G-CSF for 15 min in the presence of TET, followed by Western blotting (5 X 10° cells/lane) using the anti-p-STAT3 antibody (upper
panel) or anti-STAT3 Ab (lower panel). (G) Subcellular localization of p-STAT3 in 5C cells expressing Flag-tagged WT, 182AAA, 199AA, or
182AAA/199AA with or without G-CSF stimulation in the presence of TET. Cell fractionation was performed using 5C transfectants cotransfected
with the expression vector for G-CSFR. Twenty-four hours after transfection, live cells were isolated using Ficoll-Paque Plus (Amersham) and used
for further analysis. Cells were incubated with 100 ng/m! of G-CSF for 15 min before cell fractionations. Fractionated samples were then subjected
to Western blotting with anti-p-STATS3, anti-Flag, anti-RhoA, or anti-HDAC Ab. (H) G-CSF-induced transcriptional activation of STAT3 was
suppressed by depletion of MgcRacGAP. Expression of Bel-xL or GAPDH mRNA was examined in the 5C transfectants expressing WT, 182AAA,
199AA, or 182AAA/199AA with or without G-CSF stimulation. Cells transiently transfected with G-CSFR were serum starved with or without
G-CSF stimulation for 7 h in the presence of TET, followed by semiquantitative RT-PCR.
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and nuclear translocation of p-STAT3. Alternatively, it was
possible that depletion of MgcRacGAP indirectly affected ac-
tivation of STAT3 by disturbing cell cycle machineries. Next, to
avoid this possibility, 5C cells were infected with mock or the
retrovirus expression vector pMXs-IG carrying WT or the
182AAA, 199AA, or 182AAA/199AA mutant of MgcRacGAP
using amphotropic packaging PLAT-A cells (36). The infection
efficiencies of these cells were around 10 to 30%, as assessed
from the coexpression of GFP using an internal ribosome entry
site sequence. After addition of TET, GFP-positive cells grew
from the 5C cells transduced with WT or the mutants, while all
of the mock-transduced cells became multinucleated, indicat-
ing cytokinesis failure, and eventually underwent apoptosis
(Fig. 3B and data not shown). These results indicated that the
cytokinesis failure of 5C cells after adding TET was prevented
by either expression of the WT MgcRacGAP or NLS mutants
of MgcRacGAP. All of the 182AAA-, 199AA-, or 182AAA/
199AA-expressing cells grew slower than the WT-expressing
cells in the presence of TET (Fig. 3D), suggesting that the NLS
of MgcRacGAP plays some role in enhancing cell growth but
is dispensable for completion of cytokinesis in 5C cells. Ex-
pression levels of WT MgcRacGAP or 182AAA, 199AA, or
182AAA/199AA mutant were comparable as assessed in West-
ern blot analyses (Fig. 3E). We next investigated whether dis-
ruption of the NLS of MgcRacGAP affected the subcellular
distribution of endogenous p-STAT3 after G-CSF stimulation
by using the 5C transfectants in the presence of TET. The 5C
cells expressing WT MgcRacGAP or the 199AA or 182AAA/
199AA mutant, which had been transiently transfected with a
vector carrying the G-CSF receptor, were stimulated with G-
CSF (15 min). The amounts of G-CSF-induced p-STAT3 in 5C
transfectants expressing the WT and those expressing the NLS-
lacking mutants were found to be comparable (Fig. 3F). Inter-
estingly, the nuclear-cytosol fractionation analysis revealed
that the 199AA- or 182AAA/199AA-MgcRacGAP hardly en-
tered the nucleus, and the G-CSF-induced nuclear accumula-
tion of p-STAT3 was strongly inhibited in 199AA- or 182AAA/
199AA-expressing cells compared with those in the 182AAA-
and WT-expressing cells (Fig. 3G). We also performed a semi-
quantitative RT-PCR analysis to test if induction of Bel-xL
mRNA (one of the target genes of STAT3) was affected in the
transfectants expressing the NLS-lacking mutants of MgcRac-
GAP after the G-CSF stimulation, and we found that induction
of Bcl-xL mRNA in response to G-CSF stimulation was se-
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verely impaired in the transfectants expressing 199AA or
182AAA/199AA (Fig. 3H).

The 199AA and 182AAA/199AA mutants specifically blocked
transcriptional activation of p-STATs in MgcRacGAP knock-
out cells. Next, we performed a luciferase assay using the 5C
transfectants cultured in the presence of TET. Transcriptional
activities of STAT3 in response to G-CSF stimulation were
strongly inhibited in the 199AA- or 182AAA/199AA-express-
ing 5C cells compared to those in the WT-expressing cells (Fig.
4A). We obtained similar results for STATS; transcriptional
activation of STATS induced by ITD-Flt3 was profoundly in-
hibited in the 199AA- or 182AAA/199AA-expressing 5C cells
compared to those in the WT-expressing cells (Fig. 4B). How-
ever, NF-«B p65, whose NLS is unmasked by IkBa degrada-
tion and binds importins o3 and a4 (8, 23), entered the nucleus
after stimulation even in the 199AA- or 182AAA/199AA-ex-
pressing cells (Fig. 4C). In addition, transcriptional activities of
NF-xB in response to stimulation with PMA/ionomycin were
not affected in the 199AA- or 182AAA/199AA-expressing 5C
cells compared to those in the WT-expressing cells (Fig. 4D),
indicating that MgcRacGAP does not work as a general nu-
clear chaperone.

The series of STAT3 mutants harboring deletions in the two
strands (Ba’ and Bb) of the B-barrel lost transcriptional ac-
tivities, while the mutants harboring deletions in the region
following the strand Bb (Bb-Bc loop) showed constitutively
active phenotypes. We previously found that STAT3 and
STATS directly bound MgcRacGAP through aa 338 to 362 and
aa 341 to 365 in their DNA binding domain, respectively
(termed DB2-STAT3 and DB2-STATS5) and that the STAT3
and STATSA mutants lacking DB2 (STAT3-dDB2 and
STATSA-dDB2) lost not only the capability for binding to
MgcRacGAP but also their transcriptional activities (17). The
DB?2 region is well-conserved among STAT family proteins. In
this study, we produced a series of deletion mutants lacking a
three-amino-acid stretch in the DB2-STAT3 region (STAT3-
dD1 to -8) and in the next six amino acids (STAT3-dD9 and
-10) (Fig. 5A). Tyrosine phosphorylation of STAT3-dDB2,
-dD1, -dD3, -dD4, or -dDS5 in response to IL-6 stimulation was
diminished, whereas tyrosine phosphorylation of STAT3-dD2
was prominent even in the absence of IL-6 (Fig. 5C, middle
panel). In addition, association of STAT3-dDB2, -dD1, -dD3,
-dD4, or -dD5 with MgcRacGAP was not detected, while bind-
ing of STAT3-dD2 with MgcRacGAP increased compared

FIG. 4. The NLS of MgcRacGAP is not required for activation of NF-«B p65 in 5C cells. (A) The NLS of MgcRacGAP was required for transcriptional
activities of STAT3. Luciferase activities were examined in the lysates of SC transfectants cotransfected with the STAT3 reporter plasmid, internal control
plasmid, expression vector for the G-CSF receptor, or expression vector for the WT-STAT3 (pME/STAT3). After the transfection, cells were incubated with 100
ng/ml of G-CSF for the last 12 h before cell lysates were prepared. Cell lysates were then subjected to a dual luciferase reporter system (Promega). The results
shown are the averages * standard deviations of three independent experiments. (B) The NLS of MgcRacGAP was required for transcriptional activities of
STATS. This experiment was identical to that in panel A, except that 5C transfectants were cotransfected with the STATS reporter plasmid, internal control
plasmid, or expression vector for the WT STATSA (pME/STATSA), together with either the mock or expression vector for ITD-FIt3. (C) The NLS of
MgcRacGAP is dispensable for the nuclear translocation of NF-xB p65 in 5C cells. Immunostaining was performed using the 5C transfectants cotransfected with
the expression vector for NF-«B p65. After the transfection, cells were serum starved for 3 h, incubated with 30 nM PMA and 1 uM ionomycin for 30 min, and
stained with the anti-NF-«B p65 and DAPL Celis were viewed with a FLUOVIEW FV300 confocal microscope (Olympus). Bar, 10 wm. (D) The NLS of
MgcRacGAP was dispensable for transcriptional activities of NF-«B. Luciferase activities were examined in the lysates of 5C transfectants cotransfected with the
NF-«B reporter plasmid (k9) carrying a firefly luciferase gene driven by the IL-6 promoter together with the internal control plasmid. After the transfection, cells
were incubated with 30 nM PMA and 1 uM ionomycin for 12 h before cell lysates were prepared. Cell lysates were then subjected to a dual luciferase reporter
system (Promega). The results shown are the averages *+ standard deviations of three independent experiments.
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with that of WT in the absence or presence of IL-6 stimulation
(Fig. 5C, upper panels). Nonetheless, the mutants lacking D1
to -5 (STAT3-dD1 to -5), including STAT3-dD2, did not show
detectable transcriptional activities in response to IL-6 stimu-
lation (Fig. 5B). Surprisingly, STAT3-dD6 to -9 mutants ex-
erted considerable transcriptional activities even without cyto-
kine stimulation, and this was further enhanced by IL-6
stimulation (Fig. 5B). These mutants were constitutively ty-
rosine phosphorylated, and their tyrosine phosphorylation was
augmented after IL-6 stimulation (Fig. 5C). STAT3-dD10 was
constitutively tyrosine phosphorylated but did not show detect-
able transcriptional activities, as was the case for STAT3-dD2.
We next examined whether these STAT3 mutants harbored
the DNA binding activities in an electrophoretic mobility shift
assay using unstimulated 293T cells and found that unlike the
other constitutively tyrosine-phosphorylated STAT3 mutants,
STAT3-dD2 and STAT3-dD10 lost their DNA binding affini-
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ties (data not shown). Notably, STAT3-dD7 showed the stron-
gest transcriptional activities in the absence of cytokine stim-
ulation among the STAT3-dD1 to -10 mutants, and its
transcriptional activities in the absence of cytokine stimulation
were much stronger than that of the WT after IL-6 stimulation
(Fig. 5B). We next produced a series of mutants lacking each
single amino acid of the three amino acids in the region of D7
(STAT3-d356P, -d357E, and -d358L). Interestingly, STAT3-
d356P, -d357E, and -d358L, which strongly bound MgcRac-
GAP, displayed the constitutive activities in the absence of
IL-6 stimulation (Fig. 5B and C). STAT3-d356P and STAT3-
d358L exerted the strongest transcriptional activity among
these mutants and a reported constitutively active mutant of
STAT3C (3). These results suggest that the two strands (Ba’
and Bb) in DB2 are required for the IL-6-induced tyrosine
phosphorylation of STAT3 that mediates the interaction with
MgcRacGAP, whereas the deletion mutants in the C terminus
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FIG. 6. The series of deletion mutants of STATSA in DB2 showed similar phenotypes to those of STAT3. (A) Schematic diagrams showing
a series of the deletion mutants of STATSA. (B) The mutants lacking D1 to -5 and D10 (STATS5A-dD1 to -5 and STATS5A-dD10) as well as the
STAT5A-dDB2 lacked their transcriptional activities even under EPO stimulation. Luciferase activity was examined in the lysates of unstimulated
or EPO (18 ng/mi)-stimulated 293T cells cotransfected with the expression vector for the EPO receptor (EPOR) and STATS reporter plasmid
together with internal control reporter plasmids and either the mock vector (pME), the expression vector for the Flag-tagged WT STATSA, or
a series of STATSA mutants harboring deletions in DB2. As a control, the constitutively active STAT5A1*6 mutant was used. The results shown
are the averages = standard deviations of three independent experiments. (C) The mutants of STATSA harboring deletions in the two strands
(Baprime] and Bb) lost binding affinities to MgcRacGAP or did not undergo tyrosine phosphorylation, while the mutants harboring deletions in
the region following the strand Bb showed enhanced binding affinities to MgcRacGAP and underwent enhanced tyrosine phosphorylation.
Expression, tyrosine phosphorylation, and interaction with MgcRacGAP of the Flag-tagged deletion mutants of DB2-STATSA (lower panel,
middle panel, and upper panel, respectively) were examined by immunoprecipitation using 293T cells cotransfected with EPOR and each of the

STATSA mutants in the absence (upper three panels) or presence (lower three panels) of EPO stimulation for 30 min.

of DB2 following the strand 8b (Bb-Bc loop) tend to become
constitutively active with enhanced binding to MgcRacGAP.
We also produced a series of STAT5A mutants lacking a
three-amino-acid stretch in the region corresponding to DB2-
STAT3 (STATSA-dD1 to -8) and in the next six amino acids
(STATS5A-dD9 and -10) (Fig. 6A). We found that the series of
deletion mutants of STATSA in DB2 showed phenotypes sim-
ilar to those of STAT3 mutants (Fig. 6B and C); STATSA
mutants harboring deletions in the two strands (8a’ and Bb) of
the B-barrel (STATS5A-dD1 to -5) were not tyrosine phosphor-
ylated by EPO stimulation and lost transcriptional activity,
while the mutants harboring deletions in the region following
the strand Bb (STATS5A-dD7 to -9) showed gain-of-function
phenotypes. STATSA-dDS, -d363H, and -d364M also showed
constitutively active phenotypes (Fig. 6B and C), although the
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transcriptional activities of these mutants without stimulation
were weaker than that of another constitutively active mutant,
STAT5A1*6 (37). Constitutive activities of STAT5A mutants
were well-correlated with constitutive binding to MgcRacGAP.
Association between the constitutively active STATSA mu-
tants and MgcRacGAP was stronger than that of the WT and
MgcRacGAP in the absence of EPO stimulation (Fig. 6C).
Thus, the molecular basis of the STAT-MgcRacGAP interac-
tion is well-conserved between STAT3 and STATSA.

The constitutively active mutant STAT3-d358L promoted
cell proliferation of a mutant cell line derived from BaF-BO3
cells. We next examined whether STAT3-d358L was biologi-
cally functional, showing physiological roles of STAT3 activa-
tion. It has been reported that BaF-BO3 cells expressing a
G-CSF receptor mutant (G133 cells) are able to proliferate in
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FIG. 7. A constitutively active STAT3 mutant, STAT3-d358L, preferentially bound MgcRacGAP and Racl and accumulated to the nucleus.
(A) STAT3-d358L supports proliferation of BaF-BO3-G133F3 cells in the presence of G-CSF. BaF-BO3-G133F3 cells expressing mock vector or
the Flag-tagged WT STAT3, STAT3C, STAT3-d358L, or H-RasV12 were cultured in the presence of G-CSF, and the cell numbers were
determined at the indicated times. BaF-BO3-G133 cells were used as a control. (B) Similar expression levels of WT STAT3, STAT3C, and
STAT3-d358L were confirmed by Western blotting with the anti-Flag Ab (upper panel). The expression and activation of H-RasV12 were
examined by Western blotting with the anti-Flag Ab (lower panel; input lane) and by puil-down assay using GST-Raf-RBD (lower panel; other
lanes), respectively. (C) The STAT3-d358L mutant preferentially accumulated to the nucleus. 293T cells were transfected with pME/STAT3-
d358L-Flag (upper panels) or pME/WT-STAT3-Flag (lower panels). After 24 h, the cells were stimulated with IL-6 for the time indicated and fixed,
followed by immunostaining with the anti-p-STAT3 or anti-Flag Ab (data not shown). Bar, 10 pm. (D) STAT3-d358L constitutively bound
MgcRacGAP and Racl. Interaction of MgcRacGAP or Racl with WT STAT3 or STAT3-d358L was examined by coimmunoprecipitation (IP)
using 293T cells transfected with either WT-STAT3 or STAT3-d358L in the absence or presence of IL-6 stimulation (upper two panels). Expression
and tyrosine phosphorylation of Flag-tagged WT STAT3 or STAT3-d358L (lower two panels) were also examined.

a constitutively active mutant H-Ras (H-RasV12), or the ex-
pression vector alone (mock). Expression levels of WT STATS3,

response to G-CSF stimulation via activating SHP-2/mitogen-
activated protein kinase and JAK/STAT3 pathways (10). This

mutant receptor, G133, is a chimeric receptor composed of the
extracellular domain of the G-CSF receptor and the trans-
membrane and cytoplasmic domains of gp130 truncated 133
amino acids from the transmembrane domain. Mutation of the
tyrosine residue in the YXXQ motif within G133 (G133F3)
abolished STAT3 activation and, thus, cell proliferation driven
by G-CSF (10). G133F3 cells were transduced with the pMX-
puro vector carrying the WT STAT3, STAT3C, STAT3-d358L,
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STAT3C, and STAT3-d358L were similar as judged by West-
ern blotting (Fig. 7B, upper panel). The expression and acti-
vation of H-RasV12 were confirmed by Western blotting (Fig.
7B, lower panel, input lane) and by a pull-down assay using
GST-Raf-RBD (Fig. 7B, lower panel, other lanes), respec-
tively. As shown in Fig. 7A, STAT3-d358L but neither WT,
STAT3C, H-RasV12, nor mock treatment promoted cell pro-
liferation of G133F3 cells under G-CSF stimulation, suggesting
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that the STAT3-d358L mutant is biologically functional and
could be a useful tool to study the physiological roles of STAT3
activation. This result also indicates that STAT3-d358L is
stronger than STAT3C in inducing STAT3-dependent cell
growth, which is consistent with their transcriptional activities
(Fig. 5B).

Interestingly, the tyrosine-phosphorylated form of STAT3-
d358L accumulated to the nucleus after IL-6 stimulation more
evidently than that of the WT STAT3 (Fig. 7C). Importantly,
the STAT3-d358L bound MgcRacGAP and Racl more
strongly than the WT in the absence or presence of IL-6 stim-
ulation (Fig. 7D). Although most of the phosphorylated form
of overexpressed WT STAT3 remained in the cytoplasm (Fig.
7C), this was probably because p-STAT3 requires MgcRac-
GAP/Racl as cofactors to enter the nucleus and these cofac-
tors are limiting the nuclear translocation of p-STAT3. Taken
together, our results strongly indicate that the interaction of
STATs with MgcRacGAP accompanied by GTP-bound Racl
plays critical roles in regulating STAT functions through facil-
itating both tyrosine phosphorylation of STATs and nuclear
translocation of p-STATSs.

DISCUSSION

We originally identified MgcRacGAP in a search for key
molecules that are involved in the IL-6-induced macrophage
differentiation of M1 cells (18) and found that MgcRacGAP
and Racl form a ternary complex with STAT3 and are re-
quired for STAT3 activation (43). We also reported that
MgcRacGAP localizes to the midbody of dividing cells and
plays a crucial role in the completion of cytokinesis, thus play-
ing a distinct role in the mitotic phase (12, 33). We recently
found that GTP-bound Racl and MgcRacGAP are required
for nuclear translocation of p-STATs via the importin pathway
in an in vitro nuclear transport assay (17). In this paper, to
identify the molecular mechanisms of how GTP-bound Racl
and MgcRacGAP facilitate complex formation of p-STATs
with importin as, we used MgcRacGAP conditional knockout
chicken DT40 cells (5C celis) as well as a nuclear transport
assay and demonstrated that the NLS of MgcRacGAP plays a
critical role in the nuclear translocation of p-STAT3/5. Al-
though the biological functions of STAT3 and STATS are not
identical, we demonstrated that nuclear import of p-STAT3
and p-STATS was mediated by MgcRaGAP and its NLS, and
the molecular mechanisms are common.

Liu et al. (25) reported that constitutive nuclear import of
STAT3 monomer is independent of tyrosine phosphorylation
and is mediated by importin «3. They found that a deletion
mutant of STAT3 (d150-163) (aa 150 to 162; DVRKRVQDL
EQKM) did not enter the nucleus. However, the substitution
mutant of the basic amino acid cluster in this sequence did not
hamper nuclear accumulation. Based on these results, they
reasoned that aa 150 to 162 play a role in a conformational
structure that is required for nuclear import (25). Similarly,
Zeng et al. reported that aa 138 to 165 of STATSB are re-
quired for constitutive nuclear import of STATSB monomer
but that this region does not harbor polybasic amino acids (49).
Thus, it was not clear whether STAT3 and STATS harbor a
functional NLS or whether dimer formation creates a polybasic
NLS of STAT3 and STATS. We here propose that MgcRac-
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GAP accompanied by GTP-bound Racl functions as an NLS-
containing nuclear chaperone toward p-STATs (Fig. 2B and
C). Interestingly, Racl was reported to play a role in the
nuclear import of SmgGDS and p120 catenin (22), members of
the importin a-like armadillo family of proteins (4, 38). The
C-terminal region of Racl, but not Rac2 or Rac3, contains a
polybasic region, which may function as an NLS. However,
Lanning et al. (22) also suggested that the interaction of Racl
with its GTP exchange factor SmgGDS was qualitatively dif-
ferent from that of NLS-containing molecules with importin
as. Consistent with this, we failed to detect direct interactions
of GTP-bound Racl with importin as in either the in vitro
binding assay or yeast two-hybrid assay (data not shown).
Therefore, it is unlikely that GTP-bound Racl serves directly
as an NLS-containing chaperone of p-STATs. The results
shown in Fig. 2C strongly indicate that GTP-bound Racl ac-
tivates the NLS MgcRacGAP associating with p-STATs; how-
ever, the precise molecular mechanism for the requirement of
Racl remains to be clarified by structural analysis.

The present results demonstrate that the bipartite NLS
(182KRR/199KK) of MgcRacGAP is essential for the nuclear
transport and the transcriptional activation of p-STATSs in liv-
ing cells (Fig. 3G and H and 4A). The results of the nuclear-
cytosol fractionation analysis using the 5C cells expressing
199AA and 182AAA/199AA (Fig. 3G) also suggested that the
preferential nuclear localization of MgcRacGAP is mediated
by the importin pathway in living cells. However, in the nuclear
transport assay using semi-intact cells and purified proteins,
nuclear translocation of MgcRacGAP was not achieved by the
addition of importin o/p pathway proteins alone and, interest-
ingly, further addition of p-STATs and GTP-bound Racl was
required for nuclear translocation of MgcRacGAP (see Fig.
S3A and B in the supplemental material). This raised a ques-
tion of why overexpressed MgcRacGAP predominantly accu-
mulated to the nucleus in HelLa cells, where STATSs were not
extensively activated. In addition, purified MgcRacGAP pulled
down importin as from the HeLa cell lysate (see Fig. S1B in
the supplemental material), while it did not bind purified im-
portin as in the in vitro binding assay (Fig. 2C and data not
shown). These results suggest that the NLS of MgcRacGAP
can be activated by other cargo proteins as well as by p-STAT
and GTP-bound Racl. Thus, MgcRacGAP may function as a
nuclear chaperone for not only p-STATs but also another
nuclear protein(s).

The conditional knockout of MgcRacGAP in 5C cells de-
creased the G-CSF-induced tyrosine phosphorylation of
STAT3 (Fig. 3C), and small interfering RNA-mediated
MgcRacGAP knockdown in Ba/F3 cells also reduced tyrosine
phosphorylation of STATS (17). These results implied that
MgcRacGAP functions as an upstream regulator of STAT
activation as well. In relation to this, STAT mutants harboring
deletions in the Bb-Bc loop showed enhanced interaction with
MgcRacGAP and became constitutively active (Fig. 5 and 6). It
should be noted that the extent of tyrosine phosphorylation of
STAT3-d358L without stimulation was weaker than that of
WT 16 h after 1L-6 stimulation (Fig. 7D), although the asso-
ciation of STAT3-d358L with MgcRacGAP/Racl was stronger
than that of WT under the same conditions (Fig. 5C and 7D).
These results indicate that the stronger association of the con-
stitutively active STAT mutants with MgcRacGAP was not a
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FIG. 8. A current model of nuclear import of p-STATs and a working hypothesis for membrane targeting and phosphorylation of STATs. In
the present work, we demonstrated that the NLS of MgcRacGAP accompanied by GTP-bound Racl is essential for nuclear translocation of
p-STATSs via importin /8. We also propose that binding of MgcRacGAP to STATS is required for their tyrosine phosphorylation after cytokine
stimulation. Interestingly, the mutants that preferentially bind MgcRacGAP become constitutively active. Altogether, we conclude that MgcRac-
GAP critically functions both as a mediator of STAT’s tyrosine phosphorylation and as an NLS-containing nuclear chaperone of p-STATs.

secondary result following the enhanced tyrosine phosphory-
lation of these mutants, and they imply a positive role for
MgcRacGAP in facilitating STAT activation. In this context, it
is interesting to note that V12Racl induced translocation of
MgcRacGAP to the plasma membrane (see Fig. S5 in the
supplemental material) and that MgcRacGAP bound JAK2
(17). In addition, the interaction of the STAT3-Y704F mutant,
which does not undergo tyrosine phosphorylation, with
MgcRacGAP was enhanced by IL-6 stimulation, similar to that
of the WT STAT3 (data not shown). This indicates that the
IL-6-induced MgcRacGAP interaction with STATs does not
require tyrosine phosphorylation of STATs and occurs before
their tyrosine phosphorylation. Based on these observations,
we propose a model of STAT nucleo-cytoplasmic shuttling
regulated by Racl/MgcRacGAP (Fig. 8).

One important finding of the present paper is that the abil-
ities of STAT mutants to bind MgcRacGAP correlated well
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with the activation of STATs (Fig. S and 6). To reveal the
molecular mechanisms of MgcRacGAP-mediated regulation
of STAT phosphorylation, we conducted an in vitro kinase
reaction of purified STAT5 using purified JAK2 in the pres-
ence or absence of Racl and MgcRacGAP. However, STAT
phosphorylation was not enhanced by the addition of Racl/
MgcRacGAP in this mixture (data not shown). Based on the
result that MgcRacGAP binds JAK2, we speculate that
MgcRacGAP regulates STAT phosphorylation by conveying
STAT proteins to JAK2 or by serving as a scaffold for the
interaction of JAK2 and STAT.

We also observed that STAT3-d358L bound MgcRacGAP
more strongly than WT STAT3 did in yeast (data not shown).
In the crystal structure of tyrosine-phosphorylated STAT38 (2)
(PDB ID 1BG1), the MgcRacGAP binding DB2 region in-
cludes the C terminus of the Pa’ strand, the DNA-bound
Ba’'-Bb loop, the Bb strand, the Bb-Be loop, and the N terminus
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residue, Leu358, is highlighted in orange, and the surrounding hydrophobic residues that form the core together with Leu358 are shown in yellow.
The figures are in stereo view (wall eye) and were produced using MOLMOL (20). It should be noted that all of these modeled core structures
are packed less tightly than the wild-type structure.
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of the Bc strand in the B-barrel domain, as shown in Fig. 5A
and 9A. The tertiary structure of this domain appears to be
rigid, as its B-factors (ca. 51 A?) are considerably lower than
those of the other domains of the protein (ca. 66 A?). Deletion
mutants of the Bb strand (dD3 to dD5) resulted in loss of the
MgcRacGAP binding ability of STAT3, suggesting that the Bb
strand is the MgcRacGAP binding site. Interestingly, the
MgcRacGAP binding ability and the transcriptional activity of
STAT3 were enhanced by deletion of the D6 to D9 region (Fig.
5C). These phenotypes may be explained by the flexibility
around the Bb strand. Within the B-barrel domain, the DNA-
bound Ba’-Bb loop and the Bb-Bc loop region are as rigid as
the B strands (the B-factors, ca. 40 A?), while the Bc-Bx, Bc'-
Be, and Be-Bf loops are much more flexible (Fig. 9A). The
rigidity of the Bb-Bc loop is probably because Leu358 in this
loop is involved in the hydrophobic core formation. When a
deletion mutation is introduced in the Bb-Bc loop (dD6-dD9,
d356P, d357E, and d358L), the tertiary structure of the domain
may be retained but become more flexible, as the hydrophobic
core is packed less tightly than the wild type (see Fig. 9B, C,
and D for representative structural models). These STAT3
mutants with more flexibility around the $b strand (binding
site of MgcRacGAP) could bind more efficiently to MgcRac-
GAP, leading to their enhanced activation. In the L358A mu-
tant, which behaves similarly to the d358L mutant (data not
shown), the hydrophobic core of the domain is also loosened
(Fig. 9E). Thus, all of these deletion and point mutations may
destabilize the hydrophobic core of the domain around the b
strand (binding site of MgcRacGAP) and therefore seem to
increase the binding ability of the Bb strand to MgcRacGAP.
The dD2 and dD10 mutants also strongly bind to MgcRac-
GAP, possibly because of the distortion of the domain struc-
ture, while hyperactive transcription was not observed, as they
lacked the DNA binding activities. The loss of the MgcRac-
GAP binding ability in the dD1 mutant lacking the C terminus
of the Ba’ strand may be due to a secondary result of structural
distortion of the Ba’ strand and the DNA-bound Ba’-Bb loop.
Our current hypothesis is that upon binding with MgcRac-
GAP, the B-barrel domain of STAT undergoes some confor-
mational change so that the MgcRacGAP binding region (the
Bb strand) becomes more flexible and more exposed.
MgcRacGAP accompanied by GTP-bound Racl functions
both as a mediator of the tyrosine phosphorylation of STATs
and as an NLS-containing nuclear chaperone of p-STATSs dur-
ing interphase, while MgcRacGAP plays a critical role in cell
division. We believe that MgcRacGAP is a molecule which
functions in the nucleocytoplasmic transporting system during
interphase and in the mitotic apparatus from metaphase to
cytokinesis, as is the case with nucleocytoplasmic transporters,
including importins and Ran, which are also involved in the
formation of the mitotic spindle after the disassembly of the
nuclear envelope (7). Although MgcRacGAP is not involved in
nuclear translocation of NF-«kB, whether it is involved in nu-
clear transport of other proteins is still open to question.
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1,2,31:

Axon guidance proteins are critical for the correct wiring of the nervous system during
development. Several axon guidance cues and their family members have been well characterized.
More unidentified axon guidance cues are assumed to participate in the formation of the extremely
complex nervous system. We identified a secreted protein, draxin, that shares no homology with
known guidance cues. Draxin inhibited or repelled neurite outgrowth from dorsal spinal cord and
cortical explants in vitro. Ectopically expressed draxin inhibited growth or caused misrouting of
chick spinal cord commissural axons in vivo. draxin knockout mice showed defasciculation of spinal
cord commissural axons and absence of all forebrain commissures. Thus, draxin is a previously
unknown chemorepulsive axon guidance molecule required for the development of spinal cord and

forebrain commissures.

Ithough axon guidance proteins, includ-
Aing nefrins, semaphorins, ephrins, and

Slits (also slits), and morphogens, such
as sonic hedgehog (Shh), Wats, and bone
morphogenic proteins (BMPs), are known to
play roles in the correct wiring of the nervous
system during development (/-3), the immense
complexity of the nervous system makes it likely
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that there are more unidentified axon guidance
cues to be discovered. In our search for novel
axon guidance proteins, we performed signal se-
quence trap screening, which enabled us to
identify secreted and transmembrane proteins
(table S1). With this method, we have identified
a molecule named draxin (dorsal repulsive axon
guidance protein, fig. S1A) from a cDNA library
of enriched motoneurons, floor plate, and roof
plate of chick embryos. Chick draxin mRNA was
expressed transiently during development of the

“brain and spinal cord (Fig. 1A), especially in the

roof plate and the dorsal lip of the dermomyo-
tome (Fig. 1B). Mouse draxin mRNA was
expressed in a manner similar to that of the chick
(fig. S2, A and B). We examined the expression
of draxin in the brain by B-galactosidase (B-gal)
staining of heterozygous mice (fig. S3). Mouse
draxin expression was observed in many brain
regions, including the olfactory bulb, cortex, mid-
brain, cerebellum, and pontine nuclei in postnatal
day 0 (PO) mice (Fig. 1D and fig. 82, D and E).
The deduced draxin amino acid sequence
(fig. S1A) indicates that chick draxin consists of
349 amino acids with a putative signal peptide
sequence at the N-terminal end but no membrane
anchoring sequence, which suggests that draxin
is a secreted protein. We confirmed this hypoth-

esis via detection of the recombinant protein in
conditioned medium of COS7 cells transfected
with chick draxin expression vector (fig. S1B).
Immunochistochemistry using antibodies against
draxin (anti-draxin) revealed an interesting attri-
bute of the draxin protein. In addition to its de-
tection in mRINA-positive regions, draxin protein
was detected at the dorsolateral basement mem-
brane of the spinal cord (Fig. 1C and fig. S2C),
indicating that the protein diffuses from its site of
production and has high affinity for basement
membranes.

To examine whether draxin has guidance
activity for commissural axons in the spinal cord,
we cultured dorsal spinal cord explants from
stages 19 and 20 chick embryonic spinal cords,
obtained from the thoracic level, in collagen gels.
Netrin-1 (4) was added to the cultures to stim-
ulate neurite outgrowth of commissural neurons
from the explants. Neurites emerged from dorsal
spinal cord explants, and dissociated cells were
stained with chick TAG-1 antibody (chick anti~
TAG-1), a marker for commissural axons (fig. S4),
suggesting that they were commissural axons.
Neurite outgrowth from dorsal spinal cord ex-
plants was greatly inhibited in draxin-conditioned
medium (Fig. 2B), whereas there was robust
neurite outgrowth in the control mock-transfected
conditioned medium (Fig. 2A). After replacing
draxin-conditioned medium with fresh culture
medium, we observed robust neurite growth
within 24 hours (Fig. 2C). These data excluded
the possibility of a secondary effect of cell
death in the presence of draxin-conditioned me-
dium and indicated that draxin did indeed in-
hibit neurite outgrowth from dorsal spinal cord
explants. Purified recombinant chick draxin also
inhibited neurite outgrowth from dorsal spinal
cord explants in a dose-dependent manner (Fig.
2, D, E, and P). We co-cultured the dorsal spinal
cord explants with COS7 cell aggregates express-
ing chick draxin in collagen gels. Explants were
dissected without adjacent roof plate tissue for
radial outgrowth of neurites (5). When explants
were co-cultured with mock-transfected cell ag-
gregates, neurites grew radially from all sides of
the explants (Fig. 2, F and Q). In contrast, when
co-cultured with cell aggregates expressing
draxin, neurites did not grow out of the proximal
side to the COS7 cell aggregates; rather, they
grew out of the distal side (Fig. 2, G and Q). To
test whether draxin could induce growth cone
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collapse, we cultured chick embryonic dorsal spi-
nal cord explants on a laminin-coated dish with-
out netrin-1 addition. Purified draxin protein was
added to the culture medium after neurites had
grown out from the explants (Fig. 2H), and
growth cones were followed by time-lapse video
microscopy. Growth cone collapse was observed
within 30 min after the addition of purified draxin
(Fig. 2I), and the neurites gradually retracted
(movie S1). About 70% of the growth cones col-
lapsed, and the remaining seemed to be insen-
sitive to draxin. These results indicated that
draxin might directly bind to the neurites and
growth cones. We confirmed draxin binding to
the neurites and growth cones by a binding assay
using alkaline phosphatase (AP)-tagged draxin
protein (Fig. 2, J and K). Importantly, draxin did
not bind to and did not repel the neurites of dorsal
root ganglion (Fig. 2, L and M). Next, we
checked whether the above three events—neurite
outgrowth inhibition, growth cone collapse, and
draxin binding—were correlated in terms of dose
dependency. We used draxin-AP protein for this
analysis (6) and observed that these three events
were correlated with each other (Fig. 2S). We also
examined whether mouse draxin had repulsive
activity against cortical neurites. Cortical explants
from E17 mouse brains were co-cultured with COS7
cell aggregates expressing mouse draxin. Draxin
repelled neurites from mouse cortical explants
(Fig. 2, N, O and R). These results indicated that
draxin might function as a repulsive axon guidance
molecule for subpopulations of neurons in vivo.

To understand the function of draxin in vivo,
we overexpressed myc-tagged draxin in the chick
spinal cord at stages 14 and 15 at the thoracic
level by in ovo electroporation. Embryos were
fixed at stages 23 to 25, when many commissural
axons cross the floor plate. Anti-myc signals
from ectopic draxin were detected in the electro-
porated side (fig. S5, A to C). Anti-myc signals
were also detected in the dorsolateral basement
membrane of the control side (fig. S5B arrow-
head). This result further supported the diffusible
nature of draxin and its tendency to deposit in the
dorsolateral basement membrane of the spinal
cord. Immunohistochemical analyses using chick
anti—-TAG-1 showed partial inhibition of com-
missural axon growth in the experimental side
(Fig. 3D and fig. S5G) compared with the control
side or after expression of enhanced green
fluorescent protein (EGFP) alone (Fig. 3B and
fig. S5G). Next, we analyzed the effects of draxin
on high-level ectopic expression by constructing
an expression vector for a membrane-bound form
of draxin. Anti-myc signals were localized only
in the EGFP-expressing area, and there was no
diffusion of the ectopic protein to the control side
(fig. S5, D to F). Anti-TAG-1 staining showed a
stronger effect of ectopic membrane-bound
draxin compared with native draxin on commis-
sural axon growth, which was almost completely
inhibited on the experimental side in the presence
of the membrane-bound form (Fig. 3F and fig.
S5G). This resuit suggests that the signal induced

www.sciencemag.org SCIENCE VOL 323

by membrane-bound draxin is stronger than that
of the ectopically expressed native draxin. More-
over, this result suggests that membrane-bound
draxin inhibited axonogenesis in the same way as
bath application of draxin in the context of
explant culture. However, overexpression of
membrane-bound draxin at stages 19 and 20,
after substantial commissural axonal growth ini-
tiation, resulted in the growth of many TAG-1-
positive axons into the lumen of the central canal
of the cord (Fig. 3H arrowheads). Whole-mount
immunohistochemistry and EGFP fluorescence
in open-book configuration after expression of
EGFP alone showed the following: clear com-
missural axonal growth with parallel axons and a
ventral funiculus along the floor plate after cross-
ing over (fig. S5H arrowheads) and thick dorsal

A

REPO

funiculi of the dorsal root ganglia (fig. S5I). In the
case of membrane-bound draxin expression,
EGFP-positive parallel axons and the ventral
funiculus were not observed (fig. S5, J and L).
Commissural axonal growth was completely in-
hibited on the experimental side; however, these
axons grew normally toward the floor plate in the
control side. The dorsal funiculi formed normally
on both sides (fig. S5, K and M). Anti-TAG-1
staining of the electroporated side showed a clear
stage difference in the effects of ectopic draxin
expression, which is consistent with the data
obtained from staining of the sections (Fig. 3, F
and H). Earlier electroporation of membrane-
bound draxin substantially inhibited commissural
axonal growth (fig. S5K); however, later electro-
poration did not inhibit axonal growth itself, and

Stage 19 chick

Fig. 1. Expression of draxin transcripts and protein during nervous system development. (A to )
draxin mRNA expression [(A) and (B)] and protein distribution (C) in chick embryos. draxin is
expressed in the brain and spinal cord. (D) draxin expression by B-gal staining in a sagittal section
of draxin heterozygous PO mouse brain. draxin is expressed in the cortex {Ctx), midbrain (Mb),
cerebellum (Cb), olfactory bulb (Ob), and pontine nuclei (Pn). Scale bars in (A) and (D) indicate

1 mm; in (B) and (C), 100 pm.
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axons were distributed in such a disorganized Next, we examined whether postcrossing  floor plate, from stages 25 and 26 chick embryos
manner that the staining density was much higher ~ commissural axons are affected by draxin. We  and COS7 cell aggregates in collagen gel. We did
than that in the control side (fig. S5M). co-cultured spinal cord explants, including the  not observe any significant difference in the in-

Fig. 2. Draxin inhibits
neurite outgrowth. (A to
E) Inhibition of neurite
outgrowth by draxin in
conditioned medium (B)
or purified [(E), 20 nM]
form from dorsal spinal
cord (dSC) explants of
chick embryos. (F and
G) Repulsion of neurite
growth from chick dor-
sal spinal cord explants
by draxin. (H and 1)
Growth cone collapse
induced by draxin (n =
15). The black spots are
landmarks in (H) and (0).
(J to L) Draxin-AP bind-
ing to neurites from
dorsal spinal cord and

J .~ dSCexplant K -/ ;dSC explant
g .. 4 P

 Draxin-AP

dorsal root ganglion P ¢ 12

(DRG) explants, (M) Co- gf\ N _+-g;-%>gm-AP
culture of dorsal root o in '.”9
gangtion explant, dorsal 5508 N —-*ylﬁztw:ct)%l "
spinal cord explant, and g§ 06! L = @ hBton
draxin COS7 cell aggre- oz o 006 Q0.6 — e Growth
gates were performed at SE04 o4 %44 cone

least three times. (N £240 e 0.2 T oo * collapse
and O) Repulsion of 2 l )

neurite outgrowth by = 0 .

0
. 0 2 6 10 20 o AQ o A0 N (ﬁ) %Q /\CJ N Qf’) (oQ
. - ‘ o Ca o «* S RN N
Sig)lugx;rlzrr?tsw(gsce)uc:r:- Draxin concentration (nM) O o co Y N Draxin-AP concentration (nM)
tification of neurite
outgrowth inhibition (mean + SEM, *P = 0.009, **P = 0.005, ***P = 0.001,  Quantification of repulsive activity obsetved in (N) and (0), measured as
**5p < 0,001, t test, n = 8, P values were calculated by comparing with control).  described in (Q) (mean + SEM, *P < 0.001, ¢ test, n = 15). (S) Dose-dependent
(Q) Quantification of repulsive activity observed in (F) and (G) measured as  activity of draxin (6). CM, conditioned medium. Scale bars in (A) to (G), (N), and
previously described (16) (mean + SEM, *P < 0.001, t test, n = 10). R)  (0), 200 pm; in (H) and (1), 10 um; in () to (L), 100 um; and in (M), 500 pm.

Fig. 3. Ectopic draxin inhibits growth EGFP cTAG-1 EGFP cTAG-1
and disrupts the routing of commissural ] . ) o

axons in vivo. (A to H) Transverse sec-
tions of chick spinal cord, fixed at stages
23 and 24 after electroporation. Com-
missural axon (TAG-1—positive) growth
was normal when the control vector was,
electroporated [compare arrowheads in
(B)]. In contrast, their growth was partially
inhibited by secreted draxin [compare
arrowheads in (D)]. They were completely
inhibited [compare arrowheads in (F)]
or severely misrouted [arrowheads in (H)]
{n = 12) by membrane-bound draxin.

Control EP at st. 14-15
draxin EP at st. 14-15

To} of
draxin-Tm indicates membrane-bound N
draxin. EP, electroporation. Scale bar, 3 2
100 pm. 4 4
o o B
o o}
1L wy
£ E
£ <
X X
g £
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tensity of growth of postcrossing axons toward
the COS7 cell aggregates transfected with control
vector or chick draxin (fig. S6, A to C). We also
labeled commissural axons with 1,1°-dioctadecyl-
3,3,3" 3 -tetramethylindocarbocyanine perchlorate

Fig. 4. Abnormal de-
velopment of spinal cord
and forebrain commis-
sures in draxin deficient
mice. {Aa to Bb) Trans-
verse section at the up-
per thoracic level of E11.5
spinal cord stained with
anti-TAG-1. Boxed areas
in (Aa) and (Ba) are
shown at high magnifi-
cation in (Ab) and (Bb),
respectively. The arrow
in (Bh) indicates an axon
bundle along the base-
ment membrane that is
thicker than that in the
wild type [arrow in (Ab)].
Serial coronal [(Ca) to
{D0)] and horizontal [(Ja)
to (K] sections of PO
brains stained with hema-
toxylin and eosin. Coronal
[(B) and (F)] and horizon-
tal [(L) to (Nb)] sections
of brains after injection
of Dil into the neocortex
[B) and (P)] or olfactory
bulb [() to (Nb)L. The
corpus callosum (CC) and
hippocampal commissure
(HQ) failed to cross the
midline in the knockout
mice [(Da) to (D). Arrow
and arrowhead in (Da)
and (F) indicate tangled
corpus callosum axons
and misprojected corpus
callosum axons, respec-
tively. (G to 1) Coimmu-
nostaining for GFAP and
L1 in coronal sections of
wild-type mice (G) and
strongly (H) and weakly
(1) affected mice at PO to
visuatize the glial wedge
(GW), indusium griseum
glia (IGG), and midline
zipper glia (MZG). Note
the absence of indusium
griseum glia in the strong-
ly affected mice (H). The
boxed areas in (Ma) and
(Na) are shown at higher
magnification in (Mb)
and (Nb), respectively.
Arrowheads in (K¢) indi-
cate rudiments of anteri-
or [AC(@)] and posterior
pars [AC(p)] of the ante-

WT

draxin -/~

WT

draxin -/-

(Dil) after electroporation of membrane-bound
draxin at stages 19 and 20. From the control side,
labeled axons crossed the floor plate and turned
to the anterior direction in a normal manner
within the ectopic draxin environment, whereas

REPORTE

projection patterns of precrossing axons were
severely disrupted in the electroporated side (fig.
S6, G to I). In the case of control vector elec-
troporation, projection patterns of both pre-
crossing and postcrossing axons were normal (fig.

rior commissure that never cross the midline. The dotted white line in (Nb) indicates the midline of the forebrain. Scale bars in (Aa) and (Ba), 200 pum; in (Ab) and (Bb),
100 pm; in (Ca) to (Do) and (Ja) to (Kc), 500 pum; and in (E) to (F), (G) to (), (1), (Ma), and (Na), 1 mm.
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S6, D to F). These data suggest that postcrossing
commissural axons are not sensitive to draxin,

To examine the function of draxin by in vivo
loss-of-function analysis, we established draxin
knockout mice (fig. S3). Homozygous draxin (/)
mice are viable and fertile. We analyzed projection
patterns of spinal commissural axons by TAG-1
staining at embryonic day 11.5 (E11.5). In homo-
zygous draxin (—/—) mice, commissural axons
projected in a defasciculated manner toward the
floor plate (Fig. 4, Ba and Bb, and fig. S7, A and B),
resulting in expansion of the TAG-1-positive area
medially, whereas they projected in a tightly fas-
ciculated form in wild-type (Fig. 4, Aa and Ab, and
fig. S7, A and B) and heterozygous mice. In ad-
dition, thick bundles of TAG-1-positive axons
along the basement membrane were observed more
frequently in homozygous draxin (—/—) mice than in
wild-type littermates (compare arrows in Fig. 4, Ab
and Bb). Whole-mount anti-TAG-1 immunohisto-
chemistry of a dissected spinal cord in open-book
configuration also showed the defasciculation of
commissural axons in homozygous draxin (—/-) mice
(fig. S7, E and F) compared with those in wild-type
mice (fig. S7, C and D). Postcrossing commissural
axon projections seemed normal in homozygous
draxin (—/-) mice (fig. S8, A and B).

We next examined whether the projections of
brain commissures were impaired in the dravin
knockout mice with use of hematoxylin-eosin stain-
ing (Fig. 4, Ca to Dc and Ja to Kc) and immu-
nostaining for the axonal maker L1 (fig. S9, A'to
D™). All homozygous draxin (—/—) mice showed
abnormal development of the corpus callosum,
hippocampal commissure, and anterior commissure.
We classified these phenotypes into two groups,
depending on their severity. Severely affected mice
had complete agenesis of these commissures (Fig. 4,
Da to Dc and Ka to K¢ and fig. S9, C' to D ™), and
weakly affected ones had partial defects in the
formation of these commissures (table S2). About
half of the heterozygous draxin mice showed ab-
normalities in corpus callosum and hippocampal
commissure formation, and some showed complete
agenesis (table S2). Anterograde tracing by Dil
injection into the cortex revealed that, in the draxin
knockout mice, corpus callosum axons failed to
cross the midline and instead abnormally directed
ventrally before they reached the midline (Fig. 4F),
whereas corpus callosum axons in control mice
crossed the midline (Fig. 4E). Previous studies have
described that midline glial stuctures are interme-
diate targets of corpus callosum axons (7). To ex-
amine these structures, we coimmunostained with
an antibody against glial fibrillary acidic protein
(anti-GFAP) in wild-type and knockout mice at
PO. All three midline glial populations—the glial
wedge, indusium griseum glia, and midline zipper
glia—were present in wild-type (Fig. 4G, n = 8)
and weakly affected draxin knockout mice (Fig. 41,
n = 4). In contrast, indusium griseum glia was
absent in strongly affected knockout mice (Fig.
4H, n = 6). This result suggests that the lack of
indusium griseum glia might correlate with the
severe defect in corpus callosum development. In

the anterior pars of the anterior commissure, the
axons in control mice turned to the midline and
crossed toward the contralateral side, and this was
confirmed by Dil injection into the olfactory bulb
(Fig. 4L). The anterior comrmissure axons in
strongly affected knockout mice tumed to the lateral
side but not the midline (Fig. 4, Ma and Mb),
whereas the majority of anterior commissure axons
in weakly affected knockout mice took a normal
course toward the midline but misprojected rostrally
at the midline (Fig. 4, Na and Nb). In addition, an-
terior commissure neurons were retrogradely labeled
in the olfactory bulb contralateral to the injection
site in wild-type mice (Fig. 4L); however, such la-
beled neurons were not detected in the correspond-
ing area of strongly affected knockout mice (Fig.
4Ma). In contrast to the severe defects in the fore-
brain commissure, the posterior commissure and
habenular commissure appeared to develop normal-
ly in the draxin knockout mice (fig. S8, D and F).

We next investigated draxin expression during
development of the spinal cord and forebrain com-
missures by B-gal staining of heterozygous mice.
B-gal expression was detected in the dorsal spinal
cord and commissural axons (fig. S10, A to F).
Antidraxin staining revealed draxin protein expres-
sion in the same area and heavy deposition in the
lateral basement membrane (fig. S10, Gto L). In the
case of forebrain commissures, -gal expression
was observed in the regions that surround the corpus
callosum, hippocampal commissure, and anterior
commissure, such as the midline ghial cells, indu-
sium griseum glia, and glial wedge, whereas $-gal
expression was not detected in these commissural
axons (fig. S11). Antidraxin staining and draxin-AP
binding on sections revealed the presence of draxin
proteins and its receptors in the forebrain commis-
sural axons (fig. S12).

Spinal cord commissural axonal growth has
been well studied and found to be guided by the
attractive cues netrin-1 (8, 9) and Shh (10), which
emanate from the floor plate, and also by the re-
pulsive cues BMP7 and growth differentiation fac-
tor 7 (GDF7), which emanate from the roof plate
(11, 12). Our in vitro and in vivo gain-of-function
data suggest that draxin is a chemorepulsive guid-
ance protein for commissural axons. The homozy-
gous draxin (——) mouse showed defasciculated
projections of commissural axons toward the floor
plate (Fig. 4 and fig. S7). This defasciculation
might be due to the deficient repulsive activity of
environmental draxin, mainly in the lateral base-
ment membrane. Immunochemical analyses in-
dicate expression of draxin mRNA and protein in
commissural axons (fig. S10). The importance of
this expression is unknown, although draxin may
function in an autocrine manner to regulate the
sensitivity of commissural axon to draxin in the
surrounding milieu.

The data presented here demonstrate that draxin
is required for the midline crossing of forebrain
commissures (Fig. 4 and fig. S9). draxin is expressed
in midline ghial cells, which have been thought to act
as intermediate guideposts for corpus callosum
axons via the expression of axon guidance mole-

cules (13), such as Sht2 (/4) and Wnt5a (15). In ad-
dition, draxin repels neurite outgrowth from cortical
explants at E17 (Fig. 20), when corpus callosum
axons cross the midline, These results suggest that
draxin is a chemorepulsive molecule that is respon-
sible for corpus callosum development in midline
glial cells. We speculate that misprojection of cor-
pus callosum axons at the midline, observed in
almost all of the knockout mice (Fig. 4F), is caused
by the deficient draxin repulsive activity from the
glial wedge. A similar presumption probably applies
to the draxin roles in anterior commissure and hip-
pocampal commissure development, as judged from
analyses of the draxin expression and the mutant
phenotypes. Thus, we propose that draxin repulsion
from the regions surround the trajectories of fore-
brain commissures is essential for proper guidance
of their commissural axons, preventing them from
misprojecting before reaching the midline. Because
all forebrain commissures were frequently mispro-
jected at the midline in the knockout mice, midline
cells expressing draxin may be particularly critical
for the midline crossing. Furthermore, corpus callo-
sum axons in the knockout mice are defasciculated
in the ipsilateral side (Fig. 4F). draxin is expressed in
deep cortical layers and cingulate cortex, in addition
to the midline glial cells. Because most of corpus
callosum axons arise from neurons in layers 2/3 and
5, some of the projecting neurons may express
draxin. Thus, draxin is required for the fasciculation
of corpus callosum axons in a paractine and/or
autocrine manner, which may be consistent with
draxin functions on spinal commissural axons. It is
also important to note that indusium griseun glia is
missing only in the severely affected knockout mice
(Fig. 4H). This result suggests that not only the de-
ficient repulsive activity from the glial cells but
also the lack of indusium griseum glia might be
involved in the disruption of the corpus callosum
formation. Further investigation is needed to clarify
draxin functions on the formation of indusium
griseumn glia and its involvement on the commis-
sure formation.
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