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Abstract
Hedgehog (Hh) signaling, via the key signal transducer Smoothened (SMO) and Gli transcription
factors, is essential for embryonic development and carcinogenesis. While the biological relevance
of hedgehog signaling to cancer is well established, very little is known about the molecular
mechanisms by which signaling transduction of this pathway occurs. Rab23 was discovered as a
negative regulator of the Hh pathway through a mouse genetic study. Here we report that Rab23
directly associates with Su(Fu) and inhibits Gli1 function in a Su(Fu)-dependent manner. By
confocal microscope and immunoprecipitation, we detected interaction between Rab23 and
Su(Fu). Using Gli1-mediated reporter gene analysis, we found that Rab23 can suppress Gli1
transcriptional activity in wild type but not Su(Fu) null fibroblasts. Similarly, Rab23 expression
reduced the nuclear localization of Gli1 in wild type but not Su(Fu) null fibroblast cells.
Consistent with the GTPase motif in the protein, we showed that Rab23 has GTPase activity. The
dominant negative form of Rab23 was unable to suppress Gli1-mediated transcriptional activity.
Taken together, these data provide evidence to support that Rab23 negatively regulates Gli1
activity in a Su(Fu)-dependent manner.

INTRODUCTION
The hedgehog pathway plays an important role in cell differentiation, tissue polarity, cell
proliferation and carcinogenesis (1–3). The seven transmembrane domain containing protein
smoothened (SMO) serves as the key player for signal transduction of this pathway, whose
function is inhibited by another transmembrane protein Patched (PTC) in the absence of Hh
ligands. Binding of Hh to its receptor PTC releases this inhibition, allowing SMO to signal
downstream, leading to formation of active forms of Gli transcription factors. As
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transcription factors, Gli molecules can regulate target gene expression by direct association
with a specific consensus sequence (4,5). In addition to the Drosophila homologues,
mammalian cells have several novel cytoplasmic regulators of Hh signaling, including
Rab23 (6) and tectonic (7).

Rab23 was initially identified through a forward genetic screening to be a negative regulator
of hedgehog signaling by the mutant phenotype in mouse spinal cord. Shh signaling is
necessary for the specification of ventral neural cell fates. The Rab23 mutants (open brain)
have too many neural progenitors with ventral fates, which are accompanied by elevated Hh
target gene expression (6). Since most Rab GTPases are involved in vesicle trafficking,
Rab23 is suggested to transport molecules in the hedgehog pathway but the exact molecule
with which Rab23 interacts is not known (8–10). Genetic evidence indicate that Rab23
regulates downstream of Sonic hedgehog (Shh), SMO and PTCH1, and possibly upstream or
at the level of Gli transcriptional factors (11). At present, it is not clear the exact function of
Rab23 in the hedgehog signaling pathway. Some even suggest that Rab23 may function
beyond the Hh signaling pathway. Unlike many Rab proteins, Rab23 protein can be
observed in the nucleus and in cytoplasm (12), suggesting that Rab23 may have other
uncharacterized functions apart from membrane trafficking (13).

The aim of this study is to examine whether Rab23 physically interacts with components of
the Hh signaling pathway. By co-localization studies, we studied interactions between
Rab23 and hedgehog signaling molecules [Smoothened, Su(Fu) and Gli1]. Co-localization
between Rab23 and Su(Fu) was further confirmed by immunoprecipitation (IP) and GST
pull-down. The functional relevance of these interactions were demonstrated by the effects
of wild type and a dominant negative form of Rab23 on Gli1-mediated reporter gene activity
as well as Gli1 cellular localization. Our studies have extended the genetic evidence for a
role of Rab23 in Hh signaling to indicate that Rab23 (via its GTPase activity) negatively
regulate Gli1 activity through interaction with Su(Fu).

MATERIALS AND METHODS
Constructs

Rab23 cDNAs was generated from a discarded human lung tissue, and cloned into pEF6/
V5-His TOPO® TA cloning vector (Invitrogen). SMO expression plasmids were derived
from our previous reported study (14) by sub-cloning SMO into a pLNCX retrovirus vector
with a MYC tag at the N-terminus. Su(Fu) expression plasmid was constructed by cloning
human Su(Fu) into a pCDNA3-based vector with a MYC tag at the N-terminus. Gli1
constructs have been reported previously (15). Expression plasmids for Su(Fu) fragments
(with Flag tag) were kindly provided by Dr. Fred de Sauvage from Genentech (16).

Cell culture, transfection and immunofluorescent staining
COS7 cells and NIH 3T3 fibroblasts were purchased from the American Type Culture
Collection (Manassas, VA), and were maintained in Dulbecco’s Modified Essential Medium
supplemented with 10% fetal bovine serum (Invitrogen). Su(Fu) null mouse embryonic
fibroblasts (MEFs) and the matched MEFs were generated from mouse embryos with or
without Su(Fu) alleles (17). Transfection was performed using LipofectAmine 2000
(Invitrogen) according to the manufacturer’s instructions [the ratio of plasmid (μg) to lipid
(μl) was 1:2.5].

Immunofluorescent detection of MYC-tagged Gli1, SMO, Su(Fu) and V5-tagged Rab23 was
performed as previously described (15) with Cy3-conjugated MYC antibody 9e10 (Sigma)
(1: 100 dilution) (18,19) and FITC-conjugated V5 antibodies (Bethyl Laboratories). Gli1
localization was detected under a fluorescent microscope in Gli1 expressing cells, the
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percentage of Gli1 in the nucleus or the cytoplasm was calculated from each experiment and
the experiment was repeated for three times with similar results. Confocal microscope was
used to study co-localization between proteins as described previously (15).

GTPase assay
was performed according to Downward et al (20). Briefly, Rab23 protein was first purified
from 293 cells (48 hrs) after ectopic expression of Rab23 (with V5 tag) using specific
antibody to the V5 tag (4°C). The mixture was then washed 3 times with 1 ml of ice-cold
wash buffer [HEPES, PH7.5 (50mM). NaCl (500mM), Triton X-100 (0.1% v/v), MgCl2
(5mM) and Sodium dodecyl sulfate (SDS), 0.005% (w/v)], one time with 1ml of ice-cold
exchange buffer [HEPES, PH7.5 (50mM), MgCl2 (1mM), DTT (1mM), KCl (100mM),
BSA(0.1mg/ml)]. Each sample was divided into four aliquots for nucleotide exchange assay.
To each aliquot, 10μl of exchange buffer plus 1 mCi of [α-32]P and 3.33 pmol of unlabeled
GTP was added, which was incubated at 20°C for 0, 20, 60 and 120 min with vigorous and
continuous shaking and then put on ice. The mixture was washed 4 times with 1ml ice-cold
wash buffer, and spotted onto thin layer chromatothin-layer chromatography plates (PEI
cellulose, Cat# 15675; Merck, Rahway, NJ) until they run 2/3 of the way in 0.75M KH2PO4
pH 3.5. The TLC plate was dried before phosphor-imaging. The experiments were repeated
four times with similar results.

Immunoprecipitation
Cells were lysed using NP-40 cell lysis buffer 48 hours after transfection. MYC-tagged Gli1
or Su(Fu) proteins were immunoprecipitated with anti-MYC antibody (Cell Signaling Inc.)
for 3 hours, followed by incubation with A/G plus beads (Bethyl Laboratories, Inc.) for 1
hour. Rab23 protein was immunoprecipitated with agarose beads-conjugated anti-V5
antibodies (Bethly Laboratories Inc.). The immunocomplexes were separated by 8 (Gli1 and
SuFu) or 12% (Rab23) SDS-PAGE and analyzed by Western blotting using appropriate
antibodies according to previous studies (see Figures for details) (19).

Statistical analyses
were performed using the Student’s t-test to compare the results, with P values of <0.05
indicating statistically significant differences. Co-localization between proteins was
estimated using the Pearson’s coefficient correlation (Pearson’s r value) generated by
ImageJ analyses of the co-focal images, with +1 as the perfect co-localization, −1 as
mutually exclusive and 0 as no association. In this study, we define any value >+0.2 as
positively correlated, and any value below −0.2 will be viewed as negatively correlated (or
mutually exclusive).

RESULTS
Co-localization of Rab23 with Su(Fu) and Gli1

Rab23 was initially cloned in 1994 (21), but its link to Hh signaling was made in 2001 in a
forward genetic screening for genes responsible for neural tube developmental defects (6).
Genetic studies predict that Rab23 acts downstream of Ptch1 and upstream or at the level of
Gli transcriptional factors, but no physical interaction between Rab23 and other Hh
signaling components have been reported. To investigate the role of Rab23 in Hh signaling,
we first tested if Rab23 co-localizes with any of the signaling protein. Rab23 was cloned
into an expression vector, and co-transfected with expression plasmids for SMO, Su(Fu) or
Gli1.

Following immunofluorescent staining, we examined protein co-localization between Rab23
and other Hh signaling proteins using confocal microscope. Consistent with genetic
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prediction (10), we did not detect any co-localization between SMO and Rab23 [see Fig. S1
and Fig. 1C with Pearson’s r value around 0 (from −0.0056 to 0.003), indicating no
association]. On the other hand, we found significant co-localization between Su(Fu) and
Rab23 (Fig. 1A and 1C, with Pearson’s r at 0.69, suggestive of being highly correlated in
protein distribution). It is known that Su(Fu) associates with Gli1 and suppresses its function
through at least two mechanisms: requesting Gli proteins in the cytoplasm and inhibiting Gli
transcriptional activity (11,17,22). To examine if Rab23 is co-localized with Gli1, we
expressed Rab23 and Gli1 with or without Su(Fu) in COS7 cells. As shown in Fig. 1, we
detected co-localization of Rab23 with Gli1 in the presence of Su(Fu) [Fig. 1B and Fig. 1C,
with Pearson’s r value between 0.25 for 3 proteins, 0.38 for Gli1 and Rab23, and 0.5 for
Gli1 and Su(Fu) indicative of correlated protein distribution)]. We found the Pearson’s r
value in cells transfected with wild type Rab23, Su(Fu) and Gli1 is statistically different
from that in cells transfected with Smoothened and wild type Rab23 (p value= 0.0143, Fig.
1C), indicating that Rab23 protein mainly interacts with molecules downstream of Smo. We
have evidence to believe that Rab23 mainly interacts with Su(Fu) because no co-localization
between Rab23 and Gli1 was observed in Su(Fu) null MEF cells (Fig. S2). In Su(Fu) null
MEFs, all cells expressing Gli1 have nuclear Gli1 expression whereas Rab23 is all in the
cytoplasm (Fig. S2). Taken together, these studies indicate that Rab23 primarily interacts
with Su(Fu) to regulate Hh signaling.

The molecular domain of Su(Fu) responsible for interaction with Rab23
To substantiate the co-localization study, we performed Co-IP experiments. After ectopic
expression of Rab23 and Su(Fu) in COS7 cells, we immunoprecipitated Rab23 protein (with
V5 tag) with the specific tag antibodies, and detected Su(Fu) protein (MYC tag, Fig. 2A,
2B), suggesting that Rab23 protein interacts with Su(Fu). Conversely, when MYC antibody
was used [against Su(Fu) tag], we detected Rab23 protein. We also detected interaction
between Gli1 and Rab23 after ectopic expression of these two proteins in COS 7 cells (Fig.
2B). These Co-IP results are consistent with co-localization data.

To further identify the site of Su(Fu) protein responsible for Rab23 interaction, we examined
the interaction between Rab23 and several fragments of Su(Fu) (16) by Co-IP. As shown in
Fig. 2D, while all the fragments (with a Flag tag) containing the c-terminal domain of
Su(Fu) were able to interact with Rab23, the fragment containing amino acid 1–268 had
very weak interaction, suggesting that the site of Su(Fu) responsible for Rab23 interaction is
within the c-terminal region of Su(Fu) possibly between aa 268 to 484. These analyses
further confirm that Rab23 specifically interacts with Su(Fu) in regulation of Hh signaling.

Inhibition of Gli1 function by Rab23
Next, we assessed the effect of Rab23 on Gli1 functions. It is known that Gli1 expression
mediates Gli binding sites-driven expression of luciferase reporter gene. As shown in Fig.
3A and B, we found Rab23 suppressed Gli1-mediated luciferase activity in a dose-
dependent manner. When Su(Fu) was co-expressed with Rab23, we detected further
significant inhibition of Gli1 transcriptional activity (p value= 0.02). These results indicate
that Rab23 not only interacts with Su(Fu) and Gli1, but also functionally inhibits Gli1
functions.

To demonstrate whether GTPase activity of Rab23 is required for this inhibition, we first
examined if Rab23 has any GTPase activity. Rab23 was cloned into an expression vector
and the protein was immunoprecipitated for GTP hydrolysis assay. As shown in Fig. 4, at
different time points after incubating immuno-precipitated Rab23 protein with [α-32]P- GTP,
we detected a stable increase in the ratio of GDP/GTP, indicating a GTP hydrolysis activity
of Rab23.
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Next, we examined whether the GTPase activity is required for Rab23 activity. As indicated
in Fig. 3B, we found that the dominant negative form of Rab23, Rab23S23N, failed to
suppress Gli1 transcriptional activity. The difference between wild type Rab23 and
Rab23S23N was statistically significant (P value is 0.001). This experiment indicates that
Rab23 GTPase activity is required for its inhibition on Hh signaling.

Furthermore, we found that Rab23-S23N was not co-localized Su(Fu) or Gli1 (Fig. 5A/B
with Pearson’s r values below −0.2 indicative of no co-localization or even mutually
exclusive). These data indicate that Rab23 can inhibit Gli1-mediated transcriptional activity,
which is GTPase-dependent process. We generated a dominant negative mutant Rab23
construct with no predicted GTP hydrolysis activity, Rab23-S23N, based on the sequence
comparison with other GTPases (13), and examined whether the GTPase activity is required
for Rab23-Su(Fu) interaction. Cells were transfected with Su(Fu) with wild type or GTPase-
dead Rab23. In comparison with the wild type Rab23 protein, the interaction between
Rab23S23N and Su(Fu) was significantly reduced (Fig. 5C), suggesting the importance of
GTPase activity for Rab23 functions.

Su(Fu)-dependency of Rab23 effects on Gli1-mediated transcriptional activity
There are several possibilities for the inhibitory effects of Rab23 on Gli transcriptional
factors like Gli1. One of which is Su(Fu)-dependent. It is also possible that Su(Fu) and
Rab23 act independently on Gli1. To distinguish between the two, we tested the effect of
Rab23 on Gli1-mediated luciferase reporter gene activity in wild type mouse embryonic
fibroblast (MEF) cells as well as in Su(Fu) null MEF cells (23). We found that while Rab23
inhibited Gli1-mediated transcription in wild type MEF cells, Rab23 has no apparent effects
on Gli1 transcriptional activity (Fig. 3C, p value= 0.6), indicating that the function of Rab23
on Gli1 transcription is Su(Fu)-dependent.

Rab23 inhibits Gli1 nuclear translocation through Su(Fu)
It is known that Su(Fu) can sequester Gli1 in the cytoplasm (22). If Rab23 exerts its
inhibitory effect of Gli1 through Su(Fu), we predicted that ectopic expression of Rab23
should increase cytoplasmic localization of Gli1. We compared Gli1 location between the
cells expressing Rab23 and Gli1 with those cells expressing only Gli1. As shown in Fig. 6A,
we found that cells transfected with Gli1 have mostly (~80%) nuclear Gli1. With Rab23 co-
expression, nuclear Gli1 protein was reduced to 20% whereas cytoplasmic Gli1 protein was
increased to more than 40%, indicating that ectopic expression of Rab23 decreases the level
of nuclear Gli1 protein. The difference between Gli1 transfected cells and Gli1+Rab23
transfected cells was statistically significant (p values are 0.0001 for nuclear localization,
0.012 for nuclear and cytoplasmic localization and 0.023 for cytoplasmic localization).

Next, we tested whether Su(Fu) is required for Rab23-mediated suppression of Gli1 nuclear
localization. We co-transfected Gli1 with or without Rab23 into Su(Fu) null MEF cells and
detected Gli1 localization. In consistent with the negative role of Su(Fu) on Gli1 nuclear
translocation, we found all cells expressing Gli1 in the nucleus (Fig. S2). They are either
nuclear (N) or both in nucleus and cytoplasm (N/C). If Rab23 can inhibit Gli1 independently
of Su(Fu), we should see a shift of Gli1 protein localization to cytoplasm. If Rab23 functions
in a Su(Fu)-dependent manner, Rab23 expression should not affect Gli1 protein localization.
Our results showed that ectopic expression of Rab23 had no effects on Gli1 protein
localization (Fig. 6B, p value= 0.8) in Su(Fu) null cells, indicating that Rab23 inhibits Gli1
localization through Su(Fu).
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DISCUSSION
The role of Rab23 in Hh signaling

In this report, we showed for the first time that Rab23 exerts its inhibitory functions to Gli1
function through interaction with Su(Fu). Although we did not find any co-localization
between Rab23 and SMO in cell lines we tested, a recent study suggested that loss of Rab23
affects ciliary translocation of SMO (24). Since cilium does not exist in our experimental
conditions, our study did not rule out the possibility that Rab23 knockout may affect SMO.
Our results indicate, however, the major role of Rab23 in our experimental systems is to
inhibit Gli transcriptional factors through interaction with Su(Fu). Since the initial link of
Rab23 to Hh signaling, direct protein-protein interactions between Rab23 and other Hh
signaling molecules have not been reported. Our results show that Rab23 is capable of
interacting with Gli transcriptional factors such as Gli1.

Based on Su(Fu) function, we predict that Rab23 can interact with all Gli1 molecules
including Gli1, Gli2 and Gli3, and inhibit their transcriptional activities and nuclear
localization. As a GTPase, Rab23 exist in two forms, the GTP bound form and the GDP
bound form. Regulators of these forms include GTPase activating proteins (GAPs) for
promoting GTP to GDP transition, and GTPase exchange factors (GEFs) for transition to the
GTP bound form of Rab23. The GAPs and GEFs for Rab23 remain to be identified. Fig. S7
shows our model of Rab23-mediated inhibition of Gli transcriptional activity.

Is Rab23 a positive or a negative regulator in the Hh pathway?
Genetic analyses of neural tube development indicate a negative role of Rab23 in Hh
signaling (6,10). Rab23 expression analyses in mouse and chicken embryonic brains (25,26)
suggest a role in dorsalizing the neural tube, which is opposite to Shh function (ventralizing
the neural tube)(27). In a study on chondrocyte differentiation, down-regulation of Rab23
was shown to decrease the level of Gli1 in chondrocytes, suggestive of a positive role of
Rab23 in Gli1 regulation (28). Similarly, ectopic expression of Rab23 was shown to increase
invasion of gastric cancer cells (8), and ectopic expression of Rab23 suppressed cell
proliferation in liver cancer cells (23). Since Hh signaling is frequently activated in gastric
and liver cancers (29,30), these results imply that Rab23 may play a positive role in Hh
signaling in malignant cells.

The differential roles of Rab23 in normal and malignant cells are not unprecedented. For
example, Ras is a well-known proto-oncogene, and mutation of K-Ras is a major driver for
development of pancreatic cancer. However, ectopic expression of Ras can lead to
senescence and cell cycle arrest through regulation of p16 and p53 (31). Thus, further
studies will be needed to identify the molecular mechanisms by which Rab23 function
differently in different cellular context.

Is Rab23 expression and its functions regulated by Hh signaling?
Due to lack of Rab23 GAPS and GEFs, it is not clear if Rab23 expression and its function
are regulated by Hh signaling. Our gene expression profiling studies (32) suggested that
Rab23 expression in keratinocytes and fibroblasts is not regulated by Hh signaling. There is
evidence to indicate that Rab23 may be involved in other signaling pathway. For example, it
was reported that Su(Fu) is also involved in Wnt/β-catenin pathway (33). In addition,
published studies indicated that Rab23 is over-expressed in human cancers (8,12,23) with no
clear evidence of Hh signaling activation. Furthermore, mis-sense mutations of Rab23 was
identified in Carpenter Syndrome (34,35) also with no clear link to Hh signaling. It will be
interesting to reveal the molecular mechanisms by which Rab23 expression and its functions
are regulated. A recent study indicates that Rab23 may regulate functions of transcription
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repressor PSF (36). In Fig. 7, we proposed different mechanisms by which Rab23 functions
in a cell.

CONCLUSION
In summary of our study, Rab23 and Su(Fu) co-localize and co-immunoprecipitate with
each other to inhibit function and nuclear localization of Gli transcription factor Gli1. We
identified the region of Su(Fu) responsible for Rab23 interaction, and found that the
inhibitory effects of Rab23 on Gli1 is Su(Fu)-dependent. We thus conclude that the major
effect of Rab23 is to inhibit Gli proteins through interaction with Su(Fu).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

Rab23 was discovered as a negative regulator of the hedgehog (Hh) pathway through a
mouse genetic study, but its physical interactions with Hh signaling molecules have not
been reported. Here we report that Rab23 directly associates with Su(Fu) to inhibits
transcription factor Gli1 function, but have no effects on Gli1 functions in Su(Fu)
knockout cells. We have identified the region in Su(Fu) protein for Rab23 interaction,
and have demonstrated the functional effects on Gli1 activity. Consistent with the
GTPase motif in the protein, we showed that Rab23 has GTPase activity. The dominant
negative form of Rab23 was unable to Gli1-mediated transcriptional activity. These
results provide evidence to support that Rab23 negatively regulates Gli1 activity through
physical interactions with Su(Fu).
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Fig. 1. Co-localization of Rab23 with Su(Fu) and Gli1
Expressing plasmids for Rab23, Su(Fu) and Gli1 were transfected into COS7 or fibroblast
cells. Immunofluorescent staining with specific antibodies was used to detect localization of
these proteins. Co-localization of Rab23 (V5 tag) and Su(Fu) (MYC tag) was detected in
cells with expression of both proteins (A). Similarly, co-localization of Rab23 (V5 tag),
Su(Fu) (MYC tag) and Gli1 (Glu-Glu) was seen in cells expressing the three proteins (B). In
contrast, no co-localization between Rab23 and SMO was detectable in all cells tested (Fig.
S1). The co-localization between Rab23 and Su(Fu) was seen in COS7, NIH 3T3 fibroblast
cells, C3H10T1/2 cells and mouse embryonic fibroblasts. Data from COS7 cells were shown
in Fig. 1. Co-localization between proteins was analyzed using Imagej program (C, also see
Methods). We defined the Pearson’s r values above +0.2 as co-localized, and above +0.5
was regarded as strongly co-localized. The Pearson’s r value in cells transfected with Rab23,
Gli1 and Su(Fu) was statistically different from that in cells transfected with Smoothened
(Smo) and Rab23 (p value= 0.0143).
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Fig. 2. Co-IP between Rab23 and Su(Fu)
Following expression of Rab23 (V5 tag) and Su(Fu) (MYC tag) or Gli1 (MYC tag) in COS7
cells, Co-IP was performed using antibody-conjugated agarose beads against MYC or V5
following by detection with V5 or MYC antibodies (A and B). Interaction of Rab23 with
different fragments of Su(Fu) (Flag tag) was assessed by Co-IP with V5 antibodies and
immunoblotted with Flag antibodies (indicated as IB in Fig. 2C). While all the fragments
with the c-terminus were able to interact with Rab23, interaction between Rab23 and
aa1-268 was very weak (C).
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Fig. 3. Regulation of Rab23 on Gli1-mediated transcriptional activity in wild type and Su(Fu)
null cells
The luciferase reporter activity of Gli1 was assessed as previously reported in either wild
type fibroblasts (A, B) or Su(Fu) null fibroblasts (C). Fig. 3A shows that Rab23 negatively
regulates Gli1-mediated transcriptional activity in a dose-dependent manner. The luciferase
reporter activity of Gli1 was assessed as previously reported in wild type fibroblasts. Three
ratios of Gli1: Rab23 were used (1:1; 1:2; 1:3). The dominant negative (D/N) form of
Rab23, Rab23S23N, was also used in the study (B). Statistical analysis was performed
between Gli1-Su(Fu)-wtRab23 cells and Gli1-Su(Fu)-Rab23S23N cells using Student’s t
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test, and the p value was 0.001. The difference between Gli1 and Gli1-Rab23 in Su(Fu) null
cells was not statistically significant (C, p value= 0.6).
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Fig. 4.
GTP hydrolysis by Rab23. Ectopic expressed Rab23 protein was enriched by
immunoprecipitation, and used for GTPase hydrolysis as described in the Methods. We
found a steady increase of GDP/GTP ratio after incubation of [α-32]-GTP with Rab23
protein, indicating that Rab23 has the GTPase activity (to hydrolyze GTP to GDP and to
lead a high GTP/GDP ratio). A shows an image of labeled GTP and GDP, and B shows the
quantitative analyses of GDP/GTP ratio, indicative of GTP hydrolysis.
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Fig. 5. Immunofluorescent staining of Rab23 S23N with Su(Fu) and Gli1
Fig. 4A and 4B were performed as described in Fig. 1 but Rab23 S23N was used instead of
wild type Rab23. In cells expressing all three proteins, Rab23S23N had no co-localization
with Su(Fu) and Gli1 (Pearson’s r= −0.23, indicative of no localization and mutually
exclusive) (A). Similarly, in cells expressing Su(Fu) and Rab23S23N, the Pearson’s r value
was below −0.2, suggestive of mutually exclusive in protein distribution (B). The results
indicate that the GTPase activity of Rab23 is required for its association with Su(Fu). The
co-localization was analyzed by ImageJ with multiple confocal images (n>5) from each
group, and the Pearson’s r values were all below 0, indicative of no association between
Rab23S23N and Su(Fu) or Gli1. In addition, a dominant negative form of Rab23 was used
in the Co-IP experiment to examine whether the GTPase activity of Rab23 is involved in
Su(Fu) association (C).
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Fig. 6. Regulation of Gli1 nuclear localization
Gli1 nuclear localization was detected by immunofluorescent staining after transfection with
Gli1 and Rab23 in either wild type cells (A) or Su(Fu) null cells (B, Fig. S2). The detailed
procedure was described in Methods and in previously published paper (15). The percentage
of cells with nuclear (N), both nuclear and cytoplasm (N/C), and cytoplasm (C) Gli1
staining was calculated from the positively stained cells (n>50), and the experiments were
repeated three times with similar results. The differences in Gli1 cellular localization
between Gli1 transfected cells and Gli1+Rab23 transfected cells were analyzed by student’s
t test in each category (N, N/C and C separately), and the p values are 0.0001 (indicated as *
for nuclear localization), 0.012 (indicated as ** for nuclear and cytoplasmic localization)
and 0.023 (indicated as *** for cytoplasmic localization). P values below 0.05 were
regarded as statistically significant. In Su(Fu) null cells, the p values are 0.8 for both nuclear
Gli1 and nuclear/cytoplasmic Gli1.
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Fig. 7. A model for Rab23 effects in a cell
Our results indicate that Rab23 negatively regulates Hh signaling through interaction with
Su(Fu). This effect requires the GTPase activity as D/N Rab23 was unable to inhibit Gli1-
mediated transcriptional activity (Fig. 3) or associate with Gli1 (Fig. S5). Furthermore,
Rab23 was not able to affect Gli1 functions without Su(Fu) (Fig. 6). The dash lines indicate
potential multiple step processes. In addition, there is evidence to suggest that Rab23
regulates other signaling pathways such as wnt signaling and transcriptional repressor PSF.
There are several questions remain to be answered. How Rab23 GTPase activity is
regulated? What are the physiological GAPs and GEFs of Rab23? Is Rab23 GTPase activity
regulated differently in different cell types (malignant vs. normal cells)?
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