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Sonic hedgehog (Shh) signaling plays a critical role dur-
ing development and carcinogenesis. While Gli family
members govern the transcriptional output of Shh sig-
naling, little is known how Gli-mediated transcriptional
activity is regulated. Here we identify the actin-binding
protein Missing in Metastasis (MIM) as a new Shh-
responsive gene. Together, Gli1 and MIM recapitulate
Shh-mediated epidermal proliferation and invasion in re-
generated human skin. MIM is part of a Gli/Suppressor
of Fused complex and potentiates Gli-dependent tran-
scription using domains distinct from those used for mo-
nomeric actin binding. These data define MIM as both a
Shh-responsive gene and a new member of the pathway
that modulates Gli responses during growth and tumori-
genesis.
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Sonic hedgehog (Shh) signaling controls the proliferation
of progenitor cells of many organs (Chuong 1998; Calla-
han and Oro 2001; Taipale and Beachy 2001; Ruiz i Al-
taba et al. 2002), and uncontrolled Shh target gene in-
duction promotes a variety of cancers including basal cell
carcinomas (BCC) (Callahan and Oro 2001; Pasca di Magli-
ano and Hebrok 2003). Previous studies indicate that most
Hedgehog signaling is controlled through the Ci/Gli family
of zinc finger transcription factors (Methot and Basler 2001;
Bai et al. 2002; Ruiz i Altaba et al. 2002). In vertebrates,
three gli genes are present, with Gli1 being predominantly
a transcriptional activator and Gli2 and Gli3 acting as both
activators and repressors (Matise and Joyner 1999; Ruiz i
Altaba et al. 2002). Genetic analysis reveals functional re-
dundancy among these genes, with a combination of acti-
vation and repression determining Shh signaling’s tran-
scriptional output (Bai et al. 2002; Mill et al. 2003). While
the diversity of Shh effects is clear, the mechanisms for

controlling Gli transcriptional output in different contexts
remain poorly understood.

In flies, regulation of Ci/Gli transcriptional output is
in part controlled through associations with cytoplasmic
complexes, which include the tumor suppressor Sup-
pressor of Fused (Sufu), Fused, and Costal-2 (Kalderon
2004). In vertebrates, Gli protein subcellular distribution
and transcriptional activity are regulated by Sufu (Koger-
man et al. 1999; Cheng and Bishop 2002; Dunaeva et al.
2003). Here we identify the novel actin-binding protein
MIM as both a Shh-responsive gene and a regulator of Gli
transcription.

Results and Discussion

MIM is a Shh-responsive gene

In order to identify new Shh-responsive targets in human
skin, we examined cDNA microarray expression profiles
from regenerated human epidermis expressing Shh. We
have previously shown that tumors arising from such
skin share features with basal cell carcinomas (Fig. 1A;
Fan et al. 1997). We named the first new Shh-responsive
gene characterized from this screen BCC-enriched gene
4 (BEG4). Independently, BEG4 has been previously iden-
tified as the actin-binding protein Missing in Metastasis
(MIM) (Lee et al. 2002; Mattila et al. 2003; Woodings et
al. 2003; Yamagishi et al. 2004), and for simplicity we
refer to the gene as MIM for the remainder of this manu-
script. MIM is a member of the Wiskott-Aldrich Syndrome
family of actin-associated proteins and contains a con-
served coiled-coil protein interaction domain and a C-ter-
minal WH2 domain (Supplementary Fig. S1). Previous in-
dependent studies have shown that MIM binds monomeric
actin through its WH2 domain and bundles F-actin using
its N-terminal coiled-coil domain (Lee et al. 2002; Mattila
et al. 2003; Woodings et al. 2003; Yamagishi et al. 2004;
R. Gonzalez-Quevedo and A. Oro, unpubl.).

MIM is a Shh-responsive gene. In vivo, MIM tran-
scripts are detected in the outer root sheath of anagen
hair follicles, where Shh targets are normally expressed
(Oro and Higgins 2003), but are not seen in the interfol-
licular epithelium (Fig. 1D–F). Similarly to known Shh
target genes, such as Gli1 (Fig. 1C), MIM RNA and pro-
tein also accumulate at sites of inappropriately active
Shh signaling, such as the tumor epithelium of human
BCCs (Fig. 1B,G,H). Additionally, MIM protein is seen in
the abnormal follicular growths and tumors that arise in
transgenic mice ectopically expressing Shh (Fig. 1I) or
Gli2 (Fig. 1J,K). In vitro, MIM transcripts are induced
using conditions that stimulate both Shh signaling and
target gene expression in ptch1 mouse embryo fibro-
blasts (Fig. 1L; Taipale et al. 2000) and in the ptch1 epi-
thelial line A431 (Koike et al. 2002; data not shown).
Taken together, these data show that MIM behaves as a
Shh-responsive gene both in vivo and in vitro.

MIM synergizes with Gli to recapitulate Shh effects
in skin

The association of MIM expression with tumor growth,
and the fact that many Shh target genes have been shown
to affect pathway signaling (McMahon 2000; Taipale and
Beachy 2001), led us to examine the effects of ectopic
MIM expression in regenerated human skin grafts. As
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previously shown (Fan et al. 1997), grafts expressing Shh
demonstrate robust keratinocyte proliferation and deep
epithelial ingrowths into the underlying dermis, both fea-
tures of the anagen hair follicle and BCCs (Fig. 2B,F,H,K).
Unlike the tumorigenic phenotypes produced in trans-
genic mice overexpressing Gli1 or Gli2 (see Fig. 1J,K;
Grachtchouk et al. 2000; Nilsson et al. 2000; Oro and Hig-
gins 2003), regenerated human skin grafts expressing only
Gli1 demonstrate proliferative rates and architectural fea-
tures similar to those of control grafts (Fig. 2C,F,K). In ad-
dition, ectopic expression of MIM alone also fails to yield a
phenotype distinct from controls (Fig. 2D,F,K), indicating
that neither gene alone is sufficient to promote the epithe-
lial proliferation and invasion seen in Shh grafts.

In contrast, Gli and MIM act synergistically to induce
epidermal growth. In grafts coexpressing both Gli1 and
MIM, keratinocyte proliferation rates rival those of Shh
grafts (Fig. 2E,F). In addition, these grafts show an abun-
dance of deep epithelial ingrowths that are architectur-

ally and cytologically similar to those seen in Shh grafts
(Fig. 2I–K). Together, these results suggest that the ro-
bust keratinocyte proliferation and invasion seen in Shh
grafts are mediated by the combined activities of both
Gli transcription factors and MIM.

MIM potentiates Gli-dependent transcription

To test whether MIM affects the transcriptional output
of Gli targets, we examined the promoter activity of the
Keratin 17 (K17) gene. K17 is one of the earliest markers
of the hair follicle lineage and is expressed, similarly to
other Shh target genes, throughout BCC tumor epithe-
lium (Fig. 3A,B; McGowan and Coulombe 1998; Kurzen
et al. 2001). In mosaic, Gli1-infected skin grafts, cells
producing abundant Gli protein also express high levels
of endogenous K17, indicating that Gli expression is suf-
ficient to induce K17 (Fig. 3C,D).

We assayed for transcriptional synergy between MIM
and Gli using a 2-kb K17 promoter fragment (N. Bianchi,
K. McGowan, and P. Coulombe, unpubl.) in primary hu-

Figure 2. MIM synergizes with Gli to recapitulate Shh effects in
skin. Representative sections of EGFP (A), Shh (B), Gli1 (C),
MIM (D), and Gli1 + MIM (E) regenerated human skin stained with
anti-Ki67 antibody, a marker of cell proliferation. Keratinocyte prolif-
erative activity is measured by the number of keratinocytes with
brown nuclear staining. (F) Quantification of data in which each graft
condition is plotted on the X-axis, and the Y-axis represents the average
number of Ki-67 positive keratinocytes per 100 µm of graft tissue.
Digits placed over error bars show the number of grafts examined per
condition. p values are calculated versus EGFP control grafts. (G–J)
H&E-stained sections showing the deeply invasive ingrowths identi-
fied in both Shh (H) and Gli1 + MIM (I,J) skin. (K) The number and
depth of the invasive ingrowths identified in each graft condition. At
top, the histogram lists the number of skin grafts and total graft dis-
tance (in millimeters) examined per graft condition. Below, each his-
togram bar represents one invasive epithelial ingrowth measuring at
least 250 µm in depth (e.g., two deep ingrowths were seen in Shh
grafts). The height of each bar shows that ingrowth’s maximum depth
of invasion (Y-axis). Bars: A–E,G,H,J, 100 µm; I, 25 µm.

Figure 1. MIM is a Shh-responsive gene. (A) Strategy to isolate
novel Shh-responsive genes. (B,C) In situ hybridizations with anti-
sense probes demonstrate that similarly to Gli1 (C), MIM (B) tran-
scripts accumulate in human BCC tumor epithelium (transcript
staining is red with toluidine blue counterstain). (D) MIM anti-sense
probes show that MIM transcripts also accumulate in the outer root
sheath of human anagen hair follicles (red staining highlighted with
arrowhead). No staining is seen with control MIM sense probes (lack
of red staining highlighted by arrowhead in E). (F) MIM transcripts
are not detected within the interfollicular epithelium in human
scalp. (G) An affinity-purified, polyclonal, anti-MIM antibody shows
MIM protein expression within the epithelium of human BCCs
(brown signal highlighted by arrowhead). (H) Tumor epithelium (ar-
rowhead) is only highlighted by the Mayer’s hematoxylin counter-
stain when treated with control preimmune serum from the same
animal. MIM immunoreactivity is also seen within the ectopic epi-
thelial skin proliferations formed in embryonic K14-Shh transgenic
mice (arrowhead in I) and the BCC-like skin tumors arising in K5-
Gli2 transgenic mice (arrowhead in J). (K) No MIM protein is de-
tected in K5-Gli2 transgenic skin tumors stained with preimmune
serum. Bars: B–F, 50 µm; G,H, 15 µm; I, 100 µm; J,K, 50 µm. (L)
Cultured ptch1 mutant MEFs demonstrate constitutive pathway ac-
tivation, and accumulate high levels of MIM transcripts. In contrast,
in cells in which Shh target genes are suppressed, such as ptch1+/−

MEFs or ptch1-null MEFs rescued by retroviral gene transfer with
the wild-type ptch1 gene, there are dramatically lower levels of MIM
RNA. Similarly to known Shh targets (Taipale et al. 2000), treat-
ment of ptch1 mutant MEFs for 72 h with 8 µM cyclopamine, an
inhibitor of smoothened (Chen et al. 2002), or for 24 h with 40 µM
forskolin, a negative regulator of Ci/Gli (Wang et al. 1999), reduces
MIM accumulation. Reactivating Shh target genes in cultured
ptch1−/−; ptch1+ cells by infecting with a Shh retrovirus (ptch−/−;
ptch1+; shh+) increases MIM transcripts.

MIM potentiates Gli transcription
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man keratinocytes. Gli1 or Gli2 expression alone in-
duces K17-luciferase activity two- to threefold, whereas
expressing only MIM has no effect on promoter activity.
In contrast, expression of Gli1 or Gli2 with MIM results
in a dose-dependent potentiation of promoter activity,
yielding a >10-fold induction versus controls (Fig. 3E).
MIM potentiation appears specific to Gli transcriptional
activity, as MIM did not potentiate RelA-dependent
transcription from an NF-�B-luciferase reporter (Fig. 3F).

MIM potentiation of Gli targets could occur either
through the Gli response element or another portion of
the K17 promoter/enhancer. Deletion analysis of the

K17 promoter shows that constructs retaining 41 nt,
398–438 bp upstream of the 5�-end of the K17 gene, dem-
onstrate both Gli2-responsiveness and MIM-potentia-
tion. Deletions that remove this region lose both activi-
ties (Fig. 3G). Within this region are several Gli-like
DNA-binding sequences (Supplementary Fig. S2), and to
test its sufficiency to respond to Gli and MIM, we con-
structed a luciferase reporter containing eight directly
repeating copies of this element (8xK17BS-luc) (Supple-
mentary Fig. S2). As predicted, the 8xK17BS-luc reporter
responded to Gli2 transcriptional activation and resulted
in greater than twofold potentiation by MIM (Fig. 3H).
These data support the idea that MIM potentiates Gli
through its response element. Additionally, differences
in MIM potentiation between the K17 response element
multimer and the full-length K17 promoter may indicate
a requirement for a particular promoter orientation or
the necessity of additional sequences outside the core
Gli response element for maximum MIM transcriptional
potentiation (Fig. 3H).

To test whether MIM can potentiate Gli activity on
other known Gli response elements, we examined the
mouse FoxA2 floor plate enhancer. Previously, wild-type
copies (16-2) of this DNA response element were shown
to bind Gli and mediate transcription, while a mutated
element (16-3) was unresponsive (Sasaki et al. 1997).
Similar to the K17 response element, MIM potentiates
Gli2-mediated transcription from the wild-type FOXA2
enhancer in keratinocytes and fails to affect activity of
the mutated response element (Fig. 3H). In addition, ex-
pression of MIM potentiates Gli-dependent transcription
on the FOXA2 promoter in 3T3 cells, demonstrating that
MIM transcriptional potentiation can occur on several
Gli-responsive promoters and in distinct cell types
(Supplementary Fig. S3A). Furthermore, MIM potentia-
tion is dependent on Gli DNA binding and transactiva-
tion. In keratinocytes, Gli2 mutants lacking either the
zinc finger DNA-binding domain (Gli2-ZFD) or the pu-
tative transactivation domain (Gli2-TADD) (Yoon et al.
1998) fail to show MIM-dependent potentiation from the
K17 or FOXA2 Gli-response elements (Fig. 3I). Taken
together, these data indicate that MIM potentiates the
transcriptional activity of Gli.

MIM associates with Gli and Sufu

Previous work has shown that Sufu, Costal-2, and Fused
form a complex with Ci/Gli to regulate its activity (Ko-
german et al. 1999; Murone et al. 2000; Kalderon 2004).
To determine how MIM regulates the transcriptional ac-
tivity of Gli, we assayed for physical interactions be-
tween MIM- and Gli-containing complexes. Using GST-
MIM affinity columns, we found that both Gli1 and Gli2
are retained by full-length MIM whereas columns con-
taining GST alone or an N-terminal deletion of MIM,
GST-MIM�N399, do not bind (Fig. 4A,B). In addition to
Gli, we discovered that endogenous Sufu is also specifi-
cally retained by full-length MIM (Fig. 4A), suggesting
that the three proteins form a complex in vitro. In fur-
ther support of a MIM association, coimmunoprecipita-
tion studies showed that MIM pellets with Gli or Sufu
using antibodies to either MIM or the other complex
component (Fig. 4C,E). Sufu appears to associate with
MIM in the absence of Gli, as epitope-tagged Sufu is
retained on the MIM column in the absence of trans-
fected Gli protein (Fig. 4D). Supporting the idea that both

Figure 3. MIM potentiates Gli-dependent transcription. Polyclonal
K17 antibody (A) but not secondary antibody alone (B) reacts with
tumor epithelium. Coincident expression of Gli1 (C) and K17 (D) in
a skin mosaic demonstrates that Gli activates endogenous K17.
Bars: A,B, 100 µm; C,D, 25 µm. (E) Luciferase activities in lysates
from primary keratinocytes showing Gli1 (white bars) and Gli2 (gray
bars) activate the K17 promoter, and MIM potentiates Gli-depen-
dent transcription in a dosage-sensitive manner. (F) Luciferase ac-
tivity showing MIM does not potentiate NF-�B transcriptional ac-
tivity in keratinocytes. (G) Luciferase activity with K17 promoter
deletions identifies a 41-bp region required for both Gli responsive-
ness and MIM potentiation in keratinocytes. (H) MIM potentiates
Gli-mediated transcription from multimerized Gli response ele-
ments in keratinocytes. Luciferase activities were measured from
reporter constructs carrying eight directly repeated copies of wild-
type Gli response sequences from the mouse K17 promoter
(8xK17BS-luc) (Supplementary Fig. S2), the mouse FOXA2 promoter
(16-2K17p-luc), or a mutated element from the mouse FOXA2 pro-
moter (16-3K17p-luc) (Sasaki et al. 1997). (I) Luciferase activities
showing that MIM does not potentiate Gli-mediated transcription
from multimerized Gli response elements when cotransfected with
a Gli2 DNA-binding mutant (Gli2-ZFD) or a Gli2 transactivation
mutant (Gli2-TADD). (E–I) Error bars, ±SEM.
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proteins make direct, independent contacts with MIM,
we found that in vitro translated Gli1 and Sufu bind to
GST-MIM, but not GST-MIM�N399 or GST columns
(Fig. 4F). Indicative of the importance of the MIM/Gli
complex interactions, the MIM�N399 mutant that fails
to interact with Gli and Sufu showed a markedly reduced
capacity to potentiate Gli-dependent transcription (Fig.
4G). Although these results indicate that a MIM/Gli/
Sufu complex is important for MIM-mediated transcrip-
tional potentiation, additional MIM mutant analysis is
required to better understand the functional relation-
ships between the three proteins.

Analysis of the cytoskeletal-modifying activities of
MIM demonstrate that it is a monomeric actin-binding
and bundling protein that resides on actin cables (Lee et
al. 2002; Mattila et al. 2003; Woodings et al. 2003; Yam-
agishi et al. 2004; R. Gonzalez-Quevedo and A. Oro, un-
publ.). Because actin-binding proteins have been shown
to influence transcription (Olave et al. 2002), we tested

whether the known actin regulatory activities of
MIM are required for Gli-mediated transcrip-
tional potentiation. MIM mutants deficient for
either the C-terminal WH2 domain (MIMN538)
or the N-terminal actin bundling domain
(MIM�N159) still potentiate Gli-mediated tran-
scription (Fig. 4G). These results show that the
known actin regulatory activities of MIM are dis-
tinct from its ability to potentiate transcription.

Our data demonstrate that MIM is a Shh-re-
sponsive gene that can potentiate Gli transcrip-
tional activity. Unlike Ptch1 and Hip, which con-
trol pathway activity through Shh binding
(Taipale and Beachy 2001), MIM appears to regu-
late target gene expression through its associa-
tion with the Gli complex. MIM’s role in regulat-
ing the cytoskeleton and transcription indicates,
that like �-catenin (Moon et al. 2002), plakoglo-
bin (Maeda et al. 2004), and p120 (Prokhortchouk
et al. 2001), it is a member of the growing family
of cytoskeletal components that associate with
transcription factors to affect nuclear signaling.

We have shown that MIM binds to Gli and Sufu
complexes and that an N-terminal region of MIM
is required for both complex associations and
transcriptional potentiation. Analysis of MIM de-
letion mutants identifies this Gli-potentiation
domain (GliP) domain to lie between amino acids
160 and 399 (Supplementary Fig. S1). The fact
that a portion of this region is conserved in se-
quenced metazoan organisms suggests its tran-
scriptional regulatory properties play an impor-
tant role in other organisms.

Proteins in the Gli complex are believed to con-
trol Gli nuclear localization, protein accumula-
tion, and transcriptional activity/target specific-
ity. Protein stability experiments suggest that
MIM does not alter the half-life of Gli protein (C.
Callahan and A. Oro, unpubl.). Additionally,
while MIM, like Sufu and Gli, contains a putative
nuclear export signal used in nucleo-cytoplasmic
shuttling (Supplementary Fig. S1), wild-type or
potentiating mutants of MIM do not appear to
alter the subcellular localization of Gli (Supple-
mentary Fig. S3B). These data point to a role for
MIM in regulating Gli transcriptional activity
and/or target specificity. In summary, our data

demonstrate that MIM is a new member of the Shh sig-
naling pathway and implicate MIM in the regulation of
Gli target gene responses during both development and
tumorigenesis.

Materials and methods

cDNA microarray analysis
Total RNA from 3-wk Shh grafts (Fan et al. 1997) was compared to that
of 1-wk Shh grafts or 1- or 3-wk EGFP control grafts on Human 6000 oligo
arrays (Affymetrix). Each graft type was harvested in triplicate and the
genes whose expressions were more than threefold greater or lower in
3-wk Shh versus control grafts were subjected to expression analysis
using human and mouse Hedgehog-responsive tissues. Initially 20 genes
were identified with significantly different expression levels in 3-wk Shh
grafts, and two genes from this group were expressed specifically in Shh-
responsive tissues.

In situ hybridization
For in situ hybridizations, paraffin sections were processed and hybrid-
ized with 35S UTP-labeled probes as previously described (Oro et al.

Figure 4. MIM associates with Gli and Sufu. (A, top row) A MIM column
retains HA-Gli2 and endogenous Sufu as seen by retention in eluate fractions.
(Middle row) Coexpressed GFP is not retained. (Lower row) GST fusion proteins.
Neither GST nor mutant MIM�N399 retains Gli2 or Sufu. Lines separate por-
tions of the blot probed with different antibodies. The input represents 1% of
total 293 cell lysate loaded on column. (B) MIM column also retains HA-Gli1.
The input represents 1% of total 293 cell lysate loaded on column. (C) Immu-
noprecipitated MIM-myc pellets HA-Gli1 in 293 cell lysates. (i) Input; (b) beads.
Immunoprecipitated Gli1-V5 pellets MIM-myc in 293 cell lysates. Immunopre-
cipitated Sufu-myc also pellets HA-Gli1 in 293 cell lysates. The input in each
case represents 0.5% of total input. (D, top row) The MIM column retains HA-
Sufu as seen by retention in eluate fractions. (Middle row) Coexpressed GFP is
not retained. (Lower lane) GST fusion proteins. Neither GST nor MIM�N399
retains Sufu. The input represents 1% of total eluate loaded. (E) Immunopre-
cipitated Sufu-myc pellets MIM-GFP and MIM-myc pellets HA-Sufu when co-
expressed in 293 cell lysates. (i) Input; (b) beads. The input represents 0.5% of
lysate. No binding of GFP to Sufu-myc was detected (data not shown). (F) In vitro
translated Gli1 and Sufu bind to GST-MIM. (Top row) The indicated GST beads
were incubated with 35S-labeled protein, and the spun pellet was examined by
autoradiography. Note no increase in binding of Sufu or Gli to MIM when both
are present. The input represents 50% of reaction used. (G) Luciferase activity of
BEG4 mutants missing the monomeric actin-binding domain (MIMN538), the
F-actin bundling domain (MIM�N159), or the N-terminal domain required for
association with the Gli complex (MIM�N399). Error bars, ±SEM.
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1997). Probes were generated using human Shh (gift of C. Tabin, Boston,
MA), human Gli1 (gift of K. Kinzler, Baltimore, MD), and human MIM
3�-UTR sequences (GenBank AI198284). Toluidine blue (0.2% in water)
was used to counterstain tissues.

Northern blots
Mouse embryonic fibroblasts (MEFs) mutant for ptch1 and infected with
Ptch1 (Bailey et al. 2002) or Shh (Fan et al. 1997) retroviruses were cul-
tured as previously described (Bailey et al. 2002). MEFs were treated with
8 µM cyclopamine (gift of P. Beachy, Baltimore, MD) for 72 h or 40 µM
forskolin (Sigma) for 24 h where indicated. Blots were probed with a
mouse MIM probe (AW323872) or �-actin control (Clontech).

Antibody generation and immunohistochemistry
Rabbit anti-human MIM antiserum was generated by immunizing with
bacterially expressed GST-MIM amino acids 1–277. The serum was af-
finity-purified by application to a 6XHIS-tagged MIM 1–277 affinity col-
umn (Amino Link Kit; Pierce), and characterization will be published
elsewhere (R. Gonzalez-Quevedo and A.E. Oro, in prep.). Anti-MIM im-
munohistochemistry was performed with the affinity-purified MIM an-
tibody (1:65) or preimmune serum (1:65). Ki-67 expression was detected
by mouse anti-Ki67 at 1:50 (KIF5; DAKO). Anti-K17 immunohistochem-
istry was performed on paraffin-embedded sections of human BCCs using
mouse anti-CK17 at 1:75 (Chemicon International, Inc.). Anti-Gli1 im-
munohistochemistry was performed on frozen sections of Gli1 skin
grafts using goat anti-Gli1 at 1:25 (sc6152; Santa Cruz Biotech). Anti-K17
immunohistochemistry was performed on frozen sections of Gli1 skin
grafts using mouse anti-CK17 at 1:25 (DAKO). Anti-myc subcellular lo-
calization was performed using rabbit anti-myc (A-14; Santa Cruz Bio-
tech) at 1:250 followed by goat anti-rabbit (605 nm; QuantumDot) at
1:100. Anti-HA subcellular localization was performed using mouse anti-
HA (Covance) at 1:1000 followed by goat anti-mouse (525 nm; Quantum-
Dot) at 1:100. Mayer’s hematoxylin was used to counterstain tissues.

Regenerated human skin grafts
Regenerated human grafts were made as previously described (Fan et al.
1997). Means and standard errors for different transgene conditions were
compared using the unpaired, two-tailed, Student’s t-test. For quantifi-
cation, more than 20 mm of tissue (parallel to skin surface) was examined
for each transgene graft type. Care of animals followed Stanford Univer-
sity Animal Care Committee-approved protocols.

MIM affinity assays
Bacteria expressing the indicated GST fusion protein were grown to log
phase and induced with 1 mM IPTG (Invitrogen). Cleared lysates were
prepared by digesting with lysozyme (Sigma) followed by sonication and
Triton X-100 solubilization. Following centrifugation, supernatants were
incubated with glutathione-Sepharose 4B beads (Amersham) and washed
with PBS, 1% Triton X-100. Cleared lysates for Gli1, Gli2, and Sufu
binding were made by transfecting 293T cells and lysing in PBS with 1%
Igepal, 1 mM sodium orthovanadate and sodium fluoride. After binding
to protein-bound glutathione beads, mixtures were loaded onto columns,
allowed to settle, and washed with 30 volumes of 1% Triton X-100. GST
columns were eluted into seven 0.3-mL fractions with 100 mM Tris (pH
8.8), 20 mM reduced glutathione, 120 mM NaCl, and 1% Triton X-100
with bound protein eluting in fractions 2–5. Blotted protein fractions
were visualized with one of the following as indicated: mouse anti-HA
1:1000 (Covance), goat anti-Sufu (M-15) 1:100 (Santa Cruz Biotech),
mouse anti-GFP 1:3000 (Roche), or mouse anti-GST 1:10,000 (Novagen).
In all affinity column figures, the amount of protein loaded in input lanes
was one-hundredth the amount of protein used in the assay. 35S-labeled
mouse Sufu, Gli1, or control luciferase protein was made according to the
manufacturer’s directions (Promega). Protein was incubated with 1% bo-
vine serum albumin and GST beads for 1 h at room temperature. Pelleted
beads were washed with 1% Triton X in PBS four times and then resolved
by SDS-PAGE. The resultant gel was dried and exposed to film at room
temperature.

Coimmunoprecipitation studies
Lysates for immunoprecipitations were made by lysing 293 cells trans-
fected with indicated plasmids in 20 mM HEPES (pH 7.9), 150 mM NaCl,
1% Igepal, 0.5 mM sodium orthovanadate, and 0.25 mM sodium fluoride.
Lysates were precleared with beads and then incubated with appropriate

antibody for 2 h at 4°C. Addition of Protein A/G beads (Santa Cruz
Biotechnology) was followed by serial centrifugation and washing with
lysis buffer and 0.2% Igepal. The pellets were separated by PAGE, trans-
ferred to nitrocellulose, and interrogated using the indicated antibody by
Western blot analysis. MIM-GFP was visualized with mouse anti-GFP
1:3000 (Roche). In each reaction, no immunoprecipitation was seen when
precipitating antibody was omitted. In Figure 4E, no immunoprecipita-
tion was seen between Sufu and GFP alone (data not shown). The input
lane contained 0.5% of lysate used.

See Supplemental Material for luciferase assays and subcellular local-
ization experiments, plus details of expression and reporter constructs.
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