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Hedgehog (Hh) pathway activation and Gli-dependent transcrip-
tion play critical roles in embryonic patterning, tissue homeostasis,
and tumorigenesis. By conducting a genome-scale ¢cDNA over-
expression screen, we have identified the Rho GAP family member
Arhgap36 as a positive regulator of the Hh pathway in vitro and in
vivo. Arhgap36 acts in a Smoothened (Smo)-independent manner
to inhibit Gli repressor formation and to promote the activation of
full-length Gli proteins. Arhgap36 concurrently induces the accu-
mulation of Gli proteins in the primary cilium, and its ability to
induce Gli-dependent transcription requires kinesin family mem-
ber 3a and intraflagellar transport protein 88, proteins that are
essential for ciliogenesis. Arhgap36 also functionally and bio-
chemically interacts with Suppressor of Fused. Transcriptional
profiling further reveals that Arhgap36 is overexpressed in murine
medulloblastomas that acquire resistance to chemical Smo inhib-
itors and that ARHGAP36 isoforms capable of Gli activation are up-
regulated in a subset of human medulloblastomas. Our findings
reveal a new mechanism of Gli transcription factor activation and
implicate ARHGAP36 dysregulation in the onset and/or progres-
sion of GLI-dependent cancers.

H edgehog (Hh) signaling is an evolutionarily conserved reg-
ulator of embryonic patterning and tissue homeostasis
(1, 2), and its uncontrolled activation can cause basal cell carci-
noma, medulloblastoma, and other human cancers (3). In ver-
tebrates, Hh target gene expression is primarily regulated by the
transcription factors Gli2 and Gli3, which bind to the protein
scaffold Suppressor of Fused (Sufu) and traffic constitutively
through the primary cilium (4, 5). Sufu promotes the cilium-
dependent phosphorylation and proteolytic processing of Gli2
and Gli3 into N-terminal repressors (Gli2/3R), thereby sup-
pressing Hh pathway activity in quiescent cells (6-9). These
events are inhibited in cells responding to Hh ligands (Sonic,
Indian, or Desert; Shh, Thh, or Dhh), which bind to the Patched
family of 12-transmembrane receptors (Ptchl and Ptch2) and al-
leviate its repression of Smoothened (Smo), a G protein-coupled
receptor-like protein. Activated Smo accumulates within the pri-
mary cilium (10, 11) and induces the dissociation of Sufu-Gli
complexes (4, 5), abrogating Gli2/3R formation and promoting the
cilium-dependent conversion of full-length Gli proteins (Gli2/
3FL) into transcriptionally active forms (Gli2/3A) (12, 13). Hh
signaling coincides with the steady-state accrual of Gli2/3 at the
distal tip of the primary cilium (8, 14), and Gli2/3A translocate to
the nucleus to drive the expression of Ptchl, the constitutively
active factor Glil, and other Hh target genes (1, 15).

Within this general framework, the canonical and noncanonical
processes that lead to Gli2/3A formation remain enigmatic. To
identify signaling proteins that can promote Gli activation, we
surveyed a genome-scale collection of ORFs for Hh pathway
agonists. Using a flow cytometry-based cDNA overexpression
screen that permits quantitative analyses with single-cell resolution,
we have discovered the putative Rho GTPase-activating pro-
tein Arhgap36 as a positive regulator of the Hh pathway. We
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find that Arhgap36 overexpression recapitulates multiple
aspects of Hh signal transduction, including reduced Gli3R lev-
els, ciliary accumulation of Gli2, and Glil expression. These
effects are independent of Smo and require kinesin family
member 3a (Kif3a) and intraflagellar transport protein 88
(Ift88). Arhgap36 also functionally interacts with Sufu and can
biochemically associate with this Gli antagonist. We further ob-
serve that ARHGAP36 isoforms are up-regulated in a subset of
medulloblastomas and that these signaling proteins are potent
activators of Gli function. Based on these results, we propose
a model in which Arhgap36 promotes noncanonical, oncogenic
Gli activation through interactions with Sufu.

Results

Arhgap36 Is a Positive Regulator of the Hh Pathway. To identify
novel Hh pathway agonists, we surveyed the human ORFeome
collection (v5.1), which includes 15,483 ORFs encoding 12,794
nonredundant genes (16). Our screening strategy used an NIH-3T3
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cell-derived line stably transfected with a Gli-dependent en-
hanced green fluorescent protein reporter (Shh-EGFP cells)
(17, 18), retroviral pools encoding sublibraries of the ORF
collection, and a fluorescence-activated cell sorting (FACS)-
based assay for ascertaining Hh pathway activity in single cells
(Fig. 14 and SI Appendix, Fig. S1). We segregated the human
ORFs into 169 nonoverlapping pools and used recombination
cloning to shuttle each sublibrary en masse into a Moloney
murine leukemia virus (MMLV)-derived vector. Each ORF was
cloned in frame with three C-terminal FLAG tags, followed by
an internal ribosomal entry site (IRES)-driven mCherry fluo-
rescent reporter, and the Shh-EGFP cells were infected with
the corresponding retroviral pools. The number of infected
cells (red fluorescence) with increased Gli reporter expression
(green fluorescence) for each sublibrary was then assessed by
flow cytometry.

Using this screening regimen, we discovered two retroviral
sublibraries that increased Gli reporter expression. One pool
contained GLII and was not examined further. By testing
overlapping subsets of the second pool, we identified the puta-
tive Rho GAP gene ARHGAP36 as a positive Hh pathway reg-
ulator (Fig. 1B and SI Appendix, Fig. S2). The ability of ARHGAP36
to activate Gli-dependent transcription in the absence of Hh li-
gand appears to be unique among the 33 other ARHGAP genes
in the human ORFeome collection (SI Appendix, Table S1).
Accordingly, we transduced Shh-EGFP cells with six represen-
tative ARHGAP homologs, and none up-regulated Hh pathway
activity (SI Appendix, Fig. S3).

To corroborate this result, we confirmed that retrovirally
overexpressed mouse Arhgap36 induced EGFP reporter levels
comparable to those achieved by ShhN stimulation (Fig. 1C),
whereas the closest homolog, Arhgap6, had no effect on the re-
porter under these conditions (SI Appendix, Fig. S3). NIH-3T3
cells transiently transfected with Arhgap36 and a Gli-dependent
firefly luciferase reporter similarly exhibited near-maximum
levels of Hh pathway activity (SI Appendix, Fig. S4). We also
retrovirally transduced Arhgap36 into C3H10T1/2 cells, which
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Fig. 1.

differentiate into alkaline phosphatase-expressing osteoblasts
upon Hh pathway activation (19). Arhgap36 promoted alkaline
phosphatase expression in these cells, and its activity could be
further enhanced by ShhN (Fig. 1D).

We next investigated whether Arhgap36 expression can drive Hh
target gene expression in zebrafish embryos by injecting zygotes
with Arhgap36 mRNA and assessing ptch2 expression at 24 h
postfertilization (hpf). In comparison with uninjected wild-type
embryos, those with exogenous Arhgap36 had increased ptch2
transcription in the developing brain and other anterior structures,
but not in somitic cells, which also respond to Hh ligands (Fig.
1E). The differential activity of Arhgap36 in neural and muscle
progenitors contrasted the effects of dominant-negative protein
kinase A (dnPKA) mRNA, which up-regulated ptch2 expression
in both cell types (Fig. 1E). We also observed differential
Arhgap36 expression in a murine tissue array, with the highest
transcript levels in embryonic tissues and the adult central
nervous system (SI Appendix, Fig. S5). Arhgap36-induced Gli
activation may therefore have developmental stage- and/or
tissue-specific requirements.

Arhgap36 Action Is Smo-Independent and Gli2-Dependent. To better
understand how Arhgap36 activates the Hh pathway, we assessed
its functional interactions with canonical Hh signaling proteins.
We first transiently transfected NIH-3T3 cells with Arhgap36 and
the Gli-dependent luciferase reporter described above and then
treated them with ShhN, the Smo agonist SAG (20), the Smo
antagonist cyclopamine (21), or control medium. Hh pathway
activity driven by exogenous Arhgap36 was resistant to cyclop-
amine and additive to that induced by ShhN- and/or SAG (Fig.
1F). Smo™~ murine embryonic fibroblasts (MEFs) transiently
transfected with Arhgap36 and the luciferase reporter exhibited
an analogous increase in Hh pathway activity (Fig. 1G). We
similarly transfected MEFs lacking either Gli2 or Gli3 with
Arhgap36 and the luciferase reporter. Gli2~/~ MEFs were
unresponsive to exogenous Arhgap36 (Fig. 1H), but Arhgap36
overexpression could up-regulate reporter activity to some
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Identification of Arhgap36 as a Hh pathway activator. (A) Schematic representation of the cDNA overexpression screen. (B) FACS scatter plots re-

vealing a retroviral pool that induces Hh ligand-independent pathway activation. Retroviral transduction of mCherry alone served as a negative control, and
the percentage of total cells within the sorting gate (dashed box) for each condition is indicated. Deconvolution of this sublibrary identified ARHGAP36 as the
active component. (C) FACS histogram plots demonstrating the response of Shh-EGFP cells to ShhN or exogenous Arhgap36. (D) Alkaline phosphatase (AP)
levels in C3H10T1/2 cells transduced with mCherry or Arhgap36 and then cultured in the absence or presence of ShhN for 48 h. Data are the average + SEM,
n = 8. (E) Expression levels of ptch2 in uninjected zebrafish embryos (Top) or those injected with Arhgap36 (Middle) or dnPKA (Bottom) mRNA. Lateral views
of 24-hpf embryos are shown. (Scale bar: 200 pm.) (F) Hh pathway activities in NIH-3T3 cells cotransfected with Gli-dependent firefly luciferase and SV40-
driven Renilla luciferase reporters and either EGFP or Arhgap36. The cells were then treated with ShhN, 200 nM SAG, or 5 uM cyclopamine for 30 h. Data are
the average + SEM, n = 3. (G) Hh pathway activities in Smo~'~ MEFs cotransfected with the luciferase reporters and designated cDNAs. (H) Hh pathway
activities in Gli2™"~ MEFs cotransfected with the luciferase reporters and designated cDNAs for 48 h. (/) Hh pathway activities in Gli3~"~ MEFs cotransfected
with the luciferase reporters and designated cDNAs and then cultured in the absence of presence of ShhN for 30 h. Data for G-/ are the average + SEM, n = 4.
Statistical analyses: Single and double asterisks indicate P < 0.05 and P < 0.01, respectively (D, Arhgap36 vs. mCherry for each cell culture condition; F,
Arhgap36 vs. EGFP for each cell culture condition; G-/, each designated gene versus EGFP).
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extent in Gli3~/~ MEFs (Fig. 1I). Thus, Arhgap36 acts be-
tween Smo and the Gli transcription factors to drive Hh target
gene expression, primarily through the activation of Gli2.

Arhgap36 Modulates Gli2 Trafficking and Gli3 Processing. We next
investigated the effects of Arhgap36 on specific aspects of Gli
function. To determine whether this Rho GAP family member
can influence Gli2/3 localization, we retrovirally transduced Shh-
EGFP cells with Arhgap36 and briefly cultured the cells in the
absence or presence of ShhN. The cells were then fixed, and Gli2
localization was quantitatively assessed by immunofluorescence.
Exogenous Arhgap36 caused Gli2 to accrue within the primary
cilium (Fig. 2 4 and B), achieving steady-state levels comparable
to that induced by ShhN. The combined actions of Arhgap36 and
ShhN led to even greater ciliary accumulation of Gli2.

We also evaluated the effects of Arhgap36 on Gli3 processing.
Shh-EGFP cells transduced with Arhgap36 were cultured with or
without ShhN, and the ShhN-stimulated cells were concurrently
treated with cyclopamine or a vehicle control. The resulting Gli3
forms were then analyzed by quantitative immunoblotting, and
Glil levels were similarly measured to ascertain Hh pathway state.
Arhgap36 overexpression emulated the ability of ShhN to increase
the Gli3FL/GIi3R ratio and Glil levels in these cells, to decrease
total Gli3 levels, and to generate a Gli3 form with reduced elec-
trophoretic mobility (Fig. 2 C-E). This latter effect is due to Gli3
phosphorylation (5), which likely coincides with Gli3 activation
and destabilization. Consistent with our epistatic analyses, these
Arhgap36-dependent changes were not reversed by cyclopamine.

Arhgap36-Induced Hh Pathway Activation Requires Kif3a and I1ft88.
Because the primary cilium is required for Gli activation (6, 7),
we next examined whether this signaling center participates in
Arhgap36 function. Anterograde ciliary transport is driven by
kinesin-2 (22), and cells lacking the Kif3a subunit cannot form
primary cilia or respond to ShhN (23). We therefore trans-
fected Kif3a~~ MEFs with Arhgap36, variable amounts of ex-
ogenous Kif3a, and the Gli-dependent luciferase reporter.
The cells were then cultured in the absence or presence of
ShhN. Arhgap36 overexpression did not significantly increase
Gli reporter activity in Kif3a~'~ MEFs, but coexpression of
Kif3a restored Hh signaling and Arhgap36 function (Fig. 2F
and ST Appendix, Fig. S6). Arhgap36 similarly could not induce
Gli reporter activity in cells lacking Ift88, a component of the
IFT-B complex that is required for ciliary retrograde transport
and ciliogenesis (SI Appendix, Fig. S7) (24). These results
suggest an integral role for primary cilia in Arhgap36-induced
Gli activation.

Functional Analyses and Localization of Arhgap36 Domains. Al-
though Arhgap36 is predicted to be a Rho GAP family member,
it lacks the “arginine finger” motif that participates in Rho
GTPase activity (25). The replacement of this structural element
with a threonine (T246) suggests that catalytic GAP domain
function may not be required for Arhgap36-induced Gli activa-
tion. To explore this possibility further, we mutated two other
Arhgap36 residues, K283 and R287, which are structurally
equivalent to those necessary for Rho GAP function in Graf
(26). NIH-3T3 cells transiently transfected with these mutants,
and a Gli-dependent luciferase reporter achieved Hh pathway
activities comparable to those observed with wild-type Arhgap36
(SI Appendix, Fig. S8).

Because mutations within the predicted Rho GAP domain did
not have any discernible effects, we investigated the functions of
other regions within this signaling protein (Fig. 34). In addition
to the region with Rho GAP homology (amino acids 215-414),
Arhgap36 contains unique N-terminal and C-terminal sequences
(amino acids 1-214 and 415-490, respectively). Transiently
expressing either the Rho GAP or C-terminal domains alone in
NIH-3T3 fibroblasts did not perturb basal or ShhN-induced
pathway activity to a significant extent, as determined by the
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Fig. 2. Effects of Arhgap36 on Gli trafficking and processing. (A) Ciliary Gli2
levels in Shh-EGFP cells retrovirally transduced with either mCherry or Arh-
gap36 and then cultured in the absence or presence of ShhN for 1 h. Repre-
sentative immunofluorescence micrographs are shown with staining for Gli2,
acetylated tubulin (primary cilia), and DAPI (nuclei). (Scale bar: 2 pm.) (B)
Quantification of Gli2 immunofluorescence within primary cilia. Data are the
average + SEM, n > 50 cells. (C) Gli3 forms in Shh-EGFP cells transduced with
either mCherry or Arhgap36 and concurrently treated with ShhN-free me-
dium, ShhN, or ShhN plus 5 uM cyclopamine for 24 h. A representative blot is
shown with protein bands corresponding to Gli3R, Gli3FL, and the phosphor-
ylated form of GIi3FL labeled. Gli1 levels indicate Hh pathway state, and
importin B levels were used as gel-loading controls. (D and E) Quantification of
Gli3FL/GIi3R ratios and Gli1 levels for each experimental condition. Data are
the average + SEM, n = 3 independent blots. (F) Hh pathway activities in
Kif3a™~ MEFs cotransfected with Gli-dependent firefly luciferase and SV40-
driven Renilla luciferase reporters, either EGFP or Arhgap36, and varying
amounts of exogenous Kif3a. The cells were then cultured in absence or
presence of ShhN for 30 h. Data are the average + SEM, n = 4. Statistical
analyses: Single and double asterisks indicate P < 0.05 and P < 0.01, re-
spectively (A-E, Arhgap36 versus mCherry for each cell culture condition; F,
Arhgap36 versus EGFP for each Kif3a transfection and cell culture condition).

luciferase reporter (Fig. 3B). In contrast, overexpressing the N-ter-
minal portion of Arhgap36 (Arhgap36-N) inhibited Hh signaling
in these cells. Arhgap36-N also reduced cellular levels of Glil
and Gli2 (SI Appendix, Fig. S9), both of which are expressed in
a Hh pathway-dependent manner (27, 28). However, Arhgap36-N
overexpression could not overcome the ability of full-length Arh-
gap36 to activate the Gli reporter, suggesting that Arhgap36-in-
duced Gli activation primarily involves other domains within this
Rho GAP family member (SI Appendix, Fig. S10).

Intrigued by these findings, we compared the subcellular
localizations of full-length Arhgap36 and its N-terminal domain
in NIH-3T3 cells, using retroviral constructs encoding each
polypeptide with C-terminal FLAG tags. The full-length pro-
tein was localized to the plasma membrane and intracellular
vesicles, whereas Arhgap36-N was enriched in primary cilia,
as determined by colocalization with Arl13b (SI Appendix,
Fig. S114). Arhgap36 function and localization therefore
may be regulated by motifs within its N-terminal domain.
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Fig. 3. Arhgap36 domain analysis and interactions with Sufu. (A) Schematic
representation of Arhgap36 with the N-terminal, Rho GAP, and C-terminal
domains labeled. (B) Hh pathway activities in NIH-3T3 cells cotransfected
with Gli-dependent firefly luciferase and SV40-driven Renilla luciferase
reporters and EGFP, wild-type Arhgap36, or the indicated Arhgap36
domains. Data are the average + SEM, n = 3. (C) Hh pathway activities in
Sufu™"~ MEFs cotransfected with the luciferase reporters and either EGFP
or the designated cDNAs. Sufu and Sufu/SAG were used to verify Sufu-
dependent Arhgap36 function and the Hh pathway-competence of the
cells. Data are the average + SEM, n = 4. (D) Immunoprecipitation studies
of HEK-293T cells cotransfected with EGFP-Sufu and either ARHGAP26-
3xFLAG or Arhgap36-3xFLAG. Statistical analyses: Single and double
asterisks indicate P < 0.05 and P < 0.01, respectively (Arhgap36 or its
individual domains versus EGFP for each cell culture condition).

Arhgap36 Can Functionally and Biochemically Interact with Sufu. The
inhibitory activity of Arhgap36-N also allowed us to investigate
its epistatic relationship with Sufu. We cotransfected Sufu™'~
MEFs with the Gli-dependent firefly luciferase reporter and
cDNAs encoding either full-length Arhgap36 or its N-terminal
domain. Neither form of Arhgap36 altered the constitutive Hh
pathway activity in these cells, but exogenous Sufu rescued the
activities of both polypeptides (Fig. 3C), indicating that Sufu is
required for at least some aspects of Arhgap36 function. Full-
length Arhgap36 and Arhgap36-N also had opposing effects on
Sufu levels upon their overexpression in NIH-3T3 cells, although
these changes were of moderate statistical significance (P =
0.09-0.12) (SI Appendix, Fig. S9).

To determine whether Arhgap36 can biochemically interact
with Sufu, we then expressed in HEK-293T cells an EGFP-Sufu
fusion protein and either Arhgap36 or the non-Hh pathway-
regulating homolog ARHGAP26 bearing C-terminal FLAG
epitopes. We observed that the exogenous Arhgap36 can coim-
munoprecipitate with EGFP-Sufu and, therefore, may directly
modulate Sufu function, whereas the overexpresssd ARHGAP26
did not interact with the Sufu fusion protein (Fig. 3D).
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ARHGAP36 Is Overexpressed in a Subset of Medulloblastomas. A lack
of endogenous Arhgap36 transcript levels in NIH-3T3-derived
cells (SI Appendix, Fig. S124) and the inability of Arhgap36
siRNAs to abrogate Hh signaling in C3H10T1/2 cells (SI Ap-
pendix, Fig. S12 B and C) suggest that this signaling protein may
not be an obligate component of the pathway. Moreover, mor-
pholino antisense oligonucleotides directed against the two
closest Arhgap36 homologs in zebrafish did not disrupt embry-
onic ptch2 expression, either individually or in combination (S
Appendix, Figs. S13-S15). These observations argue against a
conserved role for Arhgap36 in developmental Hh signaling.

Because Arhgap36 overexpression in zebrafish embryos pref-
erentially activated the Hh pathway in neural tissues, we exam-
ined whether ARHGAP36 might contribute to the etiology and/
or progression of medulloblastoma. We first analyzed previously
reported mlcroarray datasets for medulloblastoma allografts
derived from PtchI*~p537'~ mice and propagated in the ab-
sence or presence of the Smo antagonist NVP-LDE225 (29). We
found Arhgap36 to be the most up-regulated gene in NVP-
LDE225-resistant medulloblastomas induced by long-term drug
treatment in comparison with allografts treated briefly with the
Smo inhibitor or vehicle alone (Fig. 44).

We next compiled transcriptional profiles of 436 medullo-
blastoma and 18 normal cerebellum samples, using a microarray
series generated through the PedBrain Tumor Project of the
International Cancer Genome Consortium and published
microarray datasets (30-33). The medulloblastoma samples were
segregated according to molecular subtypes as described (34,
35), which includes tumors associated with WNT pathway acti-
vation (group 1), SHH pathway activation (group 2), or more
complex etiologies (groups 3 and 4). Similar to the murine me-
dulloblastoma allografts that are NVP-LDE225-sensitive,
ARHGAP36 was not highly transcribed in the group 2 tumors,
which frequently carry loss-of-function PTCHI mutations and
can respond to SMO antagonists (36). However, ARHGAP36
expression was found to be up-regulated several hundredfold in
a subset of group 3 and 4 medulloblastomas (Fig. 4B).

ARHGAP36 transcript levels in group 3 and group 4 medullo-
blastomas did not correlate with those of PTCHI and GLII1 (S
Appendix, Fig. S16), suggesting that ARHGAP36 does not drive
SHH target gene expression in the tumor bulk by the time of di-
agnosis and resection. However, ARHGAP36 forms expressed in
these tumors (isoforms 2, 3, or 5) are potent inducers of Gli-
dependent transcription in NIH-3T3 cells (Fig. 4 C-E and SI
Appendix, Figs. S17-5S19). As with murine Arhgap36, the ac-
tive ARHGAP36 isoforms localized to the plasma membrane
and intracellular vesicles in these cells, with the most N-ter-
minally truncated form (isoform 3) exhibiting detectable lev-
els in the primary cilium (SI Appendix, Fig. S11B). Both
murine Arhgap36 and its human ortholog were also able to
activate Glil expression in murine granule neuron precursors
(GNPs) (Fig. 4F), which contribute to cerebellar development
in Hh pathway-dependent manner and are believed to be cells
of origin for medulloblastoma (37-39).

Discussion

By implementing a genome-scale, FACS-based screen of mam-
malian ORFs, we have identified Arhgap36 as a potent Hh path-
way agonist. Arhgap36 overexpression induces changes in Gli
function that have been associated with Hh signaling, such as re-
duced Gli3R formation, Gli3FL phosphorylation, increased ciliary
Gli2 levels, and Glil up-regulation. Arhgap36 activity is in-
dependent of Smo, and this Rho GAP family member can func-
tionally and biochemically interact with Sufu. Taken together, our
findings uncover a new mechanism of Gli regulation and support
a model in which Arhgap36 promotes noncanonical Gli activation
by inhibiting Sufu function (Fig. 4G). These signaling events may
occur within the primary cilium, because the subcellular dis-
tributions of Arhgap36, Sufu, and Gli converge at this subcellular
compartment and Arhgap36-induced Gli activation requires Kif3a
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Fig. 4. ARHGAP36 up-regulation in medulloblastoma and a model for Arhgap36-dependent Hh pathway regulation. (A) Arhgap36 transcript levels in NVP-
LDE225-sensitive and resistant medulloblastoma allografts derived from Ptch*”;p53”’ mice (data from ref. 29). (B) ARHGAP36 transcript levels in human
medulloblastomas (groups 1-4) and normal cerebellar tissue, as determined by microarray analysis. (C) Schematic representation of the five predicted
ARHGAP36 isoforms with the N-terminal, Rho GAP, and C-terminal domains labeled. (D) Alignments of the RNA-seq read coverage for three medulloblastoma
samples, the ARHGAP36 genomic locus (Genome Reference Consortium GRCh37/hg19), and exon-intron structures for the predicted ARHGAP36 isoforms
(UniprotKB/Swiss-Prot Q6ZRI8KB designations). Reads for all predicted ARHGAP36 exons except for the first were observed, indicating that the tumors were
only capable of generating isoforms 2, 3, and 5. (E) Hh pathway activities in NIH-3T3 cells cotransfected with Gli-dependent firefly luciferase and SV40-driven
Renilla luciferase reporters and either EGFP or individual ARHGAP36 isoforms with C-terminal V5 tags. The cells were then cultured in the absence or presence
of ShhN for 30 h. Data are the average + SEM, n = 3, and the double asterisks indicate P < 0.01 (ARHGAP36 isoforms versus EGFP for each cell culture
condition). (F) Hh pathway activities in murine cerebellar GNPs retrovirally transduced with mCherry, Arhgap36, or ARHGAP36 (isoform 2) and treated with
3 uM cyclopamine for 48 h, as measured by endogenous Gli1 expression. Data are the average + SEM, n = 6, and the double asterisks indicate P < 0.01
(ARHGAP36 isoforms versus EGFP for each cell culture condition). (G) Schematic representation of noncanonical Hh pathway activation by Arhgap36 and the
inhibition of canonical Hh signaling by Arhgap36-N. Statistical analyses: Single and double asterisks indicate P < 0.05 and P < 0.01, respectively (E, ARHGAP36

isoforms versus EGFP for each cell culture condition; F, Arhgap36 or ARHGAP36 isoform 2 versus mCherry).

and Ift88 function. Arhgap36 function can also act in cooperation
with ShhN or SAG to drive Hh target gene expression.

Rho GAP domain-containing proteins typically stimulate gua-
nine nucleotide hydrolysis to generate inactive, GDP-bound forms
of Rho GTPase (40), and Arhgap36 could similarly inhibit a Rho
signaling protein that promotes Sufu activity. However, Arhgap36
lacks the “arginine finger” motif that stimulates GTPase hydrolysis
(25), and GAP domain mutants can retain Gli-inducing activity.
Arhgap36 may therefore act through a noncatalytic mechanism, as
has been observed with the p85 subunit of phosphatidylinositol
3-kinase, the phosphatidylinositol-4,5-bisphosphate 5-phosphatase
OCRL, and n-chimaerin (41-43). In addition, the neural-specific
function of Arhgap36 in zebrafish embryos likely reflects a re-
quirement for other signaling proteins. Arhgap36 might inhibit
Sufu by recruiting accessory proteins, or Arhgap36 itself may be
regulated by tissue-specific factors.

Finally, our results implicate ARHGAP36 in the onset and/or
progression of medulloblastoma. ARHGAP36-induced GLI ac-
tivation may be a mechanism by which group 2 medulloblasto-
mas acquire resistance to Smo antagonists, in addition to SMO
mutations and chromosomal GLI2 amplicons (29, 36, 44). Fur-
thermore, the up-regulation of ARHGAP36 in group 3 and 4
tumors alludes to a more complex relationship between GLI
activity and medulloblastoma biology than has been discerned
through the bulk transcriptional profiling of advanced-stage
tumors. Our studies confirm that the ARHGAP36 isoforms
expressed in these cancers are potent GIli activators in
fibroblasts and cerebellar GNPs, and our zebrafish studies
demonstrate the ability of Arhgap36 to drive Hh target gene
expression in neural progenitors. These observations raise the
possibility that GLI activation in GNPs or other neural progen-
itors is sufficient for medulloblastoma initiation, with other sig-
naling mechanisms subsequently maintaining the tumor in certain

Rack et al.

cases. Accordingly, previous studies have shown that late-stage
group 3 and 4 medulloblastomas lack primary cilia (45), which
could account for an eventual loss of ARHGAP36-induced Hh
pathway activation in these cancers. The segregation of ARHGAP36-
expressing medulloblastomas from the group 2 subtype further
suggests that this Rho GAP family member could actuate other
signaling pathways that influence disease progression.

Tumor cell lineage studies will be necessary to test these ideas
and elaborate the mechanistic links between ARHGAP36 up-
regulation, GLI activation, and oncogenesis. Studies of ARHGAP36
function and its binding proteins may also reveal new SHH
pathway regulators, including potential targets for future anti-
cancer therapies.

Materials and Methods

Reagents and procedures used in this report are detailed in S/ Appendix, S/
Materials and Methods.

Cell Lines. Shh-EGFP (17, 18) and Shh-LIGHT2 cells (46) have been described.
Smo™~ MEFs were provided by P. Beachy (Stanford University, Stanford, CA),
and Sufu™~ MEFs were provided by R. Toftgard (Karolinska Institute, Stock-
holm). Gli2™~ and Gli3™”~ MEFs were provided by W. Bushman (University of
Wisconsin, Madison, WI). Kif3a~~ and Ift88~~ MEFs were provided by J. Reiter
(University of California, San Francisco). NIH-3T3, C3H10T1/2, and HEK-293T
cells were purchased from the American Type Culture Collection.

Constructs and Reagents. All PCR products were generated with Phusion
polymerase (New England Biolabs) by using the primers and templates listed in
Sl Appendix, Table S2, and all plasmids were sequence-verified. siRNA reagents
and sources are listed in S/ Appendix, Table S3. Antibody sources and working
dilutions are listed in S/ Appendix, Table S4. Morpholino oligonucleotide
sequences are listed in S/ Appendix, Table S5. SAG was synthesized as de-
scribed (20), and cyclopamine was provided by Infinity Pharmaceuticals.
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Retroviral ORFeome Sublibraries. The human ORFeome collection (v5.1) in
the pDONR233 backbone was transferred into pBMN-3xFLAG-IRES-
mCherry-DEST by using LR Clonase Il (Invitrogen). To produce pDNR223
input pools for the LR recombination reactions, 96-well plates containing
sublibraries of the human ORFeome collection were grown in 96-well
blocks containing Superior Broth (SB; Athena) with 25 pg/mL spectino-
mycin at 37 °C overnight, and the contents of each block were pooled.
DNA was isolated from 10 mL of each pool by using Qiagen Miniprep kits.
Retroviral medium was then generated by cotransfecting HEK-293T cells
with the pBMN-3xFLAG-IRES-mCherry-DEST vector containing a human
ORFeome cDNA sublibrary and pCL-ECO. Retroviral supernatant were col-
lected from transfected cells and either used immediately or stored at —80 °C.

Medulloblastoma Microarray and RNA-seq Analyses. Transcriptional profiling
data from human medulloblastomas was compiled from previously published
series (30-33) and a new series generated at the German Cancer Research
Center (Gene Expression Omnibus accession nos. GSE37418, GSE49243, and
GSE10327), for a total of 436 medulloblastoma and 18 normal cerebellum
samples. This merged dataset was restricted to gene expression data gener-
ated on Affymetrix U133 Plus 2.0 arrays. RNA sequencing data for ARHGAP36
was provided by the PedBrain Tumor Project/International Cancer Genome
Consortium (P. Lichter and S. Pfister; European Genome-Phenome Archive
accession no. EGAS00001000771). Fresh frozen medulloblastoma and normal
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