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Noncanonical hedgehog pathway activation through
SRF-MKLI1 promotes drug resistance in basal cell

carcinomas

Ramon J Whitson!2, Alex Lee3, Nicole M Urman2, Amar Mirzal>2, Catherine Y Yaol-2, Alexander S Brown!:2,
Jiang R Li'2, Gautam Shankar!-2, Micah A Fry3, Scott X Atwood!">4®, Eunice Y Lee?, S Tyler Hollmig?,
Sumaira Z Aasi?, Kavita Y Sarin!>®, Matthew P Scott?, Ervin H Epstein Jr3, Jean Y Tang!2 & Anthony E Oro!>

Hedgehog pathway-dependent cancers can escape Smoothened (SMO) inhibition through mutations in genes encoding
canonical hedgehog pathway components; however, around 50% of drug-resistant basal cell carcinomas (BCCs) lack additional
variants of these genes. Here we use multidimensional genomics analysis of human and mouse drug-resistant BCCs to identify
a noncanonical hedgehog activation pathway driven by the transcription factor serum response factor (SRF). Active SRF along
with its coactivator megakaryoblastic leukemia 1 (MKL1) binds DNA near hedgehog target genes and forms a previously unknown
protein complex with the hedgehog transcription factor glioma-associated oncogene family zinc finger-1 (GLI1), causing
amplification of GLI1 transcriptional activity. We show that cytoskeletal activation through Rho and the formin family member
Diaphanous (mDia) is required for SRF-MKL-driven GLI1 activation and for tumor cell viability. Remarkably, nuclear MKL1
staining served as a biomarker in tumors from mice and human subjects to predict tumor responsiveness to MKL inhibitors,
highlighting the therapeutic potential of targeting this pathway. Thus, our study illuminates, for the first time, cytoskeletal-
activation-driven transcription as a personalized therapeutic target for combatting drug-resistant malignancies.

Targeted inhibition of pathways with a causative oncogenic role in
drug-naive tumors provides a selective environment for outgrowth
of drug-resistant clones!. Mutations that hinder drug binding at the
intended target, promote drug efflux, or enhance activation of alterna-
tive signaling pathways are major factors that affect tumor fitness>=>.
Defining the role of growth cues within the tumor microenvironment
remains a growing area of investigation®-3.

BCC of skin is the most common human cancer and provides an
ideal system for study of tumor evolution. BCCs invariably result
from mutations in the genes encoding the hedgehog receptors Patched
(PTCHI) or Smoothened (SMO), causing constitutive hedgehog
pathway activation. Vismodegib, an agent targeted to SMO, recently
received Food and Drug Administration approval as a treatment
for advanced BCCs. Unfortunately, fewer than 50% of patients with
advanced or metastatic BCCs respond to vismodegib at the time of
treatment, with an additional 20% acquiring secondary resistance
during the first year of treatment®-!1. Similar to sporadic drug-naive
BCCs, drug-resistant clones in patients uniformly maintain activation
of hedgehog target genes!?, highlighting an undiminished depend-
ence on the hedgehog pathway for growth of drug-resistant tumors.

Mutations in genes related to the canonical hedgehog pathway that
cause maintenance of GLI1 transcription factor activity in vismo-
degib-resistant BCCs have recently been uncovered in or downstream

of SMO. These include mutations generating constitutively active
SMO, loss of the gene encoding hedgehog inhibitor suppressor of
fused (SUFU), amplification of GLI2 and CCNDI, and activation of
the polarity kinase aPKC'2-14. Yet, through our previous sequencing
efforts, we found that approximately 50% of human treatment-resist-
ant BCCs contained no additional hedgehog pathway variants, and
the majority of SMO variants identified were nonfunctional despite
tumors maintaining elevated hedgehog activation!>15. These data
strongly support the existence of one or more unidentified pathways
merging downstream of the hedgehog pathway to stimulate nonca-
nonical activation of GLI1 to promote drug resistance.

Here we carry out multidimensional genomics analysis using a
new mouse model for BCC resistance and human-derived tumors
to identify a key role for the transcription factor (TF) SRF in the
evolution of drug resistance. SRF was previously reported to drive
two mutually exclusive gene regulation programs through association
with transcriptional cofactors ELK1 or MKL1 and MKL2 (MKL1/2,
also known as MRTF-A/B and MAL)16-20, In the latter pathway, RhoA
activates the actin-polymerizing proteins Rho-associated protein
kinase (ROCK) and mDia, causing restructuring of globular actin
to filamentous actin (G- and F-actin, respectively). This restructur-
ing liberates cytoplasmic MKL1, allowing this TF to move into the
nucleus to activate MKL-dependent gene expression. We define the
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SRF-MKLI cytoskeletal signaling pathway as a nonclassical compo-
nent of the hedgehog pathway that amplifies downstream GLI1 acti-
vation and drug-resistant tumor growth. Additionally, we show that
MKLI inhibitors have considerable efficacy in treating drug-resistant
BCCs in vivo, implicating the cytoskeletal-sensing SRE-MKLI path-
way as a promising new therapeutic target for resistant BCCs.

RESULTS

BCCs in PTC53 mice mimic phenotypes of resistant BCCs in
humans

Previous mutational landscape analysis of human-derived drug-
resistant BCCs uncovered variants in genes encoding components
of the canonical hedgehog pathway!>13; however, less than half of
these tumors contained canonical mutations, many of which were
nonfunctional!®. This revealed the existence of one or more unknown
yet prevalent noncanonical pathways promoting drug-resistant tumor
growth in BCCs. To identify and characterize these noncanonical
pathways, we investigated a new mouse model for tumor drug resist-
ance that closely resembles the clinical attributes of human BCCs. We
used Ptch1*/~; KRT14-Cre-ER; Trp53%/1 (PTC53-BCC) mice, which
were previously reported to develop primary tumors resembling
human BCCs after a single dose of radiation?!. Drug-naive tumors
were passaged into NOD-SCID recipient mice, which were intermit-
tently treated with the SMO inhibitor GDC-619 over several cycles
spanning a 3-month period (Fig. 1a,b and Supplementary Fig. 1a,f).
Remarkably, intermittent SMO inhibition resulted in generation of
both sensitive and resistant BCCs (sBCCs and rBCCs, respectively)

that resembled human BCCs in histology and marker expression
(Fig. 1c-g). SBCCs and rBCCs were defined as tumors with a net
regression and active growth, respectively, in the presence of the SMO
inhibitor (Supplementary Fig. 1b). Like human BCCs, nodular, mor-
pheic, and Pinkus subtypes were represented, providing evidence that
these histological subtypes do not correlate with resistance to SMO
inhibitors (Fig. 1c and data not shown).

To further characterize our mouse tumors, we identified expression
changes using whole-transcriptome analysis through RNA sequencing
(RNA-seq). Differential expression analysis uncovered significantly
up- or downregulated mRNAs in rBCCs relative to sBCCs (Fig. 1d).
Similar to human rBCCs, mouse rBCCs expressed high levels of Glil
and Ptchl at both the mRNA and protein level (Fig. 1e-g), indicating
hedgehog pathway activation. These tumors lacked markers for other
keratinocyte-derived tumors, such as immunoreactivity to the MAP
kinase pathway marker phosphorylated ERK (Supplementary
Fig. 1c,d). Additional BCC markers (EPCAM, BCL2, GLI2, and
ACTA2) were expressed at high levels relative to the squamous
cell carcinoma markers involucrin (IVL), SOX2, and CDKN2A
(Supplementary Fig. 1e). Thus, we conclude that the PTC53-BCC
mouse line is a new source of clinically relevant rBCCs.

Multidimensional genomics uncovers activated SRF in human
and mouse rBCCs

To shed light on the mechanisms underlying drug resistance that
maintain elevated hedgehog signaling, we reasoned that additional
TFs provide compensatory growth signaling to promote noncanonical
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Figure 1 The PTC53 BCC mouse model produces SMO-inhibitor-resistant tumors with human tumor characteristics. (a) Schematic of rBCC tumor generation
using PTC53 mice. Exome-seq, whole-exome sequencing. (b) Representative growth curve (from the 16 resistant tumors used in our study) illustrating
resistant tumor formation after three cycles of SMO inhibitor treatment. (c) Representative H&E stain of sBCCs and rBCCs from mice and humans showing
similar histology. For mice, n= 16 rBCCs and 14 sBCCs; for humans, n= 24 rBCCs and 11 sBCCs. Scale bars, 100 um in low-magnification fields (left) and
10 um in high-magnification fields (right). (d) Genome-wide differential transcript expression sequencing (DE—seq) plot highlighting genes with significantly
changed expression in resistant versus sensitive mouse tumors. Transcripts with expression >tlog, (fold change) (LFC) and P < 0.05 are highlighted in red.
P was determined using the DESeq negative binomial distribution model. (e) G/i1 and PcthlI mRNA expression obtained from RNA-seq data in d for mouse
sBCCs and rBCCs. Data represent means from four tumors per condition + s.e.m. in €; n=4 sBCCs and 4 rBCCs in d and e. RPKM, reads per kilobase of
transcript per million mapped reads. (f) Left, GLI1 protein expression indicated by immunofluorescence (IF) staining in mouse sBCCs and rBCCs. Middle,
cytokeratin-14 (KRT14) stain demarcating epithelial-derived BCCs in tissue sections. DAPI demarcates all nuclei in each field. Scale bar, 100 um.

(g) Quantification of GLI1 protein expression in f using pixel intensity measurements (n = 15 fields measured for each condition). Data represent means +
s.e.m. A Student’s t-test was used to determine the differential expression significance in e and g. *P < 0.05, **P < 0.001; n.s., not significant.
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Figure 2 Multicomponent genomic analyses identifies SRF as a previously unrecognized hedgehog cofactor with aberrant activation in rBCCs.

(a) Enrichment of putative GLI1 transcriptional coactivators determined using the FOCIS algorithm. The red lines indicate the cutoff for the top and
bottom 5% of positively and negatively enriched cofactors, respectively. (b) Results from GSEA carried out using the TRANSFAC database for TF

targets identifying TFs with increased activity in rBCCs versus sBCCs. The red line indicates the cutoff where the false discovery rate (FDR) reaches

0.2 with P < 0.05; a Kolmogorov—Smirnov test was used to determine statistical significance for GSEA hits. (¢) Results from a multicomponent analysis
combining the FOCIS and GSEA data sets shown in a and b, respectively, showing enrichment of SRF in both data sets. The red lines indicate the cutoff
for the top and bottom 5% of FOCIS hits, and the blue line indicates the cutoff for the top 10% of enriched targets in GSEA. (d,e) Representative plots
of GSEA enrichment data showing increased activity in mouse (d) and human (e) rBCCs. (f) Results from a multicomponent analysis using RNA-seq
data from human BCCs showing SRF enrichment in resistant tumors. The red and blue lines are as described in c. (g) Results from GSEA in individual
human rBCCs showing SRF enrichment only in tumors without activating mutations in genes encoding canonical hedgehog pathway activators. An
unpaired Student’s t-test was used to compare the average of BCC1-BCC3 and BCC4-BCC6 individually. **P < 0.001 for SRF GSEA enrichment of the
indicated sample using all available TRANSFAC data sets. Data represent individual SRF data sets as means * s.e.m. (h) Reciprocal co-IP blots in 293T
cells using antibodies against Flag-GLI1 and HA-SRF. (i) Inverse co-IP blots in rabbit reticulocyte extracts using antibodies against Flag-GLI1, HA-SRF,

and Myc-MKL1.

activation of GLI TFs downstream of SMO. Using the recently devel-
oped feature overlapper for chromosomal interval subsets (FOCIS)
algorithm?2, we screened for TFs co-occupying sites near GLI1 to
uncover its potential cofactors. This method compares input genomic
coordinate data to a large data set of genomic binding information
compiled from numerous data sets. Our input data set consisted of
Flag-tagged GLI1 (Flag-GLI1) genomic binding data from a model
of hedgehog-dependent medulloblastoma; this was the only tumor-
derived GLI chromatin immunoprecipitation and sequencing (ChIP-
seq) data available at the time (Online Methods). Using FOCIS, we
ranked TFs with chromosomal occupancy profiles showing enrich-
ment at GLI1 target genes and found 109 TFs with overlapping bind-
ing signatures (Fig. 2a). Next, we used our RNA-seq data to identify
TFs with enhanced activation in rBCCs using the gene set enrichment

analysis (GSEA) TRANSFAC database. GSEA revealed 305 target gene
expression profiles showing enrichment in resistant tumors as com-
pared to sensitive tumors and highlighted selective activation of genes
encoding a subset of TFs (Fig. 2b). To define TFs in this subset as
putative GLI1 cofactors with both enriched occupancy at hedgehog
target genes and selective activation in rBCCs, we carried out a mul-
ticomponent analysis that ranked the TFs with high scores in both
the GSEA and FOCIS enrichment analysis. Of the 615 possible TFs,
our multicomponent analysis identified SRF as the top candidate as
a putative GLI1 cofactor with increased transcriptional activity in
rBCCs (Fig. 2¢,d).

To determine a role for SRF in human BCCs, we examined SRF acti-
vation using our human BCC transcriptome data sets'2. GSEA revealed
similar SRF enrichment in both mouse and human rBCCs (Fig. 2d,e),
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and multicomponent analysis also revealed elevated SRF enrichment
at GLII targets in human rBCCs (Fig. 2f). We divided individual sub-
ject samples into those with mutations in genes known to activate the
canonical hedgehog pathway to confer resistance conferring resistance
and those without such canonical variants. In samples with a high
allele frequency for mutations in genes related to the classical hedge-
hog pathway, no SRF target gene enrichment was observed. However,
in three of four tumors without a detectable canonical mutation, we
observed positive enrichment for SRF target genes (Fig. 2g), suggest-
ing that SRF activation is the predominant alternative pathway driving
BCC resistance in tumors without SMO mutations. In accordance
with this observation, SRF target gene enrichment arose in resistant
mouse tumors exhibiting negligible changes in single-nucleotide vari-
ant (SNV) rate (Supplementary Fig. 2a). Previous studies indicated
that 50% of SMO-inhibitor-resistant tumors lack SMO mutations in
human subjects®21°. Similar to this subset of human resistant tumors,
PTC53 mouse-derived rBCCs contained low frequencies of Smo vari-
ants (Supplementary Fig. 2b). Intriguingly, additional FOCIS analysis
revealed SRF enrichment at GLI1 target sites using ChIP-seq data
from medulloblastoma (Fig. 2a—c) but not at GLI1 occupancy sites
in the developing central nervous system or at GLI3 sites during limb
bud formation (Supplementary Fig. 2¢), indicating that SRF binds
to GLI sites in tumorigenic, but not developing, tissues. Pathway
enrichment terms from human and mouse RNA-seq data comparing
transcriptome signatures for rBCCs versus sBCCs (Supplementary
Fig. 2d,e) suggest activation of cytoskeletal signaling networks?3.
Thus, we conclude that increased SRF transcriptional activity at GLI
target genes correlates specifically with tumor resistance.

SRF and MKL1 are required for rBCC growth and elevated
hedgehog pathway activity

Our bioinformatic analyses suggest that SRF functions to induce GLI1
activity through proximal binding to DNA (Fig. 2a). To determine
whether GLI1 forms a complex with SRF, we carried out inverse coim-
munoprecipitation (co-IP) experiments using Flag-GLI1 and hemag-
glutinin-tagged SRF (HA-SRF). Indeed, antibodies against Flag-GLI1
pulled down HA-SRF, and IP using HA resin pulled down HA-SRF
and Flag-GLI1 in human embryonic kidney (HEK-293T) cells
(Fig. 2h). Proximity ligation analysis (PLA) using two inde-
pendent SRF antibodies highlighted a SRF-GLI complex in situ
(Supplementary Figs. 3 and 4). We next investigated the role of
SRF in rBCC growth. Knockdown of SRF expression caused a sig-
nificant decrease in rBCC cell growth (Fig. 3a and Supplementary
Fig. 5c—e) and downstream hedgehog pathway output, measured by a
decrease in Glil mRNA expression (Fig. 3b), in mouse cells resistant
to the SMO inhibitor, vismodegib (Supplementary Fig. 5a,b). Taken
together, our data indicate that SRF maintains downstream hedgehog
activity and is necessary for rBCC growth.

SRF transduces a wide variety of environmental cues and is known
to act downstream of p38 MAP kinase, MAP kinase kinase (MEK),
protein kinase A (PKA), and MKL1 (refs. 24-27) to form distinct
heterodimeric transcriptional complexes (Fig. 3c). To determine
which upstream signals were required for SRF-driven BCC growth, we
screened a panel of inhibitors in two distinct SMO-inhibitor-resistant
mouse cell lines (ASZ001 and BSZ001) for those that could inhibit cell
growth and Glil expression; only the MKL inhibitor CCG-1423 was
capable of this (Fig. 3d-f and Supplementary Fig. 5i,L,r,s), whereas
inhibitors against other SRF-activating pathways (PKA, MEK-ERK,
and p38) demonstrated little effect, even at doses well above their
ICs (Supplementary Fig. 5f-n), supporting the specificity of MKL

inhibition. Direct knockdown of MKL1 or MKL2 expression and
treatment with two structurally distinct MKL inhibitors, CCG-203971
and CCG-100602, produced similar results (Supplementary Figs.
5t-vand 6). Human rBCCs reacted to MKL inhibition with a similarly
potent response rate (Fig. 3f and Supplementary Fig. 7). To assess
general toxicity, we measured the cell viability of nonmalignant epi-
thelial cells treated with MKL inhibitors; we observed little response
following treatment (Supplementary Fig. 50-q), highlighting the
tumor-specific nature of the signaling pathway. Finally, we used an
inverse pulldown assay in rabbit reticulocyte lysates to test whether
MKL1 formed a complex with GLI1 and SRF (Fig. 2i). We found that
GLI1 and SRF were immunoprecipitated with Myc-tagged MKLI,
supporting our conclusion that GLI1 forms a previously unknown
complex with SRF and MKL1.

We next asked whether activation of MKL1 was sufficient to acti-
vate hedgehog target genes in nonmalignant cells. MKL1 is kept inac-
tive in the cytoplasm through binding to monomeric G-actin via its
N-terminal RPEL domain?3, and deletion of this domain results in
nuclear accumulation of MKL120. Expression of constitutively active
MKL1 (MKL1-N*) in NIH-3T3 cells caused potentiation of hedge-
hog pathway activity following subthreshold SMO agonist (SAG)
treatment, whereas full-length MKL1 (MKL1-FL) produced mini-
mal activity following SAG treatment in wild-type cells (Fig. 3g and
Supplementary Fig. 5w). These data suggest that upstream activation
of MKL1 is required to potentiate expression of hedgehog target genes
and highlight a requirement for low-level hedgehog activation. Thus,
we conclude that MKL1 and SRF amplify the hedgehog pathway by
potentiating GLII expression.

GLI1-SRF occupies and regulates a distinct subset of target
genes

To define the transcriptome-wide gene regulatory signature for MKL
and SMO in rBCC cells, we carried out RNA-seq in mouse rBCC cells
(ASZ001) treated with MKL and SMO inhibitors. RNA-seq analy-
sis indicated that 1,448 genes were dependent on MKL and only
139 genes required SMO for expression, with 50 genes overlapping
between these sets (Fig. 3h,i). To further investigate the mechanism
underlying gene regulation by SRF and GLI1, we identified genomic
regions directly occupied by these proteins using ChIP-seq in medul-
loblastoma cells. We identified 6,519 ChIP peaks for SRF and 4,638
peaks for GLI1, with 632 sites overlapping (Fig. 3j). Consistent with
results from our FOCIS analyses (Fig. 2a—c), GLI1 occupied binding
sites in close proximity to SRF ChIP peaks (Fig. 3k,1). ChIP peak
profiles indicated SRF occupancy in the 5 untranslated region (UTR)
of hedgehog pathway activators GLI1 and GLI2, but not hedgehog
repressors GLI3 and PTCHI (Fig. 3m and Supplementary Fig. 8a—c),
suggesting that SRF and MKL1 amplify hedgehog activity via regulat-
ing expression of hedgehog pathway activators.

Results from our multidimensional screen (Fig. 2) suggest that
SRF binds to GLI1 target sites that are enriched in rBCCs, which led
us to investigate whether SRF binding to hedgehog targets required
MKLI and/or GLI1. We performed SRF and MKL1 ChIP analyses
followed by qPCR to determine state-dependent SRF-MKL1 occu-
pancy at GLI1-SRF co-bound hedgehog target genes in mouse rBCC
cells (ASZ001). Treatment with the MKL1 inhibitor CCG-1423
abolished the SRF-MKL1 ChIP signal at these sites (Fig. 3n and
Supplementary Fig. 9), indicating that MKL1 activation is required
for occupancy. Notably, GLI1 inhibition with the aPKC inhibitor
PSI, previously shown to prevent GLI1 association with chroma-
tin'4, abolished SRF-MKLI occupancy at hedgehog target gene loci,
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suggesting that GLI1 is also required for SRF-MKL1 recruitment and Actb, but not Gli2, required MKLI for expression (Fig. 30-r),
to hedgehog target genes. In contrast, SRF binding sites with no  indicating that MKL1 promotes expression of a wide array of hedge-
associated GLI1 ChIP signal (for example, FoxF1) did not require hog target genes in rBCC cells. Taken together, our results suggest
MKLI or GLI1 for SRF occupancy (Fig. 3n). We determined whether  that GLI1 recruits SRF and MKL1 to hedgehog target gene loci and
GLI1-SRF co-bound genes required MKL for expression using RNA-  the SRF-MKLI complex is required to maintain elevated expression
seq data from rBCC cells (Fig. 3h,i), and we found that Glil, Ccnd2, of hedgehog target genes.
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Figure 3 SRF and MKL1 are necessary for rBCC growth and potentiate hedgehog pathway activity. (a) Results from a MTS assay used to measure cell
growth in ASZ0O1 cells with stable expression of antisense shRNAs against Srfand scrambled control shRNA; data show relative MTS absorbance at
490 nm for shSrf-transfected cells compared to cells transfected with a scrambled control shRNA. n = 3 biological replicates (representing 3 separate
wells per data point). (b) Results from qPCR of G/iI in ASZOO1 cells with transient SRF knockdown. Cells were transfected with antisense siRNAs to
transiently knock down expression of Srfor with scrambled control siRNA. n = 3 technical replicates per condition. (¢) Schematic of the known
SRF-activating pathways and associated inhibitors (shown in red). (d) Results from a MTS assay using the MKL inhibitor CCG-1423 in ASZ001 cells.
Data points represent mean MTS absorbance (n = 3 biological triplicates as described in a) £ s.d. The red line indicates the previously reported ICgq

for CCG-1423. (e) Relative expression of G/il mRNA in mouse ASZ001 cells following CCG-1423 treatment. n = 3 technical replicates per condition.
(f) Results from a MTS growth assay carried out in human rBCC cells (UW-BCC1) treated with the indicated concentration of MKL inhibitor. The red

line indicates the previously reported ICsq for CCG-1423. n = 3 biological replicates (as described in a) per condition. (g) mRNA expression of G/il in
NIH-3T3 cells following SAG treatment in cells expressing MKL1-FL and MKL1-N*. n = 3 technical replicates per data point. (h) A heatmap of results
from RNA-seq analysis used to determine differential expression of genes regulated by CCG-1423 (1 uM; left) and vismodegib (150 nM; right) in
ASZ0O01 cells. (i) Graph showing the number of overlapped genes downregulated by CCG-1423 and vismodegib as determined through RNA-seq.

(j) Graph showing SRF and GLI1 genome-wide binding profiles identified through ChIP-seq and overlap within respective genomic peak intervals.

(k) ChIP-seq peak enrichment for GLI1- and SRF-bound loci across 6-kb genomic regions centered on SRF peaks. () Positional ChlP-seq peak
enrichment for SRF relative to GLI1. (m) Representative snapshot of local ChIP-seq peak enrichment at the G/i1 genomic locus. (n) ChlIP followed by
gPCR using oligonucleotides against the 5" UTRs of G/i1, Gli2, Ccnd2, Actb, and FoxF1. Data represent mean gPCR fold enrichment over 1gG control + s.d.
(o-r) RPKM values from RNA-seq data for genes showing differential ChlP occupancy as determined in n. n = 3 biological replicates (described in a) per
condition. Data in a, b, e, and o-r represent means for triplicate observations + s.e.m. Data in f-g represent means for triplicate observations + s.e.m.

A Student’s t-test (two-tailed) was used to determine significance for pairwise observations. *P < 0.05, **P < 0.001. For all ChIP experiments, 150 nM,
1 uM, and 5 uM of vismodegib (vismo), CCG-1423 (CCG), and PSI, respectively, were administered.
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Figure 4 MKL1 accumulates in the nucleus in mouse and human rBCCs. (a,b) Representative immunofluorescence staining images from mouse (a) and
human (b) BCC tumor sections following staining with antibodies against MKL1 and KRT14 (marker for cytoplasmic compartment); DAPI| was used to
mark nuclei. Scale bars, 50 um and 10 pm in low- and high-magnification fields, respectively. In a, n= 16 rBCCs and 14 sBCCs; in b, n =24 rBCCs
and 11 sBCCs. (c,d,f,g) Compartmental quantification of tumor immunostaining shown in a and b. Pearson’s coefficient was used to determine MKL1
staining correlation with KRT14 (cytoplasmic) staining. A two-tailed Student’s t-test was used for statistical analysis. ***P < 0.001. (e) ASZ0O1 cellular
fractionation followed by immunoblotting for SRF and MKL1 showing nuclear localization. Cyto, cytoplasmic; nuc, nuclear.

Nuclear MKL1 is present in the majority of rBCCs

Nuclear SRF-MKLI activity requires elimination of G-actin-mediated
inhibition of MKLL1 in the cytoplasm?®28. Qur bioinformatic analy-
ses indicated that SRE-MKL1 was activated in rBCCs that had little
change in SRF or MKL1 expression levels (Supplementary Fig. 10),
leading us to investigate the nuclear accumulation of MKLI in human
and mouse BCC samples. Biochemical and immunohistological
subcellular localization studies identified the presence of nuclear
MKLI in rBCCs, but not in sBCCs, in mice (Fig. 4a,c,d; n = 16
rBCCs and n = 14 sBCCs) and humans (Fig. 4b,f,g; n = 24 rBCCs
and n = 11 sBCCs). Our human BCC data suggest that tumors with

constitutively active SMO (canonical resistance) do not require
MKLI activation for growth (Fig. 2g). To further explore this idea,
we examined MKL1 compartmentalization in a mouse model of BCC
resistance driven by the SmoM2 mutation and, in accordance with
our genomic data, found that MKL1 remains uniformly cytoplas-
mic when SMO is constitutively active (Supplementary Fig. 11).
Subcellular fractionation using a rBCC mouse cell line (ASZ001)
indicated that both SRF and MKLI1 are abundant in the nucleus
(Fig. 4e). Taken together, our data support a model in which SRF and
MKLI become activated in rBCCs via upstream signals promoting
nuclear accumulation of MKL1.
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Figure 5 Downstream hedgehog activation requires active Rho and mDia. (a) Representative mouse tumor staining showing activated Rho (Rho-GTP),
SRF, and KRT14 highlights tumor area; DAPI marks nuclei. n = 6 sBCCs and 6 rBCCs. Scale bar, 50 um. (b) Quantification of Rho-GTP staining in a.
Data show mean pixel intensity + s.d. A two-tailed Student’s t-test comparing resistant versus sensitive was used for statistical analysis. *P < 0.05.
(c—f) MTS growth assays in ASZ0O01 cells treated with inhibitors against Rho (Rho inhibitor I, ¢), Rho-associated protein kinase (thiazovivin, d; and
Y-27632, e), and mDia (SMIFH2, f). The vertical red lines indicate the previously reported IC5q value for the indicated inhibitor. A two-tailed Student’s
t-test was used to calculate P for each data point compared to vehicle control (0) in c—f. Data in c—f represent means of n = 3 biological replicates
(indicating 3 individual wells) + s.e.m. for each data point compared to vehicle control (0). (g) G/i1 expression in NIH-3T3 cells expressing wild-type
Rho (Rho-WT), constitutively active Rho (Rho-CA), wild-type mDia (mDia-WT), or constitutively active mDia (mDia-CA). Cells were treated with 20

nM SAG for 24 h after the indicated transfection and with 2 uM CCG-1423 (CCG) at the time of SAG treatment as indicated. Data represent mean
gPCR induction of G/i1 expression using technical replicates (n = 3) + s.d. A Student’s t-test was used in c—g to determine significance for indicated

conditions versus control. *P < 0.05, ***P < 0.001.

Actin cytoskeletal regulators are activated in resistant tumors
and are required for BCC cell growth

Our observation that SRF-MKLI nuclear localization potentiates
GLI-driven BCC growth suggests that local tumor stimuli provide
the necessary activation to drive resistance. Previous studies demon-
strated that Rho activation is the primary driver of G-actin conver-
sion to F-actin?®. This conversion causes a local reduction in G-actin
availability, resulting in decreased actin binding to the RPEL domain
of MKL1. Release of G-actin binding causes MKLI transport to the
nucleus®, which led us to examine the status of the Rho-actin path-
way in rBCCs. Using a state-dependent antibody against activated
Rho (Rho-GTP; Supplementary Fig. 12), we found that RhoA has
increased activity in resistant tumors relative to sensitive tumors
(Fig. 5a,b and Supplementary Fig. 13). rBCC cells displayed sensitiv-
ity to sub-ICs, concentrations of Rho inhibitor treatment (Fig. 5¢),
further implicating RhoA.

Active RhoA affects cytoskeletal changes by promoting actin
polymerization through activation of ROCK and mDia31:32. We
investigated the necessity of these individual Rho effectors in rBCC
cells using specific inhibitors. ROCK inhibitors (thiazovivin and
Y-27632) failed to suppress rBCC cell growth (Fig. 5d,e); however,

mDia inhibition (SMIFH2) potently blocked rBCC cell growth
(Fig. 5f). To determine whether actin cytoskeletal mediators were
sufficient to potentiate GLI1 activity, we expressed Rho and mDia in
NIH-3T3 cells and observed increased phalloidin staining, indicating
an increased concentration of F-actin (Supplementary Fig. 14a—e).
We reasoned that F-actin accumulation would result in MKL1 activa-
tion, thereby causing hedgehog pathway activation. Indeed, elevated
Rho and mDia expression promoted GLII expression following
stimulation with SAG (Fig. 5g), suggesting that cytoskeletal activa-
tion is sufficient to potentiate the hedgehog pathway. This effect was
abrogated by the MKL1 inhibitor CCG-1423, indicating that Rho and
mDia act upstream of SRF-MKLI. Taken together, our data provide
new mechanistic details for a link between cytoskeletal regulators and
hedgehog pathway activation.

Mouse and human BCCs respond to MKL1 inhibitors in vivo

Our human tissue and in vitro data suggest that resistant tumors have
evolved to activate a RhoA-mDia-actin-SRF-MKL1 pathway to
potentiate GLI-dependent signaling and BCC growth. To determine
the therapeutic potential of this pathway, we investigated allografts
of rBCCs generated from PTC53-BCC mice (Fig. 1) after treatment
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Figure 6 Pharmacological inhibition of MKL1 produces an in vivo therapeutic response in mouse and human BCCs. (a) Resistant tumor growth (parental
tumor 1) following treatment with SMO inhibitor (vismodegib; intraperitoneal (i.p.), 100 mg per kg body weight), MKL inhibitor (CCG-203971; i.p., 100
mg per kg body weight), or vehicle control (DMSO) via i.p. injection. A Student’s t-test was used to determine the change in drug-treated tumor volume
relative to vehicle control. *P < 0.05. n = 4 tumors for each condition. Data are repeated in Supplementary Figure 15 using a distinct parental tumor
line. (b) Representative tumors after treatment with the indicated inhibitor. (¢) Results from qPCR performed to measure G/i1 mRNA expression in
resistant mouse tumors treated with the indicated inhibitors (n = 12 tumors per condition). A Student’s t-test was used to compare indicated treatment
versus vehicle control. *P < 0.05, ***P < 0.001. (d) Immunofluorescence staining for MKL1 showing cytoplasmic localization in CCG-203971-treated
tumor sections; DAPI marks nuclei. The yellow dashed lines highlight cell nuclei. Scale bar, 10 um. (e) Quantification of MKL1 nuclear pixel intensity
in tumors from d treated with the indicated inhibitors (n = 100 cells per condition). **P < 0.01. A Student’s t-test was used to compare indicated
treatment versus vehicle control. (f) Tumor volume of drug-naive mouse tumors following treatment with vehicle control (DMS0), CCG-203971 (i.p.,
100 mg per kg body weight), SMO inhibitor (XL139, oral gavage 25 mg per kg body weight), or the indicated combination. *P < 0.05, **P< 0.01. A
Student’s t-test was used to compare indicated treatment versus vehicle control. (g,i) Representative immunofluorescence fields highlighting variable
nuclear localization (g) and cytoplasmic accumulation (i) of MKL1 in human advanced BCC tumor explants. Ten consecutive fresh surgical specimens
were stained. KRT14 marks tumor area and DAPI marks nuclei in each field. Scale bars in g and i, 50 pm and 10 um in low- and high-magnification
fields, respectively. (h) Results from gPCR showing GL/1 expression in the treated tumor in g. A Student’s t-test was used to compare individual data
points versus vehicle control. *P < 0.05, **P < 0.01. (j) Results from gPCR showing the change in GL/I expression in response to the indicated
treatments. A Student’s f-test was used to compare individual data points versus vehicle control. **P < 0.01. (k) Relative GL/I expression in response
to MKL1 inhibition (blue circles) or SMO inhibition (red triangles) determined through qPCR (n = 10 tumors). The best-fit linear regression line (black
dotted line) is shown to highlight the relationship between nuclear MKL1 and GL/1I response following MKL1 inhibition. Data in a, ¢, f, h, j, and k
represent means + s.e.m.; data in e represent mean + s.e.m.

with the MKL1 inhibitor CCG-203971, which has recently been
shown to have in vivo tolerability®>34. Consistent with our in vitro
growth data, systemic MKL1 inhibition caused a dramatic decline
in resistant tumor growth in vivo as compared to SMO inhibition in
two independent parental tumor lines (Fig. 6a,b and Supplementary
Fig. 15). MKLLI inhibitors caused significantly reduced levels of GLII
expression (Fig. 6¢), reflecting the dependence of our mouse resist-
ant tumors on the hedgehog pathway. SMO inhibition also caused a
reduction in GLII expression; however, GLII depletion did not reach
the threshold necessary for disease response (Fig. 6¢), which is con-
sistent with reports of moderate GLII inhibition accompanying the
limited response in patients with rBCCs treated with arsenic trioxide
and itraconazole3>. The MKL1 inhibitor, but not vismodegib, pre-
vented MKL1 recruitment into the nucleus of tumor cells and caused
a reduction in proliferation (Fig. 6d,e and Supplementary Fig. 16).
As sBCCs contain mainly cytoplasmic MKL, we predicted that they

would respond to SMO inhibition but not to MKL1 inhibitors. Indeed,
sBCCs and sensitive cell lines responded to SMO inhibitors but only
weakly to CCG-203971 (Fig. 6f and Supplementary Fig. 17), suggest-
ing that MKL1 dependence predominates in rBCCs but not in sBCCs.
Thus, we conclude that systemic treatment with MKLI inhibitors
considerably improves tumor outcome as compared to treatment with
SMO inhibitors in rBCCs.

To determine the therapeutic potential of MKLI inhibitors in advanced
human BCCs and because of the inability to generate patient-derived
xenografts (PDXs), we developed tumor explant culture conditions for
ten consecutive freshly resected advanced BCCs from human subjects.
In contrast to simple BCCs, advanced BCCs are naive to SMO inhibitors
but regularly exhibit partial resistance at the time of treatment!®3¢. We
measured GLII transcript levels in RNA extracts from tumor explants
containing nuclear MKL1; we observed a significant reduction in GLI1
expression in MKL-inhibitor-treated tumors relative to vehicle-treated
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controls (Fig. 6g,h and Supplementary Fig. 18), suggesting that MKL1
inhibition may provide a therapeutic benefit in this subset of patients.
Similar to the naive mouse tumors, human tumors containing inac-
tive cytoplasmic MKL1 did not respond to CCG-1423 (Fig. 6i,j and
Supplementary Fig. 18g-1), indicating that MKLI inhibition has a
limited therapeutic benefit in this subset of tumors. Notably, treatment
with the SMO inhibitor vismodegib produced a robust GLII response
in two independent tumors with cytoplasmic MKL1 (Fig. 6j and
Supplementary Fig. 18i,]). Further quantification of MKL1 compart-
mentalization revealed a strong correlation between MKLI nuclear accu-
mulation and the response to MKL1 inhibitors in human tumor explants
(Fig. 6k). We conclude that MKLI inhibition has in vivo efficacy in
mouse rBCCs and human tumor explants. Our results uncover a previ-
ously unknown mechanism through which the Rho kinase-MKL1-SRF
pathway activates GLI1 activity, causing resistance, and demonstrate
that inhibitors of this pathway provide a promising therapeutic avenue
for patients with rBCCs.

DISCUSSION

Results from our tumor sequencing and histologic studies in human
BCC samples highlight SRE-MKL1 activation as a dominant driver
of growth in the majority of rBCCs and validate the initial results
from our mouse model of resistance. We reveal that SRE-MKL1 acts
as a new activator of the hedgehog signaling pathway by potentiat-
ing GLII transcriptional activity. Additionally, our studies demon-
strate antitumor activity for MKL1 inhibitors in both human tumor
explants and in our mouse model of resistance, providing preclinical
justification to add MKL1 as a new therapeutic target to the cancer
armamentarium.

We demonstrate that nuclear (activated) MKL1 is present in the
majority of rBCCs (Fig. 4), implicating active MKLI as a dominant
driver of tumor resistance. It should be noted that tumor burden was
reduced in sensitive mouse tumors treated with the MKL inhibitor
(Student’s t-test for treatment versus control at days 11, 14, and 18, P
< 0.05); however, the effect was much more pronounced with SMO
inhibitor treatment in these naive tumors (Fig. 6f). This suggests a
small amount of tumor heterogeneity in drug-naive mouse tumors.
In fact, six out of ten highly advanced human naive BCCs displayed
high levels of nuclear MKL1 (Fig. 6k), suggesting that this pathway
plays a major role in innate BCC resistance, which is present in ~60%
of advanced drug-naive BCCs3¢. We knocked down expression of
additional RPEL proteins (PHACTRI and KDM3A) and observed
no change in hedgehog pathway activity (Supplementary Fig. 19),
suggesting that MKL is unique among RPEL proteins with respect to
hedgehog pathway modulation. Our GSEA data indicate that SRF is
activated only in human tumors that do not contain SMO mutations
(Fig. 2g). Notably, we demonstrate that this ‘nuclear MKL1 patient
group’ responds favorably to MKLI1 inhibitors by reducing GLII
expression (Fig. 6k). Our initial study demonstrated predominantly
cytoplasmic MKLLI in sporadic human BCCs, with a few small regions
containing nuclear MKLI1 (Fig. 4f and data not shown). However,
nuclear MKLI appears to be enriched in highly advanced naive BCCs
from humans (Fig. 6k) and further enriched in cases resistant to SMO
inhibitors (Fig. 4g). Thus, tumor heterogeneity with respect to MKL1
nuclear localization underpins the need to define patient subtype to
inform therapeutic outcome.

Our observation that GLI1 binds near, but not directly at, the
center of the SRF enrichment profile suggests that these TFs may
exist as part of a large TF complex. In accordance with this hypoth-
esis, GLI1, SRF, and MKLI1 form a complex (Fig. 2h,i); however,
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GLI1 and SRF chromatin binding sites do not overlap directly, sug-
gesting that they interact indirectly through undiscovered complex
members found at common gene loci (Fig. 31 and Supplementary
Fig. 20). Additionally, GLI1 directs SRF occupancy at GLI-bound
target sites (Fig. 3n), which is consistent with previous work
indicating that SRF target specificity is determined by its bind-
ing partners!7-1°. We did not observe a change in MKL1 compart-
mentalization upon GLI1 inhibition (Supplementary Fig. 21),
suggesting that GLI1 recruits MKL through an intranuclear mecha-
nism. We detected the PLA signal using GLI1 and SRF antibodies
(Supplementary Figs. 3 and 4); however, we did not observe the
PLA signal for GLI1 and MKLI (data not shown). This observation
suggests closer proximity for GLI1-SRF protein binding compared
to GLI1-MKL1; however, both SRF and MKL1 exist in a complex
with GLI1 (Fig. 2h,i). The GLII target binding identified in this
study (Fig. 3m,n) was not observed in previous SRF and MKL1
ChIP-seq data sets3”-38. However, ENCODE data sets do contain
SRF ChIP signals at both hedgehog targets and other oncogenic pro-
moters in tumor, but not normal, tissues (Supplementary Fig. 22),
illustrating how SRF recruitment through GLII further broadens
its genomic binding capabilities in the context of tumor resistance.
The necessity for GLII recruitment comes from the finding that
Rho-mDIA-SRF-MKLI activity is not sufficient to induce GLII
expression (Figs. 3g and 5g), and SRF-MKL1 does not activate
the other TF pathways we examined in BCCs (data not shown).
A recent report highlighted an interaction between MKL1 and
JMJDI1A that destabilized GLI1 at the protein level and caused sup-
pression of hedgehog pathway activation3®. However, JMJD1A is not
expressed in human or mouse BCCs, indicating that rBCCs have
evaded this GLI1 protein stabilization mechanism.

Our study provides a strong physiological connection between
tumorigenic hedgehog signaling and SRF-MKLI that has not been
explored previously, to our knowledge. Emerging studies on the role
of hedgehog signaling in the fibrotic response of scleroderma?’,
along with the established role of SRE-MKLLI in inflammation, sug-
gest that rBCCs, although expressing canonical keratinocyte mark-
ers, have acquired characteristics of myofibroblasts. Previous studies
have attributed cytoskeletal alteration in tumor progression to the
increased mobility and deformability of activated cells*!. Moreover,
Rho activation is known to increase metastatic ability through the
actin cytoskeleton and indirectly through SRF-MKL1 activation2%-42.
Our human and mouse RNA-seq data highlight an upregulation of
genes involved in integrin activation (Supplementary Fig. 2d,e), a
known activation pathway upstream of Rho. Our data are consist-
ent with findings from a recent study that compared human BCCs
to healthy skin, uncovering integrin activation as the most highly
enriched pathway term?3. This suggests that many sporadic BCCs
from humans have upregulated adhesion signaling, which may play
a role in the 50-70% of patients who develop resistance®. Integrin
activation likely results from changes within the extracellular matrix,
suggesting that the tumor microenvironment plays an important role
in growth of drug-resistant tumors. The observation that BCCs do not
grow in PDXs further suggests a role for the tumor stroma in BCC via-
bility. In our study, we addressed this by developing culture conditions
for patient-derived explants (Fig. 6g-k). Efforts to improve culture
conditions to facilitate additional assays (for example, growth assays)
are ongoing. Our finding that mDia, but not ROCK, is required down-
stream of Rho for rBCC growth (Fig. 5d-f) adds an additional mecha-
nistic detail and potential therapeutic target for treatment of patients
refractory to SMO inhibitors. A previous study describes an inhibitory
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role for mDial in DYRK1A-dependent GLI transcription*3. We
found that mDia promoted GLI-dependent transcription (Fig. 58),
suggesting that DYRK1A and Rho stimulate mDia to produce oppos-
ing outcomes on the hedgehog pathway. How mDia promotes these
opposing outcomes is an important area for future investigation.
Taken together, our results suggest that the tumor microenvironment
provides progrowth signaling to promote cytoskeletal remodeling and
resistance to targeted therapies through potentiating GLI signaling
(Supplementary Fig. 23).

This study uncovers a potent and exciting therapeutic target for
future cancer treatment. Our multicomponent genomic analyses
highlight SRF and MKL1 as new activators of hedgehog-dependent
transcription, and we utilize this finding to target MKL1 with phar-
macological inhibitors to treat rBCCs. Our in vivo mouse (Fig. 6a—f)
and human tumor explant (Fig. 6g-k) data highlight the therapeu-
tic potential for MKLI inhibitors in human BCCs. Previous studies
have focused on the role of SRF-MKL1 in inflammation*4; however,
our work provides preclinical justification to extend MKL1 inhibi-
tors to oncogenic therapy. The demonstration that SRE-MKLI1 can
potentiate oncogenic driver pathways opens the possibility of using
MKLLI inhibitors as a therapeutic in other tumor types. The activi-
ties of MKL1 inhibitors and SMO inhibitors are likely to synergize
when used in conjunction given the parallel nature of these signaling
pathways in BCCs; thus, combination therapy will be a major focus
as these inhibitors move toward clinical development.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Subject case samples. Written informed consent was obtained for all human
subject samples and was reviewed by the Stanford University Institutional
Review Board. rBCCs and sBCCs were defined using the Response Evaluation
Criteria in Solid Tumors (RECIST) method. BCC tumors that exhibited pro-
gressive or stable growth following continuous treatment with vismodegib
(150 mg per day) were defined as resistant tumors. BCCs exhibiting partial or
complete regression with vismodegib treatment (150 mg per day) were defined
as sensitive tumors, as defined by RECIST.

Ptch*/-; KRT14-Cre-ER; Trp53f1/fl mice. All mice were housed under
standard conditions, and animal care was in compliance with the protocols
approved by the Institutional Animal Care and Use Committee (IACUC)
at Children’s Hospital Oakland Research Institute (CHORI) and Stanford
University. PTC53-BCC mice were generated and used to generate BCC
tumors as described previously?/#>. Here we exposed mice to irradiation
(5 Gy) using an X-ray irradiator. To generate resistant tumors, initial tumors
from PTC53-BCC mice were passaged into NOD-SCID mice as described
in the original PTC53-BCC model. NOD-SCID mice were then treated with
the Smo inhibitor GDC-619 after tumors reached 100 mm?3 in volume. Mice
received three treatments of Smo inhibitor over 10 d before cessation of inhib-
itor treatment. Regressed tumors were allowed to grow without inhibitor for
20 d before treatment with another round of the Smo inhibitor as described
above. Growth and inhibitor cycles were repeated until tumors became resist-
ant to the Smo inhibitor (continued growth in the presence of GDC-619).
An average of three growth-inhibitor-treatment cycles were required to pro-
duce resistant tumors. For in vivo validation of MKL1 inhibition, resistant
tumors were generated in NOD-SCID mice using the method outlined above.
To account for differences in growth rates between parental resistant tumors,
we passaged each parental tumor into additional NOD-SCID mice so that
drug treatment and vehicle control were compared between mice seeded
with a common parental tumor (n = 3 tumors per mouse). Mice received
drug treatment via i.p. injection daily for 15 d using 100 mg CCG203971
(Cayman Chemical) and/or vismodegib (Selleckchem) per kg body weight.
Treatment was administered starting at the time of tumor passage for both
CCG203971 and vismodegib. The SMO inhibitor XL-139 (25 mg per kg body
weight) was administered by oral gavage every 48 h to NOD-SCID mice with
BCC allografts for initial resistant tumor generation and drug treatment in
drug-naive BCCs (Fig. 6f).

Mouse whole-exome tumor sequencing. Exome-seq of mouse tumors was
carried out using tissue frozen in RNAlater (Ambion) at -80 °C. Tumor DNA
was isolated using the DNeasy Blood & Tissue Kit (Qiagen). Exome capture
was performed with the Agilent SureSelectXT kit using 2 1g of DNA. Paired-
end 100-bp reads were generated using isolated whole exomes sequenced
on the Illumina HiSeq 2500 platform. Our exome-seq pipeline produced a
mean coverage of 195x within coding regions. Sequencing reads were aligned
to the mouse reference genome sequence (mm9) using Burrows-Wheeler
Aligner. SAM file to BAM file conversion was carried out using Picard tools,
and local realignment around indels with base-quality-score recalibration
was performed using the Genome Analysis Toolkit (GATK). Single-nucle-
otide variants (SNVs) were called using GATK. The annotation of nonsyn-
onymous SNVs was performed using Annovar. Comparison to the human
BCC mutational landscape was performed using previously published vari-
ants!'2. Smo mutation was identified through calling variants on unfiltered
alignment files using SAMtools and was annotated through SnpEff using
the GRCm38.71 genome.

RNA sequencing and bioinformatic screening. Library preparation, sequenc-
ing, and mapping were carried out as described previously!? with minor modi-
fications. Alignment was performed using TopHat with mm9 as a reference
genome. The DEseq R package was used to create a preranked list of genes
differentially expressed in resistant versus sensitive tumors, and this list was
used to perform GSEA (Broad Institute) using the TRANSFAC database for
TF targets. Enriched TFs were ranked according to the FDR determined from
GSEA; this is presented in Figure 2. An additional GSEA was carried out using

RNA-seq data from published human rBCCs (1 = 6) and sBCCs (n = 4)'2, which
were ranked according to FDR score, as described above. Pathway enrichment
terms from RNA-seq data were obtained using Enrichr.

GLI1 ChIP-seq data were obtained from mouse embryonic central nervous
system*’, mouse granular neural progenitors (GNPs; Supplementary Fig. 2¢)
and medulloblastoma (Fig. 2a,c; unpublished data), and an additional data set
of mouse GNPs*8. GLI3 ChIP-seq data were obtained from mouse embryonic
limb bud®.

TFs sharing occupancy sites with GLI1 and GLI3 were identified using
FOCIS, as described previously?2. FOCIS pattern matches TF binding sig-
natures from chromosomal interval data (GLI1 ChIP-seq in our case) with
the curated data sets from ENCODE, TRANSFAC, JASPER, Swiss Regulon,
HOCOMOCO, and UCSC Conserved TFBS databases. To determine enrich-
ment at GLI1 or GLI3 binding sites, subset and background data sets were gen-
erated using GLI1 or GLI3 ChIP-seq data. Putative GLI1 cofactors were ranked
according to FOCIS enrichment (Z-score). Enrichment scores were generated
through conversion of Z-scores to a scale between 0 and +1. Multidimensional
genomic analysis was performed through plotting GSEA rank and FOCIS
enrichment along the x and y axis, respectively (Fig. 2c). Additional multidi-
mensional analyses were carried out using GSEA data from human RNA-seq
read values as described above. GSEA enrichment scores for SRF were obtained
for individual human resistant tumors by running the GSEA algorithm for
each resistant tumor compared to the mean sequencing values for all sensitive
tumors in the data set.

Chromatin immunoprecipitation. Protein-DNA complexes were isolated
from ASZ001 cells, and these were used to map chromatin occupancy of
endogenous SRF, as described previously*® with minor modifications. Cells
were cross-linked with 1% formaldehyde for 10 min. Cells were lysed in modi-
fied RIPA buffer (50 mM Tris, 150 mM NaCl,, 1% Triton X-100, 0.75% SDS,
0.5% sodium deoxycholate), which was supplemented with protease and phos-
phatase inhibitor cocktail (Roche). Cellular extracts were sonicated using a
Covaris B208 ultrasonicator to produce chromatin fragments 100-400 bp
in length. Cleared extract was incubated with 5 pg of antibody against SRF
(Santa Cruz) or nonspecific IgG control antibody (Cell Signaling) overnight
and precipitated using Protein A/G Sepharose beads. Beads were washed
with ChIP wash buffer (100 mM Tris pH 9.0, 500 mM LiCl, 1% IGEPAL,
1% deoxycholic acid, protease inhibitor cocktail (Roche)) and protein-DNA
complexes were eluted with IP elution buffer (1% SDS, 50 mM NaCOHj;).
Cross-links were reversed by incubation at 67 °C overnight while shaking
at 1,400 r.p.m. on a thermoshaker. RNA was digested with 0.2 ug/ml RNase
A at 37 °C for 30 min. DNA was isolated using Qiagen MinElute columns
following the manufacturer’s instructions. The relative fold enrichment of
SRF was determined via adding DNA to the Brilliant II SYBR Green qPCR
Master Mix Kit (Agilent Technologies). Data from ChIP with a nonspecific
IgG control antibody incubated with the ASZ001 extract were used as a control
in calculation of fold enrichment.

ChIP-seq libraries were generated using the standard protocol for
the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England
BioLabs). ChIP libraries were sequenced using the Illumina HiSeq 4000
platform. Alignment was carried out using TopHat with mm9 as a refer-
ence genome. High-confidence peaks were obtained using MACS2 (P <
0.0001; dynamic Poisson distribution). Background removal was carried
out via submitting replicates to irreproducible discovery rate (IDR) filter-
ing. DEseq was used to determine enrichment at GLI1 and SRF peaks. The
heatmap and histogram were generated using the annotatePeaks.pl script
in the Homer suite as described previously®?. Heatmap data were visual-
ized using Java TreeView. Read pileups at genomic loci were imaged using
Integrated Genomics Viewer (Broad Institute). High-confidence peaks were
annotated for gene associations using the Genomic Regions Enrichment of
Annotations Tool (GREAT)>L.

Immunofluorescence. BCC tumors were fixed with 4% paraformaldehyde and
embedded in paraffin blocks. 5-pm sections were mounted onto glass slides and
stained with H&E or were immunolabeled using the antibodies listed below. Cells
plated in 8-well chamber slides (Millipore) were fixed using 3.7% formaldehyde
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diluted in PBS for 10 min. Sections or chamber slides were immunostained
using a previously described protocol (Cell Signaling Technologies IF General
Protocol; https://www.cellsignal.com/contents/resources-protocols/immun-
ofluorescence-general-protocol/if) using the following antibodies and
dilutions: anti-SRF (1:100, Santa Cruz Biotechnology, sc-335; Supplementary
Fig. 24), anti-keratin 14 (1:500, Abcam, ab130102), anti-GLI1 (1:100, R&D
Systems, AF3455; Supplementary Fig. 25), anti-MKLI1 (1:200, Sigma,
HPA030782; Supplementary Fig. 26), anti-p-tubulin (1:500, DSHB, E7), and
anti-Ki-67 (1:1,000, Abcam, ab15580). The fluorescent-labeled secondary anti-
bodies used were as follows: anti-goat Alexa Fluor 488 (1:500, Life Technologies,
A-11055), anti-mouse Alexa Fluor 488 (1:500, Life Technologies, A-21202),
anti-rabbit Alexa Fluor 555 (1:500, Life Technologies, A-31572), anti-mouse
Alexa Fluor 594 (1:500, Life Technologies, A-21203), and anti-chicken Alexa
Fluor 647 (1:500, Jackson Immuno Research, 703-606-155). Confocal imaging
was carried out using a Leica SP8 microscope equipped with an adjustable white
light laser and hybrid detectors. To quantify GLII expression in BCCs (Fig. 1),
pixel intensity was measured using Image] in regions that stained positive for
keratin 14. For each condition (sensitive and resistant), 3 fields were counted in 5
independent tumors for a total of 15 data fields per condition. Subcellular locali-
zation of SRF and MKL1 (Fig. 2) was quantified through multiposition intensity
profiles using the Image] multi-plot plug in. Keratin 14 and DAPI staining were
used as guides to determine cytoplasmic and nuclear localization, respectively.
The percentage of cells staining positive for nuclear MKL1 in human BCCs was
quantified through flash freezing tumor fragments and embedding them in
optimum cutting temperature (O.C.T.) compound for cryosectioning. Nuclear
MKLI was quantified using DAPI as a guide for nuclei and KRT14 as a guide
for tumor area. Actin filament staining was carried out using phalloidin 488 and
647 (Life Technologies).

Proximity ligation assay (PLA) staining was carried out using co-labe-
ling with primary antibodies against GLII (raised in goat) with SRF (raised
in rabbit), GLI1 with MKL1 (raised in rabbit), and GLI1 with non-specific
rabbit IgG (Cell Signaling). Secondary antibodies consisted of Duolink
goat plus (Sigma, DUO92003) and rabbit minus (Sigma, DUO92005).
Detection of complexes was carried out using Duolink Red in situ reagents
(Sigma, DUO92008).

Immunoblotting. Whole-cell extracts were harvested using RIPA buffer sup-
plemented with protease and phosphatase inhibitors (Roche), run on SDS-PAGE
gels (Life Technologies), and then transferred onto nitrocellulose membranes. To
prepare nuclear extracts, cells were resuspended in hypotonic lysis buffer (10 mM
HEPES pH 7.9, 1.5 mM MgCl,, and 10 mM KCl) and dounced 15 times. Isolated
nuclei were pelleted and resuspended in RIPA buffer. Immunoblotting was car-
ried out using antibodies against the following proteins: GLI1 (Cell Signaling,
2534) (Supplementary Fig. 27), B-tubulin (Developmental Studies Hybridoma
Bank, E7), Flag M2 (Sigma, F1804), HA (Abcam, ab9110) (Supplementary
Fig. 28), GAPDH (Santa Cruz, sc-365062, histone H3 (Abcam, ab1791), SRF
(Santa Cruz, sc-335), and MKLI1 (Novus, NBP1-88498). All immunoblots were
imaged using the LI-COR Odyssey image system.

Cell culture. ASZ001 and BSZ001 BCC cells were cultured in 154CF medium
(Life Technologies) supplemented with 2% chelated FBS and 0.05 mM CaCl,.
Experiments were carried out using low serum conditions with 154CF medium
containing 0.2% chelated FBS and 0.05 mM CaCl,. NIH-3T3, HaCaT, and HEK-
293T cells were cultured in DMEM supplemented with 10% FBS. Hedgehog
induction experiments were carried out using low-serum DMEM containing
0.5% FBS. UW-BCCI1 cells (human BCC cells) were isolated from an individual
with a superficial BCC. Cells were cultured as described previously>2.

Coimmunoprecipitation. Expression of N-terminally tagged Flag-GLI1 and
HA-SRF was carried out in HEK-293T cells using the pCS2 backbone. Transiently
transfected cells were harvested from 80% confluent 10-cm plates. Lysis buffer
consisted of Tris-buffered saline pH 7.4, 1% Triton X-100, and protease inhibitor
cocktail (Sigma). Cleared lysates were incubated overnight with Flag M2 mag-
netic beads (Sigma), HA magnetic beads (Thermo Fisher), or IgG control beads
(Thermo Fisher). Protein was eluted in 50 ul RIPA buffer containing protease
inhibitor cocktail. Additional pulldown experiments were carried out using the

TnT SP6 Quick Coupled Transcription/Translation System (Promega). Expression
of Flag-GLI1, HA-SRE and C-terminally Myc-tagged MKL1 (Myc-MKL1) was
carried out using the pCS2 backbone. Tagged MKL1 was pulled down using
anti-c-Myc magnetic beads (Thermo Fisher). Cell-free extracts were eluted after
pulldown using 50 pl of RIPA supplemented with protease inhibitor cocktail. All
pulldown extracts were immunoblotted using the method described above.

SRF knockdown and inhibitor treatment. Knockdown of SRF was achieved
through lentiviral transduction using shRNAs expressed in the pLKO.1 back-
bone (Open Biosystems). Cell growth assays were performed through plating
subconfluent ASZ001 and BSZ001 cells in 96-well plates in low-serum medium
followed by addition of inhibitors or lentiviral ssRNAs. M TS assays were carried
out according to the manufacturer’s instructions (Promega) 72 h after viral trans-
duction or inhibitor treatment. Expression of protein and RNA was measured
in stably transduced cells within three passages or at 24 h after inhibitor treat-
ment. Transient knockdown for SRE, MKL, Phactrl, and KDM3A was achieved
through transfecting ASZ001 cells with antisense siRNAs (Sigma-MISSION).
Transfection using siRNAs was carried out with RNAIMAX transfection reagent
(Thermo Fisher). gPCR was performed to measure expression of SRF and the
hedgehog target GLI1.

The following inhibitors were used to suppress activity of the signaling
proteins indicated below: MKL1 (CCG-1423, CCG-203971, CCG-100602;
Cayman Chemical), Smoothened (vismodegib; Selleckchem), MEK1 and
MEK2 (PH797804 and UO126; Selleckchem), p38 MAP kinase (SB239063;
Tocris Bioscience), RHO (RHO inhibitor I; Cytoskeleton Inc.), ROCK (thiazo-
vivin and Y-27632; Selleckchem), and mDia (SMIFH2; Sigma). Small molecules
were used to stimulate activity of adenylyl cyclase (forskolin; Selleckchem) and
Smoothened (SAG; Cayman Chemical).

Patient tumor explant culture and drug treatment. Freshly resected tumors
were obtained from patients with advanced BCC receiving Mohs surgery.
Informed consent was obtained in writing for all patient samples and was
reviewed by the Stanford University Institutional Review Board. The tumor
subtype was verified through immediate histological examination of resected
BCCs. Patient specimens were cultured in EpiLife medium supplemented with
0.05 mM CaCl,. Pharmacological inhibitors (CCG-1423 and vismodegib) were
incubated with tumor specimens for 24 h. Drug-treated tissues were suspended
in RLT buffer (Qiagen) and homogenized using 2 ml tissue lysing matrix E
tubes (MP Biomedicals). RNA was isolated from tumors using the RNeasy
standard protocol (Qiagen). RNA extracts were used to carry out qPCR with
TagMan probes for human GLI1 and GAPDH (Thermo Fisher). MKL1 locali-
zation was assessed in explant specimens through freezing samples in O.C.T.
reagents and sectioning blocks for immunofluorescence analysis.

Statistical analysis. Experimental data for in vitro assays were tested for sta-
tistical significance against the respective controls using an unpaired Student’s
t-test. All in vitro assays were carried out in triplicate (n = 3) unless otherwise
noted. For initial mouse RNA and exome sequencing, n = 4 for each group
(sensitive and resistant). Statistically significant changes in expression for
resistant versus sensitive tumors were determined using the DEseq algorithm
with a cutoff of P < 0.05. GSEA data were analyzed using an FDR cutoff
of 0.2 and P < 0.05. IF staining profiles (Fig. 4c,d,f,g and Supplementary
Fig. 11) were analyzed for similarity compared to a cytoplasmic marker
(KRT14) using Pearson’s correlation analysis. For IF analyses, n = 16 for resist-
ant and n = 14 for sensitive mouse tumors, and n = 24 for resistantand n = 11
for sensitive human tumors. For in vivo inhibitor studies in mice (Fig. 6a,b),
biological replicates comprising four distinct tumors per condition were used
to provide n (n = 4). For human patient explant inhibitor studies (Fig. 6g-k),
ten tumors were analyzed using four experimental technical replicates (n = 4)
per data point shown in Figure 6h,j,k and Supplementary Figure 18. No
mouse or human tumors were excluded from our studies. Statistical signifi-
cance for P values obtained in all figures is indicated. A normal distribution
was observed for all data.

Life sciences reporting summary. Further information on experimental design
and reagents is available in the Life Sciences Reporting Summary.
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» Experimental design

1. Sample size

Describe how sample size was determined. All available tumor tissue was used for sequencing and subsequent informatics/
statistical analysis, and staining quantification. (Reported in Results pg 11 par 1,
Methods pg 19 par 2, and Figure Legends pg 31 par 1, pg 33 par 2, and pg 34 par 2,
Extended Data Fig. 1a)
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In order to uncover all potential resistance mechanisms, initial tumor screening
was carried out using sequencing of all available mouse tumor tissue (Fig. 1 and
Extended Data Fig. 1a). Our follow up (efficacy) study was carried out using all
tumors available which were matched by lineage for control and treatment groups

(Fig. 6).
2. Data exclusions
Describe any data exclusions. No data exclusions were needed.
3. Replication
Describe whether the experimental findings were All'in vitro experiments were reproduced a minimum of three times. In vivo drug
reliably reproduced. delivery experiments were repeated in two independent parental tumor lines (Fig.

6 and Supp Fig. 5).

4. Randomization

Describe how samples/organisms/participants were No randomization was necessary for our animal studies due to controlling for
allocated into experimental groups. tumor lineage. No randomization was necessary for human clinical samples
because all samples were used to describe pathway activation status and drug
response.
5. Blinding
Describe whether the investigators were blinded to No blinding was necessary.

group allocation during data collection and/or analysis.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6. Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X’ A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X’ The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|X| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|Z The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted
|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

|X| Clearly defined error bars

oo oo

See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this All analyses were carried out using GraphPad Prism v 7.0 and Microsoft Excel.
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ There are no restrictions on unique materials used in our manuscript. We have
unique materials or if these materials are only available preserved additional tumor sample from mouse and human tumors which are
for distribution by a for-profit company. available for future studies.
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9. Antibodies

Describe the antibodies used and how they were validated Antibodies and dilutions for use in immunofluorescence experiments are reported

for use in the system under study (i.e. assay and species).

10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.

b. Describe the method of cell line authentication used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

in Methods (pg 21 par 3 and pg 23 par 2): Rabbit anti-SRF (1:100, Santa Cruz
Biotechnology, sc-335, citation: Franco, C.A. et al. 2013. SRF selectively controls tip
cell invasive behavior in angiogenesis. Development (Cambridge, England). 140:
2321-33.), chicken anti-keratin 14 (1:500, Abcam, ab130102, citation: Yang Z1, Hai
B, Qin L, Ti X, Shangguan L, Zhao Y, Wiggins L, Liu Y, Feng JQ, Chang JY, Wang F, Liu
F. Cessation of epithelial Bmp signaling switches the differentiation of crown
epithelia to the root lineage in a f-catenin-dependent manner. Mol Cell Biol. 2013
Dec;33(23):4732-44. doi: 10.1128/MCB.00456-13. Epub 2013 Sep 30.), Gli1 (1:100,
R&D Systems, AF3455, citation: Cigna N, Farrokhi Moshai E, Brayer S, Marchal-
Somme J, Wemeau-Stervinou L, Fabre A, Mal H, Leseche G, Dehoux M, Soler P,
Crestani B, Mailleux A. The hedgehog system machinery controls transforming
growth factor-beta-dependent myofibroblastic differentiation in humans:
involvement in idiopathic pulmonary fibrosis. Am J Pathol, 2012;181(6):2126-37.
and, Strand MF, Wilson SR, Dembinski JL, Holsworth DD, Khvat A, Okun |, Petersen
D, Krauss S. A novel synthetic smoothened antagonist transiently inhibits
pancreatic adenocarcinoma xenografts in a mouse model. PLoS ONE,
2011;6(6):219904.), MRTF-A (1:200, Sigma, HPA030782. citation: Record J,
Malinova D, Zenner HL, Plagnol V, Nowak K, Syed F, Bouma G, Curtis J, Gilmour K,
Cale C, Hackett S, Charras G, Moulding D, Nejentsev S, Thrasher AJ, Burns SO.
Immunodeficiency and severe susceptibility to bacterial infection associated with a
loss-of-function homozygous mutation of MKL1. Blood , 2015 Sep 24;
126(13):1527-35.), beta tubulin (1:500, DSHB, E7 citation: Jain S1, Welshhans K1,2.
Netrin-1 induces local translation of down syndrome cell adhesion molecule in
axonal growth cones. Dev Neurobiol. 2015 Oct 31.).

Additional antibody controls were carried out by our group for SRF (Supp Fig. 7),
Glil (Supp Fig 10 and Supp Fig. 15), Rho-GTP (Supp Fig. 16), and MRTF-A (Supp Fig.
18).

ASZ and BSC were generated from mouse BCCs (ref: So PL1, Langston AW,
Daniallinia N, Hebert JL, Fujimoto MA, Khaimskiy Y, Aszterbaum M, Epstein EH Jr.
Long-term establishment, characterization and manipulation of cell lines from
mouse basal cell carcinoma tumors. Exp Dermatol. 2006 Sep;15(9):742-50). NIH
3T3 cells were obtained from ATCC.

BCC cell lines were verified using Ptch1- reporter beta-gal staining which marks
tumors cells generated in the mouse referenced above. NIH-3T3 cells were
certified by ATCC.

Our cell lines are regularly tested for mycoplasma using the MycoAlert detection
kit (Lonza LTO7-418).

None of the cell lines used are listed in the database of commonly misidentified
cell lines.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived
materials used in the study.

Experimental Ptch1+/- K14-Cre-ER2 p53fl/fl (BCC) mice were comprised of females
generated in the C57BL6 background. Mice were 9-weeks old at the time of
irradiation. Recipient NOD-SCID mice were 9-weeks old at the time of tumor
passage and initiation of drug treatment.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population
characteristics of the human research participants.

Nature Medicine: doi:10.1038/nm.4476

All human samples were deidentified and our group was blinded to all
characteristics of human subjects except in cases were patients contained sensitive
or resistant tumors. Human data was obtained after Stanford Human Subjects
panel approval, and written informed consent was obtained for all subjects.
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