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SUMMARY

Hedgehog (Hh) pathway inhibitors such as vismodegib are highly effective for treating basal cell
carcinoma (BCC); however, residual tumor cells frequently persist and regenerate the primary
tumor upon drug discontinuation. Here, we show that BCCs are organized into 2 molecularly and
functionally distinct compartments. Whereas interior Hh*/Notch* suprabasal cells undergo
apoptosis in response to vismodegib, peripheral Hh***/Notch™ basal cells survive throughout
treatment. Inhibiting Notch specifically promotes tumor persistence without causing drug
resistance, while activating Notch is sufficient to regress already established lesions. Altogether,
these findings suggest that the 3-dimensional architecture of BCCs establishes a natural hierarchy
of drug response in the tumor, and that this hierarchy can be overcome, for better or worse, by
modulating Notch.

INTRODUCTION

Basal cell carcinoma (BCC) is the most common cancer in North America, with >1 million
new cases diagnosed each year. Although these tumors rarely metastasize, the ubiquity of
this disease imposes a significant economic burden on our healthcare system. At an
individual level, BCCs often cause local tissue damage, which is especially problematic for
Gorlin syndrome patients who are genetically predisposed to BCC. These individuals can
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develop hundreds of lesions throughout the skin—potentially spending a lifetime having
their tumors excised, only for new ones to invariably appear.

The singular defining feature of all BCCs is dysregulation of Hedgehog (Hh) signaling, a
key developmental pathway that is also critical for adult tissue homeostasis and regeneration
(Briscoe and Therond, 2013; Epstein, 2008; Lum and Beachy, 2004). In the absence of
ligand, Hh signaling is normally silenced by Patchedl (PTCHL1), which inhibits Smoothened
(SMO), the major upstream activator of the pathway. Upon binding Hh ligands, PTCH1 is
itself inhibited, enabling SMO to transduce downstream signals via GLI transcription
factors. In BCCs, it is this delicate balance of PTCH1-mediated silencing, and SMO-
mediated activation, that is perturbed: Roughly 80-90% of tumors are caused by loss-of-
function mutations in PTCH1, while the remainder are largely driven by gain-of-function
mutations in SMO (Gailani et al., 1996; Hahn et al., 1996; Johnson et al., 1996;
Reifenberger et al., 2005; Xie et al., 1998).

As SMO is the central upstream activator of canonical Hh signaling, small molecule
inhibitors targeting this protein represent a promising new class of therapeutics for
combating Hh-dependent tumors such as BCC and medulloblastoma (Metcalfe and Sauvage,
2011). Vismodegib (vismo), an FDA-approved SMO inhibitor for treating advanced BCC,
has been reported to induce therapeutic responses in roughly half of sporadic BCCs and in
nearly all Gorlin BCCs (Axelson et al., 2013; Hoff et al., 2009; Sekulic et al., 2012; Tang et
al., 2012). These successes, however, have been tempered by the fact that a significant
fraction of sporadic tumors either do not respond to vismo, or respond initially but
subsequently recur during treatment (Brinkhuizen et al., 2014; Chang and Oro, 2012).
Importantly, most resistant BCCs maintain high level Hh signaling by expressing mutant
SMO variants that cannot be inactivated by vismo (Atwood et al., 2015; Brinkhuizen et al.,
2014; Pricl et al., 2015; Sharpe et al., 2015).

A problem less insidious than drug resistance, but far more pervasive, is the observation that
Hh pathway inhibitors rarely eliminate all tumor cells. Even among responding tumors,
residual tumor cells can be detected in 17-100% of skin biopsies, and nearly all Gorlin
BCCs will reappear at their original sites following drug discontinuation (Skvara et al.,
2011; Tang et al., 2016; Tang et al., 2012). This issue is especially pertinent given that
patients on vismo frequently interrupt treatment due to likely on-target side effects including
muscle cramps, loss of taste and fatigue (Sekulic et al., 2012; Tang et al., 2012). Thus, even
clinically resolved BCCs can be regarded as a form of persistent disease in which tumor
regrowth must be suppressed by continuous treatment. Whereas drug resistance is clearly
caused by a failure to quell high level Hh pathway activation, the genetic basis for why some
tumor cells persist even upon near-complete Hh suppression currently remains unclear.

Clues for answering this question may come from recent exome sequencing studies, which
have revealed that BCC is the most highly mutated human cancer, with 50-75 mutations/Mb
in sporadic tumors and 21-33 mutations/Mb in Gorlin BCCs (Atwood et al., 2015;
Jayaraman et al., 2014; Sharpe et al., 2015). Although not regarded as oncogenic drivers for
this disease, 7P53and NOTCH1/2are among the most commonly mutated genes, each
occurring in ~50% of BCCs (Bonilla et al., 2016; Jayaraman et al., 2014). Notch signaling,
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in particular, is a central regulator of epidermal differentiation and typically becomes
activated as normal keratinocytes lose contact with the basement membrane (Watt et al.,
2008). Notchl-deficient mice are susceptible to forming SCCs and, to a lesser extent, BCCs
(Nicolas et al., 2003), but whether Notch modulates BCCs driven by Hh pathway mutations
has not been tested.

We and others have previously demonstrated that loss of Ptch1 in hair follicle stem cells
leads to formation of microscopic Gorlin BCC-like tumors (Kasper et al., 2011; Peterson et
al., 2015; Wang et al., 2011). Using Pfch1 conditional mice, here we model BCC formation
and vismo-induced regression to identify mechanisms that likely enable drug-treated tumors
to persist, enter dormancy, and subsequently recur upon stopping treatment.

A mouse model of vismo-induced tumor regression and reactivation

Our previous studies utilized mice expressing a tamoxifen-inducible, G/iZ promoter-driven
Cre recombinase (G/i1-CrefR72) to target deletion of Prchl to stem cells residing within hair
follicle and mechanosensory touch dome epithelia (G/i1,Pfch1 mice) (Peterson et al., 2015;
Uhmann et al., 2007). Within 5 weeks of induction, G/iZ,Ptch1 mice develop abundant
BCC-like tumors manifesting a classic human BCC feature termed “palisading,” where
peripheral tumor cells in direct contact with the basement membrane (here, termed “basal
cells”) take on a columnar appearance (Figure 1A). In contrast, cells within the tumor
interior (here, termed “suprabasal cells”) display a more loosely-packed morphology.

To confirm the requirement for Hh in these tumors, we administered vismo by oral gavage to
Gli1,Ptchl mice, and measured tumor area prior to and after treatment (Figure 1B). We first
generated a dose response profile for vismo, and determined that 50 mg/kg of drug,
administered daily for 1 week, reduced tumor area by ~80%, with higher doses providing
only marginal additional benefit (Figure 1C). We next determined that at this drug
concentration, tumor shrinkage largely occurred during the first week of treatment, since
longer dosing regimens did not further reduce tumor size (Figure 1D-E). We also observed
that vismo was equally effective at regressing tumors that originated from either Glil* or
Lrigl™ hair follicle stem cells, suggesting that tumor-drug response likely does not depend
upon cellular origin or genetic background (Figure S1A). It is important to note that
Gli1,Ptchl mice exhibit transformation throughout the skin that is likely more extensive than
what is typically seen in humans, with possible confounding effects on the adjacent stromal
microenvironment and on the hair cycle. Keeping these limitations in mind, for the
remainder of this study we treat G/iZ,;Ptchl mice with 50 mg/kg of vismo daily and focus on
cellular events that occur during the first week.

Previous studies have reported that Hh suppression can inhibit proliferation and induce
apoptosis in BCC (Hutchin et al., 2005; Williams et al., 2003). We therefore performed time
course studies on vismo-treated G/i1,Ptchl mice, and determined that proliferation is fully
halted within 2-3 days after drug administration (Figure 1F-G). Furthermore, while
apoptotic cells were rarely observed in untreated G/i1,Ptch1tumors, similar to human
BCCs, vismo induced apoptotic cell death, which peaked within 1 day after treatment and
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declined subsequently (Figure 1H-I). Upon discontinuing vismo, residual tumor cells re-
entered mitosis within 3 days (Figure 1J and S1B). Thus, our mouse model mimics vismo-
induced regression of Gorlin BCCs, where residual tumor cells persist even upon higher
drug doses and longer treatment regimens, and dormant cells become reactivated soon after
drug stoppage.

Basal and suprabasal tumor cells respond differently to vismo

To better understand how residual tumor cells persist in the face of anti-Hh therapy, we
began by testing the requirement for p53 in mediating regression. Although 7P53is
frequently mutated in BCC, its role in modulating drug response in these tumors remains
unclear (Ponten et al., 1997; Sharpe et al., 2015). We first examined the localization of p53
in G/i1;Ptch1 mice and observed protein accumulation predominantly in basal tumor cells
(Figure 2A). However, upon deleting both copies of this gene in our G/i1,Ptch1 model,
neither tumor progression nor drug response was affected (Figure 2B).

In the process of characterizing tumor regression, we noticed that residual tumor nests often
appeared histologically distinct from untreated tumors. Whereas untreated tumors were
comprised of both basal and suprabasal compartments, regressed tumors often appeared as
elongated strands with relatively fewer suprabasal cells (Figure 2C-D). Given that vismo
induces rapid tumor cell death (Figure 1H-I), we compared apoptosis rates between the
basal and suprabasal compartments. Although vismo induced apoptosis in both populations,
suprabasal cells were roughly 3 times more likely to undergo cell death (Figure 2E).
Consistent with these findings, when either Pfchi-deficient primary keratinocytes or ASZ
BCC cells were grown as adherent monolayers in culture (Aszterbaum et al., 1999), these
cells did not undergo apoptosis even when Hh signaling was fully suppressed by 2 days of
vismo treatment (Figure S1C-D). This suggests that vismo’s ability to induce cell death is
manifest by the 3-dimensional architecture—specifically, in suprabasal cells—of tumors that
develop in vivo.

This functional difference between basal and suprabasal cells prompted us to examine these
2 compartments more closely. We confirmed that basal cells, but not suprabasal cells,
expressed the adhesion receptor p4 integrin (Figure 2F). Basal tumor cells were also highly
polarized, with primary cilia extending towards the inside of the tumor, marking the apical
surface of these cells (Figure 2G). In contrast, suprabasal cells manifest cilia that were not
oriented in any specific direction, suggesting that these interior cells were less polarized.
Finally, we noted that basal tumor cells exhibited modestly increased proliferation relative to
suprabasal cells (Figure 2H-1). Altogether, these observations suggest that G/iZ,Ptchl
tumors are comprised of 2 histologically and functionally distinct compartments. Whereas
Hh pathway inhibitors efficiently eliminate interior suprabasal cells, peripheral basal cells in
contact with the basement membrane persist in dormancy and likely regenerate the primary
tumor upon drug discontinuation.

Basal tumor cells display high level Hh signaling

Given the divergent responses of basal and suprabasal tumor cells to vismo, we next queried
whether these 2 populations differed molecularly. To isolate cells for gene expression
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comparisons, we initially generated G/iZ-CrefR72 mice that possessed a conditional
oncogenic allele of Smofused to £YFP (G/i1;SmoM2mice) (Mao et al., 2006). These mice
formed tumors over 25 weeks (Figure 3A), and we sorted EYFP* tumor cells from EYFP~
bulk keratinocytes. We further subdivided these into a6M9" (basal) and a6'°V (suprabasal)
populations, confirming proper cell enrichment by gPCR (Figure 3B). Interestingly, we
observed that basal tumor cells displayed elevated expression of canonical Hh target genes,
relative to suprabasal tumor cells (Figure 3C). These canonical targets, including G/iZ,
Ptchl, Ptch2and Hhipl, were also increased in both tumor compartments, compared to non-
tumor basal cells (Figure 3C).

We next performed single molecule RNA /n situ analysis and confirmed that the Hh target
gene Pfch2and, to a lesser extent, G/iZ were both enriched in basal cells from both
Gli1,SmoMZ2and G/i1;Ptchl tumors, as evidenced by increased staining at the tumor
periphery (Figure 3F-G, quantitated in Figure S1E). In contrast, expression of a ubiquitous
gene, PolrZa, was not enriched in either compartment (Figure S1F). Probe specificity was
further validated by the absence of signal in G/i1,Ptchl tumors that had formed in either a
G/ null or PtchZnull background, while both Hh targets were downregulated by vismo, as
expected (Figure 3F-G). Although we observed a clear tumor basal:suprabasal bias for Hh
target gene expression, both compartments displayed markedly elevated Hh signaling
compared to surrounding non-tumor cells (Figure S1G). We also generated an allele-specific
probe against exons 8-9 of Ptchi, which are specifically deleted upon Cre-mediated
recombination (Uhmann et al., 2007). Although this probe detected Pfch1 in growing hair
follicles from Ptch170X/flox mice lacking Cre expression, G/il,Ptchi tumor cells fully deleted
these exons (Figure S1H). This eliminated the possibility that non-recombined (Ptchi”)
keratinocytes with low Hh pathway activity had entered the tumor and posed as oncogenic
suprabasal cells.

Consistent with our /n situ results, GLI1 protein was also elevated in G/i1,Ptch1 basal tumor
cells, as assessed by immunohistochemistry (IHC) (Figure 31). As before, we confirmed
antibody specificity using G//Z null skin (Figure 31-J). Altogether, these findings suggest
that tumor basal and suprabasal cells differ molecularly in terms of Hh pathway activation.
Since palisaded basal cells exhibit elevated Hh activity, this might explain, at least partially,
why this compartment is less likely to apoptose during drug treatment (Figure S2).

Suprabasal tumor cells display increased Notch activation

We next assessed whether other signaling pathways could modulate tumor persistence. Since
Notch is activated in differentiating suprabasal cells of the skin (Watt et al., 2008), we
examined Notch target gene expression in sorted a6"9" basal and a6'°% suprabasal cells
from G/i1;SmoMZ2tumors, similar to above. Indeed, we detected increased expression of
some canonical Notch targets (HeyL and Hey2), but not others (HesI and Heyl), in
suprabasal tumor cells (Figure 3D). As canonical Notch signaling is induced by receptor-
ligand engagement between adjacent cells, we also determined that expression of genes
encoding the Notch ligands Jaggedl (Jagl) and Jagged2 (Jag2) was elevated in the basal
compartment of G/iZ;SmoMZ2tumors, compared to suprabasal cells (Figure 3E).
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Turning back to G/i1,;Ptchl tumors, we next assessed the Notch status of these lesions by
performing IHC against the cleaved activated Notchl intracellular domain (NICD), a
canonical marker of upstream pathway activation. Indeed, we observed strong NICD
specifically in the tumor suprabasal compartment (Figure 3K). Furthermore, these NICD™*
suprabasal cells were frequently juxtaposed to NICD™ basal cells that expressed Jagged1
(Figure 3K). To examine downstream Notch, we again performed single molecule RNA /n
situ analysis, this time against HeyL, and found enriched staining in the suprabasal
compartments of both G/i1,Ptchl and G/i1;SmoM2tumors (Figure 3H, quantitated in Figure
S1l). Jagged1 can also be expressed by regulatory T cells (Tregs) that modulate hair cycling
(Ali et al., 2017); however, we did not observe major differences in the abundance or
localization of Tregs during tumor growth and vismo-induced regression (Figure S3). Our
results therefore suggest that Jagged1/2-expressing basal cells likely signal to adjacent
Notch receptor-expressing suprabasal cells to induce pathway activation.

Inhibiting downstream Notch promotes tumor persistence

Since Glil,Ptchl suprabasal tumor cells display elevated Notch as well as increased
apoptosis in response to vismo, we next asked whether Notch functionally modulates drug
response. To do this, we utilized 2 genetic approaches to inhibit downstream signaling.
During canonical Notch pathway activation, NICD enters the nucleus and complexes with
co-factors such as Mastermind and RBP-J to induce target gene expression. Therefore, we
generated G/i1;Ptch tumors which additionally expressed a GFP-tagged, dominant-negative
form of Mastermind-like 1 (G/i1,Ptchl;dnMAML). Alternatively, we also generated tumors
which conditionally deleted Rbp-/f (G/i1,Ptchl;Rbpj) to block canonical downstream
activity.

Histologically, G/i1;Ptchl;,dnMAML tumors appeared slightly denser than control
Gli1,Ptchl tumors; however, dnMAML expression did not enhance tumor formation, since
overall cell numbers were unaffected (Figure 4A-B). When we treated these tumors with
vismo, we observed that dnMAML conferred partial protection against Hh inhibition,
roughly doubling the number of residual tumor cells relative to control tumors (Figure 4C—
D). This effect was not due to dnMAML-induced changes in proliferation, since vismo
suppressed Ki67 in all tumors (Figure S4A). dnMAML expression also did not prevent
vismo from inhibiting Hh signaling (Figure S4B). Rather, G/i1,Ptch1;anMAML tumors
possessed significantly fewer apoptotic cells, particularly in the suprabasal compartment,
after vismo (Figure 4E). Finally, since dnMAML-expressing tumor cells are marked by GFP,
we traced the fate of these cells relative to their non-fluorescent peers, which arose due to
incomplete Cre-mediated recombination. Indeed, the proportion of dnMAML-expressing
GFP* tumor cells increased between 3-7 days after vismo, reinforcing the notion that
blocking downstream Notch provides a survival advantage for these cells during treatment
(Figure S4C-D).

We made similar observations in G/i1,;Ptchl;Rbpjtumors. As was seen with dnMAML
expression, loss of Rbpyincreased tumor density, although overall cell numbers were largely
unchanged (Figure 4F-G). After 7 days of vismo treatment, roughly twice the number of
residual tumors cells were observed in G/i1;Pich1;Rbpftumors, relative to control tumors
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(Figure 4H-1). As before, vismo effectively inhibited cell proliferation and Hh target gene
expression regardless of Rbpj status; however, G/il,Ptchl;Rbpjtumors displayed fewer
apoptotic cells during treatment (Figure 4J and S4A-B). Therefore, in both G/i1,Ptchl;Rbpj
and G/i1,;Ptch1,dnMAML tumors, interfering with downstream Notch signaling neither
affects tumor progression nor vismo’s ability to suppress Hh. Rather, these observations
suggest that Notch specifically modulates BCC persistence upon challenge with Hh pathway
antagonists.

Inhibiting upstream Notch promotes tumor persistence

Although our findings suggest that manipulating downstream Notch can affect tumor-drug
response, human BCCs more commonly possess mutations in genes encoding upstream
components of the pathway, particularly NOTCH1 or NOTCH?2 receptors (Bonilla et al.,
2016; Jayaraman et al., 2014). Therefore, to better recapitulate the genetic background
underlying human disease, we generated G/i1,;Ptch1 tumors that harbored conditional loss-
of-function alleles for Notch1 (Gli1;Ptchl;NI).

Similar to inhibiting downstream Notch signaling, disrupting upstream Notchl did not affect
tumor progression (Figure 5A-B). As before, G/i1,;Ptchi; NI tumors stopped proliferating
and downregulated Hh target genes in response to vismo (Figure S4A-B). However, after 7
days of vismo treatment, G/iZ,Ptch1;N1tumors hardly regressed and were ~3-fold larger
than control G/i1,Ptchitumors (Figure 5C-D). Consistent with results seen in dnMAML
and Rbp/"X tumors, this effect was associated with a strong reduction in vismo-induced
apoptosis in G/i1,;Ptch1;NItumors, relative to control tumors (Figure 5E). These findings
suggest that Motchl loss-of-function mutations commonly seen in human BCCs can promote
tumor persistence, independent of Hh-driven drug resistance.

Latent Notch activation regresses established tumors

If disrupting Notch protects BCCs against anti-Hh therapy, can activating Notch eliminate
tumors? Since pharmacological /7 vivo Notch agonists have not been described, we
generated G/i1,Ptchl mice that also expressed a conditional activated allele of Nofchi
(NICD) harboring an /RES-driven GFP reporter (G/il,;Ptchl;NICD). These tumors
developed similarly to G/i1,Ptch1tumors, but upon staining for GFP, we determined that
fluorescent cells were rarely visible in G/i1,Ptch1;NICD tumors (Figure 5F). This suggests
that activated Notch may be incompatible with tumor initiation, and that the tumors which
did form failed to undergo full recombination to express NICD/GFP.

To circumvent this problem, we took advantage of the fact that non-fluorescent
Gli1,Ptch1;NICD tumors nonetheless continued to harbor the conditional N/CD/GFPallele
(Figure 5G). Furthermore, these tumors also likely continued expressing G/i1-CreFR72, since
Gli1is a canonical Hh target gene. We therefore predicted that if we allowed
Gli1,Ptch1;NICD tumors to form over 5 weeks, subsequent “boosting” with tamoxifen
would cause latent recombination at the N/CD/GFP locus (Figure 5G). Indeed, we
determined that tamoxifen boosting induced GFP expression in established
Gli1,Ptch1;NICD tumors (Figure SAE). This was accompanied by increased apoptosis,
which caused tamoxifen-boosted G/i1,Ptch1;N/ICD tumors to regress by ~60% over 2 weeks
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of treatment (Figure 5H-J and S4F). Tamoxifen boosting also slightly regressed control
Gli1,Ptchltumors, but to a lesser extent than tumors which expressed N/CD/GFP (Figure
51). In total, these findings indicate that Notch signaling is highly correlated with tumor-drug
response: Low Notch levels protect tumors against therapy, whereas high level Notch causes
cell death.

Hh signaling modulates Notch activity

Up to this point, we have shown that G/iZ,;Ptchl tumors possess a bi-compartmental
organization that can influence whether cells undergo apoptosis or persist in response to
therapy. Given the complementary molecular features that define these compartments—Hh
*+*/Notch™ tumor basal cells, and Hh*/Notch* suprabasal cells—we next asked whether
these 2 pathways might act in opposition to each other.

To assess whether Notch can impinge upon Hh, we began by examining Hh target gene
expression in our 3 G/i1,Ptchl tumor models where Notch was inhibited. In spite of highly
efficient deletion of Rbpyor Notchl, or heterogeneous overexpression of dAnMAML (Figure
S5A-B, S4C), these untreated tumors retained a clear basal:suprabasal bias in Hh target
gene expression, similar to control G/iZ,Ptchi tumors (Figure 6A). Notch inhibition also did
not alter tumor cell polarity, and we again confirmed that these tumors were comprised of
cells that had fully deleted Prtchi (Figure S5C-D). Together, this suggests that manipulating
Notch does not affect Hh in these tumors.

To test the alternative possibility that Hh inhibits Notch, we assessed NICD levels in 3
independent mouse models of BCC that vary in Hh signaling amplitude. Previous studies
have demonstrated that tumors induced by mutant GLI2 overexpression display high level
Hh pathway activity, whereas SmoM2-induced tumors display far weaker downstream
signaling (Grachtchouk et al., 2011). We confirmed these differences, while further noting
that G/i1,Ptch1 tumors displayed an intermediate level of Hh activation (Figure 6B). Using
this panel of tumors, we observed that Notch activation was inversely associated with Hh
activity: G/il,SmoMZ2tumors with low level Hh were abundantly populated with NICD™*
cells; G/i1,Ptchi tumors with intermediate Hh also displayed intermediate numbers of NICD
* cells; and mutant GLI2-induced tumors with high level Hh possessed few NICD™ cells
(Figure 6B-C). In all cases, these differences in NICD occurred specifically in the tumor
suprabasal compartments, whereas the tumor basal compartments exhibited low levels of
NICD, regardless of Hh signaling amplitude.

Extending these findings further, we wondered whether reducing Hh might elevate Notch.
We therefore compared G/i1;Pfchl tumors before and during vismo, and indeed observed an
increased percentage of NICD™ cells in the suprabasal compartment of Hh-inhibited tumors
(Figure 6D-E). In contrast, basal tumor cells exhibited subtler differences in Notch upon
vismo treatment. Altogether, these experiments provide evidence that Hh signaling can
suppress Notch signaling in the tumor suprabasal compartment, whereas basal tumor cells
possess low level Notch regardless of Hh status.
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Human BCCs exhibit compartment-specific marker expression

Finally, in order to place our findings in the context of human tumors, we characterized Hh,
Notch and cell proliferation in a cohort of 11 untreated nodular BCCs. Consistent with our
observations in G/i1,;Ptchi tumors, 6/11 BCCs displayed enriched Hh target gene expression
at the periphery (Figure 7A). In contrast, diffuse Hh activation was seen in 3/11 cases, while
2 tumors displayed a mixed pattern. In 6/11 BCCs, we also noticed enhanced cell
proliferation at the tumor periphery (Figure 7A). 4/11 tumors exhibited proliferation
throughout the tumor, and 1 tumor was comprised of a roughly equal mix of basally-
enriched and non-enriched Ki67. A similar distribution of tumors displaying biased or
unbiased Hh pathway activation and proliferation was also seen in a second, independent
cohort of human BCCs that were either untreated or treated with vismo (Figure S6). Finally,
we confirmed that the ubiquitous gene POLRZA did not exhibit biased expression in any
tumor compartment (Figure S6B).

Regarding Notch, we observed that 6/11 untreated tumors from the first cohort possessed
NICD* cells specifically in the suprabasal compartment, whereas NICD was largely absent
from 3/11 BCCs (Figure 7B). It should be noted that even for tumors scored as positive for
Notch, NICD* cells comprised a minority population (~2-5% overall), but were often
unevenly distributed and highly concentrated (>25% of cells locally) in smaller tumor
islands or outgrowths extending out from larger masses (Figure 7B). In some cases, tumor
nodules containing abundant NICD™ suprabasal cells were situated directly adjacent to
nodules which completely lacked NICD, possibly reflecting the extensive genetic
heterogeneity of these tumors (Sharpe et al., 2015) (Figure 7C). As summarized in Figure
7D-E, these findings indicate that a sizeable fraction of human BCCs manifest
compartment-specific expression of Hh, Notch and cell proliferation markers, consistent
with our observations in G/i1,;Ptchl tumors.

DISCUSSION

Although pharmacological Hh pathway inhibitors are effective at treating BCC, these
therapies by themselves are rarely curative. Drug resistance is observed in a significant
fraction of tumors, and is invariably associated with high level Hh pathway activity even in
the face of treatment (Basset-Seguin et al., 2015). Distinct from drug resistance, tumor
persistence, the focus of our studies, represents an even more common problem. Persistent
tumors exist in a largely dormant state characterized by suppressed Hh signaling and the
potential to reactivate growth upon drug withdrawal. Since even clinically resolved tumors
can reappear at their original sites after treatment is stopped (Tang et al., 2016; Tang et al.,
2012), drugs such as vismo must be administered continuously to reliably prevent
recurrence.

Consistent with findings in other BCC mouse models (Hutchin et al., 2005; Williams et al.,
2003), we have shown here that Hh suppression causes rapid cell death in G/i1,;Ptchl
tumors. Following an initial phase of tumor shrinkage, however, apoptosis is rarely detected
in residual tumors. One reason why tumors persist may be due to incomplete Hh pathway
suppression, as has been observed in some human BCCs that nonetheless exhibited a clinical
response to vismo (Atwood et al., 2015) (also Figure S6C). In G/i1,;Ptchl mice, escalating
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drug dosages yielded a more thorough downregulation of Hh pathway activity, but even at
the highest doses, residual target gene expression could still be detected (Figure S2).
Whether complete Hh suppression can eliminate persistent tumor cells remains unclear;
however, we also observed that increasing drug dosages were associated, after a certain
point, with diminishing returns in the ability to abolish residual tumors (Figure 1C). These
findings are concordant with previous studies showing that suppression of Hh signaling in a
doxycycline-inactivating model of BCC yielded residual tumor cells that persisted for at
least 5 months (Hutchin et al., 2005). Although further studies are needed, we speculate that
vismo or other Hh pathway inhibitors may never fully eradicate all tumor cells, even if Hh is
completely blocked. Given that Hh suppression also does not directly induce apoptosis /in
vitro (Figure S1C-D), together, these observations suggest that BCCs may not be
“oncogenically addicted” to Hh in the conventional sense. Rather, the requirement for this
pathway in promoting cell survival is likely a function of the 3-dimensional architecture of
tumors grown /in vivo.

For BCC, the typical architectural features of this tumor include a bi-compartmental
structure where palisaded basal cells encapsulate less polarized suprabasal cells at the
interior. Tumor basal cells in contact with the basement membrane display high level Hh
pathway activity, and since Hh can function upstream of Wnt in BCC, this may explain why
nuclear B-catenin is also enriched in this compartment (Yang et al., 2008; Youssef et al.,
2012). Other markers, including those associated with the hair follicle (e.g. Edar, Runx1,
Lrigl and Sox9) and cell proliferation (e.g. Ki67), have similarly been reported to be
elevated at the tumor edge (Quist et al., 2016; Yang et al., 2008; Youssef et al., 2012).
Overall, these findings are highly reminiscent of normal skin structure (Figure 7E), where
basal cell contact with the basement membrane is all-important for establishing normal skin
architecture, conferring stem cell identity, and modulating Notch signaling (Joost et al.,
2016; Watt et al., 2008).

Given the extensive mutational burden reported for BCC (Atwood et al., 2015; Bonilla et al.,
2016; Jayaraman et al., 2014; Sharpe et al., 2015), genetic factors likely also modulate drug
response. In this regard, deep sequencing studies have recently found that aberrations in
NOTCH1/2 are among the most commonly detected mutations in BCC and normal skin,
even though these mutations are not thought to be drivers for this disease (Bonilla et al.,
2016; Jayaraman et al., 2014; Martincorena et al., 2015). Consistent with this, we have
previously observed that Notch-inhibited keratinocytes spread rapidly throughout the skin
without forming tumors in mice (Vagnozzi et al., 2015). Since loss of Notch does not
prevent vismo from inhibiting Hh signaling in G/iZ,;Ptch1 tumors, this suggests that Notch
signaling specifically modulates tumor persistence, but not drug resistance.

In human BCCs, we found that some tumors displayed compartment-specific features
resembling G/iZ;Ptchl tumors. These features included enhanced Hh signaling and cell
proliferation in tumor basal cells, and Notch activation in a subset of suprabasal cells. While
it remains unclear why some tumors manifest these characteristics, whereas others do not,
previous studies have demonstrated that the magnitude of Hh pathway activation in mice can
influence tumor phenotype, including whether cell proliferation is diffuse or confined to the
periphery (Grachtchouk et al., 2011; Grachtchouk et al., 2003). At the same time, we
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observed that elevating Hh inhibits Notch specifically in suprabasal tumor cells, suggesting
multiple mechanisms for tumors to suppress this pathway (Shi et al., 2017). How tumors
achieve varying levels of Hh may depend on the nature of the instigating mutation in PTCH1
or SMO, as well as whether alterations in downstream components such as GLI2, SUFU and
aPKC-u/A are present (Atwood et al., 2013; Reifenberger et al., 2005; Sharpe et al., 2015).
Synergism with other pathways such as EGFR may also play a role (Eberl et al., 2012), and
together all these components may act in concert with polarity proteins to shape the
magnitude of Hh signaling as well as the consequent tumor phenotype.

Incorporating these different elements, our findings suggest a mechanistic basis for
understanding how BCCs respond to treatment (Figure 7E). Peripheral palisaded basal cells
are highly polarized, which we hypothesize may account for elevated Hh and decreased
Notch. As these basal tumor cells detach from the basement membrane and fill the
expanding tumor interior, these now-suprabasal cells exhibit reduced polarity and only
modest Hh pathway activity, possibly causing elevated Notch. Upon further suppression of
Hh by vismo, we speculate that this combination of factors—low level Hh, high level Notch,
and absence of basement membrane contacts—ultimately dooms tumor suprabasal cells. In
contrast, neighboring basal cells remain anchored to the basement membrane, do not highly
activate Notch in spite of vismo-mediated Hh pathway suppression, and persist in a largely
dormant state. Persistence may also be conferred by incomplete Hh suppression and/or loss-
of-function mutations in Notch, thereby effectively blunting or delaying the overall drug
response.

In light of all this, the next question becomes: What can be done to eradicate persistent
tumor cells? Based on our findings, alternate first- or second-line approaches may one day
entail formulating novel activators of Notch for topical or intralesional delivery to the skin;
developing strategies for converting highly polarized basal cells into non-polarized
suprabasal cells; or designing therapies that more thorough suppress Hh signaling, or that
target the very survival pathways that tumors rely upon to subsist in dormancy. Until these
approaches become realized, however, the issue of persistent tumor cells will likely remain a
lingering problem for BCC therapy.

STAR METHODS TEXT
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Sunny Wong (sunnyw@umich.edu).

dnMAML and Rpb-/°% mice were obtained under an MTA and can be distributed only after
formal approval is granted from their institute of origin.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Models—G/i1,Ptch1 mice were induced with 5 mg tamoxifen per 40 g body
weight at 4.5 weeks of age. Five weeks later, dorsal skin biopsies were collected to serve as
a baseline before treatment. One week subsequently, vismodegib was administered orally,
typically at a dose of 50 mg/kg/day, diluted in 100 uL. PEG 400/5% dextrose in water (75:25
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v/v). Tamoxifen “boosting” was performed by switching mice onto chow containing 400
mg/kg tamoxifen citrate for 2 weeks. For information regarding animal strains, please refer
to the Key Resources Table. All studies were performed on mice of both genders in a mixed
genetic background, using littermate animals for comparisons when possible, and in
accordance with regulations established by the University of Michigan Unit for Laboratory
Animal Medicine.

Human Studies—Human BCCs were obtained with informed consent under IRB
HUMO00042233 (untreated nodular BCCs) and HUMO00075822 (vismodegib-BCC patient
study), in accordance with procedures approved by the Institutional Review Board at the UM
Medical School. Biopsies were processed for histology and de-identified, and thus not
regulated as per IRB guidelines (exempt IRB protocol HUM00051875).

Cell culture—Primary keratinocytes were isolated from newborn pups expressing Keratin
5promoter-driven Cre recombinase and Ptch1f0X/flox glleles, using standard techniques and
as previously described (Peterson et al., 2015). Cells were grown in complete Cnt-57
keratinocyte media for 3—4 days at 37° C/5% CO,, then either maintained in complete media
or switched to basal starve media (CnT-BM1.500) for an additional 2 days to induce Hh
activation. Subsequently, cells were treated with either 2 pg/mL vismo for 2 days or 1 uM
staurosporine (Santa Cruz) for 4.5 hours, both diluted into starve media. ASZ cells
(Aszterbaum et al., 1999) were cultured in 154-CF media with 4% fetal bovine serum (6.7
parts chelexed:1 part unchelexed). These cells were starved in 154-CF media lacking serum,
and treated with vismo or staurosporine, similar to primary keratinocytes. Sex of cells was
not determined, as this is not a known determining factor for Hh signaling /n vitro. ASZ
cells were authenticated based on epithelial morphology and robust Hh pathway activity
upon serum starvation, as previously reported (Aszterbaum et al., 1999).

METHOD DETAILS

Immunofluorescence—Skin biopsies were fixed in 3.7% formalin overnight for paraffin
embedding. For frozen sections, samples were fixed in 3.7% paraformaldehyde at 4° C for 1
hour, rinsed in PBS, sunk in 30% sucrose overnight and embedded into OCT. Frozen
sections were utilized for p4-integrin, GFP/YFP, Glil and K8/14/17 staining; all other
markers were detected using paraffin sections. Antibodies against the following markers
were diluted between 1:100-1:200 for staining: cCasp3, CD4, Foxp3, Ki67 and Rbpj.
Antibodies against the following markers were diluted between 1:300-1:500 for staining:
B4-integrin, Glil, K8, K14, NICD and Notch1. Antibodies against the following markers
were diluted between 1:1,000-1:1,500 for staining: Acetylated tubulin, GFP/YFP, Jagl and
K17. Antibodies against the following markers were diluted between 1:4,000-1:5,000 for
staining: K5 and P53. For p53, NICD and Notch1 staining, signal amplification was
performed for 2 minutes, 3 minutes or 4 minutes, respectively, using the TSA Fluorescein
Plus kit following manufacturer’s instructions.

Western Blot—Cells were extracted in Laemmli sample buffer. SDS electrophoresis was
performed using Mini-Protean TGX precast gels (BioRad #456-1096S), and Western blot
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was performed using standard protocols. Antibodies against cCasp3, cPARP and Glil were
diluted 1:1,000 prior to use. Antibodies against Actin were diluted 1:5,000.

Flow cytometry and RNA analysis—Twenty-five weeks after tamoxifen induction,
bulk keratinocytes were isolated from G/i1,SmoMZ2 mice by digesting dorsal skin in 0.25%
trypsin overnight at 4° C. Keratinocytes were scraped from the dermis, and cells were
resuspended in 0.1% BSA/PBS solution. This suspension was filtered through 100 and 40
um strainers, and cell viability was determined by trypan blue staining (Invitrogen). Cells
were resuspended at a concentration of 108 cells/100 pl and incubated with 0.15 pL
antibodies against a.6-integrin (CD49f conjugated to Alexa Fluor 647) per 100 pl cell
suspension for 1 hour on ice with gentle shaking, and DAPI was added just prior to analysis.
Cells from YFP-negative control mice were used to set gates for sorting YFP* tumor cells.
For each population, 30,000 cells were directly sorted into RLT buffer containing p-
mercaptoethanol. RNA was isolated using the RNeasy Micro Kit (Qiagen), and half of the
total yield was reverse transcribed into cDNA using the High Capacity cDNA Reverse
Transcription Kit (Invitrogen). Quantitative RT-PCR was performed on 1:5 diluted cDNAs,
using Power SYBR Green PCR Master Mix (Applied Biosystems). Please refer to the
Supplemental Table for primer sequences. All experiments were performed on 3
independent biological replicates, individually normalized to Hprt loading control, and then
averaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Tumor Measurements—For tumor area measurements, H&E images were taken
spanning the entire biopsy (~1 cm) and quantitated using ImageJ software. The average
tumor area per field was then calculated, and expressed as a single value for each animal/
biopsy. Tumor regression was calculated by dividing ‘tumor area after treatment’ by ‘tumor
area before treatment’” and expressed as a single value for each individual animal. Tumor
cells in the basal or suprabasal compartment were scored visually, with basal cells defined as
being located at the tumor periphery and in contact with the basement membrane, and
suprabasal cells constituting all other tumor cells interior to basal cells. Tumor density was
calculated by dividing K5* tumor cell number by K5* tumor area on stained sections. For
each mouse, 4 random fields were assessed, and a single average tumor density value was
calculated for each animal. Similarly, quantitation of apoptosis, proliferation, NICD, or
dnMAML/YFP abundance was performed on 4 random fields per sample, using identical
imaging conditions, and expressed as a percentage normalized to the overall number of K5*
tumor cells. For quantitating /n situ staining, the Color Threshold function in ImageJ was
first used to filter out background from the counterstain. Afterwards the tumor basal and
suprabasal regions were denoted, and the total signal area from each region was measured
using the Analyze Particles function in ImageJ. The total signal area was then divided by the
total number of cells in each region, which were counted manually, to obtain the average
signal area per cell in each region. Finally, these values were expressed relative to the tumor
basal cell signal, which was set to “1°.

Statistics—All data are shown as means from independent biological replicates, and all /n
vivo tumor drug studies utilized, at a minimum, 4 independent experimental and control
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samples. More typically, most studies utilized 5-7 independent animals per group. Unpaired
ttests were performed using GraphPad Prism 6, and results from these tests are indicated in
the Figures and Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Although therapeutics targeting the Hedgehog signaling pathway are highly effective at
treating basal cell carcinoma (BCC), cancer cells frequently persist and regenerate the
primary tumor once treatment is stopped. Our findings suggest that persistent cancer cells
likely originate from the tumor periphery and display low Notch pathway activity. In
contrast, cancer cells located at the interior of the tumor mass activate Notch and are
efficiently eliminated by drug treatment. These findings suggest that the cellular
architecture of BCC, likely determined by contact with the surrounding basement
membrane, may influence whether tumor cells persist or are destroyed in response to
therapy.

Cancer Cell. Author manuscript; available in PMC 2019 February 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Eberl et al.

Page 19
HIGHLIGHTS

. Hedgehog pathway inhibitors are effective against BCC, but tumor cells often
persist.

. Tumor basal and suprabasal cells differ in gene expression and drug response.

. Inhibiting Notch promotes tumor persistence, but not drug resistance, upon
treatment.

. Latently activating Notch is sufficient to regress already-established tumors.
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Figure 1. Vismo regresses tumors in a mouse model of BCC
A. Nodular human BCC (left) and mouse G/i1,Ptchl tumor (right). Magnified views of

palisaded basal cells (asterisks) are depicted in the lower panels. B. Schematic for vismo
treatment. Unt., untreated. TAM, tamoxifen. C. Tumor regression in response to varying
doses of daily vismo for 1 week. Veh., vehicle control. D. Tumor regression in response to 1
or 2 weeks of daily vismo at a dose of 50 mg/kg animal weight. E. Histology of untreated or
treated G/i1,Ptchl tumors. F. Vismo completely inhibits proliferation (green). G.
Quantitation for F. H. Vismo causes tumor apoptosis, as assessed by cleaved Caspase 3
(cCasp3) staining (green). 1. Quantitation for H, where apoptosis is expressed as a
percentage of total K5* tumor cells. J. Recurrent G/i1,Ptchl tumor, treated for 1 week with
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vismo, then left untreated for an additional 1 week. Red, co-staining for K5. Error bars, SE.
Scale bars, 100 pm. See also Figure S1.
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Figure 2. Gli1;Ptchl tumors are comprised of 2 compartments
A. p53 (green) is detected in G/i1;Ptchl,;p537°%* tumors (left), but not in tumors that

deleted the allele (right). B. Loss of p53 does not affect tumor response to vismo. Unt.,
untreated. C. Histology of untreated (left) or regressed tumor (right) after 1 week of vismo.
D. Ratio of suprabasal:basal cells in untreated and treated tumors. E. Quantitation of tumor
apoptosis, as in Figure 11, divided by tumor compartment. F. Basal tumor cells express p4
integrin (green). G. Polarized basal cells display apical primary cilia, as marked by
acetylated a Tubulin (AcTub, green), whereas suprabasal cells exhibit random ciliary
orientation. The right panel is magnified from the boxed area. H. Basal tumor cells exhibit a
modest increase in proliferation (green). 1. Quantitation for H. Red, co-staining for K5. Error
bars, SE. *, p < 0.05; **, p < 0.01; n.s., not significant. Scale bars, 200 um.
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Figure 3. Tumor basal and suprabasal cells are molecularly distinct
A. GIi1;SmoMZ2tumor, 25 weeks after induction, with fluorescent tumor cells (green) and

B4 integrin at the periphery (red). B. Validation of flow sorting of G/iZ;,SmoMZ2tumor and
non-tumor populations by gPCR for the indicated control genes. A6, a6 integrin. C. Basal
Gli1,SmoMZ2tumor cells display increased Hh target gene expression. D. Suprabasal
Gli1,SmoMZ2tumor cells display elevated Hey2and HeyL. E. Basal G/i1;SmoMZ2tumors
exhibit increased JagZ and JagZ2. F. Single molecule /n situ staining (black/brown dots) for
G/i1 in different tumor models, as indicated. G/iZ is modestly enriched in basal tumor cells,
lost upon vismo treatment, and absent in tumors that formed in a G/iZ null background
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(right). G. Single molecule /n situ staining for PichZ, which is also increased in basal tumor
cells, lost upon vismo treatment, and largely absent in tumors that developed in a Ptch2 null
background (right). Residual staining is likely due to abortive transcripts from the Ptch2-
disrupted locus. H. /n situ staining for HeyL, which is enriched in suprabasal cells. I. IHC
for Glil (green) in G/i1,Ptch1 tumors that had developed in an otherwise wild-type or G/iZ
null background. Staining is enriched at the tumor periphery (asterisk). Lower panels are
single-channel views of the above images. J. Validation of Glil IHC (green) in touch dome
epithelia from wild-type or G/iZ null mice. Merkel cells are identified by K8 (red). K. IHC
for NICD (green) and Jagl (red) in G/iZ,;Ptchl tumors. Right panels are single-channel
views of the area indicated by the asterisk. Error bars, SE. Scale bars, 100 um. See also
Figure S2-3.
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Figure 4. Suppressing downstream Notch promotes tumor persistence
A. Histology of G/i1;Ptchl (left) and G/il;Ptchl,dnMAML (right) tumors. B. Quantitation

of tumor cell density (left) and number per field (right). C. Histology showing that
dnMAML expression (right panels) partially protects tumors against vismo. D. Quantitation
for C. Unt., untreated. E. Tumors expressing dnMAML (dotted lines) exhibit less apoptosis,
both overall (black lines), as well as in the basal (green) and suprabasal (red) compartments,
relative to control tumors (solid lines). F. Histology of G/i1,Pichi (left) and G/i1,Pichl;Rbpj
(right) tumors. G. Quantitation of tumor cell density (left) and number per field (right). H.
Histology showing that deletion of Rbpj (right panels) partially protects tumors against
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vismo. I. Quantitation for H. J. Tumors which delete Rbp/ (dotted lines) exhibit less
apoptosis, both overall (black lines), as well as in the basal (green) and suprabasal (red)
compartments, relative to control tumors (solid lines). Error bars, SE. *, p < 0.05; **, p <
0.01. Scale bars, 100 pm.
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Figure 5. Deleting Notch1 promotes tumor persistence, while NICD overexpression regresses
established tumors

A. Histology of G/i1;Prchl (left) and G/il,;Ptchi; NI (right) tumors. B. Quantitation of tumor
cell density (left) and number (right). C. Histology showing that Notch1 deletion (right
panels) protects tumors against vismo. D. Quantitation for C. Unt., untreated. E. Top, tumors
that delete Motch1 are less apoptotic (green) after 1 day of vismo. Bottom, quantitation of
overall apoptosis levels (black), or subdivided by basal (green) and suprabasal (red)
compartments. F. Histology showing that tumors harboring a Nofchl activated allele
(GIi1;Ptch1;NICD) (middle) resemble control tumors (left). Right, only rare cells expressed
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GFP (green, arrows) in G/i1,;Ptch1;NICDtumors, indicating incomplete recombination. G.
Strategy for tamoxifen (TAM) “boosting” to induce latent expression of NICD/GFP (green)
in established tumors. H. Histology of G/i1,Ptch1;N/ICDtumors (right) and control tumors
(left) after 2 weeks of tamoxifen boosting. 1. Quantitation of tumor area after boosting. J.
TAM boosting induces apoptosis in G/i1,Ptch1;NICD tumors (dotted lines), with more
subtle effects in control tumors (solid lines). Overall tumor apoptosis rates are shown
(black), and subdivided between basal (green) and suprabasal (red) compartments. Red, co-
staining for K5. Error bars, SE. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bars, 100 um.
See also Figure S4.
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Figure 6. Hh signaling opposes Notch activation
A. Hh pathway activity, assessed by PrchZ, is unaffected in G/i1,;Ptch1 tumors when Notch is

suppressed, as indicated. B. G/iZ;,SmoMZ2tumors display low level Hh pathway activation,
as assessed by Prch2 (top left). G/il;Ptchitumors display intermediate Hh (top middle),
while tumors expressing Keratin 5 promoter-driven G/i2 (K5,Gli2) display high Hh activity
(top right). Lower panels, the abundance of NICD™ cells (green) is inversely associated with
Hh activity in these tumors. C. Quantitation of NICD* cells in different models, subdivided
by basal (green) and suprabasal (red) compartments. D. G/iZ;Ptchl tumors treated with
vismo display increased NICD* cells. E. Quantitation of NICD* cells in the tumor basal
(green) and suprabasal (red) compartments, in untreated (Unt.) and vismo-treated tumors.
Red, co-staining for K5. Error bars, SE. *, p < 0.05; **, p < 0.01; n.s., not significant. Scale
bars, 100 um. See also Figure S5.
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Figure 7. Human BCCs exhibit compartment-specific marker expression
A. Single molecule /in situ staining for PTCHZ2 (brown, left panels) or IHC for Ki67 (green,

right panels) in untreated human nodular BCCs. Top row shows tumors with basally
enriched staining, whereas bottom row shows tumors with diffuse staining. Red, IHC for K5.
B. Top row, some tumors contain concentrated areas of NICD* suprabasal cells (green),
whereas other regions are sparse for NICD™ cells (bottom row). Top right, abundant NICD™*
cells (asterisk) in regions extending from a tumor mass. C. Tumor containing NICD* nodule
directly adjacent to NICD™ nodule. Right box is a magnified view of the area denoted by the
asterisk. D. Table summarizing findings. As all BCCs were comprised of multiple discrete
tumor nodules, an estimate of the percent of total tumor periphery displaying basally
enriched Hh or Ki67, or the overall percent of tumor cells displaying suprabasal NICD, is
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shown. As an example for Hh or Ki67, an estimate of “80%” indicates that 80% of the total
tumor periphery displayed basal enrichment for a given marker, whereas the remaining 20%
displayed diffuse staining. Asterisk, nodular tumors admixed with infiltrative regions. E.
Resemblance of BCC tumor architecture (left) with architecture of normal skin (right). In
both cases, basement membrane contact likely confers basal cell polarity and modulates
Notch signaling. Suprabasal cells that do not contact the basement membrane typically
activate Notch. In BCC, vismo treatment suppresses Hh signaling and increases the
proportion of Notch-activated suprabasal cells, some of which undergo apoptosis to cause
tumor shrinkage. Scale bars, 100 um. See also Figure S6.
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