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Dissection of Gas and Hedgehog Signaling Cross-talk ®

Reveals Therapeutic Opportunities to Target

Hedgehog-Dependent Tumors
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Basal cell carcinoma (BCC), the most common human cancer,
is driven by hyperactivation of the Hedgehog pathway mediated
by Smoothened (SMO) signaling and Glioma-Associated Onco-
gene Homolog (GLI) transcription. Gas and protein kinase A
(PKA) negatively regulate Hedgehog signaling, offering a po-
tential alternative BCC development and treatment pathway. In
this study, using histology alongside bulk and single-cell RNA
sequencing, we found that mouse BCC-like tumors that originate
from Gas pathway inactivation are highly similar to those driven
by canonical Hedgehog signaling induced by constitutive SMO
activation. Both pathways led to the expansion of basal stem cells
in the skin, with tumor cells clustering in two distinct populations
with markers for touch dome and isthmus stem cell-like cells.
Interestingly, mutations that reduce Gas and PKA activity were
present in human BCC. Tumors from Gas pathway inactivation
were independent of the canonical Hedgehog regulators SMO
and GPR161, establishing them as SMO-independent onco-
genic Hedgehog signaling models. Finally, activation of the
Gas-coupled adenosine 2B receptor with BAY60-6583 coun-
teracted oncogenic SMO, reducing Hedgehog signaling and

Introduction

G protein—coupled receptors (GPCR) play a crucial role in regu-
lating somatic stem cell activity, particularly in the skin, in which they
control the balance of proliferation and differentiation and facilitate
stem cell-niche interactions (1). The Frizzled class of GPCRs are
central regulators of skin stem cell biology, including Smoothened
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tumor growth. Together, these findings offer a potential
therapeutic strategy for BCC.

Significance: Gas/PKA pathway inactivation drives Hedgehog-
dependent basal cell carcinoma and can be counteracted by ac-
tivation of the Gas-coupled adenosine 2B receptor to suppress
tumor growth, providing a potential treatment for Hedgehog-
driven tumors.
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(SMO), a key component of Hedgehog signaling. SMO is continuously
repressed by patched receptors (PTCH) and is activated when secreted
Hedgehog ligands bind to and inhibit PTCH (2). Active SMO blocks
SUFU negative regulator of hedgehog signaling (SUFU), stabilizing the
transcription factor Glioma-Associated Oncogene Homolog (GLI), which
enters the nucleus and activates target gene transcription.

Hedgehog signaling is involved in numerous pathologies and is a
primary driver of skin basal cell carcinoma (BCC). Mutations in
PTCH and SMO are common in BCC, and overexpression of
Hedgehog ligands and activated forms of SMO or GLI can cause
BCC in mouse skin (3). BCC is the most frequent human cancer,
with more than 3 million cases annually in the United States (4, 5).
Most BCCs are easily treated by surgical removal, but a proportion
of them can be challenging to treat due to their high numbers,
location, or tumor spread (6). Alternative therapies like SMO in-
hibitors and immunotherapy face limitations due to side effects and
resistance, highlighting the need for novel treatment options tar-
geting Hedgehog-driven tumors.

Although BCC is considered to be mainly driven by alterations in
canonical Hedgehog signaling, research has found a Gas protein—
dependent pathway vital to skin stem cell fate and BCC-like tumor
formation (7). Gas is one of the primary mediators of GPCR-G
protein signaling, leading to the production of the second messenger
cyclic AMP (cAMP). In mice, conditional epidermal deletion of the
gene encoding Gas (Gnas) results in BCC-like lesions (7). The effect
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of Gas on tumor formation is mediated by the cAMP-regulated
protein kinase A (PKA). Blocking PKA also results in BCC-like
tumors (7). Mechanistically, Gas and PKA inhibition drive the ac-
tivation of Hedgehog GLI and Hippo YAP1 (7), central mediators of
tumor development. Although the negative regulation of Hedgehog
signaling by PKA has been established over time (2), this research
demonstrated that Gas or PKA inactivation is sufficient to induce
BCC-like tumor formation.

The precise mechanisms that link Gas or PKA inactivation to
oncogenic Hedgehog signaling remain unclear, representing a critical
gap in our understanding of BCC pathogenesis. Deciphering this
relationship is essential not only to identify novel therapeutic targets
for Hedgehog-driven tumors but also to expand our knowledge of
GPCR-Gas interactions in stem cell and cancer biology. Here, we
present a comprehensive analysis of BCC-like lesions driven by ca-
nonical oncogenic Hedgehog signaling and those caused by Gas or
PKA inactivation. Histological, bulk, and single-cell analyses reveal
that BCC-like tumors from Gas pathway inactivation are nearly in-
distinguishable from those arising from the canonical oncogenic
Hedgehog pathway. Additionally, we demonstrate that mutations
reducing Gas and PKA activity are present in human BCC. Analysis
of GPCR networks reveals that tumors arising from Gas pathway
inactivation are independent of the canonical Hedgehog regulators
SMO and GPRI161. Finally, we demonstrate that activation of the
Gas-coupled GPCR adenosine 2B receptor (ADORA2B) reduces tu-
mor formation in a BCC mouse model. Our findings emphasize both
the potential and limitations of activating GPCR-Gas signaling as a
therapeutic strategy for Hedgehog-driven tumors.

Materials and Methods
Mice

Mouse studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of the NCI, NIH. Lines from The Jackson
Laboratory included LSL-SmoM2 (RRID:IMSR_JAX:005130), LSL-rtTA
(RRID:IMSR_JAX:005670), K14CreERTM (RRID:IMSR_JAX:005107),
GliLz reporter mice (RRID:IMSR_JAX:008211), K14Cre (RRI-
D:IMSR_JAX:018964), and Smo-floxed mice (RRID:IMSR_JAX:004526).
Gnas-floxed (8), Gpri61-floxed (9), and Gpri24-floxed mice (10) have
been described before. TetO-PKA Inhibitor Protein (PKI) trans-
genic mice were generated by the CCR Transgenics Facility, as
described previously (11), with a codon-optimized sequence for the
1 to 24 amino acids from human cAMP-dependent protein kinase
inhibitor alpha (PKIA) downstream of GFP. Experiments used lit-
termate controls, and both sexes were included. Knockouts in
Gpr124 and Gprl6l-floxed mice were detected via PCR from tail
DNA (primers in Supplementary Table S1). CreERTM was ac-
tivated via tamoxifen injection (100 mg/kg; Sigma T5648) at 8 to
12 weeks. PKI expression was induced using doxycycline food
(6 g/kg, Bio-Serv) after tamoxifen. Mice were randomized to
receive drug treatments after tumor induction. Rolipram (Cay-
man Chemical, 10011132) and BRL50481 (Cayman Chemical,
16899) were injected intraperitoneally at 10 mg/kg/day, individually
for 29 days starting 8 days after tamoxifen, or combined for 8 days,
starting 40 days after tamoxifen. For topical drug treatments, iso-
proterenol (Sigma, 15627), 0.25 mg/site/day, and BAY 60-6583
(Tocris 4472), 10 ug/site/day, in DMSO were applied to the ear of
mice for 10 days, starting 20 days after tamoxifen. Vismodegib
(Selleckchem, S1082) was reconstituted in DMSO and diluted in
40% PEG-400 (Sigma, 91893) and 5% Tween-80 (Sigma, P8074)
and injected intraperitoneally at 100 mg/kg/day for 10 days,
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20 days after induction. In all cases, control mice received
vehicle.

DNA constructs

Genes were cloned into a pCEFL vector using gene blocks (Integrated
DNA Technologies). The GPR161-V129E mutation was introduced
using the QuikChange II kit (Agilent). GPR161 constructs were cloned
into pInducer20 (RRID:Addgene 44012). The GNAS sequence was
based on the Gs long EE-tag (cDNA Resource Center, GNAOSLEI00).
PRKACA was based on NM_002730.4 with a C-terminal HA tag. The
SV40 LargeT lentivirus vector was from Addgene (RRID:Addg-
ene_170255). The CRE reporter (pGL4.29-luc2P/CRE/Hygro)
was from Promega. The GLI reporter (8xGLIBs) was constructed
by cloning the 8x-Gli binding site from ref. 12 into pGL4.R-TRE-
minPro (RRID:Addgene_211517). Human GLI1 (NM_001160045.2)
was cloned with a C-terminal HA and 3xGS linker into pLV-
mCherry:T2A:Bsd-EF1A (VectorBuilder). The TEAD reporter (pGL3b-
8xGTIIC-luciferase) was from Addgene (RRID:Addgene_34615).

Cell culture and transfections

Cells were cultured at 37°C with 5% CO,. Lenti-X 293T
cells for lentiviral production were from Takara Bio (632180,
RRID:CVCL_4401). HEK293 cells were from AddexBio (cat.
#T0011001/76, RRID:CVCL_0045). These cells were cultured in
DMEM (Sigma, D5796) with 10% FBS (Sigma, F4135) and
antibiotic/antimycotic solution (Sigma, A5955). N/TERT2G ker-
atinocytes (11) were cultured in EpiLife media (Gibco, MEP-
I500CA) with Human Keratinocyte Growth Supplement (HKGS;
Gibco, S0015). Transfections used Lipofectamine 3000 (Invi-
trogen). The SmoM2 BCC cell line and control mouse keratino-
cytes were isolated from the tail skin of SmoM2 mice or a control
mouse [wild type (WT)] as described previously (13). Cells were
plated on Culturex BME2 (3533-005-02) in EpiLife + HKGS +
10 pmol/L Y-27632 (Cayman Chemical, 10005583) + 10 ng/mL
EGF (PeproTech, 315-09) and immortalized using SV40 large
T. Control mouse keratinocytes were kept at this stage in the same
culture conditions. SmoM2 were switched to DMEM + 10% FBS +
10 pumol/L Y-27632 + 10 ng/mL EGF and injected and isolated from
xenograft flank tumors of NSG mice twice. Finally, SmoM2 cells were
sorted using FACS (BD FACSAria III machine) for high SMOM2-YFP
expression. This final cell stock was used for experiments. CellTiter-Glo
2.0 Cell Viability Assay (Promega, G9248) was used for proliferation
and viability assays. Population doubling (14), CRE (7), and TEAD
reporters (11) were performed as previously described. For GLI-
luciferase, SmoM2 cells in 24-well plates were transfected with 8xGLIBs
(168 ng/cm?). HEK293 cells in 24-well plates were cotransfected with
8xGLIBs (216 ng/cmz), GLI1 (13 ng/cmz), and the indicated constructs
(26 ng/cm®). Luciferase activity was measured 4 or 24 hours after
transfection using a Dual-Glo Luciferase Assay Kit (Promega, E2940)
and a Microtiter plate luminometer (SpectraMax iD3, Molecular De-
vices LLC). Firefly luciferase was normalized to renilla luciferase in all
samples. Unless otherwise stated, cells were treated with 50 pmol/L
BAY60-6583, 50 pmol/L isoproterenol, 10 umol/L forskolin (Cayman
Chemical, 11018), 100 umol/L IBMX (Sigma, 15879), 4 umol/L VT-104
(Sigma, SML3445), and 20 pmol/L GANT61 (Tocris 3191).
HEK293 and Lenti-X 293T cells were obtained directly from the
company and not further authenticated. N/TERT2G cells, normal
mouse keratinocytes, and SmoM2 cells were validated by short tandem
repeat profiling (ATCC Cell Authentication Services). Mycoplasma was
tested every 6 months by PCR (15), and the cells used did not show
contamination.
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Staining and immunoblotting

Immunofluorescence, histology, whole mount, and blotting were
performed as previously described (16). Whole mount and paraffin
embedding methods quench transgene YFP and GFP signals. Slides
were imaged on a Leica SP8 confocal microscope with LASX soft-
ware (RRID:SCR_013673) or with a Keyence BZ-X700 with BZX
software. Whole mount B-galactosidase staining was performed as
previously described (7). Stained hematoxylin and eosin (H&E)
slides were scanned with a NanoZoomer Digital Slide Scanner
(Hamamatsu, RRID:SCR_023762). Tumor burden is defined as the
total epidermal area divided by the length of the tissue section
quantified in H&E sections by the HALO platform (Indica Labs,
RRID:SCR_018350). Bands were detected using a ChemiDoc
Imaging System (Bio-Rad Laboratories, RRID:SCR_021693) with
Clarity Western ECL (Bio-Rad Laboratories). Blot images were
processed using Image Lab software, version 5.2.1 (Bio-Rad
Laboratories, RRID:SCR_014210). Final images were assembled
using Adobe Illustrator version 29.2. Immunoprecipitation was
performed as previously described (11) in HEK293 cells, as in-
dicated in the figure legends. All antibodies used are listed in
Supplementary Table S2.

Gene expression analysis

Gene expression analysis and single-cell sequencing were per-
formed on isolated tail keratinocytes. For bulk RNA sequencing
(RNA-seq), keratinocytes were isolated from SmoM2 mice, mice
carrying loxP sites surrounding Gnas exon one (abbreviated Gnas-
eKO), and PKI mice 29, 42, and 57 days after tumor induction,
respectively. For single-cell RNA-seq, keratinocytes were isolated
from all mice 28 days after tumor induction. Gpr161-eKO mice were
harvested at 4 months of age. Bulk RNA-seq and quantitative PCR
were performed as previously described (11). Primers are shown in
Supplementary Table S1. Bulk RNA-seq and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis were
performed using Partek Flow software, version 12 (Partek,
RRID:SCR_011860). Upstream regulators analysis was performed
using Ingenuity Pathway Analysis (IPA, Ingenuity Systems,
RRID:SCR_008653). For single-cell RNA-seq, tail keratinocytes
were isolated from two mice of each genotype. Single-cell isolation
and data processing were performed by the CCR Single Cell Anal-
ysis Facility. 10x Genomics Chromium Next GEM Single Cell 3’
version 3.1 (Dual Index) was used with a single capture lane per
sample. Sequencing was performed by the CCR Sequencing Facility.
Single-cell counts were analyzed using Partek Flow software. Cells
were filtered by quality measurements, and counts were normalized
using counts per million. Normalized counts for each cell were used
for unsupervised clustering using principal component analysis, fol-
lowed by the Harmony batch removal tool (17) and graph-based
clustering to identify cell groups. Clustering of groups was performed
by creating pseudobulk data in Partek Flow by pooling single cells
from each group using the sum of raw counts as the aggregation
method. No custom computer code was used in the study.

BCC mutation analysis

Human BCC mutations were identified from a previous database
(18). Only coding sequence mutations present in GNASL (NM_000516)
and GNASS (NM_080426) were considered. We predicted the impact
of mutations using algorithms available via the Ensembl Variant Effect
Predictor (RRID:SCR_007931; ref. 19), including SIFT, PolyPhen2,
Mutation Assessor, CADD, AlphaMissense, PrimateAl, SpliceAl,
MutationTaster, dbSCSNV, and MutPred. The effect of mutations
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was further analyzed using the Atlantis webserver (https://atlantis.
bioinfolab.sns.it; RRID:SCR_027648).

In vivo microscopy

Skin imaging was performed as previously described (20) in the
ear of three mice on days 3 and 17 after induction, using an inverted
TCS SP8 DIVE Spectral Microscope (Leica, RRID:SCR_018852)
equipped with a Mai Tai tunable laser (Spectra-Physics), two
spectral detectors (HyD-RLD, Leica), and a 37°C preheated 40 x
objective (NA 1.10, HC PL IRAPO, Leica). The specimens were
excited at 910 nm. Collagen I (second harmonic generation)
and GFP were detected, respectively, at 451 to 461 nm and
504 to 526 nm. For image analysis, surfaces algorithm from
Imaris 9.2.1 (Bitplane AG, RRID:SCR_007370) software was
used to calculate tumor volume. The measurements point al-
gorithm was used to measure the distance between tumors and
hair follicles.

Statistical analysis

The number of independent experiments and statistical tests is
indicated in each figure legend. No statistical methods were used to
predetermine sample size; sample sizes were chosen based on results
from previous studies. Investigators were not blinded to treatment
allocation. Statistical analyses were performed using Prism 9
(GraphPad Software, RRID:SCR_002798). Asterisks indicate statis-
tical significance (nonsignificant, ns, P > 0.05; *, P < 0.05;
**, P <0.01; ***, P < 0.001; ***, P < 0.0001). Drug dose curve fitting
and Loewe scores were calculated using Combenefit software
(RRID:SCR_027410).

Results

Gas and PKA inactivation trigger oncogenic Hedgehog
signaling

Gas and PKA inactivation in mouse skin lead to highly prolif-
erative lesions of basaloid cells, which form clumps and islands
deeply invading the underlying stroma (7). Although these lesions
resemble BCC tumors, it remains unclear how similar they are to
those arising from oncogenic activation of the canonical Hedgehog
pathway (Fig. 1A). To compare tumors, we utilized a series of
mouse models with keratin 14 (K14)-inducible Cre recombination
(K14CreERT), targeting the epidermal basal compartment (Fig. 1B;
ref. 21). To trigger canonical oncogenic Hedgehog signaling, we
expressed a constitutively active SMOM2 mutant upon Cre re-
combination (abbreviated SmoM2; ref. 22). The SmoM2 mouse
model represents SMO inhibitor-resistant BCC (23). Gas pathway
inactivation was carried out either by knockout of the Gnas gene,
utilizing Gnas-eKO (8), or by overexpression of the PKA-inhibitory
domain of PKla, with mice carrying LoxStopLox-rtTA (24) and
tetracycline-inducible PKIal-24 peptide tagged with GFP (abbre-
viated PKI). Between 3 and 6 weeks after tumor induction, all three
models developed epidermal thickening, primarily on the ears,
snout, and paws. These thickened skin areas presented basaloid
tumor lesions that invaded the underlying dermis, morphologically
resembling superficial and nodular BCC (Fig. 1C; refs. 7, 22, 25).
Immunofluorescence staining of tail epidermis whole mounts
revealed that the BCC-like lesions in the three mouse models were
positive for the basal keratinocyte marker K5 and the basaloid skin
tumor marker K17 (Fig. 1D; ref. 26). Tumor cells in all three models
were ciliated, as evidenced by the cilia marker acetylated tubulin
(Fig. 1D).

CANCER RESEARCH

920z |!4dv 0 uo 1senb Aq 4pd 60TT -GZ -UeD /T68SELE /OV6 /¥ /98 /4pd -8 |0 11 1e /s81isoued /610 s [euno [ioee //:d 11y WOl papeo juwod


https://atlantis.bioinfolab.sns.it/
https://atlantis.bioinfolab.sns.it/

* L ° W
-1

PTCHL SMO ‘o,
~Som
Canonical
Ga,-PKA +Tam
Hedgehog CcAMP s ¢
pathway pathway
R @-0 “HNrmm
l—l' GLI ’—J SmoM2
C D
Ctrl
=
= o
200 pm :
SmoM2
¥ i B o~
=
]
£
(7]
200 pm
Gnas-eKO
o
X
9
1]
L]
<
S
200 pm
PKI
. N _
T X
. o
200 ym -
Figure 1.

Bulk RNA-seq of tail keratinocytes from BCC mice revealed
similar changes in gene expression among the mouse models,
particularly between SmoM2 and Gnas-eKO (Fig. 2A; Supple-
mentary Fig. S1A). Significantly dysregulated common genes
were enriched for pathways related to BCC, including Hippo,
TGFp, and Hedgehog signaling (Fig. 2B). Indeed, numerous
genes associated with Hedgehog signaling were upregulated in
the skin, including Gli and Ptch (Supplementary Fig. SIB).
Functional analysis of transcriptional regulators by IPA indi-
cated upregulation of BCC-related transcriptional networks
(Supplementary Fig. S1C).

To better understand the changes triggered by oncogenic
Hedgehog signaling, we performed single-cell RNA-seq of tail
keratinocytes. Tail skin cell populations were classified by
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unsupervised clustering and expression of known markers for
each cell type (Fig. 2C; Supplementary Fig. S1D and S1E; refs.
27-30). Only basal cells were selected for further analysis.
Interfollicular stem cells from the mouse tail were divided
depending on scale or interscale markers (29). BCC-like cells
were identified based on the presence of Hedgehog signaling
markers (Glil-2-3, Ptch1-2, Smo, and Gasl) and an increased cell
number for that population in BCC models (Fig. 2D). We con-
firmed that cells in Gnas-eKO mice had reduced Gnas expression
and that Gnas depletion was enriched in BCC cell populations
(Supplementary Fig. S1F).

Remarkably, SmoM2, Gnas-eKO, and PKI mice presented highly
similar cell profiles and upregulation of Hedgehog targets (Fig. 2E-
G). BCC-like cells clustered in two separate populations, BCCA and
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SMO and Gas/PKA inactivation
trigger oncogenic Hedgehog sig-
naling. A, Venn diagram showing
the differentially regulated gene
overlap between mouse models
by bulk mRNA-seq (g < 0.05, |
FC| >1.5). P, P value of the overlap,
Fisher exact test. N = 4 for each of
SmoM2, Gnas-eKO, and PKI mice;
N = 9 for control mice. B, Graph
indicating the enriched KEGG
pathway terms in the 712 over-
lapping genes shown in A. C,
Uniform Manifold Approximation
and Projection (UMAP) plot of cell
clusters from all mouse models
from tail single-cell sequencing.
Gene markers used for cell iden-
tification and top enriched bio-
markers for each cluster are
indicated. N = 2 mice per geno-
type, 44,531 total cells. HF, hair
follicle; SC, stem cell. D, Relative
proportion of each cell population
shown in € for each mouse model.
E, UMAP of cell clusters for each
mouse model. N = 2 mice per
genotype. The number of cells
sequenced is indicated. F, Ex-
pression of GIil projected into
each UMAP. G and H, Unsuper-
vised hierarchical clustering of
pseudobulk single-cell RNA-seq
data based on mouse genotype
(G) or cell cluster (H). I, Schematic
showing Gli+ stem cell compart-
ments in skin. J, Principal compo-
nent (PC) analysis plots showing
clustering of the different cell
populations for each mouse, cal-
culated with pseudobulk single-
cell RNA-seq data based on
mouse genotype and cell cluster.

BCCB, that matched cell clusters present in control mice (Fig. 2E).
The BCC-like cells in control mice corresponded to Gli+ pop-
ulations (Fig. 2E and F). The gene expression profile of BCCA cells
was closely related to the proliferative compartment and basal stem
cells (Fig. 2H), possibly indicating a higher proliferative potential
for these cells. GLI is present in three main stem cell areas in normal
skin (Fig. 2I). Based on markers for these GLI+ stem cells, we
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hypothesize that BCCA cells correspond to a touch dome stem cell-
like state (Tnc+), whereas BCCB matches an isthmus stem cell
phenotype (Krt79+) although both populations present broad ex-
pression of hair follicle stem cell markers such as Lgr5 and Lrigl
(Supplementary Fig. SID and S1E).

The populations with more changes in their RNA profile corre-
sponded to BCC-like cells, the proliferative compartment, and
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Figure 3.

Hair follicle stem cells have limited potential to generate BCC-like tumors. A, Schematic showing bulge and isthmus stem cell compartments in skin. B, Schematic
representations of the mice used to target PKA inactivation to hair follicle stem cell compartments. C, Representative images from H&E staining of tail skin from
the indicated mice 3 and 5 months after induction. D, Representative images from immunofluorescence staining of tail skin whole mounts showing expression of
PKI and the basal marker K5 at the indicated time after induction. E, Two-photon images of a mouse whole ear with GFP-PKI tumors (green) and collagen (cyan)
visualization from a mouse 17 days after induction. Magnified images show GFP-PKI tumors. Hair follicles can be visualized by disruptions in the collagen (black
circular areas). Right, a rendering for tumor volume analysis (Imaris) used for quantification is shown. F, Quantification of the distance between tumors and the
closest hair follicle. Each dot represents an individual tumor. Day indicates the days after tumor induction. The best fit regression line is shown. Day 3,
N = 98 tumors from three mice; day 17, N = 155 tumors from three mice.
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Gas and PKA inactivating mutations are present in human BCC. A, Prevalence of indicated gene mutations in human BCC. SMO and GNAS mutations,
N = 293 tumors; PRKACA, N = 126 tumors. B, Protein models of Gas (GNAS) and PKACa (PRKACA), with mutated amino acids highlighted in red. PKA is shown in
complex with the pseudo-substrate PKIA. Magnification on the right shows amino acids important for substrate interaction between PKA and PKI. C and D, Western
blot analysis of the expression of EE-tagged Gas (C), HA-tagged PKA (D), WT, or mutants and downstream signaling pathway components in transfected
HEK293 cells. pPKASubs, Phospho-PKA Substrate RRXS*/T*. Molecular weight markers (kDa) are indicated on the left. E and F, Transcriptional activity of CREB
measured by CRE-luciferase assay in HEK293 cells transfected with Gas (E) or PKA (F) variants. Graphs show mean + SEM. The dotted line indicates the activity level
of WT transfected samples. In E, N = 3, one-sample Wilcoxon test; in F, N = 3, one-sample Wilcoxon test. G, Luciferase assay in HEK293 cells transfected with the
indicated constructs (+). Graphs show mean + SEM. N = 3, one-sample Wilcoxon test. H and I, Transcriptional activity of GLI in HEK293 cells transfected with GLI-
luciferase reporter, GLI1, and Gas (H) or PKA (I) variants. Graphs show mean + SEM. In H, N = 3 for Gas-T3501 and N = 4 for all other constructs, one-sample
Wilcoxon test; in I, N = 4, one-sample Wilcoxon test. J, Western blot analysis indicating phosphorylation of GLIT1 by PKA in HEK293 cells transfected with PKA
variants and GLI1. GLI1 was immunoprecipitated and tested with anti-phospho-PKA substrate motif antibody (pPKA-subs). ns, nonsignificant; *, P < 0.05; **, P < 0.01.
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interscale stem cells (SC-Interscale) based on clustering analysis
of pseudobulk samples (Fig. 2J). This was not necessarily a re-
flection of changes in the proportion of total cells for those
populations as the BCC-like cells expanded in SmoM2, Gnas-
eKO, and PKI mice, with a decrease in the number of SC-
Interscale, whereas the proportion of proliferative cells did not
change (Fig. 2D).

Overall, our results establish that tumor cells arising from
Gas pathway inactivation are almost indistinguishable from
those resulting from canonical oncogenic Hedgehog pathway
activation. We also find that BCC-like tumor cells have gene
expression profiles similar to those of touch dome and isthmus
basal stem cells. Remarkably, the main gene expression changes
triggered by oncogenic Hedgehog signaling are reflected in the
BCCA and proliferative cells, whereas oncogenic activation
does not significantly alter other stem cell compartments.

Hair follicle stem cells have limited potential to generate
BCC-like tumors

Bulk and single-cell RNA-seq confirmed the similarity of
BCC-like lesions to hair follicle stem cells, suggesting a hair
follicle origin for these tumors. However, by reprogramming
toward a hair follicle phenotype (31), BCC could originate from
other keratinocyte stem cell populations. To better characterize
the origin of BCC-like cells, we analyzed the tumorigenic po-
tential of different hair follicle stem cell populations by crossing
our inducible PKI transgene with drivers specific for isthmus
Lrigl (32) or bulge Lgr5 (33) hair follicle stem cells (Fig. 3A and
B). Remarkably, Lgr5 cells were unable to drive tumor formation
(Fig. 3C). In contrast, Lrigl cells formed lesions limited to the
mid-hair follicle area (Fig. 3C). These Lrigl-derived tumors did
not migrate into the interfollicular epidermis or invade the
dermis, as observed with the K14 driver. We validated that GFP-
PKI is expressed in specific hair follicle compartments by
staining tail epidermis whole mounts against GFP (Fig. 3D).
Our results indicated that Lrigl and Lgr5 hair follicle stem cells
are unlikely to be the primary origin of BCC-like invasive tu-
mors following PKA inactivation.

To better understand tumor origin and evolution in our BCC
model, we took advantage of the GFP fluorescent protein fused
to PKI to track BCC-like tumors by two-photon microscopy in
K14-driven mice. Utilizing second-harmonic generation to
image collagen (34), we can also observe the tissue structure and
track the location and growth of tumors according to their
distance from the hair follicle (Fig. 3E and F). Our results in-
dicate that tumor formation (day 3) and tumor growth (day 17)
have no significant correlation with the distance to the hair
follicle (Fig. 3F), supporting that despite their hair follicle stem
cell phenotype, a proportion of BCC-like cells may not originate
from hair follicles themselves.

Gas and PKA inactivating mutations are present in human BCC

The similarity between our tumor models suggests that ge-
nomic alterations in Gas-PKA signaling members could con-
tribute to the genetic risk of Hedgehog-driven tumors. Analysis
of a tumor dataset of human BCC (18) shows mutations in
genes coding for Gas and PKA (Fig. 4A and B). Mapping and
effect predictor analysis of mutations indicated potentially al-
tered protein activity for some variants (Supplementary Table
S$3). Notably, two mutations in the PKA catalytic subunit alpha
(PRKACA) are in residues that are essential for the kinase to
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interact with substrates (E128 and E171, Fig. 4B). To test the
biological effect of the mutations, we measured the activity of
Gas and PKA variants present in BCC. Although Gas mutants
showed similar activity levels to WT, all PKA mutations re-
duced phosphorylated PKA substrates and cAMP-responsive
element binding protein (CREB) phosphorylation (Fig. 4C and
D). We next utilized a CRE-luciferase reporter that indicates
the activity of the cAMP pathway by measuring CREB tran-
scription. Interestingly, one GNAS variant, Gas-P116L, showed
reduced CREB reporter activation (Fig. 4E). The PRKACA
variants PKA-E128K and E171K completely abolished the ac-
tivation of the CREB reporter, and PKA-T49I showed reduced
activity (Fig. 4F).

To test the effect of these mutants on Hedgehog signaling, we
developed a reporter with repeated GLI binding sites (12) fol-
lowed by luciferase (8xGLIBs). The 8xGLIBs reporter, but not
an empty reporter vector, responded to GLI1 overexpression,
and this response was blocked by the GLI inhibitor GANT61
(Fig. 4G). WT Gas or BCC mutants had a limited effect on
GLI1 activity, whereas a constitutively active Gas (R201C) was
able to block its transcription (Fig. 4H). On the contrary,
overexpression of WT PKA inhibited GLI1, but three PKA
variants (T49I, E128K, and E171K) resulted in increased
GLI1 transcription (Fig. 4I). PKA can control the activity of GLI
by regulating its phosphorylation (35). Indeed, we find that WT
PKA increases GLI1 phosphorylation, whereas the PKA variants
E128K and E171K show a reduced effect (Fig. 4]). Remarkably,
PKA-T49I increases GLII transcriptional activity without al-
tering its phosphorylation (Fig. 4I and J), suggesting alternative
mechanisms by which PKA could regulate GLI. Our results show
that disruptive mutations in Gas and PKA are present in human
BCC samples and indicate that inactivation of this pathway may
contribute to human BCC.

BCC tumors arising from Gas pathway inactivation are
independent of the canonical Hedgehog regulators SMO and
GPR161

Gas and PKA are necessary to block Hedgehog signaling during
normal epithelial differentiation, suggesting that potential Gas-
coupled GPCRs are involved in the regulation of stem cell fate in the
skin. Analysis of our gene datasets identified numerous GPCRs
expressed in tumor cells from our mouse models (Fig. 5A, mag-
nified for clarification in Supplementary Fig. S2). Interestingly,
GPCRs that regulate Hedgehog signaling, such as Smo and Gpri61,
are present in BCC-like cells (Supplementary Fig. S3A).

Although it is known that PKA acts directly on GLI transcription
factors to regulate the Hedgehog pathway (2), one open question is
whether oncogenic Hedgehog signaling following Gas and PKA
inactivation depends on SMO. To test this possibility, we performed
a skin-specific double knockout of Smo and Gnas or a knockout of
Smo in the context of PKI expression (Fig. 5B; Supplementary Fig.
S3B). Surprisingly, Smo knockout did not alter tumor formation or
Hedgehog signaling activation in Gnas-eKO or PKI mice (Fig. 5B-
D; Supplementary Fig. S3B-S3D). Furthermore, we found that tu-
mor growth following PKI expression is resistant to the SMO in-
hibitor vismodegib (Supplementary Fig. S3E), validating that these
BCC-like lesions do not depend on SMO for growth.

Combined with our previous study demonstrating that Gai-
GPCR activation does not lead to BCC (16), our Smo knockout
results suggest that a Gas-coupled receptor must be present in the
skin, which inactivates Hedgehog signaling during normal
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homeostasis. We hypothesized that if the effect is mediated by a
single GPCR, skin-specific knockout of this receptor would phe-
nocopy Gnas-eKO BCC. A literature review of skin-specific or
complete knockouts of the Gas-coupled receptors expressed in BCC
cells did not identify any receptor in which absence results in BCC-
like lesions. However, Gpr161 and Adgra2 (also known as Gpri24)
emerged as potential candidates. Gpr161 is a Gas-coupled receptor
and one of the primary inhibitors of Hedgehog signaling during
development and tumor formation (2, 36, 37), whereas Adgra2 is the
most upregulated GPCR in BCC cells (Fig. 5A). The complete
knockout of these receptors is embryonically lethal (10, 36), and
their specific skin knockout has not yet been analyzed. Interestingly,
Adgra2 skin-specific knockout mediated by constitutive CRE re-
combination (K14Cre; ref. 21) and lox-p sites on Adgra2 exon 1 (10)
did not affect skin homeostasis (Supplementary Fig. S4A-S4C).

Next, we analyzed GPR161. To confirm that this receptor can
regulate Hedgehog signaling in keratinocytes, we generated in-
ducible keratinocyte cell lines overexpressing WT or V129E
GPR161, a mutation that abolishes GPR161 interaction with Gas
(36). Overexpression of WT but not mutant GPR161 leads to the
expression of GLI3 repressor and activation of CREB (Supple-
mentary Fig. S4D and S4E), indicating that GPR161 can regulate
Hedgehog signaling in keratinocytes. Surprisingly, however, in-
ducible (K14CreERT) or constitutive (K14Cre) skin-specific
knockouts utilizing a floxed Gpr161 mouse (9) did not show any
phenotypic or histologic alterations (Fig. 5E and F; Supplementary
Fig. S4F-S4H).

Analysis of Hedgehog targets in Gpri161 knockout tail skin ker-
atinocytes indicated that despite the lack of phenotype, keratino-
cytes show increased expression of Hedgehog targets (Fig. 5G).
Using Glil B-galactosidase reporter mice (Glil"*% ref. 38), we were
able to visualize that Gpr161 epithelial knockout led to an increase
in Glil+ cells limited to the hair follicle (Fig. 5H). Comparison of
bulk RNA-seq analysis of Gprl6l tail skin keratinocytes with
SmoM2 and Gnas-eKO mice indicated that fewer genes were dif-
ferentially regulated by Gpri61 knockout although several of these
genes were shared (Fig. 5I). Gpr161 epithelial knockout leads to a
less pronounced increase in Hedgehog target genes compared with
SmoM2 and Gnas-eKO (Fig. 5J). Our results show that Gpri6l
knockout in basal keratinocytes leads to a non-oncogenic increase in
Hedgehog signaling, suggesting that GPR161 only partially controls
the Hedgehog pathway in the skin.

Opverall, our GPCR analysis indicates that the tumor-suppressive
function of Gas is probably not linked to a single Gas-coupled
GPCR but might involve multiple upstream receptors. On the other
hand, our results demonstrate that BCC tumors arising from Gas
pathway inactivation are independent of the canonical Hedgehog
regulators SMO and GPR161 and establish Gnas-eKO/PKI models

Oncogenic Gas and Hedgehog Signaling Cross-talk

as a unique resource to understand BCC arising from SMO-
independent Hedgehog signaling.

Activation of Gas-coupled ADORA2B reduces BCC tumor
growth

As Gas and PKA are essential inhibitors of the Hedgehog path-
way in the skin, elevating cAMP levels and activating PKA could be
a viable option to block oncogenic Hedgehog signaling (Fig. 6A).
Inhibitors of phosphodiesterases (PDE), the enzymes mediating the
degradation of cAMP, can suppress Hedgehog signaling and me-
dulloblastoma growth in mouse models (39). However, we found
that systemic delivery of the PDE4 inhibitor rolipram, the
PDE7 inhibitor BRL50481, or their combination did not affect
the growth of SmoM2-induced tumors (Fig. 6B and C).

Another potential way to increase cAMP levels in cells is to ac-
tivate Gas-coupled GPCRs (Fig. 6A). Analysis of gene expression in
our single-cell BCC data revealed several targetable Gas-coupled
GPCRs present in tumor cells (Fig. 6D). As a proof of concept to
induce Gas-coupled GPCR signaling and reduce Hedgehog activity,
we utilized BAY60-6583 (40), an agonist for ADORA2B, and iso-
proterenol, which activates P-adrenergic receptors (ADRB1 and
ADRB2). Treatment of a cell line generated from SmoM2 mice with
BCC-like characteristics (Supplementary Fig. SSA-S5F) showed acti-
vation of PKA signaling following treatment with BAY60-6583 or
isoproterenol (Fig. 6E). Furthermore, this treatment led to reduced
mRNA expression of Hedgehog signaling targets, such as GliI and Gli2
(Fig. 6F), as well as GLI1 protein expression (Fig. 6G) and reduced cell
proliferation (Supplementary Fig. S5G). However, BAY60-6583 showed
a more acute and sustained inhibition of endogenous GLI transcriptional
activity than isoproterenol (Fig. 6H). Gas and PKA can regulate cell
growth in BCC not only by regulating GLI but also by blocking the
activity of YAP1 (7, 13). Using a TEAD transcription reporter assay that
measures the activity of YAPl, we found that BAY60-6583
blocks endogenous YAPI-TEAD activity to a similar extent as the
YAPI inhibitor VT-104, whereas isoproterenol had no effect (Fig. 6I).
Interestingly, we also found that the ADORA2B receptor can localize to
cilia in some SmoM2 cells (Fig. 6]). We were able to validate that
BAY60-6583 can block human GLII transcriptional activity and increase
GLI1 phosphorylation by PKA in HEK293 cells (Supplementary Fig.
S5H and S5I).

To extend our results in an in vivo setting, we treated SmoM2 mice
with daily topical application of BAY60-6583 or isoproterenol for
10 days, 3 weeks after tumor induction. Surprisingly, and aligned with
our in vitro data, BAY60-6583 reduced tumor burden, whereas isopro-
terenol did not significantly alter tumor growth (Fig. 6K and L). BAY60-
6583 significantly reduced tumor cell proliferation (Fig. 6M and N). The
discrepancy in the effects between BAY60-6583 and isoproterenol could
arise from their differential regulation of Hedgehog and Hippo

(Continued.) in H&E tail skin staining in Gnas skin knockout mice with Smo heterozygous (+/—) or homozygous (—/—) knockout. Graphs show mean + SEM.
N = 14 SmoF +/— mice; N = 14 SmoF —/— mice, t test. D, gRT-PCR analysis of mMRNA expression of indicated markers in tail epidermal keratinocytes isolated
from Gnas knockout mice with Smo heterozygous (+/—) or homozygous (—/—) knockout 33 days after induction. Graphs show mean + SEM. N = 6 SmoF +/—
mice; N = 6 SmoF —/— mice, t test. SmoF + mice were used as control (Ctrl). E, Schematic representation of the mouse model used to target GPR161 deletion to
the skin. Images on the right show representative H&E staining of tail skin from the indicated mice at 4 months. F and G, gRT-PCR analysis of mMRNA expression
of indicated markers in tail epidermal keratinocytes isolated from 4-month-old control or Gpri67-eKO mice. Graphs show mean + SEM. N = 3 control mice and
N = 3 Gprl671-eKO mice; t test (F) and one-sample Wilcoxon test (G). H, Representative image of p-galactosidase staining in tail skin from 12-week-old control
and Gpri67-eKO (K14-Cre) mice showing GIi* cells (blue). I, Venn diagram showing the differentially regulated gene overlap between indicated mouse models by
bulk mRNA-seq (g < 0.05, |[FC| > 1.5). SmoM2 and Gnas-eKO are K14-CreERTM as shown in Fig. 2A, and Gpri67-eKO are from K14Cre 4-month-old mice,
N = 3 control and 3 Gpr167-eKO mice. J, Heat map from bulk mRNA-seq data comparing the fold change (log,FC) increase in Hedgehog signaling targets in the
indicated mice. ns, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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signaling, as shown above, although additional effects could be
mediated by their respective receptors being differentially expressed
across stem cell compartments in the epidermis (Supplementary Fig.
S5J). In addition, Adora2b expression is increased in tumor cells in
BCC mice compared with control mice, whereas ADRB2 is reduced
(Supplementary Fig. S5]).

We also investigated the potential benefit of combining BAY60-6583
with agents targeting Hedgehog signaling in control and BCC kerati-
nocytes. Interestingly, SmoM2 cells were more sensitive to BAY60-6583
treatment than control cells, whereas the opposite was observed for the
SMO inhibitor vismodegib (Supplementary Fig. S6A-S6C). Combina-
tion analysis revealed limited synergism between the two drugs (Sup-
plementary Fig. S6C and S6D). This is expected as the SMO variant
present in our BCC model confers a markedly reduced sensitivity to
vismodegib (23), and we show now that this resistance is not altered by
ADORA2B activation. Similarly, cotreatment with the GLI inhibitor
GANTS61 also showed minimal synergistic effects (Supplementary Fig.
S6E-S6G). Neither vismodegib nor GANT61 produced additive or
synergistic effects with BAY60-6583 on GLI transcriptional activity
(Supplementary Fig. S6H). The lack of synergism could indicate that
ADORA2B activation affects BCC growth through mechanisms con-
verging on the Hedgehog/GLI pathway and supports a model in which
activation of the Gas-coupled receptor ADORA2B suppresses oncogenic
Hedgehog signaling and tumor growth.

Discussion

Oncogenic and dysregulated Hedgehog signaling contribute to
numerous human pathologies, including cancer. Here, we dissect
the role of Gas and PKA in the regulation of mammalian Hedgehog,
and we demonstrate that inactivation of Gas and PKA is sufficient
to trigger oncogenic Hedgehog signaling at the same level and with
the same biological consequences as constitutively active SMO. We
also determine that tumors arising from Gas pathway inactivation
are independent of the canonical Hedgehog regulators SMO and
GPRI161 and establish the Gnas-eKO and PKI models as a unique
resource to understand tumor formation arising from noncanonical
activation of Hedgehog signaling.

Our results indicate that continuous activation of Gas and PKA is
essential to maintain normal levels of Hedgehog activity in the skin
stem cell compartment and that this function is epistatic to SMO,
supporting the idea that SMO primarily regulates the inhibitory
effect of PKA on Hedgehog signaling. Indeed, SMO activity is be-
lieved to be predominantly mediated by direct inhibition of PKA
through a pseudo-substrate site (41), and Hedgehog pathway hy-
peractivity is independent of SMO in other models of cAMP
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signaling inactivation (36, 42, 43), highlighting the overlapping re-
lationship between Gas, PKA, and Hedgehog signaling.

Despite the hair follicle characteristics of BCC, experimental
data in mice indicate that tumors can originate from both inside
and outside the hair follicle (31, 44, 45). Here, we demonstrate that
BCC-like cells cluster in two distinct populations with markers for
touch dome and isthmus stem cell-like cells. Interestingly, we find
that although bulge Lgr5+ stem cells are not able to generate BCC-
like tumors, Lrigl+ isthmus stem cells have a limited capacity to
generate invasive BCC lesions. These results suggest that BCC-like
tumors originate from both hair follicle and interfollicular stem
cells, as has been shown before (45-47). However, in our model,
more invasive tumor lesions arise outside the hair follicle, prob-
ably from touch dome stem cell-like cells. Touch dome Gli+ cells
express broad interfollicular and hair follicle stem cell character-
istics, similar to BCCA cells, and have been proposed as an origin
of BCC lesions (30, 45). On the other hand, BCCB cells express
high levels of Krt79, an epithelial differentiation marker (48), in-
dicating that BCCB could represent a more differentiated tumor
population.

BCC has been classically characterized by genomic alterations in
Hedgehog signaling members although BCCs present a multiplicity
of genetic changes (3, 49, 50). In addition, some patients with high-
frequency BCCs do not show germline mutations in the Hedgehog
pathway (50, 51), indicating that additional alterations may drive
BCC formation. Our results show disruptive mutations in Gas and
PKA in human tumors, suggesting that they could contribute to
human BCC. However, the low burden of Gas and PKA genomic
alterations indicates that additional genetic and signaling mecha-
nisms might exist in BCC to inactivate Gas and PKA. Bazex-
Dupré-Christol syndrome, a rare disease that presents with multiple
BCCs, has been linked to amplifications in the ARHGAP36 gene
(52). ARHGAP36 can antagonize PKA and activate Hedgehog sig-
naling (53), establishing ARHGAP36 amplification as an alternative
pathway to achieve PKA inactivation in BCC. Further research is
needed to unveil additional mechanisms by which Gas pathway
inactivation contributes to human BCC and other tumors.

PKA activation has been proposed as a therapy to block oncogenic
Hedgehog signaling, although this has not been studied in detail in skin
BCC. Here, we find that blockage of cAMP degradation by PDE in-
hibitors does not affect the growth of SmoM2-induced tumors, but
activation of the Gas-coupled ADORA2B can lead to reduced tumor
burden and proliferation. We also find potential differences between
Gas-coupled GPCR agonists, which could arise due to specific activation
of particular pools of cCAMP/PKA and selective receptor desensitization.
Although we find that ADORA2B can be located in cilia, its GLI-

(Continued.) 5 combination treated mice, ANOVA with ¢ test (C). D, Heatmap from single-cell RNA-seq data from BCCA cells comparing the relative expression
of the indicated Gas-coupled GPCRs. E, Western blot analysis of the SmoM2 BCC cell line showing activation of PKA by treatment with 50 umol/L BAY60-6583
or isoproterenol (Isoprot.) for 15 minutes. Forskolin and IBMX (FSK/IBMX) treatment is used as a positive control. Molecular weight markers (kDa) are indicated
on the left. F, gQRT-PCR analysis of mRNA expression of indicated markers in a SmoM2 cell line treated with 50 umol/L of the indicated drugs for 24 hours. Graphs
show mean + SEM. N = 4 samples per condition, one-sample Wilcoxon test. The dotted line indicates the expression level of control samples. G, Western blot
analysis of GLI1in SmoM2 cell lines treated with 25 umol/L of the indicated drugs for 72 hours. Molecular weight markers (kDa) are indicated on the left. H, GLI-
luciferase assay in SmoM2 cells treated with 50 umol/L of the indicated drugs for 4 and 24 hours. Graphs show mean + SEM. The dotted line indicates the level of
control samples. N = 4, one-sample Wilcoxon test. I, Transcriptional activity of TEAD measured by TEAD-luciferase assay in SmoM2 cells treated with 50 umol/L
of BAY60-6583 or isoproterenol, and 4 umol/L of VT-104 (TEAD inhibitor) for 24 hours. Graphs show mean + SEM. The dotted line indicates the level of control
samples. N = 3, one-sample Wilcoxon test. J, Immunofluorescence of SmoM2 cells with a magnified field showing the ciliary localization of ADORA2B (magenta)
and cilia marker ARL13B (green). K, Representative images from H&E staining of ear skin from SmoM2 mice treated topically for 10 days with the indicated drugs
or vehicle (control). L, Violin plot depicting the distribution of tumor burden of mice shown in K. N =15 control, 12 BAY60-6583, 9 isoproterenol-treated mice,
Welch t test. M and N, IF (M) and quantification (N) of the proliferation marker PCNA in mice shown in K. N = 3 mice per condition, ANOVA with ¢ test. ns,
nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. A, Created in BioRender. Iglesias, R. (2025) https://BioRender.com/fr1j6fp.
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inhibitory effect is also recapitulated in HEK293 cells, which lack cilia.
These results highlight that ADORA2B can regulate Hedgehog through
both ciliary and cytoplasmic effects. Notably, the SmoM2 mouse model
represents SMO inhibitor-resistant BCC (23), indicating that targeting
ADORA2B could be an alternative option for drug-resistant tumors.

The mouse models chosen for our study were based on characterizing
the relationship between the Gas pathway and canonical Hedgehog
signaling. However, BCC mouse models have some limitations. BCC is
one of the human cancers with the highest mutational burden (50, 54,
55), a fact that is not recapitulated in our single-oncogene BCC-like
lesions. In addition, SmoM2 tumors are sometimes classified as basaloid
follicular hamartomas (56, 57). Hamartomas are skin lesions with lower
Hedgehog activation than BCC (56, 58). Despite this distinction,
SmoM2 mice carry a mutation present in human BCC, recapitulate BCC
development (59), and are extensively used as a model to study BCC.
Another limitation of our study is that several of our experiments were
performed in tail skin. However, it has been shown that tail scale and
interscale domains are similar to human rete ridges and inter-ridges
(29), making it a good parallel model to human skin.

Overall, our study provides a valuable resource to understand the
developmental and pathologic roles of Gas and Hedgehog signaling
pathway cross-talk. The findings also reveal that oncogenic GPCR
activation, such as SMO-driven signaling imbalances, can be
counteracted by activating complementary pathways, restoring
GPCR signaling equilibrium and normal physiologic processes es-
sential for tissue homeostasis. Further research is needed to identify
and expand the repertoire of signaling modulators capable of
reestablishing normal cycles of stem cell proliferation and differ-
entiation, ultimately restoring normal tissue function.
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