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Genetic Mutations Underlying Phenotypic
Plasticity in Basosquamous Carcinoma

Audris Chiang1,2,7, Caroline Z. Tan1,7, François Kuonen1, Luqman M. Hodgkinson1, Felicia Chiang3,
Raymond J. Cho4, Andrew P. South5, Jean Y. Tang1, Anne Lynn S. Chang1, Kerri E. Rieger1,6,
Anthony E. Oro1 and Kavita Y. Sarin1
Basosquamous carcinoma (BSC) is an aggressive skin neoplasm with the features of both basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC). While genetic drivers of BCC and SCC development have been
extensively characterized, BSC has not been well studied, and it remains unclear whether these tumors orig-
inally derive from BCC or SCC. In addition, it is unknown which molecular pathways mediate the reprog-
ramming of tumor keratinocytes toward basaloid or squamatized phenotypes. We sought to characterize the
genomic alterations underlying sporadic BSC to elucidate the derivation of these mixed tumors. We identifed
frequent Hedgehog (Hh) pathway mutations in BSCs, implicating Hh deregulation as the primary driving event
in BSC. Principal component analysis of BCC and SCC driver genes further demonstrate the genetic similarity
between BCC and BSC. In addition, 45% of the BSCs harbor recurrent mutations in the SWI/SNF complex gene,
ARID1A, and evolutionary analysis revealed that ARID1A mutations occur after PTCH1 but before SCC driver
mutations, indicating that ARID1A mutations may bestow plasticity enabling squamatization. Finally, we
demonstrate mitogen-activated protein kinase pathway activation and the loss of Hh signaling associated with
the squamatization of BSCs. Overall, these results support the genetic derivation of BSCs from BCCs and
highlight potential factors involved in modulating tumor reprogramming between basaloid and squamatized
phenotypes.
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INTRODUCTION
Basosquamous carcinoma (BSC) is a clinically aggressive
neoplasm of the skin with the features of both basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC). BSC
represents 1.2e2.7% of all skin carcinomas and displays an
aggressive local growth pattern with high potential for
recurrence and metastases, with a prevalence rate up to 7.4%
for distant metastases, higher than that of SCC and BCC
(Garcia et al., 2009; Volkenstein et al., 2010). While the
molecular nature of BSC is unclear, most tumors contain
areas of both BCC and SCC with a transitional zone of in-
termediate differentiation (Maloney, 2000). This entity
has been referred to as basosquamous cell carcinoma,
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metatypical carcinoma, and BCC with squamous differenti-
ation (Allen et al., 2014; Costantino et al., 2006; De Stefano
et al., 2012; Garcia et al., 2009) and represents the pheno-
typic plasticity that can occur between BCC and SCC.
Despite recognition of the intermediate histopathologic fea-
tures of BSC (Figure 1), it remains unclear whether these tu-
mors are initially derived from BCC or SCC, and the genetic
mutations underlying the development of BSC have not been
explored.

In contrast to BSC, the genetics of BCC and SCC are well
described. Uncontrolled activation of the Hedgehog (Hh)
pathway drives the development of BCCs. Loss of the tumor
suppressor PTCH1 and gain of function of the G
proteinecoupled receptor Smoothened (SMO) are the most
common mutations that inappropriately activate the Hh
pathway (Atwood et al., 2015; Sharpe et al., 2015). Other
genetic drivers of BCC identified through exome sequencing
studies include PTEN, MYCN, PPP6C, GRIN2A, GLI1,
CSMD3, DCC, PREX2, and APC (Bonilla et al., 2016;
Jayaraman et al., 2014). In contrast to BCC, SCC contains
greater genetic heterogeneity. Commonly mutated genes in
SCC include activating mutations in HRAS and disruptions of
the TGFBR1, TGFBR2, NOTCH1, and NOTCH2 genes
(Cammareri et al., 2016; Rose et al., 2017; South et al.,
2014). Genetic studies have also reported additional muta-
tions in CASP8, CDKN2A, NOTCH3, KRAS, NRAS, PDK1,
BAP1, AJUBA, KMT2D, MYH9, TRAF3, NSD1, CDH1, and
TP63 (Pickering et al., 2014; Schwaederle et al., 2015;
Yilmaz et al., 2017).

Several recent studies have demonstrated the squamatiza-
tion of BCCs with SMO inhibitor vismodegib (Ransohoff
estigative Dermatology. www.jidonline.org 2263
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Figure 1. Histopathology of BSC. Histopathology demonstrates a tumor with

basaloid areas containing tumor cells with scant cytoplasm arranged in cords

with peripheral palisading, retraction artifact, and mucinous stroma,

transitioning into areas composed of squamous cells containing abundant

eosinophilic cytoplasm (original magnification �20). Transition zones

between the basaloid areas (in the bottom portion of the image) and

squamous areas (in the upper left portion of the image) are marked with

asterisks (*). Bar ¼ 50 mm. BSC, basosquamous carcinoma.

Table 1. Comparison of BCC and SCC Driver Gene
Mutation Frequencies

Gene

BSC
Sample
Mutation
Frequency
(N [ 20)

BCC
Sample
Mutation
Frequency
(N [ 16)

SCC
Sample
Mutation
Frequency
(N [ 52)

BCC
versus
BSC P-
Value1

SCC
versus
BSC P-
value1

BCC Drivers

PTCH1 0.45 0.44 0.10 0.95 0.001

SMO2 0.05 0.25 0.00 0.08 0.10

MYCN3 0.15 0.19 0.06 0.75 0.20

PPP6C3 0.05 0.25 0.00 0.08 0.10

GRIN2A 0.35 0.50 0.27 0.36 0.50

CSMD3 0.60 0.56 0.75 0.82 0.21

DCC 0.10 0.25 0.31 0.23 0.07

PREX2 0.05 0.38 0.19 0.01 0.13

APC 0.10 0.19 0.27 0.45 0.12

PTEN 0.05 0.06 0.00 0.87 0.10

PIK3CA3 0.10 0.13 0.04 0.78 0.31

SCC Drivers

CDKN2A 0.00 0.00 0.15 N/A 0.02

NOTCH1 0.15 0.31 0.46 0.24 0.01

NOTCH2 0.20 0.25 0.37 0.72 0.18

NOTCH3 0.15 0.06 0.19 0.39 0.68

KRAS3 0.00 0.00 0.02 N/A 0.53

NRAS3 0.00 0.00 0.02 N/A 0.53

HRAS3 0.00 0.00 0.12 N/A 0.11

RASA1 0.00 0.00 0.06 N/A 0.26

TGFBR1 0.15 0.13 0.06 0.86 0.20

TGFBR2 0.10 0.06 0.08 0.66 0.75

CEBPA 0.05 0.00 0.00 0.36 0.10

PDK1 0.05 0.00 0.08 0.36 0.69

BAP1 0.10 0.00 0.04 0.19 0.31

CREBBP 0.25 0.13 0.19 0.37 0.59

BCC and SCC Drivers

TP53 0.55 0.31 0.58 0.15 0.84

KMT2D/MLL2 0.40 0.44 0.58 0.82 0.18

AJUBA 0.10 0.13 0.13 0.81 0.69

MYH9 0.25 0.38 0.13 0.42 0.24

TRAF3 0.10 0.13 0.06 0.81 0.53

NSD1 0.20 0.13 0.08 0.55 0.14

CDH1 0.05 0.13 0.10 0.42 0.53

CASP8 0.15 0.06 0.19 0.41 0.69

RAC13 0.05 0.00 0.04 0.36 0.85

ARID1A 0.45 0.19 0.19 0.10 0.03

TP63 0.05 0.25 0.10 0.08 0.53

Abbreviations: BCC, basal cell carcinoma; BSC, basosquamous
carcinoma; N/A, not applicable; SCC, squamous cell carcinoma.
1Two-proportion Z-test, P-value two-tailed.
2Includes only known activating SMO mutations.
3Includes only oncogenic mutations reported in other samples identified
in the Catalogue Of Somatic Mutations In Cancer (COSMIC).
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et al., 2015; Zhao et al., 2015; Zhu et al., 2014). These re-
ports describe cases of SCC arising in areas of the original
BCC tumor bed, within tumors that have stopped responding
clinically to vismodegib or contained areas responding
differentially to treatment, suggesting that the process of the
dedifferentiation of BCC into SCC may enable the BCCs to
evade drug inhibition (Iarrobino et al., 2013; Orouji et al.,
2014; Saintes et al., 2015; Zhu et al., 2014). However, it
remains unclear whether these cases of SCC arose indepen-
dently or resulted from squamatization of the original BCC.
Recently, Ransohoff et al. (2015) described one case of a
recurrent SCC-like tumor in the lymph node following the
vismodegib treatment of metastatic BCC. Genetic sequencing
of the original tumor and recurrent lymph node SCC identi-
fied a common PTCH1 mutation, suggesting that the SCC
most likely arose from the original BCC and that selective
pressure owing to treatment with vismodegib may have been
responsible for this squamatization. However, no studies of
the derivation of sporadic BSC have been performed to date.
Further understanding of the genetics of sporadic BSC may
help to elucidate the mechanisms of phenotypic plasticity
that enable BCC and SCC to change fate, promote tumor
progression, and enable tumors to evade therapy.

In this study, we conducted a mutational analysis of 20
histologically confirmed BSCs compared with 16 BCC and 52
SCC samples to elucidate the genetic etiology of BSC and to
explore mechanisms for the phenotypic plasticity observed in
BSC.
RESULTS
BSC contains genetic alterations in PTCH1, SMO, and
MYCN, similar to those of BCC

We compared gene mutations among BSC and BCC (Table 1,
Figure 2, and Supplementary Table S1). Forty-five percent of
Journal of Investigative Dermatology (2019), Volume 139
the BSC tumors contained deleterious mutations in PTCH1
compared with 44% of the BCCs and 10% of the SCCs (P ¼
0.95 and P ¼ 0.001, respectively). Five percent of the BSCs
contained the oncogenic SMO M2 mutation, W535L,
compared with 25% of the BCCs and none (0%) of the SCC
samples. Fifteen percent of the BSCs had mutations inMYCN,
a recently described BCC cancer driver, compared with 19%
of the BCC and 6% of the SCC samples (P ¼ 0.75 and



Figure 2. Heat map of BCC and SCC driver gene mutations among tumor samples. The analysis of signature genes revealed a greater similarity of

mutation frequencies between BCCs and BSCs as compared with those of SCCs. §Includes only known activating SMO mutations. *Includes only oncogenic

mutations reported in other samples identified in the Catalogue Of Somatic Mutations In Cancer (COSMIC). FS, Frameshift insertion or deletion; IF,

In-frame insertion or deletion; MS, Missense mutation; NS, Nonsense mutation,

Figure 3. Principal component analysis of the BSC, BCC, and SCC tumor

types. Analysis of the BCC and SCC driver genes listed in Table 1

demonstrated similarity in the genetic distribution of the BSC and BCC tumor

types (P ¼ 0.56) and statistically significant difference in the genetic

landscape of the BSC and SCC tumor types (P ¼ 0.02). BCC, basal cell

carcinoma; BSC, basosquamous carcinoma; PC, principal component; SCC,

squamous cell carcinoma.
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P ¼ 0.20, respectively). Additional mutations in the BCC
drivers PPP6C, GRIN2A, CSMD3, DCC, PREX2, APC, and
ARID1A were also present, totaling 100% (11 of 11) of the
known BCC driver mutations accounted for in BSC. The
presence of PTCH, MYCN, and SMO in the BSC samples
provides genetic evidence that BSCs share cancer drivers
similar to those of BCC and arise through the activation of Hh
signaling.

BSC lacks commonly found SCC driver mutations

We next compared genetic mutations between BSC and SCC
(Table 1, Figure 2, and Supplementary Table S1). Fifteen
percent and 20% of the BSC tumors were found to have
NOTCH1 and NOTCH2 mutations, respectively, lower than
the 46% and 37% of the SCC samples (P ¼ 0.01 and
P ¼ 0.18) and more comparable to the frequencies observed
in the BCCs, 31% and 25%, respectively (P ¼ 0.24 and
P ¼ 0.72), suggesting that the BSCs do not harbor elevated
NOTCH mutations at the frequency reported in SCCs. In
addition, BSC also lacked oncogenic HRAS and KRAS mu-
tations, which have been reported to be mutated in SCC
(Que et al., 2018). Finally, there were no CDKN2A mutations
present in BSC compared with 15% of SCC (P ¼ 0.02). The
differences in mutation frequencies suggest that BSC has a
mutational landscape differing from SCC and lacks classic
SCC driver mutations.

Principal component analysis

Principal component analysis demonstrated overlap between
all three tumor groups, indicating some amount of similarity
between all three. However, there was a statistically signifi-
cant difference in the genetic landscape between the BSC
and SCC tumors (P ¼ 0.02) compared with the similar genetic
distribution of the BSC and BCC tumor samples (P ¼ 0.56)
(Figure 3).

ARID1A is highly mutated in BSC

We identified the top 20 cancer genes mutated in BSC
(Supplementary Tables S2 and S3). ARID1A was highly
mutated in 45% of the BSCs compared with 19% of the BCC
and 19% of the SCC tumors (P ¼ 0.10, P ¼ 0.03, respec-
tively). ARID1A encodes a component of the SWI/SNF
chromatin remodeling complex and plays a role in differen-
tiation in a number of cancer types. ARID1A is frequently
mutated across many cancers, and its mutations are associ-
ated with increased cell proliferation (Nagl et al., 2007; Zang
et al., 2012), loss of differentiation (Gao et al., 2008; Nagl
et al., 2007), and poor prognosis in multiple cancer types
(Mamo et al., 2012; Wu and Roberts, 2013). Recent studies
have shown that the loss of ARID1A attenuates the lineage-
enforcing transcriptional activities of C/ebpa, thereby pro-
moting cellular plasticity (Sun et al., 2016). In the setting of
www.jidonline.org 2265
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BSC, mutations in ARID1A may enable keratinocytes to ac-
quire plasticity to squamatize. Other frequent cancer gene
alterations among all tumor types included CSMD3, TP53,
NAV3, and KMT2D (Bolshakov et al., 2003; Hertzler-
Schaefer et al., 2014; Sharpe et al., 2015). These shared
mutated genes are likely to be cancer drivers that contribute
to cancer progression but do not contribute to the differen-
tiation of specific tumor types.

ERK1/2 activation and loss of Hh signaling associated with
squamatization in BSC

A recent study demonstrated the activation of ERK1/2
signaling in a single BCC that squamatized while undergoing
SMO inhibition (Zhao et al., 2015). We hypothesized that
activation of the mitogen-activated protein kinase (MAPK)
pathway may also contribute to the squamatization of spo-
radic BSC. The Gli1 transcription factor is shuttled between
the nucleus and cytoplasm by chaperone protein systems.
Nuclear Gli1 is required for the Hh signaling pathway, while
Gli1 is inactive in the cytoplasm (Mirza et al., 2019). Staining
of the BSC samples with Gli1 and p-ERK demonstrated that
typical of BCC, basaloid keratinocytes displayed higher nu-
clear Gli1 and minimal p-MEK staining (Figure 4,
Supplementary Figures S1 and S2). In comparison, squam-
atized keratinocytes had higher p-MEK staining and loss of
Gli1 expression. We also detected higher expression of p-
ERK in the basaloid cells adjacent to the squamatized areas,
indicating that activation of the RAS-MAPK pathway may
drive squamatization with the subsequent loss of Gli1
expression as a secondary event. These results implicate the
MAPK pathway in modulating the tumor plasticity observed
in BSC.

Evolutionary analysis

Of the 20 BSC samples, 10 (50%) had mutations in PTCH1 or
SMO, drivers of BCC, with nine mutations in PTCH1 and one
mutation in SMO. All 10 of these mutations were clonal
(Figure 5, Supplementary Figure S3). Nine of the 20 BSC
samples had mutations in ARID1A, with five of these muta-
tions being clonal and four being subclonal. Of these nine
mutations, six occurred directly after mutations in PTCH1,
and five occurred directly before mutations in TP53, indi-
cating a possible sequence of squamous transformation
(Supplementary Figure S4). Analysis of the individual allele
frequencies for the driver genes in the 20 BSC samples
demonstrated that the ARID1A allele frequency is less than
that of PTCH1 in six of seven samples in which they co-
occur, supporting the hypothesis that the PTCH1 mutation
occurred before the ARID1A mutation occurring as a sec-
ondary event (Supplementary Table S4).

DISCUSSION
Although BSC has histologic features of both BCC and SCC,
the genetic etiology is poorly understood with controversy
surrounding whether these tumors originate from SCC or BCC
(Garcia et al., 2009). This study identified underlying PTCH1
and SMO mutations in most BSCs, supporting a role for the
Hh signaling pathway as the initial driver of BSC. In addition,
mutations in other known BCC drivers were identified,
including MYCN, PPP6C, GRIN2A, CSMD3, DCC, PREX2,
APC, PTEN, and PIK3CA. Consistent with this, principal
Journal of Investigative Dermatology (2019), Volume 139
component analysis of the mutations revealed that BSC has
much closer genetic similarity to BCC than SCC. Evolutionary
analysis demonstrated early PTCH1 mutations, followed by
ARID1A, and then subsequent mutations suggesting a
sequence of squamous transformation. Our data support the
hypothesis that the BSCs originally derive from the BCCs and
subsequently acquire mutations leading to squamatization.

Recently, there have been reports of BCCs evading Hh
pathway suppression by SMO inhibitors through squamati-
zation (Ransohoff et al., 2015; Zhao et al., 2015; Zhu et al.,
2014). The plasticity of cancer cells may enable the BCCs to
acquire changes in cell fate and become more “SCC-like” to
escape reliance on the Hh signaling pathway (Jia et al.,
2017). Based on our data, we hypothesize that mutations in
the SWI/SNF complex may bestow a permissive environment
allowing BCC cells to gain cellular plasticity. This suggests
that the use of PARP inhibitors may be a potential therapeutic
approach to BSC tumors, as recent studies have demonstrated
that ARID1A deficiency sensitizes human cancer cells to
PARP inhibitors (Shen et al., 2015). ARID1A mutations are
also associated with defects in DNA mismatch repair and
increased PD-L1 expression, allowing for the increased
sensitivity of tumors to immunotherapy with PD-1 inhibitors
(Shen et al., 2018). Additional molecular signals, such as
activation of the MAPK pathway in BCC, in a permissive
environment, may bestow squamatization. Furthermore,
BSCs demonstrate decreased Gli1 and increased p-ERK in
squamatized keratinocytes and adjacent basaloid cells but
retain Gli1 expression in classic BCC-like portions of tumors.
This has implications for the treatment of BSC, as they are
likely to be resistant to SMO inhibitor therapeutics but may
respond to combination therapies targeting both the Hh and
MAPK pathways. Overall, the genetic landscape of BSC
support the derivation of BSCs from BCCs and implicate the
interplay of the MAPK and Hh pathways in modulating tumor
plasticity between basaloid and squamatized phenotypes.
Further studies are needed to elucidate the full spectrum of
sequential events involved in the progression and squamati-
zation of BSC.

MATERIALS & METHODS
Sample collection

This study was approved by Stanford University’s Institutional Re-

view Board. BSC samples were collected through a database search

of patients from the Stanford Dermatopathology Service, and con-

sent was waived given the institutional approval for the use of pre-

viously collected deidentified tissue (IRB #29381) (Supplementary

Table S5). Cases of BSC since 2000 were identified using the

following search terms: “basosquamous and carcinoma”; “basal and

carcinoma and squamous and features”; and “metatypical.” The

hematoxylin and eosinestained slides of 32 skin biopsy samples

matching the search terms were independently reviewed by a

Stanford dermatopathologist. Twenty cases of BSC were found to

meet the histologic criteria and are included in the study. All the BSC

tumors included contained areas with more classic BCC features and

areas with more classic SCC features, with areas of transition be-

tween the two. Tumor cellularity ranged from approximately 30% to

80%. The proportion of squamatized areas ranged from 20% to

80%, with a median of 50% and a mean of 46.8%. The proportion of

basaloid areas ranged from 20% to 80%, with a median of 50% and



Figure 4. RAS-MAPK pathway is activated in keratinocytes during squamatization. (a) Immunohistochemical staining demonstrates that basaloid keratinocytic

cells typical of BCC, such as those contained in the dashed box, have minimal expression of p-ERK, whereas squamatized keratinocytes and adjacent

basaloid cells, such as those contained in the solid box, show high expression of p-ERK. Left panel, H&E staining original magnification �20. Right panel, p-ERK

staining, original magnification�20. Bar ¼ 50 mm. (b) Representative pictures of the H&E, DAPI, nuclear Gli1 (as readout for Hh pathway activation) and p-MEK

(as readout for Ras/MAPK pathway activation) immunostainings in human BSC samples. Higher magnifications of the basal and squamous areas of the tumor are

shown in the top left and top midline framed pictures, respectively, with nuclei highlighted by white dashed lines. Basaloid keratinocytic cells typical of

BCC have a higher expression of nuclear Gli1 and low p-MEK, whereas squamatized keratinocytes have high p-MEK and low Gli1. BCC, basal cell carcinoma;

BSC, basosquamous carcinoma; H&E, hematoxylin and eosin; Hh, Hedgehog; MAPK, mitogen-activated protein kinase; SCC, squamous cell carcinoma.

Bar ¼ 25 mm.
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Figure 5. Evolutionary trajectories of select BSC samples. Analysis of the evolutionary trajectories for BSC samples demonstrated mutations in PTCH1

before mutations in ARID1A, and then followed by TP53 and SCC driver genes in several BSC samples including the two displayed. Shaded regions

represent clones and subclones. BSC, basosquamous carcinoma; GL, germline; SCC, squamous cell carcinoma.
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a mean of 53.2%. A total of 52 cases of SCC with matched normal

samples were included. Whole-genome sequence data of 13 SCC

samples were obtained from UCSF. Whole-exome sequence data of

39 SCC samples were obtained from a study by Pickering et al.

(2014). Sixteen cases of BCC with matched normal samples were

obtained from Stanford University Clinics with written informed

patient consent.

Immunofluorescence

Paraffin-embedded samples of three BSC samples, three BCC sam-

ples, and three SCC samples were immunostained for Gli1 and p-

Mek. Gli1 (NBP1-78259, 1:200, Novus Biologicals, Littleton, CO),

p-MEK (EPR3338, 1:250, Abcam, Cambridge, MA), and nuclei

(Hoechst 33342, 1:2000, Invitrogen, Waltham, MA) were stained

using a standard immunofluorescence protocol for formalin-fixed

paraffin-embedded tissues. Antigen retrieval was performed in pH

6.0 citrate buffer (Vector Laboratories, Burlingame, CA). Pictures

were taken on a Leica SP8 confocal microscope equipped with an

adjustable white light laser and hybrid detectors (Leica Camera,

Allendale, NJ). Nuclear Gli1 and cytoplasmic p-MEK quantifications

were performed using ImageJ software (NIH, Bethesda, MD). Nu-

clear Gli1 and p-MEK were measured in similar fields of adjacent

tumor slides. BCC and SCC tumors were used as positive controls for

both nuclear Gli1 and cytoplasmic p-MEK stainings, respectively.

Immunohistochemistry

Immunohistochemistry for p-ERK was performed by HistoWiz Inc.

(Brooklyn, NY) using standard operating procedures and fully

automated workflow. The samples were processed, embedded in

paraffin, and sectioned at 4 mm. Immunohistochemistry was per-

formed on a Bond Rx autostainer (Leica Biosystems) with enzyme

treatment (1:1000) using standard protocols. The antibodies used

were rabbit p-ERK (Cell Signaling, 4307S, 1:100). Bond Polymer

Refine anti-rabbit HRP Detection (Leica Biosystems, Wetzlar, Ger-

many) was used according to manufacturer’s instructions. Sections
Journal of Investigative Dermatology (2019), Volume 139
were then counterstained with hematoxylin, dehydrated and film

coverslipped using a TissueTek-Prisma and Coverslipper (Sakura,

Torrance, CA). Whole slide scanning (original magnification �40)

was performed on an Aperio AT2 (Leica Biosystems). Images were

quantified using Halo image analysis software (Indica Labs, Corrales,

NM) using CytoNuclear module.

Targeted sequencing and analysis

DNA was isolated from the 20 BSC formalin-fixed paraffin-embed-

dedsections using the Qiagen DNeasy Blood and Tissue Kit (Qiagen,

Valencia, CA) according to the manufacturer’s instructions. The

260:280 absorbance ratio of each sample was measured to confirm

the purity of the isolated DNA.

Capture libraries were constructed using the ACE Extended Can-

cer Panel spanning the coding regions of 1,641 cancer genes (Per-

sonalis, Menlo Park, CA). Sequencing was performed on the HiSeq

2500 sequencing system (Illumina, San Diego, CA) at 2 x 100-bp

sequencing of paired-ends to an average 134-fold coverage.

Sequence reads were aligned via Burrows-Wheeler Aligner version

0.7.15 to human reference genome hg19, and Picard tools, version

1.130 was used for sorting and marking duplicates (Li and Durbin,

2010). We applied the Genome Analysis Toolkit (GATK), version

3.6, for base quality score recalibration, indel realignment, and

duplicate removal (McKenna et al., 2010). A panel of normals was

created via GATK MuTect2 using all BCC and SCC matched normal

samples, which was used for variant calling via MuTect2 according

to the GATK best practices (Cibulskis et al., 2013; DePristo et al.,

2011; Van der Auwera et al., 2013). Identified variants were anno-

tated with AnnoL, version 2.8 (Personalis, Menlo Park, CA) for

presence in the Single Nucleotide Polymorphism database

(dbSNP138), Polymorphism Phenotyping v2 (PolyPhen-2), Sorting

Intolerant From Tolerant (SIFT), and MutationTaster as provided in

the GATK resource bundle (Adzhubei et al., 2010; Schwarz et al.,

2014).
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Whole-exome sequencing and analysis

Fresh tissue samples of 16 BCCs along with paired-matched blood

samples were obtained and the DNA isolated using the DNeasy

Blood & Tissue kit according to the manufacturer’s instructions

(Qiagen). Capture libraries were constructed using the Agilent

SureSelect XT Human All Exon V4 Kit (Agilent Technologies, Palo

Alto, CA) according to the manufacturer’s instructions, and enriched

exome libraries were multiplexed and sequenced on the Illumina

HiSeq 2500 platform to generate 100-bp paired-end reads to an

average 72-fold coverage.

Whole-exome sequencing data for 39 SCC samples were ob-

tained from the supplementary materials of a study by Pickering

et al. (2014). Exomes were sequenced on an Illumina HiSeq 2000

platform to an average 115-fold coverage.

Sequence reads were aligned via Burrows-Wheeler Aligner,

version 0.7.15, to human reference genome hg19, and Picard tools,

version 1.130, was used for sorting and marking duplicates (Li and

Durbin, 2010). We applied GATK, version 3.6 for base quality

score recalibration, indel realignment, and duplicate removal

(McKenna et al., 2010). MuTect2 was used for variant calling ac-

cording to the GATK best practices (Cibulskis et al., 2013; DePristo

et al., 2011; Van der Auwera et al., 2013). Variants were annotated

with AnnoL, version 2.8, for their presence in dbSNP138, PolyPhen-

2, SIFT, and MutationTaster as provided in the GATK resource bundle

(Adzhubei et al., 2010; Schwarz et al., 2014).

Whole-genome sequencing and analysis

Whole-genome sequencing data for 13 SCC samples at 40-fold

coverage were obtained from Dr Raymond Cho at UCSF (dbGaP

accession phs000830.v1.p1) (Zheng et al., 2014). Sequence reads

were aligned via Burrows-Wheeler Aligner, version 0.7.15, to hu-

man reference genome hg19, and Picard tools, version 1.130, was

used for sorting and marking duplicates (Li and Durbin, 2010). We

applied GATK, version 3.6 for base quality score recalibration, indel

realignment, and duplicate removal (McKenna et al., 2010).

MuTect2 was used for variant calling according to GATK best

practices (Cibulskis et al., 2013; DePristo et al., 2011; Van der

Auwera et al., 2013). Variants were annotated with AnnoL, version

2.8, for presence in dbSNP138, PolyPhen-2, SIFT, and Muta-

tionTaster as provided in the GATK resource bundle (Adzhubei et al.,

2010; Schwarz et al., 2014).

Mutational analysis

Mutations were identified among the 1,641 genes used for BSC

targeted sequencing using the following criteria. Candidate muta-

tions were selected on the basis that they were found exclusively in

tumor sample and not identified in normal controls. Synonymous

mutations, noncoding mutations, allele frequency less than 5%, and

mutations with ExAC Non-Finnish European > 0.01 were filtered

from the analysis. Frequently mutated genes commonly found in

exome sequencing data were also excluded as identified in previous

reports (Shyr et al., 2014). SMO mutations were filtered to only

include known activating mutations. The oncogenes MYCN, PPP6C,

PIK3CA, KRAS, NRAS, HRAS, and RAC1 were filtered to only

include variants reported in other samples identified in the Cata-

logue Of Somatic Mutations In Cancer. Tumor suppressor genes

were filtered to exclude missense mutations annotated as benign in

dbSNP138. Inclusion criteria required that tumor suppressor gene

missense mutations be predicted pathogenic by at least two out of

three of prediction scores SIFT, PolyPhen2, and MutationTaster

(Dong et al., 2015). The number of nonsynonymous mutations and
in-frame indels were calculated for each sample. Candidate cancer

driver gene mutations were filtered for expression in the skin ac-

cording to the HPA data set for RNA expression based on RNA-Seq

on The Human Protein Atlas (http://www.proteinatlas.org) with a

threshold value of 1.0 transcripts per million or above (Uhlén et al.,

2015). The calculated mutation rates were 19.875 nonsynonymous

mutations/Mb for BCCs, 19.596 nonsynonymous mutations/Mb for

SCCs, and 21.9 nonsynonymous mutations/Mb for BSCs.

A comprehensive search of the literature was performed to

determine the gene sets associated with BCC and SCC. The final

gene sets consisted of 11 BCC-associated genes (PTCH1, SMO,

MYCN, PPP6C, GRIN2A, CSMD3, DCC, PREX2, APC, PIK3CA, and

PTEN), 14 SCC-associated genes (CDKN2A, NOTCH1, NOTCH2,

NOTCH3, KRAS, NRAS, HRAS, RASA1, TGFBR1, TGFBR2, CEBPA,

PDK1, BAP1, and CREBBP), and 11 genes found to be commonly

mutated in both BCC and SCC (TP53, KTM2D, AJUBA, MYH9,

TRAF3, NSD1, CDH1, CASP8, RAC1, ARID1A, and TP63).

Statistical analysis

A two proportion z-test was used to compare the gene mutation

frequencies between tumor types. All the P-values were two-sided

with P < 0.05 considered as a gene having statistically significant

different mutation frequencies between compared tumor types.

Fisher exact test was used for comparison of mutational signatures

among tumor types. All P-values were two-sided with P < 0.05

considered as compared tumor types having a statistically significant

different distribution of mutational signatures. Principal component

analysis was used to compare the presence of BCC and SCC driver

genes between different tumor types, and ellipses were drawn

assuming a normal distribution at a 75% confidence level. Maha-

lanobis Distance was used to measure the distance between different

gene points and central distribution of the tumor types calculated

from the principal component analysis (Goodpaster and Kennedy,

2011; Team, 2016). Hotelling’s two-sample t-test was used to

compare the principal components of different pairs of tumor groups

(Nordhausen et al., 2012), with P < 0.05 considered as a statistically

significant difference.

Evolutionary trajectories

Mutations in the BSC samples were analyzed with REVOLVER

(Caravagna et al., 2018) using transfer learning to detect repeated pat-

terns of cancer evolution in multiple patients and to generate evolu-

tionary trajectories. Clonal architecture was inferred with SciClone

(Miller et al., 2014) using amixture of beta distributionsonvariant allele

frequencies. Clones and subcloneswere ordered using ClonEvol (Dang

et al., 2017) to generate consensus trees that satisfied all subclonal re-

lationships among the mutation frequencies in the clones.
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Supplementary Figure S1. Representative pictures and quantification of Gli1 and p-MEK immunostainings in BSC samples. (a) Representative pictures of

nuclear Gli1 (as the readout for Hh pathway activation) and p-MEK (as the readout for Ras/MAPK pathway activation) immunostainings in both basal and

squamous areas of BSC samples. Higher magnifications are shown in the framed pictures. (b) Correlation between nuclear Gli1 and p-MEK relative intensity in

individual human BSCs samples compared with the BCC and SCC samples. Dots represent microscope fields. BCC, basal cell carcinoma; BSC, basosquamous

carcinoma; Hh, Hedgehog; MAPK, mitogen-activated protein kinase; SCC, squamous cell carcinoma. Bar ¼ 25 mm.

Supplementary Figure S2. Representative pictures demonstrating the validation of nuclear Gli1 and p-MEK immunostainings in BCC and SCC samples. The

BCC sample shows high nuclear Gli1 staining intensity and low p-MEK staining intensity, whereas the SCC sample shows low nuclear Gli1 staining intensity and

high p-MEK staining intensity. This figure has also been published in Kuonen et al. Loss of primary cilia drives switching from Hh to Ras/MAPK pathway in

resistant BSC. J Invest Dermatol 2019. BCC, basal cell carcinoma; Hh, Hedgehog; MAPK, mitogen-activated protein kinase; SCC, squamous cell carcinoma.

Bar ¼ 25 mm.
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Supplementary Figure S3. Evolutionary trajectories of all the BSC samples. Analysis of clonal evolution for 20 BSC samples using transfer learning to detect

repeated patterns yielded 20 evolutionary trajectories. Shaded regions represent clones and subclones. GL, germline.
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Supplementary Table S2. Mutation Frequencies of the
Top Twenty Most Frequently Mutated Genes in
Basosquamous Carcinoma versus Basal Cell versus
Squamous Cell Carcinoma

Serial
No.

BSC (%)
(n [ 20)

BCC (%)
(n [ 16)

SCC (%)
(n [ 52)

1 CSMD3 (60) CSMD3 (56) CSMD3 (75)

2 TP53 (55) GRIN2A (50) KMT2D (58)

3 NAV3 (50) PTCH1 (44) TP53 (58)

4 PTPRD (50) KMT2D (44) NOTCH1 (46)

5 PTCH1 (45) NBEA (44) NBEA (44)

6 ARID1A (45) LEPR (44) SPTA1 (44)

7 TAF1L (45) SLIT2 (44) FBN2 (40)

8 DNAH12 (45) EPHA6 (44) ERBB4 (38)

9 EPB41L3 (45) INPP5D (44) KIAA1109
(38)

10 KIAA1109
(45)

CAMTA1 (44) EPHA7 (38)

11 SLIT2 (40) USP6 (44) CFH (38)

12 MAP1B (40) CFH (44) NOTCH2 (37)

13 FLNA (40) SPEN (44) DOCK2 (37)

14 UBR5 (40) PREX2 (38) KALRN (35)

15 NBEA (40) MYH9 (38) LRRK2 (35)

16 GRIN2A (35) NAV3 (38) MAGI2 (35)

17 HERC1 (35) ERBB4 (38) PTPRT (33)

18 GRM3 (35) ADAMTS20
(38)

COL5A1 (33)

19 PRKDC (35) DMD (38) DCC (31)

20 ROS1 (35)1 FBN2 (38)1 ROS1 (31)1

Abbreviations: BCC, basal cell carcinoma; BSC, basosquamous
carcinoma; SCC, squamous cell carcinoma.
1Several genes of similar frequency were not included to limit the table
length.

Supplementary Figure S4. Cancer cell fractions for mutations and the most common mutation sequences. The analysis of evolutionary trajectories revealed the

most common mutation pattern began with PTCH1 mutations, which were often followed by ARID1A mutations. ARID1A mutations often preceded TP53

mutations. Shaded cells in the panel on the right represent cancer cell fractions of mutated genes. Samples numbered on the right side were clustered by

evolutionary trajectories into a dendrogram on the left. The six most common mutation sequences are displayed in the panel on the left.
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Supplementary Table S3. Mutation Frequencies of the Top Fifty Most Frequently Mutated Genes Standardized by
Gene Size (Sample Mutation Frequency/Gene Size) in BSC versus BCC versus SCC

Serial No.
BSC

(n [ 20)
BSC (Sample Frequency/

Gene Size) per Mb
BCC

(n [ 16)
BCC (Sample Frequency/

Gene Size) per Mb
SCC

(n [ 52)
SCC (Sample Frequency/

Gene Size) per Mb

1 TP53 203 HIST1H4E 166 TP53 213

2 BCL2A1 106 PRB1 160 FGF10 154

3 CNBD1 104 TGM7 136 HIST1H3B 122

4 ASCL1 101 OR4A16 127 CDKN2A 106

5 HIST1H2AG 101 EPHA6 120 CFH 94

6 NR1H2 96 TP53 115 HRAS 93

7 EPB41L3 95 ADH1C 107 HIST1H2BA 88

8 RSRC1 87 CFH 107 HIST1H1C 79

9 PRB1 86 ACTG1 89 CYP2C9 73

10 GRM3 82 LCK 89 GRM8 65

11 AURKC 80 BUB1 87 EPHA6 63

12 RPS15 80 LEPR 86 CASP8 63

13 FGF10 80 HIST1H1C 85 DOCK2 60

14 GRM8 78 INPP5D 85 IFNL3 59

15 CYP2C8 74 MMP9 81 GRM3 59

16 HOXA9 73 NFKBIA 80 OR4A16 59

17 TAF1L 72 ABO 80 EPHA7 58

18 CARS 72 WASF3 78 CSMD3 57

19 ZNF521 71 HIST1H2BD 77 CYP2C8 57

20 MICAL1 68 GABRA6 75 TNFRSF13B 57

21 INPP5D 68 AMPH 73 AMPH 56

22 RELB 66 ACTB 69 SPTA1 56

23 CASP8 65 BTK 68 NGF 55

24 MST1 65 SMO 67 LCK 55

25 FGFR4 64 CCT6B 66 HHIP 54

26 HIST1H1E 64 CXCR4 66 CYP2C19 54

27 GPC3 63 EPB41L3 66 KEL 53

28 TOM1 62 HERPUD1 65 ALOX5 52

29 CD22 61 IK 65 FH 52

30 GABRA6 60 SLC26A3 65 KDR 51

31 TSHZ3 58 ACTL6A 65 MAGI2 50

32 FANCL 58 CARM1 64 ZNF521 50

33 ADH1C 57 EPHA2 63 EPHA3 50

34 BHMT2 57 COL2A1 62 NOTCH1 50

35 DPYD 57 MYCN 62 COL2A1 50

36 CYP2C19 56 ADAMTS20 62 TBX22 49

37 PTCH1 56 TCF7L2 61 NTRK3 47

38 EPHA6 55 SMC3 61 GNAS 46

39 CKS1B 54 RHOA 60 MATK 45

40 CLP1 54 FLI1 60 SLC44A4 44

41 BCL3 54 NGF 60 ROS1 42

42 TNFRSF13C 54 MATK 59 TGM7 42

43 MAP3K4 53 PPP6C 58 SLCO1B1 42

44 PER1 53 FAM166A 55 DNER 41

45 GNAS 53 RBM15 55 HIST1H2BO 41

46 PIP5K1A 53 CPS1 55 ADAMTS20 41

47 ARID1A 53 SLIT2 55 TSHZ3 41

48 CDK1 52 PTCH1 55 EIF4A2 41

49 OR52N1 52 EPHB1 54 SNX25 41

50 ACTL6A 52 AMPD1 52 PPARG 40

Abbreviations: BCC, basal cell carcinoma; BSC, basosquamous carcinoma; SCC, squamous cell carcinoma.
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Supplementary Table S5. Clinicopathologic Features
of BSCs

Characteristic Value

Gender, n (%)

Female 13 (65)

Age, y

Mean 68.85

Range 32e89

Tumor size, cm

Mean 1.135

Range 0.2e4.6

Tumor location, n (%)

Face 13 (65)

Scalp 2 (10)

Neck 1 (5)

Arm/shoulder 2 (10)

Trunk 2 (10)

Abbreviation: BSC, basosquamous carcinoma.
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