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Abstract  

Gorlin syndrome (GS) is an autosomal dominant genetic disorder involving Patched 1 (PTCH1) 

mutations. The PTCH1 is a receptor as well as an inhibitor of hedgehog (Hh) to sequester downstream 

Hh pathway molecules called Smoothened (SMO). PTCH1 mutations causes a variety of GS 

conditions including falx calcification, odontogenic keratocytes and basal cell carcinomas (BCC). 

Because PTCH1 is a major driver gene of sporadic BCC, GS patients are characteristically prone to 

BCC. In order to elucidate the pathological mechanism of BCC-prone GS patients, we investigated 

keratinocytes derived from GS patient specific iPS cells (G-OFiPSCs) which were generated and 

reported previously. We found that keratinocytes derived from G-OFiPSCs (GKCs) have increased 

expression of Hh target molecules. GKCs were irradiated and those cells showed high resistance to 

UV induced apoptosis. BCL2, known as anti-apoptotic molecule as well as Hh target, significantly 

increased in GKCs. Several molecules involved in DNA repair, cell cycle control, senescence, and 

genotoxic stress such as TP53, BRCA1 and GADD45A increased only in GKCs. 

GKCs are indicated to be resistant to UV irradiation by upregulating molecules which control DNA 

repair and genotoxic even under DNA damage caused by UV. The anti-apoptotic properties of GKCs 



may contribute BCC. 

 

 

 

 

 

 

 

  



Introduction  

Gorlin syndrome (GS), also known as basal cell nevus syndrome or nevoid basal cell carcinoma 

syndrome, was first reported by Gorlin and Goltz in 1960 [1]. This syndrome is an autosomal dominant 

disorder characterized by a variety of developmental disorders and neoplasia. Despite variations 

between races, prevalence is estimated at 1:31,000 to 1:256,000 [2-5]. GS is most commonly caused 

by a genetic mutation in the gene patched 1 (PTCH1) - a suppressor of the hedgehog (Hh) pathway 

[5-9]. Other mutations found in PTCH2 or SUFU negative regulator of hedgehog signaling (SUFU) 

genes are also considered to be causative for GS [10, 11], although they are rare. Recently we observed 

and reported that GS patients have multiple mutations in the Hh cascades [12].  

 Hh signaling is activated by the binding of Hh ligand to its transmembrane receptor, smoothened, 

frizzled class receptor (SMO). SMO is a G-protein-coupled receptor (GPR)-like receptor that transfers 

signals through various proteins resulting in an increased expression of target genes, such as GLI 

family zinc finger 1 (GLI1) [13].  

As described above, basal cell carcinoma (BCC) is the most frequent neoplasia observed in Gorlin 

syndrome which have somatic mutation in PTCH1 [14-16]. Sporadic BCCs arise from abnormal 

growth of the epidermal basal cells, which line the deepest layer of the epidermis [17, 18], with 

exposure to ultraviolet light (UV) and constitute an essential risk factor in the development of 

malignancy [19]. This BCC is a complex disease not only due to exposure to environmental risk factors 



but also due to constitutional predisposition (genotypic and phenotypic characteristics) for the 

development of BCCs [20-22]. It is noteworthy that an estimated 80-90% of sporadic BCCs have 

PTCH1 mutations, whereas 10% harbor SMO mutations [15, 16]. In either scenario, these mutations 

lead to constitutive activation of Hh-SMO signaling leading to BCCs development. Therefore, since 

Hh activation and BCCs development are assumed to be closely related, an Hh inhibiter such as 

vismodegib has been used as a therapeutic agent for BCCs. Vismodegib is a SMO inhibitor, but less 

than 50% of patients with advanced or metastatic BCCs respond to vismodegib at the time of treatment, 

with an additional 20% acquiring secondary resistance during the first year of treatment [23, 24].  

Therefore, discovery of new agents to treat BCCs is urgently required. For this reason, establishing 

effective screening methods for analyzing efficacy of possible therapeutic drug candidates is extremely 

important. 

 Recent advances in induced pluripotent stem cells (iPSCs) technology were applied to various drug 

development projects as a source for disease in dish models, making high-throughput analysis possible 

[25-27]. Since only a few cell lines of BCC with constitutively activated Hh signaling are available, 

iPSCs derived from Gorlin syndrome patients may solve these difficulties but these have never been 

investigated. Recently, Gorlin syndrome patient specific iPSCs (G-OFiPSCs) have been established 

and their signaling in osteogenic differentiation were analyzed [28-32]. Constitutively activated Hh 

signaling with upregulated GLI1 and enhanced osteogenic ability was observed with activation of the 



classical Wnt pathway [28,29]. However, other lesion-like skin cells were not investigated.  

 In this report, this G-OFiPSCs line was utilized and successfully induced into pre-keratinocytes and 

keratinocytes. Innate growth and apoptotic characteristics of pre-keratinocytes derived from G-

OFiPSCs (pre-GKCs) were investigated in order to assess whether they are prone to BCCs. 

  



Materials and Methods  

Ethics approval and consent to participate: 

This study was approved by ethics committees of Tokyo Dental Collage (527 and 575) and Tokyo 

Dental College Ichikawa General Hospital (I15-78). Written informed consent was obtained from 

patients whose cells were isolated and subjected to reprogramming for this study. Data were analyzed 

anonymously in accordance with the Declaration of Helsinki Patient  

 

Cell lines 

iPSCs lines derived from patients with Gorlin syndrome as described earlier were established at Tokyo 

Dental College [28]. Control human iPSCs lines, Nips-B2 (Nips; HPS0223) [33] were purchased from 

Riken Bioresource Center (Tsukuba, Japan). The iPSCs were maintained with SNL76/7 feeder cells 

in human embryonic stem cell medium (DMEM supplemented with F-12 nutrient mixture ([DMEM/F-

12] Invitrogen, #10565042)) with 20% knockout serum replacement (Invitrogen, #10828028) 

supplemented with 1 × nonessential amino acids solution (Merck, # TMS-001-C), 2mM L-glutamine 

(Chemicon, #25030081), 0.11 mM 2-mercaptoethanol (Wako Pure Chemical Industries Ltd, #131-

14572), 1% penicillin / streptomycin (Invitrogen, #15140122), and 5 ng/ml human basic fibroblast 

growth factor (bFGF; Repro-CELL Inc, #RCHEOT002). Culture medium was replaced daily until 

cells reached confluence. 



 

Keratinocytes lineage differentiation 

iPSCs differentiation into keratinocyte lineage was performed as previously described with minor 

modifications [34, 35]. iPSCs were plated in 60mm dishes coated with Matrigel (Corning, #354277) 

at 37 ℃ in Stem Fit AK02N (Repro-cell, #RCAK02N) on day 1. iPSCs were then cultured in defined 

keratinocyte-SFM (DKSFM; Gibco, #10744019) supplemented with 1 mM all-trans retinoic acid (RA; 

Wako, #182-01111) and 10 ng/ml BMP4 (Peprotech, #AF-120-05ET) for 4 days. After 4 days, cells 

were cultured in DKSFM supplemented with 20 ng/ml EGF (R&D systems, #236-EG-200) until the 

cells reached confluence, and transferred to dishes coated by 3 mixture regents, 0.03 mg/ml collagen 

type I (Advanced BioMatrix, #5005-B), 0.01 mg/ml vitronectin (VTN; Gibco, #A14700) and 0.5 

µg/cm² iMatrix-511 (iMatrix; Nippi Inc, #M20805-1) in DKSFM supplemented with 10 µM Y-27632 

(Wako, #253-0051) and 20 ng/ml EGF. Cells derived from iPSCs were seeded at 5×10⁴ cells/dish and 

enriched by rapid adherence to VTN, collagen type I and iMatrix-coated dishes for the next culture. 

The culture medium was replaced every 2 or 3 days until the cells reached confluence, and then 

transferred to collagen type Ⅰ, VTN and iMatrix-coated dishes in DKSFM including Y-27632. 

 

RNA extraction and reverse transcription 

Total RNA was extracted using QIAzol reagent (Qiagen Inc, #79306) according to the manufacturer’s 



instructions. Complementary DNA (cDNA) was synthesized using a high-capacity cDNA reverse 

transcription kit (Applied Biosystems, #4368814).  

 

Reverse transcription-quantitative polymerase chain reaction analysis 

Quantitative real-time RT-PCR (qRT-PCR) analysis of keratin 14 (KRT14), integrin subunit beta 4 

(ITGB4) and tumor protein 63 (TP63) were performed using SYBR Premix Ex tag (Takara Bio Inc, # 

RR420). Analysis of another gene was conducted according to the manufacturer's instructions using 

Premix Ex tag (Takara Bio Inc, #RR390). All samples were run in triplicate for three independent runs 

and normalized against an endogenous internal glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Primers and probes used in the qRT-PCR assays are listed in Table 1. Expression level of 

each target gene was calculated using the ΔΔCt. 

 

Immunocytochemical Analysis 

Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 10mins at room temperature. After 

washing with phosphate buffered saline (PBS) with 0.05% Tween 20 (PBST, pH7.6), nonspecific 

binding of antibodies were blocked with 3% normal goat serum in PBS at room temperature for 1h. 

The cells were incubated with the anti-Cytokeratin 14 antibodies (Gene Tex, LL002, 1:200 dilution, 

#GTX76603) for two nights at 4°C. After washing several times in PBST, the cells were incubated 



with Alexa Fluor 488-conjugated anti-mouse antibodies (Invitrogen, A10680, 1:1000 dilution, 

#1306589) at room temperature for 1h in the dark. After staining, the cells were counterstained with 

40, 60-diamidine-20-phenylindole dihydrochloride (DAPI) at a final concentration of 1 µg/ml. 

 

UV irradiation 

Cells (on day 4) grown in 60 mm tissue culture plates in DKSFM including RA and BMP4 were 

washed in PBS. The cells were then irradiated in 2 ml PBS without plate lids using UV cross linker 

CX-2000 (UVP / Analytik Jena, #NEB- 95-0339-01) at the indicated doses. Immediately after 

irradiation, PBS was replaced by DKSFM including EGF, and the cells were cultured at 37 ℃ and 5% 

CO₂ for the indicated times. 

 

TUNEL staining  

Apoptosis was detected using the DeadEnd™ Fluorometric TUNEL System Technical (Promega, 

#G3250) following the manufacturer's instructions. After TUNEL staining, the cells were 

counterstained with DAPI at a final concentration of 1 µg/ml. 

 

Growth rate of iPSCs-derived keratinocytes  

Cells on day 3 of keratinocytes induction were passaged on collagen type Ⅰ, VTN and iMatrix-coated 



dish in DKSFM including 10 μM Y-27632 at the concentration of 1 × 105 cells/well. On next day, day 

4, cells were irradiated and carefully detached from the plates using 0.25% Trypsin-EDTA, and 

counted using a hemocytometer. 

 

Microscopy and image analysis 

Images were captured using a BZ-X100 (Keyence Inc, Osaka) and UPM Axiophoto2 (Carl. Zeiss 

Japan, Tokyo).  

TUNEL positive cells were counted from at least 5 randomly selected regions from microscopy images 

using the Cell Counter plugin of ImageJ 1.8.0 (NIH, USA). Cells were treated with DMSO or 10 µM 

ATM inhibitor (KU-55933; Selleck Chemicals, #S1092) 1h prior to UV irradiation until 16h after UV 

exposure. 

 

Statistical analysis 

All data are expressed as the mean ± standard deviation (SD). The results were processed using 

software SPSS Statistics 18.0 (IBM, UAS). Due to differences between groups as indicated by 

ANOVA, multiple comparisons between each experimental group were performed using the 

Bonferroni’s method or Dunnett's t test. Statistical significance was set as p < 0.05.  

  



Results 

Generation of keratinocytes from G-OFiPSCs 

Keratinocytes were generated from these iPSCs according to protocols described previously with the 

modifications shown in Fig. 1a [34, 35]. Gene expressions of stem cell markers (Nanog homeobox; 

NANOG) and basal cell markers (KRT14, ITGB4 and TP63) examined by quantitative real-time PCR 

(qRT-PCR) were shown in Fig.1b. Stem cell marker, NANOG rapidly decreased to undetectable levels 

by day 30. Basal cell markers, KRT14, ITGB4 and TP63, were observed to increase in all cells on day 

30 (Fig.1b). From immunofluorescent microscopy, cells examined were found to be positive for 

keratin 14 (Fig.1c). Morphological differences were not observed during any time examined. mRNA 

expression levels of Hh target genes (GLI1, GLI2, hedgehog interacting protein; HHIP, B-cell 

CLL/lymphoma 2; BCL2 and BMP4) were measured. Expression levels of GLI2 and BCL2 were 

upregulated significantly and those of other markers tended to upregulated (Fig.1d). These 

observations indicate that keratinocytes derived from G-OFiPSCs have enhanced Hh activity. 

 

The G-OFiPSCs derived cells are resistant to UV induced apoptosis  

 Genetic damage by UV is well known as a trigger for apoptosis in damaged cells and a cause for skin 

cancers [19, 36-38]. Stable supply of cancer cells from cancer stem cells stably expands skin cancer 

[35-37]. From this point of view, immature keratinocytes are hypothesized to respond to UV exposure 



differently. Apoptosis was induced by UV exposure in cells before inducing terminal differentiation. 

Cells were UV irradiated on day 4 of keratinocyte differentiation according protocols as shown in 

Fig.1a. More TUNEL positive cells were observed in cells derived from control Nips compared to 

those from G-OFiPSCs when exposed UV of 8 J/m2 (Fig.2b and 2c). After irradiation, G-OFiPSCs 

rapidly reproliferated, while Nips derived cells responded poorly (Fig. 2d). 

Thus, cells derived from G-OFiPSCs were more resistant to UV induced apoptosis.  

 

DNA damage checkpoint regulators increased with UV exposure in cells derived from G-OFiPSCs 

Since UV irradiation causes DNA damage, which in turn induces apoptosis, the DNA damage control 

system may be related to the differences in apoptosis [39]. The DNA damage checkpoint related genes, 

transcription of Ataxia telangiectasia-mutated (ATM) serine/threonine kinase and downstream ATM 

were then examined. No change in mRNA expression for TP53, BRCA1 DNA repair associated 

(BRCA1) and growth arrest and DNA-damage-inducible alpha (GADD45A) was observed in Nips 

derived cells, but was significantly upregulated in G-OFiPSCs derived cells (Fig. 3a). ATM inhibiter 

treatment significantly enhanced apoptosis triggered by UV irradiation in cells derived from G-

OFiPSCs line (Fig.3b and 3c). BRCA1 is a tumor suppressor and is involved in the preservation of 

chromosomal structures and maintenance of genomic stability. Several reports have demonstrated the 

interaction between BRCA1 and p53 in the removal of damaged DNA caused by UV exposure [40-



42]. Other p53 related proteins which play a role in DNA repair such as GADD45A were upregulated 

in cells derived from G-OFiPSCs line while no change was observed in control cells. These 

observations indicate that cells derived from G-OFiPSCs lines may have abnormalities in the DNA 

repair systems, partly due to abnormal control of the ATM-p53-BRCA1 system and p53-GADD45A 

systems. 

 

  

  



Discussion 

GS is a disorder that affects multiple tissues including bone, skin and other connective tissues due to 

abnormal activation of Hh signaling [5-8]. Among symptoms, the most life threating is BCC, which 

usually occurs in persons over 40 years of age [2, 5]. Sporadic BCC is relatively common in skin 

cancers and many reports suggest abnormal activation of Hh signaling may be an important 

mechanism in tumor development [7, 14-18]. Identification of BCCs in Gorlin syndrome may provide 

a clue in the understanding of the overall pathogenesis of BCC.  

Here, three major points are presented. First, a GS keratinocyte model, which could be used as the 

disease in a dish model for all BCCs was established. Second, GS keratinocytes show remarkable 

resistance to apoptosis with a remarkable increase in BCL2 caused by UV, which is a major 

environmental factor for skin carcinogenesis [19]. Third, abnormality in the DNA damage control 

system in GKCs was observed.  

Although BCC is relatively common among skin cancers, its pathogenesis is not well understood due 

to technical difficulties in producing BCC cell lines [43]. Consequently, establishing disease in a dish 

model for BCC is very important. iPSCs has gained attention as an unlimited cell source in 

regeneration medicine, and disease in a dish model, and can be used not only to identify disease 

pathogenesis but also to develop effective drugs to cure disease [25-27]. Several lines of G-OFiPSCs 

were recently generated [12, 28]. G-OFiPSCs have been reported to promote upregulation of Hh 



signaling and downregulation of BMP/Wnt signal cascade. Upon osteogenic differentiation of these 

G-OFiPSCs, remarkable enhancement of BMP and classical Wnt pathways was observed [28]. G-

OFiPSCs showed increased osteoblastogenesis and mineralization with Hh signaling activation and 

upregulation of a set of transcription factors in an osteogenic culture, compared to the isogenic control 

[29]. These observations may account for increased bone volume as well as mineral density in GS 

patients. In this study, keratinocytes from G-OFiPSCs were successfully generated and expression of 

several basal cell specific markers, KRT14, ITGB4 and TP63 could be confirmed. In addition, protein 

expression of keratin 14 could be identified. These observations confirmed the generation of 

keratinocytes derived from control iPSCs (Nips) as well as G-OFiPSCs (G1). These keratinocytes 

have enhanced Hh signaling as shown by significant increase in Hh target molecules such as GLI2 and 

BCL2. Another interesting finding is the remarkable increase of BCL2, an important inhibitory protein 

of apoptosis [44]. Apoptosis is one of the most important key regulatory mechanisms in carcinogenesis 

[45]. Clinically, it is well known that BCL2 is overexpressed in BCCs [46, 47]. Therefore, apoptotic 

response to UV exposure in cells derived from iPSCs was investigated. Relatively immature 

keratinocytes were examined because many cancers originate from immature cells. Apoptosis in cells 

derived from control iPSCs with UV irradiation was successfully induced and significant resistance 

against UV induced apoptosis was observed in cells derived from G-OFiPSCs. These anti-apoptotic 

effects may be the result of increased BCL2 expression. Many studies have reported that activated Hh 



signaling could induce BCL2 expression which in turn led to increased resistance to apoptosis [48, 49]. 

These anti-apoptotic mechanisms must be involved in the promotion of BCCs development in GS 

patient over years.  

 Several reports indicate that DNA damage caused by UV exposure could trigger activation of the 

DNA damage checkpoint regulatory mechanism and induce apoptosis [36-38]. The previous paper 

reported that ATM is activated and DNA damage mechanism is promoted by the inhibition of GLI1 

and GLI2 in Hh activated colon carcinoma cells [50]. However, no previous reports showing a 

correlation between direct effect Hh signaling and ATM expression in keratinocytes could be found. 

Consequently, expression of DNA damage checkpoint regulatory molecules was then investigated. 

Remarkable TP53 and BRCA1 expression along with GADD45A expression upon UV radiation was 

observed. These molecules were known to be involved in the DNA repair system controlled by ATM 

[40-42, 51-53]. A previous report indicated BRCA1 may play a role in the molecular pathogenesis of 

skin cancers as well as mammary gland cancer probably due to an aberrant DNA repair system [54, 

55]. Genetic aberrations comprised of UV-induced pyrimidine dimers are known to be present in skin 

tumorigenesis [56]. Interaction between BRCA1 and p53 reportedly play a role in the removal of these 

dimers during DNA repair [41]. Thus, upregulation of these molecules in cells derived from G-

OFiPSCs may help cells avoid apoptotic cell death under UV irradiation. 

 



Conclusion 

Per-GKCs could be successfully generated. These cells could be used to analyze BCC pathogenesis. 

These findings indicate that pre-keratinocytes in skin tissue of GS patients may have resistance to 

apoptosis caused by UV induced DNA damage. These effects may be the result of increased BCL2 

expression as well as an enhanced ATM-p53-BRCA1 DNA damage control system. Further study on 

the control of anti-apoptotic mechanisms, in order to find clues to new methods to treat not only Gorlin 

syndrome BCCs but also BCCs overall, is needed. 
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Figure legends 

Figure 1: Keratinocyte differentiation from G-OFiPSCs 

(a) Schematic of differentiation protocol for the generation of keratinocytes from iPSCs. (b) qRT-PCR 

analysis of the expression levels of NANOG, KRT14, ITGB4 and TP63 in G-OFiPSCs. NANOG is the 

stem cell marker. KRT14, ITGB4 and TP63 are basal cell markers. Statistical analysis was performed 

based on Day 0 in Nips. Statistical analysis was performed based on day 0 in Nips. Values are shown 

as mean ± SD from three independent experiments. *P<0.05; Bonferroni’s method. (c) iPSCs-derived 

keratinocytes at day 30 were immunocytochemically stained with anti-Keratin. Nuclei were stained 

with DAPI. Scale bar unit, 100 µm. (d) qRT-PCR analysis of the expression levels of Hh target genes 

in G-OFiPSCs. Statistical analysis was performed based on day 30 in Nips. Values are shown as mean 

± SD from three independent experiments. *P<0.05; Dunnett's t test. 

 

Figure 2: Effect of UV radiation in cells derived from G-OFiPSCs 

(a) Schematic of the protocol for UV radiation. (b) Representative images of TUNEL staining 

irradiated 0 or 8 J/m² UV in Nips and G-OFiPSCs. FITC positive cells mean apoptotic cells. Counter 

staining was performed using DAPI staining. Scale bar unit, 50 µm. (c) The number of cells positive 

for TUNEL staining. Measurement was performed from microscopy images, positive cells for TUNEL 

and nuclei were counted at least 5 times from randomly selected regions on each side of the 



microscopy images. Values are shown as mean ± SD from three independent experiments. *P<0.05; t 

test. (d) The growth rate of iPSCs-derived cells on day 4 irradiated 0 or 8 J/m² UV.  1.0 ×10⁵ cells on 

day 3 were calculated at least 3 times. Cells were counted at least 3 times. Values are shown as mean 

± SD from three independent experiments. *P<0.05; Bonferroni’s method.  

 

Figure 3: Effect of ATM inhibiter in G-OFiPSCs derived cells exposed to UV 

(a) qRT-PCR analysis of the expression of DNA repair-related gene levels for ATM, Tp53, BRCA1 and 

GADD45A in G-OFiPSCs. Cells were irradiated 0 or 8 J/m² UV. Statistical analysis was performed 

based on 0 hours without UV radiation in Nips. Values are shown as mean ± SD from three independent 

experiments. *P<0.05; t test. (b) Representative images of TUNEL staining irradiated 8 J/m² UV. FITC 

positive cells mean apoptosis cells. Counter staining was performed using DAPI staining. Scale bar 

unit, 50 µm. (c) The number of cells positive for TUNEL staining. Measurement was performed from 

microscopy images, positive cells for TUNEL and nuclei were counted at least 5 times from randomly 

selected regions on each side of the microscopy images. Values are shown as mean ± SD from three 

independent experiments. *P<0.05; Dunnett's t test.  

Abbreviations: UV = UV radiation; time = time after UV radiation; inhibiter = ATM inhibiter. 

 

  



Gene Forward primer sequence Revers primer sequence

GAPDH CGGACAGGATTGACAGATTG CGCTCCACCAACTAAGAACG

NANOG CAGCCCCGATTCTTCCACCAGTCCC CGGAAGATTCCCAGTCGGGTTCACC

KRT14 ACCGTTCCTGGGTAACAGAGCCAC GCGGGAGACAGACGGGGTGATG

ITGB4 TGGAAGTACTGTGCCTGCTG TGCATGTTGTTGGTGACCTT

TP63 AAGATGGTGCGACAAACAAG AGAGAGCATCGAAGGTGGAG

GLI1 CCAGCCAGAGAGACCAACAG CCCGCTTCTTGGTCAACTT

GLI2 CATCGCTCTCCATGATCTCG CCCTCCTCCTTAAGGTGCTC

HHIP AAGTCAGTGTCTGTGCAGGTTG CAAAATTGTAGATCCCAAAAGACC

BMP4 TGCTCGGGATGGCACTAC CTGCAACCGTTCAGAGGTC

BCL2 AGGGCCAAACTGAGCAGA GCACCTGCACACCTGGAT

ATM CATCTTGTCTCAGGTCATCACG ATAGATTGTGTAGGTTCCGATGG 

TP53 GCTCGACGCTAGGATCTGAC ACACGCTTCCCTGGATTG

BRCA1 GGCCATGTATATGCGAATCTTT AGCTACCCTTCCATCATAAGTGA

GADD45A TGACTCAGGGCTTTGCTGA AGAGCAGAAGACCGAAAGGA

Primer sequence
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