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Abstract. A subset of basal cell carcinomas (BCCs) are 
directly derived from hair follicles (HFs). In some respects, 
HFs can be defined as ‘ordered’ skin appendage growths, 
while BCCs can be regarded as ‘disordered’ skin appendage 
growths. The aim of the present study was to examine HFs 
and BCCs to define the expression of common and unique 
signaling pathways in each skin appendage. Human nodular 
BCCs, along with HFs and non‑follicular skin epithelium 
from normal individuals, were examined using microarrays, 
qPCR, and immunohistochemistry. Subsequently, BCC cells 
and root sheath keratinocyte cells from HFs were cultured and 
treated with Notch signaling peptide Jagged1 (JAG1). Gene 
expression, protein levels, and cell apoptosis susceptibility 
were assessed using qPCR, immunoblotting, and flow cytom-
etry, respectively. Specific molecular mechanisms were found 
to be involved in the process of cell self‑renewal in the HFs 
and BCCs, including Notch and Hedgehog signaling pathways. 
However, several key Notch signaling factors showed signifi-
cant differential expression in BCCs compared with HFs. 
Stimulating Notch signaling with JAG1 induced apoptosis 

of BCC cells by increasing Fas ligand expression and down-
stream caspase‑8 activation. The present study showed that 
Notch signaling pathway activity is suppressed in BCCs, and 
is highly expressed in HFs. Elements of the Notch pathway 
could, therefore, represent targets for the treatment of BCCs 
and potentially in hair follicle engineering.

Introduction

The skin is the body's first line of defense, providing protec-
tion from dehydration, injury, and infection. It comprises 
the epidermis and its adjoining structures, including the 
hair follicle (HF) and its associated sebaceous gland; 
together comprising the pilosebaceous unit. Hair follicles 
are self‑renewing structures that continuously generate new 
epithelial cells to replenish the skin and pilosebaceous unit 
in response to injury (1). Skin homeostasis and wound repair 
requires the presence of epithelial stem cells as the primary 
source for regenerative cells. Multipotent stem cells that reside 
within the epidermis and in the bulge region of HFs (2) can 
give rise to a variety of cell types, including those forming 
HFs, interfollicular epidermis, and associated epithelial 
glands (3). Alterations in either proliferation or differentiation 
have the potential to disrupt normal skin homeostasis.

Certain disorders of the skin, such as cancer, chronic 
wounds, skin atrophy, skin fragility, hirsutism, and alopecia, 
can be, fundamentally, viewed as disorders of skin stem 
cells (4). It has been hypothesized that tumor formation is 
the result of inappropriate activation of signaling pathways 
activating these stem cells or their immediate multipotent 
progeny (5). Consistent with this view is the observation that 
several types of skin cancers can be derived from HFs, based 
on observations of histological presentation and the pres-
ence of specific molecular markers common to HFs and skin 
neoplasias (6). Understanding the molecular mechanisms by 
which proliferation and differentiation are regulated in skin 
appendages may provide a useful insight into the molecular 
basis of disease, and may also identify potential targets for 
treatment intervention.

Previous findings suggest that a significant subset of basal 
cell carcinomas (BCCs) are directly HF‑derived (7‑9). The 
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stem cells of the HF bulge region and adjacent cells are a 
potential primary source of BCCs derived from HFs (8,10). 
In some regard, HFs and BCCs can be defined as ‘ordered’ 
and ‘disordered’ skin appendage growths, respectively. 
The primary mechanism, by which most BCCs develop, a 
constitutive activation of the Hedgehog pathway, is a principal 
regulatory mechanism in HF development (11). As such, all 
BCCs, HF‑derived or not, may express similar key growth 
mechanisms to those involved in HF growth and cycling.

An important property that is shared by BCCs and HFs is 
the ability of cells to repeatedly proliferate, a mechanism that is 
responsible for maintaining a tumor mass or normal hair fiber 
production, respectively. If BCCs utilize HF growth mecha-
nisms, growth factors and regulatory networks fundamental to 
HF growth would also likely be key mediators of BCC growth 
and may have the capacity to induce BCC growth and inva-
sion. Several specific molecular mechanisms involved in this 
process of self‑renewal, including the sonic hedgehog (Shh), 
Notch and Wingless‑related integration site (Wnt) signaling 
pathways, have been found to be active in normal HFs and in 
BCCs (12‑16). However, the roles of these signaling pathways 
in BCC growth, particularly Notch signaling, remain poorly 
understood.

The present study examined the potential molecular rela-
tionships between nodular BCCs and HFs using microarray 
profiling, reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR), and immunohistochemistry. It was 
anticipated that BCCs and HFs would both exhibit activation 
of common signaling pathways involved in skin appendage 
formation (genes and networks commonly involved in ordered 
skin appendage growth). Specific molecular pathway compo-
nents that code for ‘hair follicleness’ were also anticipated to 
be missing or over‑represented in BCCs (candidate genes that 
regulate the networks important in ordered appendage growth 
that have failed in disordered BCC development). By distin-
guishing between common pathways and unique pathway 
components expressed in each type of skin appendage, the 
aim of the present study was to characterize those components 
important for BCC growth (genes and networks differen-
tially represented in BCCs not commonly found in healthy 
skin epithelium or hair follicle appendages) and phenotype 
presentation, and to identify specific components important 
for appropriately regulated HF formation.

Materials and methods

Basal cell carcinomas, hair follicles, non‑follicular tissues, 
and clinical information. All the samples were provided 
through the Department of Surgery and the Department of 
Dermatology and Skin Science, University of British Columbia, 
with approval from the University Clinical Research Ethics 
Board. Samples of human HFs were collected from scalp biop-
sies of normal individuals undergoing cosmetic procedures, 
while nodular BCCs and normal skin were obtained from 
patients undergoing surgical resection. All the nodular BCC 
samples and normal skin epithelium were taken from the facial 
area of donors. Only tissue from patients that had not been 
treated with preoperative chemotherapy or other therapeutic 
approaches was selected for analysis. BCC morphological 
subtypes were described and clinically classified during Mohs 

surgery and initial diagnoses were subsequently confirmed by 
formalin‑fixed, paraffin‑embedded histological assessment of 
the tumors.

Hair follicles (n=10‑20/subject) were microdissected to 
remove the sebaceous gland and upper HF infundibulum and 
the lower one third, including the hair bulb. The dermal sheath 
was also removed, leaving the inner and outer root sheaths, 
including the bulge region, for analysis. Normal skin samples 
were microdissected to isolate skin epithelium from the 
dermal component. Samples collected for microarray/qPCR 
were immediately stored in an RNA stabilization reagent 
(Qiagen Inc., Toronto, ON, Canada).

RNA isolation. Total RNA was isolated from microdissected 
tissue or cultured cells with an RNeasy Fibrous Tissue Midi 
kit (Qiagen Inc.) according to the manufacturer's protocols. 
The quantity and quality of the RNA was measured using the 
Agilent 2100 bioanalyzer and RNA 6000 NANO kit (Agilent 
Technologies, Inc., Santa Clara, CA, USA), and the quantity 
was measured with a NanoDrop ND‑100 spectrophotometer 
(Thermo Fisher Scientific, Inc., Wilmington, DE, USA).

Microarray production. Human Operon v.2.1 (21K) glass 
arrays were produced (based on human 70mers from Eurofins 
MWG Operon Inc., Huntsville, AL, USA) by the Microarray 
Facility of the Prostate Centre at Vancouver General Hospital 
(Vancouver, BC, Canada)  (17,18). RNAs were amplified 
using the SenseAmp Plus kit (Genisphere LLC, Hatfield, PA, 
USA). The 260/280 absorbance ratio was used to determine 
the appropriate amount of sense RNA for labeling. Total 
RNA from test samples and universal human reference 
RNA (Agilent Technologies, Inc.) were respectively labeled 
with cyanine (Cy) 5 and Cy3, using the 3DNA array detec-
tion 350 kit (Genisphere LLC) and cohybridized to cDNA 
microarrays. Following overnight hybridization and washing, 
the arrays were imaged using a ScanArray Express scanner 
(PerkinElmer, Inc., Waltham, MA, USA).

Microarray data processing and analysis. Arrays were 
scanned at excitation wavelengths of 532 and 635 nm to 
detect the Cy3 and Cy5 dyes, respectively. Image analysis 
and quantification were conducted with Imagene 6.0 
commercial software (BioDiscovery Inc, El Segundo, 
CA, USA). The raw signal and background medians were 
used as the input for the Genespring 7.2 program (Agilent 
Technologies, Inc.). GeneSpring allows normalization and 
multiple filter comparisons of data from different experi-
ments, thus generating restriction lists and the functional 
classification of differentially expressed genes. Raw data 
were background corrected and normalized using ‘per chip 
and per spot normalization’, which is an intensity‑dependent 
normalization (non‑linear or LOWESS normalization) (19). 
The expression of each gene is reported as the ratio of the 
value obtained for each sample relative to the universal 
reference RNA. Data were subsequently filtered using the 
raw signal strength value of both channels. Measurements 
with higher signal strength value are relatively more precise 
than measurements with lower signal strength. Genes that 
did not reach this value were discarded (100 out of 65,536). 
A condition tree was generated using hierarchical clustering 
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of unfiltered data from each sample based on the similarity 
of their expression data. Similarity was measured using 
Pearson's correlation, and distances between clusters were 
calculated via average linkage (Fig. 1). The raw data from the 
arrays have been entered into the publicly accessible Gene 
Expression Omnibus (GEO) database in MIAME compliant 
format (http://www.ncbi.nlm.nih.gov/geo/). The raw data sets 
are encompassed by a series record number (GSE12542).

Analysis of gene expression differences and similarities. The 
comparison analyses were conducted by the ‘significance 
analysis of microarrays’ (SAM) method (20). Gene expres-
sion associated with nodular BCCs (n=8 subjects) and HF 
root sheaths (n=7 subjects) was first evaluated and contrasted 
(Tables IA and B, and II). The differences analysis between 
BCCs and HF root sheaths was conducted by the SAM 
method with a cut‑off q‑value of 14% and a 2‑fold cut‑off 
(Table IA and B). The 2‑fold cut‑off was employed to reduce 
the incidence of false‑positive results, which can occur when 
using t‑tests (replicates can have similar results by chance), but 
the probability of which is decreased at higher fold changes. 
Subsequently, as a prelude to defining the degree of similarity 
in gene expression between BCCs and HF root sheaths, the 
cut‑off q‑value was set to be >40% and the fold change <1.5 
(Table  II). The cut‑off level of <1.5 helped to reduce the 
selection of genes that were not necessarily regulated, but had 
a sizable error between their replicate values. A comparison 
analysis between HF root sheaths and skin (n=8 subjects) was 
conducted by the SAM method (data not shown). SAM was 
also used to identify genes differentially regulated between 
BCC and the normal skin samples as demonstrated in a 
previous study (21).

Gene ontology analysis. Functional classification of genes 
was performed using DAVID software 6.70 (22,23), based on 
the Gene Ontology (GO) database (www.geneontology.org), 
to allow the identification of ‘enriched’ or ‘depleted’ gene 
function categories in assigned biological processes, molecular 
functions, and cellular components (24,25). This program was 
used to identify genes belonging to different GO categories 
(derived from Tables I and II). Benjamini‑corrected P<0.05 
was used as the cut‑off for determination of significant gene 
enrichment in each defined category. P≤0.05 indicated that the 
applied genes listed were specifically associated (enriched) in 
a category, as opposed to random chance, and were selected. 
For 25‑40% of the genes defined, no GO annotation was given 
and their function was unknown. Ontological analyses were 
performed at biological process category level 3. The number 
of genes identified in major categories were normalized by the 
number of genes annotated in each list and were expressed as 
percentages (Tables III and IV).

RT‑qPCR. Total RNA from each sample (1  µg) was 
reverse‑transcribed into first‑strand cDNA according to the 
protocol of the Superscript III first‑strand cDNA synthesis 
system (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). The primers used for SYBR Green qPCR were 
designed using the Prime Time qPCR Primer Design Software 
(Integrated DNA Technologies, Inc., Coralville, IA, USA; 
Table V) and tested with the intron‑spanning assay. Assays are 
defined as intron‑spanning if at least one exon/exon border is 
either directly covered by one primer or contained between the 
primer binding sites. Compared to the median spanned intron 
size (2.1 kb), the median Real Time ready assay amplicon size 
(75 bp) is approximately 30‑times shorter. In conjunction with 

Figure 1. Hierarchical clustering of unfiltered raw microarray data from each sample of hair follicle root sheaths, BCCs and normal skin epithelium. The 
degree of similarity in gene expression profiles was measured by Pearson's correlation, and distances between clusters were calculated via average linkage. 
Dendrogram results indicate well‑defined cluster groups of cases. HS, hair follicle root sheaths; BCCs, basal cell carcinomas.
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Table I. Gene transcripts.

A, Top 20 gene transcripts with the highest magnitude fold‑change in gene expression upregulation in nodular basal cell carci-
nomas vs. hair shafts, sorted by the false discovery rate (q‑value)

		  GenBank		
Gene product description	 Gene name	 accession number	 Fold‑change	 q‑value (%)

Dipeptidylpeptidase IV (CD26, adenosine	 DPP4	 NM_001935	 11.13121	 0
Rag D protein	 RAGD	 AL137502	 8.835887	 0
deaminase complexing protein 2)
DKFZP564O0463 protein	 DKFZP564O0463	 AK001693	 2.87002	 0
Propionyl coenzyme A carboxylase, β polypeptide	 PCCB	 NM_000532	 37.27286	 0.326689
DEAD/H (Asp‑Glu‑Ala‑Asp/His)	 DBY	 NM_004660	 18.25926	 0.326689
box polypeptide, Y chromosome
Ras homolog gene family, member A	 ARHA	 NM_001664	 7.591441	 0.326689
Ubiquitin‑like 3	 UBL3	 NM_007106	 7.215993	 0.326689
Baculoviral IAP repeat‑containing 3	 BIRC3	 AF070674	 7.08567	 0.326689
Small nuclear ribonucleoprotein polypeptide E	 SNRPE	 NM_003094	 5.495296	 0.326689
Splicing factor, arginine/serine‑rich 10	 SFRS10	 NM_004593	 5.367942	 0.326689
(transformer 2 homolog, Drosophila)
Proteasome (prosome, macropain)	 PSMD5	 BC014478	 4.612349	 0.326689
26S subunit, non‑ATPase, 5
Ubiquitously transcribed tetratricopeptide	 UTX	 NM_021140	 4.392788	 0.326689
repeat gene, X chromosome
Methionyl aminopeptidase 2	 METAP2	 NM_006838	 4.388392	 0.326689
Actin related protein 2/3 complex,	 ARPC5	 NM_005717	 3.719303	 0.326689
subunit 5 (16 kDa)
Sin3‑associated polypeptide, 18 kDa	 SAP18	 NM_005870	 2.477771	 0.326689
F‑box and leucine‑rich repeat protein 3A	 FBXL3A	 NM_012158	 6.425926	 0.523782
β‑2‑microglobulin	 B2M	 AK026463	 5.708535	 0.523782
A disintegrin and metalloproteinase	 ADAM9	 NM_003816	 4.995793	 0.523782
domain 9 (meltrin γ)
Lactate dehydrogenase A	 LDHA	 NM_005566	 4.698842	 0.523782
Protein kinase C, ζ 	 PRKCZ	 NM_002744	 4.646151	 0.523782

B, Top 20 gene transcripts with the highest magnitude fold‑change in gene expression downregulation in nodular basal cell car-
cinomas vs. hair shaft, sorted by the false discovery rate (q‑value)

		  GenBank		
Gene product description	 Gene name	 accession number	 Fold-change	 q‑value (%)

Keratin‑associated protein 4.14	 KAP4.14	 NM_033059	 0.014887	 0
Keratin‑associated protein 4.10	 KAP4.10	 NM_033060	 0.018098	 0
Keratin‑associated protein 3.2	 KRTAP3.2	 NM_031959	 0.026814	 0
Keratin‑associated protein 4.8	 KRTAP4.8	 AJ406940	 0.055245	 0
Chromosome 20 open reading frame 28	 C20orf28	 NM_015417	 0.061437	 0
Lymphotoxin α (TNF superfamily, member 1)	 LTA	 NM_000595	 0.079272	 0
Desmoplakin (DPI, DPII)	 DSP	 NM_004415	 0.087855	 0
Suppressor of Ty 5 homolog (S. cerevisiae)	 SUPT5H	 NM_003169	 0.089178	 0
Neuronal protein 17.3	 P17.3	 NM_019056	 0.095102	 0
Leucine zipper protein 1	 LUZP1	 BC002428	 0.097131	 0
Breast carcinoma amplified sequence 1	 BCAS1	 NM_003657	 0.097779	 0
Ubiquitin fusion degradation 1‑like	 UFD1L	 NM_005659	 0.098738	 0
D component of complement (adipsin)	 DF	 NM_001928	 0.11378	 0
Ribosomal protein S8	 RPS8	 AK023362	 0.138395	 0
LIM and cysteine‑rich domains 1	 LMCD1	 NM_014583	 0.149755	 0
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a short amplification time, this size difference can be exploited 
to gain specificity for mRNA‑derived cDNA template vs. 
template‑derived from residual genomic DNA. qPCR was 
performed using the Applied Biosystems StepOnePlus 
Real‑Time PCR System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
The thermal cycling conditions consisted of 2 min at 50˚C 
and 2 min at 95˚C, followed by 40 cycles of 95˚C for 15 sec 
and 60˚C for 1 min. Data were analyzed by the comparative 
threshold cycle method (26) with normalization to human glyc-

eraldehyde‑3‑phosphate dehydrogenase (GAPDH). Changes 
in gene expression following treatments were recorded as fold 
differences from values in untreated controls.

Immunohistochemistry. Protein expression coded by Notch 
homolog 1 (NOTCH1), Jagged 2 (JAG2), Disheveled 2 (DVL2), 
and Hairy and Enhancer of Split 7 (HES7) was assessed by 
immunohistochemistry on formalin‑fixed, paraffin‑embedded 
biopsies (tissues from 4 individuals per group). Biopsy samples 
were incubated at room temperature for 1 h with the following 

Table II. Top 20 gene transcripts with the fold‑change most consistently close to 0 between nodular basal cell carcinomas and 
hair shafts, sorted by the false discovery rate (q‑value). 

		  GenBank		
Gene product description	 Gene name	 accession number	 Fold-change	 q‑value (%)

Proteasome (prosome, macropain) subunit, α type, 4 	 PSMA4	 AK055714	 1.001521	 38.71807
Calcium channel, voltage‑dependent, β 1 subunit	 CACNB1	 M92303	 1.001613	 38.71807
Leucine‑zipper‑like transcriptional regulator, 1	 LZTR1	 NM_006767	 1.001924	 38.71807
F‑box only protein 21	 FBXO21	 NM_033624	 1.002044	 38.71807
Carnitine deficiency‑associated gene	 CDV‑1	 NM_014055	 1.002094	 38.71807
expressed in ventricle 1				  
Neurofibromin 1 (neurofibromatosis, von	 NF1	 NM_000267	 1.002262	 38.71807
Recklinghausen disease, Watson disease)				  
Suppression of tumorigenicity 14	 ST14	 NM_021978	 1.002397	 38.71807
(colon carcinoma, matriptase, epithin)				  
Ecotropic viral integration site 5	 EVI5	 AF008915	 1.002636	 38.71807
Otoraplin	 OTOR	 NM_020157	 1.00287	 38.71807
HEMK homolog 7kb	 HEMK	 NM_016173	 1.002877	 38.71807
Complement component 9	 C9	 NM_001737	 1.003119	 38.71807
RAB11A, member RAS oncogene family	 RAB11A	 NM_004663	 1.003131	 38.71807
ß‑actin	 ACTB	 NA	 0.999976	 48.18056
Homeobox A6	 HOXA6	 NM_024014	 0.99973	 48.18056
Pituitary tumor‑transforming 1 interacting protein	 PTTG1IP	 NM_004339	 0.99972	 48.18056
Peroxisome biogenesis factor 10	 PEX10	 NM_002617	 0.999621	 48.18056
Bombesin‑like receptor 3	 BRS3	 NM_001727	 0.999605	 48.18056
Doublesex and mab‑3 related transcription factor 2	 DMRT2	 NM_006557	 0.999424	 48.18056
High‑mobility group (nonhistone chromosomal) 	 HMG4L	 AL049709	 0.998903	 48.18056
protein 4‑like				  
Microfibril‑associated glycoprotein‑2	 MAGP2	 NM_003480	 0.99872	 48.18056

Table I. Continued.

B, Top 20 gene transcripts with the highest magnitude fold‑change in gene expression downregulation in nodular basal cell car-
cinomas vs. hair shaft, sorted by the false discovery rate (q‑value)

		  GenBank		
Gene product description	 Gene name	 accession number	 Fold-change	 q‑value (%)

Glutamate receptor, metabotropic 2	 GRM2	 NM_000839	 0.153922	 0
Ephrin‑B2	 EFNB2	 NM_004093	 0.157336	 0
Ribosomal protein L38	 RPL38	 NM_000999	 0.157418	 0
Loss of heterozygosity, 12, chromosomal region 1	 LOH12CR1	 NM_058169	 0.169164	 0
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primary antibodies: Anti‑NOTCH1 (cat. no.  ab526271; 
dilution, 100; Abcam, Cambridge, MA, USA), anti‑JAG2 
(cat. no.  ab60041; dilution, 1:50; Abcam), anti‑DVL2 (cat 
no. sc‑13974, dilution, 1:100; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) and anti‑HES7 (cat. no. ARP37926_P05; 
dilution, 1:100; Aviva Systems Biology Co., San Diego, CA, 
USA). Following incubation, Tris‑buffered saline (0.05 mol/l; 
Dako North America, Inc.) was used to wash the membranes. 
The antibody expression was then characterized using the 
Universal Dako Cytomation Labeled Streptavidin‑Biotin kit 
(Dako North America, Inc., Carpinteria, CA, USA), according 
to the manufacturer's instructions, with 3,3'‑diaminobenzidine 
as the development substrate. For the negative controls, the 
primary antibody was replaced with mouse immunoglobulin 
G at the appropriate dilution. The sections were counterstained 
with Harris' hematoxylin at room temperature for 30 sec and 
mounted in Permount (Thermo Fisher Scientific, Inc.). Five 
visual fields were randomly selected per tissue section for 
assessment at 400x magnification using a standard pathology 
microscope (BX40; Olympus Corporation, Richmond Hill, 
ON, Canada).

Human root sheath cell (HRSC) and BCC cell culture and treat‑
ment. HF units were obtained by removing the fat layer; hair 
bulb and dermal sheath were subsequently removed to expose 
the outer and inner root sheaths of the HFs. Each tissue was 
then treated with TrypLE Express (Invitrogen; Thermo Fisher 
Scientific, Inc.) for 15 min to dissociate the HF keratinocytes 

[termed ‘human root sheath cells’ (HRSCs)] into a single‑cell 
suspension for culturing. Following digestion, the cells from 
groups of five HFs were combined and cultured in BioCoat 
collagen‑I coated 24‑well plates (BD Biosciences, Franklin 
Lakes, NJ, USA) in 50% Defined Keratinocyte‑serum free 
medium (Invitrogen; Thermo Fisher Scientific, Inc.) combined 
with 50% EpiLife (Invitrogen; Thermo Fisher Scientific, Inc.) 
with a Human Keratinocyte Growth Supplement (HKGS) 
kit (Invitrogen; Thermo Fisher Scientific, Inc.). Colonies of 
HRSCs formed in ~1 week, during which fresh media were 
added every 2 days to replenish the culture, and the cells were 
passaged into T25 collagen‑I‑coated flasks (BD Biosciences). 
Human BCCs were isolated from nodular BCC samples and 
cultured in base medium M154 (Invitrogen; Thermo Fisher 
Scientific, Inc.) with HKGS, as described (27).

Each time the culture reached 90% confluence, HRSCs or 
BCCs were passaged into a T25 flask. At the end of passage 3, 
HRSCs or BCCs were transferred to BioCoat collagen‑I‑coated 
6‑well plates (Corning Incorporated, Corning, NY, USA) with 
a density of 60,000 cells/ml per well for one day. The next 
day, the media specific for HRSCs or BCCs were replenished 
and the cells were incubated with 4 mM recombinant JAG1 or 
scrambled JAG1 (both from AnaSpec Inc., Fremont, CA, USA) 
for 3 days. At the end of treatment, the cells were collected for 
further investigations.

Western blot analysis. Following treatment, the cells were 
washed twice with ice‑cold phosphate‑buffered saline and 

Table III. Most commonly identified categories with differences in GO categorization analysis between nodular basal cell 
carcinomas and hair shafts at GO level 3.

	 Number of genes	 Percentage of total		
GO category	 in category	 genes in gene set	 P‑value	 Benjamini

Regulation of cellular process 	 966	 24.8	 3.50E‑13	 2.90E‑10
Negative regulation of cellular process 	 297	 7.6	 5.20E‑12	 1.50E‑09
Negative regulation of biological process 	 308	 7.9	 4.30E‑12	 1.80E‑09
System development 	 417	 10.7	 1.00E‑09	 2.10E‑07
Regulation of programmed cell death 	 147	 3.8	 3.30E‑07	 5.60E‑05
Positive regulation of cellular process 	 243	 6.2	 5.20E‑07	 6.30E‑05
Positive regulation of biological process 	 266	 6.8	 5.00E‑07	 7.00E‑05
Biopolymer metabolic process 	 1090	 27.9	 8.30E‑07	 7.80E‑05
Organ development 	 301	 7.7	 8.00E‑07	 8.40E‑05
Anatomical structure morphogenesis 	 269	 6.9	 1.30E‑06	 1.10E‑04
Cell death 	 206	 5.3	 1.70E‑06	 1.30E‑04
Cell cycle process 	 187	 4.8	 2.70E‑06	 1.90E‑04
Organ morphogenesis 	 114	 2.9	 3.40E‑06	 2.20E‑04
Regulation of metabolic process 	 628	 16.1	 6.60E‑06	 4.00E‑04
Regulation of cell cycle 	 137	 3.5	 9.80E‑06	 5.50E‑04
Regulation of cellular metabolic process 	 604	 15.5	 2.00E‑05	 1.00E‑03
Regulation of gene expression 	 582	 14.9	 2.10E‑05	 1.00E‑03
Cell differentiation 	 399	 10.2	 4.20E‑05	 2.00E‑03
Regulation of protein metabolic process 	 85	 2.2	 4.90E‑05	 2.20E‑03
Regulation of cell proliferation 	 126	 3.2	 7.80E‑05	 3.30E‑03 

Top twenty categories identified are shown. GO, gene ontology.
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lysed in an ice‑cold 1X radioimmunoprecipitation assay 
buffer [10  mmol/l Tris‑HCl (pH 8.0), 140  mmol/l NaCl, 
1 mmol/l ethylenediaminetetraacetic acid (pH 8.0), 0.5 mmol/l 
ethylene glycol‑bis (β‑aminoethyl ether)‑N,N,N',N'‑tetraacetic 
acid, 1% Triton X‑100, 0.1% sodium dodecyl sulfate (SDS), 
0.1% sodium deoxycholate] containing protease inhibitors 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany). 
The extract was centrifuged at 16,400 x g for 15 min at 4˚C 
to remove cellular debris, and protein concentrations were 
determined by Bradford assay (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). Protein samples (20 µg) were then sepa-
rated by 10% SDS‑polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene fluoride membranes (Bio‑Rad 
Laboratories, Inc.). The membranes were blocked at room 
temperature for 1 h in Tris‑buffered saline containing 0.01% 
Tween 20 with 5% non‑fat dried milk, and incubated overnight 
at 4˚C with anti‑Fas ligand (cat. no. ab68338; dilution, 1:1,000; 
Abcam) or anti‑caspase‑8 (cat. no. 9746S; dilution, 1:1,000; 
Cell Signaling Technology, Inc., Danvers, MA, USA). The 
membranes were washed, and incubated with 1:15,000‑diluted 
IRDye 680LT anti‑rabbit (cat. no. P/N 925‑68021) or IRDye 
800CW anti‑mouse (cat. no. P/N 925‑32210) secondary anti-
bodies (LI‑COR Biosciences, Lincoln, NE, USA) for 1 h at 
room temperature. Signals were detected with the Odyssey 
infrared imaging system (LI‑COR Biosciences). Antiserum 
to total β‑actin (cat. no. sc‑1616; dilution, 1:5,000; Santa Cruz 
Biotechnology, Inc.) was used as the internal control. Scion 

Image Analysis software (version 4.0.3.2; Scion Co., Frederick, 
MD, USA) was used to determine protein density levels.

Flow cytometric analysis. Apoptosis of JAG1‑treated HRSCs 
and BCCs was quantified using an Annexin V‑Propidium Iodide 
Apoptosis Detection Kit (cat. no. 88‑8005‑72; eBioscience, 
Inc., San Diego, CA, USA) according to the manufacturer's 
instructions. The samples were analyzed following appro-
priate fluorescence compensation and gating strategies with a 
FACSCanto‑II flow cytometer (BD Biosciences), and analyzed 
using FlowJo software (version 9.0; FlowJo, LLC, Ashland, 
OR, USA).

Statistical analysis. Data were presented as the mean ± standard 
deviation from at least three sets of experiments (each from 
a separate subject). qPCR samples were assayed in triplicate 
for each experiment. Data were analyzed by one‑way analysis 
of variance, followed by Tukey's multiple comparison tests 
if the overall P‑values were significant, using the computer 
software PRISM (version 6.0c; GraphPad Software, Inc., San 
Diego, CA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Comparison of sample expression profiles by hierarchical 
clustering. Unsupervised hierarchical clustering analysis 

Table IV. Most commonly identified categories with similarities in GO categorization between nodular basal cell carcinomas 
and hair shafts at GO level 3.

	 Number of genes	 Percentage of total		
GO category	 in category	 genes in gene set	 P-value	 Benjamini

Cellular catabolic process	 317	 6.5	 1.50E-05	 1.70E-02
Cellular nitrogen compound metabolic process	 1015	 20.7	 6.40E-05	 3.40E-02
Cellular macromolecule metabolic process	 1412	 28.8	 8.20E-05	 2.90E-02
Regulation of localization	 194	 4	 1.70E-04	 4.50E-02
Sterol metabolic process	 43	 0.9	 2.30E-04	 4.90E-02
Regulation of cell motion	 72	 1.5	 2.40E-04	 4.20E-02
Nucleobase, nucleoside, nucleotide and	 938	 19.1	 3.10E-04	 4.70E-02
nucleic acid metabolic process
Regulation of cell migration	 63	 1.3	 6.20E-04	 8.00E-02
Regulation of multicellular organismal process	 279	 5.7	 8.70E-04	 1.00E-01
Regulation of locomotion	 69	 1.4	 1.10E-03	 1.10E-01
Regulation of cell communication	 304	 6.2	 1.60E-03	 1.50E-01
Lipid transport	 54	 1.1	 1.60E-03	 1.40E-01
Response to organic nitrogen	 28	 0.6	 1.70E-03	 1.30E-01
Cellular amino acid and derivative metabolic process	 114	 2.3	 2.10E-03	 1.50E-01
Positive regulation of cellular process	 518	 10.5	 2.20E-03	 1.40E-01
Regulation of myeloid cell differentiation	 30	 0.6	 2.20E-03	 1.40E-01
Microtubule organizing center organization	 18	 0.4	 2.40E-03	 1.40E-01
Positive regulation of biological process	 566	 11.5	 2.50E-03	 1.40E-01
Regulation of cellular component organization	 143	 2.9	 2.80E-03	 1.50E-01
Peptide metabolic process	 24	 0.5	 3.00E-03	 1.50E-01

GO, gene ontology.
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(average linkage method) was applied to the unfiltered 
datasets from BCCs and normal skin samples from patients 
undergoing surgical resection, and HF root sheaths from 
normal individuals undergoing cosmetic procedures. This 

produced a dendrogram with well‑defined cluster groups of 
cases (Fig. 1). The HF root sheath data were clearly sepa-
rated from BCC and normal skin data sets with distinct gene 
expression profiles, but exhibited close similarity within the 
group. Normal skin samples also yielded relatively distinctive 
expression profiles. Compared with the HF root sheath and 
normal skin, BCCs were less readily identified by computer 
analysis as a distinct entity. Overall, the segregation of data 
at the molecular level was consistent with the histological 
distinction of BCCs, HF root sheaths, and normal skin 
(Fig. 1).

Analysis of gene expression differences and similarities 
between basal cell carcinoma and hair follicle root sheaths. 
Gene expression associated with HF root sheaths and BCCs 
was evaluated, and the two data sets were directly compared. 
The results indicated that 4329 genes were differentially 
expressed in BCCs compared with the HF root sheaths with 
statistical significance (P<0.05). Of these, 3562 genes were 
upregulated and 767 were downregulated in BCCs compared 
with the HF root sheaths. Tables IA and B show the top 20 
genes exhibiting the highest magnitude of fold‑change, with 
those upregulated in Table IA and those downregulated in 

Table IB. In addition, the top 20 genes with the fold‑change 
most consistently close to 0 (no change) are listed in  
Table II.

Similarities and differences in Gene Ontology categorization 
analysis between basal cell carcinoma and hair follicle root 
sheaths. Tables I and II were functionally annotated using 
GO terms, providing a controlled vocabulary to describe 
genes/gene product attributes to evaluate the potential signifi-
cance in gene expression functions. The 20 most commonly 
identified, statistically significant, GO term results (adjusted 
P<0.05) for genes significantly differentially or similarly 
expressed in BCCs compared with the HF root sheaths are 
listed in Tables III and IV, respectively.

The GO analysis revealed that the differentially expressed 
genes (Table I) and similarly expressed genes (Table II) in 
BCCs and HF root sheaths were significantly enriched in the 
designated functional category of ‘developmental process’. 
For example, significantly differently expressed genes were 
enriched in ‘embryonic morphogenesis development’, a 
subcategory of ‘developmental process’. Two-hundred and 
ninety-seven significantly similarly expressed genes were 
observed to be associated with 'regulation of multicellular 
organismal process' and 518 similarly expressed genes were 
associated with 'positive regulation of cellular process', which 
are also subcategories under ‘developmental process’ and 
‘multicellular organismal development’.

Table V. Primer sequences for defined genes.

	 Genbank			   Amplicon
Gene name	 accession no.	 Forward primer (5'‑3')	 Reverse primer (5'‑3')	 size

NOTCH1	 NM_017617	 GAGGCGTGGCAGACTATGC	 CTTGTACTCCGTCAGCGTGA	 140
NOTCH2	 NM_024408	 TATTGATGACTGCCCTAACCACA	 ATAGCCTCCATTGCGGTTGG	 187
NOTCH4	 NM_004557	 GGGTGAGACGTGCCAGTTTC	 CTGGGTGTCAATGGAGAGGGA	 126
DTX1	 NM_004416	 GGTGTGGGAGTGTCTGAATGA	 CCTGGCGAAACTGGTGCAT	 176
DTX2	 NM_020892	 GCAAGCCTTTCAGATTTGCCC	 GCTGGCACAAACTGTCCCTT	 121
LNX1 	 NM_032622	 TTGGCTCAGTCCTGCTAACTA	 GGAAGGCACCTTTACAGAGTTCT	   80
DVL2	 NM_004422	 GAGGAAGAGACTCCCTACCTG	 CGGGCGTTGTCATCTGAAAT	 167
NUMB	 NM_001005743	 CTACCTTCCAAGGGACCGAGT	 AGCCCGGACGTTTTTAGACAC	 131
JAG1	 NM_000214	 TCGGGTCAGTTCGAGTTGGA	 AGGCACACTTTGAAGTATGTGTC	 143
JAG2	 NM_002226	 AGCTGGACGCCAATGAGTG	 GTCGTTGACGTTGATATGGCA	 131
LFNG	 NM_001040167	 GGGTCAGCGAGAACAAGGTG	 GATCCGCTCAGCCGTATTCAT	 140
KRT17	 NM_000422	 GGTGGGTGGTGAGATCAATGT	 CGCGGTTCAGTTCCTCTGTC	 158
HES1	 NM_005524	 ATGGAGAAAAATTCCTCGTCCC	 TTCAGAGCATCCAAAATCAGTGT	 182
HES7	 NM_032580	 CGGGATCGAGCTGAGAATAGG	 GCGAACTCCAATATCTCCGCTT	 176
HR	 NM_018411	 AGGAGGCCATGCTTACCCAT	 CACTATGCTCAGGCATCAGGG	   84
RBPSUHL	 NM_014276	 CAGTGCCTCCCAATCCTTTGA	 CCTCCCCTCAGAATGGTGGT	 139
DAAM1	 NM_014992	 GGTGGACGAGGTATTTCATTCAT	 TCTGAAGCGCAAAGTTGCTATC	 100
MAPK8	 NM_002750	 AGCAAGCGTGACAACAATTTTT	 GAAATGGTCGGCTTAGCTTCT	 175
GLI1	 NM_005269	 GGCACCATGAGCCCATCTC	 ATCACCTTCCAAGGGTTCCTC	 216
GLI2	 NM_005270	 CCCACTCCAACGAGAAACCC	 GGACCGTTTTCACATGCTTCC	   96
RAC1	 NM_198829	 ATCCGCAAACAGATGTGTTCT	 CGCACCTCAGGATACCACT	   91
ROCK2	 NM_004850	 TTGGTTCGTCACAAGGCATC	 AGGGGCTATTGGCAAAGGC	 130
FASL	 NM_000639	 AAAGGAGCTGAGGAAAGTGG	 CATAGGTGTCTTCCCATTCCAG	   80
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Enrichment in several gene function categories was 
commonly identified within significantly differentially 
expressed genes, including ‘cell cycle phase’, ‘cell cycle 
process’, ‘cell death’, ‘cell differentiation’, ‘cell maturation’, 
‘G1/S transition of mitotic cell cycle’, ‘cell motility’ and 
‘cell‑cell signaling’, under the primary category of ‘cellular 
process’ (Table III). In addition, gene enrichment of some 
subcategories under the term of ‘regulation of cellular process’ 
was observed, including ‘regulation of cell cycle’, ‘regulation of 
cell proliferation’, ‘regulation of gene expression’, ‘epigenetic’, 
‘regulation of signal transduction’, ‘regulation of transcription’ 
and ‘regulation of translation’ (Table III).

In parallel, of the genes similarly expressed in BCCs and 
HF root sheaths, numerous genes with a similar expression 
were observed in gene function subcategories of the term 
‘cellular process’, including 'positive regulation of cellular 
process', 'regulation of cell communication', 'regulation of 
multicellular organismal process', 'regulation of cell migra-
tion' and 'regulation of localization' (Table IV). Subcategories 
such as 'cellular amino acid and derivative metabolic process', 
'nucleobase, nucleoside, nucleotide and nucleic acid meta-
bolic process' and 'sterol metabolic process', were also found 
enriched with similarly expressed genes within the category 
'metabolic process' (Table IV). The GO analysis also indicated 
that a number of genes, both similarly and differentially 
expressed between BCCs and HF root sheaths, are involved 
in categories under the term of 'positive regulation of cellular 
process'. The data suggest patterns of gene activity consistent 
with skin appendages, though with significant distinctions in 
individual expression of genes between BCCs and HFs.

Biological network and pathway analysis of basal cell 
carcinoma and hair shafts. To assess which signaling path-
ways were affected during early gene regulation, the genes 
in Tables I and II were classified and grouped into pathways, 

based on pathway information imported from the Kyoto 
Encyclopedia of Genes and Genomes (KEGG; http://www.
genome.jp/kegg/). Pathways that may be involved in both hair 
morphogenesis and tumorigenesis were the primary focus, 
based on published knowledge: The Shh, Notch, and Wnt 
signaling pathways. Based on the gene set that included genes 
differentially expressed between the HF root sheaths and 
nodular BCCs (Table I), 6 genes involved in the Shh signaling 
pathway were identified, 23 genes in the Wnt signaling 
pathway, and 4 genes in the Notch signaling pathway. Genes 
with similar trends of expression in BCCs and HF root sheaths 
were also analyzed (Table II): 11 genes were involved in the 
Shh signaling pathway, 37 genes in the Wnt signaling pathway 
and 9 genes were identified in the Notch signaling pathway. 
The identified pathway‑specific genes in the corresponding 
pathway maps derived from the KEGG database are presented 
in Fig. 2. Since Notch signaling i) promotes HF differentiation 
into sebaceous gland and interfollicular epidermal lineages, 
ii) is known to act as an epidermal tumor suppressor, and iii) 
genes in this pathway exhibited the most extreme changes in 
expression/inhibition by microarray, the present study subse-
quently focused on the Notch signaling pathway.

Validation of the expression of selected genes. Having 
completed the microarray analysis of BCCs and HFs, 22 genes 
with known functional significance associated with Notch 
signaling were selected for evaluation by RT‑qPCR (Table VI). 
Differential Shh pathway gene expression (GLI1, GLI2) was 
also reconfirmed to validate the study. Although the magnitude 
of change in expression defined by qPCR was different from 
that observed by microarray, the trends, whether for increased 
or decreased gene expression, were generally consistent with 
microarray data (Table VI).

NOTCH1, JAG2, DVL2 and HES7 protein expression in 
the pathology specimens from BCC patients, scalp/terminal 

Figure 2. Notch gene signaling pathway interactions. The Notch signaling pathway network was significantly differentially activated in hair follicle root 
sheaths compared with basal cell carcinomas. Genes and gene sets identified as significantly differentially expressed by microarray are presented with a dark 
background. JAG, jagged; LFNG, LFNG O‑fucosylpeptide 3‑beta‑N‑acetylglucosaminyltransferase; TACE, tumor necrosis factor‑ACa disintegrin and metal-
loproteinase metalloprotease converting enzyme; DVL2, dishevelled2; NUMB, NUMB endocytic adaptor protein; PSEN, presenilin; NCSTN, nicastrin; APH, 
acylaminoacyl‑peptide hydrolase; MAPK, mitogen‑activated protein kinase; NCID, Notch intracellular cytoplasmic domain; MAML, mastermind‑like pro-
tein; HAT, histone acetyltransferase; SKIP, Ski‑interacting protein; RBP‑J, Recombining binding protein suppressor of Hairless; SMRT, Silencing Mediator 
for Retinoic acid and Thyroid hormone receptor; CtBP, C‑terminal binding protein; CIR, CBF1 interacting corepressor; HDAC, histone deacetylase; HES, 
hairy and enhancer of split.
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HF biopsies or non‑scalp skin (non‑follicular epithelium) from 
normal patients was defined using immunohistochemical 
analysis. All of the primary antibodies exhibited greater 
intensity of labeling in terminal HFs compared with nodular 
BCCs and non‑scalp skin when tissues were processed in 
parallel (Fig. 3). A weak expression of NOTCH1 was observed 
in non‑follicular epithelium (Fig. 3A). By contrast, there was 
a strong NOTCH1 presence in the outer root sheath (ORS) 
layer of HFs (Fig.  3B). NOTCH1 showed a more limited 
expression in the tumor mass compared with the peritumoral 
stroma in BCCs (Fig. 3C and D). JAG2 had a limited distribu-
tion in the inter‑follicular epidermis (Fig. 3E), but exhibited a 
strong expression in HFs, including the ORS and inner root 
sheath (IRS; Fig. 3F). JAG2 was expressed more weakly in 
the BCC mass than in the peritumoral stroma (Fig. 3G and H). 
Compared with the inter‑follicular epidermis (Fig. 3I), DVL2 
was strongly expressed in the ORS of HFs (Fig. 3J). BCC 
tumor cells demonstrated a strong immunoreactivity to DVL2 
(Fig. 3K and L). The basal layer of epidermis (Fig. 3M) and 
the ORS of HFs (Fig. 3N) were strongly positive for HES7. 
The peritumoral stroma of BCCs also exhibited a stronger 
expression of HES7 than the BCC mass (Fig. 3O and P). A 
stronger expression of NOTCH1, JAG2, DVL2 and HES7 was 
observed in the surface layer of the tumor structure (Fig. 3C, 
G, K and O) than in the internal tumor mass (Fig. 3D, H, L, P). 

The immunohistochemistry results were consistent with the 
microarray and qPCR findings.

JAG1 treatment induced apoptosis of BCC cells via Fas 
ligand. Since JAG1 can activate NOTCH1 (28), BCC cell apop-
tosis was examined in cells induced with recombinant JAG1. 
A significantly higher percentage of late apoptotic cells was 
found in JAG1‑treated BCC cell cultures compared with cells 
treated with scrambled JAG1 (0.5 vs. 18.95% Annexin V+PI+ 
cells, P=0.0004; Fig. 4A bottom channel). By contrast, JAG1 
treatment did not induce late apoptosis in HRSCs (P>0.05; 
Fig. 4A bottom channel). To identify the specific pathway 
involved in JAG1‑induced apoptosis, a human apoptosis PCR 
array was performed on treated cells, which revealed that 
Fas ligand mRNA expression was significantly increased in 
JAG1‑treated BCCs, while the level of Fas mRNA did not 
change (data not shown).

qPCR specific for the Fas ligand gene was used to further 
confirm PCR array data (Fig. 4B). Fas ligand mRNA expres-
sion was downregulated in HRSCs following JAG1 treatment 
compared with the cells treated with scrambled JAG1, and was 
upregulated in BCCs following JAG1 treatment compared with 
the cells treated with scrambled JAG1 (Fig. 4B). A statistically 
significant difference in expression following JAG1 treatment 
was observed between the two cell types (0.50‑fold in HRSCs 

Table VI. Selected gene validation results by RT‑qPCR with corresponding microarray results for comparison.

	 Hair follicle vs. skin	 Basal cell carcinomas vs. skin
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Microarray	 RT‑qPCR	 Microarray	 RT‑qPCR
Gene	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
name	 Fold change	 q‑value	 Fold change	 P‑value	 Fold change	 q‑value	 Fold change	 P‑value

NOTCH1	 4.07350142	 8.64548474	 89.7796173	 3.0878E‑08	 2.25963492	 55.1681869	 3.2667374	 0.01731453
NOTCH2	 0.49022594	 0.39254973	 94.051046	 2.4841E‑06	 0.46324991	 2.15276566	 0.87297527	 0.84563107
NOTCH4	 2.69005573	 0.24322855	 19.2601231	 0.00128485	 1.71844966	 55.1681869	 2.67459359	 0.14313619
DTX1	 1.17722862	 48.8237978	 16.3788042	 0.03308844	 2.4295169	 55.1681869	 0.28089744	 0.22707567
DTX2	 0.99256711	 40.6530129	 18.9813992	 0.00157923	 0.47607531	 4.07129257	 0.43629239	 0.08540183
LNX1	‑	‑	   198.293295	 3.6156E‑08	 1.72295346	 55.1681869	 2.072439	 0.28247621
DVL2	 13.8816522	 3.95106797	 16.104213	 0.00293444	 1.55096741	 55.1681869	 2.94822536	 0.03581873
NUMB	 3.28845002	 0.48722077	 182.325561	 4.9233E‑06	 1.30366339	 55.1681869	 1.33412783	 0.63444821
JAG1	 0.34149885	 0.18592759	 365.28094	 2.3222E‑08	 1.63466178	 55.1681869	 1.83632659	 0.35967923
JAG2	 1.5839265	 41.2725397	 179.447584	 8.3358E‑05	 1.33391274	 55.1681869	 0.31170539	 0.23588105
LFNG	 2.07190237	 6.92879545	 1889.72022	 4.5482E‑05	 2.33909215	 55.1681869	 1.52408184	 0.61264104
KRT17	 3.021	 0.00846	 27272.867	 2.2916E‑09	 7.21676553	 55.1681869	 51.4001016	 0.00100685
HES1	‑	‑	   1067.11032	 1.053E‑15	 0.76047244	 67.4104045	 2.91116399	 0.0400455
HES7	 1.19000588	 48.8237978	 3262.24091	 1.5035E‑08	 4.16958086	 29.7263863	 0.29241452	 0.13032618
HR	 2.16394516	 2.23319493	 226.55094	 1.0638E‑09	 1.09510072	 58.338051	 1.19521471	 0.76942586
RBPSUHL	 3.11300222	 41.2725397	 255.196596	 7.7485E‑10	 1.22074356	 55.1681869	 0.16526889	 0.06136225
DAAM1	 0.20611879	 0.21537795	 574.06641	 1.5066E‑07	 0.54865054	 18.0863137	 1.63754261	 0.55059198
MAPK8	 1.5501382	 42.0929177	 199.824645	 1.1302E‑06	 0.85527761	 67.7038487	 0.96727335	 0.97161104
GLI1	‑	‑	   52.4313289	 0.00072822	‑	‑	   1.87408166	 0.51779197
GLI2	 2.52604018	 22.3203103	 319.860846	 8.9511E‑07	 2.00283366	 55.1681869	 12.2544249	 0.00422916
RAC1	 0.26859543	 1.21189849	 535.384925	 2.0661E‑11	 0.65505096	 61.6040693	 1.31400567	 0.66627414
ROCK2	 0.18494564	 2.62913482	 575.373988	 8.4351E‑07	 0.82910219	 67.7038487	 1.38128144	 0.6297566

RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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vs. 1.23‑fold in BCCs, P=0.0003; Fig. 4B). Differences in Fas 
ligand protein expression levels (Fig. 4C) followed the same 
pattern as the corresponding mRNA expression levels (Fig. 4B).

Caspase‑8, is a downstream target of Fas ligand signaling 
and an initiator for the extrinsic apoptotic pathway (29). JAG1 
treatment slightly decreased the protein expression levels 
of cleaved caspase‑8 in HRSCs, but induced a significant 
increase in cleaved caspase‑8 in BCCs (Fig. 4D), suggesting 
the caspase‑dependent pathway was involved in BCC cell 
apoptosis induced by JAG1.

Discussion

The present study considered the potential relationships between 
HFs and BCCs, with reference to the similarities/differences in 
signaling pathway activation. Gene functions and the specific 
involvement of the Notch and Shh signaling pathways were 
surveyed to define how these regulatory pathways may control 
HF and BCC growth (30). Defining gene expression patterns 
and pathways in BCCs that are distinct from HF growth and 
cycling may lead to a better understanding of the abnormal 
proliferation that these cells undergo in the development of 
skin cancer.

Genes similarly expressed in HFs and BCCs were found 
under the same functional GO categories, including ‘positive 
regulation of cellular process’ and ‘regulation of multicellular 
organismal process’. This suggested that common regulatory 
genes may be important for the morphogenesis of both skin 

appendages. By contrast, a number of genes were uniquely 
expressed in HFs or BCCs only. These genes may serve as 
stage‑specific signatures of appendage formation, either for 
maintaining and regenerating normal HFs, or for the forma-
tion of tumor masses. Commonly and differentially expressed 
genes related to morphogenesis are consistent with our hypoth-
esis that BCC tumors may follow an abnormal appendage 
development process that exhibits elements of consistent order, 
morphogenesis and patterning as observed in HFs.

Shh signaling is required for the proliferation and normal 
cycling of HF epithelium. Modifications of Shh signaling can 
lead to tumor development in tissues of different origins (13). 
Hyperactivation of the Shh signaling pathway is found in several 
HF derived tumors and in BCCs (31,32). Overexpression of 
GLI1 and GLI2 products are also common features of BCCs, 
and suggests increased Shh signaling (31,33). Consistent with 
previous findings (31,33), the expression of GLI1 and GLI2 
was enhanced in BCCs and HF root sheaths, compared with 
normal skin. However, the HF root sheaths exhibited signifi-
cantly higher expression levels of GLI1 and GLI2 compared 
with BCCs. Shh signaling pathway genes may influence the 
same progenitor cells in BCCs and HFs, but the different gene 
activation levels in the two tissue types may contribute to the 
divergent patterns of growth.

Differential expression of the Notch signaling pathway 
was also revealed in BCCs and HFs compared with each other 
and with normal skin. The Notch pathway, with its family of 
four mammalian Notch receptors and their numerous ligands 

Figure 3. NOTCH1, JAG2, DVL2 and HES7 expression in the normal non‑follicular epithelium, hair follicle root sheaths and basal cell carcinomas. 
Immunohistology was conducted to define the expression of NOTCH1, JAG2, DVL2 and HES7 in pathology specimens of normal non‑scalp skin, normal 
scalp/terminal HF biopsies, and BCCs. All of the primary antibodies exhibited a greater intensity of labeling in terminal HFs compared with nodular BCCs 
and non‑scalp skin when tissues were processed in parallel. Scale bar, 100 µm (except D, H, L and P, where the scale bar is 40 µm). JAG2, Jagged2; DVL2, 
Dishevelled2; HES7, hairy and enhancer of split 7; HF, hair follicle; BCCs, basal cell carcinomas.
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of the Delta, Jagged, and Serrate groups, is important for 
cell fate determination and organogenesis during embryonic 
development  (34,35). Studies on embryonic mice and rats 
have demonstrated that the Notch/recombining binding 
protein suppressor of hairless (RBP‑J) signaling pathway 
promotes epidermal differentiation  (12) and cutaneous 

appendage patterning  (36). Aberrant Notch signaling has 
been linked to a wide variety of tumors, but Notch can either 
suppress or promote tumors depending on the cell type 
and context (37,38). Jayaraman et al (14) demonstrated that 
NOTCH1 and NOTCH2 were significantly mutated in BCCs. 
The present study indicated that selected Notch pathway genes 

Figure 4. JAG1 treatment induced BCC cell apoptosis via Fas ligand. HRSCs or BCCs were treated with 4 mM JAG1 or scrambled peptide for 3 days. 
(A) Percentage of apoptotic cells was quantified by Annexin V‑PI labeling and flow cytometric analysis. (B) Fas ligand mRNA expression levels were measured 
by qPCR. Representative data from three independent experiments are shown. Protein expression levels of (C) Fas ligand and (D) caspase‑8 in treated HRSCs 
or BCCs were measured by western blot analysis. β‑actin was used as the internal control. Levels of Fas ligand or caspase‑8 proteins levels were normalized 
to the levels of β‑actin protein, and are expressed as fold change relative to control (scrambled JAG1). Data are presented as the mean ± standard deviation of 
three independent experiments. **P<0.01 and ***P<0.001, comparisons indicated by brackets. HRSCs, human hair follicle root sheath cells; BCCs, basal cell 
carcinomas; JAG1, Jagged1.
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were differentially activated and inhibited in BCCs, which 
may be due to positive feedback, and reciprocal negative 
feedback, from differences in Delta and Notch cell surface 
expression, or the irregular activation of downstream Notch 
signaling pathway genes.

Examination of downstream components of the Notch 
pathway revealed more interesting results: The transcription 
factor RBP‑J and downstream target genes of the Hes and 
Deltex families, exhibited a high expression in hair shafts 
compared with BCCs and normal skin. By contrast, two genes 
that affect the co‑repression of RBP‑J, CTBP1 and CREBBP, 
were observed to have a significantly lower expression in HFs 
compared with BCCs (data not shown). Deletion of RBP‑J 
from follicular stem cells results in an aberrant cell fate switch 
that leads to the establishment of epidermal progenitors and 
basal cells (39). This result, therefore, demonstrated that the 
Notch/RBP‑J signaling pathway is strongly activated in HFs. 
Since the Notch signaling pathway promotes a stem cell 
phenotype in skin (36), the degree of Notch signaling pathway 
activation may be important for HF stem cell proliferation 
and differentiation. The high level of Notch/RBP‑J signaling 
pathway activation may be required for the formation and 
maintenance of follicles.

The present study suggests a lack of downstream gene 
expression in the Notch/RBP‑J signaling pathway in BCCs. 
This may allow basal cells to escape from the normal regu-
lation of proliferation that is normally found in the absence 
of Notch signaling, as observed in mammary epithelium cell 
lineages (40). Loss of RBP‑J action in BCCs may promote 
cells towards a more stem, or progenitor, cell‑like status, 
enabling basal cell tumor growth. Notch signaling via Notch 
receptor intracellular domain translocation into the nucleus, 
and subsequent binding to the transcription factor RBP‑J, may 
be an important stage in the regulation of BCC development. 
As such, RBP‑J signaling may be a focus for the development 
of new BCC therapies, as has been suggested for other types 
of cancer (41‑44).

Fas ligand is a type II transmembrane protein that can 
induce apoptosis upon binding to Fas. Compared with normal 
skin, Fas ligand mRNA expression levels have previously been 
demonstrated to be lower in BCC specimens and immunos-
tainings were weak or undetected (45). The present findings 
have shown that activation of the Notch signaling pathway 
by adding exogenous JAG1 into BCC cell culture resulted 
in increased Fas ligand mRNA and protein expression. This 
further activated downstream caspase‑8 to initiate BCC cell 
apoptosis. However, some tumors can decrease Fas expression 
to resist Fas ligand‑mediated T‑cell cytotoxicity, and simul-
taneously upregulate the expression of Fas ligand to induce 
apoptosis in Fas‑expressing T cells (46). BCCs strongly express 
Fas ligand, which may help prevent attack from surrounding 
immune effector cells, while also lacking Fas, potentially to 
make the tumor cells resistant to apoptosis (47). Further inves-
tigation is required to characterize the exact role of elevated 
Fas ligand expression induced by Notch signaling activation 
by in vivo experiments.

Notch signaling pathway genes are important in HF forma-
tion and BCC neoplasia. Hair follicles can develop from skin 
stem cells or their progeny, in a patterning program that is 
controlled by multiple signaling pathways, function processes 

and other components. Skin stem cells that are regulated by 
multiple signaling pathways, normal function processes and 
normal components, may allow BCCs to develop through 
abnormal activation order, irregular cell cycle timing and 
aberrant activation of multiple signaling pathways.

In summary, the present study suggests that controlling the 
Notch/RBP‑J signaling pathway may stop the dysregulation 
of cell proliferation and differentiation to BCC skin cancer. 
The degree of Notch signaling pathway activation may also be 
important in HF formation. Elements of the Notch pathway are 
potentially worthwhile targets for future treatment of BCCs 
and, as a corollary, in HF engineering.
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