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Abstract
Purpose of Review Skin cancer is the most prevalent human cancer and has presented a considerable world incidence rate 
increase over the last years. While animals offer highly complex systems to study skin cancer biology, ethical concerns and 
the differences found between the human and animal skin have promoted the development of alternative methods. In this 
review, we provide an overview of the most important skin cancer models and describe the advantages of in vitro substitutes 
over ex vivo and animal models. To facilitate understanding, an insight into the biology of skin cancer is also given.
Recent Findings Currently, the study of cancer pathology and the development of therapeutic agents are mostly based on 
animal experiments. The methodologies used are based on mice genetic modifications and the induction of carcinogenesis 
by UV radiation, chemicals, or viruses. Skin explant models represent one alternative to animal models. These preserve the 
structure and composition of native skin and are therefore highly suitable. More recent studies have developed in vitro skin 
models composed of the epidermal and/or the dermal layers, which more faithfully mimic the human skin.
Summary Various technologies have been studied to create improved skin substitutes. To better understand skin cancer 
biology, models that more faithfully mimic the human skin are needed. In vitro systems can recreate many of the typical 
features of both healthy and diseased skin and suggest that complex systems like full-thickness models are highly valuable 
tools to perform human skin studies.
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Introduction

Cancer is characterized by the uncontrolled growth of trans-
formed cells. Mutations in the DNA of these cells lead to an 
imbalance between proliferation and cell death, resulting in 
tumor formation. When transformed cells enter the circula-
tion, tumors may arise in other organs (metastasis), invad-
ing surrounding tissues and taking away nutrients to survive 
and grow [1–3]. Regarding dermatological cancer, each year 

between 2 and 3 million new cases are reported, representing 
around 30% of all newly diagnosed cancers, and making skin 
cancer by far the most common malignancy [4, 5].

Age is a major risk factor in dermatological cancers and 
can be a result of life-long sun exposure. Some chemicals, 
virus infections, and psychological stress are involved in 
many physiopathological processes and may trigger skin 
cancer as well. Also, certain genetic features like freckles, 
moles, red hair, or blue eyes are associated with increased 
susceptibility to this pathology [3, 6].

There are three main types of skin cancer: melanoma, basal 
cell carcinoma (BCC), and squamous cell carcinoma (SCC). 
BCC and SCC belong to the non-melanoma skin cancer 
(NMSC) group and represent the vast majority of skin can-
cers. The characteristics of the three types are explained below.

Melanoma

Melanoma is responsible for most skin cancer-related 
deaths. Each year, more than 130,000 melanoma patients 
are diagnosed in the USA [1, 7], and, importantly, its 

 * Catalina Gaviria Agudelo 
 catalina.gaviriaa@udea.edu.co

1 Tissue Engineering and Cell Therapy Research Group 
(GITTC), School of Medicine, University of Antioquia, 
Medellín, Colombia

2 European Research Institute for the Biology of Ageing 
(ERIBA), University Medical Center Groningen, Groningen, 
The Netherlands

3 Medical Research Institute, School of Medicine, University 
of Antioquia, Medellín, Colombia

http://orcid.org/0000-0001-9887-1565
http://orcid.org/0000-0001-5426-3154
http://crossmark.crossref.org/dialog/?doi=10.1007/s13671-022-00361-w&domain=pdf


169Current Dermatology Reports (2022) 11:168–177 

1 3

incidence has increased more than fourfold in the last 
40 years in Caucasian Americans [5, 8]. Early-stage mel-
anoma can be removed through surgical resection and is 
associated with a survival of 93% [9], whereas survival 
rates fall to 27% in advanced stages [9].

Melanoma is caused by UV-induced damage to the 
DNA of the melanocytes residing in the skin, which are 
responsible for modulating skin tanning upon UV radia-
tion. Transformed melanocytes display dramatically 
increased proliferation and migration rates, penetrate the 
basement membrane, and rapidly invade the dermis [7, 8, 
10]. This pathology can also alter genotoxic, mitogenic, 
and immune pathways, allowing tumor growth. For exam-
ple, melanoma-derived suppressive factors prevent the 
activation of immature dendritic cells, which results in 
the suppression of immune responses against tumor cells 
and thus permit tumor growth. These findings have led 
to the recent development of immune-focused therapies, 
among which transfer of tumor-infiltrating lymphocytes 
and immune checkpoint inhibition stand out [11].

Squamous Cell Carcinoma

SCC is the second most prevalent NMSC [3, 10], grows 
faster than BCC, and results from the accumulation of 
genetic alterations. It accounts for most NMSC-related 
deaths with metastasis rates of 0.3–3.7% [11–13].

SCC starts in the squamous cells of the epidermis [12], 
arising from aberrant, dysplastic keratinocytes that grow 
to form a tumor. Tumor growth compromises differentia-
tion and then leads to stratum corneum thickening, with 
cells retaining their nuclei [10]. At the genetic level, 
SCC displays frequent mutations in the tumor suppressor 
gene p53, primarily caused by UV radiation [3]. Indeed, 
over 50% of human SCC present p53 mutations [11, 13]. 
Another common genetic alteration in SCC involves the 
overexpression of phosphorylated STAT3 [10], as well 
as mutations of WNT, Ras, p16INK4, NF-κB, and c-Myc 
[13].

Basal Cell Carcinoma

BCC is one of the most common human cancers, account-
ing for about 80% of NMSC, and rarely spread to other 
parts of the body. It is very rarely fatal despite having a high 
frequency [3, 11–13], but may lead to major deformities  
and morbidity [10, 12, 13], resulting in a heavyeconomic 
burden on patients and healthcare systems [14].

BCC arises from abnormal epidermal basal cells and 
tends to grow slowly. Unlike melanoma and SCC, it does 
not present precursor lesions [3]. However, prompt treatment 

of BCC is vital because as the tumor grows, it becomes 
more dangerous and may grow into nearby tissue leading to 
deformity and significant morbidity [10, 12, 13].

The development of BCC can be triggered by genetic 
mutations. Particularly, mutation of the tumor suppressor 
PTCH gene, involved in the Hedgehog (Hh) signaling path-
way, has been strongly associated with BCC, along with the 
constant activation of Gli1 and Gli2 transcription factors. 
Alterations in genes like CYP, GST, and p53 have also been 
linked to BCC [3, 10, 13].

Various experimental methods exist for recreating the 
different types of human skin cancer. These facilitate 
the development of more effective therapies and pro-
vide a better understanding of cancer pathology and the 
mechanisms that mediate invasion and progression [1, 
7]. To obtain reliable data, we need to accurately rep-
licate the biology of human skin cancer, a process that 
largely depends on representative models. The objective 
of this review is to provide an overview of the main skin 
cancer models, emphasizing the advantages of in vitro 
substitutes. We will describe the methodologies used to 
model the three types of skin cancer, arguing why in vitro 
models are necessary.

Modeling Human Skin Cancer

Animal Models

Animal models are important tools to better understand 
different skin processes, as they provide complex sys-
tems where several types of cells and tissues are present. 
In cancer research, animal models are especially useful to 
investigate the mode of action of new drugs and study can-
cer progression and metastasis, events that can occur only 
in vivo [11].

Because of their relatively easy care and biological simi-
larity with humans, mice are the most commonly used ani-
mal. They are typically exposed to UV radiation, chemicals, 
or viruses with the aim of producing carcinogenesis. Many 
genetically engineered mouse models have been developed 
through the inactivation of tumor suppressor genes and/or 
activation of oncogenes. Another approach is the xenograft 
model in which human cancer cell lines are injected or trans-
planted into immunodeficient mice [11].

Animal Models of Melanoma

Given its high mortality rate and spread, animal models of 
melanoma are the most numerous and diverse [5]. In this 
respect, different mouse models with an innate predisposi-
tion to develop melanoma have been created. For example, 
neonatal mice inappropriately expressing the hepatocyte 
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growth/scatter factor in the skin develop melanoma follow-
ing UV exposure, with genetic alterations and histopatho-
logical characteristics that are similar to the human con-
dition [15]. Other transgenic mice examples include mice 
with melanocyte overexpression of B-RAFV600E or SV40 
T-antigen (an inhibitor of p53), which lead to the develop-
ment of spontaneous melanomas [10].

Mouse xenograft models are also used to study mela-
noma growth, spread, and therapeutic response. Metastatic 
tumors are induced by implanting human melanoma cells 
into the eyes of immunodeficient mice [5]. However, it has 
been shown that these xenografts do not faithfully mimic the 
microenvironment, the initial events of human melanoma, or 
the invasion of cells to the surrounding tissue [7].

Besides rodents, fish and mammals have been employed 
as well. In the Xiphophorus fish, melanoma develops after 
UVA and UVB radiation, affecting the same genes involved 
in human melanoma [5]. UV radiation is also used in Mono-
delphis domestica (a South American opossum) to induce 
melanoma. Given its mammal condition, it results better 
than the fish to study human diseases. However, unlike 
human disease, tumors arise from the dermis rather than 
the epidermis [5], suggesting that differences exist during 
melanoma development.

Animal Models of SCC

Animal models of SCC are mainly based on the induc-
tion of skin tumors in mice by means of chemicals and UV 
radiation. In the most commonly used method, mice are 
first treated with a carcinogen that produces mutations in 
skin cells. Then, a promoter agent is applied to provoke the 
growth of benign tumors (papillomas) from the mutagenized 
cells. Over time, such papillomas transform into malignant 
SCC with the capability of spreading to distant sites [16].

Another approach involves the use of hairless but immu-
nocompetent mice, in which SCC induction is achieved by 
UV exposure. These SCC usually present p53 mutations, 
very similar to those seen in human SCC [16], and allow 
the testing of new therapeutic anti-photocarcinogenic drugs 
[17]. Nevertheless, even if hair absence is beneficial for UV 
light experiments, these mice have a non-functional hair-
less gene, which greatly contribute to skin metabolism and 
whose absence may influence the outcome of tumor devel-
opment [16].

In some transgenic mouse models, oncogenes are acti-
vated in a subset of the skin cells to investigate tumor forma-
tion from a particular cell of origin. For example, expres-
sion of mutant H-Ras in the outer root sheath of the hair 
follicle (where stem cells reside) leads to malignant SCC 
and spindle carcinomas. However, when H-Ras is targeted 
to terminally differentiated cells, only benign tumors (papil-
lomas) arise [16].

Animal Models of BCC

Because murine UV-induced BCC do not mimic the human 
condition very well [10], the development of proper BCC 
mouse models has been difficult. For example, PTCH het-
erozygous knockout mice exposed to UV developed BCC-
like tumors, which, however, did not recreate completely the 
different types of the human condition [18]. Despite this, 
promising results have been achieved when activating other 
components of the Hh signaling pathway: the first animal 
model of this kind presented BCC after 4 days of embryonic 
skin development [19], which were indistinguishable from 
human tumors. Subsequent studies demonstrated that these 
types of tumors also arose after the overexpression of mutant 
SMO [20], and the transcription factors Gli1 and Gli2 [21, 
22]. Likewise, other genetic modifications like epidermal 
Notch1 knockout have led to mice with increased susceptibil-
ity to tumor growth that in turn developed BCC-like tumors 
when subjected to the carcinogen/promoter protocol [23].

As previously mentioned, an alternative method is based 
on tumor xenografts. However, there have only been a few 
reproducible xenograft implantations of human BCC in ani-
mals [24], since numerous attempts of transplanted human 
BCC failed to form lesions that closely resembled their 
human counterpart [24]. For example, when Carlson et al. 
transplanted 14 BCC tumors into 18 SCID-beige mice (T, B, 
and natural killer cells deficient), only 3 generated anaplastic 
tumors [25].

Ideally, a good animal model of cancer should share fea-
tures with the human disease on various levels [5]. While 
important progress has been made with various animal 
models, important limitations need to be considered: (1) the 
ethical problems raised by the use of laboratory animals; (2) 
the differences found between the human and animal skin, 
which makes it difficult to extrapolate the results [1, 10]; 
and (3) the influence of the mice background on the tumor 
outcome. Some strains of laboratory mice are known to be 
tumor-resistant, whereas others are skin tumor-susceptible 
[16]. Moreover, immune responses of transgenic mice affect 
tumor growth and the ability of viral vectors to infect cells 
[24]. The problem with the lack of models that accurately 
predict human responses is that they may delay the assess-
ment of new treatments against skin tumors.

Are Ex Vivo Models a Suitable Alternative?

Ex vivo models are living tissues obtained from a living 
organism and, therefore, represent platforms with minimal 
alteration of the native tissue state. Ex vivo human skin mod-
els are therefore highly suitable since they are of a human 
origin and contain all the cellular components, meaning that 
these can provide a proper microenvironment [26] leading 
to more accurate responses.
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One of the most outstanding ex vivo models was devel-
oped recently by Hochberg. He proposed a creative way of 
using SCC and BCC biopsies in which skin tumors are sliced 
and maintained in culture medium. This model has been 
used to evaluate viruses’ activities on the tumors and the 
effect of UV radiation. Of note, the three-dimensional (3D) 
structure is conserved, keeping the original cell types and 
extracellular matrix products, and positively impacting the 
results after anti-tumor treatments [24].

Surprisingly, not many ex vivo substitutes have been 
reported, even when they have shown a high level of simi-
larity to native tumors. Besides inter-donor variability, the 
reason behind the low popularity of ex vivo platforms is that 
these require a regular supply of fresh biopsies of proper size 
[1, 7, 26, 27], which may not be always available. Moreover, 
upon reception, explants need to be promptly used because 
cellular viability and metabolic activity rapidly decrease 
after tissue removal [27]. This strongly limits their use 
especially when various experiments or tissue replicates are 
needed (e.g., drug screening).

A Promising Tool: In Vitro Models

As argued above, accurate and more practical model systems 
are crucial to better understand skin cancer development and 
progression. While animal models have led to significant 
progress, they are limited by their accuracy and ethical con-
cerns. Furthermore, the ex vivo alternative is restricted by 
the availability of living tissue, reason why in vitro substi-
tutes are becoming increasingly more important.

In vitro skin models are advantageous systems since they 
are of human origin and allow controlling the cellular com-
position. Researchers can integrate or omit cell components 
in order to study their importance in the process under inves-
tigation [28]. Additionally, these avoid the need to recruit 
volunteers, do not depend on continuous skin supply, and 
contribute to the reduction of laboratory animals [29].

To date, two kinds of in vitro skin models are available: 
bi-dimensional (2D) and 3D cultures. A 2D culture is an 
anchorage-dependent system with cells growing attached to 
a surface. Despite its simplicity, cells are restricted by their 
incapacity to mimic the 3D in vivo structure and behavior. 
Cell stratification and differentiation are poor and may show 
hyperproliferative growth, and therefore, this is not the best 
tool to study cellular responses. In fact, important signaling 
pathways work only when cells are placed in a 3D structure 
[30].

In vitro 3D models, on the other hand, provide an in vivo-
like structure containing human skin cells and components 
of extracellular matrix like collagen. Recent advances in tis-
sue engineering have provided novel models to study early 
neoplastic progression in a more reliable structure [30]. 

These offer the tools to better understand the biological 
properties of tumor cells, develop efficient therapies, and 
allow for the investigation of diverse cellular processes such 
as proliferation, gene activation, invasion, protein expres-
sion, and metastatic behavior [5, 7].

In Vitro Models of Melanoma

The most relevant in vitro melanoma models include sphe-
roids and 3D structures containing both cancer and healthy 
cells. For example, Genoskin has developed  OncoSkin®, an 
in vitro melanoma model composed of all the human skin 
layers and cells. Briefly, a melanoma spheroid is generated 
and embedded into a human skin biopsy, resulting in mela-
noma cells surrounded by the normal skin environment. This  
approach enables the study of melanoma cell invasion in situ  
in a human artificial skin sample, which can maintain viability  
and integrity for several days [31]. Another option includes 
the reconstruction of the tumor from de-epidermized dermis 
and skin cells. Eves et al. developed a 3D model to com-
pare the invasive characteristics of normal melanocytes to a  
cutaneous melanoma cell line (HBL). To this end, normal 
fibroblasts were deposited in a de-epidermized human dermis 
and then HBL cells (or melanocytes) and keratinocytes were  
seeded on top. In this model, HBL cells were able to invade 
the dermis, while normal melanocytes were not [32].

Instead of native tissue, Meier et  al. used fibroblast- 
containing collagen gels as a dermal compartment. They 
studied various stages of melanoma progression by analyz-
ing the growth phases: rapid and vertical growth phases 
and metastatic melanoma. For this, keratinocytes and mel-
anocytes or melanomas cells (representing different stages 
of tumor progression) were seeded on top of the dermal 
equivalent. Interestingly, they identified different growth 
characteristics associated with the original lesions, which 
remained stable over time [33], and demonstrated that  
skin reconstructs are promising tools to model the diverse 
growth patterns of melanoma.

The reconstruction of the dermal end epidermal com-
partments also permits the incorporation of different cell 
types. For instance, Zhang et al. created a novel immune 
3D melanoma model composed of 4 different layers: a col-
lagen matrix with embedded fibroblasts, a melanoma cell 
line (WM35) layer, another collagen-fibroblast layer, and an 
outer layer of collagen, fibroblasts, and T cells. Interestingly, 
T cells migrated toward melanoma cells, causing the apop-
tosis of malignant cells [34] and making this type of model 
a powerful tool to study the chemokines and the receptors 
associated with T cell migration.

An alternative method includes the combination of the 
previous techniques: Vörsmann et al. used both collagen 
gels and melanoma spheroids containing the melanoma cell 
line 451-LU. To this end, they generated a collagen I matrix 
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containing fibroblasts with primary keratinocytes seeded 
on top. By introducing melanoma spheroids into the der-
mal matrix, they created a model that recapitulates the 3D 
structure and multicellular complexity of native tumor. They 
also showed significant differences in therapeutic outcome 
between regular 2D and complex 3D models, demonstrating 
the advantages of using 3D structures when studying thera-
peutic agents responses [35]. Similarly, Leight et al. created 
a 3D model to study the effect of PLX4032 (a clinically 
important anticancer drug) treatment on melanoma proteo-
lytic activity. They embedded melanoma cells of different 
stages in poly(ethylene glycol) (PEG) scaffolds and moni-
tored the matrix metalloproteinases (MMP) activity after 
drug exposure. They found that treatment with PLX4032 
led to an increase in MMP activity in the model, resulting in 
improved cell migration. These results showed how promis-
ing therapeutic agents may lead to higher proteolytic activity 
and, thus, poor outcomes [36].

The models presented above clearly recapitulate impor-
tant characteristics of melanoma. However, most of them use 
human cell lines [5], which can display genetic, physical, 
and biochemical modifications, and thus, there is a concern 
that findings in cell lines may not fully represent primary 
cell behavior [37]. See Table 1 for a summary of the advan-
tages and disadvantages of melanoma models.

In Vitro Models of SCC

Concerning NMSC, current efforts are mainly focused on 
the development of SCC equivalents [40] (see Table 2), most 
of which use collagen scaffolds as a dermal compartment. 
Borchers et al. produced a 3D model of SCC composed of 
keratinocytes or SCC cells seeded on a type 1 collagen gel, 
with or without human dermal fibroblasts. The model pro-
vided strong evidence that elevated expression of MMP-9 
(involved in invasion and metastasis) is dependent upon the 
interaction of tumor cells with adjacent stromal fibroblasts 
[41], demonstrating the importance of having more than one 
cell type in in vitro models. Thereafter, Commandeur et al. 
generated a three-dimensional model of SCC composed of 
a collagen matrix with or without normal human fibroblasts 
and the cell lines SCC-12B2 and SCC-13 seeded on top. The 
model closely recapitulated important features of SCC such as 
impaired differentiation and expression of hyperproliferation- 
related keratins, highlighting the feasibility of creating an 
in vitro 3D SCC model. The study provided a promising 
system to test therapeutic agents and better understand SCC- 
associated events [42]. Using this model, the authors next 
studied the effect of epidermal growth factor receptor (EGFR)  
in SCC. Just like the healthy counterpart, the model negatively  
reacted to increasing concentrations of EGF and inhibition of 
epidermal growth, making it a suitable platform to investigate  
the impact of altered EGFR signaling in SCC [43]. Ta
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Later, Brauchle et al. developed early- and late-stage SCC 
models containing the SCC cell line SCC-25. For early-stage 
models, keratinocytes and SCC-25 cells were seeded on top 
of a type-I collagen matrix. For late-stage models, they used 
an epidermis composed solely of SCC cells and deposited 
onto the collagen scaffold. SCC cells were also integrated 
into the dermal part of the model. As a result, SCC-25 cells 
were able to generate tumor nests in both models, demon-
strating the capability of 3D in vitro models to mimic the 
different stages of SCC and providing a promising tool to 
better understand SCC pathology and test new therapeutic 
agents [44].

An additional alternative relies on using genetically 
modified cells. An example is that the protein lysyl oxidase 
(LOX) has been associated with antitumor activity and is 
downregulated in many carcinomas. Bouez et al. developed 
a BCC and SCC skin equivalent by seeding fibroblasts on a 
chitosan-cross-linked collagen-glycosaminoglycan (GAG) 
matrix, with keratinocytes and the HaCat cell line (wild- 
type or LOX silenced) seeded on top. Interestingly, they 
found an invasive phenotype in the skin equivalent where  
the protein LOX was specifically absent [45], demonstrat-
ing the ability of the model to recapitulate the invasive  
phenotype of NMSC. In the same line, Berning et al. used 
a fibroblast-derived matrix co-cultured with different  
human-modified keratinocyte cell lines: HaCaT, benign  
tumorigenic HaCaT-RAS A-5, malignant tumorigenic 
HaCaT-RAS II-4, metastatic HaCAT-RAS A5-RT3, and 
SCC cell lines (SCC-12, SCC-13, SCL-I, and SCL-II).  
They were able to obtain skin cancer models that mirrored 
tumor growth, differentiation, and the invasive biology of  
the specific cancer cells, offering an outstanding in vitro  
tool for studying skin cancer [46].

Considering the function of macrophages in tumor devel-
opment, Linde et al. established a 3D organotypic model 
containing these cells. The dermal compartment was pre-
pared by producing a type I rat collagen matrix with fibro-
blasts, macrophages, or both, and then the SCC human cell 
line A-5RT3 was seeded onto the collagen scaffold. They 
showed that 3D cultures can be generated with macrophages 
and SCC allowing the study of macrophage activation in the 
context of skin tumors [47].

More recently, a scaffold-free spheroid model was cre-
ated by Kochanek et al. For this, they seeded head and neck 
SCC cell lines in ultra-low attachment plates and cultured 
them for at least 3 days. Tumor spheroids were formed 
along with specific microenvironments displaying differ-
ent growth phenotypes and metabolic activities between 
cells located in the outer and inner layers of tumor sphe-
roids. This system closely recapitulated in vivo tumors and 
has the potential of becoming a platform for cancer drug 
screening [48].
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In Vitro Models of BCC

Given their greater propensity for invasion and metastasis, 
models of cutaneous melanoma and SCC are the most abun-
dant and diverse [5, 40]. Still, a few BCC in vitro models 
have been described in the literature, most of which are 
mainly focused on the establishment of a proper 2D culture 
method. For instance, Grando et al. cultured BCC biopsy 
fragments obtaining different types of cells: normal fibro-
blasts, keratinocytes, and epithelioid spindle-shaped cells. 
Trypsin was used to remove contaminating fibroblasts, 
and normal keratinocytes were eliminated by cornifica-
tion after increasing calcium concentration. The remaining 
cells belonged to nodular BCC, as judged by their biphasic 
morphology, slow growth, soft agar growing capability, 
ultrastructural similarities to nodular BCC, and the expres-
sion of several BCC-related markers [49]. Likewise, Asada 
et al. cultured explants from BCC biopsies on mitomycin-
treated 3T3 feeder layers. Spindle-shaped cells grew from 
most of the BCC explants, with differential expression of 
several antibodies when compared to normal keratinocytes. 
Furthermore, unlike healthy keratinocytes, BCC-like cells 
were able to form colonies after being cultured in soft agar 
[50]. Both works provided protocols for the culture of 
BCC, which is the first step to obtaining a reliable model 
of human BCC.

As in vivo studies have revealed keratinization impair-
ments in BCC tumor cells, Flaxman and Van Scott studied 
the keratinization of BCC cells grown in vitro. Like Grando  
et al. [49], they used biopsy explants from patients having mul-
tiple BCC, which were incubated in growth medium. Contrary  
to the in vivo situation, biopsy-derived cells presented a 
highly organized keratinization process, just as exhibited by 
their healthy counterpart. They concluded that BCC kerati-
nization deficiency may be a reversible defect, and that if  
cells could keratinize in vivo, it could lead to the generation  
of keratin cysts instead of skin tumors [51]. However, given 
the difficulty of growing BCC cells in vitro, it is still possi-
ble that biopsy-derived cells belong to normal keratinocytes  
displaying a normal keratinization process.

In a more recent study, Hehlgans et al. used 2D and 3D 
cultures of BCC cell lines and examined the effect of the 
combination of vismodegib (a Hh pathway inhibitor) and 
radiation therapy. The 2D culture was maintained under 
standard conditions (37 °C and 5%  CO2) while 3D models 
were created by diluting cells in a laminin-rich extracellular 
matrix that were then cultured for 24 h before treatment to 
allow colony formation. They found an increased sensitiv-
ity to radiation after vismodegib exposure, suggesting that 
combined therapy may increase therapeutic efficacy [52] and 
that spheroid-like models of BCC could be used as platforms 
for drug testing.

Regarding 3D models, a full-thickness equivalent was 
developed by Mahmudur to investigate the role of PTCH1 
in BCC biology. The dermis component was produced with 
Matrigel, collagen, and fibroblasts and a keratinocyte cell 
line (NEB1) with PTCH1 suppression was grown on top 
of the Matrigel layer. However, there was no recapitulation 
of BCC characteristics in the 3D model [3], meaning that 
more than PTCH1 suppression may be needed to properly 
model BCC at the in vitro level. As previously mentioned, 
Bouez et al. developed a full-thickness model showing some 
SCC and BCC typical characteristics, whose dermal part 
was composed of fibroblasts and chitosan-collagen-GAG, 
while the epidermal component consisted of LOX-silenced 
HaCat cells [45].

Table  3 summarizes the characteristics of different 
in vitro BCC models.

Discussion

Several models have been developed to study normal and 
diseased skin and provide an important tool to study pathol-
ogy progression and development. Here, we have presented 
an overview of the three main types of skin models: in vivo, 
ex vivo, and in vitro.

In vivo models are useful tools to understand highly 
complex skin processes, including immune and toxicologi-
cal responses to external stimuli and tumor progression and 
spread. Moreover, they allow the evaluation of the efficacy 
of new therapeutic intervention strategies. Animal skin, how-
ever, presents structural and genetic differences from human 
skin, hampering the correct prediction in the human context.

Ex vivo models are highly suitable to study human skin 
biology, as they contain all the major cellular and structural 
components of human skin. Their main disadvantage is the 
requirement of constant tissue supply and the donor varia-
tion they introduce.

In vitro models are a powerful alternative, as they are of 
human origin, do not require a continuous supply of biop-
sies, and contribute to the reduction of animal testing. Recent 
efforts have led to the development of different models of 
healthy and diseased skin. Many of them are represented 
by 2D cultures, only involve the use of cell lines, or do not 
take into account the interaction between the tumor and its 
micro-environment, even though this interaction is crucial 
in tumor growth and metastasis [1, 31]. The challenge now 
is to culture cells with malignant potential in the context of 
a 3D network of healthy cells. Additionally, models includ-
ing immunological components could open the avenues for 
systems in which malignant cell responses are also affected 
by the immunological human context, allowing a closer rep-
resentation of reality.
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Conclusion

In vitro models are a powerful and promising tool to increase 
our knowledge of many biological properties of human skin. 
Still, the methods and technology have to evolve in order to 
better reflect the in vivo situation. As no model reproduces all 
the features of the skin, the system of choice should represent 
the specific condition to be studied, which is easily achiev-
able thanks to the customizable properties of 3D skin models.
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