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1. Introduction

Our platform enhancement and modeling efforts in recent quarters, while motivated by our vision for a 
comprehensive skin model, have not directly resulted in advancement of our epidermis models.  As a result, our 
epidermis model has fallen behind and no longer represents the “state of the art.”  Rather than continue to work 
with general concepts, expecting to apply them to skin sometime in the future, we feel it is necessary to refocus 
our efforts on directly advancing the skin model – ensuring that advancements are driven and prioritized by 
model needs.

The first step toward adopting this working method was to bring our best past models up to date to establish 
baselines.  Simultaneously, we needed an updated review of literature pertaining to skin morphology and 
physiology since our last focused review, and an up-to-date assessment of the fidelity of our models.  In 
remaining time for this quarter, we began work toward a higher-fidelity base model and integration of simple viral 
reactivity into the epidermis model.  Through this process, we have reestablished familiarity with the epidermis 
and our models and have a better appreciation of high-priority targets for platform and model advancements.

2. Starting Point: Existing Basic Epidermal Models

Coming into this quarter, the most recently developed epidermal models were Epi11 (or Epidermis – Basic – No 
Stem) and Epi12 (or Epidermis – Basic – With Stem).  Because of the debated role of stem cells in interfollicular 
epidermis, we converted both models to run on the current platform.  The pathways in both models are highly 
abstracted, but processes were intended to be conceptually faithful to real epidermis within the constraints of 
modeling experience and platform capabilities at the time.

Both models begin with a single virtual basal keratinocyte on a second cell representing a strip of “basement 
membrane.”  The space in which these cells are placed is constrained by relatively large, immovable fixed 
spheres that form a narrow channel over an undulating base.  As growing tissue fills the space, the effect is as if 
looking at a cross section of interfollicular epidermis.  Static nutrient signal sources are placed under each 
“dermal papilla” representing resources provided via capillary loops in the dermis.  To compensate for the rigid 
space constraints and resulting high pressures as cells proliferate and grow, “out of bounds” signals kill stray 
keratinocytes that penetrate the basement membrane.

The basement membrane presents a signal to cells that contact it.  As long as a cell has had continuous contact 
with the basement membrane, it retains the ability to receive this signal, adhere to the basement membrane, 
proliferate, and suppress differentiation.  Separation from the basement membrane results in loss of basal 
markers and associated cell capabilities and initiates differentiation processes including accumulation of keratin. 
Keratin is the main influence on cellular rigidity and elasticity.

As a cell is lifted beyond range of nutrient signals by the proliferation and growth of underlying cells, lipids are 
rapidly accumulated and shortly thereafter the cell transitions to a corneocyte state.  Being a corneocyte drives 
cells to accumulate a sloughing trigger (implemented as a death trigger) so that surface cells are eventually 
removed from the simulation.

Epi11 and Epi12 differ in that all basal cells in Epi11 are equivalent in proliferative capacity while Epi12 includes 
a signal isolation mechanism for distributing individual stem cells in the basal layer and transitional pathways 
which cause non-stem progeny of stem cell divisions to exhaust their division potential in a rapid series of 
proliferations as transit amplifying cells.

3. Comparison of Model Metrics to Human Epidermis

Epi11 and Epi12 are morphologically similar, so we will simply choose one - Epi12 - as our reference model for 
this comparison.  Because CellSim does not specify units, model units will be derived where possible.  All 
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baseline metrics have been found in or derived from data obtained from the book, Measuring the Skin [1], unless 
otherwise specified.

3.1 Relative Cell Counts

The epidermis contains 2 major cell types:  the living cells comprised of various subtypes and collectively known 
as the viable epidermis or Malphighi's Layer, and the dead cells known as corneocytes and collectively known 
as the stratum corneum.  The viable epidermis cells are sandwiched between a basement membrane and the 
stratum corneum.  The stratum corneum is the outermost layer of the skin. 

In vivo there are between 1 and 1.5 million viable cells per cubic millimeter of epidermis [2].  Our current 
epidermis model contains around 440 viable epidermis cells.  Using these measurements as a baseline we can 
derive the volume of our viable epidermis as between 293,000 cubic micrometers and 440,000 cubic 
micrometers.   When calculating cell density based on the surface area of the skin, there are around 75,000 
viable cells per square millimeter.  This means that a section of skin with surface area of 1 square millimeter will 
contain 75,000 non-corneocyte epidermal cells.  Using the 440 viable epidermis cells in our model, we can 
determine that  the surface area of our model is roughly equivalent to 5800 square micrometers.  Since our 
model's stratum corneum is roughly 2 cells thick, then given this surface area the model should be roughly 29 
cell's wide and it is.

The stratum corneum contains 700,000 to 1,500,000 corneocytes per square centimeter of surface.  This means 
that given our calculation of surface area of 5800 square micrometers for our simulation, we should have 
roughly 40  - 87 corneocytes.  Our model currently contains 180 corneocytes.

Additionally stem cells as a percentage of viable cells has been estimated at 10%, the percentage of transit 
amplifying cells at 50%, and all other differentiated cells at 40%.  In our model, these percentages are 13.8%, 
39.8% and 46.4% respectively.

3.2 Cell Size and Shape

There are several cell types and sizes amongst the viable cells in the epidermis, however for early modeling we 
will consider them as averages.  Given the number of viable epidermal cells per cubic millimeter of epidermis is 
around 1.25 million [2], the average viable epidermal cell would have a volume of around 800 cubic 
micrometers.  If other structures, empty space etc. are considered, this volume could be as low as 700 cubic 
micrometers.   If these viable epidermal cells were in a nearly spherical form they would have a diameter 
between 5 and 6  micrometers.   Because our cells are between 2 and 3 subunits in diameter, each subunit 
represents between 1.6 and 3 micrometers.

A typical corneocyte is a flat pentagonal or hexagonal cell, which has a thickness of between 0.3 and 0.7 
micrometers and a diameter of 26 to 45  micrometers.   Our current model has corneocytes which are not 
flattened, due to the inability of the platform to flatten cells.  The virtual corneocytes are more or less spherical, 
with a similar size as the viable cells.

3.3 Layers and Rates

The viable epidermis is made up of 5 to 10 layers of cells distributed in a random fashion and is between 50 and 
100 micrometers thick .  The stratum corneum is made up of 10 to 30 layers of corneocytes and is between 8 
and 20 micrometers.  The ratio of viable epidermis thickness to stratum corneum thickness is between 2.5 to 1 
and 12.5 to 1 indicating that the stratum corneum is considerably thinner than the viable epidermis even though 
there are more layers in the stratum corneum.

The current epidermis model has between 5 and 8 layers of viable epidermal cells and from 2 to 4 layers in the 
stratum corneum.  The ratio of viable epidermal thickness to stratum corneum thickness in the model varies 
between 1.75 to 1 and 2.66 to 1. 

In vivo, the stratum corneum sloughs off at a rate of 1.15 layers per day.  Because we do not specify how much 
time passes per step, we can simply calculate how long a step is by counting the rate of sloughing of the layers 
in the model.  This calculation indicates that each step represents around 28 minutes.
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3.4 Analysis

Each of the measurements of the virtual epithelium can be roughly categorized as exact matches with human 
epithelium, close matches with human epithelium, or mismatches with human epithelium.

Surprisingly there are several exact matches.  However all of the exact matches are a result of normalizing 
measurements from the virtual epithelium to the real epithelium.  This would include sloughing rate, viable 
epithelium cell size, and surface area and volume measurements.  We cannot discount these measurements, 
since these are used as baselines for other relative measurements such as comparing the corneocyte size to 
viable cell size.

On a few counts, our model is very close.  The thickness of the corneocyte layer is just about right, though 
somewhat thick, relative to the viable epidermis.  The percentages of stem cells, transit amplifiers and 
differentiated cells is very close, requiring only a small reduction of stem cells, a small increase in transit 
amplifying cells and a small decrease in differentiated cells. The number of layers of viable epidermis cells is 
also reasonable.

In general, the viable cells in our epidermis model measure up fairly well to the viable cells in a real human 
epidermis.  Modeled corneocytes, however, are far off the mark; they do not take on the proper flat shape, they 
are slightly too large in volume, and there are too many of them.  The stratum corneum should be made up of 10 
to 30 layers, but is only 2 to 4 layers.  This lack of layers is a trade off because of the inability to flatten the cells. 
If we had more layers it would certainly be far too thick, and indeed, we would have even more corneocytes, 
when we already have almost twice as many as we need.  

The inability to represent flattened corneocytes is the most glaring inconsistency in all of the measurements 
made on the virtual epidermis.  If the virtual corneocytes could be flattened and all other aspects of the system 
were the same, they would be at least 1.6 micrometers thick, since that is the resolution of our subunits in this 
model.  If we were to then increase our resolution and use 1 subunit as 0.3 micrometers in diameter, then at the 
ratio of 38 to 1 there would need to be around 1100 subunits per corneocyte.  At higher ratios, this number could 
be as high as 18000 subunits.  This would mean a simulation with a similar number of cells would have around a 
million subunits.  This seems to call out for a better way of representing these ultra-flat corneocytes, which 
wouldn't require any significant increases in the resolution of other cells in the simulation.

4. New Basic Model

In reviewing Epi11 and Epi12, we were faced with conceptual flaws and functional issues that suggested a 
better basic model might needed.

Physically, the very narrow channel in which the existing models develop results in high pressures in the tissue 
as cells grow and divide.  This can disrupt the smooth outward flow of cells, cause the tissue to be thicker than it 
would be in a less constricted space, and result in cells penetrating or pushing past the edges of the basement 
matrix.  While the undulating base used for these models helped demonstrate the relatively flat tissue surface 
resulting from overlaps in nutrient signaling and was visually useful for aiding tissue recognition for new viewers, 
it was clearly an artificial construct that distracted some viewers and called the value of the rest of the model into 
question for them.  Its lack of flexibility may also have contributed to the high pressure issue.

The lack of physical depth in the models also raised questions concerning signaling relationships where 
intercellular signaling is used, as in the stem isolation signaling in Epi12.  Because of the space constraints, 
cells have relatively few neighbors along the depth axis versus the number of neighbors in width, making the 
effects of signaling suspect.

Conceptual flaws were noted in the regulatory network.  Gene activity in these models continues throughout the 
tissue, even into the corneal layers, and some genes are influenced by inappropriate transcription factors 
including keratin and the corneocyte state marker.  Sloughing of surface cells is accomplished by accumulation 
of a death trigger once a cell becomes a corneocyte.

These issues have been addressed in a new basic model (Figure 1).  For lack of a better name, it has the 
unwieldy designation “Epidermis – Basic – No Stem – On Dermal Matrix” to reflect our intentions for the model. 
While the underlying “matrix cell” currently has the same role in this model as in the previous models, we 
anticipate it playing the role of dermal matrix when basal cells in the model are able to create and maintain an 
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ECM basement membrane.  Though based primarily on the Epi11 model, as a new model we were able to make 
use of platform features that were not available or were only newly introduced at the time Epi11 was developed, 
such as contact signaling, unconsumed metabolic reactants (e.g. passive transport channels or catalysts), 
configurable property resources, configurable low action thresholds, multiple configurable action triggers, 
configurable decay rates, and configurable metabolic equation reaction rates.

Epi11 Regulatory Network New Basic Epidermis Network

Figure 1: Comparison of Old and New Basic Epidermis Regulatory Networks

This model begins with a single basal keratinocyte on a 15x15x2 patch of matrix represented by a second cell 
with no genes or other metabolism, but with constant rigidity and elasticity and constant surface resources for 
presenting a matrix signal and for forming hemidesmosomal adhesions with basal cells.  A single point source 
under the matrix provides nutrient to the viable keratinocytes.  Very large immovable spheres form a shallow 
dish under the matrix and high walls along each edge. In an early first pass, the side walls were not present and 
cells pushed beyond the horizontal bounds of the matrix were killed by an out-of-bounds signal.  We soon 
realized, however, that lack of any lateral physical constraint is not realistic as skin is a contiguous sheet, so 
lateral constraints were reintroduced.  An undulating base was not used; instead we are devoting computational 
resources to a thicker tissue column with reduced physical “edge effects” and better fidelity in intercellular 
signaling.  Based on our previous experience, we believe this cellular model could be transplanted into an 
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undulating environment and behave correctly if called for at a later date.

As in Epi11, basal keratinocytes adhere to and receive matrix signals when in contact with matrix. As long as 
contact is maintained, the cells maintain their basal character which includes capacity for division, matrix 
adhesion, and the ability to receive matrix signals (Figure 2). Separation from the matrix allows accumulation of 
differentiation markers which quickly replace basal markers and suppress division capacity, matrix adhesion 
molecules, and matrix signal receptors. Loss of basal markers allows keratinocytes to begin accumulating 
keratin which increases the cell's rigidity and elasticity and contributes to formation of desmosome adhesions 
between cells as long as nutrient is also available (Figure 3). As long as keratinocytes have adequate nutrient 
they suppress lipid accumulation, but when nutrient falls lipid is rapidly accumulated. Loss of nutrient in a 
differentiated keratinocyte causes it to transition to a corneocyte accompanied by removal of transcription 
factors including differentiation markers. Following corneocyte transition, non-genetic metabolic processes 
including resource decay continue. Keratin slowly decays and, therefore, dependent cell rigidity and elasticity 
degrade as well. Desmosomal adhesions slowly decay and no new adhesions are formed. Because the platform 
lacks a physical mechanism to flake or rub away loosely-connected surface cells, a resource for slough delay is 
accumulated in the presence of nutrient and when it falls below its configured threshold the cells are removed. 

As previously described we have learned that viable layers typically range from 5 to 10 layers, the corneum 
contains about 30 layers, and the ratio of viable epidermal thickness to corneal thickness ranges from 2.5:1 to 
12:1. Lack of meaningful cell shaping prevents us from achieving 30 layers of corneum and 5-10 viable layers 
while simultaneously remaining within the range of thickness ratios, so we chose to focus on having a 
reasonable number of viable layers and a reasonable thickness ratio between viable and corneal layers. The 
model as of December 12, 2008, has about 10 viable layers, 2 corneal layers, and a thickness ratio of 
approximately 2.5:1 (Figure 3).

The abstraction level of this model remains extremely high, as in previous models (Figure 1). However, it has 
addressed some conceptual problems with the earlier models and provides a better baseline for incorporating 
more detailed pathways and processes. As previously mentioned, the original intent for this model was to 
explore basement membrane construction, maintenance, and repair. This model also appears well suited to 
have bacterial toxin reactivity integrated - particularly S. aureus alpha-toxin reactivity - to explore responses to 
introduction of pathogens in different quantities and at different depths in the epidermis model. Cell shaping 
remains a challenge in the platform, and flattening this model's corneal cells provides a concrete target 
application for improvements to cell shaping.
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Figure 2: New Basic Epidermis Resource Distributions: Part 1
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Figure 3: New Basic Epidermis Resource Distributions: Part 2
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5. A Latent Virus in Epi12

As a proof-of-concept for the premise that we can start with a highly abstract epidermis model and incorporate 
higher complexity pathways and processes as needed, we sought to enhance one of the existing models with at 
least one concept from a recent quarter and demonstrate its effect on the model. 

The Simple Viral Transformation project from an earlier quarter implemented a model of infection by human 
cytomegalovirus (HCMV).  This model became the basis for viral infection of the epidermal  tissue model.  The 
mode of infection of this virus is similar to the human papilomavirus (HPV) which infects skin and can cause 
warts or cancer, though some HPV types have no symptoms [1].  For initial implementation of a latent virus, no 
actual virus was specified; instead, we generalized the mechanism for infection.

The SGRN for this generalized mechanism is displayed in Illustration 1.  For the epidermal latent virus, cells 
attached to the basement membrane and infected with the virus keep the virus in a latent state by producing 
Viral Latency (EQ 1) which in turn inhibits the production of Viral Early Genes (Gene 0).  Without Viral Early 
Genes the cell will not make Viral Replication Factors which are needed for replication of the virus.

Once the cell becomes detached from the basement membrane, BMSignal is lost, allowing BasalMarker to 
decay away, which in turn decreases the amount of Viral Latency.  When Viral latency decreases enough, Viral 
Early Genes are produced,  in turn producing Viral Replication Factors, which allow the Virus Genome to 
multiply, also increasing promotion of Gene 0.  This solidifies the infection of this cell.

Viral Replication Factors also promote Viral Late Genes, which produce Viral Envelope Proteins and also 
combine with the Virus Genome to produce the complete Virus.  The Virus and Viral Envelope Proteins then 
combine as they are excreted from the cell. Once in the environment, virons can infect other cells through the 
Virus Receptor which all cells have.

This GRN can be modified in a few ways to change how the simulation deals with a viral infection.  One 
modification is to disrupt the Virus Receptor (start the cell with 0 Virus Receptor) so that the cells can not spread 
the virus from one cell to another.  This is useful for observing how the virus affects the progeny of infected cells. 
Another modification is to use the Viral Early Genes to affect various actions or properties of the cell.  In the 
case of HPV, it is likely that cells proliferate at an increased rate, so these Viral Early Genes can increase the 
rate of proliferation.

In order to infect selected cells in the epidermis model, a new feature was added to the software which allows a 
user to inject a specific amount of resource directly into a specific cell.  For this model, infecting a Basal cell 
requires an injection of the virus genome as well as some amount of Viral Latency to keep from starting the 
replication process early.
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Illustration 1: The basic abstract epidermal latent virus pathway.

5.1 Experiments

Several experiments were performed on this model to determine how well this model reflects real viral 
infections. 

In the first experiment, a single cell which was in contact with the basal layer was injected with the Virus 
Genome and Viral Latency (Illustration 2).  The cells in this model had a disabled Virus Receptor so that the 
virus would not spread from one cell to another.  All viral proliferation was accomplished through cell division so 
that only progeny of the original infected cell would be infected.
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The original cell divided and one of the daughter cells became detached.  This daughter cell became a transit 
amplifying cell and divided several times, creating a small pocket of infected cells.  The Viral Latency decayed, 
and the cells began to express the Viral Early Genes, which in turn began the full cascade of viral replication 
and exit from the cell.  Because no cells had receptors for the virus, no other cells were infected.  Eventually the 
cell which remained in contact with the basement membrane became detached and was carried up along with 
all of the other cells (Illustration 3).  The infected cells all sloughed off leaving the tissue completely uninfected.

This experiment demonstrated the ability of the virus to remain latent in the basal layer, yet become active in 
other layers.  Without the ability to transmit the virus from one cell to another, the viral infection was 
unsustainable.  Several passes like this produced similar results, even when up to 5 cells in the basal layer were 
infected, eventually the infection was simply pushed out of the tissue, and non-infected cells dominated.

When this experiment was repeated with the Virus Receptor enabled, the tissue very quickly became 
overwhelmed by the virus, and all cells were infected.  This appears to be one of the limitations to our system 
which will be discussed below.  Because of the massively quick infection, no more experiments were performed 
using the Virus Receptor enabled.

A second series of experiments were performed where the Virus Early Genes increased the ability of the cells to 
divide.  After several rounds of trial and error trying to get the cells to have only one or two extra divisions with 
no success, an extra division resource was added, allowing the cells expressing Virus Early Genes to divide a 
few more times before reaching the topmost layers.

The results of this experiment are rather interesting.  Because the cells divide more, there are more infected 
cells in the tissue.  In addition, the pressure generated by having more cells in this infected region appears to 
keep the infected cells in contact with the basal layer, allowing them to continue to propagate the the virus 
through their lineage.  In addition, rather than a bulge in the top layer as we had expected, we actually got a 
depressed lesion.  This appears due to the method being used to kill off cells in the upper layer, which is highly 
dependent upon the size of the cells.  Because these cells are dividing a few more times, their size is generally 
smaller than their non-infected counterparts, and they die sooner.  The edges of the lesion however, appear to 
be raised due to the extra pressure of the dividing cells.  Eventually the entire tissue contains infected cells. 
However when the left and right sides of the tissue are constrained (by extra large fixed spheres) the infection 
seems to remain in a more localized column.

5.2 Shortcomings

The integration of a latent virus into the epidermis model revealed some shortcomings in both the model itself 
and in the platform.  These shortcomings should be addressed in future models and changes to the platform.

The most obvious problem which was revealed by this exercise was the non-discrete nature of all resources and 
reactions.  A virus is a unit, and without a whole virus, it is useless.  However the current platform treats all 
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resources as continuous, thus allowing half a virus, or a tenth of a virus to be used in equations.  This was very 
clear when the virus receptor was enabled, allowing minuscule amounts of virus to be transmitted from one cell 
to another, where these partial viruses could be replicated and amplified.  It is believed that if only a full unit of 
virus or viral genome could react in any equations then the spreading of the virus would be more controlled and 
reflect better the actual spreading characteristics of a real virus.  Other reactions might also benefit from this 
discrete nature.

Discrete resources would likely require some changes to the system beyond how metabolic reactions handle the 
resources.  There would also be questions of how signaling handles discrete resources , and how these 
resources would be distributed in the environment, or even within a cell.

When the experiments were performed with excess proliferation, it was apparent that the edges of the model, 
which were not physically constrained but relied on out-of-bounds signals for removal, allowed the rapidly 
proliferating infected cells to dominate the tissue.  A real epidermal tissue is so much larger than our simulation 
that the pressure exerted by the rapidly proliferating cells would not be able to push the entire tissue out of the 
way, and would be constrained more.  It is likely that future models should deal with these constraints in a better 
way, simulating the more continuous nature of the tissue.

Cell Death in this model appears to be heavily dependent upon the size of the cell.  Because death and removal 
of cells in this model are positive events (i.e. They require the build up of a resource) these resources build up 
faster in smaller cells.  It is likely that a new mechanism for death and removal of cells at the top layer will need 
to be developed before a wart like bump will be observed.

6. Literature Review Update

Concurrently with modeling updates, we have been gathering and reviewing literature related to epidermal 
development published since the last attempt to summarize the state of the field [4].  Since that time the major 
advances in the field have been in the area of stem cell biology, which remains an active area of research with 
many unanswered questions.  Particularly pertinent open questions concern the character and role of stem or 
stem-like cells within the epidermis.  Our review and analysis of the literature for this and other topics will be an 
ongoing effort.

The concept of what skin is has not changed: it protects animals from water loss, major temperature 
fluctuations, radiation, trauma, and infection. It also allows animals to perceive their environment through tactile 
sense, can provide protection from predators through camouflage, and influences social behavior and 
reproductive success. In order for these protective mechanisms to be intact, the skin must include the proper 
architecture, as well as, appropriate tissue and cellular environments. 

The skin can be thought of as a complex network of interacting cell types (e.g. fibroblasts, keratinocytes, nerve 
cells, immune cells), tissue types (epidermis, dermis, basement membrane, blood vessels, nerve endings), 
extracellular factors (e.g. extracellular matrix, calcium gradients, nutrients), and various appendages (e.g. hair 
follicles, sebaceous glands, sweat glands). However, at this time, our skin model should be focused on a 
homeostatic epidermal layer of skin that can eventually be advanced to undergo proper developmental events, 
as well as the inclusion of appendages.

References listed below include filenames for PDF copies as collected 
under /pub/library/bio/skin_literature.

6.1 General development and homeostasis

Reviews / Perspectives

Koster, M.I., Roop, D.R. (2007), Mechanisms Regulating Epithelial Stratification, Annual Review of Cellular and 
Developmental Biology 23, 93-113. (Annu_Rev_Cell_Dev_Biol_2007_Koster.pdf)

Fuchs, E. (2007), Scratching the surface of skin development, Nature 445, 834. (Nature_2007_Fuchs.pdf)

Fuchs, E., and Horsley, V. (2008), More than one way to skin..., Genes and Development 22, 976-985. 
(Genes_Dev_2008_Fuchs.pdf)

Lumpkin, E.A., and Caterina, M.J. (2007), Mechanisms of sensory transduction in the skin, Nature 445:858-865. 
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(Nature_2007_Lumpkin.pdf)

Research Manuscripts

Tinkle, C.L., Amalia Pasolli H., Stokes, N., and Fuchs, E. (2008) New insights into cadherin function in epidermal 
sheet formation and maintenance of tissue integrity, PNAS 105:15405-15410.
(Proc_Natl_Acad_Sci_USA_2008_Tinkle.pdf)

Lechler, T., and Fuchs, E. (2005) Asymmetric cell divisions promote stratification and differentiation of 
mammalian skin, Nature 437:275-280. (Nature_2005_Lechler.pdf)

Yugawa, T., Handa, K., Narisawa-Saito, M., Ohno, S., Fujita, M., and Kiyono, T. (2007) Regulation of Notch1 
Gene Expression by p53 in Epithelial Cells, Mol. Cell Biol. 27:3732-3742. (Mol_Cell_Biol_2007_Yugawa.pdf)

6.2 Stem Cells and Transit Amplifying Cells

Reviews / Perspectives

Blanpain, C., and Fuchs, E. (2006), Epidermal Stem Cells of the Skin, Annual Review of Cellular and 
Developmental Biology, 22:339-373. (Annu_Rev_Cell_Dev_Biol_2006_Blanpain.pdf)

Fuchs, E. (2008), Skin stem cells: rising to the surface, Journal of Cell Biology 2, 273-284. 
(J_Cell_Biol_2008_Fuchs.pdf)

Blanpain, C., et al., (2007). Epithelial Stem Cells: Turning over New Leaves, Cell, 128:445-458. 
(Cell_2007_Blanpain.pdf)

Blanpain, C., and Fuchs, E., (2007). p63: revving up epithelial stem-cell potential, Nature Cell Biology, 
9:731-733. (Nat_Cell_Biol_2007_Blanpain.pdf)

Carroll, D.K., et al., (2007). p63, Cell Adhesion and Survival, Cell Cycle, 6:255-261. 
(Cell_Cycle_2007_Carroll.pdf)

Levy, V., Lindon, C., Harfe, B.D., and Morgan, B.A. (2005) Distinct Stem Cell Populations Regenerate the 
Follicle and Interfollicular Epidermis, Developmental Cell 9:855-861. (Developmental_Cell_2005_Levy.pdf)

Research Manuscripts

Carroll, D.K., et al. (2006). p63 regulates an adhesion programme and cell survival in epithelial cells, Nature Cell 
Biology, 6:551-561. (Nat_Cell_Biol_2006_Carroll.pdf)
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