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Abstract

We all have hair, and it is important to many biological features, such as camouflage and

thermoregulation. Hairs are produced inside hair follicles (HFs), which are mini organs within

the mammalian skin. Due to their richness in stem cells, HFs are able to spontaneously

regenerate through life, a process being strictly regulated. It is crucial to understand the cell fate

specification mechanisms in HFs, which maintain the functions of the HF and regulate its growth

dynamics. In this project, we develop a data-driven mathematical model to study the cell fate

specification mechanisms in HFs, where we first apply pseudotime analysis on recently

published HF single cell RNA-sequencing data, then apply Boolean model on it, which allow us

to identify the key factors in HF cell fate regulation.
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Introduction

Hair has evolved to become a distinguishing feature of mammals in biology. Hair has

come to play a role in various processes, such as in insulation, camouflage, and the facilitation of

social interaction (Chen et al 2020). Embedded into our skin are hair follicles. Hair follicles

(HFs) are mini organs embedded within the mammalian skin. The mammalian skin is composed

of three different layers: the epidermis, dermis, and hypodermis. HFs are present primarily in the

epidermal and dermal layers of the skin, and are composed of different structures which all have

different functions. One of the main components of HFs are stem cells, which are cells that do

not have a designated function at the beginning of their life cycle. This is what makes HFs a

unique model system for scientific experiments.

As mentioned previously, HFs contain stem cells in the bulge of the HF. These stem cells

will undergo different developmental stages to ultimately gain function. They start as a stem cell

and then go into an intermediate stage called the transient fate, and then eventually become

terminally differentiated where the stem cells develop their function and will have that function

for the rest of their lives.

The decision of a stem cell to choose what function they will perform for the rest of their

lives is often controlled by transcription factors, which are proteins that bind to the beginning of

a specific sequence of our genetic material, DNA, to either promote or inhibit the conversion of

DNA into messenger RNA. The conversion of host DNA into messenger RNA is known as

transcription. After undergoing some modifications, the messenger RNA will be translated into

protein, and these proteins can contribute to the stem cell’s chosen function, and this process is

referred to as translation. This is all based on gene expression, in which different genes in our

DNA are either expressed (turned on) or suppressed (turned off). If a gene is “turned on,” then
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the DNA in that gene will be transcribed into messenger RNA (mRNA). Consequently, that

mRNA will then be translated into a protein, and the protein will carry out its function to ensure

the cell lives.

In addition to containing stem cells, HFs themselves are composed of many structures

that all have their own functions. The HF itself has three main components: the infundibulum,

isthmus, and the lower follicle (Martel et al 2021). The infundibulum consists of the upper region

of the HF (Martel et al 2021). The isthmus is the area of the HF that is between the sebaceous

gland and the bulge, which is where stem cells in the HF are located (Martel et al 2021). Lastly,

the lower follicle consists of most of the structures important for HF growth, regression, and cell

signaling. In the lower follicle, there is the dermal papilla, which is primarily responsible for

most of the cell-to-cell communication and promotes division amongst those cells. This region

also contains the cellular matrix, which includes many of the divisible cells and cells that

ultimately produce the hair itself. The matrix includes three different layers: the inner root sheath

(ORS), medulla, and the cortex. The cortex makes up most of the hair (Martel et al 2021).

HFs continuously grow, regress, and sometimes enter a resting state during their

development. The growth period of a HF is referred to as anagen; the regression stage is referred

to as catagen; and the resting stage is referred to as telogen (Joost et al 2020). The anagen phase

is the growth, or proliferation phase. It is in this phase only that the lower follicle, which contains

the divisible cells in the matrix, is present (Martel et al 2021). There is also cellular

communication that occurs between cells that wish to go from catagen (growth stage) or anagen

(regression stage) to telogen, the resting stage of HF development (Oshimori et al 2011).

In order to initiate cell division, the dermal papilla signals to the stem cells present in the

bulge. Once these stem cells are stimulated, the lower follicle can grow downwards, forming a
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bulb around the dermal papilla. This allows for the dermal papilla to signal matrix cells in the

bulb to proliferate, differentiate, and grow upward to form the new hair (Martel et al 2021).

Catagen is the regression phase of HF development, and is the shortest stage compared to anagen

and telogen (Martel et al 2021).

In order for a HF to initiate catagen, cellular division in the matrix needs to stop

happening, and the lower follicle eventually will need to disappear (Martel et al 2021). Once the

lower follicle disappears, the bulb around the dermal papilla fades and the dermal papilla moves

upward, which consequently leads to the development of a hard white bulb (Martel et al 2021).

The stem cells in the matrix can coordinate apoptosis, programmed cell death, with one another

and consequently the HF will enter its telogen phase

Lastly, if a HF wishes to enter the telogen or resting phase, club hairs are formed and

shed after several months (Martel et al 2021). The shedding of the club hair can act as a signal to

initiate anagen so a new hair can be developed.

In this project, the proliferating cells that belong to the matrix will be examined more in

depth. These cells are stem cells, and are undifferentiated in the germinative layer of the HF. The

matrix itself is composed of three layers (from inside to outside): the medulla, cortex, and inner

root sheath (IRS). Somehow, the stem cells in the germinative layer are able to differentiate into

these three different structures independent of the other cells. These three layers branch out from

the germinative layer and are distinct from one another. In this capstone project, the changes in

gene expression in these stem cells will be modeled with a gene regulatory network, apply

Boolean logic, and with bioinformatic methods visualize changes in gene expression in the stem

cells in the matrix.
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Methods

The first technique used is to make a preliminary Boolean network to model the gene

regulatory network (GRN) from literature, and the primary data coming from single-cell RNA

(scRNA) sequence data (Joost et al 2020). The preliminary gene regulatory, or Boolean, network

will be applied to the dividing cells in the matrix of the lower follicle in the HF. As mentioned in

the introduction, a gene regulatory network will be constructed and applied. A gene regulatory

network, also referred to in this project as a Boolean network, contains different nodes, and these

nodes have two different states- ON (1) and OFF (0). Since gene expression changes frequently,

the future state of each node in the network depends on the current state of its regulators in the

network. Boolean logic is applied to the gene regulatory network and refers to the actions of the

regulators in the network. These operators to represent the actions are NOT, AND, and OR.

For example, a Boolean network can have nodes X, Y, and Z. These nodes have 2ⁿ states,

where n represents the number of nodes. The Boolean operator ‘AND’ is represented by X=Y

and Y=X ⋀ Z, which translates into Y activates X and Y can be activated by X and Z

respectively. The Boolean operator ‘OR’ is written as Y = X ∨ Z, which means Y can be

activated by either X or Z. Lastly, the Boolean operator ‘NOT’ is written as Z = ㄱX, which

translates to X cannot activate Z.

For the Boolean network designed in this project, there are three states that a node can

have: cell division, differentiation, and apoptosis. We looked at cells undergoing anagen, which

is the stage in which a HF stops growing. The genes Krt27, Krt71, Krt35, Krt73, Selenbp1, Rgcc,

Aldhla3, and Foxq1 were applied to the first method and were generated by code run on the

platform MatLab. The expression of each gene was measured randomly at different points in

time, and due to this randomness, the code generated different figures every time. A final figure
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was developed tracking the overall expression levels of these genes. These genes were then

assigned different node positions, and the validity of the genes as nodes was evaluated with a

Python code provided by Dr. Fiona Hamey (Hamey et al 2018). This code was utilized for

assigning a z3-score to each gene, and the z3-score is from a command line tool that was

previously built by Microsoft Windows. The z3-score is a decimal, with decimals closer to the

number 1 (i.e. 0.9, 0.8) more preferable than lower z3-scores. This provides insight into genes

that could be potential attractors and stable motifs in the proposed GRN. This process was

repeated for each gene in the different propagative layers of the matrix: the medulla, inner root

sheath (IRS), and cortex. The command used to run the code is as follows: “python

booleanRules.py [gene name] [(IRS/MED/CX)_Data_Table_MxGRN.txt] 5

[(IRS/MED/CX)_Ord_MxGRN.txt] 3 3 [Intl_Graph_(IRS/MED/CX).txt] 0.95 0.05.” A .sh file

was submitted to the UC Riverside HPCC as a non-interactive job with the command “sbatch

file_name.sh.”

Figure 1. This .sh (shell script) file was submitted for the gene Foxq1 in the inner root sheath of

the matrix of the HF. Both modules Python and z3 were called to successfully run the command

in the second-to-last line of the file. The name of the file is IRS_Foxq1.sh.
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The second method used in this project was to refine the initial Boolean network created

from the first method. From a literature review,  sequenced single-cell RNA (scRNA-seq) data

from Mx cells in the HF was used. Genes that were found to not be expressed in these cells were

removed from the project. It was at this point that we applied the pseudotime Boolean (PB)

network inference method to revise the Boolean model made from the scRNA-seq data. Each

node in a Boolean network is scored depending on how often a node agrees with the pairs of

input-output cells along the pseudotime trajectory. For this, cells belonging to the three main

sections of the matrix, the medulla, cortex, and inner root sheath, were scored with the z3-solver

on UCR’s High Performance Computer Cluster (HPCC). A diffusion map illustrated that these

three layers were able to form distinctly from one another, even as they all stemmed from the

main germinative layer in the matrix (Joost et al 2020). Each of these components represents a

trajectory of the stem cells in the matrix, so to measure these trajectories, diffusion maps were

made.

One single run of the pseudotime Boolean network does not lead to a node reaching a

steady state. Some nodes oscillate, in which cells can “commit” multiple fates at the same time,

so more than one node can be on or off at the same time. Boolean networks can also have

attractors, which describe the long-time behavior of the overall system. There are two categories

of attractors: fixed points and complex attractors. Fixed points represent stable states where the

state of the system does not change. Complex attractors represent wherein the system oscillates

among a set of states. These attractors were analyzed with motifs. Only stable motifs were

considered in this project; stable motifs are the smallest and strongly connected component of a

network that does not contain both a node and its negation, and if composite nodes are present, it

also needs to contain the inputs of the composite nodes. Nodes of a stable motif will have a
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steady state in any attractor of the network. With the preliminary GRN that was constructed,

attractor and motif analysis was performed via Microsoft Visual Studio Code and the computer

package “pystablemotifs” by GitHub user jcrozum. The nodes in this project are associated with

the genes: Rnaset2b, Rgcc, Foxq1, Aldhla3, Krt27, Krt35, Krt71, Krt73, and Selenbp1.

Currently, we are in the process of running the necessary code to perform pseudotime

analysis and to apply the preliminary Boolean model made in method two of the project to the

data from Simon Joost’s paper “The Molecular Anatomy of Mouse Skin During Hair Growth and

Rest.” Diffusion maps, which use a diffusion distance, are conceptually relevant to how

differentiation data is generated biologically, as cells follow noisy diffusion-like dynamics in the

course of taking several differentiation lineage paths (Haghverdi et al 2015). Diffusion maps

preserve the non-linear structure of data as a continuum and are robust to noise (Haghverdi et al

2015). Diffusion maps have been made for the inner root sheath (IRS), but not yet for the

medulla and the cortex. The data from Simon Joost’s paper was made with the computer

programming language Python, and will be run on UC Riverside’s HPCC.

Results

As mentioned in the previous section, a preliminary Boolean network was created to

model the GRN of the stem cells in the HF. Though there are many genes present in these stem

cells, the only genes that were observed in this project were: Rnaset2b, Rgcc, Foxq1, Aldhla3,

Krt27, Krt35, Krt71, Krt73, and Selenbp1. The reason for doing this was to not overwhelm

personal computers that were being used to initially run the code, but jobs were also performed

on HPCC to ensure everything on the computer was running correctly without causing the

computer to crash. The first step was to determine if all of these genes were actively being
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expressed, so one diagram was generated to randomly track the expression of these genes at

different points in time.

Figure 2. Time graph of measuring gene expression among the genes selected (left axis). Time is

on the x-axis. The black represents time the gene is expressed and the white represents the time

that the gene is not expressed. Since this process of getting the graph is a random one, the ratio

of white and black will change each time the code is run on MatLab.

Figure 3. Another representation of a time graph measuring gene expression. This is the second

graph generated from the MatLab code written to produce this graph.

Some of the genes listed are always expressed (“on”), such as Krt71, while others are

mostly expressed, such as Krt27, Krt73, and Selenbp1. Figures 1 and 2 did not have a dynamic

expression of gene expression, as gene expression is something that can change over time and be

influenced by different transcription factors. However, though these two figures measure gene

12



expression at different and random points, the gene Aldhla3 was not expressed at any point in

time. Therefore, it was removed from the genes of interest.

Figure 4. Shows a more dynamic level of gene expression for each gene. The gene Aldhla3 was

removed from the graph since it did not contribute to expression. This graph measures the

dynamics of the 8 genes being worked with at random points in time until time reaches 1000.

Figure 5. Overall dynamics of the gene expression of the genes selected. This graph was also

produced by MatLab, and shows the relative stability of gene expression over longer amounts of
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time. The frequency level ranges from anywhere between 0.2 and 0.5. Time is on the x-axis and

expression level is on the y-axis.

After the initial dynamics were established, the python script booleanRules.py was run on

UC Riverside’s HPCC with the command provided by code from the literature as a

non-interactive job. Using the .sh file created in the methods section, the Boolean rules were able

to be computed. This allowed for the establishment of different boolean rules for each gene in

each of the different layers of the matrix. After the rules were generated by the computer, the

general rules for each gene were compared with the z3-scores provided for each gene in the

cortex, medulla, and inner root sheath. The average z3-score and standard deviation was then

calculated.

Figure 6. Boolean rules produced by UC Riverside’s HPCC. The rules computed are for the gene

Selenbp1 in the IRS of the matrix of the HF. The code provided to get these rules is from the

Hamey et al paper and a batch .sh file was constructed as mentioned in the methods section. The

z-score for this rule is 0.959044, which indicates that the rule has a high agreement level. The

higher the z3 score is, the better confidence we have in the Boolean rule computed.
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Figure 7. Table summarizing the Boolean rules for each gene in all three layers of the matrix of

the HF (medulla (MED), inner root sheath (IRS), and cortex (CX)). Next to each gene are the

best rules for that gene, its z3-scores in the IRS, MED, and CX respectively, its mean, and

standard deviation. The average z3-scores were computed and the standard deviation was

calculated, then added to the table.

The next step in the procedure was to perform attractor and stable motif analysis. As

stated previously, attractor analysis is performed to determine the fixed points of a small Boolean
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network. With that, the time-dependency from the Boolean network can be removed and the

resulting sets of equations can be solved: Xᵢ = Yᵢ , Yᵢ = Xᵢ ∧ Zᵢ , and Zᵢ = ∨ Xᵢ. Stable motifs

are the smallest strongly connected component that does not contain both a node and its

negation. Also, if it contains composite nodes, it also needs to contain the inputs of each node.

Nodes of a stable motif will have a steady state in any attractor of the network. The stable motif

and attractor analysis allows us to identify expanded networks, stable motifs, and reduce the

network’s complexity using the state of one of multiple stable motifs. Attractors describe the

long-time behavior of the network, so attractors are able to describe the behavior of the network

when it changes and when it does not change at any time.
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Figure 8. Stable Motif and Attractor analysis for the small network created. Boolean rules were

tested for each gene. The “!” in the “RULES” segment of the file represents the logic operator

“NOT” and the “&” represents the logic operator “AND”. The computer generated eleven

attractors and eight stable motifs.

After obtaining the z3 scores from each gene and the stable motif and attractor analysis,

the next part of the project was to determine the diffusion maps that will model the pseudotime

analysis of our network. This is where we currently are in this project. The diffusion maps are

being used to portray the relationships between different nodes on the network, and how each

gene can contribute to activating the expression of another or repressing the expression of

another gene. Modeling this was done through Google CoLab and based on code from the paper

that provided their own code via JupyterNotebook (Joost et al 2020). Diffusion maps were

developed with different resolution values to see whether the expression would change in any

way in the network. The resolution values tested ranged from 0.5 to 1.7, with the main values of

interest being 0.5 and 1.7.
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Figure 9. Diffusion maps generated from the google colab code with resolution values 0.5 (top)

and 1.7 (bottom). As resolution value increased, complexity of the network also increased. These

are diffusion maps from stem cells in the outer root sheath (ORS) of the HF.

Currently in the project, we are attempting to apply our Boolean network to pseudotime

analysis. Code from JupyterNotebook will be used to apply the network to the pseudotime, and

this will allow for us to determine the patterns of expression, activation or repression, for the

initial genes studied in the first part of the methods.

From measuring the dynamics of the overall change in gene expression for each gene to

modeling diffusion maps for each one at different values, these results are significant. Though

the dynamics of gene expression in figures 1 and 2 change randomly due to the dependency on

time, it is still possible to observe the changes of gene expression that occur in the stem cell in

the HF. Genes in stem cells can be both turned off and turned on, and eventually in its last stage

of development, the genes needed for that cell’s function will be expressed and those not

required will be inhibited. Measuring the z3 scores for each gene in the small network being

studied allows for the measurement of confidence for the gene being an activator or an inhibitor,

and this logic was then applied to the stable motif and attractor analysis.
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Conclusion and Future Applications

Hair has evolved to serve many different functions in mammals, such as insulation and

camouflage. The hair itself is surrounded by many different structures, from which the hair

grows outward and upward.  Much of the current knowledge about HFs comes from the

discovery of HFs containing their own stem cells. HFs contain various structures, and within

these structures are stem cells. These stem cells reside in the matrix of the HF and will eventually

divide into three different layers of the HF: the IRS, MED, and CX. In order for these stem cells

to function and differentiate from one another, the gene expression in these cells must be tightly

regulated. During periods of growth, or anagen, the stem cells will proliferate until a signal to

stop dividing is received. The same goes for the HF’s stages of regression, telogen, and rest,

catagen. HFs have recently become a model organ to study gene expression due to this

coordination and the natural presence of stem cells in the fields of stem cell and skin biology.

The genes studied in this project are present in the stem cells, and their expression in the

matrix and ORS have been studied primarily. In the HF matrix, it was observed that the genes

can activate and inactivate each other, and this is ultimately the process to be modeled with the

GRN constructed. The eight genes chosen were studied not only due to their expression in stem

cells, but also for their contribution to larger GRNs previously studied. This will allow for

potential studies in the future regarding gene expression in stem cells, since stem cells are

undefined until they mature enough to fully differentiate from other cells.

Studying the stable motif and attractor analysis allows for the understanding of the role

each gene plays. In the network studied in this project, there were eleven attractors and eight

stable motifs, and the stable motifs indicate that those motifs are common states of the GRN,
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even without gene expression randomly changing every time a code is run. This could mean that

for a majority of the time, the motifs are the expression patterns being observed.

As mentioned previously, the Boolean network constructed is currently being applied to

pseudotime analysis. With this analysis, it will be possible to further understand the patterns of

gene expression in the HF and for the visualization of gene expression and inhibition. This will

also contribute greatly to the fields of skin biology, for which HFs are embedded in the skin and

for seeing how skin can react to certain molecular and physiological stimuli. This will also

contribute greatly to stem cell biology as there is still much that is not understood about stem

cells, so understanding these mechanisms will provide significant insight into these disciplines.
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