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Abstract
Satellite cells are responsible for regeneration of skeletal muscles. They have the ability
to form new muscle fibers and to repopulate satellite cell pool. Transplantation of human
satellite cells to muscle dystrophy patients is an aim. To achieve this aim, we must
understand mechanisms governing satellite cell proliferation and differentiation. We must
also have tools that allow us to control these mechanisms. In this thesis, I tried to
understand in vitro behavior of satellite cells and to find factors that can control their
differentiation pathways. I showed the effect of in vitro culture on transcription of various
myogenic regulatory factors. I also showed the effect of various inhibitors on these
factors. I found that treatment of freshly isolated satellite cells and of established
myoblast cells with SR1 (Stemregenin 1, one of the compounds screened at the initial
part of the thesis) results in inhibition of myogenic commitment factors, MyoD and
Myogenin. SR1 also succeeded to block myoblast differentiation into myotubes. SR1
treated established myoblast cells succeeded to repopulate satellite cell pool of recipient
muscles. SR1 is described to work through an action on AHR (aryl hydrocarbon receptor).
So, I described the expression pattern of AHR in different stages of satellite cells.
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Introduction
Muscular dystrophies (MDs) are inherited disorders that cause muscle weakness
affecting variable muscle groups and is having variable severity (1). There are nine
major types of MD, with each type involving an eventual loss of strength, increasing
disability, and possible deformity. These types include Duchenne MD (DMD), Becker
MD, Congenital MD, Distal MD, Emery-Dreifuss MD, Facioscapulohumeral MD, Limb
girdle MD, Myotonic MD and Occulopharyngeal MD. Of these types the most common
is DMD (32). DMD is an X-linked recessive disease, affecting around 1 in 6,291 boys
(33). The molecular defect in DMD is a severe deficiency of dystrophin (67), a
subsarcolemmal protein resulting in instability of the sarcolemma during cycles of muscle
contraction. Dystrophin deficiency causes myofiber necrosis due to sarcolemmal damage
during contraction and relaxation cycles (34). Myofiber necrosis is followed by myofiber
regeneration in repetitive cycles until the regeneration process is exhausted. This results
in progressive muscle degeneration and eventual death of the patient which happens in
late teens or early twenties typically from respiratory failure (1,2). Despite the high
morbidity and mortality of the disease, there is no cure for any form of MD. Therapy
ranges from treatment with corticosteroids which have severe side effects to range of
motion exercises and mobility aids (46).
Recently, parallel to new breakthroughs in stem cell research, cell therapy has
emerged as a hope for treatment of many diseases that have been considered for a long
duration as incurable, including MD. The most settled example of cellular therapy was
started here in Minnesota when the first

successful haematopoietic stem cell

transplantation was done by Dr. Robert A. Good in 1968 (35). This thesis can be
considered as an attempt to continue the mission through enabling the first successful and
efficient transplantation of ex vivo expanded skeletal muscle stem cells for treatment of
patients with MD. In 1961, Cooper and Konigsberg demonstrated that the multinucleated
skeletal myofibers, the contractile units of muscle, are formed by the fusion of
mononucleate myoblasts (13). In the same year, Alexander Mauro from the Rockefeller
institute described the existence of mononuclear cells residing beneath the basal lamina
of skeletal muscle fibers during an electron microscopic study of skeletal muscle fibers of
1

the frog (3). These cells were given the name “satellite cells”. The function of satellite
cells is that they are responsible for regeneration of the injured skeletal muscle by having
the ability to form new contractile myofibers that can restore the function of the damaged
muscle.
Satellite cells have the ability to divide, proliferate and to fuse to form skeletal
muscle fibers (4), but what is interesting about satellite cells is their ability to replenish
the satellite cell population of the injured muscle after this cycle is finished (11). So,
transplanting satellite cells to DMD patients holds the ability to simultaneously deliver
normal copies of genes to dystrophic muscle and to continue delivering it as normal
cellular turnover occurs. These characteristics of SCs opened the door to think about
transplanting genetically competent satellite cells to patients with muscular dystrophy
(5,38). The cells are expected to proliferate and fuse to form fully functional skeletal
muscle fibers that can restore the function of the diseased muscle and at the same time
maintain a long lasting population of satellite cells that can maintain the normal
homeostasis of the muscle over the long run in terms of maintaining regenerative
capabilities in case of muscle injury.

Freshly isolated satellite cells have been

successfully transplanted into mouse models of MD (5). Transplanted satellite cells
succeeded to form new muscle fibers that have been associated with improvement in the
contractile force of recipient muscles (42). The muscle stem cell pool has also been
replenished by donor freshly harvested satellite cells (11). These studies showed that SC
transfer could restore dystrophin to recipient muscles.
However, though it seems interesting, the idea of using satellite cells as
transplantation therapy for patients with MD faces some challenges. To be noted, there is
no treatment, so far, for MD based on cells. The first challenge is the method of delivery
of myogenic cells to the diseased muscles. Myopathies are generalized diseases; it is
important to consider that the target tissue to be treated (skeletal muscles) represents 4050% of body weight (36). Intramuscular delivery would require a very high number of
cell injections, taking into consideration the surface area, the volume and the distribution
of the body muscles. But, intramuscular injection of the cells is still the most commonly
used method in muscle stem cell research at least to test for the engraftment ability of a
2

certain cell population in model organisms. The other route is intravascular delivery
whether intravenous or intra-arterial. The intra-arterial route by going directly to the
target muscle and covering it uniformly has resulted in much more favorable results in
engraftment experiments on mice (37). But, the intra-arterial injection in human patients
would be dangerous, posing many serious possible complications because of the high
pressure within and the vital functions of the arteries in the body. Although easier and
being accompanied by less local complications, the intravenous route was unsuccessful
even after extensive muscle injury (38). In addition, the intravenously injected cells face
the barrier of the capillary network of the lung which may be a source of many
complications as well as loss of cells before they reach the muscles. Together, these
points indicate the challenge of delivering the cells to the body of the MD patients.
Another serious challenge to satellite cell therapy of MD patients which is actually
the one served by this thesis is that satellite cells are a rare cell population accounting for
less than 1% of the total mononuclear cell population of a muscle (31). More over,
isolation of satellite cells requires destruction of the donor muscle which adds to the
limitation of the whole process. In order to achieve the goal of curing patients with MD
through transplantation of satellite cells, we will need large numbers of satellite cells.
Therefore, expanding them ex vivo is an indispensable goal on the way to transplantation
therapy for muscular dystrophy. So, the question should be “can we grow satellite cells in

vitro?” The answer is yes, we can do that. Isolated satellite cells from skeletal muscle
fibers can grow in vitro very rapidly achieving huge numbers. But, the problem is that
they are no longer satellite cells. They are now just proliferating myoblasts. Their
stemness properties have been lost. The myogenic potential after transplantation of
cultured satellite cells is markedly limited compared to freshly isolated satellite cells.
Trying to transplant myoblasts resulting from growing satellite cells in vitro also results
in marked reduction in their ability to self renew and to replenish satellite stem cell pool
(9,10). All the previous studies observed a rapid loss of satellite cell phenotype upon in

vitro cultivation.
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So, the need to optimize conditions which can allow satellite cells to grow and at
the same time conserve their stem cell properties is a critical goal for muscle stem cell
research work. Pax7 gene is a universal marker of satellite cells (29). A transgenic mouse
model generated by recombineering a Pax7 BAC to put the gene for the fluorescent
protein ZsGreen into the first coding exon of Pax7 was generated by my laboratory (31).
This Pax7-ZsGreen model allows the isolation of cells expressing Pax7 by fluorescenceactivated cell sorting (FACS). When we attempt to grow cells isolated on the basis of the
Pax7 ZsGreen, they proliferate very much but when transplanted they lose their ability to
contribute to the satellite cell pool of the muscle.

Meanwhile, they also lose their

ZsGreen signal (Figure.1). It is interesting that they lose their ZsGreen signal in parallel
with losing their transplantation efficiency. Based on this observation, I used the level of
ZsGreen in the cultured cells as readout, growing cells in vitro for 4 days and analyzing
for the level of ZsGreen by FACS on day 4. This was done in the context of testing
different small molecules and cytokines that affect different signaling pathways of the
cell. The experiment begins by isolation of satellite cells from transgenic Pax7-ZsGreen
mice, then growing them in media containing the molecules, and analyzing by FACS,
aiming to discover a molecule that can allow the cells to grow and proliferate while
conserving their ZsGreen signal. Those cells are planned to be transplanted into MDX
mice (X chromosome linked muscle dystrophy) and tested for their ability to differentiate
into dystrophin+ myofibers and Pax7-ZsGreen+ satellite cells. This was the first stage of
my project which was not associated with significantly positive results in terms of
preservation of ZsGreen in ex vivo cultured satellite cells.

4

Figure (1). Decline in the level of ZsGreen fluorescence in cultured Pax7-ZsGreen satellite cells. The
figure is showing FACS analysis for ZsGreen signal in day 0 (the day of ZsGreen cells from the total
mononuclear cell population of the muscle), day 1,2,3,4 and 5 of stay in 20% FBS medium in vitro.

The idea of using ZsGreen as readout to monitor satellite cell differentiation status
was partly based on the assumption that cells losing ZsGreen are also losing Pax7
expression.

I hypothesized that losing Pax7 expression is cause of the decline in

transplantation efficiency of cultured vs. fresh satellite cells that express Pax7. So, in the
next part of my project, I tried to assess transcriptional profile of myogenic regulatory
factors (MRFs), specifically Pax7. I used immunofluorescence for MRFs coupled with
FACS analysis for ZsGreen. I found that Pax7 expression is preserved in cells that have
lost ZsGreen expression. So, Losing Pax7 expression in proliferating myoblasts was not
the cause of the decline in their engraftment ability according to my last hypothesis. I
therefore moved forward to use another metric of assessment. Matrigel coating of the
wells results in a high level of proliferation of satellite cells but it is also associated with
rapid differentiation in the form of transformation of satellite cells into elongated
5

committed myocytes that are morphologically distinct from the rounded shape of satellite
cells in vitro. I assessed molecules and chemicals for their ability to preserve the rounded
shape of the cells on matrigel, an easy and practical way of screening molecules that can
prevent satellite cell differentiation.
The transcriptional state of satellite cells and that of myoblasts plays a major role
in explaining the differences in function of each cell type. So far, there is no single pure
marker for quiescent satellite cells versus activated myoblasts. Comparing the expression
profile of satellite cells and myoblasts shows that both cell populations express Pax7 the
major factor that is supposed to be satellite cell specific and to be lost upon differentiation.
This is true but for this to occur satellite cells can still make several rounds of
proliferation as myoblasts during which they are do no efficiently engraft, although they
still express Pax7. A more time selective factor is necessary for distinction between SCs
and differentiated myoblasts. Time is an essential factor in satellite cell function, that is to
say, their function and characteristics are not the same over time after being harvested.
For my project, aiming at improvement of the transplantation efficiency of cultured
myoblasts, the very early period of satellite cell culture shortly after being harvested from
the body of the mouse is the most critical during which cell stemness properties and the
ability to engraft is gradually lost. For assessment of this period, I thought that MyoD
expression would be suitable. MyoD protein expression is one distinct factor that can
discriminate between quiescent satellite cells that are known to be MyoD negative (48)
and proliferating myoblasts that are MyoD positive, from as early as few hours following
harvesting satellite cells (43). So, MyoD expression and the effect of different molecules
and chemicals on it was a second parameter that I thought suitable for the project. MyoD
is as an important factor of myogenic commitment (43). To be noted that MyoD m-RNA
has been detected in a proportion of around 25% of freshly harvested satellite cells (11)
but, due to post-transcriptional regulation processes, the translation of MyoD protein is
prevented in quiescent cells. In my assessment, I am searching for MyoD protein by
immunofluorescence.
Assessment of matrigel-induced morphological differentiation and MyoD expression
was a clear and practical approach to judge the effect of a given compound on satellite
6

cell differentiation. Soon after the first few experiments using this approach, favorable
results were obtained with the compound SR1 (stemregenin-1) SR1 has been previously
described to be able to promote expansion of CD34 positive haematopoietic stem cells
through blockage of the aryl hydrocarbon receptor (44). In my assay, SR1 succeeded to
prevent matrigel induced differentiation of satellite cells and prevented MyoD protein
expression in cultured satellite cells. However, these results were associated with a
marked negative effect on the proliferative capacity of the cells. It will be discussed that I
adopted a low level of serum in my assays of SR1 because serum inhibited the activity of
SR1. So, the adopted low serum levels were having an additional negative effect on the
level of cell proliferation. It has been previously described that serum constituents have a
negative effect on the ligand stimulation of halogenated aromatic compounds to aryl
hydrocarbon receptor (45). SR1 is a phenolic aromatic compound which suggests that it
has the same properties.

A period of trouble shooting followed in a trial to stimulate

satellite cell proliferation in the presence of SR1 by different molecules that have been
described to stimulate satellite cell proliferation. But, these trials were widely
unsuccessful. So, a new approach was followed trying to see if the compound has an
effect on established myoblasts that have already activated MyoD. These trials were
successful and the compound proved to be active against cultured myoblasts that have
been passaged several times and have been in culture for several weeks. SR1 succeeded
to turn the treated myoblasts into MyoD-negative phenotype. SR1 treated cells were
characterized by QRT-PCR to find different levels of expression of myogenic regulatory
factors, and finally we transplanted satellite cells cultured for 5 days, either exposed to
SR1 or not. These results will be discussed in detail in the results section.
SR1 is described as an antagonist of AHR (aryl hydrocarbon receptor) (44). Aryl
hydrocarbon receptor a member of the basic helix loop helix and PAS domains (50) is a
cytoplasmic receptor that is upon ligand binding forms a ligand receptor complex and
dissociates from heat shock proteins (51). The ligand-receptor complex translocates to the
nucleus where it interacts with aryl hydrocarbon receptor nuclear translocator known as
ARNT. The tripartite complex then interacts with the XRE (xenobiotic response element)
in responsive genes and activates transcription (51) (Figure .2). The receptor has been
most commonly described to be stimulated by halogenated or polycyclic aromatic
7

hydrocarbons (HAH or PAH) of which the most famous is 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) and its related toxicity. Stimulation of aryl hydrocarbon receptor is
associated with induction of P450 enzyme system (52) which has been used as the
appropriate assay system for the receptor activity. Knock out experiments of AHR in
mice have shown multiple defects in the new born mice particularly in liver development
(53). Several defects also appeared upon follow up of the adult mice that lack the receptor
(53). But, no defects in muscle development have been described in the new born knock
out models. The defective regeneration of the injured muscle of the adult has not been
investigated. I hypothesized that SR1 effect on satellite cells is due to an interaction with
AHR. If interfering with AHR is having an effect on satellite cell proliferation and
differentiation, then its expression is thought to have a distinctive pattern in satellite cells
and

differentiated

myoblasts.

Aryl

hydrocarbon

receptor

was

tracked

by

immunofluorescence in different stages of satellite cells, proliferating myoblasts and fully
differentiated myotubes. I will try to describe the possible role that Aryl hydrocarbon
receptor may serve in myogenesis and the assumed relationship with the already
described myogenic regulatory factors trying to prove any possible association or
superior control relationship of aryl hydrocarbon receptor over any of these genes.
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Figure (2). Mechanism of aryl hydrocarbon receptor induced stimulation of target gene expression. The
figure is showing how binding of the ligand (L) leads to dissociation of heat shock proteins (HSP). This is
followed by translocation of the receptor-ligand complex to the nucleus. In the nucleus, dimerization
occurs with aryl hydrocarbon receptor nuclear translocator (ARNT). Then receptor-ligand-ARNT
complex binds to the xenobiotic response element (XRE) of target genes to stimulate transcription.

The supplementation of culture media with different types of sera is an essential step
for growing different cell types. Serum components are important for attachment after
plating, as well as cell proliferation. Serum contains many growth factors and chemical
substances that exert multiple actions on cells, but these growth factors and chemicals are
widely undefined. This may not be very important when the aim is simply to grow cells.
But when trying to assay activity of a certain compound on cells, it may be a problem if,
as we have found, some component of serum interacts with the molecules you are
9

screening. These factors may be synergistically acting with the screened compound or
they may have an antagonistic effect on it. In case you have a positive result, reproducing
it may be a problem, especially in another lab, because not only are the constituents of
serum are ill defined but different lots of serum may be different in composition. Being
extracted from animal origin you do not know if this animal has been exposed to the
same environment which will be reflected on the composition of the serum of that animal.
This will probably have an effect on your experiment. So, depending on these fore
mentioned causes and because I am trying to find a factor which may have a positive
effect in terms of preventing or delaying satellite cell differentiation, finding a serum free
medium (if possible) or low serum medium was one of my goals. So, I performed several
experiments trying to find a serum free media condition or a low serum media which can
still allow satellite cells to grow and proliferate. It was very hard for satellite cells to
accommodate a serum free medium. Finally I adopted the lowest serum level that would
allow the cells to proliferate. Together with using matrigel coating of my wells, 0.5%
FBS serum succeeded to allow satellite cell proliferation in a b-FGF containing medium
and at the same time clearly showed the effect of different molecules that can be very
easily masked by the high serum level.

10

Materials and methods
Mice
Transgenic Pax7-ZsGreen/Bl6 mice were used to isolate stem cells of skeletal muscle by
flow-cytometry (31).
Harvesting Satellite cells
All the hind limb muscles, all the fore limb muscles, the paravertebral muscles were
harvested. Muscle fibers were dissected with razor and forceps. The chopped muscles
were suspended in digestion solution I (0.2% collagenase II (Gibco 17101-015) in
DMEM medium supplemented with 1% P/S.). The resulting suspension was incubated
shaking for 75 minutes at 37°c. The muscle suspension was then washed by rinsing
solution (10 ml F10 medium (Hyclone - SH3002501), 10% horse serum (Gibco, 26050088), 1% hepes buffer solution (Gibco 15630-106), 1% P/S (Gibco-15140-122)) for a
couple of times. Further mechanical digestion of the fibers was done through
manipulation of the muscle suspension by snapped glass Pasteur pipette. More washing
of the suspension was done by rising solution before it was suspended in digestion
solution II (7 ml of rinsing solution, 0.5 ml DS1, 1.25 ml of 0.4% dispase (Gibco 17105041) in rinsing solution) and was incubated shacking for another 30 minutes. After
retrieval of the tube, last purification steps were done through filtration of the cells
solution through a 40 Millipore cell strainers while more mechanical processing is done
through 10 ml syringes. Lastly, Muscle cells were suspended in staining medium ready to
be sorted by FACS machine (FACS analysis was performed on a FACSAria (BD
Biosciences, San Diego, CA.).
Myoblast and satellite cell culture
Myogenic Medium (MM), Composed of Ham’s nutrient mixture F10 medium (Hyclone SH3002501) supplemented with 20% FBS, 100x P/S (Gibco-15140-122), 100x glutamax
(Gibco-35050061), β-mercapto ethanol (Sigma-M3148) 4 µl per 500 ml media, hbFGF
(peprotech 100-18B) 10 ng/ml. The 20% FBS concentration were used for assessment of
the effect of different chemicals on ZsGreen expression on cultured satellite cells and for
immunostaining of cultured satellite cells for the expression of myogenic regulatory
11

factors. The lowest tolerable serum content by satellite cells were assessed, as well as
testing other types of serum free media ( Mesenchymal stem cell medium/Gibco-A1033401 , Stempro-34 medium/Gibco- 10639-011 , Essential-6 medium/Gibco- A1516401,
Neurobasal medium/ Gibco- 21103-049) ,Neurobasal medium was supplemented by
2%N2 ( Gibco- 17502-048) & 2%B27 (Gibco- 17504-044) supplements. All the serum
free media were supplemented with P/S, glutamax, β-ME in the same concentrations. For
differentiation assays, I used differentiation medium composed of 2% Horse serum in
DMEM medium with 100X p/s, 100X ITS (Gibco, 51300-044). Duration of
differentiation is 12 days unless otherwise indicated with media changed once after 3 to 4
days. 0.5% FBS serum concentration was used for experiment concerned with assessment
of the effect of different chemical on MyoD expression. The plates were coated with
0.1% gelatin (Sigma G1890-100G) in distilled water, geltrix (Gibco A15696-01) or noncoated depending on the experiment type. Duration of the cell culture was variable
depending on the experiment as indicated in the results section. For harvesting the cells
on the day of the analysis, trypsin 0.25% (Gibco 15050-057) was used by incubating the
cells for 3 minutes at 37ºc and neutralized with an equal amount of 20% FBS medium.
For retrieving the cells centrifugation at 1200 rpm for 3 minutes was done. All the
experiments were done in low oxygen incubator 5% oxygen, 5% CO2 at 37 °c. The used
serum types: Fetal Bovine serum (FBS) (Hyclone), Horse serum

(Gibco, 26050-088),

Charcoal stripped serum (Life technologies, 12676011)
Immunofluorescence
For fixation, 20 minute incubation with 4% PFA at room temperature was used. Blocking
and permealizing for 1 hour using 0.3% triton x in 3% BSA in PBS was done. I incubated
my cells with primary antibody (suspended in the blocking solution) overnight at 4°c. I
incubated with the secondary antibody for 45 minutes at room temperature. DAPI
mounting was used to counterstain the nuclei for 20 minutes. The Primary antibodies
used are MHC ( mouse antibody MF 20S, 1:20), Myogenin ( mouse antibody F5D-S,
1:50), MyoD (mouse antibody, BDpharmigen, 1:400), Pax7 ( mouse antibody from
hybridoma labs, 1:10 or :20), Myf5 ( mouse antibody from santa cruz biotechnology,
1:250), Pax3( mouse monoclonal antibody, R&D systems, 1:200), AHR ( mouse and
12

rabbit antibodies from thermiscientific 1:200), laminin ( mouse antibody, from abcam
1:500).And the secondary antibodies are Appropriate secondary antibodies were used at
a concentration of 1:750 or 1:500. Alexa Fluor® 555 Goat Anti-Mouse IgG (H+L), life
technologies- A-21422, Alexa Fluor® 555 Goat Anti-Rabbit IgG (H+L), life
technologies- A-21428. DAPI from Santa Cruz Biotechnology was used to counterstain
the nuclei. The microscopy facility of the histology core of the AHC has been used for
taking the images (Carl-zeis inverted microscope).
QRT-PCR
RNeasy kit (Qiagen- 74004) was used for RNA extraction. 350 µl of RLT buffer were
used for cell lysis per well of a 6-well plate of grown myoblasts. One volume of 70%
ethanol was then added before the 700 µl were then transferred to minispin column.
Centrifugation was done to get the RNA of the lysed cells on the spin column membrane.
This was followed by using RW1 buffer and RPE buffer for washing the membrane
bound RNA. Membrane bound RNA was then eluted to a collection tube using RNAse
free water. The needed amount of RNA to make c DNA was calculated using nanodrop.
Verso-kit (Thermoscientific-AB-1453/A) was used for making cDNA. 11 µl of RNA
diluted with RNase free water was added to 9 µl of verso enzyme kit master mix. The
reaction solution was then allowed to start making c DNA by incubation for 60 minutes at
42º. The resulting 20 µl of c DNA was then diluted with water. Relative levels of RNA of
different myogenic regulatory factors were detected through mixing the c DNA with
probes designed to detect different factors. The relative levels were normalized against
GAPDH enzyme RNA levels. The probes are from Applied biosystems of life
technologies.
Muscle injury and transplantation (done by Dr. Robert Arpke, Post doctoral associate
at Kyba lab). (figure 41).
4-monthold NSG-mdx4Cv mice were used. 2 days before transplantation both hindlimbs
of mice were irradiated(using an X-RAD 320 Biological Irradiator, Precision X-Ray, Inc.,
Branford, CT, http://www.pxinc.com) to ablate any satellite cells of the recipient mouse.
24 hours before transplantation 15 µl cardiotoxin (10 lM, Calbiochem, Philadelphia, PA,
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http://www.emdbiosciences.com) were injected into TA muscles (Tibialis anterior muscle)
of the irradiated limbs. Cardiotoxin causes injury to the muscle stimulating the
regenerative system of the recipient muscle and makes it ready to receive the transplanted
cells. 3000 cells were transplanted per TA. 4 weeks later both TA muscles of every
mouse were harvested and subject to testing. One TA were frozen, sectioned and stained
for dystrophin and laminin to detect the percentage of dystrophin positive fibers.
Mononuclear cells were harvested from the other TA and were subject to FACS analysis
for ZsGreen positive cells. Two groups of animals were used each consisted of six
animals.
Histology and immunofluorescence for analysis of fiber engraftment data of the
transplantation experiment. (Sectioning of the frozen muscles was done by Dr. Robert
Arpke, Post doctoral associate at Kyba lab).
The harvested muscles were immediately frozen by placing in OCT using liquid nitrogencooled 2-methylbutane (Sigma-Aldrich, St Louis, MO, http://www.sigmaaldrich.com).
Muscle sections of the frozen muscles were made, fixed with acetone and stained for
laminin (Sigma Aldrich) and dystrophin (Abcam). I blocked with 3% BSA in PBS for 1
hour. This was followed by incubation with primary antibodies for 1 hour at RT. Then the
sections were incubated with the appropriate secondary antibodies for 45 minutes (as
previously described) at RT, mounted with DAPI and imaged using carl-Zeis upright
microscope of the AHC facility. And (a) The number of donor (dystrophin positive fibers)
muscle fibers and total muscle fibers (laminin positive) were quantified in crosssections
from the transplanted TA. (b)The counting process was done using the counting tool of
Photoshop program.
FACS analysis of the TA muscles for satellite cell engraftment.
The mononuclear cell population of each TA muscle was harvested using the same
protocol used for harvesting the bulk of muscles with some modifications for the change
of the volumes. The harvested cells were then analyzed to detect the total myogenic
population of the muscle by finding V-cam (antibody from BDbiosciences, concentration
14

0.5 µL/million cells) & alpha7 integrin (antibody from BDbiosciences, concentration 1
µL/million cells) double positive population. This population is further analyzed for
ZsGreen to find the definite donor derived cells, then: (a)The number of ZsGreen cells
(by FACS) got from each T.A. sample was recorded and plotted in the graph shown in
the results section.(b)The total number of ZsGreen cells of cells treated versus untreated
cells with SR1 was counted and shown in the results.(c)The total number of
Vcam&alpha7 integrin double positive population (by FACS) was also shown in the
results and the proportion of ZsGreen cells of them was also shown.
Compounds tested
Compound

Company

Stemregenin 1

Cellagen technology (C7710-1s).

Hh-Ag-1.5

Cellagen technology.

IWR1

Sigma Aldrich (I0161-5MG).

CHIR99021

Tocris Bioscience (4423).

IWP2

Cayman Chemical(13951).

A-83-01

Cellagen technology (C2831-2s).

SU5402

Cellagen technology (C7854-1s).

SAHA

Cayman Chemical (10009929).

BMP4

Peprotech.

PD098059

Promega (V1191).

LIF

Millipore

Table 1. Names of different compounds tested in the project and the companies of purchase.
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Results
Here, I will show the milestones of the results section of the thesis. These are the main
points that will be covered, the points that represented important stations in the flow of
the work.
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Harvesting Pax7-ZsGreen satellite cells
The total mononuclear cell population of the muscle is harvested from mice by
mechanical and enzymatic digestion of muscles. Then, Pax7-ZsGreen fluorescent cells
are isolated by FACS sorting based on the gates explained in figure (3). The sorted cells
are then cultured with different compounds acting on different pathways of the cells. The
gates used for isolation of the cells are the same gates used in the analysis on day 4.
These gates are also the ones used in ZsGreen FACS analysis in all the remaining
experiments shown in this thesis.

Figure (3). Fluorescent activated cell sorting of Pax7-ZsGreen satellite cells.
(A,B,C) Forward scatter and side scatter of the total cells.
(D) Fluorescence of live cells in the FSC/SSC gates gated using propidium iodide.
(E) Sorting of ZsGreen positive cells. Uncompensated green fluorescence is shown on the x axis.

Serum free media assay
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I started this assay by testing a number of serum free media (Neurobasal medium,
Essential-6 medium, Stempro-34 medium, Stempro-MSC, F-10 medium) (Figure 3,4). I
tried to grow freshly isolated satellite cells using the mentioned media types but the cells
did not grow. A big lag was present in the growth rate of the cells using serum free media
in comparison with the control myogenic media (MM, 20% FBS f10 media plus hbFGF)
(Figure 5). Essential-6 medium supplemented by hbFGF was accompanied by an
acceptable growth rate but the result did not reproduce.

Figure (4). Assessment of Neurobasal medium. With the total number of cells obtained and the percentage
of ZsGreen positive cells indicated in each corresponding figure. Control myogenic medium is shown in
(C). (n=3, presented data are from one experiment)
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Figure (5). Assessment of stempro-34 and essential-6 medium with the total number of cells obtained and
the percentage of ZsGreen positive cells indicated in each corresponding figure. Control is shown in (C).
(n=3, presented data are from one experiment)

Figure (6). Number of cells after 4 days in different types of serum free media. NB (neurobasal medium),
N2, B27 (supplements), NO FGF (without hbFGF), MM (myogenic medium, 20% FBS f10 medium plus
hbFGF). (n=3, presented data are from one experiment)
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Next I tried to stimulate cell proliferation. Different media types was supplemented by a
number of cytokines that are supposed to stimulate their proliferation, namely, BMP4 in a
concentration of 20 ng/ml, LIF in a concentration of 1000 unit/ml, IL-6 in a concentration
of 10 ng/ml in addition to b-FGF (Figure 46). The cell proliferation increased under the
effect of these factors to an acceptable level with Stempro-34 medium and Essential-6
medium although it was still lower than the control medium containing serum. But the
problem is that these results could not be reproduced later on. The cells failed to achieve
a good level of growth and proliferation in the mentioned media types even under the
stimulatory effect of the cytokines.

Figure (7). Assessment of serum free media with cytokines. The total number of the obtained cells,
percentage of the ZsGreen positive cells and phase contrast images of the cells are shown in each
corresponding figure scale bar 50 µm. (F) Graphical presentation of the number of cells with each
media type.(n=1).
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Satellite cell cultivation in the absence of serum was broadly accompanied by poor
growth of the cells and low growth rates. So, next I attempted searching the lowest serum
level that can allow satellite cells to grow. The cells succeeded to grow in a serum level
of 2.5% FBS F10 medium (Figure 7). This serum concentration was supplemented with
the fore mentioned growth factors (FGF, IL6, BMP4 and LIF). Of these factors, hbFGF
was the most important while other factors appeared to be dispensable. The role of FGF
as an important stimulant to satellite cell growth has been thoroughly investigated in
previous literature since a long time (61). In my studies, I found that satellite cells can go
without external supplementation of FGF to the media in the presence of high serum
concentration on the short run (Figure 8 A&B). Satellite cells have a normal growth rate
without FGF in the presence of high serum concentration. But, on the long run a marked
drop in the rate of satellite cell growth in vitro without FGF (Figure 8 E). Without FGF,
Satellite cells start to differentiate which means lack of satisfactory proliferation signals
Figure (8 C&D). I think presence of hbFGF in the medium represents the artificial
stimulus that forces the cells to proliferate in vitro. That is unlike the normal physiology
of satellite cells in vivo in the form of a number of proliferation cycles followed by
differentiation into new fibers.
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Figure (8) Assessment of the lowest applicable serum concentration needed to grow satellite cells. 20,
10, 5, 2.5% FBS in F10 medium, with and without 4 cytokines (BMP4 20 ng/ml, LIF 1000 U/ml, FGF
12.5 ng/ml, IL6 10 ng/ml). Scale bar 100 µM. (n=1).
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Figure (9). Effect of hbFGF on cultured satellite cells.
(A&) FACS analysis of satellite cells cultured with and with without hbFGF for 4 days. (C&D) Phase
contrast images of satellite cells cultured with and without hbFGF for 11 days showing more differentiation
in absence of FGF. Scale bar 100 µM. (E) Growth curve of the same cells shown in c&d after culture for 22
days showing drop in growth rate in absence of FGF coinciding with increasing differentiation. (n=1).
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Matrigel coating of the wells has been described to support and stimulate satellite cell
proliferation, though at the same time stimulating their differentiation (62). So, I tried to
take advantage of this stimulatory effect. Growing the cells on matrigel coated wells, they
survived and proliferated in a serum level down to 0.5% (Figure 9).

Figure (10). Testing the ability of Matrigel to support satellite cells proliferation in low serum media
All conditions plated on Matrigel, with FGF, for 5 days. Scale bar 50 µM. (n=1).

So, in the next sections of this thesis the following media types and serum concentrations
was used. For the second part concerned with using FACS ZsGreen in the assessment of
satellite cell differentiation and also for the third part used concerned with
immunostaining of cultured satellite cells for different myogenic regulatory types, the
used media was myogenic medium (MM, composed of 20% FBS plus hbFGF. In the
third part concerned with using MyoD expression as an assessment point, 0.5% FBS f10
medium with hbFGF was used on matrigel coated plates. All the assessment experiments
of SR1 were done using a serum concentration of 0.5%. Staining experiments for AHR in
different stages of satellite cell growth was done using a proliferating 20% FBS medium
for proliferating cells and using a low serum medium of 2% horse serum for
differentiating cells.
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FACS analysis of 4-days cultured satellite cells with different compounds

The aim of this experiment is to find a compound that can allow transgenic Pax7ZsGreen satellite cells to proliferate and at the same time preserve their ZsGreen signal. I
am assuming two points (a)The cells having the ZsGreen signal means that they have
Pax7 gene turned on and that losing ZsGreen means losing Pax7 expression. (b)Pax7
gene is the one responsible for stemness properties of satellite cells and that losing Pax7
(as evidenced by losing ZsGreen) is the cause of the inefficient transplantation of cultured
satellite cells. That is because Pax7 gene expression is known to be down-regulated upon
differentiation of satellite cells (43). So, FACS analysis ZsGreen positive cells are Pax7
positive cells that are assumed to be the most undifferentiated state of satellite cells
capable of achieving successful transplantation accompanied by restoration of satellite
cell pool in the recipient muscle.
I was unable to find a compound that can preserve in vitro cultured satellite cells in their
ZsGreen positive state and at the same time allow them to proliferate. Preservation of
ZsGreen signal of the cells occurred only when cell proliferation is inhibited. A reverse
relationship exists between the number of cells and the percentage of ZsGreen (Figure
12). One example that shows this relationship is SAHA (a deacetylase inhibitor). As I
increased the dose of SAHA satellite cell proliferation was inhibited. Inhibition of cell
proliferation was associated with increased percentage of ZsGreen positive cells (figure
11).
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Figure (11). FACS analysis of satellite cells exposed to different doses of SAHA.
The percentage of ZsGreen positive satellite cells among live cell (refer

to the used FACS analysis

gates at figure 3)., the concentrations used and the total number of cells (Total number of events as
shown in figure 3) are shown in each corresponding figure. Controls are shown at the bottom. (n=4,
presented data are from one experiment)

Figure (12). Graphical presentation of the relationship between the number of cells (blue), the
percentage of ZsGreen positive cells (Green) and the used concentration of SAHA.
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I also tested several other compounds in the same way, with similar results. Toxic doses
that slowed proliferation allowed the cells to retain ZsGreen. But, this does not allow us
to use any of them as a practical tool to proliferate satellite cells. So, we conclude that
even if the percentage of ZsGreen cells seems to be high, still, this effect is not useful to
achieve our goal of expanding ZsGreen positive cells. We should take into consideration
that in each of these conditions (figure 11) the seeded number of cells at day 0 was more
than 15000 cells. So, the net result is loss of ZsGreen positive cells.
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Effect of in vitro culture on changing transcriptional profile of satellite cells

The aim of this experiment is to assess transcriptional profile of cultured satellite cells.
Transcriptional changes of satellite cells have been previously described in literature, but
different labs use different ways for harvesting the cells, different media types, growth
factors and serum levels. All these variables would certainly affect cell behavior and
necessitates individual characterization of the cells. In addition, I tried to specifically find
the relationship between the level of ZsGreen signal and the transcriptional state of the
cells i.e. what are the genes that have been turned on or off when my cells have lost their
ZsGreen signal. The most important gene to be tracked in this experiment was Pax7 gene
due to the dependence of ZsGreen signal on Pax7 promoter and my hypothesized
relationship between losing ZsGreen signal in vitro and losing Pax7 expression.
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Immunostaining data

FACS analysis

Day

Figure

Pax7

MyoD

Myogenin

MHC

ZsGreen

1

15

+++

+++

-

-

96%

Number
of cells
2323

2

16

+++

+++

_

_

86%

3670

3

17

+++

+++

-

_

25.7%

13730

4

18

+++

+++

-

_

1%

69713

5

19

++

+++

+

+

0.7%

344544

6

20

++

+++

+

+

0.2%

648672

7

21

++

+++

+

+

0.5%

> 288000

8

22

++

+++

+

+

0.4%

> 700000

Established

23

.++

++

+

+

Not

Not
counted.

myoblasts.
analyzed
Table 2. Effect of in vitro cuture on Pax7-ZsGreen satellite cells. The table describes the data analysis of
every individual day of the 8 day experiment (Number of plated cells is 5,000 cells on day 0).

Satellite cell activation starts immediately following starting the harvesting process.
Around 25-30% of freshly isolated uncultured satellite cells have made MyoD protein
within 4 to 5 hours after starting harvesting (figure 13). Harvesting satellite cells in the
presence of cycloheximide (translation inhibitor) succeeded to block formation of MyoD
protein and preserved the cells in a MyoD negative quiescent-like state (figure 13). 24
hours following the harvest, all the cells are MyoD positive (Figure 15). The majority of
the cultured satellite cells remain Pax7 positive after one week in culture, although they
become ZsGreen negative after only 4 days in culture. All the cells are Pax7/MyoD
double positive for the first three days. Starting from day4 scattered MyoD negative and
Pax7 negative cells start to appear. Yet, the majority of the cells remain positive for either
factor over several passages. Early cultured Satellite cells are Myogenin/MHC double
negative over the first 4 days in culture. Starting from day 5 scattered positive cells for
Myogenin and MHC start to appear in the culture with the percentage of these cells
maintained over several passages. Following several passages the level of Pax7 and
MyoD expression declines in the cultured cells with a parallel rise in the level of
Myogenin and MHC expression. A growth curve for the number of cells every day over
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the first 6 days of a starting number of 5,000 cells was done (Figure.14). It shows that the
greatest growth spike happened after 48 hours in culture. This was consistent with
literature describing that harvested fiber associated satellite cells made their first division
after 40 hours of their harvest and activation (45). This was also coinciding with loss of
ZsGreen signal (Figure. 15)

Figure (13). Immunostaining for MyoD protein in cytospin preparation of freshly isolated SCs harvested
with and without cycloheximide. (A) Without cycloheximide (B) in the presence of 100 µgm
cycloheximide. Scale bar 200 µm.

Figure (14).Relationship between satellite cell growth and ZsGreen. Graphical presentation showing the
numbers of satellite cells by FACS analysis over 6 days in culture (Blue) and the change in the percentage
of ZsGreen cells over the same days (green).
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Figure (15). Day1-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D) MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.

Figure (16). Day2-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D) MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.
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Figure (17). Day3-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D)MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.

Figure (18). Day4-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D) MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.
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Figure (19). Day5-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D) MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.

Figure (20) Day6-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D)MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.
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Figure (21) Day7-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D) MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.

Figure (22) Day8-Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and (D) MHC in red.
DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (E) FACS analysis for the
percentage of ZsGreen positive satellite cells.
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Figure (23). Established myoblasts Immunofluorescence for (A) Pax7, (B) MyoD, (C) Myogenin and
(D)MHC in red. DAPI (blue) was used for counterstaining the nuclei. Scale bar 100 µM. (F) FACS
analysis for the percentage of ZsGreen positive satellite cells.

The experiment was repeated for confirmation of Pax7 data. This time the cells were
tracked for only 4 days. The cells were stained for Pax7, MyoD and Pax3 (Figures
24&25). Previous data describing Pax7 and MyoD expression in cultured satellite cells
were confirmed. Immunofluorescence for Pax3 showed a similar pattern to that of Pax7
expression. All the cells are positive for Pax3 over the first three days in culture. Pax3
negative cells start to appear on day 4.
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Figure (24). Immunofluorescence for (A,D) Pax7, (B,E) Pax3, and (C,F) MyoD in red. DAPI (blue) was
used for counterstaining the nuclei. Scale bar 100 µM. The upper panel is for day-1 cells and the lower
panel is for day-2 cells.

Figure (25). Immunofluorescence for (A,D) Pax7, (B,E) Pax3, and (C,F) MyoD in red. DAPI (blue) was
used for counterstaining the nuclei. Scale bar 100 µM. The upper panel is for day-3 cells and the lower
panel is for day-4 cells.

Based on the Pax7 data, the assessment points were changed for the following studies.
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Effect of inhibitors on morphology and MyoD expression of cultured SCs

The aim of the experiment is to find a compound that can serve two functions (a) Prevent
matrigel induced differentiation effect on satellite cells and preserve the rounded
undifferentiated shape of the cells. (b) Inhibit MyoD expression in cultured satellite cells.
The following table shows the results.
Compound

Conc.

Figure.#

Mechanism.

Cell morphology

MyoD

SR1

1 µM

26

AHR blocker.

Rounded

Inhibitory

Cell
count.
Inhibitory.

SDF1

500

26

Chemotaxis.

Elongated

No effect.

No effect.

ng/ml
SAHA

0.5 µM

26

Deacetylase

Elongated

No effect.

Inhibitory.

CHIR9902

3 µM

27

inhibitor
GSK3β inhibitor

Elongated

No effect.

Inhibitory.

1PD098059

3 µM

27

ERK1 pathway

Elongated

No effect.

No effect.

A83-01

1 µM

28

inhibitor.
TGFß 1 inhibitor

Elongated

No effect.

No effect.

Hh Ag.1.5

2 µM

28

Shh agonist

Some rounded.

No effect.

Inhibitory.

IWR1

10 µm

29

Wnt inhibitor

Elongated myocytes.

No effect

No effect.

IWP2

5µm

29

Wnt inhibitor

Elongated myocytes.

Inhibitory.

Inhibitory.

Table 3. Effect of different compounds on cultured satellite cells.
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The effect on proliferation and the morphological assessment was described on basis of
cell shape in under the microscope as shown in the figures. MyoD expression was
assessed based on indirect immunofluorescence staining of the cells.

Figure (26). Effect of SR1, SDF1, and SAHA on cultured SCs. The upper panels are showing cell
morphology through phase contrast images. The middle and lower panels are showing Pax7 and MyoD
immunostaining (red) with DAPI counter staining of the nuclei. (A,B&C) control, (D,E&F) SR1, (G,H&I)
SDF1, (J,K&L) SAHA. Scale bar 200µM.(n=1).
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Figure (27). Effect of CHIR99021, PD098059 on cultured SCs. The upper panels are showing cell
morphology through phase contrast images. The middle and lower panels are showing Pax7 and MyoD
immunostaining (red) with DAPI counter staining of the nuclei. (A,B&C) control, (D,E&F) CHIR99021,
(G,H&I) PD098059. Scale bar is 200µM for immunofluorescent images and 100, 400 µM for phase
contrast images. (n=1).
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Figure (28). Effect of A83-01, Hh Ag.1.5 on cultured SCs. The upper panels are showing cell morphology
through phase contrast images. The middle and lower panels are showing Pax7 and MyoD Immunostaining
(red) with DAPI counter staining of the nuclei. (A,B&C) control, (D,E&F) A83-01, (G,H&I) Hh Ag.1.5.
Scale bar is 200µM for immunofluorescent images and 100,400 µM for phase contrast images. (n=1).
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Figure (29). Effect of IWR1, IWP2 on cultured SCs. The upper 2 panels are showing cell morphology
through phase contrast images. The lower 2 panels are showing Pax7 and MyoD immunostaining (red)
with DAPI counter staining of the nuclei. (A,B,C&D) control, (E,F,G&H) IWR1, (I,J,K&L) IWP2. Scale
bar is 200µM for immunofluorescent images and 200,100 µM for 10x phase contrast images. (n=1).
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Effect of SR1 on cultured satellite cells and established myoblasts
SR1 inhibited differentiation of satellite cells on matrigel (figure 26D). It also inhibited
the expression of MyoD gene in cultured satellite cells (figure 26F).
SR1 has been previously described to function as a blocker of aryl hydrocarbon
receptor. So, SR1 has been assessed through:
a) Testing the effect of SR1 on cultured satellite cells and cultured myoblasts i.e.
effect on proliferation, effect on differentiation, expression of

Pax7, MyoD,

Myogenin by immunofluorescence and by QRT-PCR for RNA analysis. In
addition these effects have been linked to an action on AHR.
SR1 inhibited differentiation of myoblasts into myotubes in 2% horse medium.
(figure 30&31).

Figure (30) Phase contrast images showing dose response effects of SR1 on the differentiation of
myoblasts in 2% Horse serum medium. (A) 0 µM sr1, 2% HS, (B) 1µM SR1, 2% HS medium (C) 2µM
SR1, 2% HS medium (D) 3µM SR1, 2% HS medium (E) 4µM SR1, 2% HS medium (F) 5µM SR1, 2%
HS medium. Scale bar 400 µM. (n=3).
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Figure (31). Immunofluorescence for MHC (red) and DAPI (blue) showing dose response effects of
SR1 on the differentiation of myoblasts in 2% Horse serum medium. (A) 0 µM sr1, 2% HS, (B) 1µM
SR1, 2% HS medium (C) 2µM SR1, 2% HS medium (D) 3µM SR1, 2% HS medium (E) 4µM SR1,
2% HS medium (F) 5µM SR1, 2% HS medium. Scale bar 500 µM.

Though SR1 proved to have a strong negative effect on satellite cell differentiation,
yet its marked inhibitory effect on cell proliferation was an obstacle toward its practical
use. So, I used cytokines to stimulate satellite cell proliferation. 1 µM SR1 has been
combined with the following cytokines (IL6, LIF, EGF, IGF1) (figure.32). The numbers
of the cells increased slightly, but they are still below the numbers that can allow
practical use of SR1. There is no advantage in keeping the cells undifferentiated in
culture if they are not proliferating.
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Figure (32). Effect of SR1 combined with cytokines on cultured SCs. The upper panels are showing cell
morphology through phase contrast images. The middle and lower panels are showing Pax7 and MyoD
immunostaining (red) with DAPI counter staining of the nuclei. (A,B&C) control, (D,E&F) SR1 +
cytokines. Scale bar 200µM for immunofluorescent images and 100,400 µM for phase contrast images.
(n=1).

Next, I tested SR1 on proliferating myoblasts with already activated myogenic system in
the form of MyoD protein expression. Incubation of myoblasts with 1µM concentration
of SR1 in 0.5% FBS medium succeeded to convert the exposed myoblasts into a MyoD
negative Myogenin negative phenotype (Figure 33). The RNA levels of MyoD,
Myogenin, Myf5 and Pax7 were assessed in SR1 treated cells (Figure 34). SR1 treated
cells have significantly lower levels of Myogenin expression denoting a less
differentiated state. In addition these effects have been linked to an action on AHR
through the ability of SR1 to down regulate Cyp1B1 gene (A down stream reporter gene
to AHR) (Figure 34). FACS analysis of SR1 treated established myoblast cells showed
that there is no significant difference in ZsGreen in SR1 treated versus untreated cells
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(Figure.35). Being active on myoblasts allows us to use SR1. Huge numbers of myoblasts
can be obtained from proliferation of cultured satellite cells within few days. If these big
numbers of myoblasts can be turned to a MyoD negative phenotype by the help of SR1,
then we can say that the net effect would be having a huge number of transplantable cells
from a small starting number of cultured satellite cells. This later conclusion is actually
based on the assumption that MyoD negativity yields the cells more stem cell like, more
quiescent phenotype like and transplantable.

Figure (33). Effect of SR1 on expression of MyoD and Myogenin of cultured myoblasts.
Immunofluorescence for Pax7 (A,B,G&F), MyoD (C,D,I&J), Myogenin(E,F,K&L) in red. DAPI (blue)
was used for counterstaining the nuclei. 10X, Scale bar = 100 µm. (n>3). (A,C,E,G,I and K) are DAPI
merged while the remaining figures show only the targeted protein staining.
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Figure (34). QRT-PCR of RNA levels of different myogenic factors in SR1 treated myoblasts. The values
are normalized against GAPDH enzyme RNA levels. SR1 denote established myoblast cells treated with 1
µM SR1 for 4 days. 0.5% denotes 0.5% FBS control cells with no SR1 treatment. (n=3)

Figure(35). FACS analysis of SR1 treated cells. Upper panels for ZsGreen level of the cells. Lower
panels for CD34 positive cells. The cells are established myoblast cells treated with 1 µM SR1 for 4 days
in 0.5% FBS medium.
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Myoblasts failed to proliferate in the presence of SR1. But, this effect is partly due to the
type of medium in which the cells are incubated (0.5% FBS medium) which does not
allow the cells to proliferate much.
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b) Needed duration for SR1 to exert its full action on cultured SC MyoD
expression. (Figure 36)
Myoblast cells have been incubated with SR1 for 24, 48, 72 and 96 hours. After each
of the mentioned durations the cells were fixed and tested for MyoD. After 2 days the
effect of the molecule started to appear with inhibition of MyoD expression. On day 3,
more the percentage of MyoD negative cells increased. On day 4, the majority of cells
were MyoD negative with very few positive cells. But, on day 4 an observed
reduction in cell density happened most probably due to cell death as a result of arrest
of cell proliferation over a long period of time. It will be discussed later that when
SR1 treated myoblasts were transplanted; we incubated them with SR1 for 2 days
only for fear of the possible toxic effect of the compound in case of longer durations
of exposure.

Figure (36). Verifying the required duration needed by SR1 to produce its full effect in MyoD inhibition.
Cells are stained by immunofluorescence for MyoD (red), DAPI (blue). Scale bar 200 µm.
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c) Searching the lowest effective dose of SR1. (Figure 37)
On testing 0.8 µM of SR1 MyoD positive cells started to appear in culture. The effect of
0.9 µM concentration was not different from that of the first adopted concentration of 1
µM. So, I continued to use the concentration of 1 µM.

Figure (37). Searching the lowest effective dose of SR1. Cells are stained for MyoD and Pax7 (red) and
DAPI was used fro counterstaining the nuclei. Scale bar 200 µm. (n=2).
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d)

Testing the effect of serum on its activity.

When SR1 was tested in 2.5% FBS medium, it was totally ineffective (Figure 38&39).
No effect on cell proliferation or MyoD expression was observed with 2.5% FBS medium
(Figure 38). So, I assessed the effect of serum on the activity of SR1. The activity of SR1
and its ability to inhibit matrigel induced differentiation decreased parallel to increasing
the level of serum in the medium (Figure 39).

Figure (38). Lack of SR1 effect on myoblasts in the presence of 2.5% serum concentration. Cells are
stained for MyoD (red) and DAPI (blue) was used for counterstaining of the nuclei. Scale bar200 µm.

50

Figure (39) Effect of serum on the activity of SR1. Cultured myoblasts incubated with different
concentration of FBS with and without 1 µm of SR1. (A&B) 0.5% FBS, (C&D) 1% FBS, (E&F) 1.5% FBS,
(G&H) 2% FBS, (I&J) 2.5% FBS (K&L). Phase contrast images, Scale bar 100 µM. (n=1).

Since fetal bovine serum had a negative effect on the activity of SR1, I searched other
methods to find a way where we can use higher serum concentration while preserving the
activity of the compound. Charcoal stripped serum is a type of modified serum that has
been absorbed with activated carbon that removes non-polar material such as lipophilic
materials. This results in a more defined serum product with less variability in research
results. So, I tried to use charcoal stripped serum to help grow myoblasts in a higher
serum concentration while keeping SR1 active. But, slightly higher concentration of
charcoal stripped serum was inhibitory to the effect of SR1. SR1 was not active except
with a serum concentration of 0.5% even with charcoal stripped serum (Figure.40).
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Figure (40). Charcoal stripped serum assessment.
MyoD (red), DAPI (blue) staining of different concentrations of regular serum and charcoal stripped serum
in the presence and absence of SR1.
1- SR1 is not active in the presence of 2.5% concentration of charcoal stripped serum (E).No difference
was observed either in cell growth rate or MyoD expression in comparison with the sample that was
exposed to 1 µM SR1 in a serum concentration of 2.5% of charcoal stripped serum (F).
2- Rate of cell growth is lower with charcoal stripped serum than with regular serum. (E,F,G,H) in
comparison with equal concentrations of regular serum (A,B,C,D).

52

e)

Testing the ability of SR1 treated in vitro cultured satellite cells to
successfully engraft after transplantation.

Figure (41). Design of SR1 treated myoblast transplant experiment.

The ability of SR1 treatment to improve transplantation efficiency was assessed by
comparing 2 cell populations (Figure.41). Both are freshly isolated satellite cells that
have been either.(a) incubated 3 days in 20% FBS F10 medium plus hbFGF followed by
staying 2 days in 0.5% FBS F10 medium plus FGF + 1 µM SR1. (b) 5 days in 20% FBS
F10 medium plus FGF. Number of transplanted cells: 3000 per tibialis anterior (TA)
muscle. Duration before harvest, freezing and analysis: 4 weeks. After the 4 weeks one
TA muscle was assessed by FACS analysis for the number of ZsGreen cells. The other
TA was stained for the number of the number of donor derived dystrophin positive fibers.
No significant difference in the number of the obtained donor fibers in the cells that have
been treated with SR1 versus untreated cells (Figure 42). But, interestingly the number of
ZsGreen positive cells was higher in the samples that were treated with SR1 (Figure 43).
But, the number of ZsGreen positive cells was not uniform in the six samples that were
SR1 treated. Broad range of ZsGreen positive cells was observed (Figure 43 A). This
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may be denoting variability of the action of SR1 over different cells. I argued that the 48hour exposure period was not sufficient to produce uniform effect on the cells (Figure 36).
It has been proved that single satellite cells are engraftable (11) but, not every single
satellite cell is engraftable.

Figure (42) Fiber engraftment results of the SR1 treated versus untreated cells. (A) The absolute numbers
of the Dystrophin positive fibers per TA of the transplanted mice. (B) Total numbers of dystrohin positive
and dystrophin negative fibers (C) percentage of the dystrophin positive fibers per TA of the 12 mice that
were transplanted. (n=6)
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Figure (43). Satellite cell engraftment results of the SR1 treated versus untreated cells. (A) The absolute
numbers of ZsGreen positive cells per TA of the transplanted mice. (B) Percentage of the ZsGreen cells of
the total myogenic cell population of a TA of the 12 mice that were transplanted. (C) Total numbers of
ZsGreen positive and ZsGreen negative fibers. (n=6)
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f) Testing other compounds that have been described in literature to interact
with AHR.
DIM (3,3′-diindolylmethane) has been described to be a ligand of Aryl Hydrocarbon
Receptor (58).

DIM inhibited matrigel induced differentiation (Figure 44). Using a

concentration of DIM of 10 µM inhibited MyoD expression and Myogenin expression of
the treated myoblast cells (Figure 45). The fore mentioned results indicate an inhibitory
effect of DIM on myoblast differentiation and again refer to a possible role of AHR in
satellite cell proliferation.

Figure (44) Effect of DIM on satellite cell differentiation on matrigel. (A) Control myoblasts incubated
with 0.5% FBS medium alone for 2 days. (B) Testing 2.5 µM, concentration of DIM on cultured myoblasts.
(C) Testing 5 µM, concentration of DIM on cultured myoblasts. (D) Testing 10 µM, concentration of DIM
on cultured myoblasts. (E) Testing 20 µM, concentration of DIM on cultured myoblasts. Phase contrast
images, Scale bar 100 µM.
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Figure (45). Effect of DIM on expression of MyoD and Myogenin of cultured myoblasts.
Immunofluorescence for Pax7(A,B), MyoD (C,D), Myogenin(E,F) in red with DAPI (blue) used for
counterstaining of the nuclei. Scale bar 100 µM.
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g) Testing the effect of SR1 on other cell lines.
AHR has been described to be a ubiquitously expressed receptor. Fibroblast cells were
stained for AHR and they were found to be positive, having cytoplasmic AHR staining
pattern as evidenced by immunofluorescence (Figure 35). Following incubation of
fibroblast cells with 1 µM concentration of SR1 in 0.5% FBS concentration was
associated with an observed decline in fibroblast growth rate (Figure 46). The obtained
result denotes a similar effect of SR1 on fibroblast cell proliferation to that on myoblasts
and satellite cells.

Figure (46). (A,B&C) Phase contrast images for testing the effect of SR1 on fibroblasts. (A) 0.5% FBS
F10 plus FGF. (B) 0.5% FBS F10 plus FGF Plus 1 µM SR1 (C) Control of 20% FBS with no SR1.
(D,E&F) Fibroblast cells stained by immunofluorescence for AHR (red) and DAPI (blue) indicating
mostly cytoplasmic staining for Aryl Hydrocarbon receptor. Scale bar 100 µM.
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Assessment of the expression of AHR in satellite cells
By immunofluorescence and RNA analysis, the expression of aryl hydrocarbon receptor
has been tested in (cytospin preparation of freshly harvested satellite cells, early
proliferating myoblasts, myoblasts that have been passaged several passages, early
differentiating myoblasts and fully differentiated myotubes).
In quiescent satellite cells, AHR expression shows a cytoplasmic pattern of staining
(figure 47). Staining of cross sections of wild type mouse T.A. muscle shows that AHR
nuclear staining is missing in Pax7 positive satellite cells.

Figure (47). AHR expression in quiescent satellite cells. Immunostaining for AHR and Pax7 in cross
sections of wild type TA muscle.
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Cytospin preparation of freshly isolated satellite cells were stained for aryl hydrocarbon
receptor. The cells were fixed around 6 hours following their activation as denoted by
starting manipulation of the muscles. AHR staining of the cytospin preparation of SCs
showed a cytoplasmic pattern of AHR staining indicating that AHR was not activated yet
at this stage. (Figure 48)

Figure (48). AHR expression in freshly isolated satellite cells. The cells are prepared by cytospin and
stained for Pax7 (green), AHR (red) and DAPI (Blue). The arrow s pointing at a cell with clearly dominant
cytoplasmic staining pattern of the receptor. Scale bar 50 µm.
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In proliferating satellite cells, day-2 cultured satellite cells stained for AHR (Figure 49).
AHR Showed, a) prominent cytoplasmic pattern of staining in the majority of the cells b)
Decline in the level of AHR receptor expression in the differentiated cells (elongated
myocytes) c) very few cells are showing positive nuclear and cytoplasmic staining of the
receptor. The same pattern of AHR expression is maintained in day-4 cultured satellite
cells (date not shown).

Figure (49).AHR expression in day 2 cultured satellite cells.
A) Cytoplasmic pattern of staining in some cells B) Down regulation of the AHR upon differentiation C)
Some cells are showing Nuclear staining denoting activation. The cells were in proliferating medium
(20% FBS medium).
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In established myoblasts (cells that have been in culture for several weeks), the majority
of the cells showed cytoplasmic pattern of AHR staining. Only few scattered cells were
found positive for nuclear AHR (Figures 50).
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Figure (50). AHR expression in established myoblasts. The cells are proliferating myoblasts stained for
pax7, MyoD, Myogenin (red), AHR (green) and DAPI (blue). The arrows refer to the predominant pattern
of AHR expression in established myoblasts with a cytoplasmic staining pattern only. Scale bar 50 µm. The
cells were in proliferating medium (20% FBS medium).
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In differentiating Myoblasts, Myoblast cells were incubated in a differentiation medium
for a period of 24/48 hours to stimulate the differentiation cascade. Following start of
differentiation, the cells started to stimulate AHR as evidenced by acquisition of nuclear
staining of the receptor that denotes nuclear translocation. When the cells were stained
for AHR two points were observed (a) Increase in the percentage of cells that show
nuclear AHR staining (b) the positive cells tend to be cells attain a large size (Figure 52).
One hypothesis about these observations is that AHR activation as evidenced by nuclear
translocation of the receptor may play a role in the process of myoblast differentiation. In
addition, when I assessed the expression pattern of Cyp1B1 gene (a reporter gene which
is known to be downstream of AHR (70)) in proliferating and differentiating myoblasts, I
found a significant up-regulation (Figure 56). This is also indicative of the activity of the
receptor which is suggestive of an implicated role in differentiation of cultured myoblasts.
Stimulation of AHR was associated with loss of Pax7 staining and acquisition of
Myogenin staining (Figure 52, 53). These two are amongst the major transcriptional
changes that happen to myoblasts upon differentiation. When the cells were allowed to
continue differentiation further increase in cell size was observed. In addition, the
expression of AHR increased. This time AHR up-regulation was accompanied with loss
of Myogenin (Figure 55). This later observation suggests a role of AHR in differentiation
of myoblasts beyond that played by Myogenin.
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Figure (51). AHR expression in differentiating myoblasts. Myoblast cells that have been incubated in 2%
HS differentiation medium for 20 hours. The cells are stained for AHR (green), DAPI (blue) and a phase
contrast image was taken to show cell morphology. Scale bar 50 µm.
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Figure (52). AHR expression in differentiating myoblasts (relationship with PAX7). Myoblast cells that
have been incubated in 2% HS differentiation medium for 24 hours. The cells are stained for AHR
(green), Pax7 (red), DAPI (blue) and a phase contrast image was taken to show cell morphology. Arrows
refers to cells that have acquired nuclear AHR staining and losing Pax7.Scale bar 50 µm.

Figure (53). AHR expression in differentiating myoblasts (relationship with Myogenin). Myoblast cells
that have been incubated in 2% HS differentiation medium for 24 hours. The cells are stained for AHR
(green), Myogenin (red), DAPI (blue) and a phase contrast image was taken to show cell morphology.
Arrows refers to cells that have acquired nuclear AHR staining and are expressing Myogenin. Scale bar
50 µm.
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Figure (54). AHR expression in differentiating myoblasts (relationship with PAX7). Myoblast cells that
have been incubated in 2% HS differentiation medium for 48 hours. The cells are stained for AHR
(green), Pax7 (red), DAPI (blue) and a phase contrast image was taken to show cell morphology. Scale
bar 50 µm.
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Figure (55). AHR expression in differentiating myoblasts (relationship with Myogenin). Myoblast cells
that have been incubated in 2% HS differentiation medium for 48 hours. The cells are stained for AHR
(green), Myogenin (red), DAPI (blue) and a phase contrast image was taken to show cell morphology.
Arrows refers to cells that have acquired nuclear AHR staining and are lost Myogenin after a longer
differentiation period was allowed. Scale bar 50 µm.
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Figure (56) Activation of AHR upon differentiation of myoblasts. (n=3).
The cells were either in proliferating medium (20% FBS medium) or in differentiating medium (2% horse
serum) for 3 days.
A) Up regulation of Myogenin and down regulation of MyoD following differentiation.
B) Down regulation of Pax7 and Myf5 following differentiation.
C) Up regulation of cyp1b1 indicative of AHR activation in response to differentiation.
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In fully differentiated myotubes, the pattern of staining was totally a cytoplasmic
pattern of staining (Figure 57). The expression of the receptor itself is down regulated as
shown by Immunostaining for the receptor (Figure 57) and by RNA analysis of
myoblasts following differentiation and complete differentiation. This down regulation of
the receptor occurs simultaneously with its activation as evidenced by up regulation of
cyp1b1 (figure 58). More over, rounded cells are still observed in differentiating cultures
and are having markedly higher level of AHR expression (figure 57). These cells are
hypothesized to be starting their differentiation cascade with increased propensity to form
myotubes that would by followed with down regulation of the receptor.

Figure (57). AHR expression in differentiating myoblasts (relationship with Myogenin). The cells are
stained for AHR (green), Myogenin (red), DAPI (blue) and a phase contrast image was taken to show cell
morphology. Scale bar 50 µm.
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Figure (58). Down regulation of AHR expression after start of differentiation and activation of the
receptor (evidenced by up regulation of cyp1b1). The figure shows RNA expression in established
proliferating myoblasts (zero differentiation), cells that have been in 2% HS medium(differentiating
medium) for 24 hours and for 7 days. (n=3).

So, the expression of AHR can be described to have a cytoplasmic pattern of staining in
quiescent and early activated satellite cells. Nuclear translocation of the receptor occurs
with start of differentiation. Nuclear translocation is associated with loss of Pax7 and
acquisition of Myogenin expression. Upon full differentiation of the cells downregulation of the receptor happens taking a cytoplasmic pattern of staining. To be noted
that AHR activation has been previously described to be transient (69) and the receptor
undergoes rapid translocation to the cytoplasm where it is degraded by cytoplasmic
proteasome system (68). This is true about what I observed in AHR activation of being
associated with active differentiation followed by down-regulation after differentiation is
complete. In addition, AHR may be also activated during early satellite cell activation,
but I did not follow the receptor close enough at this stage.
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Figure (59). Expression of AHR in different stages of satellite cells.
A) cytoplasmic pattern of staining in quiescent satellite cells.
B) A predominant cytoplasmic pattern of staining in activated satellite cells (after 2 days in culture).
C) Nuclear translocation of AHR in differentiating myoblasts (20 hours in 2% horse serum).
D) A predominant cytoplasmic pattern of staining in differentiated elongated myocyte cells with
decrease in staining intensity correlating with reduced expression of the receptor with
differentaition.
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Discussion
Potential applications of stem cells range from their use in drug discovery, disease
modeling and cell transplantation therapy. Several obstacles must be overcome at first
before any of these goals can be realized. In addition to the moral and ethical issues of
using embryos, human embryonic stem cells have many other problems like genetic
instability and cancer risk. Induced pluripotent stem cells developed by Yamanaka in
2006 (65), helped to solve the ethical problems of h-ESCs. Yet, concerns still exist for
IPSCs like viral contamination, genetic instability and cancer development. Adult stem
cells are different. Adult stem cells are highly committed cells (66). This makes adult
stem cells more genetically stable; the liability for genetic deviation is much less, with
resultant lower probability of cancer development. In addition, adult stem cells carry
inherent ability to differentiate to their target cell line with no need for genetic
manipulation or even cytokine stimulation. However, being highly committed cells
makes adult stem cells a rare cell population. Proliferation of adult stem cells has always
been at the core of researchers’ thinking. Adult stem cells like Satellite cells (the adult
stem cell which this thesis is investigating) are closer to their final fate. ESCs must first
adopt mesodermal, ectodermal or endodermal fate before differentiating to their target
cell line.
The aim of this project was to expand satellite cells for the aim of transplantation. I
was trying to reach a way where I can proliferate satellite cells while conserving their
transplantation efficiency. Trials of Myoblast transplantation have been carried out.
These trials have succeeded to get the transplanted cells form new muscle fibers but
failed to cause them repopulate satellite cell pool of recipient muscles. This is due to the
difference in function between Myoblasts and satellite cells. Satellite cells proliferate in
response to injury to achieve huge numbers of specialized myoblasts. In addition, they
self renew to form new stem cells. On the other hand, Myoblasts fuse to form new muscle
fibers. So, it is not the function of myoblasts to self-renew or at least late ones.
Myoblasts’ main function is to differentiate and fuse to form new muscle fibers.
Myoblasts proliferate only in vitro when stimulated by growth factors. My results showed
that in absence of h-FGF stimulation, Myoblast proliferation was markedly inhibited and
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the cells started to differentiate. So, transplantation of Myoblasts may only be
accompanied by new fiber formation that is still less efficient than uncultured satellite
cells. Transplantation efficiency is reduced over several days of culture.
A strong relationship exists between satellite cell differentiation and proliferation.
When the cells are proliferating they lose ZsGreen signal which means that they are
going toward differentiation. This is depending on the fact that ZsGreen cells achieve
efficient transplantation, although my data showed a disconnection between Pax7 and
ZsGreen expression in cultured cells. It has been postulated that rapid proliferation of
embryonic stem cells is associated with conservation of the undifferentiated state while
ceasing of proliferation is associated with rapid differentiation. However, when satellite
cells are not proliferating under certain conditions of the treated compounds, they remain
undifferentiated (ZsGreen positive). Satellite cells have a number of states: quiescent
state, activated state, proliferating state and differentiating state. In the quiescent state the
cells are not dividing. They are residing beneath the basal lamina of skeletal muscle fibers
waiting for an injury stimulus. So, when we say that satellite cells are not proliferating it
may carry the possibility of being quiescent at least phenotypically, taking into
consideration that there is an anatomical part in the definition of satellite cell quiescence.
My analysis of this finding is that ZsGreen accumulates in the cells in vivo due to Pax7
expression of quiescent satellite cells. ZsGreen production stops in cultured satellite cells
as evidenced by FACS analysis of cultured cells. In culture, the amount of ZsGreen
protein in the cells is simply diluted by cell division which will not happen if the cells are
not proliferating.
Epigenetics are thought to be responsible for control and regulation of the
transcriptional state of many cell types. Epigenetic changes occur to satellite cells when
they are activated into proliferating myoblasts. SAHA, a deacetylase inhibitor, was
associated with a positive result in terms of the number of ZsGreen cells obtained after 4
days of stay in culture. Histone acetylation removes the positive charge from histones
which is responsible for the interaction between the N termini of histones and the
negatively charged phosphate of DNA leading to a more relaxed chromatin resulting in a
greater level of transcription. This action is prevented by HDACs like SAHA. Exposing
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satellite cells to SAHA should result in a more condensed chromatin with less active
transcription resulting in a higher state of quiescence in the form of more ZsGreen cells.
The quiescence state of satellite cells has been shown to be an active process (54).
Quiescent satellite cells are ready to respond to different stimuli by a multitude of actions
(55). But, these cells are known to be not or rarely dividing during their quiescent state.
So, we can collectively say that specialized myoblasts do not engraft efficiently and that
quiescent satellite cells do not divide. So, manipulation of the cells with division
capability (Myoblasts) to reach the phenotype of the cells of engraftment capability
(quiescent satellite cells) is an effective approach to reach the aim of my project. One
previous study (63) succeeded to prove that Myoblasts lacking Myod gene (MYOD -/myoblasts) are conserving their stem cell properties and are having much higher
engraftment properties. In addition, MyoD -/- myoblast derived satellite cells have been
detected beneath the basal lamina of skeletal muscle fibers. This may refer the central
commitment role that MyoD gene plays in satellite function. MyoD is a distinctive
transcription factor that differentiate between satellite cells that are MyoD negative and
Myoblasts that are MyoD positive. Demethylation of MyoD promoter is a required signal
to initiate the activation of quiescent satellite cells (70).
Down regulation of MyoD in myoblasts may be the key to increase engraftment of
myoblasts to a satellite stem cell like fashion. My design is not based on any genetic
manipulation of the cells. I found that SR1 treatment of myoblasts converted them to a
quiescent-like, MyoD negative phenotype. The treated cells have also been found to be
Myogenin negative at a point where their untreated controls have a considerable
proportion of Myogenin positivity. SR1 treatment also prevented formation of myotubes
in low serum medium. This refers to a considerable inhibitory effect of SR1 on satellite
cell and myoblast differentiation. So, SR1 treatment of myoblasts is expected to yield less
differentiated cells that are hypothesized to achieve better engraftment.SR1 treated
myoblasts (Day 5 cultured satellite cells) were transplanted to mouse models of muscle
dystrophy. The engraftment results revealed that the number of dystrophin positive fibers
(reflecting differentiation ability of the transplanted cells) were the same in the treated
and the untreated myoblasts. However, satellite cell engraftment data was promising. The
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total number of ZsGreen satellite cells of the SR1 treated samples was higher than the
untreated cells. In addition, the mean of the number of ZsGreen positive cells was
significantly higher in SR1 treated cells. This is an indicator of the better self renewable
capacity under the effect of SR1 treated cells which is the main problem of cultured
satellite cell transplantation.
Stemregenin 1 has been described to produce its action through AHR (aryl
hydrocarbon receptor) antagonism (44). Studying the expression of AHR expression in
different stages of satellite cells suggested a possible role for the receptor in the process
of satellite cell differentiation. A nuclear translocation of the receptor in the cells occurs
following differentiation. AHR nuclear translocation is accompanied with tendency to
differentiate as evidenced by losing Pax7 expression and acquisition of myogenin. In
addition, stimulation of myoblast differentiation by low serum medium is accompanied
by up regulation of Cyp1b1 (a downstream gene of AHR that is used as a marker of its
activity). Both the activation of AHR simultaneously with start of differentiation together
with block of differentiation process by blocking the receptor suggests a role for AHR in
the process satellite cell differentiation. Moreover, Myoblasts that activate AHR tend to
increase in size and to have more than one nucleus at some times. Both conditions
indicate that cells are differentiating, being ready to attain the elongated shape of a
myocyte and to fuse with one another to form myotubes. The effect of AHR block on
down regulating MyoD tends to be an indirect effect produced through overall block of
one of the most important functions of a myoblast which is differentiation. Yet, being an
indirect effect may add an advantage to the whole process because it leads to a change in
the whole epigenetic and transcriptional state of the cell without affecting its vital
functions needed to maintain it viable.
So, AHR has a strongly suggested role in satellite cell differentiation. But, The exact
function of it in the differentiation pathways of satellite cells or the expression of
different myogenic regulatory factors is in need to be further elucidated. Researchers
dealing with satellite cells have been involved for along time in a continuous search for
factors governing satellite cell differentiation. But, most of the previous trials as those
involved with MyoD family or Pax7 family were actually dealing with transcription
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factors. The idea about AHR is that we are dealing with a receptor with a known wide
variety of ligands whether agonists or antagonists. This would definitely allow a much
easier manipulation of the receptor which is a major advantage. In addition the transient
character of AHR expression and activation is very much in harmony with changes
occurring to satellite cells as they are activated, being time dependent and are also
transient.
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