Fibroblast
positional memory

Olaf Y. Wouters
Supervisor: Ruud Bank



Table of Contents
Summary

Embryogenesis
Demystifying embryogenesis
Embryonic development
The germ layers
Fibroblasts and the Hox ‘zip code’
Fibroblast and positional memory
Hox genes and pattern formation
Hox genes in adults
Hox genes in respiratory fibroblasts
Hox genes in limb fibroblasts
Smad & TGF-B in Hox regulation
Other gene expression differences
Fibroblasts in the respiratory system
Fibroblast gene signature in distal body parts
Fibroblast wound scarring: dermal vs oral mucosal fibroblasts
Heart fibroblast gene regulation
Myofibroblasts in the respiratory system
Endothelial-to-Mesechymal transition
Stem cells
Cord blood mesenchymal stem cells
Hox code in mesenchymal stem cells
MSC and the Hox ‘zip code’
MSC differentiation regulation
Conclusion

Future

o O o O o W oW W

~

~

10
10
10
10
11
11
11
11

12



Summary

During embryogenesis in humans, 39 Hox genes in four different clusters are regulated in
a temporal and spatial manner by epigenetics, giving rise to segmentation and specific cell
differentiation. Studying gene expression, it was found that many different gene
expression profiles exist, both in mesenchymal stem cells (MSC) and fibroblasts. These
gene expression differences may lead to fibroblast plasticity, and ultimately gave rise to
many different fibroblast subtypes. Furthermore, fibroblast Hox gene expression
differences seems to be based on the location of the cell along the anatomic axes of the
body, instead of being based on local interactions. Fibroblasts that are spatially close are
not necessarily closely related, while distal fibroblasts gene expression profiles revealed
striking similar ‘signatures’. This same ‘signature’ could also be found for MSC, showing
similarities between bone marrow MSC (BM-MSC) and cord blood MSC (CB-MSC).
Regulation of Hox genes seems to be complex, but might be partially regulated by several
mechanisms via miR-21 in both MSC and fibroblasts. Other gene expression differences

were found, showing a diverse heterogeneity in both fibroblasts and MSC populations.

Keywords: Fibroblast, MSC, Hox, positional memory, anatomic axes, miR-21

Embryogenesis

Demystifying embryogenesis

For a long time the proliferation,
differentiation and spatial organization of
cells during embryogenesis have intrigued
developmental biologists. How could a
single-cell zygote give rise to this many
different cell types, and even more striking,
how do these cells know where to go?
Why is there hair above the eyes, but not
on the nose? How do these cells know
how to specialize into so many different
types of tissue? These questions were
partly answered a little over 30 years ago,
with the discovery of the homeotic genes
13, It was found that homeotic genes were
expressed in a gradient, giving rise to
segmentation and spatial organization of
different anatomic sites, while giving cells
positional identity along the anterior-
posterior anatomic axis*5. Homeotic genes
were sequenced in the early 80’s, and
were found to share a short 180 base-pair
region, termed homeobox 3.6-8, Homeobox
containing genes are in literature also
referred to as Hox genes. The homeobox
in Hox genes encodes a DNA-binding
domain, called the homeodomain?10. Hox
encoding proteins are able to bind specific
DNA sequences in cis-regulatory regions
in several genes, and in this way function
as important transcription factors during
embryogenesis!’-14. More strikingly, Hox
genes seemed to be conserved in many

different animals, ranging from fruit flies 15
and mice ' to higher order mammals
including humans. These findings show
the importance of Hox genes throughout
evolution, and possibly depict a common
ancestor'”. Figure 1 shows the
hypothetical locus of this common
ancestor. In humans, 39 Hox genes are
known, located on four different clusters
named HoxA till HoxD. These four different
clusters are on chromosome 7, 17, 12 and
2 respectively. Hox genes have temporal
and spatial colinearity, meaning 3’ genes
are expressed in the anterior part of the
body, while 5’ Hox genes are expressed at
the posterior part of the anatomic axis
during embryogenesis (figure 1)18.19. Thirty-
five years ago cells were characterized
mainly on morphology and cellular
markers. However, today cells can be
further subcategorized based on gene
expression profiles20. Since the discovery
of the importance of Hox genes during
embryogenesis, it was found that many
cell types in adults still express Hox genes,
and in this way determine the positional
identity along the anterior-posterior body
axes. Rinn and colloagues found that
differential expression of the HoxA and
HoxD genes reflected the anatomic
location of the fibroblast on the proximal—
distal axis along the upper and lower
limbs. On the other hand, differential
expression of HoxC genes correlated with
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the anatomic location in the torso along
the anterior—posterior axis, and HoxA/
HoxD genes were not expressed in the
torso. Fibroblasts from internal organs
showed increased HoxB expression when
compared to dermal fibroblasts20. This
overview will focus on fibroblasts from
different anatomic locations, and try to
compare them. We will see that cells from
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the same type but from different anatomic
locations in the body can on one hand
have entirely different gene expression
profiles, while some may share a gene
expression signature. However, first, to
fully appreciate anatomic spatial
organization, a brief background in
embryonic development is necessary.
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Figure 1: Temporal and spatial colinearity patterns of Drosophila HOM genes and mammalian Hox genes.
Schematic representation of the Drosophila homeotic complex (HOM-C), the four human Hox complexes and
a hypothetical ancestral homeotic complex. Figure taken from Manuel Mark, Nature, 1997{Mark:1997kl}.
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Embryonic development

In humans, fertilization takes place in the
oviduct, and the earliest stages of
development occur while the zygote
completes it’s journey down the oviduct to
the uterus. At this stage the embryo is
called the blastocyst, and constitutes of
the inner mass cells, which forms the
embryo, and specialized cells called
trophoblasts (figure 2.1). The trophoblast
do not contribute to the embryo but instead
support implantation of the blastocyst in to
the endometrium(figure 2.2), and later
form the major part of the placenta. As
implantation in to the endometrium is
completed, gastrulation begins(figure 2.3).
During gastrulation the inner mass cells or
embryoblast, move inward from the
epiblast (figure 2.3), forming ectodermal,
mesodermal and endodermal germ
layers(figure 2.4). Each germ layers
specializes in different tissues, as will be
described next paragraph. It is important to
understand that every cell in the body,
despite it’'s morphological and gene
expression differences, inherits the same
genetic information in the form of DNA,
obtained from both parents. So how do
cells ‘know’ which cell type to differentiate
into? How do these cells know where to
go? The answer lays in gene regulation.
Epigenetic modifications are a form of
gene regulation, and paly a pivotal role
during embryogenesis. Epigenetic
modifications do not change the DNA
sequence, but change expression of
genes by modifying the DNA’s tertiary
structure using methylation, alkylation,
glycosylation and histone modifications. It
is now widely accepted that epigenetics,
particulary methylation of Hox associated
CPG sites regulate cellular differentiation
fate during embryogenesis. Furthermore,
epigenetic inheritance from parent to
offspring leads to an alternative way of
vertical inheritance of information, without
changing the DNA sequence?!.



The germ layers

During human embryogenesis three germ
layers are formed. The ectoderm, the most
outer layer, forms the central nervous
system, the ganglia and nerves, the
epidermis, hair and mammary glands. The
endoderm, being the most inner layer,
forms the epithelial lining of the digestive
system from the esophagus to the terminal
part of the rectum. It also forms the liver,
the pancreas and thyroid gland.
Furthermore it forms the trachea, the
bronchi, the alveoli and the urinary
bladder. Between the ectoderm and
endoderm, lies a third germ layer called
the mesoderm. The mesoderm forms the
skeletal muscle, skeleton, connective
tissue, blood, the heart, part of the
respiratory system, the kidney and the
spleen. Connective tissue gives structure
to animals, forming cartilage, bone,
adipose tissue, blood, hemopoietic tissue
and lymphatic tissue. Connective tissue
has three main components: cells, mainly
fibroblasts, fibers and extracellular matrix.
Many organs in humans constitute of two
germ layers; skin of both ecto- and
mesoderm, the respiratory system of both
the endo- and mesodermal germ layer.

Fibroblasts and the Hox ‘zip code’

In this overview we will mainly focus on
cells from the mesenchymal germ layer.
Fibroblasts are the most abundant cell
type in the mesenchymal germ layer, and
are responsible for the production of many
components of connective tissue.
Connective tissue plays a pivotal role as it
provides a structural framework for the
body, connects body tissues, such as
muscle and epithelium, but also provides a
means of protecting internal organs while
maintaining body heat. Furthermore,
fibroblasts play an important role in wound
healing, as fibroblasts replace damaged
specialized tissue (muscle, endothelium)
with collagen during wound repair. Though
in general wound repair is necessary to
maintain organ and tissue function,
excessive scar formation by deposition of
connective tissue, called fibrosis, causes
serious damage to surrounding tissue in

many different diseases?2. Examples of
such diseases are pulmonary fibrosis in
COPD and cirrhosis due to hepatitis B or
C. Because fibrosis is found in many
different diseases, many studies have
been performed to attenuate and
normalize fibrotic scar tissue formation.
Fibroblasts taken from different anatomic
locations can be studied in vitro, and can
be forced into a pro-fibrotic phenotype by
the addition of Transforming Growth
Factor-B (TGF-B)23-25. Though many
studies have been performed, no cure for
fibrosis is available to date.

Fibroblast and positional memory

In recent studies it was found that the
anatomic location of fibroblasts in the body
determines gene expression profile, and
this may lead to fibroblast heterogeneity. In
a study by Rinn and colleagues, it was
found that gene expression between
fibroblasts varied along the coordinates of
the anatomic axes, and the site of
fibroblast origin could be determined from
gene expression profiles 20. This coincides
with early findings that fibroblasts from
different anatomic locations have different
morphologies26-28, ECM deposition26:29.30,
proliferative capacities?6:29.31.32 and distinct
cell- surface antigen presentation and
surface receptors33. This means the
anatomic origin of fibroblasts used in
experimental designs are crucial to fully
understand the studied disease. Indeed it
is odd that so may differences have been
found between fibroblasts over three
decades ago, and only now we are starting
to study the plasticity and subpopulations
of fibroblasts.

Hox genes and pattern formation
The organization of specialized cell types
in the body can be achieved by two
different proposed mechanisms. Cells can
form patterns by differentiating into specific
cell (sub)types based on local interactions,
and ‘know’ where to go by mutual
attraction and repulsion. Alternatively, cells
can form patterns based on their positional
identity relative to reference points on the
anatomic axes. The difference in both
6



systems is that based on local interactions,
cells closely spaced from each other are
more likely to have shared local
interactions, and therefore may have
greater similarity to each other in gene
expression than cells that are more
spatially distant. On the other hand, based
on the coordinate system, cells that are
spatially distant from each other (like hand
and feet) may share a similar relative distal
position along the anatomic axes, and
therefore may share a similar Hox gene
expression signature gained during
embryogenesis. In 2006 the group of Rinn
found that spatial organization is mainly
based on a coordinate system along the
anatomic axes, and that Hox gene
regulation plays a crucial role in spatial
organization. Hox gene regulation provides
a ‘zip code’ for fibroblasts, homing
fibroblast subsets to specific anatomic
locations20. Equally important, this zip
code is maintained throughout adulthood
and passed along many cell divisions.

Hox genes in adults

As said in previous paragraph, fibroblasts
from different anatomic locations have
different Hox gene ‘zip codes’ which are
gained during embryogenesis and
maintained throughout adulthood. Even
more striking, this ‘zip code’ is maintained
over decades in vivo and over thirty cell
divisions in vitro34. Furthermore, positional
memory of fibroblasts is regulated by
epigenetic modifications, and this
epigenetic profile is maintained even after
culturing cells for over 35 passages20:34.35,
Equally important, epigenetic modification
of Hox genes is maintained throughout
adulthood2034, A citation from the paper by
Koch and colleagues; “Hierarchical
clustering of CpG sites related to Hox
genes revealed a separation of fibroblasts
from the top half (anterior) versus the
bottom half (posterior) of the human
body”35. This means epigenetic
modifications of CpG sites that regulate
Hox genes are maintained throughout
adulthood and are necessary to regulate
and maintain positional memory along the
anatomic axis of fibroblasts. The same

separation between top and bottom
fibroblast gene expression in the human
body was seen by Rinn and colleagues?°.

Hox genes in respiratory fibroblasts

HoxAS5 plays an important role in positional
memory of fibroblast of the mesenchymal
layer of the respiratory system. HoxA5
mutant knock-out mice are incompatible
with life, and die at birth due to a defective
respiratory tract36. Furthermore, HoxA5-/-
knockout led to defective motility of
alveolar myofibroblast precursors, and in
turn to mis-positioning of the differentiated
myofibroblast in the respiratory system.
The wrong anatomic positioning of these
myofibroblasts led to abnormal elastin
deposition postnatally3”. HoxA5 expression
seems to be restricted to the
mesenchymal germ layer, and appears to
control mesenchymal-epithelial
interactions during organogenesis.

Hox genes in limb fibroblasts

HoxA13, a distal specific Hox gene, plays
a pivotal role during limb development,
and is continually required in humans to
maintain the distal-specific gene
expression profile in adult fibroblastss4.
Furthermore, low expression levels of
HoxB2, HoxB4, HoxB5, HoxB6, and
HoxB7 were found in high HoxA13
expressing fibroblasts, suggesting a
negative interaction between the HoxA and
HoxB loci exists. In the HoxC locus of
fibroblasts, a noncoding RNA (ncRNA)
stretch was identified which inhibited
transcription of genes on the HoxD
locus®8. The finding that several HoxB
genes are negatively correlated with the
expression of HoxA13 might suggest a
similar regulatory mechanism for the HoxC
and HoxD loci. HoxA13 expression was
found in all distal parts, including hand,
feet and foreskin20.

Smad & TGF-f in Hox regulation

Bone morphogenetic proteins (BMPs) are

members of the transforming growth

factor-B (TGF-B) superfamily of signaling

molecules that regulate cell growth,

differentiation and apoptosis39-40, and are
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Figure 3: Diversity of gene expression
programs in 47 fibroblast populations. Each row
represents a gene; each column represents a
fibroblast population. Figure taken from Rinn et
al., 2006
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Figure 4: a gene expression signature exists
between distal parts of the body, such as hand
and feet. The white box highlights 98 genes that
are expressed by distal fibroblasts. Figure taken
from Rinn et al., 2006

important in bone and cartilage
formation3941-43, In previous paragraphs,
we identified Hox as important proteins
during embryo development by regulating
many different genes, which also includes
BMPs. In several papers, Smads are
identified as general Hox regulators,
thereby also regulating BMPs (and bone/
cartilage formation) during
embryogenesis41.43-49. For example
negative feedback is acquired through the
TGFBR/BMP signaling pathway, activating
the common Smad (Co-smad) Smad4.
Smad4 normally forms a complex with
Smad2/Smad3, translocates to the
nucleus and regulates gene transcription
by direct DNA binding or interacting with
promoter specific transcription factors0.
However, here Smad4 interacts directly
with the homeodomain of Hoxa9, and
blocks the ability of Hoxa9 to bind DNA,
thereby suppressing its ability to regulate
downstream gene transcription®'.

Other gene expression differences
Gene expression differences between
fibroblasts from different anatomic
locations don’t stop at Hox gene
expression differences. Hundreds of
different genes have been identified to be
differentially expressed among fibroblasts
from different anatomic locations (figure 3),
and these fibroblasts may even be
considered distinct cell types because their
gene expression programs are as diverse
as cells from different hematopoietic
lineages20:52, We will give an overview of
the many phenotypic differences of
fibroblasts from different anatomic
locations in the next paragraphs.

Fibroblasts in the respiratory system
Morphological and gene expression
differences between airway fibroblasts
(AF) and distal lung fibroblasts (DLF) were
identified by Kotaru and colleagues, and
are an example of spatially nearby
fibroblasts with entirely different cellular
outcomes®3. It was found that AF had a 2.3
fold greater surface area when compared
to DLF, were more star-like (stellate) in
appearance and had more cytoplasmic
8
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Figure 5: a clear gene expression profile
(signature) can be seen between foreskin (Frsk,
yellow), Feet (Ft, cyan), and Figners (blue). Figure
taken from Rinn et al., 2006.

projections, while DLF had a more spindle-
shaped morphology. Similarly, AFs had
increased CCL11 (eotaxin-1) synthesis
at baseline (2.5 fold) and after
interleukin-13 stimulation (13-fold). On the
other hand, AFs expressed less a-smooth
muscle actin, and were less prone to
proliferate after serum stimulation when
compared to DLFs. Furthermore, AFs
synthezised more procollagen type | than
DLFs, both at baseline (unstimulated) and
after stimulation with transforming growth
factor B. If we look back at cartilage
formation, members of the TGF-f
superfamily can regulate cellular fate
through Smads, by regulating Hox gene
expression. Furthermore, TGF-f thrives
cells into a pro-fibrotic phenotype. It is
worth noting that prolonged TGF-f
stimulation might force fibroblast cellular
differentiation into a pro-fibrotic phenotype,
thereby giving biased cellular phenotypes
and distorted view on the disease.
However, this finding does mean large
variations can be found between spatially
close fibroblasts from the lung.

Fibroblast gene signature in distal body
parts

Even more striking is that fibroblasts from
spatially distant anatomic locations, but
with similar relative positional distance
along the anatomic axis can have specific

gene expression signatures, as seen by
Rinn et al in hand and feet from human
adults (figure 4)20. The white box in figure
4 depicts the specific signature of 98
genes between hand and feet.
Furthermore, a similar gene expression
signature can also be found on other distal
body parts, such as foreskin (figure 5).
This finding shows that cellular
differentiation and positional identity of
fibroblasts is based on a coordinate
system which originates from embryonic
development, and is maintained
throughout adulthood.

Fibroblast wound scarring: dermal vs oral
mucosal fibroblasts

The difference in fibroblast gene
expression may also explain the difference
in wound healing at different anatomic
locations, such as wound healing on the
skin (dermal) and in the mouth (oral
mucosal)5455. While on skin most deep
wounds will scar, in the mouth almost no
scarring is found. McKeown and
colleagues found that oral fibroblasts, in
contrast to skin fibroblasts, secrete high
levels of stromelysin-1 (Matrix
metalloproteinase-3, MMP-3)35, and this
may lead to increased wound contraction
and less scar formation. Shannon also
identified decreased expression of a-
smooth muscle actin in oral fibroblasts
when compared to dermal fibroblasts.
Furthermore, oral fibroblasts had
increased synthesis of two epithelial
growth factors: keratinocyte growth factor
(KGF) and hepatocyte growth factor/
scatter factor (HGF), when compared to
dermal fibroblasts®4. This data suggests a
large differences exist between fibroblasts
from the oral cavity and the skin.
Furthermore, it reveals a complex interplay
between several cytokines and matrix
proteins during wound healing. Regulating
several factors may in time lead to better
regulation of fibrosis during wound healing
and during the course of several diseases.

Heart fibroblast gene regulation

In a study by Liang and colleagues, both

Transforming growth factor-g (TGF-) and
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microRNA-21 (miR-21) were upregulated
while transforming growth factor-
receptorlll (TGF-BRIII) was downregulated
in the border zone of mouse heart in
response to myocardial infarction.
Normally after myocardial infarction heart
tissue is replaced by scar tissue, mainly
collagen, which in time leads to decreased
heart function and myocardial death. TGF-
BRIl was identified as a negative regulator
of TGF-f1. It was found that miR-21
decreased TGF-BRIII expression, while
collagen deposition was increased. On the
other hand, over-expression of TGF-BRIII
reduced miR-21 expression and collagen
deposition, which means a tight balance
between TGF-BRIIl and miR-21 exists.
More important, over-expression of TGF-
BRIII also gave negative feedback to TGF-
B1 and pshosphorylated-Smad3 (p-
Smad3). This data implies that
downregulation of TGF-BRIlIl by miR-21
leads to overexpression of TGF-B1 and p-
Smad3, which in turn leads to increased
collagen deposition and scar formation36.
Better regulation of miR-21 might lead to
better control of fibrosis, and miR-21 might
even be used as a scar formation marker.

Myofibroblasts in the respiratory system

Comparing this data with a study from a
different group on lung fibrosis, miR-21
was found upregulated and this
upregulation led to fibrogenic activation of
myofibroblasts. miR-21 led to enhanced
TGF-B1 production, while on the other
hand, TGF-B1 led to an increase in
miR-21, causing a positive feedback loop,
ultimately leading to uncontrolled
fibrosis56:57. Furthermore, knocking down
miR-21 with antisense probes diminished
the severity of the experimental lung
fibrosis. On the other hand, increasing
miR-21 promoted pro-fibrogenic activity of
TGF-B1 in fibroblasts. The writers suggest
a possible mechanism for miR-21 is by
regulating inhibitory Smad7. Smad7 is a
TGFB type 1 receptor antagonist, and
miR-21 targets Smad?7, leading to a loss in
TGFB type 1 receptor inhibition. This in
turn leads to increased TGFB1 synthesis®”.

Endothelial-to-Mesechymal transition
Furthermore, miR-21 was found to be
involved in the Endothelial-to-Mesechymal
transition (EndMT) in the heart, where
endothelial cells lose their endothelial
markers and start to express certain
fibroblast markers. Stimulation with TGFp
led to an increase in miR-21 expression.
Induced miR-21 silenced the phosphatase
and tensin homolog (PTEN), which
resulted in activation of the Akt pathway,
leading to further loss of endothelial
markers and a gain in fibroblast markers.
This process could be partly reversed by
Akt inhibition8, In a recent publication from
a different group, it was found that Akt1
might regulate Hox gene associated CpG
methylation, thereby regulating Hox gene
expression®®. To summarize: TGFB can
regulate a pro-fibrotic phentotype in
fibroblasts by increasing miR-21
expression. miR-21 expression can in turn
regulate Smads (p-Smad3, Smad7) and
this leads to Akt activation, which can
regulate Hox gene expression. This in turn
can change the cell’s phenotype,
increasing ECM deposition and stimulating
an endothelial-to-mesenchymal transition
in heart endothelial cells. Via this pathway,
TGF-B might lead to a pro-fibrotic
phenotype.

Stem cells
Cord blood mesenchymal stem cells
For a long time, it was believed that all
mesenchymal stem cells (MSCs) derived
from embryonic cord blood had the same
properties. Soon it was found that some
populations had more proliferative
capacities, or could be more easily
induced to form a certain cell lineage.
Today, two different CD45-, CD34-
adherent stem cell populations can be
isolated form cord blood; the cord blood-
derived MSC (CB-MSC)89, which has bone
marrow derived MSC-like properties, and
the unrestricted somatic stem cells
(USSC)61-66, When studying gene
expression profiles, remarkable expression
difference between CB-MSC, BM-MSC,
adipose-derived mesenchymal stem cells
(AdAS) and USSC were foundb”.
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Characterization and gene expression
profiling of USSC revealed both unique
proliferation capacities and differentiation
potential. Cord blood derived USSCs could
be differentiated into all three germ layers;
ectodermal, mesodermal and
endodermal61.68-70,

Hox code in mesenchymal stem cells

In a study by Liedtke and colleagues, a
“piological fingerprint” based on Hox gene
expression was identified, which also
revealed a high similarity between BM-
MSC and CB-MSC. Both MSC lineages
were Hox positive, in contrast to the USSC
lineage, which was found to be Hox
negative. Furthermore, USSC were found
to be more embryonic stem cell-like. Hox
genes from all four different clusters (A-D)
were found to be differentially expressed
between MSC (both BM-MSC and CB-
MSC) and USSC, and four different Hox
genes were proposed as candidate
markers to discriminate between MSC and
USSC derived from cord blood. These four
markers are: HoxA9, HoxB7, HoxC10 and
HoxD8. Furthermore, Ackema and
colleagues recently described
mesenchymal stromal cells in mice from
different organs which could be
characterized by different Hox expression
profiles. This difference in Hox expression
profiles might be based on topographic
differences’!, the same as seen in
(myo)fibroblasts2°.

MSC and the Hox zip code’

In vitro, MSC isolated from different organs
exhibit different intrinsic proliferative
capacities and efficiencies with which they
can be induced to differentiate towards
specific mesenchymal lineages in both rat
2and humans7'.73-75 Tissue-specific
differentiation of MSC is mainly regulated
by Hox gene activity, and it seems that this
Hox gene ‘fingerprint’ or ‘signature’ is
maintained as MSC differentiate into
different anatomic location-defined
subtypes of fibroblasts20.34.52.71,

MSC differentiation regulation

The ERK-MAPK signaling pathway plays a
pivotal role during mesenchymal stem cell
(MSC) differentiation. In new studies by
several groups, it was found that miR-21
plays a pivotal role in regulating the ERK-
MAPK pathways’6. Furthermore, TNF-a
stimulation supressed miR-21, leading to
osteoporisis during estrogen deficiency’”.
Furthermore, upregulation of miR-21
promoted cellular survival of MSC exposed
to hypoxia or serum deprivation. This
means miR-21 plays an important role in
MSC apoptosis regulation’8. This also
means miR-21 plays an important role in
both MSC and fibroblasts, regulating gene
expression. To date, no data is available
on interaction between Hox and miR-21 in
MSC, but miR-21 might play a major role
in MSC differentiation.

Conclusion
Large gene expression differences exist
between fibroblasts from different
anatomic locations. Hox genes play an
important role during embryogenesis and
organogenesis, and were found to be
maintained in fibroblasts during adulthood.
Hox gene expression in turn seems to be
regulated by epigenetics, based on a
positional memory coordinate system, in
which cells differentiate based on their
location in respect to the anatomic axes of
the body. Cell differentiation does not only
seems to be regulated by local
interactions, as fibroblasts from nearby
anatomic locations can have completely
different gene expression signatures.
Furthermore, fibroblasts based distal in the
body, such as hand, feet and foreskin
fibroblasts share a common gene
expression ‘signature’, based on their
relative distal location along the anatomic
axes. This expression difference between
fibroblasts could mean fibroblasts from
different anatomic locations respond
different during wound repair, despite
having the same membrane bound
markers, and regulation seems to be
delicate. In this view, fibroblasts can no
longer be seen as a single cell type, but
instead should be further classified in to
11



different subtypes based on gene
expression profiles and anatomic location.
Studies aimed at fibroblast progenitors, the
mesenchymal stem cells, revealed gene
expression differences between different
MSC populations. Differential expression
of Hox genes seemed to play a pivotal role
in MSC differentiation and proliferation
potential. Furthermore, mixed populations
of MSC can be found in cord blood,
revealing striking Hox gene expression
differences and differentiation outcomes.
This means MSC can be further
categorized, and should not be treated as
a single cell type, as the gene expression
is as diverse as cells from completely
different cell lineages. It is striking that Hox
gene expression, gained during
embryogenesis is maintained throughout
adulthood, and can be tightly regulated by
epigenetics. It is this regulation that leads
to so many different cell types, each with
their own form and function. Cell
categorization used to be based on cellular
markers and morphology. However, today
cells can be further categorized based on
gene expression profiles, and it is now
clear that several fibroblast and MSC
populations exist. We have only begun to
reveal the plasticity of the many
subcategories of fibroblasts and MSC, and
to elucidate their extremely well
coordinated role in the body.

Future

It is important to further elucidate and
subcategorize the different populations of
both cord-blood derived MSC and
fibroblasts, to develop new therapeutic
strategies for tissue generation and repair.
Many diseases develop with detrimental
fibrosis, leading to organ failure and
eminent death. Further subcategorizing
MSC and fibroblasts may lead to better
understanding the role of these cells
during pathogenesis and fibrosis. In time,
these studies can lead to better
therapeutic targeting and hopefully, a
treatment against fibrosis.
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