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Lateral Thinking of Emerging Tedhnology
Molecular Markers for Characterization of Stem Cell Lineages
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Stem cell research offers immense potential to address several key issues related to human health. Different cell lineage
of the stem cells are expected to have varying transcriptomes and proteomes. Thus, no two cell types are identical with
respect to their gene expression profiles. If the expression profile of the genes is established in different cell types, the
same can be used as reliable marker for characterization of cell lineages. Present article deals with the analysis of thic
issue and assessment of tools that can be used as marker systems for characterization of different cell lineages. Th
rationale is related to the experimental approach based on the fact that a higher eukaryotic chromosome is endowed witt
coding and non-coding sequences. From the pool of repeat sequences, the short tandem repeat (STR) sequenc
(minisatellites) may be used as decoy to access the coding ones by conducting minisatellite associated sequence amplifi
cation (MASA) using cDNA from a given cell type representing a cell lineage. Cloning, sequencing and expression
analyses of MASA amplicons would uncover gene(s) specific to a particular cell lineage. Since expression profile of each
cell type is envisaged to differ, different cell lineages would give rise to different expression profiles. Following this
approach, a large number of genes expressing exclusively in a given cell type may be accessed. Working on the hypoth
esis, we have accessed a total of 43 structural, regulatory and functional genes. The added advantage of this novel ay
proach is that genes are accessed even without screening the cDNA library. Prospect of this approach in the context o
stem cells research is discussed.

Key Words: Molecular marker, Short tandem repeats (STR), Minisatellite Associated Sequence Amplification
(MASA), Real Time PCR, Transcriptomes and Proteomes

Introduction functions [6, 7]. In recent years, plasticity of adult sten

Stem cells are now used to address a number of problen%e”S and th_ei_r potential use for m_edical therapeutics hg\
related to human health. However, little is known aboutbeer_1 scrgUmzed. Th? embryonlc_cells have t_he ?b.'“t!
the status of transcriptomes and proteomes of stem cel®® give rise to a vgrlety of cell lineages maln'talnlng
The decisive, instructive, and permissive signals thatun"m'ted symmetrical self-renewal and clonality [8],

decide the fate of self renewal or differentiation of theseprowdmg a potential source of dlﬁerenthted cells for
cells are provided by growth factors in the therapeutic purposes. Human embryonic stem cell

. . ) o L (huES) were first isolated and successfully propagate
microenvironment or “stem cell niche” [1]. I(_jent_lflcatlon in 1998 [9]. To date 71 independent huES cell lines ha

%een developed worldwide [9, 10] of which, 11 are
hvsiological | S ‘ l-mediated i currently used for research purposes. However, little i
physiological inscription of stem cell-mediated tissue | .\ ahout the mechanism of differentiation and factor

generation, turnover and repair. Furthermore, eXtendingreguIating their development. Much of the information
such knowledge to control the differentiation, expansionon ES cells has been derived from the studies on mou:

and Iineage speci_fic prre_ssion profile Qf stem c?e_lls holdsrhase include culture conditions promoting
promise for applications in regenerative medicine andyifterentiation of mouse ES cells into heart, blood,
biopharmaceuticals. muscle, blood vessels, brain and insulin producing isle
Broadly, stem cells have been categorized ascells [11, 12]. Owing to its importance in research anc
embryonic stem cells (ESCs) and adult stem cellsclinical applications, the first step should be the
(ASCs). Accurate maintenance and homeostasis ofdentification of a set of ES cell-specific genes that ma
mammalian tissues depend on the ASCs [2], in contraspe used as molecular markers for their characterizatio
to ESCs, having multipotency to give rise to all the tissueThat would also facilitate to identify unique regulatory
types of the body [3]. Adult stem cells are found in a pathways of these candidate gene(s).
variety of tissues, including skin, muscle, intestine and A large number of mega-, mini- and microsatellite
the hematopoietic system [4, 5]. Within these tissuessequences (Short tandem repeats motifs) have be
stem cells are often integrated in, and protected by nichesharacterized from a number of species and several
that provide a unique environment for their specializedthese have been used as genetic markers [13] for geno

critical to understand the developmental and
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analysis [14]. Some of these are evolutionarily conservedlastocyst developed in culture within 5 days of
(shared across the species) [15] whereas others remafertilization of the oocyte [20]. ESCs can form all the
unique (species specific) to a given genome [16]. Repeadomatic tissues, but not the ‘extra embryonic’ one:
sequences are also known to shrink and expand fuellingecessary for the development of placenta an
the process of copy number alteration providing anmembranes, and thus cannot form a complete individue
opportunity to assess their possible roles in reproductiviESCs are immortal having high levels of telomeras
isolation and speciation [17, 18]. expression without undergoing senescence [21]. Hig

Though little is known about the differentiation of Potential of proliferation, euploid karyotypes, epigenetic
stem cells and lineage specific molecular markers Status and high level expression of Oct4 are othe
MASA coupled with Real Time PCR may be used to Important characteristics of the embryonic stem cells [€
monitor the expression of a number of genes. Such gene&?]- The summary of the different approaches used t
if not already mapped in a given species may also béinderstand the elaborate process of differentiation «
localized using fluorescence in situ hybridization (FISH). ESCs is given in recent reviews [9, 10].

Differentiation Potential of Stem Cells ASCs differentiate to give rise to major specializeo
: . . e of cells and have been shown to exhibit al
As described earlier, stem cells are uniquely capable O}yp . .
- . ) . . unexpected versatility. Studies have shown adult stel
giving rise to multiple types of differentiated progeny T .
N . o ,>._cells originating in one germ layer form a variety of othel
and maintaining tissues. Since the term ‘pluripotent’ is ;. .
. derivatives of the same germ layer (e.g. bone marrow
used to describe stem cells that can form all the thre L . .
embryonic germ layers: mesoderm, endoderm an 0-muscle within the mesodermal lineage) and this ma
ectoderm which are the source of the entire cell types o ;ar;sr-sdl[fze genztftezgn]to ;g%ge:;/:tglg SO O(Ieo(;?fa:tggr?:
the body. Ectoderm forms skin cells of epidermis, y o L : .
reproduction and somatic tissue homeostasis respective

cardiac muscle, skeletal muscle cells, kidney tubule ceIIjZG]' ESC genes have been found to show highe

red blood cells and gut smooth muscle, while the fate Opomplexity with significantly more number of expressing
pancreatic cells, thyroid cells and lung cells depend uponqenes than ASCs [26].
the inner |ayer, endoderm (Tab|e ]_). Potential Applications of the Stem Cells

Since it is difficult to delineate distinct features With the advancement of therapeutic cloning, the use «
specific to stem cells, focusing on expression profile ofdifferent kinds of stem cells has increased several fold
individual cell type with its multipotency and self renewal There are over 4,000 registered genetic diseases f
[19] may prove to be very informative. Embryonic stem Which, in principle, different types of stem cells are

cells are derived from the so-called ‘inner cell mass’ of required to provide the cure. Stem cells can be used f
different purposes [27], but an eminent use of ESCs i

Table 1. Development of different tissues from the embryonic stem ~ S€€N in transplantation medicine for cell replacemer

cells therapies. Examples of diseases where a person may
Embryonic Germ Layer Differentiated Tissue benefited from ESC include diabetes, Parkinson™
Endoderm Thymus _ disease, Stroke, Arthritis, Multiple Sclerosis, Heart
Igﬁ’;r‘]’)'(d ' tfairﬁégym'ﬂn%'a”ds failure and Spinal cord. It is known that ESCs are capab

Urinary ‘bladder ) 'Vagina . urethra of generating neural, cardiac, skeletal muscle, pancre

Gastrointestinal (Gi) organs (liver, and liver cells in teratocarcinomas in immuno-deficient

Lin‘i’ggcg‘:a;)e Gi tact micein vivoas well as in tissue culture cells [12, 28]. In

Lining of the respiratory tract addition, adult stem cells may also be used eithe

Mesoderm Bone marrow (blood) exclusively or in combination with treatments to achieve

Adrenal cortex significant “healthcare benefits” to the patients suffering
Lymphatic tissue =

Skeletal , smooth and cardiac muscle {fom Brain Tumors, Ovarian Cancer, Solid Tumors,

Connective tissue (including bone, Multiple Myeloma, Breast Cancer, Non-Hodgkin’s
cartilage) . . .

Urogenital system, Primordial germ Lymphom_a, Mult_l_ple Scler93|s, Syster_nlc Lupus,
cells Rheumatoid Arthritis, Anaemia, Stroke Blindness anc

Heart and blood vessels(vascular system) Immunodeficiency [23, 24, 29, 30]_

Ectoderm Skin . .
Neural tissue(neuroectoderm) Molecular Basis of Pluripotency

éﬁ&i';f; Z‘I‘;?]Lé"a Few signaling pathways are hypothesized to regulate tt

Connective tissue of the head and face capacity of ESCs for continued self renewal anc
Eyes, ears differentiation. The most important one is the inhibition
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of BMP-4 via the action of FGF-2 and Noggin which is characteristics of different lineages [48]. Lineage
thought to be crucial for the maintenance of pluripotencycommitment immultipotential cells has been regarded
and self renewal in stem cells [10, 31]. The otheras an immutable stochagtimcess but may be modified
pathways are phosphorylation of SMAD2/3 and by extrinsicsignaling. The mechanisms, by which
stabilization of3-catenin via the PI3K/Akt pathway [10]. lineage-restricted patterns of transcription factol
The signaling pathways like Wnt, Notch, Sonic hedgehogexpression is established, are of particular relevance
(Shh) and intrinsic factors such as chromatin remodelingour understanding their role in normal development [49]
factors and cell cycle regulators have also been reporte®his suggests that multiple lineage-restrictec
to be involved in stem cell renewal [32, 33]. transcription factors are expressed prior to lineag
Several transcription factors have been found to playcommitment. The regulated accessibility of gene:
a critical role in self-renewal of stem cells whose appears to be a critical feature in the stem cell state. Tl
expression profile is used to characterize embryonic cellsS0-called ‘multilineage priming” model suggests that
One such factor, Oct3/4, belonging to the POU family Stem cells express low levels of a large number of gent
of transcriptional regulators, is expressed in pluripotentthat are highly expressed in its differentially committec
cell populations both in vivandin vitro[34, 35]. Several ~ Progeny [48]. A large number of genes have also bee
target genes for Oct 3/4 have been identified includingfound to express in differentiating HSCs, whereas
Utf-1[36], Rex-1 [37], PDGFaR [38], Otx-2 [39], Lefty- committed precursors express only the proportion of th
1 [39] and Nanog [40, 41] but their roles in embryonic 9enes that are related to their lineages [50]. In additior
cell pluripotency and self-renewal are still unclear. Otherhematopoietic stem cells express a relatively larg
transcriptional regulators such as Sox-2 [42] act innumber of non-hematopoiesis-associated genes,
coordination with Oct 3/4. The molecular mechanismsparticular neuronal genes. Although most of thes
through which Oct 3/4 and various co-factors regulateneuronal genes have not been linked to the induction
ES cell pluripotency and self-renewal have been coveredieuronal differentiation, their neuronal exclusivenes:
in recent report [43]. Future research in this area is’emains elusive since it illustrates the wide variety o
envisaged to enable the identification of new genesgenes expressed in the hematopoietic stem cells [51].
responsible for pluripotency. similar situation seems to hold true for embryonic sten
cells also. Embryonic stem cells with a tendency tc
acquire neuronal identity, express several neuron:
Usually, surface markers are used to characterize steliheage-specific genes under normal culture condition
cells, including various glycolipids and glycoproteins [51). |t appears that differentiation is accompanied by
wh|c.h were ongma!ly identified on human_ embryonic g ccessive restriction in the repertoire of genes that ce
carcinoma cells or in human preimplantation embryos,,o expressed. Thus, there is a relationship among
such as SSEA-4, TRA-1-60 and TRA-1-81 [44]. ESCS jigterentiation potential, chromatin accessibility and the
also express surf_ace antigens |n|t|ally described in OthanuItipotency at the transcriptional level. Chromatin
stem cell populations such as AC18%t(CD117), flt3 1, yifications maintain its status through DNA

E}CDBS) arld(?tag [45, 46]'Alth0$?hh several ll(abor_atcl)zr;acs: replication and mitosis. In particular, methylation of the
ave reported the expression of these markers in sine residues in histone 3 appears to play a role i

their quantitation in different CET\” lines has .onIy recently epigenetic memory. These histone modifications recru
been reported [45, 46]. Studies evaluating long-term . )
polycomb or trithorax group protein complexes to

stability of ESCs have indicated that expression of 7 . . ) S _
- X S . aintain the silencing or activation status of genes [52
characteristic surface markers is maintained in ES cell.. . . .
ince stem cells self renew without losing any of thei

lines following prolonged cultures [46, 47] as well as . . - .

ving prolong [ ] . features, they should inherit the same epigenetic stat
those maintained in a serum-free culture medium. der t intain thei tic ch teristics. F
containing a combination of growth factors, transforming I order 1o maintain their genetic characteristics. Fror

growth factor-beta 1 (TGB1 basic fibroblast growth this VLEWpomt’: IS not gnexlp ected fhe}t pﬁlycomb grou
factor (bFGF) and/or leukemia inhibitory factor members, such as Bmil, play a role in the maintenan

(LIF)[47]. These findings indicate that hES cells of several stem cell populations, their self renewal [53
maintained over long-term culture in different conditions @nd stem cell memory [54]. A common code for the ster

retain expression of characteristic pluripotent stem cellC€!l-specific expression of factors involved in the
markers. epigenetic modifications and/or transcription silencing

or activation has not been described. This may not &
very surprising as all cells including differentiated ones
need enough epigenetic memory to maintain thei
Multipotent hematopoietic progenitor cells appear to beinherited transcription profile in order to prevent cell
primed for co-expression of a number of genes,death or acquiring an altered cell fate.

Markers for Stem Cells

Commitment of Hematopoietic Stem Cells and
Multilineage Gene Expression
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Lineage Specific Molecular Marker for Stem Cells of other oligos based on minisatellite regions with thei

The development of tools for global gene expressionnucleotide sequence is given in Table 2. Thes
analysis allowed characterization of the transcriptomegninisatellites have been found to be highly useful fo
and proteomes of different stem cell populations. Theth€ @nalysis of human and non-human genomes.
study conducted on transcription profiles of embryonic, MASA conducted using cDNA as template,
neural and hematopoietic stem cells generated a greaincovers a number of amplicons each representing
deal of enthusiasm [55, 56]. However, this could notspecific MRNA transcript tagged with minisatellite. This
provide unique transcriptional profile of a stem cell suggests that the minisatellites can be an integral part
lineage which could be used as specific marker. Insteadhe transcribing genes. This has been demonstrated
it was observed that some stem cells were enriched witlone of our recent studies using a 33.15 consensus rep
genes not exclusive to these cells, indicating that theas primer for MASA and cDNA from various tissues of
combinations of many genes rather than a few individualbuffalo. In the process, 25 amplicons of six different size
ones are responsible to provide the stem cell itsrepresenting several functional, regulatory and structur:
characteristics. Surprisingly, two common expressiongenes were uncovered [14]. Of these amplicons, the 84
profiles for different stem cells showed minimal overlap. 847 bp fragment having homology with Adenylate kinase
Other studies also failed to uncover a unique genetigene showed gonad specific changes in its nucleotide
fingerprint and it was suggested that the limited overlapsix different positions. Another 487 bp fragment showe
was due to somewhat different experimental approache$00% homology with human Y-chromosome specific
[57, 58]. Even though differences in the selected cellssequence. Based on this, we speculate that MASA ar
microarrays, culture methods and computational analyseReal Time PCR can be used to characterize th
might have affected the number of overlapping genedranscribing sequences from the stem cells. This in tur
for different stem cell types. It appears unlikely that thesewould allow to access lineage specific expression of th
differences could account for the limited overlap transcribing genes.

observed from different studies. If specific set of genesour Hypothesis: MASA Coupled with Real Time
contributing to the characteristic features of stem cellsPCR may be Used for Molecular Mining of
exist, the comparison of the expression profiles of widely Transcriptomes of the Stem Cell Lineages

different stem c.:eII .populations should have revealed aDespite several studies, no common genetic program fi
common genetic signature [55, 56, 58, 59, 60, 61, 62]‘the expression profiles of stem cells lineages is availabl

Howe\{er, analysis of the dl.fferent stem cell We hypothesize that MASA coupled with Real Time
transcriptomes suggests that a single common geneti . '
CR may be used to uncover the expression profile «

program does not control the properties of different stem enes in different stem cell lineages which will provide

.cell.and hepce different expression profile is expecteogeta”ed information about the transcriptomes of tha
in different lineages and populations of stem cells.

particular lineage as shown in schematic representatic
Minisatellites as Markers for Analysis of Gene  (Fig. 1).

Expression We have already standardized the procedures usit

A typical eukaryotic genome contains a sizable part ofpuffalo as a model system. RNA was isolated fron
repetitive DNA sequences. These sequences may be
divided into those that are tandemly arrayed and the One'gable 2. Synthetic oligos based on consensus repeat motifs used for
. . . . DNA profilin
interspersed in the genome. Minisatellites are usually promne :
defined as the repetition in tandem of a short (6- to 100Min- ~~ Number — Nucleotide sequence

satellites of nucleo-

bp) motif spanning 0.5 kb to sevekid bases [63]. Some tides

of the minisatellite consensus sequences, when used @gT 33.15 16 5 CACCTCTCCACCTGCC 3’
primers in PCR, generate a number of bands which ar@AT 15.1 15 5" ATAGATAGATAGATAZ!
. . _OAT 152 15 5 ACAGACAGACAGACA3'

usefull for t.he development of _g(_enetlc-markers._ThlsOAT 181 19 5 ATAGATAGATAGATAGATA 3
technique is referred to as Minisatellite Associatedoar 182 19 5 ACAGACAGACAGACAGACA3’
Sequence Amplification (MASA) [14, 16]. The size and OAT 336 22 5" CCTCCAGCCCTCCTCCAGCCCT 3
hiah d ¢ het i of mi tellit qOAT 241 23 5' ATAGATAGATAGATAGATAGATA 3’

Igh degree of heterozygosity or microsateliites andoar 242 23 5' ACAGACAGACAGACAGACAGACA 3'
minisatellites have made them one of the most importanbAT 24.3 18 5 TTAGGGTTAGGGTTAGGG 3’
DNA based markers for genetic analysis. For instancegﬁ ig ig g gggi g
the hypervariable minisatellite 33.15, originating from gar 21 21 5 (TGG) 3
the autosomal myoglobin gene [13] has been widely use®AT 20y 20 5" TTCCATTCCATTCCATTCCA 3

; ; i« 1 Poly CA 16 5" CACACACACACACACA 3’

to detect genetic polymorphism and genome analysis "ng e o COATGGATGGATGGAT 3

humans and several non-human species [14, 64]. A list
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different tissues of the animal and converted in to(5’CACCTCTCCACCTGCC3 and 25 amplicons of six

cDNA following standard protocols. The cDNA from different sizes (1263, 846/847, 602, 576, 487 and 32
testis, ovary, spleen, kidney, lung heart and liver wasbase pairs) were uncovered [14]. These amplicon
used as template for MASA with a 16 mer oligo represented 43 transcribing genes across the spec

based on consensus of 33.15 repeat

Stem cell lineages

i

Total RNA isolation and cDNA synthesis

i

MASA with cDNA from different stem
cell lineages and decoy sequences

i

Cloning, sequencing and characterization
of the amplicons

i

Homology search of amplicons
with sequences in the GenBank

i

Primer design for Real Time PCR and
relative quantitation of the expression

i

Comparative analysis and identification of
lineage specific transcribing genes

lociencompassing several functional, regulatory an

structural ones. Some of these fragments showed tiss
specific nucleotide changes and expression. For instanc
the 846/847 bp fragment representing the Adenylat
kinase gene showed six gonad specific (ovary and testi
nucleotide changes at six positions. Some of th
fragments represented very important genes e.g. Secref
modular calcium binding protein-1 (SMOC-1) and
Leucine rich repeat neuronal 6A (LRRN6A). This evokec
our interest to design primers for Real Time PCR an
assess the transcription level of these genes. Thou
SMOC-1 gene transcripts were uncovered from live
only, Real Time PCR showed its maximum (160 folds]
expression in liver (Fig. 2). Similarly, Real Time PCR
showed maximum expression of AKL, LRRN6A and
TCR-?in the testis and T-cell receptor like gene in splee
Detailed work is reported in our recent publication [14].
It is clear that MASA coupled with Real Time PCR has
immense potential to uncover accurate expression of
large number of genes tagged with minisatellites and ce
be used to design tissue and species specific molecul
markers. Following this approach, expression profile:
of the genes may be developed using cDNA fron
different lineages of stem cells. In the process, gene(
showing highest level of expression in a specific lineag
may intern be used as molecular marker. In principle
transcriptomes of any cell lineage can be accessed usi
MASA approach. Thus, current MASA approach would

Fig. 1: Schematic illustration of assessment of transcribing genescom liment other existing approaches adding a new
from different stem cell lineages without screening the cDNA P g app 9

library employing Minisatellite associated sequence amplification dimension to the stem cell biology and therapeutic

(MASA) coupled with real Time PCR cloning.
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Fig. 2: Real Time PCR amplification plot showing relative expression of Secreted Modular Calcium Binding Protein (SMOC-
different tissues of buffalo)and its highest expression (160 folds) in liver compared to that in lung taken as an endogenousontr
(Taken from Srivastava et al. 20@\A Cell Biol. 25(1),31-48)
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