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Expression of migration-related genes is
progressively upregulated in murine
Lineage-Sca-1+c-Kit* population from the fetal to
adult stages of development
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Abstract

Introduction: Hematopoietic stem cells (HSCs) follow a genetically programmed pattern of migration during
development. Extracellular matrix and adhesion molecules, as well as chemokines and their receptors, are important in
adult HSC migration. However, little is known about the role these molecules play at earlier developmental stages.

Methods: We have analyzed by quantitative polymerase chain reaction (qPCR) array the expression pattern of
extracellular matrix and adhesion molecules as well as chemokines and chemokine receptors in Lineage-Sca-1+c-Kit*
(LSK) cells at different stages of development, in order to characterize the role played by these molecules in LSK. Data
were represented by volcano plots to show the differences in expression pattern at the time points studied.

Results: Our results show marked changes in the expression pattern of extracellular matrix, adhesion molecules,
chemokines and their receptors with developmental age, particularly in later stages of development. Ten molecules
were significantly increased among the LSK populations studied. Our screen identified the upregulation of Col4al, as
well as molecules involved in its degradation (Mmp2, Timp2), with development. Other genes identified were Sell, Tgfbi,
and Entpd1. Furthermore, we show that the expression of the chemokines Cc/4, Ccl9, II18 and the chemokine receptor

Cxcrdincreases in LSK cells during development.

engraftment.

Conclusions: Several genes are upregulated in the LSK population in their transition to the bone marrow
microenvironment, increasing at later stages of development. This gene pattern should be emulated by embryonic
stem cell-derived hematopoietic progenitors in order to improve their properties for clinical applications such as

Introduction

Hematopoietic stem cells (HSCs) are the best character-
ized stem cell population in adult organisms. They differ-
entiate into all blood lineages [1] and self-renew to keep a
constant pool of HSCs throughout life [2]. HSCs lack
expression of mature lineage markers (Lin) and have
high expression of Stem cell antigen-1 (Sca-1) and c-Kit
receptor tyrosine kinase (stem cell factor receptor) [1].
All these markers define the LSK population (Lin-Sca-
1*+c-Kit*), which contains a heterogeneous mixture of
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hematopoietic progenitors including long term HSCs
(LT-HSCs), short term HSCs (ST-HSCs), and multipotent
progenitors (MPPs) [1]. While ST-HSC are responsible
for rapid reconstitution of myeloablated transplant recip-
ients, LT-HSCs possess complete self-renewal properties,
which are important in long term reconstitution applica-
tions, such as therapeutic bone marrow transplantation
[3]. LT-HSC can be distinguished from ST-HSC and MPP
by the expression of Signaling Lymphocyte Activation
Molecule (SLAM) family markers [2]: only LT-HSCs
express the SLAM family marker CD150 and lack expres-
sion of CD48 and CD41 [4]. SLAM markers have been
shown to be useful in identifying adult as well as fetal LT-
HSCs after day 14.5 of gestation (FL14.5) [5,6].

. © 2010 Ciriza et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
( BIoMed Central Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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During embryonic development, HSCs follow a defined
pattern of migration through different anatomical loca-
tions [6-8]. At early stages of development, HSCs have
been found in both yolk sac and the para-aortic splanch-
nopleura (pSp) as well as in the aorta, gonad and meso-
nephros (AGM) region [9-12]. The fetal liver is populated
with LT-HSCs by day 11.5 of gestation. However,
although the fetal bone marrow is present by 15.5 days
post coitum (dpc), LT-HSCs cannot be detected in this
tissue until day 17.5 of gestation. Christensen et al.
hypothesized that circulating LT-HSC, although chemot-
actic by 14.5 dpc to the bone marrow recruiting
chemokine stromal cell derived factor-la (SDF-1la),
would not colonize the fetal bone marrow until a suitable
microenvironment is present [8]. Alternatively, LT-HSCs
circulating in fetal blood might not possess the appropri-
ate chemokine receptor or adhesion molecule repertoire
required for bone marrow homing and migration. The
analysis of the expression of these molecules in LT-HSC
and LSK populations could shed light into the mecha-

nisms involved during the process of embryonic
hematopoietic progenitor migration as well as in the
physiological hematopoietic  progenitor migration

observed in adult organisms [13].

Extracellular matrix and adhesion molecules are neces-
sary for the migration and homing of adult HSC into the
bone marrow [14,15]. For example, B1 integrin deficient
HSC cannot colonize the fetal liver, spleen and adult bone
marrow [16,17] while antibody blocking [18] or condi-
tional deletion [19] of a4 integrin results in reduced bone
marrow homing of HSC. Likewise, blocking matrix met-
allopeptidase 9 (MMP9) activity in HSC by antibodies or
genetic deletion impairs HSC motility [20]. Chemokines
and their receptors have been also implicated in both
mobilization and bone marrow homing of transplanted
adult HSC [15]. SDF-1a, also called CXCL12, whose
receptor CXCR4 is expressed by HSC, has chemoattrac-
tant properties to hematopoietic progenitor cells in
humans and mice [21,22]. Moreover, mice deficient in
SDF-1a or CXCR4 do not establish bone hematopoiesis
but have normal fetal liver hematopoiesis [23-25]. Adult
marrow LSK cells also express mRNA for the chemokines
receptors Ccr3 and Ccr9, although they fail to migrate to
the ligands for these receptors [22]. In the same study, the
chemokines receptors Xcrl, Cxcr2 and CxcrS were
detected in some but not all of the LSK cells tested, exem-
plifying the variation in the expression of these molecules
among the LSK population. Altogether, an exhaustive
expression analysis of extracellular matrix, adhesion, and
chemokine molecules has not been done in LSK at differ-
ent embryonic developmental stages or anatomical loca-
tions.

In this study, we investigated the expression of extracel-
lular matrix and adhesion molecules, as well as chemok-
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ines and their receptors, in LSK populations at different
developmental times by a qPCR array. We hypothesized
that their expression will vary in LSK populations
depending on developmental stage and anatomical loca-
tion. We isolated LSK and LT-HSC cells at different
stages of development by flow cytometry. Subsequently,
we used qPCR arrays to examine the expression of extra-
cellular matrix, adhesion, chemokines and chemokine
receptor molecules. Our results show that LSKs from
fetal bone marrow at 17.5 dpc share a molecular pattern
similar to fetal liver LSKs at 17.5 dpc and adult bone mar-
row, whereas LSK cells in the fetal liver at 14.5 dpc have
lower expression level of the molecules studied. More-
over, we observed that there is a significant progressive
upregulation of genes involved in HSC migration (includ-
ing the chemokine receptor Cxcr4 as well as molecules
related to type IV collagen alphal synthesis, degradation
and regulation (Col4al, Mmp2, Timp2)) during develop-
ment, with the highest expression in adult tissue. Taken
together, our study is the first to directly compare the
expression of adhesion molecules and chemokines in the
LSK population during different stages of fetal develop-
ment.

Materials and methods

Mice

C57BL/6 (B6) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) or bred in house and
housed in sterile microisolator cages with sterile feed and
autoclaved water. They were euthanized by CO, asphyxi-
ation. All procedures were approved by the UC Merced
Institutional Animal Care and Use Committee (IACUC).

Antibodies

The following monoclonal antibodies were purchased
from BioLegend (San Diego, CA, USA) and used in flow
cytometry: PE-Cy5-conjugated anti-CD3 (145-2C11),
anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD11b (M1/
70), anti-CD19 (6D5), anti-NK1.1 (PK136), anti-Ter119
(Ter119) and anti-GR1 (RB6-8C5), PE-conjugated anti-
Sca-1 (E13-161.7), APC-conjugated anti-c-Kit (2B8), PE-
Cy7-conjugated anti-CD150 (TC15-12F12.2) and FITC-
conjugated anti-CD48 (HM48-1). FITC-conjugated anti
CD41 (MWReg30) and purified anti-CD16/32 (2.4G2)
were purchased from eBioscience (San Diego, CA, USA).
Each antibody was carefully titrated and used at a con-
centration that gave the highest signal with the lowest
background, following staining of control bone marrow
cells.

Tissue isolation

Breeder mice were mated in the early evening and were
checked for vaginal plugs the following morning. The
morning on which vaginal plugs were observed was des-
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ignated 0.5 dpc. Fetal liver and limbs were dissected from
fetuses at 14.5 and 17.5 dpc and placed in cold M199+
media (Invitrogen, Carlsbad, CA, USA) with 2% FBS
(Atlanta Biologicals, Lawrenceville, GA, USA). Single-cell
suspensions were prepared by triturating the tissues
through a 70 pm nylon mesh screen. At least three preg-
nant females were used for each time point. Those fetuses
that appeared developmentally advanced or delayed in
any age group were discarded. Adult bone marrow
obtained from the hind leg bones of four-week old mice
was flushed with a 25 G needle in cold M199+ media with
2% FBS. Single cell suspension was filtered through a 70
um nylon cell strainer.

Cell staining for flow cytometric sorting and analysis

Single cell suspensions from the different tissues were
stained with anti-CD16/32 antibody to block FcyII/III
receptors. Fc blockage was followed by staining with an
antibody cocktail containing PE-Cy5-conjugated anti-
CD3, anti-CD4, anti-CD8, anti-CD11b, anti-CD19, anti-
NK1.1, anti-Ter119 and anti-GR1 (Lineage markers), fol-
lowed by staining with anti-PE microbeads (Miltenyi Bio-
tec, Auburn, CA, USA). The Lin* cells were depleted
using the AutoMACS ("Deplete_S" protocol) to enrich
the lineage negative fraction containing hematopoietic
progenitors. Subsequently, this fraction was stained with
PE-conjugated anti-Sca-1, APC-conjugated anti-c-Kit,
PE-Cy7-conjugated anti-CD150, as well as FITC-conju-
gated anti-CD41 and anti-CD48. Propidium iodide (0.5
pg/ml final concentration) was added before sorting to
exclude dead cells. LSK cells were isolated using a FAC-
SAria™ flow cytometer controlled by BD FACSDiva™ soft-
ware (version 4.1, Becton Dickinson, Franklin Lakes, N7,
USA). Unstained cells were used to evaluate autofluores-
cence. Each experiment was carefully compensated by
staining BD™ CompBeads (BD Biosciences, San Jose, CA,
USA) with the appropriate antibodies and using BD FAC-
SDiva™ software.

RNA isolation
RNA was extracted from sorted LSK cells using TRIzol’
reagent (Invitrogen), following the manufacturer's

instructions. Following DNAse I (Roche, San Francisco,
CA, USA) treatment, the concentration of RNA was
determined using a Nanodrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA).

Quantitative PCR array

Two pg of RNA were processed with RT2 First Strand Kit
(SA Biosciences, Frederick, MD, USA) according to the
manufacturer's specifications. Quantitative PCR analysis
of extracellular matrix and adhesion molecules, as well as
for chemokines and receptors, were assessed with the
Extracellular Matrix and Adhesion Molecules PCR Array
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(SA Biosciences) [26], the Chemokines & Receptors PCR
Array (SA Biosciences) [27], RT2SYBR' Green qPCR mas-
ter mix (SA Biosciences) and a Stratagene Mx3000p
qPCR System (Santa Clara, CA, USA). At least three RNA
samples per time point were analyzed.

Data analysis

Flow cytometry data analysis was performed using
FlowJo software (version 7.2.4, Tree Star Inc., Ashland,
OR, USA). Tukey and Student ¢-test statistical analysis
were performed with SPSS software (version 13.0, IBM,
Chicago, IL, USA). PCR array data were analyzed by the
RT?Profiler PCR Array Data Analysis web portal from SA
Biosciences based in the AACt method with five different
housekeeping genes and represented by volcano plots
[28].

Results

Analysis of the frequency of LSK and LT-HSCs in different
microenvironments during development

We analyzed the frequency of the LSK population in lin-
eage depleted fetal livers at 14.5 dpc (FL14.5) and 17.5
dpc (FL17.5), in fetal bone marrow at 17.5 dpc (FBM17.5)
and in bone marrow from four-week old adult (adult BM)
mice (Figure 1a). The average percentage of LSK cells
detected in FL14.5 was 0.45 + 0.26%, 0.78 + 0.34% in
FL17.5, 1.9 £ 0.57% in FBM17.5 and 2.94 + 0.7% in adult
BM (Table 1). The percentage of adult BM LSK cells is in
agreement with previously published work [29], and vali-
dates our LSK gating strategy (Figure la). These data
show that the frequency of LSK cells increases during
development. Note that by 17.5 dpc the fetal bone mar-
row has a higher frequency of LSK cells than the fetal
liver. By means of Tukey and Student's ¢-test statistical
analysis, we established that the difference between the
frequencies of LSK cells in the adult bone marrow versus
the fetal liver at different stages of development is statisti-
cally significant (P < 0.05). Furthermore, there was a sta-
tistically significant difference between the percentage of
LSK cells in the FL14.5 and FBM17.5 samples. In con-
trast, there was no significant difference between the fre-
quency of LSK cells in adult BM or FL17.5 versus
FBM17.5. When the absolute numbers of LSK cells were
determined, all samples gave significant differences when
compared to the adult bone marrow (Figure 1c, left
panel).

As the LSK population contains both LT-HSCs and
more developed progenitors, we analyzed the frequency
of LT-HSCs defined by the LSK CD150+CD41-CD48-
phenotype [5] (Figure 1b). We analyzed LT-HSC based on
the stringent LSK CD150+CD41-CD48- gate shown by
Weksberg and colleagues to harbor 86% of the LSK popu-
lation [30]. In FL14.5, the mean frequency value of LT-
HSC obtained was 0.004 + 0.004%, whereas the FL17.5
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Table 1: Frequency of LSK and long-term hematopoietic stem cells at different microenvironments and stages of
development
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Tissue % LSK+ % LSK+CD150+CD48-CD41-
FL14.5(n=9) 0.45 +0.26 *t 0.004 £ 0.004 *
FL17.5(n=28) 0.78+0.34* 0.011 +£0.006 *

FBM17.5 (n =6) 1.19+0.57 0.00 +0.00 *
AdultBM (n=11) 294 +0.70 0.17 £ 0.08

Data shown as mean frequency of live, Lin"low gated events. The number of independent samples evaluated as n. An asterisk (¥) indicates a
significant difference (P < 0.05) of LSK or LT-HSCs percentage with adult bone marrow (BM) as reference sample (Tukey and Student's t-test
analysis). A dagger (t) indicates a significant difference (P < 0.05) of LSK percentage with FBM17.5 as reference sample (Tukey and Student's
t-test analysis). Adult BM, four-week old adult bone marrow; FBM17.5, fetal bone marrow at day 17.5 of gestation; LSK, Lineage-Sca-1+ c-Kit*;

LT-HSC, Long Term-Hematopoietic Stem Cells.

had 0.001 + 0.006% and adult BM had 0.17 + 0.08% (Table
1). Few if any LT-HSCs were detected in the FBM17.5,
reflecting the rare frequency of LT-HSC in this tissue at
this developmental time. Tukey statistical analysis
showed that the difference between the frequencies of
cells in the adult BM with the rest of the microenviron-
ments studied is significant (P < 0.05). However, no sig-
nificant differences were found between the embryonic
microenvironments when compared among them. When
the absolute numbers of LT-HSC cells were determined,
all samples gave significant differences when compared to
the adult bone marrow (Figure 1c, right panel). Overall,
the data indicate that there is a progressive expansion in
the frequency and number of LSK as well as LT-HSCs
during development.

Quantification of extracellular matrix and adhesion
molecules expressed in LSK cells in different
microenvironments and stages of development
Extracellular matrix and adhesion molecules have been
implicated in hematopoietic stem cell migration [31,32].
To determine if their expression changes in different
microenvironments during development, we analyzed
the expression of these molecules in the LSK population
by quantitative PCR array. The Extracellular Matrix and
Adhesion Molecules PCR Array (SA Biosciences) allows
for the simultaneous analysis of 84 genes [26]. The array
data were shown by volcano plots, which are one of the
best mathematical representations available to compare
the expression of multiple genes from two samples [33].
Volcano plots consider statistical significance (P-values)
as well as fold change, organizing genes along dimensions
of biological and statistical significance. Each dot in the
plot represents a studied gene. The x-axis indicates bio-
logical impact (fold change) while the y-axis indicates the
statistical reliability of the fold change.

When represented by volcano plot, the comparison of
extracellular matrix and adhesion molecule gene expres-

sion between LSK cells from FBM17.5 versus adult BM
did not display any significant difference (Figure 2a), indi-
cating that their gene expression pattern is similar. Like-
wise, no significant differences were observed between
the gene expression patterns of LSK cells from the FL17.5
versus FBM17.5 samples (Figure 2d). However, 12 extra-
cellular matrix and adhesion molecule genes were signifi-
cantly downregulated (fold decrease, FD >2) when the
FL17.5 LSK population was compared to LSK cells in
adult BM (Figure 2b). Taken together, our data suggest
that the expression pattern of extracellular matrix and
adhesion molecules in FBM17.5 LSKs is transitional
between FL17.5 and adult bone marrow.

LSKs in FL14.5 showed significant differences in gene
expression with the rest of the microenvironments stud-
ied (Figure 2c, e and 2f). Twenty genes are significantly
downregulated (P < 0.05) when FL14.5 LSK cells are com-
pared with adult BM LSK (Figure 2c), 7 genes when com-
pared to FBM17.5 LSK (Figure 2e) and 10 genes when
compared to FL17.5 LSK (Figure 2f). These data indicate
that the larger the developmental distance between LSK
populations, the more differences can be found in their
expression of extracellular matrix and adhesion molecule
genes.

Only 27 of the 84 extracellular matrix and adhesion
molecule genes analyzed by qPCR array showed expres-
sion in the LSK population at all developmental points
studied (Table 2). These 27 genes encompass the genes
that show significant differences in all the volcano plots.
These genes were grouped based in their function as:
transmembrane molecules (thirteen genes), cell-cell
adhesion molecules (one gene), other adhesion molecules
(five genes), collagens and extracellular matrix structural
constituents (two genes), extracellular matrix proteases
(two genes), extracellular matrix protease inhibitors (one
gene) and other extracellular matrix molecules (three
genes). Of these 27 genes, only six (Col4al, Entpdl,
Mmp2, Sell, Tgfbi and Timp2) showed statistically signifi-
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Figure 1 Frequency analysis of hematopoietic stem cells. (a) Live, lineage negative-to-low cells (gated cells in upper panels) were analyzed for
the expression of c-Kit and Sca-1 (lower panels) at different microenvironments and stages of development. Gate shows the Lineage”owSca-1+c-Kit+
(LSK) population, containing hematopoietic stem cells (HSC). (b) Analysis of LSK population for the expression of CD150 versus CD41 and CD48 in
different microenvironments and stages of development. Gate shows LSK CD150+CD41-CD48 LT-HSC. Data shown in 5% of contour plots, using Bi-
Exponential scaling. (c) Representation of the absolute number of LSKand LT-HSC in the different microenvironment and stages of development stud-
ied. Note: * = P < 0.05, obtained by Tukey analysis, indicating that values are significant when compared to the adult bone marrow.
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Figure 2 Extracellular matrix and adhesion molecules gene expression in LSK from different microenvironments of development. (a-f) Vol-
cano plots comparing the extracellular matrix and adhesion molecules gene expression fold change between pairs of samples (reference sample in-
dicated in the title of each plot). Each dot represents the expression of one gene. Dots above the horizontal line show significant difference (P < 0.05).
Dots to the right of the vertical line show fold increase while dots on the left show fold decrease (above a value of two). Fl, fold increase, FD, fold de-
crease. Central vertical line represents a fold value of zero. Red squares highlight significant fold decrease, while blue squares indicate significant fold
increase. (g) Expression fold change of genes that showed significant difference between FL14.5, FL17.5, FBM17.5 and adult BM. Genes analyzed in-

clude Colal, Entpd1, Mmp2, Sell, Tgfbi, and Timp2. Gene expression was normalized to adult BM. Note: * = significant difference (P < 0.05) with BM; t
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Table 2: Expression of extracellular matrix and adhesion molecules in LSK populations across different
microenvironments and stages of development

Gene FL14.5 FL17.5 FBM17.7 Adult BM

Transmembrane molecules

Cd44 0.15 0.24 0.47 1
Entpd1 0.03 0.12 0.32 1
Itga4 0.38 0.49 0.62 1
Itgal 0.63 0.8 1.23 1
Itgam 0.3 043 0.72 1
Itgav 0.27 0.32 0.54 1
Itgb1 0.57 0.46 0.68 1
Itgb2 0.2 0.35 0.61 1
Itgb3 1.28 0.54 0.58 1
Pecam1 0.2 0.56 0.82 1
Sell 0.06 0.12 0.53 1
Selp 0.13 0.2 0.62 1
Sgce 0.1 0.39 0.68 1

Cell-cell adhesion molecules
Vcam1 0.08 0.27 0.36 1

Other adhesion molecules

Ctnnal 0.17 0.36 0.56 1
Ctnnb1 0.56 0.39 0.97 1
Emilin1 0.62 0.86 0.82 1
Lamb2 0.06 0.11 0.36 1
Lamc1 0.57 043 0.68 1

Collagens and extracellular matrix structural constituents

Col4a1 0.07 0.25 0.74 1

Col4a2 0.11 0.46 0.68 1
Extracellular matrix proteases

Adamts5 0.03 0.1 0.61 1

Mmp2 0.12 0.26 0.58 1
Extracellular matrix proteases

Timp2 0.08 0.22 0.58 1

Other extracellular matrix molecules

Ecm1 0.33 0.55 0.56 1

Tgfbi 0.07 0.22 0.45 1

Thbs1 4.26 1.02 0.43 1

Housekeeping gene
Hprt1 0.13 0.18 0.44 1

Table demonstrates fold change values for samples in which gene expression was detected at all the points of study, compared to gene
expression in adult bone marrow. Adult BM, four-week old adult bone marrow; FBM17.5, fetal bone marrow at Day 17.5 of gestation; FL14.5,
fetal liver at Day 14.5 of gestation; FL17.5, fetal liver at Day 17.5 of gestation; LSK, Lineage~Sca-1+ c-Kit*.
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cant differences among the various times of development
(Figure 2g). These genes were upregulated in the adult
BM LSK population when compared to the fetal liver
samples regardless of developmental time. Although the
expression of these six genes increased during develop-
ment, no significant differences were found in their
expression in LSK cells from FL17.5, FBM17.5 and adult
BM. However, these genes were significantly upregulated
in LSK cells from FL17.5 when compared to FL14.5. Only
Col4al, Tgfbi and Timp2 were significantly upregulated
in FBM17.5 LSK when compared to FL14.5 LSK. These
data suggest that these six extracellular matrix genes
could be playing an important role in the LSK population
during development, possibly in their migration between
niches.

Quantification of chemokines and chemokine receptors on
LSK cells in different microenvironments and stages of
development

Chemokines and their receptors play important roles in
the migration of the HSC into the adult BM as well as
during development [8,22]. We quantified and compared
the gene expression pattern of these molecules in LSK
populations from different microenvironments and
stages of development. Sorted LSK cells from FL14.5,
FL17.5, FBM17.5, and adult BM were analyzed by the
Chemokine & Receptors PCR Array (SA Biosciences) for
expression of 84 chemokine and chemokine receptor
genes [27] and the data represented by volcano plots (Fig-
ure 3a-f). LSK cells from either FL17.5 or FBM17.5
showed a significant (P < 0.05) downregulation (FD >2) in
four genes when compared with adult BM (Figure 3a, b).
When the gene expression profile of FL14.5 and adult BM
LSK were compared, 71 genes were significantly down-
regulated in FL14.5 (Figure 3c). Moreover, only three
genes showed a significant downregulation in the FL17.5
LSK population compared to FBM17.5 LSK (Figure 3d).
However, when FL14.5 samples were compared with
FBM17.5, 19 genes showed a significant downregulation
in the FL14.5 LSK population (Figure 3e). The
Chemokine & Receptors PCR Array showed differences
in the expression pattern between different microenvi-
ronments that were not observed with the Extracellular
Matrix and Adhesion Molecules PCR Array. These data
suggest that LSK cells in the fetal bone marrow microen-
vironment have unique characteristics. Lastly, when LSK
cells from FL14.5 were compared to FL17.5 LSK, 57 genes
were significant downregulated (Figure 3f). All but one of
these 57 genes were included in the 71 genes differentially
expressed between the FL14.5 and adult BM LSK, which
indicates that the main change in the expression pattern
of this group of genes happens in fetal development
between 14.5 dpc and 17.5 dpc.
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Among the 84 genes studied in the Chemokine &
Receptors PCR Array, 17 genes were expressed in all the
LSK populations examined (Table 3). These 17 genes
encompass the genes that show significant differences in
all the volcano plots, except the plots analyzing FL14.5
samples. They were grouped as: four chemokine (C-C
motif) ligands, three chemokine (C-X-C motif) ligands,
one chemokine (C-X-C motif) receptor and 10 other
chemokines and related genes. However, only four genes
had statistically significant differences between all the
microenvironments studied: Ccl4, Ccl9, Cxcr4 and 1118
(Figure 3g). All these genes had significant differences
when the adult BM LSK was compared with either fetal
liver samples. Between adult BM and FBM17.5 LSK cells,
only Ccl4 and Ccl9 displayed significant differences, while
Cxcr4 and 1118 had similar levels of expression. Compar-
ing the chemokine gene expression of FBM17.5 to both
fetal livers LSK cells, only Cxcr4 and 1/18 showed a signif-
icant upregulation in FBM17.5 LSK cells, while only Ccl4
expression showed a significant difference between
FBM17.5 and FL14.5. Finally, when fetal liver LSK from
the different microenvironments were compared, Ccl4,
Ccl9 and 1118 (but not Cxcr4) had a significant upregula-
tion in the FL17.5 LSK. Taken together, these data show
that expression of chemokines and their receptors
changes with developmental stage and can be correlated
with the microenvironment where the LSK are present.

It is interesting to note that many of the genes included
in the Chemokine & Receptors PCR Array showed signif-
icant downregulation by volcano plots when the FL14.5
sample was compared to the other three tissues. In the
FL14.5 sample, the expression of the majority of these
genes was below the limit of detection of the qPCR array.
These genes include Aplnr, Bdnf, Bmp10, Bmpl5, Bmp6,
Ccbp2, Ccll, Cclll, Ccli2, Ccl17, Ccli9, Ccl2, Ccl20, Ccl7,
Ccl8, Cerl, Ccrill, Ccr3, Cer4, Ccr5, Cer6, Cer7, Ccr§,
Ccr10, Ccrll, Ccrl2, Cmtm2a, Cmtm4, CmtmS5, Cmklirl,
Cxcr7, Csfl, Csf2, Cx3cll, Cxcll, Cxcl10, Cxclll, Cxcli2,
Cxcli3, Cxcll5, Cxcl5, Cxcl9, Cxcr3, Cxcr5, Cxcr6, GdfS,
Gpr81, 1113, Illa, Il4, 1l8ra, Inha, Inhbb, Lif, Ltb4r2,
Myd88, Ppbp, Rgs3, Slit2, Tnf, Trem1, Tymp, and Xcll.

Discussion

It has been proposed that the clinical mobilization of
hematopoietic stem cells mimics mechanisms that natu-
rally occur during the migration and engraftment of HSC
in the fetus and adult [8]. However, the molecular profile
of adult and fetal HSC differs significantly. In studies
comparing extracellular matrix and adhesion molecule
gene expression, LSK from FL14.5 and adult bone mar-
row differed in more than 20% of the genes studied [34].
This study analyzed only fetal liver LKS cells at 14.5 dpc
and not other developmental stages. A more inclusive
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Figure 3 Chemokines and receptors gene expression in LSK from different microenvironments of development. (a-f) Volcano plots compar-
ing chemokines and receptors gene expression fold change between pairs of samples (reference sample indicated in the title of each plot). Each dot
represents the expression of one gene. Dots above the horizontal line show significant difference (P < 0.05). Dots to the right of the vertical line show
fold increase while dots on the left show fold decrease (above a value of two). Fl, fold increase, FD, fold decrease. Central vertical line represents a fold
value of zero. Red squares highlight significant fold decrease, while blue squares indicate significant fold increase. (g) Expression fold change of genes
that showed significant difference between FL14.5, FL17.5, FBM17.5 and adult BM. Genes analyzed include Ccl4, Ccl9, Cxcr4 and 1/18. Gene expression
was normalized to adult BM. Note: * = significant difference (P < 0.05) with BM; t = significant difference (P < 0.05) with FBM17.5; = significant differ-
ence (P < 0.05) with FL17.5.
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Table 3: Folding expression of chemokines and receptors in LSK across different locations and stages of development

Gene FL14.5 FL17.5 FBM17.5 Adult BM
Chemokine (C-C motif) Ligands
Ccl4 0.02 0.17 0.18 1
Ccl5 0.05 0.2 0.19 1
Ccl6 0.02 0.13 0.08 1
Ccl9 0.09 0.24 0.18 1
Chemokine (C-X-C motif) Ligands
Cxcl2 0.03 0.24 0.17 1
Pf4 0.47 0.31 1.72 1
Chemokine (C-C motif) Receptors
Cxcr4 0.31 0.38 0.76 1
Other Chemokines and Related Genes
Cmtm3 0.72 0.93 0.73 1
Cmtmé6 0.28 0.22 0.45 1
Hifla 0.5 1.07 0.75 1
e 0.42 0.37 0.82 1
18 0.04 0.21 0.57 1
Mmp2 0.07 0.2 0.27 1
Nfkb1 0.48 0.82 0.84 1
Tir4 0.01 0.11 0.23 1
Tnfrsfla 0.4 0.45 0.71 1
Tnfsf14 0.18 0.31 0.43 1
Housekeeping Gene

Hprt1 0.48 0.81 0.63 1

This table demonstrates fold change values for samples in which gene expression was detected at all the points of study, compared to gene
expression in adult bone marrow. Adult BM, four-week old adult bone marrow; FBM17.5, fetal bone marrow at Day 17.5 of gestation; FL14.5,
fetal liver at Day 14.5 of gestation; FL17.5, fetal liver at Day 17.5 of gestation; LSK, Lineage™ Sca-1+ c-Kit*.

quantitative analysis, including different fetal develop-
mental stages and microenvironments, is necessary to
evaluate differences between the adult and fetal LSK
molecular phenotype. Here, we have compared the extra-
cellular matrix, adhesion and chemokine gene expression
pattern of LSK populations from FL14.5, FL17.5 as well as
FBM17.5 to adult bone marrow LSK in order to identify
genes that modulate during development.

We initiated our study by analyzing the frequency and
absolute cell numbers of the LSK population as well as
LT-HSC in the aforementioned tissues. During ontogeny,
the increase in fetal liver HSC numbers takes place after
12.5 dpc, which agrees with our observed HSC increase
from 14.5 dpc to 17.5 dpc. However, the number of fetal
liver HSCs attains its maximum by 15.5 to 16.5 dpc,
reaching a plateau and then declining [8,35,36]. The
migration of HSCs to the blood, spleen, and bone marrow
by 17.5 dpc [8] could account for the reduction of HSC in
the fetal liver at this developmental time, and is consis-

tent with the lack of significant differences observed in
the frequencies and absolute cell numbers of LSK and LT-
HSCs between the fetal tissues studied. Moreover, when
adult bone marrow was analyzed, significant increases
were observed in LSK and LT-HSCs cells, suggesting a
definitive expansion of the HSCs pool in this tissue.

We sorted the LSK and LT-HSC populations from dif-
ferent locations during development in order to evaluate
their molecular profiles. We found that the absolute
number of LT-HSCs from these different embryonic sites
was very low; especially in the FBM17.5, where an aver-
age of five LT-HSCs could be isolated per embryo. This
low number of cells precluded us from further analyzing
LT-HSC by quantitative PCR array. Therefore, we
decided to quantify only the molecular profile of LSK
cells, since this population includes LT-HSCs [34]. LSK
cells from FL14.5 showed a different gene expression pro-
file than adult BM, with significant differences in 44% of
the extracellular matrix and adhesion molecules genes
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analyzed. This difference is greater than what was previ-
ously reported by Ivanova et al. using Affymetrix oligonu-
cleotide arrays [34]. In general, the gene expression of
extracellular, adhesion and chemokine molecules in
FL14.5 LSK cells was lower than in the rest of the tissues
studied. This lower expression could result from the
downregulation of migration related molecules at this
stage, when LSKs are in a process of vigorous cellular
expansion [6]. At later stages of development, no signifi-
cant differences in gene expression were found between
LSK cells from FL17.5 and FBM17.5, or between
FBM17.5 cells and adult BM LSK. The lack of difference
among these LSK samples suggests a similar extracellular
matrix and adhesion molecule genetic program through-
out these different microenvironments. Few genes were
differentially expressed when the chemokines and
chemokine receptor profile was compared in LSK popu-
lations at 17.5 dpc and adult BM. Overall, the genetic pro-
gram in LSK populations was more similar the closer they
were in temporal developmental stage. However, there
are some genes that remain significantly different
between all the stages of development studied and these
merit further discussion.

One of these genes is Col4al (Collagen, type IV, alpha
1), a major constituent of basement membranes [37]. Its
expression was significantly different midst LSK popula-
tions at all the stages of development, with the exception
of FL17.5 and FBM17.5. We hypothesize that LSK cells
may contribute to the architecture of its immediate
microenvironment by secreting collagen IV onto the
extracellular matrix [31]. Matrix metalloproteinase 2
(Mmp2) was significantly upregulated in the adult BM
when compared with either the FL14.5 or FL17.5 sample.
No differences were detected when either FL tissues were
compared to FBM17.5, due to its large gene expression
variation. MMP2 degrades collagen IV and it could help
in LSK motility by releasing them from the extracellular
matrix [31]. However, increased expression of Mmp2 can
mediate also the inactivation of CXCL12, impairing the
homing of the HSC to the bone marrow [38]. On the
other hand, multipotent progenitors (MPP) have been
described to upregulate Mmp2 expression in adult bone
marrow [31]. Whether our observed increase of Mmp2
expression is due to LT-HSCs or MPPs still needs to be
clarified. Interestingly, the tissue inhibitor of metallopro-
teinase 2 (Timp2), whose main target is MMP2 [39],
showed a pattern of expression similar to Mmp2. How-
ever, it is also significantly increased in FBM17.5 LSK
cells when compared to FL14.5 LSKs. TIMP2 can be
upregulated in order to modulate the proteolytic activity
of MMP2, which might be required to help LSK cells
leave or remodel their microenvironment. Multipotent
progenitors downregulate Timp2 expression in the adult
bone marrow [31] suggesting that its increased expres-
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sion could reside within the LT-HSCs or ST-HSC popula-
tions.

The expression of transforming growth factor beta-
induced (7Tgfbi) increased significantly during develop-
ment, with no difference between the FL and FBM at 17.5
dpc. TGFBI is a secreted extracellular matrix adaptor
protein whose physiological function involves cell-matrix
interactions and cell migration. It binds to type I, type II
and type IV collagens and it may be involved in endo-
chondral bone formation in cartilage [40]. TGF-f upregu-
lates the expression of Tgfbi [41] and its expression is
higher on HSC adherent to mesenchymal stem cells [42].
Similarly to Tgfbi, the expression of Sell (Selectin L or
CD62L) increased at the different stages of development
studied without significant difference between the FL14.5
and FBM17.5 sample, due to the large gene expression
variability in the FBM17.5 sample. Selectin L is a mem-
brane-bound C-type lectin that binds to cell-surface gly-
cosylated ligands [14] and its role in the migration of
hematopoietic stem cells is controversial. Sell is highly
expressed in mobilized CD34+ cells [43], but it does not
appear to contribute to the interaction of HSCs with bone
marrow microvessels [44]. Furthermore, our data show
that the expression of ectonucleoside triphosphate
diphosphohydrolase 1 (Entpdl or CD39) increased also at
the different developmental stages studied, following a
pattern similar to Sell. CD39 hydrolyzes NTP and NDP to
NMP. Extracellular nucleotides enhance the stimulatory
activity of several cytokines and can expand the number
of human HSCs repopulating the bone marrow [45].
Taken together, the upregulation of these extracellular
matrix and adhesion molecules suggest that they might
play a role in the homing and migration of LSK cells
between fetal microenvironments during development.

Our results also showed differences in the expression of
chemokines and their receptors during development. The
expression of the chemokine (C-C motif) ligand 4 (Ccl4
or macrophage inflammatory protein-13, MIP-155)
increased significantly in the LSK population from differ-
ent microenvironments. CCL4 could be involved in
migration processes of LSK cells since it has chemoat-
tractant properties and it is inducible in most mature
hematopoietic cells [46]. Similarly, chemokine (C-C)
motif ligand 9 (Ccl9, or macrophage inflammatory pro-
tein-1y MIP-1y), showed a significant upregulation along
development in all the tissues studied. It has been shown
that rat CCL9 induces the migration of adult bone mar-
row cells, although the population responsive to CCL9
was not characterized [47]. However, in adult bone mar-
row LSK, Ccl4 and Ccl9 expression is upregulated in mul-
tipotent progenitors [31]. The expression of Interleukin-
18 (1118), a pro-inflammatory cytokine produced by mac-
rophages and other cells, increased also significantly in all
the populations studied. The involvement of /18 in
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hematopoietic stem cell migration is unclear. It will be
necessary to discern if the observed increase in the
expression of these chemokines at the different microen-
vironments studied occurs in the MMP or the LT-HSC
population.

The expression of the chemokine (C-X-C motif) recep-
tor 4 (Cxcr4) augmented significantly in the adult bone
marrow when compared to the fetal samples studied.
CXCR4 has been described extensively as the key
chemokine receptor involved in the migration of HSCs
(6,8,21,22,48]. However, few of these studies evaluated
the role of CXCR4 in the migration of fetal liver HSCs.
Christensen et al. observed that 14.5 dpc fetal liver HSCs
did not migrate at the same level as adult HSCs upon
stimulation with SDF-1a [8]. The expression of Cxcr4 in
fetal liver LSK is significantly lower than in adult or fetal
bone marrow LSK, which may explain the reduced migra-
tion observed in their studies. In summary, the upregula-
tion of the aforementioned chemokines and CXCR4
indicates that they might govern the migration of LSK
cells between fetal microenvironments during develop-
ment.

Surprisingly, adhesion molecules described as relevant
for the homing and migration of adult hematopoietic
stem cells, such as Vla4 (integrin a,f3;) [49] and Cdh2 (N-
cadherin) [50] did not show significant differences among
the populations studied. Similarly, no significant differ-
ences were observed with chemokines receptors
expressed in adult HSCs, such as Ccr9 and Ccr3 [22].
However, molecules whose expression does not show sig-
nificant variance might still play an important role in LSK
migration during development.

Our study shows that LSK cells upregulate the expres-
sion of several extracellular matrix, adhesion, and
chemokine molecules, shown to be components of the
bone marrow niche [1]. These data suggest that LSK
might contribute to the architecture of their niche [31].
However, cells other than LSK might contribute to a
greater extent to the architecture of the stem cell niche, as
LSK are extremely rare cells. The final architecture of the
stem cell niche might result from the combined molecu-
lar and cellular contributions of the stem cells as well as
niche cells.

Conclusions

Our data demonstrate that there is considerable variation
in the gene expression of LSK population at different
developmental stages and microenvironments. These dif-
ferences are greater the more temporally distant the pop-
ulations are. These changes in gene expression should be
examined in hematopoietic progenitors derived from
embryonic stem cells, which display a genetic profile
more characteristic of fetal than adult progenitors, in
order to improve their properties for clinical applications
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such as engraftment. Some molecular candidates to be
studied have been identified in this report. Our work
expands the understanding of the genetic footprint of
LSK cells, opening potential new avenues for research
and clinical applications.
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