
The adhesion molecule ESAM1 is a novel hematopoietic stem
cell marker

A. G. Lisa Ooi1, Holger Karsunky1,4, Ravindra Majeti1, Stefan Butz2, Dietmar Vestweber2,
Tatsuro Ishida3, Thomas Quertermous3, Irving L. Weissman1, and E. Camilla Forsberg5,*

1Institute of Stem Cell Biology and Regenerative Medicine, Departments of Pathology, Chemical
and Systems Biology and Developmental Biology, Stanford University School of Medicine,
Stanford, California, USA

2Department of Vascular Cell Biology, Max-Planck Institute for Molecular Biomedicine, D-48149
Münster, Germany

3Division of Cardiovascular Medicine, Falk Cardiovascular Research Building, Stanford University
School of Medicine, Stanford, California 94305-5406, USA

5Institute for Biology of Stem Cells, Department of Biomolecular Engineering, University of
California Santa Cruz, 1156 High Street, Mail Stop SOE2, Santa Cruz, CA, 95064, USA

Abstract

Hematopoietic stem cells (HSC) have been highly enriched using combinations of 12–14 surface

markers. Genes specifically expressed by HSC as compared to other multipotent progenitors may

yield new stem cell enrichment markers, as well as elucidate self-renewal and differentiation

mechanisms. We previously reported that multiple cell surface molecules are enriched on mouse

HSC compared to more differentiated progeny. Here, we present a definitive expression profile of

the cell adhesion molecule Esam1 in hematopoietic cells using RT-qPCR and flow cytometry

studies. We found Esam1 highly and selectively expressed by HSC from mouse bone marrow.

Esam1 is also a viable positive HSC marker in fetal, young and aged mice, as well as in mice of

several different strains. In addition, we find robust levels of Esam1 transcripts in purified human

HSC. Esam1−/− mice do not exhibit severe hematopoietic defects, however, Esam1−/− BM has an

increased frequency of HSC and fewer T cells. HSC from Esam1−/− mice give rise to more

granulocyte/monocytes in culture and a higher T cell:B cell ratio upon transplantation into
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congenic mice. These studies identify Esam1 as a novel, widely applicable HSC-selective marker

and suggest that Esam1 may play roles in both HSC proliferation and lineage decisions.

Keywords

Hematopoietic stem cell; engraftment; bone marrow transplantation; adhesion molecules; cell
surface markers; blood cell development

INTRODUCTION

Hematopoietic stem cells (HSC) are capable of both self-renewal and differentiation into all

the different types of blood cells [1]. Progression from HSC to increasingly differentiated

progeny is accompanied by the loss of self-renewal capability, followed by the loss of

lineage potential. By identifying genes that are differentially expressed in distinct

hematopoietic progenitor populations, we will better understand mechanisms involved in

stem cell differentiation and self-renewal. A central question in hematopoiesis is how cell-

extrinsic signals from the BM microenvironment such as soluble ligands, matrix interactions

and cell-cell contact affect HSC self-renewal, differentiation and migration. As HSC are

capable of extensive self-renewal in vivo, but do not readily self-renew under in vitro growth

conditions, it has been inferred that complex signals from the local BM environment must

regulate self-renewal. Selectively expressed cell surface molecules may mediate specific

interactions with the microenvironment that control cell location and fate. Characterization

of HSC-specific receptors is important to define niche–stem cell interactions and may

identify BM cell subpopulations and receptor binding partners that regulate HSC function.

In addition, HSC-selective cell surface molecules are critically important for the specific

isolation of highly pure HSC. The use of combinations of viable markers has enabled

separation of multiple, functionally distinct hematopoietic cell populations and yielded

important insights on HSC differentiation during both normal and malignant hematopoiesis.

Newly discovered cell surface molecules may serve as novel, more specific markers to

increase the purity of hematopoietic populations while at the same time decreasing the

complexity of cell identification and isolation methods. Novel markers capable of

identifying HSC from various strains and throughout ontogeny would be particularly

valuable.

Our previous gene expression screen identified Esam1 (Endothelial cell-Selective Adhesion

Molecule 1) as robustly and selectively expressed by long-term (LT)-HSC as compared to

short-term (ST)-HSC and multipotent progenitors (MPP) [2]. Esam1 is a transmembrane

protein with two extracellular immunoglobulin domains that was first identified via its

association with endothelial tight junctions [3, 4]. It mediates homophilic and calcium-

independent cell adhesion. Esam1−/− mice generated by gene targeted deletion did not

exhibit overt vasculature defects, however, Esam1 appeared to decrease pathological

angiogenesis and retard tumor growth [5], and neutrophil extravasation was impaired in the

absence of endothelial Esam1 [6]. Esam1 has been reported to co-localize with tight junction

proteins in brain and muscle capillaries, as shown by immunogold electron microscopy [4].

Interestingly, our gene expression study identified several proteins associated with tight or
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adherens junction complexes in addition to Esam1 as upregulated in HSC compared to ST-

HSC and MPP [2]. The role of these putative junction complexes or Esam1 itself in HSC

function has not been characterized. Here, we provide a comprehensive analysis of Esam1

expression in hematopoietic tissue and begin to assess the function of Esam1 in

hematopoiesis.

MATERIAL AND METHODS

Mice

Unless otherwise noted, experiments were performed using young adult (8–12 weeks old)

C57BL/6-Thy1.1 mice. Mice null for Esam1 (Esam1−/− mice) were generated by gene

targeted deletion and described previously [5]. Esam1−/− mice used for these experiments

were backcrossed into a C57BL/6 background for >7 generations. Wildtype mice used as

controls were strain, age and sex-matched from the same colony. All mice were maintained

in Stanford University’s Research Animal Facility in accordance with Stanford University

guidelines.

Flow Cytometry

Antibody staining and enrichment procedures for HSC, ST-HSC, MPP, CMP, GMP, MEP

and CLP cell sorting and analyses were performed as previously described [2, 7–10].

Hematopoietic cell populations were derived from bone marrow isolated from murine

femurs and tibias, unless otherwise noted. Human HSC from cord blood (Figure 1C) were

purified as CD34+CD38−Lin−CD90+ cells (Supplemental Figure 1). Esam1 expression was

analyzed from two independent CB samples, each performed in triplicate. Human HSC from

BM were purified and analyzed by the same strategy with similar results (one independent

sample analyzed in triplicate).

Two anti-Esam1 clones described previously [4] were used to identify Esam1-expressing

cells. One clone was directly conjugated to the Alexa 488 fluorophore for cytometric

analysis and sorting purposes. Cell sorting was performed on a triple-laser FACS Aria flow

cytometer controlled by digital Diva electronics (Becton Dickinson). Each cell population

was double sorted and reanalyzed to ensure maximum purity.

In vivo assays

Transplantations were performed by retro-orbital injection of double-sorted cell populations.

Recipient mice were lethally irradiated (950 rad, delivered in split dose 3 hours apart) using

an X-ray source irradiator and given antibiotic-containing water for at least 6 weeks post-

irradiation. Peripheral blood was obtained from tail vein bleeding and collected in 4 ml of

ACK (150 mM NH4Cl; 10 mM KHCO3) containing 10 mM EDTA for flow cytometry

analysis.

In vitro assays

Colony forming assays in methylcellulose were performed as described previously [9] using

the following cytokines: SCF (25 ng/ml), Flt3L (25 ng/ml), IL-11 (25 ng/ml), IL-3 (10 ng/
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ml), Tpo (25 ng/ml), Epo (2.5 U/ml) and GM-CSF (10 ng/ml) (Epo was purchased from

R&D; all others from PeproTech).

Gene expression analysis

Total RNA was isolated using Trizol reagent (InVitrogen) from equivalent numbers of cells,

digested with DNaseI to remove DNA contamination and used for reverse-transcription

according to the manufacturer’s instructions (SuperScript II™ kit, InVitrogen). RT-qPCR

primers were designed using Primer Express software (Applied Biosystems): mouse Esam1,

Forward Primer: TGCCCACATTCTAGACCTCCA; Reverse Primer:

CTCCTTTTGTCCTTTGACCCAG; Primers detecting both mouse and human Esam1 (used

for detecting human Esam1 transcripts) Forward Primer: CCTGCCCTCACCAAGACTGC;

Reverse Primer: ATCACAGGCACAGCACCCATG. All reactions were performed in an

ABI-7000 sequence detection system using SYBR® Green PCR Core reagents and cDNA

equivalent of ~200 cells per reaction as previously described [2, 9]. Expression of the β-actin

gene was used to normalize the amount of the investigated transcript.

RESULTS

Esam1 is selectively expressed by hematopoietic stem cells

We previously identified Esam1 as differentially expressed on HSC (defined as c-

kit+Lin−Sca1+Thy1.1loFlk2−BM cells) from C57BL6/Thy1.1 mice compared to ST-HSC

(here defined as c-kit+Lin−Sca1+Thy1.1loFlk2+ BM cells) and MPP (c-

kit+Lin−Sca1+Thy1.1−Flk2+ BM cells) by global gene expression analysis (Figure 1A and

Forsberg et al [2]). This result was verified by RT-qPCR (Figure 1B and Forsberg et al [2]).

To determine whether other cells in mouse BM express Esam1, we sorted multiple

progenitor populations and mature cells representing the main hematopoietic lineages and

analyzed these by RT-qPCR. Esam1 mRNA levels are highly enriched (14 fold or more) in

HSC as compared to other BM cell populations and to unfractionated BM (Figure 1B).

To address whether Esam1 is expressed by human hematopoietic cells, we purified human

HSC, defined as Lin−CD34+CD38−CD90+ cells, from umbilical cord blood (CB)

(Supplemental Figure 1) and compared Esam1 transcript levels in human HSC to

unfractionated CB (WCB). We detected robust levels of Esam1 transcripts in human HSC

by RT-qPCR (Figure 1C). In contrast, the level of Esam1 transcripts was barely above the

detection level in WCB mRNA (Figure 1C). Similar results were obtained with human BM

HSC (data not shown). These data suggest that Esam1 may be a highly selective marker for

both human and mouse HSC.

Esam1 Cell Surface Expression on mouse hematopoietic cell populations

We then assessed the cell surface expression of Esam1 protein using flow cytometry and a

monoclonal antibody recognizing the extracellular portion of Esam1 [4]. While less than 2%

of total BM cells were positive for Esam1, HSC uniformly displayed robust levels of cell

surface Esam1 protein. HSC defined as c-kit+Lin−Sca1+Flk2− cells can be further divided

based on CD34 expression; however, there was no difference in Esam1 cell surface protein

levels between CD34+ and CD34− cells within this fraction (Supplemental Figure 2).

Lisa Ooi et al. Page 4

Stem Cells. Author manuscript; available in PMC 2014 October 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Control stains of HSC from Esam1−/− mice confirmed the specificity of the antibodies for

Esam1 (data not shown). Interestingly, Esam1 surface expression decreased as HSC

differentiate into ST-HSC and MPP (Figure 2A). In agreement with this result, Esam1

expression correlates with the novel HSC marker Slamf1 (CD150) [2, 11, 12]. We found

that all c-kit+Lin−Sca1+Slamf1+CD41− cells are also positive for Esam1 expression (Figure

2B). Hence, HSC defined by multiple surface markers robustly express Esam1 on the cell

surface.

Specificity of Esam1 Surface Expression

The RT-qPCR data of multiple BM populations and the low frequency of cells in WBM

expressing Esam1 on the cell surface suggested that Esam1 may be a highly specific marker

for HSC. To explore the utility of Esam1 as a marker for HSC in murine BM we used the

Esam1-specific antibody and flow cytometry to determine whether BM cells other than HSC

express Esam1. We assayed Esam1 protein expression of multiple hematopoietic progenitor

populations and the major mature lineages, specifically T cells, B cells, macrophages and

granulocytes, as well as erythrocytes, by flow cytometry. In agreement with the qRT-PCR

data, none of the populations in Figure 1B exhibited strong Esam1 expression (Supplemental

Figure 3). In addition, very few (<1%) non-hematopoietic (Ter119−CD45−) BM cells,

express Esam1 (data not shown). However, a small proportion of cells in the myeloid

compartment exhibited low-level Esam1 expression (Supplemental Figure 3). As a previous

study detected Esam1 on activated platelets [4], we hypothesized that these cells may be

platelet progenitors. Indeed, megakaryocyte progenitors (Lin−c-kit+Sca1−Slamf1+CD41+

BM cells) display cell surface Esam1 expression (Figure 2B). Hence, in mouse BM, the cells

that exhibit Esam1 surface expression are mainly megakaryocyte progenitors and HSC.

Universality of Esam1 as a HSC marker

As several of the currently used HSC markers are strain, age, or activation dependent [13–

17], we tested the utility of Esam1 as a universal HSC marker during ontogeny and in

different mouse strains. First, we analyzed Esam1 expression on HSC defined as c-kit

+Sca1+Lin-Flk2-Thy1.1lo cells from C57BL6/Thy1.1 mice of different ages. We found that

E15.5 fetal liver HSC, young adult (8–12 week old) and old (2 year old) BM HSC uniformly

express high levels of cell surface Esam1 (Figure 3A), suggesting that Esam1 can be used as

a universal HSC marker in fetal, young and old mice. In addition, as Esam1 expression

correlates with Thy1.1 expression within the c-kit+Lin-Sca1+ fraction of BM (Figure 3B),

Esam1 may be able to replace Thy1.1 in mouse strains that do not express this marker [18].

We also correlated Esam1 expression to current stem cell markers in several commonly used

mouse strains. Although HSC are less well defined in non-C57BL/6 mice, HSC likely reside

within the Lin−c-kit+Slamf1+Flk2− cell population of most mouse strains [1, 8, 12, 19]. As

compared to C57BL/6 mice, AKR, FVB, and BALB/c mice exhibited a similar subset

(19%–34%) of the Lin−c-kit+Slamf1+Flk2− cell population positive for Esam1 surface

expression (Figure 3C). This suggests that Esam1 can be used a surface marker for HSC in

multiple mouse strains.
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Engraftment capability of HSC defined as Esam1+Lin−Sca1+ BM cells

The cell surface expression pattern of Esam1 described above suggests that high levels of

Esam1 specifically mark HSC and that Esam1 expression may be substituted for one or

more of the currently used HSC markers to increase the purity of HSC. Importantly,

pregating Lin− cells on Esam1 enriches for c-kit+Slamf1+ cells 3–8-fold (Supplemental

Figure 4). To directly test whether Esam1 expression selects for functional HSC, we

compared the engraftment capability of cells defined by the Esam1+Lin−Sca1+ (ELS)

surface phenotype versus cells isolated by the c-kit+Lin−Sca1+ (KLS) surface phenotype.

Two hundred, 600 or 1800 double-sorted ELS or KLS cells from C57BL/6 mice were

transplanted together with 2×105 host type helper cells into lethally irradiated congenic

mice. The peripheral blood of transplanted mice was analyzed every 4 weeks over a period

of 16 weeks to determine donor/host chimerism as well as lineage composition of donor-

derived mature blood cells. As expected, both ELS and KLS cells gave rise to strong donor

chimerism (Figure 4A). Importantly, cells defined by the ELS surface phenotype

demonstrated enhanced engraftment capabilities as reflected by higher total donor

chimerism for equivalent cell numbers transplanted. For example, long-term donor

chimerism upon transplantation of 200 ELS cells is ~3-fold higher than that of mice

transplanted with 200 KLS cells, and similar to the levels in mice transplanted with 600

KLS cells (Figure 4A). The increased engraftment by ELS cells was highly statistically

significant at the 200 cell dose. Although the statistical significance decreased with higher

cell numbers, the trend toward higher chimerism was retained (Figure 4A). Thus, Esam1 is a

more specific marker of long-term engrafting stem cells than c-kit, as predicted, since c-kit

is also expressed on Sca1+ MPP.

To determine whether there was any skewing in lineage potential of transplanted cells

defined as ELS compared to transplanted cells defined as KLS, we analyzed the lineage

composition of donor-derived PB cells. By and large, cells defined as ELS and KLS surface

expression gave rise to similar ratios of mature progeny. Over time, however, ELS cells

gave rise to a higher percentage of myelomonocytic (Mac1+ and Mac1+Gr1+) cells and a

lower percentage of T cells than did KLS cells (Figure 4B). These differences were observed

for all three cell doses [200, 600 and 1800 cells] transplanted and were statistically

significant at some of the time points and cell doses. In particular, transplantation of 1800

ELS cells gave rise to a significantly lower percentage of T cells at 12 weeks and 16 weeks

after transplant, as compared to transplantation of 1800 KLS cells. As PB granulocyte

chimerism is a reliable indicator of stem cell engraftment, this increased myelomonocytic

readout is further evidence that Esam1 is a highly selective marker for long-term HSC.

Accordingly, BM HSC chimerism analysis performed after the 16-week timepoint correlated

well with the PB analysis (data not shown).

Biological Significance of Esam1 in HSC

To investigate the in vivo function of Esam1 in HSC, mice null for Esam1 (Esam1−/− mice)

[5] were analyzed for effects on hematopoiesis. The Esam1−/− phenotype was previously

shown to be mild; the mice are viable and fertile [5, 6]. However, Esam1−/− mice exhibit

impaired pathological angiogenesis that decreases the tumor load in transplant models [5]

and increases vascular permeability [6]. Here, we analyzed the frequency and number of
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distinct hematopoietic subpopulations in BM, spleen and thymus. As compared to wildtype

mice, Esam1−/− mice exhibited no change in total cellularity, or in frequencies for multiple

hematopoietic progenitor populations (ST-HSC, MPP, CMP, GMP, MEP, CLP) and mature

cell populations (myelomonocytic cells, red cell precursors, B cells). Interestingly however,

there is a small but reproducible 1.3 fold increase in the frequency of HSC (Figure 5A), and

a 2.7 fold reduction in the number of CD3+ T cells in Esam1−/− BM (data not shown).

We also compared Esam1−/− cells to wt cells by in vitro assays. KLS cells isolated from

age-matched Esam1−/− mice gave rise to more and larger colonies than KLS cells from

wildtype mice in methylcellulose colony assays (Figure 5B). The types of colonies formed

by mutant and wildtype cells were similar. This enhanced in vitro proliferation of Esam1−/−

HSC, together with the increase in HSC numbers in Esam1−/− mice, suggests that Esam1

may influence the balance between HSC proliferation and quiescence.

Engraftment Capacity of Esam1−/− HSC

To determine whether Esam1 affects HSC function in transplantation assays, we

transplanted WBM and purified KLS cells from Esam1−/− mice into lethally irradiated,

wildtype congenic recipients. The transplanted mice were assessed for long-term, multi-

lineage engraftment by analysis of PB myelomonocytic, B and T cells. Total donor

chimerism and granulocyte (Mac1+Gr1+ cells) chimerism were similar in mice transplanted

with wt and mutant KLS (Figure 5C). However, transplantation of WBM from Esam1−/−

mice gave rise to more progeny compared to the same number of WBM from wt mice

(Supplemental Figure 5A), consistent with the increase in HSC frequencies observed in

Figure 5A. In addition, KLS cells from Esam1−/− mice gave rise to a skewed T cell:B cell

ratio, generating more T cells than B cells after transplantation, as compared to KLS cells

from wildtype mice (Figure 5D). This lineage skewing increases over time and becomes

statistically significant by 21 weeks posttransplantation (p<0.03, Figure 5D). A similar

skewing of T cell:B cell progeny was observed when unfractionated BM from Esam1−/−

mice was transplanted (Supplemental Figure 5B). This is particularly intriguing because the

Esam1−/− mice exhibit lower numbers of CD3+ T cells in the BM, yet generate a higher ratio

of T cells when transplanted into congenic recipients. Hence, Esam1 may influence HSC T

cell and B cell differentiation decisions.

DISCUSSION

Our data demonstrate that Esam1 is a novel and highly specific marker for hematopoietic

stem cells with long term repopulating activity in the mouse bone marrow. Esam1

expression is applicable for selection of HSC in the context of fetal, young and old mice, of

human HSC, and likely in mice from different strains, specifically C57BL/6, AKR, FVB,

and BALB/c. We show that Esam1 expression correlates with Thy1.1 expression and that

the use of Esam1 expression leads to better enrichment of HSC than when using c-kit. Thus,

Esam1 can be used instead of Thy1.1, c-kit and potentially other HSC markers to simplify

and improve HSC isolation and purity. Functional analyses showed that deletion of Esam1

leads to increased steady-state HSC frequencies in vivo and to increased colony formation

and growth in vitro. Esam1 disruption also leads to an increased ratio of T versus B cell
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generation in transplantation experiments. As Esam1 is not expressed by lymphoid-

committed cells, this lineage skewing is likely exerted at the stem or multipotent progenitor

cell stage. Interestingly, Esam1−/− mice appear to have fewer T cells as compared to

wildtype mice. However, upon transplantation into a wildtype mouse, Esam1−/− KLS cells

give rise to progeny cells with increased T:B cell ratios. This observed lineage skewing may

indicate that Esam1-expressing BM cells influence HSC function. Collectively, these data

suggest that Esam1 plays a role in the control of HSC proliferation and cell fate decisions.

HSC-selective cell surface molecules are critically important for the specific isolation of

highly pure HSC. The use of combinations of viable markers has enabled separation of

multiple, functionally distinct hematopoietic cell populations and yielded important insights

on hematopoietic differentiation. Transplantation of single HSC from young, adult C57BL/6

mice give rise to long-term multilineage reconstitution with a frequency of 1 in 2 to 1 in 5

cells [12, 13, 20]. This remarkable feat has, essentially, proven the identity of a cell that

fulfill all of the most rigorously stated criteria of a stem cell. However, rigorous HSC

isolation is a complex process commonly involving combinations of 10–14 cell surface

markers. In addition, many of the currently used markers are not universal and applicable to

mice of different strains and ages. For example, Sca1 is not applicable as a cell surface

marker in BALB/c mice or in humans [16]; CD34 expression can only be used to separate

HSC from progenitor populations in mice older than 6 weeks [14]; c-kit cell surface levels

decrease upon HSC mobilization [17]; and many of the most commonly used mouse strains

do not express the Thy1.1 allele [18]. Hence, there is a need to expand the current repertoire

of HSC markers to enable HSC studies in mice of different ages and different strains, and of

human HSC.

We show that cells defined by the Esam1+Lin−Sca1+ surface phenotype are functional HSC

that efficiently engraft an irradiated HSC niche. In comparison to the same numbers of c-

kit+Lin−Sca1+ (KLS) cells, Esam1+Lin−Sca1+ (ELS) cells demonstrated stronger

engraftment capabilities, via higher donor chimerism. Hence, the ELS population is more

enriched for HSC as compared to the KLS population. This is in agreement with the more

restricted expression of Esam1 compared to c-kit. While ~7–8% of total nucleated BM cells

express c-kit (data not shown; Levesque et al [17]), approximately 2% express Esam1.

Therefore, isolation based on Esam1 expression improves the purity of HSC compared to

established HSC markers. As Esam1 is expressed by human HSC, by mouse HSC from

several different strains, and on HSC from mice of various ages, Esam1 is a novel candidate

marker capable of substituting less consistent markers under multiple conditions.

We observed relatively small, but reproducible effects on HSC function in the absence of

Esam1. This is similar to the effects of Esam1 deficiency on endothelial cell function. While

the vasculature in Esam1−/− mice is overtly normal, tumor and inflammation models

revealed roles for Esam1 in angiogenesis and vascular permeability [5, 6]. Undoubtedly,

other cell surface receptors and adhesion molecules play important roles in HSC function,

and some of these previously identified proteins may partially compensate for the lack of

Esam1. Importantly, however, our studies revealed that Esam1−/− mice have more HSC as

compared to wildtype mice, even under steady-state conditions. In addition, Esam1−/− HSC

exhibit greater proliferation capacity in vitro. These observations are consistent with Esam1
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playing a role in the balance of HSC quiescence and proliferation. It will be interesting to

determine whether deletion of Esam1 has more severe consequences under conditions of

hematopoietic stress.

HSC-interacting BM cells likely play important roles in HSC function, particularly in the

balance of quiescence versus proliferation and self-renewal versus differentiation. Esam1

and other cell surface proteins that are selectively expressed by HSC may mediate specific

HSC-niche interactions. We previously noted that multiple components of cellular junction

complexes are expressed selectively by HSC [2]. These include the tight junction protein

Tjp1/ZO-1, the junction adhesion molecules Jam-A, Jam-B, and Jam-C; claudins 12 and 22;

as well as the gap junction proteins Gja1 and Gjb5. The coordinate downregulation of cell

junction proteins upon HSC differentiation suggests important, although as of yet

unexplored, roles for these complexes specifically in HSC. For instance, differential

expression and endocytosis may regulate the turnover of these proteins on the HSC surface.

If HSC use these junction proteins to anchor to the niche, modulation of surface expression

of these proteins may affect the residence time of the HSC in the niche, or impair HSC

engraftment capability. If residence in the niche keeps the HSC in a quiescent state, one may

also expect to see changes in the proliferative status of HSC, as suggested previously for

other receptor molecules [21–24]. Thus, the increased proliferation of Esam1−/− HSC may

relate to Esam1’s ability to function as an adhesion molecule, thereby influencing retention

of HSC to a quiescence-supporting niche environment.

If Esam1 on HSC engage in homotypic interactions as is the case with endothelial cells,

what is the identity of the HSC-interacting Esam1-expressing cell? As our study shows that

Esam1 expression is highly selective within mouse BM, three options seem possible: 1)

HSC-HSC interactions; 2) HSC-megakaryocyte progenitor interactions; or 3) HSC

interactions with an Esam1+ stromal cell type that is either very rare or is not isolated as

viable cells under the conditions used here. The first possibility, HSC-HSC interactions, is

supported by the selective HSC expression of molecules engaging in homotypic interactions

such as Esam1, N-cadherin, Slamf1, or by both partners capable of protein-protein

interactions, for example Vcam1 and integrin α4β1. Interestingly, the two hematopoietic

populations that were found to express Esam1, HSC and megakaryocyte progenitors, also

express cell surface Slamf1. However, attempts to localize endogenous HSC in BM sections

have not provided evidence for HSC clustering [12, 22–25]. Likewise, HSC colocalization

with megakaryocyte progenitors remains possible, but unverified. In contrast, multiple

studies have implicated functional roles for HSC interactions with stromal cell [22–24]. Our

studies found that very few non-hematopoietic (CD45−Ter119−) cells (<1%; totaling

~0.01% of nucleated BM cells) express Esam1. Although rare, the frequency of these

Esam1+ stromal cells is of the same order of magnitude as the frequency of HSC

themselves. It will be interesting to determine whether any of the previously implicated HSC

interacting cells also express Esam1. Such Esam1+ cells could potentially be HSC

interacting partners that influence HSC location and thereby fate. The identity and function

of HSC support cells will need to be tested, keeping in mind that one type of cell-cell

contact does not necessarily rule out the possibility of the others, as these interactions may

not be mutually exclusive. Future studies will aim at understanding the role of HSC
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interacting cells and the mechanisms of Esam1 and other receptors in regulating HSC

biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Esam1 is robustly and selectively expressed by HSC
(A) Relative intensity units (left graph) and fold change relative to HSC expression levels

(right graph) of Esam1 expression by cDNA microarray analysis of HSC (defined as c-

kit+Lin−Sca1+Thy1.1loFlk2− BM cells), ST-HSC (defined as c-kit+Lin−Sca1+Thy1.1loFlk2+

BM cells) and MPP (defined as c-kit+Lin−Sca1+Thy1.1−Flk2+BM cells) [n=6]. (B) Esam1

expression levels in multiple hematopoietic BM populations by RT-qPCR. Data from one

representative experiment with triplicate measurements is shown. Error bars indicate the

standard deviation. HSC, hematopoietic stem cells; MPP, multipotent progenitors; CMP,

common myeloid progenitors; GMP, granulocyte/monocyte progenitor; MEP,

megakaryocyte/erythroid progenitor; CLP, common lymphoid progenitor; MacGr,

Mac1+/Gr1+ myelomonocytic cells; Ter119, erythroid cells, WBM, unfractionated nucleated

bone marrow cells; Brain, unfractionated adult brain cells. (C) Esam1 and β-actin expression

levels in human cord blood HSC (CB HSC) (defined as CD34+CD38−Lin−CD90+) as

compared to human whole cord blood (WCB) by RT-qPCR, performed in triplicate.
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Figure 2. Cell surface Esam1 expression by hematopoietic stem and progenitor cells
(A) Cell surface Esam1 protein expression by HSC, ST-HSC and MPP by flow cytometric

analysis using an anti-Esam1 monoclonal antibody. Fluorescence minus one (FMO) without

addition of the anti-Esam1 antibody is used as a negative control (grey histogram). (B)
Esam1 cell surface expression on HSC compared to putative megakaryocyte progenitor cells

(MkPro; c-kit+Lin−Sca1−Slamf1+CD41+ cells) as analyzed by flow cytometric analysis.
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Figure 3. Esam1 expression by HSC is age- and strain-independent
(A) Flow cytometric analysis of Esam1 cell surface protein in HSC (defined as c-

kit+Lin−Sca1+Flk2−Thy1.1lo cells) from fetal liver (E15.5), young adult bone marrow (8–12

weeks old), and old adult bone marrow (2 years old) of C57BL/6 mice. (B) Correlation

between Esam1 expression with Thy1.1 and Flk2 expression within the KLS (c-

kit+Lin−Sca1+) population of C57BL/6 mice. Within the KLS population, Esam1+ cells are

Thy1.1lo and Flk2−. (C) Esam1 expression on putative stem cells from different mouse

strains. A similar proportion of HSC-enriched BM cells (c-kit+Slamf1+Flk2−Lin−) from the
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C57BL/6, FVB, BALB/c and AKR mouse strains are positive for Esam1 surface expression.

Red, Esam1; Blue, FMO (Fluorescence minus one) control.
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Figure 4. Esam1 is a viable sort marker for functional HSC
Lin−Sca1+ cells were sorted based on c-kit (blue, “KLS”) and Esam1 (red; “ELS”)

expression. CD45.1 mice were transplanted intravenously with 200, 600 and 1800 KLS or

ELS cells from congenic CD45.2 mice, together with 2×105 host-type BM cells. The

transplanted mice were analyzed for donor-derived mature cells in the peripheral blood

every 4 weeks for a period of 16 weeks. Three independent experiments were performed for

each cell phenotype and dose, representing at least nine mice per group. (A) ELS

(Esam1+Lin−Sca1+) cells give higher total donor contribution as compared to the same

numbers of KLS (c-kit+Lin−Sca1+) cells. (*, p<0.03; **, p<0.005; ***, p<0.002; Student’s t

test) (B) Donor-derived peripheral cell type composition in mice transplanted with 600 ELS

or 600 KLS cells. Over time, ELS cells give rise to a higher proportion of Mac1+ and

Mac1+Gr1+ cells and a lower proportion of T cells.
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Figure 5. Effects of Esam1 deficiency on hematopoiesis
(A) Esam1-deficient mice have increased frequencies of BM HSC (Lin−c-kit+Sca1+Flk2−

cells). The BM cell type composition of wildtype and Esam1-deficient C57BL/6 mice was

analyzed by flow cytometry in three independent experiments with three mice in each group

and experiment. Open circles indicate HSC frequency in experiment 1; grey circles,

experiment 2; black circles, experiment 3; red bars, average HSC frequencies. (B) HSC-

enriched BM cells (KLS) from Esam1-deficient mice display increased colony-forming

frequency in vitro as compared to wildtype KLS cells. Data from one representative

experiment performed in triplicate is shown. MK, megakaryocyte colony; E, erythroid; M,

macrophage; G, granulocytic; GM, granulocyte-macrophage; GEMM, granulocyte/

erythroid/macrophage/megakaryocyte (mixed). (C) Peripheral blood total donor chimerism

in mice transplanted with 100 KLS cells from wildtype (n=10) or Esam1-deficient (n=6)

mice. No statistically significant differences in total chimerism were observed. (D) Cell type

composition of mice from (C). Over time, Esam1-deficient KLS cells give rise to a

disproportionate number of T cells at the expense of B cells (*, p<0.03 at 21 weeks;

Student’s t test).
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