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To clarify the molecular pathways governing hematopoietic stem
cell (HSC) development, we screened a fetal liver (FL) HSC cDNA
library and identified a unique gene, hematopoietic expressed
mammalianpolycomb (hemp), encodingaproteinwith a zinc-finger
domain and four malignant brain tumor (mbt) repeats. To investi-
gate its biological role,we generatedmice lackingHemp (hemp−/−).
Hemp−/− mice exhibited a variety of skeletal malformations and
died soon after birth. In the FL, hemp was preferentially expressed
in the HSC and early progenitor cell fractions, and analyses of fetal
hematopoiesis revealed that the number of FL mononuclear cells,
including HSCs, was reduced markedly in hemp−/− embryos, espe-
cially during early development. In addition, colony-forming and
competitive repopulation assays demonstrated that the prolifera-
tive and reconstitution abilities of hemp−/− FL HSCs were signifi-
cantly impaired. Microarray analysis revealed alterations in the
expression levels of several genes implicated in hematopoietic de-
velopment and differentiation in hemp−/− FL HSCs. These results
demonstrate that Hemp, anmbt-containing protein, plays essential
roles in HSC function and skeletal formation. It is also hypothesized
that Hempmight be involved in certain congenital diseases, such as
Klippel-Feil anomaly.

fetal liver hematopoiesis | skeletal abnormality

Stem cells are characterized by their ability to balance self-
renewal activity with differentiation into mature cell lineages.

Among tissue-specific stem cells, hematopoietic stem cells
(HSCs) are most intensively studied and well characterized (1,
2). Functional and physiological studies have identified a number
of genes that regulate and maintain HSC activity (3–5); however,
the overall molecular mechanisms governing HSC function are
not fully understood.
To provide insights into these mechanisms, we generated and

sequenced a subtracted cDNA library from mouse fetal liver
(FL), in which hematopoietic cells are produced and expanded
(6). Enrichment of HSC-specific gene products after subtraction
was verified by the presence of Runx1, CD34, and flk2/flt3, and
the absence of β-actin and other housekeeping genes (6). The
experimental procedures, primary datasets, and the results of the
computational analyses are contained in the Stem Cell Database
(http://stemcell.mssm.edu/v2/).
Among the genes presented in the Stem Cell Database, we

identified one that encodes a protein containing a C2C2 zinc
finger domain and four tandem malignant brain tumor (mbt)
repeats. Mbt is a protein domain originally identified in the
protein product of a Drosophila polycomb group (PcG) gene and
lethal(3)malignant brain tumor [D-l(3)mbt], whose recessive
mutations cause the malignant transformation of larval and adult
brain tissues (7). Because the mbt repeats are also found in
another Drosophila PcG gene, Scm (sex comb on midleg), and are
highly conserved in their human counterparts, H-l(3)mbt (8, 9),

SCMH1 (sex comb on midleg homolog 1) (10), and SCML2 (11),
we named the this gene hemp [hematopoietic expressed mam-
malian polycomb, also deposited in the database as mbtd1 (mbt
domain containing 1)].
To investigate the biological roles of Hemp, we generated

mice deficient in hemp and analyzed their general embryonic
development and HSC functions.

Results
Structure and Characterization of Hemp, a Unique mbt-Containing
Protein. The comparison of amino acid sequences of mouse
and human Hemp proteins is shown in Fig. 1A. In both mouse
and human, Hemp is composed of a C2C2 zinc-finger domain at
the N terminus (circled), a nuclear localization signal (under-
lined) and four mbt repeats (boldface and boxed). Alignment of
the four mbt repeats of mouse Hemp to the consensus sequence
is shown in Fig. 1B and the comparative structural characteristics
of known mbt-containing proteins are shown in Fig. 1C. The mbt
proteins are divided into two groups, depending on whether or
not they possess an SPM (Scm, Ph, and MBT) domain, which
mediates protein–protein interactions (12, 13). SPM-containing
mbt proteins include D-L(3)mbt (7), H-L(3)mbt (8), SCMH1
(10), SCML2 (11), Sfmbt (Scm-related gene containing four mbt
domains) (14), and MBT-1 (15) [shown as SPM(+) in Fig. 1C];
SPM-lacking mbt proteins include Hemp, h-L(3)mbt-like a (9),
h-L(3)mbt-like b (9), and M4mbt (16) [shown as SPM(−) in Fig.
1C]. It is noteworthy that Hemp and other mbt-containing, SPM-
lacking proteins share a structural similarity in that they contain
four tandem mbt repeats preceded by a C2C2 zinc-finger domain
[SPM(−) in Fig. 1C]. Therefore, these proteins may constitute
a previously unexplored subfamily of mbt-containing proteins.
Because the expression of hemp mRNA in distinct hemato-

poietic lineages has been reported previously (6), in this study
the expression patterns of hemp were examined in mouse tissues
and in human hematopoietic and nonhematopoietic cell lines.
The results are shown in Fig. 1D. In adult mouse tissues, hemp
showed restricted expression, with high expression in the testis
(Top). In human cell lines, hemp was expressed abundantly in
most of the hematopoietic cell lines (Middle), and it exhibited
weak expression in all of the nonhematopoietic cell lines, except
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HEPG2 (Bottom). These results indicated that hemp is prefer-
entially expressed in hematopoietic cell lines and suggested that
Hemp functions largely in hematopoietic cells.

Neonatal Lethality and Skeletal Abnormalities in hemp−/− Mice. The
hemp-deficient mice were generated by replacing the mbt-
coding exons with IRES-GFP-pA and the floxed Neo resistance
gene (Fig. S1A). As shown in Fig. S1 B and C, the hemp gene
was correctly targeted and hemp-null mutant (hemp−/−) mice
were obtained.
No live homozygotes were found at 3-wk postnatal littermates

[postnatal day (P) 21.5] (Table S1), indicating that hemp−/− mice
die perinatally. To determine the time of lethality, embryos and
neonates, obtained from timed hemp+/− intercrosses, were gen-
otyped. At embryonic day (E) 12.5 and E17.5, hemp+/+, hemp+/−,
and hemp−/− embryos were present almost at Mendelian ratios.
However, at P0.5, numbers of hemp−/− pups decreased and most
of them were found dead (Table S1). In addition, 1 d later, no
live hemp−/− pups were obtained (Table S1), indicating that all
hemp−/− neonates die by P1.5.
To investigate the cause of hemp−/− postnatal lethality, pre-

natal and neonatal mice were subjected to pathological analysis.
However, despite intensive analysis, no obvious changes were
detected in the internal organs of hemp−/− mice. The next step
was to examine skeletal formation in hemp−/− mice, because
previous studies showed that mice with deficiencies in several of
the PcG proteins exhibited abnormal skeletal development (17).

Representative whole-mount pictures of hemp+/+, hemp+/−, and
hemp−/− embryos at E14.5 and E17.5 are shown in Fig. 2. At E14.5
(Fig. 2, Upper Right), hemp−/− embryos generally exhibited poor
skeletal development, most noticeably, the cartilage primordium
of the occipital bone at the base of the cranium (No. 1 and an
arrow). In addition, insufficient formation of the atlas (C1) and
the axis (C2) vertebrae (No. 2), a curvature of the spine (Nos. 3
and 5 in the right lower section), a misalignment of the spine (No.
4), and fusions of the cervical vertebrae [an arrowhead (C2 and
C3 fusion), also shown by arrowheads in the right, upper, and
center sections (C1 and C2 fusion and C1 to C3 fusion, re-
spectively)] were found in hemp−/− embryos. At E17.5 (Fig. 2,
Lower Right), the defects were more pronounced and various
abnormalities were observed in hemp−/− embryos, especially in
the cranium, vertebrae, and ribs. The most common and prom-
inent feature in hemp−/− embryos was the short lambdoidal suture
and flattened interparietal and occipital bones (Nos. 1 and 2). In
addition, in the hemp−/− embryo presented in Fig. 2, the atlas (C1)
vertebra is adjacent to the occipital bone, there is a prominent
curvature of the spine at the seventh and eighth vertebrae (T7 and
T8), and three ribs are attached to thoracic vertebra T7 and eight
ribs to T8 (Nos. 3–6). Other skeletal malformations in hemp−/−

embryos included fusions of cervical vertebrae [arrowheads in the
right upper section (C3 and C4, and C5 and C6 fusions)], a fusion
and a split at the first ribs (Fig. 2, Right Center, arrow), and the
attachment of four ribs to the same vertebra and a deformity of
the 12th rib (Fig. 2, Right Lower, arrow and arrowhead). No ob-
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Fig. 1. Structure and expression of Hemp. (A) Comparison of amino acid sequences of mouse Hemp (Upper) and human Hemp (Lower) proteins. Vertical lines
indicate identical amino acids. Zinc-finger domain cysteine residues are circled, a nuclear localization signal is underlined, and each of the four mbt repeats is
shown in boldface surrounded by a box. (B) Alignment of the four mbt repeats of mouse Hemp with the mbt consensus sequences. Identical and similar amino
acids to the consensus sequences are indicated by black and gray backgrounds, respectively. Amino acid numbers are shown in parentheses. (C) Comparison of
the primary structures of previously reported mbt-containing proteins. The proteins are divided into two groups, SPM(+) and SPM(−), depending on whether
or not they possess the SPM domain (shown as a black box). The mbt domain and the C2C2/C2HC Zinc-finger domain are indicated by gray and shaded boxes,
respectively. (D) Expression of hemp RNA in mouse tissues and in human hematopoietic and nonhematopoietic cell lines. The position of hemp is indicated by
an arrow. Hybridization with β-actin cDNA is shown as an internal control.
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vious alterations were found in other parts of the skeleton, such as
the limbs. In addition, no abnormalities were found in hemp+/−

embryos (Fig. 2, Center), indicating that a haplo-insufficiency of
hemp does not cause skeletal abnormalities and there is no dosage
effect of Hemp in skeletal development.

Reduction of Mononuclear Cells and HSCs in hemp−/− FL During Early
Development. Because hemp was originally isolated from a highly
enriched mouse FL HSC cDNA library, we investigated whether
a Hemp deficiency affected embryonic hematopoiesis. Hemp ex-
pression levels were initially examined in the FL at E11.5, E14.5,
and E18.5. As shown in Fig. S2A, hemp expression was highest at
E11.5 and decreased thereafter. Next, the expression levels of
hemp were examined at different stages of hematopoietic differ-
entiation using the FL HSC marker, CD150 (18). Cells from
E11.5, E14.5 and E18.5 FLs were separated into CD150+, lineage
marker (Lin)-negative, Sca-1+, and c-Kit+ (LSK); CD150– LSK
(putative HSCs); progenitor, Lin– and Lin+ cell fractions, and
RNA, extracted from each fraction, was subjected to quantitative
real-time PCR. As shown in Fig. S2B, at E11.5, hemp was
expressed at roughly the same level in all four fractions, whereas
at E14.5 and E18.5 it was predominantly expressed in the
CD150+ and CD150– LSK fractions. These results indicated that
hemp is preferentially expressed in primitive hematopoietic cells,
including HSCs, and may play a major role in these types of cells.
Next, cell numbers were examined in the FL of hemp+/+ and

hemp−/− embryos at E14.5 and E18.5. At E14.5, the FL sizes of
hemp−/− embryos were significantly smaller than those in hemp+/+

embryos. Thus, to ensure the recovery of HSCs at this time
point, we collected FL cells without using lymphoprep gradients
(Lymphoprep). On the other hand, at E18.5, because the FL
sizes of hemp−/− and hemp+/+ embryos were almost comparable,
we separated FL mononuclear cells by using Lymphoprep. Our
previous study demonstrated that the use of these two different
methods (preparation with or without Lymphoprep) does not
affect the characteristics of the isolated cells, in terms of surface
markers, functional abilities, or number of HSCs (19). As shown
in the left panels of E14.5 and E18.5 in Fig. 3A, at E14.5, hemp−/−

FL cell numbers were reduced approximately twofold relative to
controls (E14.5 of Fig. 3A, Left), whereas at E18.5, both hemp+/+

and hemp−/− FLs contained comparable numbers of mononuclear
cells (E18.5 of Fig. 3A, Left).
To investigate whether the reduction in cell numbers in the

hemp−/− FL was caused by a differentiation block at a specific
developmental stage, or by a proliferative defect of HSCs, flow
cytometric analysis was performed using the lineage markers,

Sca-1, c-Kit, CD150, and endothelial protein C receptor
(EPCR), another marker for FL-HSCs (19). The absolute cell
numbers per FL in each fraction are shown in E14.5 and E18.5 in
Fig. 3A Right. The absolute LSK number in the hemp−/− FL was
significantly reduced compared with that in the hemp+/+ FL at
both E14.5 and E18.5 (Fig. 3A, Top Right: E14.5 and E18.5).
Regarding the HSC frequencies in the LSK fractions, hemp−/−

FL showed a significant decrease in absolute cell numbers of
CD150+ LSK and EPCR+ LSK fractions at E14.5 (Fig. 3A, Right
Middle, and Bottom: E14.5). At E18.5, although the cell number
of CD150+ LSK were still low in hemp−/− FL (Fig. 3A, Right
Middle: E18.5), those of EPCR+ LSK were comparable between
the two types of embryos (Fig. 3A, Right Bottom: E18.5). These
results indicated that a deficiency in Hemp impairs HSC de-
velopment, especially at an early developmental stage.

Impaired Proliferative and Repopulating Ability of hemp−/− HSCs. To
test the functional properties of primitive hemp−/− hematopoietic
cells, we first investigated the colony-forming units in culture
(CFU-C) and then performed high proliferative potential colony-
forming cell (HPP-CFC) assays, which reflect progenitor cell
capacity, using E14.5 and E18.5 CD150+ LSK cells (Fig. 3 B and
3C). At E14.5, hemp−/− CD150+ LSK cells generated a signifi-
cantly reduced number of colonies in both CFU-C and HPP-
CFC assays compared with hemp+/+ CD150+ LSK cells, in-
dicating a marked decrease in the proliferative ability of hemp−/−

HSCs (Fig. 3 B and 3C, Left). In contrast, at E18.5 no apparent
differences were observed between the two assays (Fig. 3 B and
3C, Right). These results indicated that a Hemp deficiency im-
paired the proliferative potentials of hematopoietic stem/early
progenitor cells at an early developmental stage.
Next, a competitive repopulation assay was performed to in-

vestigate the stem cell capacity of hemp−/− CD150+ LSK cells at
E14.5. As shown in Fig. 4C, the repopulation capacity of hemp−/−

CD150+ LSK cells was significantly reduced compared with
hemp+/+ CD150+ LSK cells, as indicated by a marked decrease
in the percentages of donor-derived cells in peripheral blood
(Fig. 3D, Left) and bone marrow (Fig. 3D, Right) in the recipient
mice. These results demonstrated that a Hemp deficiency
resulted in a severe functional defect of FL HSCs.
To gain mechanistic insights into HSC defects, the cell-cycle

status and apoptotic ratios for CD150+ and CD150– LSK cells
from E14.5 and E18.5 FLs were examined. A significant re-
duction in short-term (90 min) BrdU incorporation was observed
in CD150+ LSK cells from hemp−/− FL at E14.5 (Fig. S3A, Left),
indicating increased cell-cycle arrest in this population. In addi-
tion, a marked increase in cleaved caspase-3–positive cells was
detected in CD150+ and CD150– LSK cells from hemp−/− FL at
E14.5 (Fig. S3B, Left), indicating enhanced apoptosis in these cell
populations. In contrast, At E18.5 these changes were attenuated
and no significant differences were found (Fig. 3 A and B, Right).
These results demonstrated that Hemp contributed significantly
to the reconstitution ability of FL HSCs, potentially through the
fine-tuning of the cell-cycle and cell-survival pathways.

Altered Gene-Expression Profiles in hemp−/− FL HSCs. To elucidate
the detailed molecular mechanism underlying the impaired re-
constitution ability of hemp−/− FL HSCs, we searched for genes
whose expression levels were altered in FL HSCs by the Hemp
deficiency. Total RNAs extracted from the lin–/c-kithigh HSC-
enriched fraction of E12.5 hemp+/+ and hemp−/− FLs were sub-
jected to microarray analysis. Among 23,522 genes examined, 308
genes were identified that exhibited absolute expression levels of
more than 50 (SI Materials and Methods) in either hemp+/+ or
hemp−/− arrays, and showed alterations in expression of more
than 1.5-fold between the two genotypes. Gene names are listed
in Table S2 (>1.5-fold up-regulated in hemp−/− compared with
hemp+/+) and Table S3 (>1.5-fold down-regulated in hemp−/−

compared with hemp+/+), along with additional information
concerning each gene. The marked reduction of mbtd1 (=hemp)
in the hemp−/− arrays verified the quantitative accuracy of the
analysis (top row of Table S3). Of the 308 genes, 210 and 229

Fig. 2. Representative skeletal photographs of hemp+/+ (Left), hemp+/−

(Center), and hemp−/− (Right) embryos at E14.5 (Upper) and E17.5 (Lower).
Abnormal skeletal features in hemp−/− embryos are indicated by arrows,
arrowheads, and numbers.
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genes were classified according to “Biological process” and
“Molecular function” Gene Ontology (GO) annotation, respec-
tively (Fig. S4A).
Among the 308 genes, 39 genes were further selected based

on their greater than twofold expression differences between
the hemp+/+ and hemp−/− arrays. The gene names, classified
according to the GO category and expression-difference ratios
are listed in Table 1 and the actual gene-expression levels in
hemp+/+ and hemp−/− arrays are shown in Fig. S4B. Interestingly,
these genes included those reported to play important roles
in hematopoietic development and HSC reconstitution ability, as
discussed below.

Discussion
In this study, we generated mice deficient in Hemp, an mbt-
encoding protein, and found that a loss of Hemp induced severe
abnormalities in HSC function and skeletal formation.
To investigate whether these abnormalities were caused di-

rectly by the Hemp deficiency, Hemp expression patterns during
embryogenesis were examined using an anti-Hemp antibody. As
shown in Fig. S5, various tissues were stained positively at E11.5
and E14.5 (Fig. S5, Left). The liver and cartilage, where phe-

notypical and functional abnormalities were found in hemp−/−

embryos, were examined in detail. In the liver, interstitial cells,
including hematopoietic cells, showed positive staining; and in
the cartilage, most of the chondrocytes and some undiffer-
entiated mesenchymal cells exhibited positive signals (Fig. S5,
Right: E11.5 and E14.5). These results strongly suggested that the
defects in hemp−/− embryos were primarily attributed to the
Hemp deficiency. The reason for the lack of obvious defects in
other tissues expressing Hemp, such as the heart (Fig. S5), is not
yet clear. One possibility is that Hemp-related proteins (Fig. 1C)
might compensate for Hemp function in these tissues.
The skeletal abnormalities were considered to be responsible

for the postnatal lethality of the hemp−/− mice. The impaired
thoracic formation would cause respiratory failure, lead to hyp-
oxia, and eventually result in neonatal death. Skeletal malfor-
mations are one of the characteristic abnormalities in mice
lacking several of the PcG genes, such as bmi-1 (20), mel-18 (21),
and M33 (22). However, these mice exclusively displayed ante-
rior/posterior homeotic transformations of vertebrae because of
the ectopic or deregulated expression of Hox gene families (17),
in contrast to hemp−/− mice, which exhibited very complex pat-
terns that did not correspond to the homeotic transformations

Fig. 3. Phenotypic characterization and
functional assays of hemp+/+ and hemp−/−

FL cells. (A) Comparison of total cell
numbers (Left) and absolute cell num-
bers for LSK (Right Top) CD150+ LSK
(Right, Middle) and EPCR+ LSK (Right,
Bottom) fractions between hemp+/+ and
hemp−/− FLs at E14.5 and E18.5 (data ±
SD). At E14.5, FL cells were collected
without using lymphoprep gradients
(Lymphoprep), whereas at E18.5, FL
mononuclear cells (MNCs) were sepa-
rated with the use of Lymphoprep. (B)
Average numbers of colony forming
units in culture (CFU-C) generated from
hemp+/+ and hemp−/− CD150+ LSK cells
at E14.5 and E18.5. One hundred and
fifty cells were cultured for 8 d in a semi-
solid culture with cytokines, and the
colony types formed were classified into
colony-forming unit-granulocyte, mac-
rophage [(CFU-GM) open bar], burst-
forming unit-erythoid [(BFU-E) gray
bar], CFU-Mix (closed bar) and counted
(data ± SD). (C) Average numbers of
high proliferative potential-colony form-
ing cells (HPP-CFCs) generated from
hemp+/+ (open bar) and hemp−/− (closed
bar) CD150+ LSK cells at E14.5 and E18.5.
One hundred and fifty cells were cul-
tured for 16 d in a semi-solid culture
with cytokines, and colonies from 1–2
mm and >2 mm were classified and
counted independently (data ± SD).
(D) Competitive repopulation assay of
hemp+/+ (open box) and hemp−/− (closed
box) CD150+ LSK cells at E14.5. One
hundred and fifty cells (Ly5.2) were
transplanted into recipient mice (Ly5.1)
together with 4×105 competitors (Ly5.1).
Donor-derived chimerism in the periph-
eral blood (PB) at 1, 2, 3 and 4 months
after transplantation and chimerism in
the MNC, Lin−, LSK and LT-HSC fractions
in the bone marrow (BM) at 4 mo after
transplantation are shown in the left and
right panels, respectively (data ± SD).
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(Fig. 2). Therefore, Hemp appears to regulate skeletal de-
velopment in a manner distinct from that of the PcG proteins.
Interestingly, the cervical vertebral fusion and an atlas (C1)

vertebra located adjacent to the occipital bone (common skeletal
abnormalities in hemp−/− mice) closely resembled the features of
the Klippel-Feil anomaly in humans (23, 24). In addition, rib
anomalies are frequently associated with this disease (25). The
Klippel-Feil anomaly is etiologically heterogeneous, but several
cases bear chromosomal aberrations and thus are considered to
have a genetic component (26, 27). Of note, one case with Klip-
pel-Feil anomaly had a translocation involving chromosome band
17q23 (26), which is close to the human hemp orthologous locus
at 17q21.3. In addition, several patients with unrelated skeletal
abnormalities were shown to bear chromosomal aberrations in-
volving 17q21.3 (28–30). Therefore, it would be intriguing to in-
vestigate whether human hemp expression is affected in patients
with Klippel-Feil anomaly and patients with skeletal abnormali-
ties carrying chromosomal aberrations involving 17q21.3.
In the hematopoietic analyses, we observed a significant re-

duction in FL cell numbers in hemp−/− embryos at E14.5 (Fig.
3A). Flow cytometric analysis revealed that the reduction oc-
curred at the HSC level (Fig. 3A), demonstrating a critical role
for Hemp in HSC development at an early developmental phase

and leading to further investigations into the proliferative and
repopulating abilities of HSCs. CFU-C and HPP-CFC assays of
CD150+ LSK cells revealed that hemp−/− HSCs exhibited a sig-
nificantly reduced proliferative ability at E14.5 (Fig. 3 B and C).
In addition, transplantation of CD150+ LSK cells at E14.5
revealed a marked impairment in the repopulating activity of
hemp−/− HSCs (Fig. 3D). These results indicated that Hemp
plays a pivotal role, not only in hematopoietic development, but
also in HSC proliferative and repopulating abilities. The BrdU
and cleaved caspase-3 assays revealed significantly decreased
proliferation and significantly enhanced apoptosis of hemp−/−

CD150+ LSK cells at E14.5 (Fig. S3 A and B), which would ex-
plain, at least partly, the defects in hemp−/− HSCs. The reason
why the defects in hemp−/− HSCs were most prominent at E14.5
but were less remarkable at E18.5 is not clear. One possibility is
that hemp expression in the FL is highest at E11.5 and is down-
regulated thereafter (Fig. S2A). However, at E18.5, hemp ex-
pression in the CD150+ and CD150– LSK fractions remained
dominant (Fig. S2B). Thus, the decline of the overall hemp ex-
pression in the FL at a later stage of development could be at-
tributed to decreased hemp expression in Lin– and Lin+ fractions
at E18.5, because these cell types expand massively and occupy
the majority of FL cells. Another, more likely, possibility is that
Hemp-related molecules (Fig. 1C) may compensate for the
defects of Hemp deficiency during late gestation.
To gain insights into the molecular mechanisms underlying the

impaired hematopoietic activities of hemp−/− HSCs, a microarray
analysis was performed. Among 23,522 genes examined, 39 genes
were identified whose expression levels differed by more than
twofold in enriched hemp+/+ or hemp−/− stem and progenitor
cell arrays (Table 1 and Fig. S4B), which included genes that
have been shown to play pivotal roles in HSC self-renewal ca-
pacity and differentiation ability.
Among genes down-regulated in hemp−/− FL HSCs, Sox4 (0.5)

is necessary for lymphocyte development (31, 32) (the figure in
parenthesis refers to the ratio of hemp−/−/hemp+/+, in this case,
a value of 0.5). Of the two Stat genes identified, Stat4 (0.5) is
required for T-cell differentiation (33), and Stat3 (0.6) plays im-
portant functions in HSC self-renewal (34). KLF6 (0.6) is re-
quired for proper hematopoietic development (35), two of the
chemokine family members,Ccl4 (0.4) andCxcl2 (0.4), contribute
to proliferation, survival and homing of hematopoietic cells (36),
and Erdr1 (0.4) is capable of inducing hemoglobin synthesis (37).
Among the genes up-regulated in hemp−/− FL HSC and pro-
genitor cells, SOCS2 (1.7) negatively regulates cytokine-mediated
pathways (38) and MAP4K1 (1.8) induces apoptosis by activating
MAP3 proteins and suppressing Bcl2 family members (39, 40).
Taken together, the altered expression patterns of various genes
in mutant FL HSCs appear to coordinately and cooperatively
impair the expansion and reconstitution ability of FL HSCs.
Recently, a functional screen for gene products supporting HSC

activity identified 18 molecules, and the overexpression of 10 of
these was shown to increase HSC repopulating activity (41). In-
terestingly, 3 of the 10 genes overlapped with the 39 genes identi-
fied in this study (Table 1 and Fig. S4B). Two of these were Sox4
and Erdr1, which were down-regulated in hemp−/− FL HSCs (0.5
and 0.4, respectively) (Table 1 and Fig. S4B). Therefore, it is
strongly postulated that the suppressed expression of these two
gene products is responsible for the impaired reconstitution
ability of hemp−/− FL HSCs. The third gene, Prdm16 (also known
asMel1), was up-regulated in hemp−/−FLHSCs (2.3) (Table 1 and
Fig. S4B). This finding is intriguing, becausePrdm16was originally
isolated as a leukemia-associated gene (42) and is known to en-
hanceHSC activity (41). Themechanism underlying the enhanced
expression of Prdm16 remains unclear, but one possibility is that
Prdm16 is up-regulated to compensate for the impaired pro-
liferative ability of FL HSCs induced by Hemp deficiency.
In summary, we have demonstrated that Hemp, an mbt-

containing protein, plays essential roles in HSC function and
skeletal formation. Recent studies have shown that the mbt do-
main binds to methylated histone residues, for example, the mbt
domain of H-L(3)MBT/L3MBTL1 binds to methylated H3K4

Table 1. Genes with expression levels showing greater than
a twofold difference between hemp+/+ and hemp−/− arrays

Category Gene symbol
Global normalization

ratio

Transcription Prdm16 2.3↑
Sox4 0.5↓
Zmynd11 0.5↓
Stat4 0.5↓
Hnrnpul1 0.4↓

Signal transduction Arhgap21 4.1↑
Eltd1 0.4↓
Arhgef18 0.4↓
Olfr1461 0.4↓

Metabolic process Acot2 0.5↓
Sepp1 0.5↓
Aqp9 0.4↓
Pitpnc1 0.3↓

Translation Eif2s3y 2.3↑
Aars2 0.4↓

Oxygen transport Hbb-b1 0.5↓
Hba-a1 0.4↓

Immune response Ccl4 0.4↓
Cxcl2 0.4↓

Chemotaxis Ear2 2.2↑
Protein folding Fkbp11 2.1↑
Apoptosis Nfkbia 0.5↓
Others Dcdc5 4.4↑

Evc2 3.9↑
Acbd7 3.3↑
Adamtsl1 2.9↑
Ear1 2.2↑
Ear10 2.1↑
Tlcd2 2.0↑
Ear6 2.0↑
Dolpp1 0.5↓
EG625796 0.5↓
Slc6a20a 0.4↓
Gal3st2 0.4↓
Erdr1 0.4↓
Dusp2 0.4↓
Xist 0.3↓
Lelp1 0.3↓
Mboat2 0.3↓

Genes with a greater than twofold increase in expression in hemp−/−

arrays are shown in boldface.
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and H4K20 (43, 44) and also compacts nucleosomal arrays by
simultaneously binding to two methylated residues, H4K20 and
H1bK26 (45). In addition, Sfmbt binds to mono- and dimethy-
lated H3K9 and H4K20 (46, 47), and its gene-silencing activity is
enhanced by interacting with another mbt-containing protein,
Scm (48). Therefore, it is likely that Hemp exerts its biological
activity by binding to methylated histone lysine residues through
the mbt repeats. Further studies will be required to clarify the
lysine residues to which Hemp binds and the proteins with which
Hemp interacts. In addition, an association between skeletal
anomalies and impaired hematopoiesis has been reported in
human diseases (49), and in particular, the Klippel-Feil anomaly
can be associated with Fanconi anemia (50) and Diamond-
Blackfan syndrome (51, 52). Therefore, it will be interesting to
determine whether human Hemp dysfunctions are involved in
the pathogenesis of these diseases.

Materials and Methods
Detailed descriptions for experimental procedures for Northern blot analysis,
construction of a targeting vector and generation of hemp knockout mice,
generation of an anti-Hemp antibody, immunoprecipitation andWestern blot
analysis, skeletal analysis, quantitative real-time PCR, immunohistochemical
analysis, flow cytometric analysis, CFU-C, HPP-CFC and competitive repopula-
tion assays, cell cycle and apoptosis assays, and DNA microarray analysis,
microarray scanning and data processing are provided in SI Materials
and Methods.
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