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Summary

HTm4 is a member of a newly defined family of human and murine proteins, the MS4 (membrane-spanning four)
protein group, which has a distinctive four-transmembrane structure. MS4 protein functions include roles as cell
surface signaling receptors and intracellular adapter proteins. We have previously demonstrated that HTm4 regu-
lates the function of the KAP phosphatase, a key regulator of cell cycle progression. In humans, the expression of
HTm4 is largely restricted to cells of the hematopoietic lineage, possibly reflecting a causal role for this molecule
in differentiation/proliferation of hematopoietic lineage cells. In this study, we show that, like the human homo-
logue, murine HTm4 is also predominantly a hematopoietic protein with distinctive expression patterns in devel-
oping murine embryos and in adult animals. In addition, we observed that murine HTm4 is highly expressed in
the developing and adult murine nervous system, suggesting a previously unrecognized role in central and periph-
eral nervous system development.

Introduction

HTm4 is a member of a newly defined, extensive fam-
ily of human and murine proteins. Each member of
the MS4 (membrane-spanning four) protein group has
a distinctive four-transmembrane structure. To date,
few members of this family are well understood, but a
diverse functionality is beginning to emerge. These
functions include roles as cell surface signaling recep-
tors and intracellular adapter proteins (Hulett et al.
2001, Ishibashi et al. 2001, Liang et al. 2001, Liang &

Tedder, 2001, Barnhill et al. 2004). We demonstrated
that HTm4 is an adapter molecule that regulates the
function of the KAP phosphatase, a key regulator of
cell cycle progression (Donato et al. 2002). HTm4, in
humans, is a 214 amino acid protein whose expression
is largely restricted to both mature and precursor cells
of the hematopoietic lineage, which may reflect a cau-
sal role in driving the differentiation/proliferation of
hematopoietic lineage-specific cells (Adra et al. 1994,
1999, Donato et al. 2002, Nakajima et al. 2004).

A second important feature of the biology of human
HTm4 is its genetic localization. Human HTm4 maps
to chromosome 11q13.1 (Adra et al. 1994), in close**JLK and XY contributed equally to this work.
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proximity to the FceRI antigen receptor beta chain
gene (Ra et al. 1989, Ravetch & Kinet 1991) and the
gene for CD20 (Tedder et al. 1988), both of which are
MS4 family members. The 11q13.1 region is linked sig-
nificantly to human atopic phenotypes (Collee et al.
1993, Shirakawa et al. 1994, van Herwerden et al.
1995, Folster-Holst et al. 1998, Adra et al. 1999). Spe-
cifically, TaqI restriction fragment length polymor-
phism (RFLP) in the 3rd intron of the human HTm4
showed a strong association with atopic asthma. This
variant showed similar odds ratios to that of intron 2
of the FceRIb gene in severe asthma, as well as in
severe atopy phenotypes. Interestingly, we found that
HTm4 is highly expressed in basophils at both the
mRNA and protein levels (Nakajima et al. 2004);
hence, human HTm4 is considered an atopy gene can-
didate on locus 11q13.1 (Adra et al. 1999).

In this report, we present data on the genetic
sequence, genomic organization, protein structure pre-
diction, biochemistry and tissue expression pattern of
the murine HTm4 homologue. Our data show that,
like the human homologue, murine HTm4 is also pre-
dominantly a hematopoietic protein with distinctive
expression patterns in developing murine embryos and
adults. We also report the unexpected finding that
murine HTm4 is expressed in the developing murine
nervous system. Moreover, we demonstrate that the
functional interaction with the KAP phosphatase, pre-
viously demonstrated by our group in human cells, is
also present in the murine system. Our work suggests
a conservation of structure and function for HTm4
between the mouse and human systems.

Materials and methods

Cloning of murine HTm4 cDNA

Rapid Amplification of cDNA Ends (RACE)-PCR
was used for the cloning of murine HTm4 cDNA.
Marathon-Ready BALB/c mouse spleen cDNA library
(Clontech Laboratories Inc, Palo Alto, CA) was used
as the template. Two gene specific primers were
derived from a single EST sequence that was highly
homologous to human HTm4. A gene specific anti-
sense primer, 5¢-CAT TCG TGT GGG GTT TCT
CCT GC-3¢, was paired with the 5¢ primer supplied by
the manufacturer to generate PCR product that would
cover the 5¢ end region of cDNA of interest, murine
HTm4. In the same manner, a gene specific sense pri-
mer, 5¢-GTT TAC AAC ACG TGT CCC ACC ACT
TCA G-3¢, was used to generate PCR product that
would cover the 3¢ end region of murine HTm4
cDNA, when paired with the 3¢ primer from the man-
ufacturer. PCR products from both experiments were
sequenced and compared. The longest contiguous mur-
ine HTm4 cDNA sequence was generated through the

merging of largest 5¢ and 3¢ PCR fragments at the
overlapping region that was flanked by the aforemen-
tioned gene specific primers. Based on this sequence, a
pair of murine HTm4 specific primers was generated
for the procurement of a full-length cDNA. The
sequences for this pair of primers were 5¢-CAA AGA
AGA GAT TCG TTA AGC CTG AGG-3¢, the sense
primer, and 5¢-CGC CTA AGG AAA TAT ATT TAT
TCA TCC AGA TC-3¢, the antisense primer. The final
full-length murine HTm4 cDNA was cloned into the
pGEM-T vector (Promega, Madison, WI) and ana-
lyzed by DNA sequencing.

Cloning and sequencing of the murine HTm4 genomic
sequence

A BAC genomic library of murine 129/SvJ DNA
(Genome Systems Inc., St. Louis, MO) was screened
by PCR using primers designed for the 5¢ and 3¢ ends
of the gene. The positive clone was isolated, and its
DNA purified, restricted and sub-cloned in the pBlue-
script vector (Stratagene, CA). The mouse genomic
DNA insert (accession number: AY258288) was
sequenced by direct BAC sequencing and also by
sequencing the sub-clones using the BigDye Termina-
tor Cycle Sequencing Kit and ABI prism-377 DNA
sequencer (PE Applied Biosystems, Foster City, CA).

Murine HTm4 protein modeling

Murine HTm4 protein modeling was predicted and
compared to human HTm4 by program ‘SOSUI’
(http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html)
which was made for prediction of existence of trans-
membrane helices and determination of transmem-
brane helical regions in the proteins based on
physicochemical properties of amino acid sequences
such as hydrophobicity and charges. A ‘primary’ trans-
membrane helix is composed of the highly hydropho-
bic and successive region of the AA sequence by a
hydropathy profile based on the Kyte–Doolittle
hydropathy index (Kyte & Doolittle 1982), while a
‘secondary’ transmembrane helix is composed of less
hydrophobic and some polar AA sequences of which
parameters are calculated with amphiphilicity index of
polar amino acids (Mitaku et al. 1995).

Generation of a polyclonal antiserum directed against
murine HTm4

A peptide derived from the amino-terminus of murine
HTm4 (amino acids 4–19: EETGGSVYQPLDESRH)
was coupled to keyhole limpet hemocyanin and used
to generate a rabbit polyclonal antiserum. We pro-
duced amino- and carboxyl-terminal fusion proteins
(aa 4–19 and aa 197–213) of murine HTm4 with the
GST protein using pGEX6P1 vector (Amersham
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Pharmacia Biotech, Piscataway, NJ) in order to screen
the reactivity of these antibodies. Affinity purification
was performed by standard methods using the immu-
nizing peptide.

Immunoprecipitation and western blotting

Samples consisted of either 5 lg murine HTm4 GST
fusion proteins, or 20 lg proteins derived from BALB/
c mouse spleen cells lysed in a standard SDS buffer.
Protein samples were boiled for 8 min before loading.
Cells were pelleted in a microcentrifuge (2000g, 2 min)
and washed once in 1 ml ice cold phosphate buffered
saline to remove serum proteins. 107 cells were lysed
on ice for 30 min in 350 ll of the following buffer:
50 mM HEPES pH 7.4, 75 mM NaCl, 20 mM NaF,
10 mM iodoacetamide, 0.5% (w/v) Triton X-100,
1 mM phenlymethylsulfonyl fluoride (PMSF), 500 mg/
ml Aprotinin, 1.0 mg/ml Leupeptin and 2.0 mg/ml
Chymostatin. Lysates were clarified by microcentrifu-
gation (10,000g, 5 min). Supernatants were transferred
to clean tubes and either mixed with 1.4 volumes ace-
tone and placed at )20 �C for 1 h (to pellet total pro-
tein) or tumbled at 4 �C for 2 h with the indicated
antibody. Acetone precipitates were harvested by cen-
trifugation at 10,000g for 5 min. Immunocomplexes
were captured using 15 ll/tube Protein G-sepharose
beads and washed using two rounds of microcentrifu-
gation and re-suspension in 1 ml lysis buffer. Beads

and protein pellets were dried by aspiration and then
incubated at 95 �C for 8 min in a reducing SDS poly-
acrylamide gel electrophoresis (PAGE) loading buffer.
After 10% SDS–PAGE, the resolved proteins were
transferred to PVDF membrane by electroblotting and
the membrane was blocked for 1 h using 5% BSA
bovine serum albumin (Figure 3B) or 5% non-fat milk
(Figure 5) in PBS pH 7.0. The membrane was then
probed for either 2 h at RT (Figure 3B) using 1:1000
dilution of murine HTm4 antiserum, or 16 h at 4oC
(Figure 5) using 1:2000 dilution monoclonal anti-KAP
(BD Pharmingen, San Diego, CA.). After extensive
washing (4 · 5 min in PBS/0.5% Tween-20) a develop-
ing antibody was applied (1 h at RT, 1:10,000 dilution
of donkey anti-rabbit (Amersham, Piscataway, NJ) or
sheep anti-mouse (Amersham, Piscataway, NJ) IgG
coupled to HRP). After further washing bands were
visualized using ECL according to the manufacturer’s
instructions (Amersham, Piscataway, NJ).

Northern blotting procedures

Northern blot filters of Poly (A)+ RNA from normal
mouse tissues were purchased from BD Biosciences,
CLONTECH, Palo Alto, CA. The filters were probed
with 32p-labelled full-length murine cDNA according
to the published protocols (Adra et al. 1994, 1997).
The blots have been normalized to beta-actin by the
manufacturer.

Figure 1. Comparison of the predicted model of murine HTm4 and human HTm4 proteins. The predicted murine (m)HTm4 (left panel) and

human (h)HTm4 (right panel) protein structures were compared. Each figure shows topology with AA sequence from outer to inner side

through membrane portion. Two outside loops are predicted for each protein as ‘primary’ transmembrane helixes (dark green loops), while two

inside loops are predicated as ‘secondary’ transmembrane helixes (light green loops).
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Immunohistochemical studies for murine HTm4

All staining was performed by standard immunoperox-
idase methods. Briefly, either embryonic murine tissue
slides from day 8-day 16 or adult murine BALB/c tis-
sue (Novagen, Madison, WI) were deparaffinized and
pre-treated in 10 mM sodium citrate, pH 6.0 using a
pressure cooker system (Decloaking chamber, Biocare
Medical, Walnut Creek, CA as per manufacturer’s
instructions). All further steps were performed at room
temperature in a hydrated chamber. Slides were pre-
treated with Peroxidase Block (DAKO, Carpinteria,
CA) for 5 min to quench endogenous peroxidase activ-
ity, and a 1:5 dilution of goat serum in 50 mM Tris-
Cl, pH 7.4, for 20 min to block non-specific binding
sites. Affinity purified rabbit anti-murine HTm4 anti-
body (1:100 dilution in 50 mM Tris–Cl, pH 7.4 with
3% goat serum) was applied at room temperature for
1 h. After washing in 50 mM Tris–Cl, pH 7.4, second-
ary goat anti-rabbit horseradish peroxidase-conjugated
antibody (Envision detection kit, DAKO, Carpinteria,
CA) was applied for 30 min. After further washing,

immunoperoxidase staining was developed using a
DAB chromogen kit (DAKO, Carpinteria, CA), per
manufacturer’s instruction, and counterstained with
hematoxylin. To assure specificity, murine HTm4 anti-
body was pre-incubated with the immunizing peptide
in most experiments and applied to identical tissues,
revealing complete blocking of staining.

Bone marrow cell preparation for flow cytometry
analysis

C57/BL6 mice were used. Either femurs or tibias were
harvested from mice without exsanguinations following
cervical dislocation. The bone marrow contents were
flushed with 4 �C PBS using a 26G hypodermic needle,
thoroughly resuspended by gentle pipetting several
times, and filtered through 30-lm-nylon mesh to
remove remaining particulate material. Bone marrow
cells were then washed twice with PBS buffer, pelleted
by centrifugation at 1000 rpm for 10 min at 4 �C,
resuspended, and counted. Cells were permeabilized
with the Fix & Cell Permeabilization Kit, as described

Figure 2. Structure and 5¢ nucleotide sequence of the murine HTm4 gene. (A) Comparison of the complete gene structure of mouse HTm4 and

human HTm4. Exons are shown as boxes and introns are connecting lines. The coding region is shaded. Exon and intron lengths are marked.

Arrows are used to indicate the direction of transcription. (B) 5¢nucleotide sequence of the murine HTm4 gene.

Accession number is AY258288. Sequence analysis started up to 1 kb upstream from the ATG (+1). The potential transcription factor binding

sites were searched using MatInspector V2.2 (http://transfac.gbf.de/cgi-bin/matSearch/matsearch.pl) (Quandt et al. 1995) and are shown in

boldface and underlined.
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Figure 3. Murine HTm4 expression patterns in the embryonic mouse. (A) Northern blot analysis of HTm4 transcription during mouse embryo-

genesis. Poly A+ RNA (approximately 2 lg/lane) was prepared from mouse embryos at the indicated stage of development (The Northern

membrane was probed as described in Methods to detect the 1.0 kb HTm4 transcripts, which are detectable by this technique after day E11.

This commercial blot has been normalized to beta-actin by the manufacturer (BD Biosciences, CLONTECH, Palo Alto, CA). (B) Validation of

anti-murine HTm4 antibody by specific western blot. Polyclonal anti-murine HTm4 was generated against N-terminal amino acids 4-19 in rab-

bit as described in Methods. Protein samples corresponding to 5 lg/lane GST fusion proteins of either the amino- or carboxyl-terminal cyto-

plasmic tails of murine HTm4 (N-murine HTm4-GST, C-murine HTm4-GST), or total lysate from 1x106 murine spleen cells, were resolved by

10% SDS–PAGE. After electrotransfer to PVDF membrane, western analysis was performed with 1 lg/ml anti-murine HTm4. Note the pres-

ence of approximately 25 kDa band in murine spleen and immunoreactivity for only the N-murine HTm4-GST fusion protein, which contains

the immunogenic peptide. (C–N) Immunohistochemisty for murine HTm4 in embryonic murine hematopoietic and neural tissues. Representa-

tive sections of formalin-fixed paraffin embedded embryonic (E) murine tissues were stained with anti-murine HTm4 antibody. Positive staining

(DAB chromogen with hematoxylin counterstain) was restricted to either developing hematopoietic cells within the blood islands (C; E8; 400·
original magnification; inset 1000·) and liver (D; E14; 400· original magnification), or neural derived cells within the developing brain (E for

E15, sagittal section, 40· original magnification; F–H for E12, cross-section, 20·, 100·, or 400· original magnifications, respectively; and I–K

for E16, cross section, 20·, 100·, or 400· original magnifications, respectively). Strong expression of murine HTm4 was also detected within

the spinal cord and dorsal and ventral ganglia starting at E14 (L; representative E15 embryo, 40· original magnification). Nestin staining is

shown in panel M (E12, 40· original magnification) and panel N (E16 original magnification, 100·). Note the distinct patterns of murine

HTm4 and nestin expression (panel G versus M for E12 and panel H versus N for E16) indicating diminished murine HTm4 protein expression

in the more primitive periventricular cells of the developing brain compared to nestin.
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by the manufacturer (Caltag Laboratories Inc., Burlin-
game, CA, USA). Cells were labeled with 2 lg/ml of
polyclonal anti-murine HTm4 for 20 min, followed by
the incubation with anti-rabbit IgG-FITC (Fab) (Cal-
tag, Burlingame, CA), along with CD19-PE (BD
Pharmingen, San Diego, CA), CD3-PE (BD Pharmin-
gen), Ter119 (BD Pharmingen), Gr1-PE (BD Pharmin-

gen) and CD11b-PE (Caltag). The flow cytometry
analyses were performed on a FACScan flow cytome-
ter (Becton Dickinson Immunocytometry Systems, San
Diego, CA). In the control group, bone marrow cells
were labeled with 2 lg/ml of Rabbit IgG (Sigma, St.
Louis, MO) for 20 min, followed by the incubation
with anti-rabbit IgG-FITC (Fab) (Caltag).

Results

cDNA, genomic and protein sequence of murine HTm4

Our database analysis identified a murine expressed
sequence tag (EST) that was highly homologous to the
human HTm4 cDNA sequence. This enabled the
design of a specific PCR primer that was used to iso-
late a clone from a murine cDNA library. After sev-
eral rounds of RACE-PCR and DNA sequence
analysis, we obtained a single contiguous cDNA corre-
sponding to murine HTm4. The cDNA and translated
protein sequence of murine HTm4 was deposited in
Gene Bank (accession number AY184359).

Murine HTm4 is a 213 amino acid protein with a
predicted molecular weight of approximately 25 kDa.
Proscan analysis reveals that murine HTm4 has no
obvious enzymatic or protein–protein interaction
domains, but does contain a single consensus sequence
for N-glycosylation. Human HTm4 is similarly devoid
of amino acid sequence clues to its functional role,
and also contains a single N-glycosylation site and a
PKC substrate motif.

We compared the protein sequences of murine
HTm4 and human HTm4 using ClustalW alignment
(Oxford Molecular and MacVector, Accelrys, San
Diego, CA). Across the �220 amino acid sequence, 119
identities (55%) and 27 functional similarities (12%)
were found. Murine HTm4, like its human counterpart,
has four putative transmembrane domains resulting in
very similar predicted structures (Figure 1). Both mur-
ine HTm4 and human HTm4 proteins can be defined
as members of the MS4A protein family, on the basis
of their four-transmembrane structure and sequence
homology. Murine HTm4 is designated MS4A3.

We have previously assigned the chromosomal loca-
tion of human HTm4 to 11q13.1 (Donato et al. 2002).
Location of the murine gene for HTm4 was assigned
using genomic BLAST against the available mouse
genome (NCBI BLAST facility). Probes were murine
HTm4 genomic sequence and human HTm4 cDNA
sequence, which gave identical results. Using this anal-
ysis, the murine HTm4 gene was localized to chromo-
some 19A. We note that the murine HTm4 gene is
clustered in this location with the MS4A2 gene, corre-
sponding to the mouse FceRIb subunit and the gene
for MS4A6D. This cluster is highly reminiscent of that

Figure 4. Murine HTm4 expression patterns in the adult mouse. (A)

Northern analysis of HTm4 transcript distribution in adult mouse.

Adult mouse multiple tissue Northern blot was probed with 32P

labeled full length HTm4 cDNA. Of the tissue RNA extracts present

on this membrane, only the spleen sample displayed significant hybrid-

ization. Visualized band corresponds to the approximately 1 kb mur-

ine HTm4 transcript. This commercial blot has been normalized to

beta-actin by the manufacturer (BD Biosciences, CLONTECH, Palo

Alto, CA). (B–E). Immunohistohemical staining of adult murine

spleen, brain and lymph node for murine HTm4. Representative sec-

tions of formalin-fixed paraffin embedded adult murine spleen, lymph

node, or brain were stained with anti-murine HTm4 antibody as

described in Methods. Positive cytoplasmic staining of cells (DAB

chromogen with hematoxylin counterstain) was restricted to either

hematopoietic cells within the red pulp of the spleen (B; 400· original

magnification) or neurons of the cerebral cortex of the adult murine

brain (C; 400· original magnification). Germinal center B-lympho-

cytes within secondary lymphoid follicles also express murine HTm4

(D; 200· original magnification). The pattern of expression is identical

to that of the murine HTm4 interacting protein KAP (E; 200· original

magnification). (F) Flow cytometric analysis of HTm4 expression in

cell populations derived from adult murine bone marrow. Mouse bone

marrow cells were isolated as described in Methods. Aliquots of cells

were co-stained with either control rabbit IgG or anti-murine HTm4

and antibodies to specific surface markers for various bone marrow

subpopulations. Cell-type specific co-stains were as follows: B-lympho-

cytes (CD19), T-lymphocytes (CD3), monocytes (CD11b), nucleated

red blood cells (Ter119), and granulocytes (GR-1).
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located in humans at chromosome 11q13.1, which has
been linked to atopic/allergic disorders (Adra et al.
1999). Other members of the MS4A family are located
at more distal locations also on the mouse chromo-
some 19, including MS4A10, MS4A8 and MS4A7
(Ishibashi et al. 2001, Liang et al. 2001, Liang and
Tedder, 2001).

Further analysis of the murine genomic sequence
revealed that the murine HTm4 gene has the same six-
intron and seven-exon gene structure as the human
HTm4 gene (Figure 2A). In addition, the full length of
murine HTm4 gene (Gene Bank accession number
AY258288) spans approximately 11 kb, which is also
comparable to the human HTm4 gene (Adra et al.,
1999). Sequence analysis up to 1 kb upstream from the
ATG (Figure 2B) showed that the putative promoter
region contains many potential binding sites for tran-
scription factors that are involved in hematopoiesis,
immune response and cell proliferation, such as AP1
(Mathas et al. 2002), CEBPB (Akira et al. 1990), IK1-
2 (Georgopoulos et al. 1994) and GATA1-3 (Tsai
et al. 1994, Pandolfi et al. 1995, McDevitt et al. 1997).

Murine HTm4 expression pattern in developing mouse
embryos reveals restriction to hematopoietic and neural
tissues

One of the most notable features of the human HTm4
protein is its relatively restricted tissue expression pat-
tern. Current data suggest that human HTm4 is
expressed, in adult tissues, in cells of the hematopoietic
lineage. In our characterization of murine HTm4, we
asked if this tissue specificity is also a feature of the
mouse system. We first probed Northern blots for the
presence of murine HTm4 transcripts in RNA extracts
from whole murine embryos at defined stages of devel-
opment (Figure 3A). Sufficient levels of a �1.0 kb
murine HTm4 transcript are present for detection by
at least day 13 and continue to be expressed at day 17.
Northern analysis provides a valuable, but low-resolu-
tion, picture of the expression levels of a given tran-
script during development. In order to localize
expression of murine HTm4 within specific tissuetypes,
we performed immunohistochemistry on tissue from
various embryonic stages. Initially, we validated the

Figure 4. (Continued).
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specificity of our anti-murine HTm4 antibody raised
against the N-terminal amino acids 4-19 via western
blot. Figure 3B shows that our anti-murine HTm4
antibody specifically recognizes a 25-kDa protein from
adult murine spleen cells (right lane). Importantly,
anti-murine HTm4 also recognizes the amino-terminus
of murine HTm4 when expressed as a glutathione S-
transferase fusion protein (Figure 3B, left lane). A
carboxy-terminal murine HTm4 fusion protein is not
recognized (center lane). These data confirm the
specificity of the antiserum for the amino-terminus of
murine HTm4.

Immunohistochemical analysis was performed for
murine HTm4 expression in formalin-fixed, paraffin-
embedded day 8–16 embryonic murine tissues. As
anticipated, hematopoietic expression was confirmed in
murine development. We observed that from embry-
onic days (E) 8–10, murine HTm4 expression appears
in small numbers of hematopoietic cells resident in
blood islands and vessels (Figure 3C top left panel and
inset). By E12–13, murine HTm4 expression is seen
within the hematopoietic cells now resident in the liver,
where mononuclear cells show positive staining (Fig-
ure 3D). Morphologically, these cells are compatible
with both erythroid and myeloid precursors, with some
staining also noted in megakaryocytes. At E14, expres-
sion persists in the liver hematopoietic cells and
appears in splenic red pulp hematopoietic cells for the
first time (data not shown). Staining was not present
within non-germinal center B-cells of the spleen. Scat-

tered cortical thymocyte staining was also noted, later
in development (E15–16) (data not shown).

In addition to staining of murine embryonic hema-
topoietic cells, embryos from E8 through 16 stained
with murine HTm4 show a developmental pattern of
expression in the central nervous system (CNS) (Fig-
ure 3E–L). In general, murine HTm4 is expressed only
in regions outside the ventricular zone, suggesting
upregulation as cells begin to differentiate (Figure 3F–
K). Specifically, at E8 and E9, the CNS is negative. By
E10, however, expression is visible at the periphery of
the neural tube (i.e., away from the ventricular zone
neuropithelium) at all levels. Sagittal sections at
E11–12 show expression that is somewhat stronger,
particularly within the dorsal prosencephalon, mesen-
cephalon, isthmal plate, cerebellar plate, and pontine
plate, and along the ventral aspect of the spinal cord.
Faint expression of murine HTm4 is noted in the tri-
geminal and paravertebral ganglia. At E12, faint
expression appears in the anterior prosencephalon, and
at E13, additional positivity is noted in the neocortex
rostrally, the diencephalon ventral to the neuroepitheli-
um, and along the peripheral (subpial) regions cau-
dally, corresponding to dorsal and ventral gray matter
columns. At this stage, the peripheral nerve roots are
now faintly positive. At E14, sagittal sections demon-
strate strong immunoreactivity in the ventral telen-
cephalon and diencephalon, tegmentum of the
mesencephalon, anterior and posterior pons, medulla,
and ventral spinal cord, but absence of staining in the
ventricular zone neuroepithelium. There is also stain-
ing in the peripheral nerves and paravertebral ganglia
(Figure 3L). The tectum and the eye are negative. E15
sagittal sections show staining as in the E14 embryo,
additionally with faint staining in the pretectum and
dorsal root ganglia, and in the ganglion cell layer of
the retina (Figure 3E). The ependyma of the fourth
ventricle and the myenteric plexus of the gut are also
positive. E16 sagittal sections additionally revealed
staining in the olfactory bulb (a structure not identified
in earlier age sections). To determine whether the
HTm4-expressing cells were undifferentiated neural
progenitor cells, serial sections were stained for nestin
at E12 and E16 (Figure 3M and N). In these sections,
nestin highlights ventricular zone neuroepithelial cells
and radial (possibly glial) cell processes, but do not
stain the presumed differentiating cells in the primitive
neocortex and ventral diencephalon (at E12 and E16),
the caudoputamen, anterior and posterior pontine
nuclear groups, superior tectal neuroepithelium, supe-
rior central raphe and reticular formation of the mid-
brain and pons, or the subventricular zone (at E16)
that are positive on HTm4 immunostaining (Fig-
ure 3F–K) Thus, an apparently non-overlapping pat-
tern of expression is noted with these two antibodies.
For all ages studied, appropriate negative controls
(sections incubated with preimmune serum and/or

Figure 5. Co-immunoprecipitation of HTm4 and KAP proteins in

murine leukocytes. P815 mouse mast cells (107 cells per lane) were

lysed as described in Methods. Total protein precipitates (lysate)

were produced by acetone precipitation or immunoprecipitation was

performed using either 2 lg/lane anti-KAP (mouse monoclonal) or

11 lg/lane anti-murine HTm4 (rabbit polyclonal). Samples were

resolved by 10% SDS-PAGE and visualized using anti-KAP western

blot. KAP appears as a 32 kDa band in lysate from these cell (open

arrow). KAP is also present in anti-KAP and anti-murine HTm4 im-

munocomplexes. Filled arrows mark presence of antibody heavy

(55 kDa) and light (26 kDa) chains in immunoprecipitations using

mouse anti-KAP and visualized with the same antibody.
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peptide, or with the secondary antibody only) showed
no staining.

Murine HTm4 is expressed in cells of the hematopoietic
lineage and brain in adult mouse

We analyzed the expression pattern of murine HTm4
mRNA in adult animals using Northern blot. Assaying
multiple tissues revealed that of the tissue RNA prepa-
rations probed in this experiment, only the spleen
extract contained sufficient RNA for detection with
the murine HTm4 probe (Figure 4A). Transcript size
of approximately 1 kb is consistent with the human
HTm4 mRNA. We also performed a dot blot analysis
on adult mouse tissues and observed a similar degree
of restriction in HTm4 expression pattern (data not
shown).

Immunohistochemical analysis of adult murine tis-
sues yielded similar patterns to that seen in developing
embryos. Strong cytoplasmic staining for murine
HTm4 was noted within maturing hematopoietic cells
of the spleen (Figure 4B) and in lymphoid cells (pre-
sumably B-lymphocytes) within germinal centers of
lymphoid tissue of lymph nodes (Figure 4D) and
Peyer’s patches of the gut (not shown). As was previ-
ously demonstrated in human lymphoid tissue (Donato
et al. 2002), murine HTm4 co-localized within germi-
nal centers with mKAP protein (Figure 4E), a putative
functional regulator of HTm4 activity. Additionally, in
adult murine brain, murine HTm4 expression is identi-
fied in cells morphologically consistent with neurons in
the hypothalamus, thalamus, cerebral cortex (Fig-
ure 4C), and, more faintly, in the hippocampus.

To further characterize the specific lineages of hema-
topoietic cells expressing murine HTm4, we isolated
cells from murine bone marrow and spleen and
assessed their expression of intracellular murine HTm4
by flow cytometry. Staining patterns from isolated
hematopoietic cells were identical in both tissues. Rep-
resentative data from bone marrow studies is shown in
Figure 4F. Murine HTm4 expression was noted in
Ter119 positive erythroid precursors and a smaller
fraction of CD19-positive B-lymphocytes. Minimal
murine HTm4 detection was observed in GR-1 posi-
tive granulocytic forms, CD11b-positive monocytic ele-
ments, or CD3 positive T-lymphocytes.

Association of murine HTm4 with the KAP phosphatase

In the human, we have proposed that HTm4 is
involved in cell cycle regulation in hematopoietic cells,
based on the association between HTm4 and the KAP
phosphatase (Hannon et al. 1994, Poon & Hunter
1995) in human hematopoietic cells (Donato et al.
2002). In murine germinal centers, the cell populations
that express murine HTm4 and KAP co-localize as
assessed by immunohistochemical staining for these

proteins (Figure 4D and E), raising the possibility that
these proteins may be functionally associated. We
asked if murine HTm4 is also physically associated
with KAP. We identified a murine leukocytic line,
P815, with expression of murine HTm4 and KAP. Co-
immunoprecipitation using the P815 cell line demon-
strates that immunocomplexes isolated using either
anti-KAP or anti-murine HTm4 antibodies contain
KAP protein (Figure 5). These data indicate that in
the murine system, as in human cells, murine HTm4
and KAP form a physiological complex.

Discussion

In this study, we asked whether the cell cycle-associ-
ated protein HTm4, previously characterized by us in
the adult human (Adra et al. 1994; Adra et al. 1999,
Donato et al. 2002; Nakajima et al. 2004), shared simi-
lar structural, biochemical and functional features, in
the developing and adult mouse. To that end, we
undertook the cloning, genomic organization, and
expression analysis of murine HTm4, and demon-
strated its interaction with a protein known to interact
with the human homologue of HTm4.

In our previous work, we cloned the human HTm4
gene and assigned two key features to the protein.
First, the expression of human HTm4 appears largely
restricted to the hematopoietic cell lineages (Adra
et al., 1994). Second, a function for human HTm4 as
an adapter protein that contributes to cell cycle pro-
gression was supported (Donato et al. 2002). Murine
HTm4 is highly similar to human HTm4 at the DNA
and amino acid level, and both proteins display a simi-
lar predicted four-transmembrane structure (Figure 1).
Comparison to two reported HTm4 cDNA sequences
(Hulett et al. 2001; Liang et al. 2001) revealed two
amino acid sense variants (Ser162Ala and Ser211Thr).
CLUSTAL alignment analysis and chromosomal
grouping places murine HTm4, like human HTm4, in
the MS4 protein superfamily (Hulett et al. 2001, Ishib-
ashi et al. 2001, Liang et al. 2001, Liang & Tedder
2001). A similar genomic structure between the two
genes is also identified with both genes containing a
six-intron and seven-extron arrangement. Several pro-
moter regions for transcription factors important for
hematopoiesis, immune response and cell proliferation,
such as AP1, CEBPB, IK1-2, and GATA1-3 are also
identified. The presence of the GATA promoter
regions is particularly interesting given the critical role
of these transcription factors in erythopoiesis (Tsai
et al. 1994, Pandolfi et al. 1995, McDevitt et al. 1997).
The high level of expression of murine HTm4 in ery-
throid progenitors suggests GATA-regulated transcrip-
tional regulation of HTm4 and a potential role for
HTm4 in erythroid differentiation. Additionally,
GATA-3 appears to be critical for neural development
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as well (Pandolfi et al. 1995). Overall, we have found a
high degree of conservation of structure and function
of this gene and its protein across species, suggesting a
fundamentally conserved biological function.

In addition to similarities at the genomic and pro-
tein level, the tissue expression pattern of murine
HTm4 also has similarities to that seen in the human.
Immunohistochemical techniques reveal expression of
murine HTm4 within early hematopoietic cells of the
blood islands starting at E8. Hematopoietic cell
expression persists as hematopoiesis moves to the liver
then spleen later in embryonic life. Immunohistochemi-
cal analysis of adult murine tissues confirms that mur-
ine HTm4 appears to continue to be largely
hematopoietically restricted. Clusters of predominantly
mononuclear cells present within the spleen react with
antibody directed against murine HTm4. These cells
morphologically appear most consistent with nucleated
erythroid, myeloid and lymphoid elements. To confirm
this morphologic impression and define more specifi-
cally the hematopoietic cell lineages expressing murine
HTm4, multicolor flow cytometric analysis was per-
formed on permeabilized, disaggregated spleen and
bone marrow cells. These studies reveal that the major-
ity of Ter119-expressing nucleated erythroid precursors
display positive staining for murine HTm4. Very weak
expression was noted within cells co-expressing the
myeloid markers GR-1 and CD11b by flow cytometry.
In addition, murine HTm4 co-expression was also
noted in CD19-positive B-lymphocytes within the
marrow. Further evidence for expression in the
B-lymphoid population comes from the strong immu-
noreactivity for murine HTm4 antibody in germinal
center B-cells in lymph nodes and Peyer’s patches. The
predominance of staining in germinal center cells as
opposed to surrounding mantle or marginal zone cells
suggests an upregulation of murine HTm4 during the
germinal center reaction. Minimal staining was seen in
the T-lymphoid cell population by immunohistochem-
istry or flow cytometry.

In contrast to previous human studies in which
analysis of expression was restricted to mature tis-
sues, the current work includes extensive study of
both embryonic and adult murine tissues. Examina-
tion of the developing mouse has expanded the tis-
sue distribution of expression from being solely
hematopoietic, as in adult human tissues, to include
prominent expression in the developing and mature
murine nervous system, a novel and unexpected find-
ing. By E10, immunohistochemical staining can
detect murine HTm4 expression within cells that are
morphologically consistent with differentiating neuro-
nal and glial cells of the developing central nervous
system, and by E15–16, prominent expression is seen
as well in the peripheral nervous system. Impor-
tantly, there is no overlap in the expression of mur-
ine HTm4, most highly expressed in more mature

neuronal and glial cells, and nestin, a protein that is
associated with primitive neural cells. The strong
expression of murine HTm4, and non-overlapping
pattern of expression with nestin, in the developing
brain suggests a role of murine HTm4 in CNS
development and neural cell differentiation. Once a
site expresses HTm4, it appears to retain expression
into adulthood. Further analysis of the specific role
of murine HTm4 expression in CNS cells is needed.
These data also suggest that a CNS-based pheno-
type, in addition to an effect on hematopoiesis, may
be a feature of experimental murine HTm4 deficient
mice.

Our previous work on human HTm4 has suggested
that this is an intracellular protein. Unlike several
other MS4 family members (Tedder et al. 1988, Ra-
vetch & Kinet, 1991), HTm4 is not present on the cell
surface, but rather resides in the perinuclear compart-
ment within the ER/Golgi apparatus. We have shown
that human HTm4 is part of a complex containing the
KAP phosphatase (Donato et al. 2002). Immunopre-
cipitation studies and western blotting confirm a simi-
lar biochemical association between murine HTm4 and
KAP protein in a murine leukocyte cell line, P815,
suggesting that murine HTm4 plays a similar role in
mouse and human leukocytes. Although we have
already detected HTm4 expression in primary human
mast cells, basophils, eosinophils (Adra et al. 1994,
Nakajima et al. 2004), and also in murine P815,
another group did not detect HTm4 mRNA in P815
by PCR (Hulett et al. 2001). This could be due to a
very low copy number of mRNA that nevertheless cor-
responds to a very high level or protein. It is also pos-
sible that HTm4 mRNA may not have been detectable
in their experiments. We have not yet been able to
conduct similar studies on CNS cells that express mur-
ine HTm4, and thus we do not know if murine HTm4
in the embryonic CNS cells also physically interacts
with KAP. Interestingly, preliminary data (not shown)
using immunohistochemical staining suggest that mur-
ine HTm4 and KAP may co-localize in developing
CNS, but proof of this interaction will require co-puri-
fication from dissociated embryonic CNS cells.

In summary, we have examined the distribution of
murine HTm4 in murine tissues. Murine HTm4 distri-
bution in adult mice closely resembles the highly
restricted pattern seen in adult human tissues. In
studying the murine embryo, we have revealed a
potentially exciting facet of HTm4 biology and func-
tion, namely, the strong expression in the developing
CNS, and apparent persistence in a subset of adult
neural cells. Other aspects of HTm4 biology are closely
parallelled between murine and human systems. In
hematopoietic cells from both systems, HTm4 binds
with KAP and therefore, likely functions as a compo-
nent of the cell cycle machinery. These data will aid in
the creation and analysis of a murine HTm4 deficient
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mouse in an attempt to address the role of HTm4 in
both hematopoietic and CNS development. In addi-
tion, further analysis of the protein interactions and
cell-cycle regulatory capability of HTm4 will identify
its importance in both contexts.
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