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HOXB7 Overexpression Promotes Differentiation of
C3H10T1/2 Cells to Smooth Muscle Cells

Kristina Bostrom,* Yin Tintut, Shih Chi Kao, William P. Stanford, and Linda L. Demer

Division of Cardiology, Departments of Medicine and Physiology, UCLA School of Medicine,
Los Angeles, California 90095-1679

Abstract The presence of immature smooth muscle cells and ectopic tissues such as fully-formed bone in
atherosclerotic lesions, may result from recapitulation of embryonic mechanisms in the artery wall. We hypothesized
that expression of homeobox genes is triggered in atherogenesis and that these regulate proliferation and differentiation
of multipotential progenitor cells along one or more specific lineages. We identified expression of the homeobox gene
HOXB?7 in clones of bovine aortic medial cells previously shown to be multipotent. HOXB7 was subsequently detected
in human atherosclerotic plaques by RT-PCR and in situ hybridization. Expression was localized to areas adjacent to
calcification and scattered in media and neointima, which may be reflective of a role in either osteoblastic or smooth
muscle cell differentiation. To differentiate between these possibilities, we overexpressed HOXB7 in C3H10T1/2 cells,
a multipotent cell line able to differentiate into vascular smooth muscle cells (SMC), as well as osteogenic and
chondrogenic lineages. Results showed that overexpression of HOXB7 increased proliferation 3.5-fold, and induced an
SMC-like cell morphology. In addition, expression of the early SMC markers calponin and SM22« increased 4-fold and
3-fold respectively by semi-quantitative RT-PCR. Expression of the intermediate SMC marker smooth muscle myosin
heavy chain (SM-MHC) did not change. No increase in osteogenic or chondrogenic differentiation was detected,
neither in the C3H10T1/2 cells nor in M2 cells, a bone marrow stromal cell line used to confirm this result. These
findings suggest that HOXB?Y plays a role in expansion of immature cell populations or dedifferentiation of mature cells.
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Atherosclerotic lesions are characterized by
disturbances in cell differentiation, including
the appearance of smooth muscle cells (SMC) of
the synthetic phenotype [Majesky et al., 1992;
Villaschi et al., 1994; Schwartz, 1994] and
other mesenchymal cells such as bone, carti-
lage, and marrow stromal cells [Bunting, 1906;
Buerger and Oppenheimer, 1908; Haust and
Moore, 1965; Haust and Geer, 1970]. It is
known that adult connective tissues are
populated by mesenchymal progenitor cells
[Prockop, 1997], however, what factor(s) con-
trols expansion of these cell populations and
controls their lineage determination is not
known. We hypothesized that embryonic
tissue-identity developmental factors, such as
homeobox genes, are triggered in atherogene-
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sis and that these regulate proliferation and
differentiation of multipotential progenitor
cells in the artery wall along one or more
specific lineages.

Homeobox genes, coding for homeodomain-
containing factors, were first described in Dro-
sophila, where expression is linked to the es-
tablishment of tissue identity [Dorn et al.,
1994; Gehrig et al.,, 1994]. It has also been
postulated that some of the homeodomain-
containing factors activate tissue-specific genes
[Bodner et al., 1988; Ingraham et al., 1988;
Zhao et al., 1994; Lints et al., 1993; Komuro
and Izumo, 1993]. Expression of homeobox
genes has been demonstrated in vascular SMC
and vascular tissues. Miano et al. [Miano et al.,
1996] detected five nonparalogous homeobox
genes in a fetal human smooth muscle cell li-
brary, HOXA5, HOXA1l, HOXB1, HOXB?7,
and HOXC9, of which HOXB7 and HOXC9
showed preferential expression in fetal human
SMC. No homeobox genes were detected in
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adult human smooth muscle cell lines or adult
aorta. Cserjesi et al. [Cserjesi et al., 1992] also
described a homeobox gene in the vasculature
named Mhox, expressed in aortic SMC in de-
veloping mouse embryos. Patel et al. [Patel et
al., 1992] found Hox1.11, and Gorski et al.
[Gorski et al., 1993] identified Gax (growth-
arrest-specific homeobox) in rat adult aortic
tissue.

We looked for homeobox gene expression in
clones of bovine aortic medial cells, previously
shown to be capable of differentiation along os-
teoblastic, chondroblastic, and marrow stromal
cell lineages [Bostrém et al, 1993; Watson et al.,
1994; unpublished observations]. HOXB7, one of
the genes reported to be preferentially expressed
in fetal cells [Miano et al., 1996], was identified in
these clones using a degenerate homeobox probe
in combination with RT-PCR. In atherosclerotic
plaques, HOXB7 was identified in areas adjacent
to calcification and scattered in the media and
neointima. The pattern of expression may be re-
flective of a role in osteoblastic or in smooth mus-
cle cell differentiation. To differentiate between
these possibilities, we overexpressed bovine
HOXB7 in C3H10T1/2 cells, a multipotent
mouse cell line able to differentiate into vascular
SMC [Hirschi et al., 1998], as well as osteogenic
and chondrogenic lineages [Wang et al., 1993].
Overexpression of HOXB7 in C3H10T1/2 cells
increased proliferation, and induced an SMC-
like cell morphology associated with increased
expression of the early SMC markers calponin
and SM22qa, but not the intermediate SMC
marker smooth muscle myosin heavy chain
(SM-MHC). No increase in markers for osteo-
genic or chondrogenic differentiation was ob-
served. Similarly, no increase was observed
in osteogenic or chondrogenic differentiation
when HOXB7 was overexpressed in M2 cells, a
bone marrow stromal cell line. These results
suggest that HOXB7 plays a role in accumula-
tion of immature cells either by expanding im-
mature cell populations or dedifferentiation of
mature cells.

MATERIALS AND METHODS
Cell Cultures

Subpopulations of bovine aortic SMC were
cloned from primary cultures and were identi-
fied as previously described [Bostrom et al.,
1993; Watson et al., 1994]. The cells were cul-
tured in Dulbecco’s Modified Eagle’s medium

(DME) (Irvine Scientific, Santa Ana, CA) sup-
plemented with 15% heat-inactivated fetal bo-
vine serum (FBS) (Hyclone Laboratories, Lo-
gan, UT), penicillin (100 U/ml), streptomycin
(100 U/ml), sodium pyruvate (1 mmol/L), and
L-glutamine (2 mM). Clones were trypsinized
before formation of nodules, plated in 60 mm
Petri dishes (Costar, Pleasanton, CA) at a den-
sity of 16,000 cells/cm? and grown for up to
three weeks. The cells were used at passage
10-18.

C3H10T1/2 mouse cells were obtained form
the American Tissue Culture Collection (ATCC),
and were cultured in «-Minimum Essential
Medium with Earle’s salt («-MEM) supple-
mented with 10% heat-inactivated fetal bovine
serum (FBS), penicillin (100 U/ml), streptomy-
cin (100 U/ml), sodium pyruvate (1 mmol/L),
and L-glutamine (2 mM). Transfections were
performed using Superfect™ (Qiagen, Chats-
worth, CA) as per manufacturer’s instructions.
Mixed mass, stable transfectants were selected
by adding Zeocin™ (Invitrogen, Carlsbad, CA)
at a concentration of 500 ng/ml to the culture
medium. For differentiation experiments, the
cells were plated at a density of either 6,000
cells per 60 mm-petridish or 10% confluency,
and grown for 1-3 weeks.

Preparation of RNA and Poly(A) Enriched RNA,
and Northern Blot Analysis

Total RNA was isolated from cultured cells
using an RNA isolation kit (Stratagene, La
Jolla, CA). Poly(A) enriched RNA was prepared
using an Oligotex kit (Qiagen). Frozen human
artery wall specimens and mouse aortas were
homogenized in the initial denaturing solution
and the RNA isolated according to manufactur-
er’s instructions. Poly(A) enriched RNA (5 pg)
was analyzed by Northern blots as previously
described [Tintut el al., 1998]. The membranes
were hybridized over night at 42°C with 5'-
end-labeled oligonucleotide probe (HOX30
or HOXB7-antisense probe) in 10% form-
amide, 5XSSPE (5XSSPE = 0.9M NaCl, 0.06M
NaH,PO,, 5mM EDTA, 47.5mM NaOH, pH
7.0), 5X Denhardt’s solution (56X Denhardt’s =
0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1%
bovine serum albumin), 0.1% SDS, and 100 pg
of salmon sperm DNA /ml. The filters were
washed for 15 min at room temperature in
6XSSC (20XSSC = 3M NaCl, 0.3M Na citrate)
and then for 15 min at 42°C in 6XSSC with
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0.1% SDS, air-dried, and examined by autora-
diography.

RT-PCR

Reverse transcription (RT) of 3 pg total RNA
was carried out for 90 min at 37°C in 50 ul RT
buffer (as supplied by Stratagene), supple-
mented with 0.5 mM of each ANTP, 50-80 units
RNase Block (Stratagene), 50 U of Stratascript
or M-MuLV reverse transcriptase (Strat-
agene), and 750 ng of oligo dT(10) (Boehringer-
Mannheim, Indianapolis, IN) for priming.
Polymerase chain reaction (PCR) using degen-
erate primers [Frohman et al., 1990] against
the conserved regions of the homeobox region
was carried out in a volume of 40 pl, using Pfu
buffer (Stratagene), 25 U of Pfu polymerase
(Stratagene), 100 ng of each primer, and 3.5 pl
of template (from a 50 pl RT reaction). Thermal
cycling was performed in GeneAmp® PCR Sys-
tem 2400 (Perkin-Elmer, Foster City, CA) as
follows: (1) initial denaturation at 96°C for 1
min, (2) cycling for 45 cycles between 96°C for
1 min, 45°C for 2 min, and 72°C for 1 min, (3)
final extension at 72°C for 5 min. PCR frag-
ments were isolated by 8% polyacrylamide gel
electrophoresis, ligated into pCRscript (Strat-
agene) that had been digested with EcoRV,
and sequenced using the dideoxymethod. The
sequence was compared against known se-
quences in GenBank using the Wisconsin Se-
quence Analysis Package (Genetics Computer
Group, Inc., Madison, WI).

PCR using primers to unique sequences in
each ¢cDNA was carried out in a volume of 10
pl, using Pfu buffer, 7 U of Pfu polymerase, 0.1
pwl [P32]-0-dCTP (Amersham), 25 ng of each
primer, and 1 pl of template (from a 50 pl RT
reaction). Thermal cycling was performed as
follows: (1) initial denaturation at 96°C for 2
min, (2) cycling for cDNA-specific number of
cycles (Table I) between 96°C for 1 min, 60°C
for 2 min, and 72°C for 1.5 min, (3) final exten-
sion at 72°C for 5 min.

For semi-quantitative PCR, the number of
cycles for each primer pair (see Table I) was
chosen so that amplification remained well
within the linear range, as assessed by densi-
tometry (NIH Image, version 1.62, public do-
main program, Internet address http:/
rsb.info.nih.gov/nih-image/) of standard curves
created for each primer pair by using different
numbers of cycles. An equal volume from
each PCR reaction was analyzed by 6% non-

denaturing polyacrylamide gel electrophoresis
and dried gels were examined by autoradiogra-
phy. For non-quantitative PCR, the number of
cycles was chosen to ensure detection of signif-
icant gene expression, usually 40—45 cycles. To
verify that the HOXB7 primers recognized
HOXB7 ¢cDNA, PCR-fragments were prepared
and sequenced as described above.

In Situ Hybridization

Human atherosclerotic artery specimens
were obtained at autopsy and/or surgical end-
arterectomy with approval of the Institutional
Review Board. Melanoma cells (positive control
for HOXB7 expression), kindly provided by Dr.
James Economou, UCLA, were grown in RPMI
(Irvine Scientific) supplemented with 10%
heat-inactivated FBS, penicillin (100 U/ml),
streptomycin (100 U/ml), sodium pyruvate (1
mmol/L), and L-glutamine (2 mM), trypsinized,
and centrifuged into a dense pellet. The arte-
rial specimens and the melanoma cell pellet
were fixed in 4% paraformaldehyde and em-
bedded in paraffin. Sections, 10 pm, were de-
waxed in three changes of xylene, and two
changes of industrial ethanol. They were hy-
drated by successive changes of 90%, 85%, and
70% ethanol followed by a quick rinse in double
distilled water and then two changes in PBS.
The hydrated sections were given the following
pretreatments: sections were placed sequen-
tially in 0.2 N HCI for 20 min, 0.3% Triton
X-100 in PBS for 15 min, 50 pg/ml proteinase K
in 0.1 M Tris-HCI, pH 8.0, 50 mM EDTA for 30
min at 37°C, and two changes of 2 mg/ml gly-
cine in PBS. The slides were rinsed in PBS
between each pretreatment and all procedures
were carried out at room temperature (RT)
unless otherwise stated. Sections were placed
in prehybridization buffer (10% formamide,
5XSSPE (5XSSPE = 0.9M NaCl, 0.05M NaH,-
PO, 5 mM EDTA, 47.5 mM NaOH, pH 7.0), 5X
Denhardt’s solution (5X Denhardt’s = 0.1% Fi-
coll, 0.1% polyvinylpyrrolidone, 0.1% bovine se-
rum albumin), 0.1% SDS, 100 pg of salmon
sperm DNA /ml, and 0.1 mg of poly(A)/ml for 30
min. Prehybridization buffer (100 pl) contain-
ing 0.3 ng/pl of HOXB7-antisense digoxigenin-
labeled oligonucleotide probe was applied to
the appropriate sections. The sections were
covered with coverslips and hybridization was
carried out in a sealed humid box at 42°C
for 15-18 hours. Coverslips were removed
in 6XSSC and sections washed. The post-
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CAAATCATCCGGCCAAATTATGAGTTCATTGTATTATGCGAATGCTTTATTTTCTAAATA 60
M $ 8§ L Y Y AN ATL F 8§ K Y
TCCTGCCGCAAGTTCGGTTTTCGCTACCGGAGCCTTCCCCGAACAAACTTCTTGTGCGTT 120
PA%SSVFATGAFPEQTSCAF
TGCTTCCAACCCCCAGCGCCCGGGCTgTGGAGCGGGTTCGGGCGCTTCCTTCGCCGCCTC 180
ASNPQRPGYGAGSGASFA%S
GATGCAGGGCTTGTACCCCGGCGGGGGGGGCATGGCGGSCCAGAGCG(EJ) GGCCGSCGTCTA 240
M 9 6 L Y P GG G GMA AGT QSAA-ATGV Y
CGCGGCCGGCTACGGGC%‘CGAGCCGAGTTCCTTCAACATGCACTGCGCGCCCTTTGAGCA 300
A A G Y G L E P S S F NMUHCAUPFE Q
GAACCTCTCCGGGGTGTGTCCCGECGACTCTGCCAAGGCGGCGGGCGCCAAGGAGCAGAG 360
N L $ GV C P G D S A KA AHATGA AT KTE QR
GGACTCGGACTTGGCGGCCGAGAGTAACT%CCGGATCTACCSCTSGATGCGAAGCTCAGG 420
b §$ b L AAESNFRIYPWMRS S G Fig. 1. Nucleotide sequence of the bo-
GACCGACCGCAAGCGAGGACGCCAGACCTACACCCGCTATCAGACCCTGGAGCTGGAGAA 480  vine HOXB7 ¢DNA and deduced amino
T DR K R G R Q TTYTIRJYOQTTZLETL E K acid sequence of the encoded protein.
CGAGTTTCACTACAATCGCTACCTGACGAGGCGGCEECGCATCGAGATCGCGCACGCGCT 549  Thesequence has been submitted to Gen-
Bank under Accession number AF200721.
g FHYNERYLTRRRERIEILAHRZASTL The bovine cDNA sequence has 96% and
CTGCCTCACAGAAAGACAGATCAAGATCTGGTTCCAGAACCGGCGCATGAAGTGGAAAAA 6§00 939% sequence homology with the human
cC L TEUROQTIZIKTIMWTF FQNZ RI RMEKWZEKK and mouse cDNA sequence respectively.
560 Amino acid residues that differ in the hu-

GGAGAACAAGACCTCAGGCCCCGGGACCACCGGCCAGGACAGGGCCGAAGCAGAGGAGGA
E

P G T T G Q D R A E A E E D
K G E

A
E N K T s G
TGAGGAAGAGTGAGGG
E E E *

hybridization washes were: two changes of
6XSSC, 10 min each at RT, then two changes of
6XSSC with 0.1% SDS, 20 min each at 58°C,
followed by one change of 6XSSC at RT. The
controls used were (i) hybridization with
HOXB7-sense digoxigenin-labeled oligonucleo-
tide probe; (ii) pretreatment with 100 mg/ml
RNase A (Sigma) in 2XSSC, 10mM MgCl, for
two hours at 37°C prior to hybridization with
the antisense probe; (iii) omission of labeled
probe.

Labeling of oligonucleotide probes was per-
formed as per manufacturer’s instructions
using an oligonucleotide tailing kit (Boehringer-
Mannheim) containing terminal transferase
and digoxigenin-labeled dUTP. For detection of
bound digoxigenin-labeled oligonucleotide
probe, sections were washed once in buffer 1
(0.1 M Tris-HCI pH 7.5, 0.15 M NaCl), blocked
for 30 min in buffer 1 containing 0.5% blocking
agent (Boehringer-Mannheim) and 15% fetal
bovine serum. Alkaline phosphatase-conjugated
sheep anti-digoxigenin (Boehringer-Mannheim)
was applied at a dilution of 1:500 for two hours
at room temperature. Unbound conjugate was
removed by washing in three changes of buffer
1 (15 min each) followed by two washes in 0.1
M Tris-HCI1 pH 9.5 with 0.1 M NaCl and 0.05 M

man (Simeone et al., 1987) and the mouse
(Meijlink et al., 1988) protein sequence
are indicated above and below the bovine
protein sequence respectively.

MgCl,x7H,0. Binding was visualized using ni-
troblue tetrazolium dye solution (Boehringer-
Mannheim) as substrate.

Construction of Expression Vector
for Bovine HOXB7

The coding region of HOXB7 ¢cDNA was am-
plified by RT-PCR using primers (HB7-5" and
HB7-3’) recognizing sequences upstream and
downstream of the coding region respectively.
The PCR-fragment (792 base pairs) was
then subcloned into a unique EcoRV site in
pcDNAS.1(+)Zeo (Invitrogen) under the tran-
scriptional control of the CMV-promoter. The
HOXB7 sequence was confirmed by nucleotide
sequencing (Fig. 1). pcDNA3.1(+)Zeo contain-
ing a CAT construct (Invitrogen) was used as
transfection control.

Probes and Primers

The degenerate homeobox primers used for
RT-PCR are the same as in [Frohman et al.,
1990). For other probes and primers, see Table 1.

Immunohistochemistry

Immunohistochemistry was performed on
serial sections of the same specimens used for
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in situ hybridization. The sections were de-
waxed and immunohistochemistry was per-
formed as previously described [Bostrom et al.,
1993]. Primary mouse antihuman antibodies
(Dako, Carpinteria, CA) were used at the fol-
lowing dilutions: anti-a-smooth muscle actin
1:2,000, anti-B lymphocyte antigen 36kD
(BLA.36) 1:500, and anti-T cell CD43 1:500.

H3-Thymidine Incorporation

Cells were seeded in 24-well plates at a den-
sity of 100,000 cells per well, and allowed to
attach for 4-6 hours. H?>-Thymidine was added
at 1 pCi/ml for two hours, and H3-thymidine
incorporation was determined as previously
described [Tintut et al., 1998]. The data were
normalized to total cell number per well at the
beginning of incubation with H>-thymidine,
and calculated as the mean = S.D. of three
wells.

RESULTS

Homeobox gene expression was detected in
clones of bovine vascular SMC by Northern
blot analysis of poly(A) enriched RNA using a
probe recognizing the conserved homeobox se-
quence (probe HOX30, see Methods). The probe
recognized at least two transcripts in the size
range 1.0 to 1.9 kb in CVC (data not shown). To
identify specific homeobox genes, RT-PCR was
performed using degenerate primers con-
structed against the most conserved regions of
the homeobox [Frohman et al., 1990]. This
yielded a product of the expected size, 115 bp,
which was subcloned into the pCRscript vector
and sequenced. Eight clones were sequenced,
all of which contained a sequence homologous
to that of HOXB7 (previously called homeotic
protein cl or Hox2.3 [Simeone et al., 1987;
Scott, 1992; Meijlink et al., 1987]. HOXB7 ex-
pression was confirmed by RT-PCR using spe-
cific HOXB7 primers upstream of the ho-
meobox, and by sequencing of the resulting 337
bp PCR-product. Specific primers for the hu-
man HOXB7 sequence upstream and down-
stream of the coding region were also used to
obtain the full-length coding sequence for bo-
vine HOXB7 (Fig. 1), which is 96% and 93%
homologous to the human and the mouse se-
quence respectively. HOXB6 has the sequence
most similar to HOXB7 in the homeobox re-
gion. However, RT-PCR wusing primers to
unique sequences in HOXB6 did not detect any
HOXB6 expression.

nl adv

“H‘ -337 bp
GAPDH - .* - 578 bp

Fig. 2.  HOXB7 expression in human artery wall. Total RNA
and cDNA was prepared from human artery specimen, either
grossly normal (nl) or with advanced atherosclerosis (adv).
Expression of HOXB7 by PCR was identified consistently in the
atherosclerotic specimen; grossly normal arteries were positive
in four of six specimens. GAPDH is shown for comparison.

HOXB7 -

In vivo expression of HOXB7 was studied in
human artery wall specimens by RT-PCR and
in situ hybridization. HOXB7 expression was
observed consistently (six of six) by RT-PCR in
advanced, fibrous, and calcified atherosclerotic
plaques. Grossly normal arteries were positive
in four of six specimens. Figure 2 shows two
specimens from each category, with GAPDH
shown for comparison. In situ hybridization
was perfomed to localize HOXB7 expression in
atherosclerotic lesions. A total of nine speci-
mens at various stages of atherosclerosis were
processed. Hybridization with antisense oligo-
nucleotide demonstrated scattered expression
of HOXB7 in the media and, in addition, dis-
tinct expression in discrete groups of contigu-
ous cells adjacent to calcium deposits within
advanced plaques (Fig. 3A). No signal was de-
tected in control specimens processed with
sense oligonucleotide, or after RNase digestion.
Paraffin-embedded melanoma cell pellets were
sectioned and used as positive controls for
HOXBY7 in situ hybridization (Fig. 3B). Care et
al. [Care et al., 1996] reported constitutive ex-
pression of HOXB7 in melanoma cells, and RT-
PCR using melanoma cell cDNA and specific
HOXB7 primers resulted in the expected 337
bp band.

To identify HOXB7-expressing cells in the
artery wall, immunohistochemical staining for
a-smooth muscle cell actin, B lymphocyte anti-
gen 36kD (BLA.36), and T cell CD43 was per-
formed on sections serial to those used for in
situ hybridization. There was decreased stain-
ing for a-smooth muscle cell actin in areas with
HOXB7 expression compared to surrounding
media, and no staining for B lymphocyte anti-
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¢

Fig. 3.  A:Insitu hybridization for HOXB7 in advanced human
atherosclerotic plaques. Adjacent paraffin-embedded sections
were stained with hematoxylin and eosin (left panels), and
subjected to in situ hybridization with HOXB7-antisense (cen-
ter panels) and HOXB7-sense (control) probes (right panels).
HOXB7 expression was detected in a population of cells be-
tween the media (M) and the neointima (Neo) adjacent to
calcium deposits (Ca). Hybridization with no probe, or RNase-
digestion before hybridization with HOXB7-antisense yielded

Control

Neo

d

results similar to that of the HOXB7-sense probe. Original
magnification 31.25X. B: Positive control in situ hybridization
for HOXB7 in sectioned melanoma cell pellet. Paraffin-
embedded pelleted melanoma cells known to express HOXB7
(Care et al., 1996) were hybridized with the HOXB7-sense and
antisense probes, and detected by digoxigenin staining. Panels
show hybridization with (a) antisense probe before RNase di-
gestion, (b) antisense probe after RNase digestion, (c) HOXB7-
sense probe, and (d) no probe. Original magnification 62.5X.
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gen 36kD (BLA.36) or T cell CD43 (data not
shown) suggesting presence of modified smooth
muscle cells or cells of other non-identified lin-
eages.

The distinct expression of HOXB7 adjacent
to calcium deposits may be consistent with
HOXB7 having a role in mesenchymal differ-
entiation, either SMC or osteoblastic differen-
tiation. To assess these possibilities, we over-
expressed bovine HOXB7 in C3H10T1/2 cells.
C3H10T1/2 cells are multipotent mouse mes-
enchymal cells which are able to act as vascu-
lar precursor cells, and become incorporated
into the media of newly formed vessels in in-
duced angiogenesis in mice [Hirschi et al.,
1998]. Once incorporated, they express SMC
specific markers including calponin, SM22aq,
and SM-MHC. The C3H10T1/2 cells also have
the capacity to differentiate along adipogenic,
osteogenic and chondrogenic lineages when
stimulated with selected factors, such as bone
morphogenetic proteins [Wang et al., 1993].

Overexpression of bovine HOXB7 in the
C3H10T1/2 cells resulted in a 3.5-fold increase
in HOXB7 expression assessed by semi-
quantitative RT-PCR (Fig. 4A), and a 3.5-fold
increase in proliferation as assessed with H3-
thymidine incorporation. There was a change
in cell morphology to spindle shape reminis-
cent of SMC-morphology (Fig.. 4B). Areas with
spontaneous contraction were also observed.
To further identify changes in differentiation,
we performed semi-quantitative RT-PCR for
cell-lineage specific markers for smooth mus-
cle, osteogenic, and chondrogenic lineages. For
SMC, we used the early SMC markers calponin
and SM22alpha, induced in mice on embryonic
day 8.5 and 9.5 respectively [Miano and Olson,
1996; Li et al., 1996], and the intermediate
SMC-marker SM-MHC induced on embryonic
day 10.5 [Miano et al., 1994]. Osteocalcin
[Celeste et al., 1986], and collagen IX [Abe et
al., 1994; Kolettas et al., 1995] were used for
detection of osteogenic and chondrogenic differ-
entiation respectively. The results showed a
4-fold and 3-fold induction of calponin and
SM22a respectively, corresponding to the in-
duction of HOXB7, but no significant change in
expression of the intermediate SMC marker
SM-MHC (Fig. 5), or in the markers for osteo-
genic and chondrogenic differentiation (Fig.. 5).

Two other observations are consistent with
the hypothesis that HOXB7 promotes expres-
sion of early SMC markers rather than osteo-

blastic markers. First, one of the stable control
transfectants (CAT construct) spontaneously
lost most of its baseline HOXB7 expression
during the selection process, which led to
barely detectable levels of SM22«a (Fig. 6), and
slightly increased osteocalcin expression (Fig.
6). Second, overexpression of HOXB7 in M2
cells, a bone marrow stromal cell line which
spontaneously undergoes osteoblastic differen-
tiation and calcification in vitro when supplied
with ascorbic acid and B-glycerophosphate, did
not enhance osteoblastic differentiation (data
not shown).

The results show immature SMC markers in
HOXB7 overexpressing cells suggesting that
HOXB7 plays a role in expansion of immature
cell populations of dedifferentiation of mature
cells.

DISCUSSION

The presence of immature smooth muscle
cells and ectopic tissues such as fully-formed
bone in atherosclerotic lesions [Bunting, 1906;
Buerger and Oppenheimer, 1908; Haust and
Moore, 1965; Haust and Geer, 1970], may be a
result of recapitulation of embryonic mecha-
nisms in the artery wall. We hypothesized that
expression of homeobox genes is triggered in
atherogenesis and that these regulate prolifer-
ation and differentiation of multipotential pro-
genitor cells along one or more specific lin-
eages.

We identified expression of HOXB7 in mul-
tipotent clones of bovine aortic medial cells,
and in human atherosclerotic lesions, adjacent
to calcified areas and scattered in the media
and neointima. These locations in the diseased
artery wall suggested involvement in differen-
tiation of either osteogenic or myogenic cells.
Therefore, we overexpressed HOXB7 in a
multipotent mouse mesenchymal cell line,
C3H10T1/2 cells, able to differentiate into SMC
as well as osteoblasts and chondroblasts. Over-
expression of HOXB7 resulted in SMC mor-
phology, increased proliferation and increased
expression of the early SMC markers calponin
and SM22«. The lack of osteogenic or chondro-
genic induction was confirmed in a second cell
type, the M2 marrow stromal cell line [Par-
hami et al., 1999], a marrow stromal cell line
that undergoes osteogenic differentiation and
calcification in vitro.

These results are consistent with those of
Miano et al. [Miano et al., 1996] who detected
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Fig. 4. A: HOXB7 expression in C3H10T1/2 cells, a multipo-
tent mesenchymal cell line, transfected with bovine HOXB7
using lipofection. Total RNA and cDNA was prepared from
cells after 2 and 3 weeks of culture, and expression of HOXB7
was detected by PCR. GAPDH is shown for comparison. The

five nonparalogous homeobox genes, HOXAS5,
HOXA11, HOXB1, HOXB7, and HOXC9, in a
fetal human smooth muscle cell library. Of
these, HOXB7 and HOXC9 showed expression
in fetal human smooth muscle cells but not in
adult human smooth muscle cell lines or adult
aorta. Thus HOXB7 expression is associated
with the immature SMC phenotype, possibly
present during development when calponin
and SM22a expression is initially induced.
HOXB?7 is an Antennapedia-like homeobox
gene [Simeone et a., 1987; Meijlink et al., 1987;
Vogels et al., 1990; Deschamps et al., 1987]

bottom panel shows expression of HOXB7 normalized to that
of GAPDH. (wt = wild type). B: Morphology of C3H10T1/2
cells without (left) and with (right) overexpression of HOXB7
after 10 days of culture, by phase contrast microscopy. Original
magnification 40X.

which was first described in Drosophila, where
its expression was linked to the establishment
of a correct body plan. In human and mouse
embryos, HOXB7 is expressed in vertebral ru-
diments, limb buds, spinal cord, heart, and
skin. On a cellular level, HOXB7 expression
has been shown to increase proliferation of
melanoma cells by transactivation of the basic
fibroblast growth factor (bFGF) gene [Care et
al., 1996; Care et al., 1998], and to modulate
the proliferation/differentiation program of he-
matopoietic progenitor/stem cells [Care et al.,
1999]. In particular, a discrete population of
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Fig. 5. Expression of cell specific differentiation markers at
one, two and three weeks in control cells and cells overexpress-
ing HOXB7. Total RNA and cDNA was prepared from cells
from each time point, and expression of the SMC-markers
calponin, SM22«, and SM-MHC was detected by PCR (upper
part of panel). Expression of the markers for chondrogenic
(collagen 1X) and osteogenic differentiation (osteocalcin) are
shown in the lower part of the panel. GAPDH is shown for
comparison, and the bottom panel shows expression of the
calponin and SM22a normalized to GAPDH expression. The
results show that expression of calponin and SM22« increase in
HOXB7-overexpressing cells.

blast cells and a large pool of differentiated
myeloid precursors were seen to proliferate,
suggesting a role for HOXB7 in expansion and
self-renewal of multipotent progenitor cells. It
is possible that HOXB7 has a similar function
in promoting progenitor cells in the artery
wall. Our finding of a simultaneous increase in
both proliferation and expression of SMC
markers as a result of HOXB7 overexpression,
is consistent with results from Lee et al. [Lee et
al., 1997]. They found that early proliferation
of aortic SMC precursors occurs concomitantly
with the progressive accumulation of SMC con-
tractile proteins including SM-«-actin, calpo-
nin, and SM-MHC, during vessel formation in
mice.

There are known DNA target sequences to
which homeodomain transcription factors pref-
erentially bind [Kalionis and O’Farrell, 1993].
The 5" flanking regions for SM22a and calpo-
nin genes [Yamamura et al., 1997; Miano and

HOXB7

SM22alpha 'l
osteocalcin ‘

GAPDH - .,

Fig. 6. Expression of SM22a and osteocalcin in control-
transfected cells after spontaneous loss of HOXB7-expression
during selection. Total RNA and cDNA was prepared from each
cell-type, and expression of SM22a and osteocalcin was de-
tected by PCR. The results show that SM22a expression de-
creased in parallel with HOXB7 expression. GAPDH expres-
sion was used to control for cDNA quality. (1 = wild type; 2 =
HOXB7-deficient).

Olson, 1996; Takahashi et al., 1996] contain
sequences that partially match these consen-
sus sequences. HOXB7 has also been shown
to physically interact in vitro with IkB-a [Char-
iot et al.,, 1999], which increases HOXB7-
dependent transcription, and thus, functions
as a positive regulator of transcriptional acti-
vation by HOXB7. IkB-a inhibits the proin-
flammatory transcription factor nuclear factor-
kB (NF-kB), which plays a central role in
the inflammatory response in vascular SMC
[Berliner et al., 1995]. The positive regulatory
effect on HOXB7 may be part of the anti-
inflammatory effect of IkB-a, and may promote
regeneration of SMC in the artery wall. Sre-
brow et al. [Srebrow et al., 1998] showed
HOXB?7 expression to be suppressed by intact,
endogenous basement membrane matrix in
mammary epithelial cells. It is possible that
HOXBY7 is induced by the fragmentation of the
internal elastic lamina in atherogenesis, again
for the purpose of SMC regeneration.

In summary, our results suggest that
HOXBY7 plays a role in expansion of immature
cells or alternatively, dedifferentiation of ma-
ture cells. Thus, homeobox genes may be in-
volved in adult vascular pathology, and may
serve as potential targets in disease preven-
tion.
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