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Abstract Understanding the molecular mechanisms
underlying bone development is a fundamental and
fascinating problem in developmental biology, with
signiWcant medical implications. Here, we have identi-
Wed the expression patterns for 36 genes that were
characteristic or dominant in the consecutive cell
diVerentiation zones (mesenchyme, precartilage, carti-
lage) of the tip section of the developing velvet antler
of red deer Cervus elaphus. Two major functional
groups of these genes clearly outlined: six genes linked
to high metabolic demand and other Wve to tumor biol-
ogy. Our study demonstrates the advantages of the ant-
ler as a source of mesenchymal markers, for
distinguishing precartilage and cartilage by diVerent

gene expression patterns and for identifying genes
involved in the robust bone development, a striking
feature of the growing antler. Putative roles for
“antler” genes that encode �-tropomyosine (tpm1),
transgelin (tagln), annexin 2 (anxa2), phosphatidyleth-
anolamine-binding protein (pebp) and apolipoprotein
D (apoD) in intense but still controlled tissue prolifera-
tion are discussed.

Keywords Red deer · Antler development · Robust 
bone development · AFLP-based diVerential display · 
Tumor associated genes

Introduction

Deer stags provide one of the most spectacular phe-
nomena of tissue regeneration in the animal kingdom:
the development of the antlers. Antlers are male sec-
ondary sexual characteristic and used for display and in
combat. Antlers are bony appendages of the deer head,
which are cast and re-grow each year. They are the
only example of regeneration of a complete organ in
mammals (Goss 1983; Bubenik and Bubenik 1990).
Antlers develop from pedicles that grow during
puberty to become permanent protuberances from the
deer frontal bone. The development of antlers is a
modiWed endochondral ossiWcation process (Ruck-
lidge et al. 1997).

After casting, antler re-growth is initiated at the dis-
tal rim of the pedicle from resident stem cell popula-
tion, as suggested by Li and Suttie (2001). These
mesenchymal cells sequentially proliferate and diVer-
entiate into chondroblasts and chondrocytes associated
with the formation of cartilage. The transition from
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undiVerentiated cells to chondrocytes is gradual, and
the direction of diVerentiation is disto-proximal.
Although the matrix of antler cartilage is biochemically
similar to that of other hyaline cartilages, it is well vas-
cularized. This feature is explained by the metabolic
demands of fast growth. On the cartilage scaVold, ossi-
Wed bony trabeculae are formed by mineral deposition.
CalciWcation gradually occludes the blood supply to the
antler. Antler growth slows and then stops and trans-
formation to bone is completed (Fig. 1) (Banks and
Newbrey 1983). At the end, the “velvet” skin is shed;
the antler is “polished” and ready for the rutting
season.

The developing antlers covered with velvet-like skin
are the fastest growing mammalian organs. Their maxi-
mal elongation rate can be around 2 cm at each tip of
the branches per day, corresponding to 100–150 g daily
growth in weight in the Danube–Drava National Park
of Hungary and Croatia, where a capital antler of red
deer Cervus elaphus may weigh 14–17 kg. This
extremely rapid growth localizes at the tip of the velvet
antlers, and includes multiple tissues: skin, mesen-
chyme, cartilage, bone, blood vessels and nerves (for a
comprehensive overview see a recent review by Price
and Allen 2004).

We started systematic investigations with the aim to
identify tissue- and organ-speciWc gene expressions in
the tip of the velvet antler. In this way, we expect to get
a deeper insight into the genetic background of the
robust bone growth that is a natural attribute of red
deer antlers.

In this paper, we present an AmpliWed Restriction
Fragment Polymorphism (AFLP)-based selection of 36
“antler” genes. These genes are classiWed functionally,

and their expressions are ordered into patterns by
aligning with tissues mesenchyme, precartilage and
cartilage. More detailed characterizations are pre-
sented and particular attention is given to those Wve
genes that seem to be signiWcant for the very intense,
but controlled tissue proliferation, and hence for the
tumor biology.

Materials and methods

Collection of tissue samples

Antlers, grown for 80 days, were collected from the
Deer Farm of Pannon Equestrian Academy, Böszénfa,
Hungary, during commercial harvest. The distal 5 cm
of the tips was removed and dissected (kept in ice)
from freshly chopped velvet antlers and prepared for
the further investigations within 30 min after chopping.
Positions of diVerent tissue layers (reserve mesen-
chyme, precartilage, cartilage) of the growing antlers
were determined as described by Li et al. (2002). Since
the potential for cross-region contamination was
believed to be considerable, precautions were taken:
the transition zones (easily recognized by the naked
eyes) were sliced out with some “pure” tissues from
both uplayer and downlayer. These slices (»0.3–0.5 cm
thick) were discarded. The slices (»0.5 cm thick) con-
taining the “pure” tissues were cut in two parts, one of
them was Wxed, sectioned, stained and used for histo-
logical control, the other part was stored in liquid
nitrogen and kept for mRNA preparations. Fetuses
were collected from hinds shot for selection purposes
in the middle of December. The fetal growth plates

Fig. 1 Histology of develop-
ing antler. a Parasagittal
section of the velvet antler tip. 
b Alcian blue/alizarin red 
stainings show the levels of 
glycoseaminoglycan (colour 
blue) and calcium (fuchsia) in 
the extracellular matrix. c 
Hematoxylin/eosin stainings. 
Bar: 0.1 mm
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were dissected, carefully cleaned of periosteum and
other tissues remnants and cut in two parts. As in the
case of the antler samples, one part was prepared for
histological control; the other for mRNA isolations,
within 30 min after the hind was shot.

mRNA puriWcation and cDNA synthesis

mRNA samples from three diVerent tissue layers of the
velvet antler and from fetus, long bone growth plates
were isolated using PolyATtract®System 1000 (Pro-
mega) according to the manufacturer’s protocol. Sam-
ples were then exposed to 3 U of DNaseI treatment at
37°C for 30 min. First strand cDNA synthesis was per-
formed using SMART™ cDNA synthesis technology
according to the SMART™ cDNA Library Contruction
Kit User Manual (Clontech). Five hundred nanograms
of mRNA was used as template. Reactions were carried
out under RNase-free conditions at 42°C for 60 min.

AFLP-based diVerential display

The AFLP technology is based on the selective PCR-
based ampliWcation of a subset of restriction fragments
(Vos et al. 1995; Money et al. 1996). We used the AFLP
Analysis System I (Gibco) protocol with the exception
that the double-stranded cDNAs (250 ng from each
sample) were digested simultaneously with two restric-
tion endonucleases, EcoRI and MseI. AFLP reactions
with primers having none of the selective nucleotides
(called preampliWcation) were performed for 20 cycles
with the following cycle proWle: 30 s DNA denaturation
step at 94°C, 60 s annealing step at 56°C, and 60 s exten-
sion step at 72°C. AFLP reactions with primers having
three selective nucleotides (called selective ampliWca-
tion) were performed for 40 cycles with the following
cycle proWle: 30 s DNA denaturation step at 94°C, 30 s
annealing step, and 60 s extension step at 72°C. The
annealing temperature in the Wrst cycle was 65°C, than
reduced by 0.7°C in each cycle for the next 11 cycles, and
was 56°C in the last 28 cycles. All ampliWcation reactions
were performed in a GeneAmp® PCR System 2700
thermocycler (Applied Biosystems). The EcoRI-primers
for selective ampliWcation reactions were end-labeled
using [�33P]ATP and T4 polinucleotid kinase. PCR
products were separated on 6% denaturing polyacryl-
amide gels and visualized by exposure to Kodak Wlm for
»16 h. The resultant banding patterns were analyzed.

cDNA fragments cloning and re-testing AFLP pattern

AmpliWed restriction fragment polymorphism frag-
ments were excised from the polyacrylamide gels (i.e.

where the strongest signals were detected) as a band of
approximately 1 mm wide. DNA fragments were
cloned into pBluescript® II KS (Stratagene) with stan-
dard protocol and transformed into Escherichia coli
DH5� competent cells. From the resultant colonies,
recombinant plasmids were isolated and used to iden-
tify fragments giving the AFLP signal. Since quantities
of mRNAs isolated from four tissues (i.e. mesenchyme,
precartilage, cartilage and fetus growth plate) were
limited, to have enough quantity for Northern analy-
ses, we had to amplify the hybridization probes. First
the mRNA pools were converted to the complemen-
tary ssDNA strands using SMART™ cDNA synthesis
technology as seen earlier in “mRNA puriWcation and
cDNA synthesis”. In a second step, these ssDNA pools
served as templates for the linear ampliWcations by
PCR of 25 cycles. Therefore, the resulting PCR prod-
ucts consisting of ssDNA pools of the sense strands
(corresponded to cognate mRNA pools of the start)
were subjected to [�32P] labeling and used for hybrid-
ization probes in Northern blottings. (see Fig. 2). The
hybridization patterns of each fragment were rigor-
ously checked by series of washings (of increasing
stringency).

Northern blot analysis

Tissue samples (approximately 300 mg) were homoge-
nized in guanidinium-thiocyanate, then extracted with
acidic phenol–chloroform. RNAs were precipitated
from the aqueous phase with isopropyl-ethanol and
dissolved in 50 �l RNase-free water. RNA concentra-
tions were determined by measuring the absorbance at
260 nm. Ten microgram aliquots of total RNA were
separated by electrophoresis in 1.2% formaldehyde–
agarose gels. RNA was blotted to Hybond N+ Wlter
(Amersham) according to the manufacturer’s protocol.
Fifty nanograms of cDNA fragments were labeled with
[�32P]dATP using random hexamers and E. coli DNA
Polymerase I Large (Klenow) Fragment. The hybrid-
ization was performed at 65°C in the Perfecthyb TM
Plus buVer (Sigma). After hybridization, the Wlters
were washed at the same temperature according to the
manufacturer’s protocol. Signals were visualized using
a phosphorimager.

Construction and screening of lambda cDNA libraries

cDNA libraries were constructed from the three antler
tissue zones mentioned earlier in “Collection of tissue
samples” section using the SMART cDNA Library
Construction Kit (Clontech) according to the manufac-
turer’s protocol. BrieXy, 1 �g mRNA samples were
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reverse transcribed with CDSIII oligo (dT) primer and
SMART IV oligo provided by the kit using SuperScript
II RNaseH-minus reverse transcriptase (Invitrogene).
Each reaction volume was 20 �l. Long Distance PCRs
were performed in 50 �l reaction volume using 1 �l
from the Wrst strand cDNA reaction, 1 �l dNTP mix
(10 mM each), 5 �l 10£ BD Advantage2 PCR BuVer,
10 �M primers, 1 �l 50£ Advantage Polymerase Mix
and 1 �l (5 U) KlenTaq LA DNA Polymerase Mix
(Sigma). Cycling parameters were 94°C for 5 min (ini-
tial denaturation), 25 cycles at 94°C for 1 min and 68°C
for 7 min. Five microliter double-stranded cDNA sam-
ples were checked by electrophoresis in 1% agarose gel
and after phenol–chloroform puriWcation and ethanol
precipitation 3 �g digested with SWI. Size fractionation
was done by using SizeSep 400 (Pharmacia) chroma-
tography column and the resulting product was ligated
into the SWI digested, dephosphorilated �TriplEx2 vec-
tor. For in vitro packaging 1 �l ligation reactions were
used and 1–2 £ 106 recombinant pfu were further
propagated in XL1 Blue strain to get ampliWed librar-
ies with 109–1010 pfu/ml. Library screening was per-
formed according to the standard protocol (Sambrook
et al. 1989). Approximately 2–3 £ 104 phages were
plated on Petri dishes of 180 mm diameter and plaques
were lifted to GeneScreen hybridization transfer mem-
brane (Perkin–Elmer Life Sciences). The AFLP frag-
ments were re-ampliWed and 50 ng were labeled with
[�32P]dATP using the Pre-MC, PreT primers by ran-
dom priming protocol. PreT: CGTAGACTGCGTAG
GAATTCT, Pre-MC: GCACGATGAGTCC TGAGT
AAC. Plaque hybridizations were carried out in two
rounds; “positive” phages were isolated and converted
to plasmids in E. coli BM25.8 strain. Plasmid DNA was
puriWed with QIAprep Spin Miniprep Kit (Qiagen)
and sequenced.

Quantitative real-time PCR

Quantitative real-time RT-PCR (qRT-PCR) analysis
was performed using a LightCycler instrument and
Relative QuantiWcation Software Ver.4 (Roche) as fol-
lows: initial denaturation at 95°C for 10 min, ampliWca-
tion for 50 cycles of denaturation (95°C, 15 s; ramp rate
2°C/s) annealing (60°C, 10 s; ramp rate 2°C/s) and
extension (72°C, 20 s; ramp rate 2°C/s). Each PCR
reaction consisted of 1£ BSA, 20 pmol TaqMan Xuo-
rescence probe (for amplicon detection, Bio-Science
Ltd.), 2£ TaqMan® Universal PCR Master Mix
(Applied Biosystems, Manufactured by Roche),
20 pmol forward primer, 20 pmol reverse primer,
cDNA template (5 ng of mRNA converted to cDNA).
Sequences of the primers and probes are shown in
Table 1. The mRNA level was normalized to �-actin
mRNA level. The results of three independent reac-
tions were averaged. A single online Xuorescence read-
ing for each sample was taken at the end of extension
step. Quantitative results were expressed by the identi-
Wcation of the second derivative maximum points,
which marked the cycles, where the second derivatives
of the Xuorescence signal curve are at the maximum.

In situ hybridization

The velvet antler tip was dissected and Wxed in 4% (w/v)
paraformaldehyde in PBS. Blocks were embedded in
low-melting-point paraYn (Paraplast, Sigma) and sec-
tioned vertically. Sections were mounted on slides
coated with (3-aminopropyl)triethoxy-silane. Sections
were then dewaxed, rehydrated and pretreated with
Proteinase K and acetic anhydride, and hybridized
overnight. RNA probes were labeled with digoxigenin-
UTP (Roche) by in vitro transcription of the T7 RNA

Fig. 2 Schematic summary of the pathway that led to identiWcation of genes with enhanced expression in velvet antler

mRNA
From mesenchyme, precartilage, cartilage of velvet antler

and foetus skeletal cartilage

cDNA

AFLPs cDNA probes cDNAlibraries:
screening for complete genes (cDNAs)

40 fragments in pKS

36 fragments
(with unambiguosly

identical expression pattern
with the AFLP screening)

Southern hybridization
for retesting AFLP pattern

5 fragments “linked to tumor biology”
carried on: tpm1, tagln, anxa2, pebp, apoD

total length cDNA

in situ hybridization
real-time PCR:
quantitative analysis
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polymerase (cDNA template was cloned in �TriplEx2
vector in the antisense orientation behind T7 pro-
moter). The hybridization temperatures chosen were
speciWc for the probes. After hybridization, the sec-
tions were washed in 2£SSC, 50% formamide, 2£SSC,
for 30 min each at the hybridization temperature. Then
the sections were treated with RNase A for 30 min at
37°C and then washed twice in 0.2£SSC. Digoxigenin
was detected using sheep anti-digoxigenin alkaline
phosphatase Fab fragments (Roche), followed by an
alkaline phosphatase reaction using nitrotetrazo-
lium blue chloride and 5-bromo-4-chloro-3-indolyl
phosphate as substrate. Sections were mounted using
Kaiser’s glycerin gelatine.

Western blot analysis

Reserve mesenchyme, precartilage, cartilage and fetus
tissue powder (ground in a mortar in liquid nitrogen)
were treated with lysis buVer (100 mg tissue powder in
0.4 ml buVer: 0.0625 M Tris–HCl, 2% SDS, protease
inhibitor) and sonicated. SDS-PAGE separation of 1 �l
of the non-reduced supernatant was performed on
10% NuPAGE Novex Bis–Tris gel in MOPS-SDS run-
ning buVer (50 mM MOPS, 50 mM Tris base, 0.1%
SDS, 1 mM EDTA pH 7.7) (Invitrogen). Proteins
resolved by SDS-PAGE were electroblotted onto a
Hybond-C Extra nitrocellulose membrane (Amersham
Biosciences) for 1 h at 30 V in NuPAGE Transfer
buVer (25 mM Bis–Tris, 2 mM Bicine, 1 mM EDTA,
pH 7.2) containing 10 % metanol.

The blot was blocked in TBS containing 5% pow-
dered nonfat dry milk. Antigens were identiWed with a
polyclonal antibody raised against the N-terminus of
red deer Annexin 2 protein (manufactured by Sigma)
diluted 1:2,000, bound antibodies were detected by
alkaline phosphatase conjugated goat anti rabbit poly-
clonal antibody (Sigma) diluted 1:30,000 in the same
buVer as used by Sambrook et al. (1989). Detection
was by an alkaline phosphatase reaction using nitrotet-
razolium blue chloride and 5-bromo-4-chloro-3-indolyl
phosphate as substrate.

Immunohistochemistry

Tissue distribution of Annexin 2 (Anxa2) protein in
paraYn-embedded sections of velvet antler tip was
visualized by using polyclonal antibody from rabbit
raised against red deer Annexin 2 protein (ordered
from Sigma). Standard immunohistochemistry was car-
ried out using peroxidase-conjugated goat anti-rabbit
IgG antiserum and 3-amino-9-ethylcarbazole (AEC) as
substrate. Sections were dewaxed, rehydrated andT
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digested with Proteinase K. To avoid nonspeciWc bind-
ing of the antibodies, the sections were incubated for
2 h with 20% (w/v) normal goat serum in TBS. The pri-
mary antibody was diluted 1:200 and incubated over-
night at 4°C with the sections, the secondary antibody
was diluted 1:100 and incubated for 1 h at room tem-
perature.

Results

DiVerentially expressed genes in the chondrogenic 
tissue of velvet antler, screened by AFLP

In this section, we describe the steps from screening to
conWrmation of genes expressed diVerently in three
antler tissue regions. We have chosen three successive
sections from the tip of the velvet antler, including:
mesenchyme, precartilage and cartilage (Fig. 1). The
sections were taken as proposed by Li et al. (2002) with
modiWcations described in experimental procedures,
and were compared to growth plate cartilage isolated
from long bones of red deer fetuses. The screening
steps and the rationale of why fetal growth plate was
chosen for normalization control are summarized in
Fig. 2 and detailed below.

Step 1 AmpliWed Restriction Fragment Polymor-
phism DiVerential Display was applied in two parallels
in order to compare the expressions in the four tissues
by combining 32 primer pairs. Forty AFLP fragments
were detected and isolated showing diVerences in their
expressions in pair wise comparisons: antler tissue(s)
versus fetal growth plate, i.e. no or very slight expres-
sion seen in fetal growth plate versus stronger expres-
sion was observed in at least one of the three antler
tissues. The purity of all tissue samples was checked
histologically: (1) the mesenchymal samples were
“pure”, i.e. contained characteristic proliferating small
spindle-shaped cells; (2) the “purity” of the precartila-
geous samples were more than 90% for (pre)chondro-
blasts, and few percent chondrocytes were generally
also detected; (3) samples from the antler cartilage
consisted of only chondrocytes (i.e. no (pre)chondro-
blasts or osteoblasts were recorded) with mineraliza-
tion in the matrix and blood vessels seen (Fig. 1b, c);
(4) the fetal growth plates consisted of »90% chondro-
cytes and »10% osteoblasts, with few blood vessels.
No (pre)chondroblasts and mineralization were
recorded in this cartilage. The above histological pat-
terns led to the rationale that by subtracting the
expressions of fetal growth plate from that of antler
mesenchyme and precartilage samples would result in

the detection of AFLP fragments speciWc for the
expressions both in the antler mesenchymal cells and in
the (pre)chondroblasts. In the case of the antler carti-
lage samples, the “subtraction” of the fetal growth
plate expression reveals the elevated expressions aris-
ing predominantly from the antler chondrocytes and in
a lesser extent from the perivascular cells.

Step 2 ReWning the AFLP selections. The 40 AFLP
cDNA bands were cloned into pBluescript KS plasmid
vector and were retested by four parallel Southern
hybridizations using radioactively labeled total cDNA
mixtures prepared from the cognate four tissues (the
same as used before for the “AFLP” step). Thirty-six
out of these 40 fragments gave identical expression pat-
tern as before in the “AFLP” screening (i.e. step 1)
(see more details in Materials and methods).

Step 3 ClassiWcation of gene expression classes. The
expressions of the 36 AFLP isolates were evaluated by
visual comparisons and classiWed as strong, medium,
weak and not detectable (denoted with s, m, w, and n,
respectively, in Table 2). With these variables expres-
sion patterns were aligned to each AFLP. Six classes of
expression pattern were found with 4–10 specimens in
each: dominant expression in mesenchyme (I), in mes-
enchyme and precartilage (II), in all three antler tis-
sues (III), in precartilage (IV), in precartilage and
cartilage (V), in cartilage (VI) (Table 2). The 36 frag-
ments were sequenced and sequence similarity
searches were carried out in NCBI databases (http://
www.ncbi.nlm.nih.gov)(Table 2., last column). Signals
for two groups of genes emerged from the 36 frag-
ments. One group with six genes can be linked to tran-
scriptional and translational machinery: AF 11.24.21
(class I), AF 09.05.10 (class II), AF 08.09.01, AF
11.24.04 and AF 11.24.22 (class III), AF 11.24.28
(class VI), the other group with Wve genes to tumor
biology. The latter group was selected for further
investigations: in order to identify and characterize
novel genes that are involved in intense bone growth,
AF 08.09.09 (class I), AF 09.05.07 (class II), AF
08.09.00 and AF 07.08.05 (class III), AF 01.28.10
(class V).

Cloning genes cognate for AFLP-s

From the three antler cDNA pools (prepared from the
three corresponding tissues) three cDNA libaries were
made and used for targeting and isolating the cognate
genes for AF 08.09.09; AF 09.05.07; AF 08.09.00;
AF 07.08.05; AF 01.28.10; (i.e. “tumor biology”
group, see previous section and Table 2.). The clones in
123
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Table 2 Expression patterns of AFLP fragments in velvet antler

a I: dominant expression in mesenchyme; II: in mesenchyme and precartilage; III: in all three antler tissues versus fotus; IV: in precar-
tilage; V: in precartilage and cartilage; VI: in cartilage
b FC: chondrocytes in foetal growth plate; RM: proliferating small spindle-shaped cells in mesenchyme zone; PC: (pre)chondroblasts in
precartilage zone; C: mainly chondrocytes in cartilage zone
c s strong, m medium, w weak, n not detectable expressions
d In bold: genes for signiWcance in tumor biology; in italics: genes for high metabolic demands

AFLP fragment 
in pKS (bp)

Selective 
nucleotide

Class of 
AFLP 
patterna

Tissueb,c BLASTd

EcoRI 
primer

MseI 
primer

FC RM PC C

AF 08.09.09. (446) E-AGC M-CAA I n s n n �-tropomyosin (human: AJ001055, 
mouse: NM024427, rat: BC078780, 
dog: XM860199) 

AF 09.10.07. (118) E-ACG M-CAT I n s n n Similar to huntington interacting 
protein B isoform 1 (dog: XM859025)

AF 08.09.07. (104) E-AGC M-CAT I n s n n No signiWcant similarity found
AF 08.09.08. (257) E-AGC M-CTA I n s n n BAC clone (human: AC078920)
AF 08.09.14. (52) E-AGC M-CTA I n s n n Ribosomal protein L12 (bovine: BC090393)
AF 08.09.12. (219) E-AGC M-CAT I n s n n EST (bovine: BM480450)
AF 11.24.21. (101) E-ACC M-CTA I w s w w Ribosomal protein S12(sheep: DQ223559, 

dog:XM854423, pig: NM214363, bovine: 
AY528251)

AF 09.12.09. (224) E-ACC M-CTC I n m n n px19-like protein (bovine: BC110001)
AF 09.05.17. (216) E-ACG M-CTA I n m w n No signiWcant similarity found
AF 09.05.07. (198) E-ACG M-CTA II w s m w Transgelin (bovine: BC105336)
AF 09.05.10. (205) E-ACG M-CAG II n s m w Eukaryotic translation initiation factor 4A, 

isoform 1 (EIF4A1) (bovine: BC103130)
AF 09.05.03. (151) E-ACG M-CAC II n m s n Transgelin (dog: XM856022)
AF 08.09.00. (161) E-AGC M-CAA III n s s s Annexin 2 (bovine: BC102516)
AF 01.28.03. (353) E-AGC M-CTC III n s s s Bradykinin receptor B1 (bovine: 

DQ0994995, pig: AF540788, human: 
AY275464)

AF 08.09.06 (206) E-AGC M-CAA III n s s s Annexin 2 (pig: AY706386, dog: AY422991, 
rat: BC059136, human: BC013843)

AF 07.08.05. (261) E-ACC M-CAG III w s s m Phosphatidylethanolamine binding protein 
(bovine: BC102389)

AF 08.09.01. (225) E-AGC M-CAA III w s s s 45 S pre-ribosomal RNA gene (mouse: X82564) 
AF 12.05.01. (184) E-AAC M-CTA III w s s s Clone (mouse: BC034457)
AF 11.24.04. (101) E-ACC M-CAT III w s s m Leucyl-tRNA synthetase (mouse: NM153168) 
AF 11.24.22. (207) E-ACC M-CTA III n m m s Ribosomal protein S28 (bovine: NM001025316)
AF 12.05.17. (89) E-AAC M-CTG IV n n s w Similar to HLA-B associated transcript 2 

(bovine: XM868350)
AF 09.28.08. (251) E-ACT M-CAC IV n n m n clone (pig: AC096884)
AF 08.09.02. (165) E-AGC M-CAA IV n n m n EST (bovine: DY124248)
AF 09.10.10. (107) E-ACG M-CAT IV n n s n No signiWcant similarity found
AF 12.05.23. (123) E-AAC M-CAG IV n n s n No signiWcant similarity found
AF 08.09.04. (120) E-AGC M-CAA IV w n s w Brain cDNA clone (bovine fetus: AV591208)
AF 10.09.02. (273) E-ACG M-CTG IV n n m w Alpha-kinase 3 (bovine: XM595024, dog: 

XM536201, mouse: NM054085, rat: 
XM001066959)

AF 01.28.10. (166) E-AGC M-CTC V n n s s ApolipoproteinD (human: NM001647, 
bovine: BC109863)

AF 01.17.05. (216) E-ACA M-CAG V n m s s No signiWcant similarity found 
AF 10.09.08. (131) E-ACG M-CTG V n n s s No signiWcant similarity found
AF 09.05.11. (124) E-ACG M-CTA V w w m s RAD23 homolog B (bovine: BC114133)
AF 10.09.03. (217) E-ACG M-CTG VI n n w s EST (bovine: CX737099)
AF 10.09.04. (193) E-ACG M-CTG VI n n w s RasGEF domain family, member 1A 

(bovine: BC103407)
AF 10.09.05. (169) E-ACG M-CTG VI w n w s No signiWcant similarity found
AF 10.09.06. (164) E-ACG M-CTG VI n n w s No signiWcant similarity found
AF 11.24.28 (218) E-ACC M-CTA VI w w w s TAF7-like RNA polymerase II (bovine: BC105412)
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the libraries which hybridized with the corresponding
AFLP probe were isolated and those carried the lon-
gest inserts were sequenced, and tested against NCBI
databases. The previous BLAST searches (Table 2.)
were conWrmed and sequences were submitted to Gen-
Bank as new red deer annotated genes: i.e. AF
08.09.09 for �-tropomyosin (tpm1, GenBank accession
number: DQ239919), AF 09.05.07 for transgelin (tagln
GenBank accession number: DQ412697), AF 08.09.00
corresponded to the gene for red deer annexin 2
(anxa2, GenBank accession number: DQ239920), AF
07.08.05 for phosphatidylethanolamine binding pro-
tein (pebp, previously called prostatic binding protein,
GenBank accession number: DQ412698) and AF
01.28.10 for apolipoprotein D (apoD, GenBank acces-
sion number: DQ2399221). In all cases high identity
scores (89–98%) were calculated for the human,
bovine and mouse orthologs (Table 3).

mRNA expression pattern conWrmed by Northern 
hybridization

The presence of mRNA for genes cloned (see previous
section) was demonstrated in tissue samples by North-
ern hybridization using total length cDNA as hybrid-
ization probes. Total RNA for blotting was extracted
from mesenchyme, precartilage and cartilage of the
velvet antler as well as from the fetal growth plate. All
labeled cDNA probes gave unique patterns for hybrid-
ization signal, consequently unique expressions pat-
terns for the three tissues, in perfect agreement with
AFLP data (Fig. 3).

QuantiWcation of gene expressions

Quantitative real-time RT-PCR analyses for �-tropo-
myosin (tpm1), annexin 2(anxa2), apolipoprotein D
(apoD) were performed to conWrm the expression
diVerences. Values were computed as: the ratio of the
mRNA levels of our genes to the mRNA levels of

�-actin (the reference gene) in an antler tissue was nor-
malized to the ratio of the same two mRNAs in the
fetal growth plate (the reference sample). As seen in
Fig. 4, the expression level of the gene for annexin2
(anxa2) decreased from mesenchymal region to carti-
laginous regions in conformity with Northern hybrid-
ization (described above). The �-tropomyosin (tpm1)
mRNA level was found 2.5-fold increased in the mes-
enchyme and lessened toward the cartilaginous tis-
sues. In contrast, apolipoprotein D (apoD) expression
was not observed in mesenchyme, but increased dra-
matically in precartilage (»26-fold) and cartilage
(»67-fold).

Spatial localization of the gene expression revealed 
by in situ hybridization

In situ hybridizations were performed to determine cell
types that express the genes investigated. Parasagittal
sections of velvet antler were hybridized with �-tropo-
myosin (tpm1), annexin 2(anxa2), and apolipoprotein D
(apoD) antisense RNA probes. As seen in Fig. 5g–i,
expression of annexin 2 (anxa2) mRNA was detected in
all antler tissues. However, the hybridization signal in
the mesenchymal region was the strongest. The endo-
thelial cells of blood vessels gave also a positive signal.
Expression of �-tropomyosin (tpm1) gene concentrated
to the apical mesenchyme cells, and became weaker as
diVerentiation proceeded downstream. Prechondro-
blasts still gave a positive signal. In cartilage, �-tropomy-
osin (tpm1) gene was expressed only around vascular
channels in Wbroblast-like cells (Fig. 5a–c). Expression
of the apolipoprotein D (apoD) gene was restricted to
chondrocytes. Hybridization signal was detectable nei-
ther in mesenchyme, nor in precartilage (Fig. 5d–f).

Immunolocalization of red deer Annexin 2

Annexin2 (anxa2) is a member of the annexin multi-
gene family. Multiple alignment of family members

Table 3 Identity of red deer cDNA sequences with other mammalian orthologs

In italics: predicted values according to NCBI database
a In brackets: the length of deer cDNAs
b Data based on BLAST programme, orthologs normalized to the deer sequences

cDNAb Basepaira Human 
(Homo sapiens)

Mouse 
(Mus musculus)

Bovine 
(Bos taurus)

tpm1 (1747) 903/945 (95%) 552/586 (94%) 557/564 (98%)
tagln (1307) 497/533 (93%) 473/533 (88%) 523/533 (98%)
anxa2 (1407) 954/1040 (91%) 917/1077 (89%) 1325/1369 (96%)
pebp (1438) 500/565 (88%) 451/546 (82%) 782/815 (95%)
apoD (904) 546/634 (86%) 372/444 (83%) –
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revealed that they share high sequence similarity and
diVer only in their relatively short N-terminal domains,
which give them identity. The repetitions of annexin

domains make it diYcult to detect expression of ann-
exin 2 alone by means of in situ hybridization. This fact
prompted us to immunolocalise Annexin 2 (Anxa2) by
producing an antibody against the N-terminal tail of
the protein, speciWc to red deer Annexin 2 (Anxa2)
protein.

The Western blot veriWed that the antiserum reacted
speciWcally with the red deer Annexin 2 (Anxa2) (data
not shown). In mesenchyme, precartilage and cartilage
regions of velvet antler, the Annexin 2 (Anxa2) protein
was observed on the periphery of the cells, where asso-
ciated with the cell membrane (Fig. 5m). Deposition of
protein in the matrix was only seen in the perivascular
tissue although it should have been in the matrix in
other tissues (Kirsch et al. 2000). One explanation may
be that while Annexin 2 (Anxa2) proteins form macro-
molecular complexes in the matrix, they use the N-ter-
minal domains as the reacting surfaces (i.e. its reacting
epitop was masked from the antiserum used in the
investigation) (Fig. 5k–l).

Discussion

The velvet antler of red deer may provide a unique
model for studies on mammalian bone development.
This could be particularly true for the well-separated
mesenchyme mass located at the tip, which could be
used in pursuit of the earliest gene expression events of
the developmental pathway from (multipotent) mesen-
chyme toward hard bone. Furthermore, the longitudi-
nal segregation of precartilage from the cartilage
makes possible to separate gene expressions in these
two tissues. Other characteristics of the “antler path-
way” add further values to this biological model: (1)
the whole cycle of antler regeneration is repeated
every year, (2) this complex development involves the
most rapid (“robust”) growth of animal tissues, with
intense vascularization and nerve regeneration, (3) and
this robust proliferative growth proceeds within a con-
trolled path and apparently avoids malignancy, an
aspect that may be signiWcant for cancer research.

We took these advantages of the antler model and
combined them with recombinant DNA technology in
order to unearth genes whose expression points either
to the early (i.e. mesenchymal toward bone) or to the
robust way (i.e. stronger in antler cartilage than in
fetal-skeletal cartilage) of bone development. In the
Wrst step, we used AFLP screen and achieved approxi-
mately 90% Wdelity in the score of expression diVer-
ences as shown by the conWrmatory Southern
hybridizations with the cognate pKS clones (of the
AFLP-s): 36 out of 40 of the pKS clones displayed a

Fig. 3 Northern blot analysis. FC foetal cartilage, RM reserve
mesenchyme, PC precartilage, C cartilage

FC RM PC C

tpm1

tagln

anxa2

pebp

apoD

beta-aktin

total RNA

rRNA

18S

28S

Fig. 4 Relative mRNA levels of tpm1, anxa2 and apoD from
diVerent tissue. Black columns: relative mRNA levels in reserve
mesenchyme zone of velvet antler, grey in precartilage zone,
white in cartilage. �-actin mRNA levels were used as a controls
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hybridization pattern concordant with the cognate
AFLP expression pattern. The Northern, qRT-PCR,
and in situ identiWcations of the tissue speciWc expres-
sions of the further investigated Wve “tumor-linked”
genes validates the “gene screening”. Although our
investigations here have been carried on with genes at
the cDNA levels, we believe that using these cDNAs
and applying the method of single oligonucleotide
nested (SON)-PCR (Antal et al. 2004) the genomial
copies of the “antler” genes would also be available in
many cases.

Blast analyses (Table 2) pointed clearly to two
groups of genes enriched among the 36 genes taken
randomly after the AFLP based selections. The Wrst
group contained six genes (for ribosomal components
and transcriptional factors) whose elevated expression
can be explained by the high metabolic demands when
vigorous cell proliferation takes place. This phenome-
non was also documented for yeast (Kressler et al.
1999). The second group consisted of Wve genes (�-
tropomyosine (tpm1), transgelin (tagln), annexin 2
(anxa2), phosphatidylethanolamine-binding protein
(pebp) and apolipoprotein D (apoD)) whose elevated

expression could be associated with tumor biology, and
were known to be expressed at a strikingly decreased
level in malignant tumors (see discussion below). Fur-
thermore, three of these genes annexin 2 (anxa2),
phosphatidylethanolamine-binding protein (pebp) and
apolipoprotein D (apoD), can be linked to the robust
development of the antler; their expressions are upreg-
ulated in the cartilage of the growing antlers, compared
to the fetal-skeletal cartilage.

Appearance of the genes �-tropomyosine (tpm1),
transgelin (tagln) and annexin 2 (anxa2) in the AFLP
selection was not surprising. �-tropomyosine (tpm1)
and transgelin (tagln) have been known for long for
their mesenchyme-speciWc role (Goodwin et al. 1991;
Lowson et al. 1997). The expression of annexin 2
(anxa2) has been reported to be involved in the forma-
tion of calcium channels and in mineralization around
hypertrophic chondrocytes and osteoblasts (Kirsch
et al. 2000; Gillette and Nielsen-Preiss 2004).

The strong expression of apolipoprotein D (apoD) in
chondrocytes was a new Wnding. So far, apoD mRNA
has been detected during embryogenesis in the precarti-
lageous condensation of Meckel’s cartilage, in the basio-

Fig. 5 In situ localization of gene expression in velvet antler tis-
sues. Analysis of 8 �m thick longitudinal section from mesen-
chyme region (A/a, D/d, G/g, J), from precartilage (B/b, E/e, H/
h, K) and cartilage (C/c, F/f, I/i, L, M). A/a–C/c Expression of �-
tropomyosin (tpm1) is most striking in mesenchyme cells and
Wbroblast-like cells at the periphery of vascular channels (arrow).
D/d–F/f apolipoprotein D (apoD) mRNA detection. Chondro-
cytes express mRNA of apolipoprotein D. Hybridization signal
cannot be seen in the less diVerentiated regions. G/g–I/i Detec-

tion of annexin 2 (anxa2) mRNA. The mesenchyme region gave
the greatest number of positive cells. In the zones of precartilage
and cartilage expression of annexin 2 (anxa2) is also high. J–L Im-
munolocalization of Annexin 2 protein. Annexin 2 is detectable
in the mesenchyme cells (J), chondroblasts (K), chondrocytes and
at periphery of blood vessel (arrowhead) (L). Immunohistochem-
istry signal can be seen at periphery of chondrocytes (M). Bar:
0.25 mm in A–L, 0.1 mm in c, 0.006 mm in a, b, d, e, f, g, h, i and M
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occipital bone primordium and in sclerotomal condensa-
tions of vertebral bodies (Sanchez et al. 2002). Apolipo-
protein D (ApoD), which was identiWed in the plasma
HDL fraction (McConathy and Alaupovic 1973),
belongs to the lipocalin superfamily and shows signiW-
cant sequence homology to other proteins like human
retinol binding protein (RBP) or insect bilin binding
protein (BBP) (Rassart et al. 2000). Generally, it is
regarded as a multifunctional and multi ligand binding
protein with special emphases on small hydrophobic
molecules. Apolipoprotein D (apoD) mRNA is
expressed in wide variety of tissues, and the sites of its
expression vary from species to species (Seguin et al.
1995). In humans and rabbit, expression is predominant
in the cerebellum, adrenal and spleen, while in mouse it
is restricted mainly to the central nervous system (CNS)
(Rassart et al. 2000). The apolipoprotein D (apoD)
mRNA expression was mostly linked to Wbroblasts,
mainly around the blood vessels, and in the nervous sys-
tem to astrocytes and oligodendrocytes. Contrary to this
expression pattern, apolipoprotein D (apoD) was
expressed primarily in chondrocytes in the antler tip and
only faint traces were detected in the perivascular tissue.

On antlerogenesis and tumors: although the �-tropo-
myosine (tpm1), transgelin (tagln), annexin 2 (anxa2),
phosphatidylethanolamine-binding protein (pebp) and
apolipoprotein D (apoD) genes were expressed in
apparently diVerent patterns in the developing antlers,
as shown in Table 2 and demonstrated by Fig. 3, they
share a common feature with regard to tumorgenesis,
namely their expression decreases in malignant
tumors, and in contrast, at least for three of them their
overexpression lessens the aggressiveness of malignant
phenotypes. This phenomenon has been shown for
anxa2 in osteosarcomas (Gillette et al. 2004), for �-
tropomyosine (tpm1) in breast and lung malignant
transformations (Mahadev et al. 2002), and phosphati-
dylethanolamine-binding protein (pebp) in prostate
cancer (Fu et al. 2003; Keller et al. 2005). For transg-
elin (tagln), abolishment of its expression has also been
observed in lung and colon cancers, and regarded as an
early signal for the developing tumor (Shields et al.
2002). The apolipoprotein D (apoD) expression
decreases in a wide variety of malignant tumors (San-
chez et al. 1992a, b). The reciprocal expression patterns
of apolipoprotein D (apoD) in the antler versus tumors
may be indicative of the controlled way the intense tis-
sue proliferation proceeds in the growing antler. Piec-
ing together the expression pattern of �-tropomyosine
(tpm1), transgelin (tagln), annexin 2 (anxa2) and phos-
phatidylethanolamine-binding protein (pebp), in the
antler with their suppressive eVects on malignancy can
envision a functional network. In the antler mesen-

chyme, �-tropomyosin (tpm1) and less profoundly,
transgelin, (tagln) slow down the vigorous cell prolifer-
ation and make conditions favorable toward diVerenti-
ation. Downstream of this pathway, annexin 2 (anxa2)
acts by channeling the cells toward chondrogenesis.
Behavior of apolipoprotein D (apoD) Wtted well into
this line-up. Its expression is also inversely related to
proliferation, and hence it may be linked to a more
diVerentiated tissue state (Rassart et al. 2000). The
developing antler provides supporting evidence for
this: from the tip toward the pedicle proliferation
decreases continuously along the path of diVerentia-
tion, while apolipoprotein D (apoD) expression
increases from mesenchyme to cartilage.

The very high DNA sequence homologies between
red deer and human orthologous genes (Table 3)
encourage us to Wnd a room for the cDNA microarray
technology in further studies of bone development.
Our extended experiments (not shown) indicate that
the antler mRNA and cDNA samples hybridize with
high Wdelity to human and mouse cDNA microarrays,
and provide a good handle for developing an antler
cDNA microarray with manifold impacts on future
directions. One of them could point toward the better
understanding of the genetic background of speciWcally
upregulated gene expression in the developing antlers,
but applications in biomedical, agricultural and conser-
vation biological researches and developments also
deserve consideration.
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