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ABSTRACT

Spatiotemporal expression pattern of Hoxc8 during early mouse
embryogenesis and the plausible downstream genes of Hoxc8

Hox gene expression can be seen along the dorsal axis (in the neural tube, neural crest,
paraxial mesoderm, and surface ectoderm) from the anterior boundary of the hindbrain
through the tail. The different regions of the body from the midbrain through the tail are
characterized by different constellations of Hox gene expression and the pattern of Hox
gene expression is thought to specify the different regions. In this study, spatiotemporal
distribution of Hoxc8 in mouse embryo was studied by using in situ hybridization on
tissue sections and whole mounts. Furthermore, influences of Hoxc8 on early
embryogenesis were discussed. Next, 2-DE and MALDI-TOF were performed to
identify the plausible downstream genes of Hoxc8, which were followed by
categorization of downstream genes of Hoxc8 based on their functions.

Expression pattern of Hoxc8 during mouse embryogenesis has been extensively studied
by using RNA in situ hybridization. There is a general agreement about the overall
expression domain of Hoxc8 in mesodermal derivatives of the thoracic region and in the
neural tube at cervicothoracic leves. Previously reported data by in situ hybridization had
difficulty in analyzing time dependent expression pattern due to their flatten image,
whereas whole mount in situ hybridization had advantages in examining spatiotemporal
expression of Hoxc8 three dimensionally in embryos from 7.5 to 12.5 day p.c.. Expression
of Hoxc8 was first observed at day 8.5 p.c. and regulated in ectoderm and mesoderm
respectively. Regarding ectoderm, the distinct anterior boundary of Hoxc8 expression
within the neural tube was established at the 10" somite in embryos at day 10.5 p.c.. Inthe
other hands, Hoxc8 was detected in the paraxial mesoderm within an anterior boundary at
the 16™ somite at day 9.5 p.c. and this expression pattern was maintained through later
stages. At day 12.5 p.c,, forward progression of the expression pattern was obsarved and
stain was weakened. Comparing expression pattern of Hoxc8 transcripts in this study with
expression pattern of Hoxc8 protein reported previously showed strong correspondence.



Collectively, This data suggested that Hoxc8 expression is controlled at the level of
transcription

Frozen section of embryos at day 10.5-11.5 p.c. showed that expression predominant in
the ventral horn of the neural tube expanded in the ventral and mediolateral region of
the mantle layer. This ventrolateral expression is associated with the onset and
progression of neural differentiation. Moreover, Hoxc8 was detected strongly in
sclerotome cells on the way to notochord and neural tube. This result showed the
potential role of Hoxc8 in forming vertebrae and rib. Additionally mesonephros also
expressed Hoxc8. Considering that the previous report of Hoxc8 expression in the
kidney, our data suggest that Hoxc8 might be involved in differentiation into kidney.

Target genes of Hoxc8 were also analyzed by using 2-Dimentional Elelctrophoresis (2-
DE). Categorization of analyzed putative downstream genes of Hoxc8 was as follows; 1)
cytoskdeton and motility, 2) folding, modification and degradation of protein, 3)
metabolism, 4) transcription factors and general binding proteins. Among genes analyzed
here, carbonic anhydrase Il (CAIl) decreased by overexpression of Hoxc8 in this study
and CAIl deficiency cause osteopetrosis due to defects in osteoclasts. Considering the
reverse data reported previously that Hoxc8 induce differentiation of osteoclasts, Hoxc8
might be involved in antagonistic mechanism in osteoclast differentiation. Another
interesting downstream genes was proliferation cel nuclear antigen (PCNA) which
upregulated by Hoxc8. Since Hoxc8 has been reported to be involved in cdl proliferation,
it could be partly explained by the increased expression of PCNA.

Hoxc8, in situ hybridization, anterior boundary, mesonephros, 2-DE, downstream genes,
carbonic anhydrase I1, proliferating cell nuclear antigen
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I. INTRODUCTION

Starting as a fertilized egg with a homogeneous appearance, an embryo made of skin,
muscles, nerves and other tissues gradually arises through the division of cells. Long
before most cells in the emerging body begin to specialize, however, a plan that
designates major regions of the body —the head, the trunk, the tail and so on-is
established. This plan helps seemingly identical combinations of tissues arrange Starting
as a fertilized egg with a homogeneous appearance, an embryo made of skin,
themselves into distinctly different anatomical structures, such as arms and legs.

Recently embryologists have made great progress in uncovering the mechanisms that
control this once mysterious process. In the past decade the powerful techniques of
molecular biology have made it possible to isolate and characterize individual genes that
mediate some of the developmental decisions involved in establishing the embryonic
body plan. The key is a family of genes, known as homeobox genes, that subdivides the
early embryo into fidds of cells with the potential to become specific tissues and organs.*
Analysis of genes essential to Drosophila morphogenes showed that these genes were all
homologous to one another and containing a common DNA motif of 183 base pairs
coding for DNA-binding homeodomain,? which were named Homeobox by Gehring et al.

Long before the discovery of the homeobox,® Drosophila workers knew that homeotic



genes are special. In the late 1940s, Ed Lewis began a study of mutations that produces
almost magical transformations; he made flies with four wings instead of two wings and
two halters, and from then until now he has worked on the bithorax complex (BX-C), a
group or ruling genes that help design the fly. It was Lewis who discovered the vitally
important fact that the wild-type function of each homeotic gene is redtricted to a specific
region of the developing insect. He and others showed that the developmental pathway
followed by each cdll depends on the set of BX-C genes active within it. By studying
genetic mosaics, these researchers showed that each cdll differentiates autonomously.’
Thus, homeotic genes like the BX-C are responsible for determination, the internal
molecular and genetic state of a cdl that makes it stably different from other cdlls.

Subsequently, Hox genes, homeobox genes homologous to the homeotic genes in
Drosophila, have been found in vertebrate. There are 39 Hox genes organized into 4
separated chromosome cluster® and 39 genes are subdivided into 13 paralogous groups
on the basis of duplication of an ancestral homeobox cluster.® Each paralog group has
been demonstrated to be responsible for the morphogenesis of a particular embryonic
domain or structure.”

The Hox genes are key regulators of regional pattern formation along the antero-
posterior (A-P) and other embryonic axes. These genes have been involved in
transducing positional information to the precursors of embryonic axial and paraxial
structures since before the ancestors of insects and vertebrates diverged form each other.
In vertebrates, the precise restricted localization of each Hox gene product is crucial for
correct patterning of tissues surrounding the rostral expression boundary of therefore
essential to the proper orchestration of embryonic morphogenesis.”

Expression of Hox genes in the various body regions is collinear with their genomic
organization in such a way that genes at the 3' end of the cluster are expressed more
anteriorly, and those at the 5’ end more posteriorly. The physical position of a Hox genein
the cluster not only corresponds to its expression domain along the primary or secondary



body axes (spatial collinearity),>™ but also to its time point of activation (temporal
collinearity)™ and its response to the morphogen retinoic acid (RA).* In general, Hox
genes located at the 3' end of the cluster are expressed earlier, are more anterior and are
more sensitive to induction by RA than thoseinamore 5’ position.

Expression pattern of Hoxc8 during mouse embryogenesis has been extensively studied
with RNA in situ hybridization.***® There is a general agreement about the overall
expression domains of Hoxc8 in mesodermal derivatives of the thoracic region and in
the neural tube at cervicothoracic levels. The distribution of Hoxc8 was aso examined
with monoclonal antibodies against Hoxc8 in early and mid-gestation embryos.?

In this study, in situ hybridization on tissue sections and whole mounts were used for a
detailed study of the spatiotemporal distribution of Hoxc8 transcripts in mouse embryos
and influences of Hoxc8 on early embryogenesis were discussed.

Next, homeobox genes are a family of regulatory genes containing homeobox and coding
for specific nuclear protein that act as transcription factors.® The homeobox sequence
itself encodes a 61 amino acid domain, the homeodomain, responsible for recognition and
binding of sequence-specific DNA motifs? and gene regulation relevant to cell
proliferation and differentiation. The specificity of this binding allows homeoproteins to
activate or repress the expression of batteries of downstream target genes™ that mediate
devdopmental decisions involved in establishing the embryonic body plan. Hox target
genes are presently poor and most of them have been identified in the Drosophila so Hox
target genes as well as their functions still remain to be ducidated.

In mammals, there are few Hox genes whose functions have been identified. The HOXAS
controlled activation of the progesterone receptor gene”* and HOXC13 has been reported
to be involved in control of hair keratin expression during early trichocyte
differentiation.”® In addition, it was reported that HOXA7 is inversdy reated to
keratinocyte differentiation by attenuating transglutaminase | induction.” Furthermore, it



has been demonstrated that synpolydactyly, an inherited human abnormality of the
hands and fedt, is caused by expansions of a polyalanine stretch in the amino-terminal
region of HOXD13. These mutations could lead to change truncated protein missing 20
C-terminal amino acids.?* Additionally a deletion in HOXA13 leads to hypodactly.” ¥

In the case of Hoxc8, which is one of three members of paralog VIII, the function has
been examined using null mutant mice or Hoxc8 overexpressing cells. Bending and
fusion of the ribs, anterior transformation of the vertebrae, and abnormal patterns of
ossification in the sternum were observed in adult Hoxc8 null mouse.® Tissue specific
overexpression of Hoxc8 transgene inhibited chondrocyte maturation and stimulated
chondrocyte proliferation. Recent study demonstrated that Hoxc8 mediated osteoclast
differentiation by repressing osteoprotegrin (OPG) in response to bone morphogenetic
protein (BMP) stimulation.®® Furthermore, it was also suggested that the interaction of
Hoxc8 with Smad1 induced osteoblast differentiation and bone cell formation."°

Here, 2-DE and Matrix Assisted Laser Desorption lonization — Time Of Flight
(MALDI-TOF) were performed to identify the putative downstream target genes of
Hoxc8 using mouse teratocarcinoma stem cells overexpressing Hoxc8. This study was
followed by categorization based on their functions.



II. MATERIALSAND METHODS

1. Analysis of spatiotemporal expression pattern of Hoxc8

A. Preparation of embryos

For mating, pairs of ICR mice (Samtako, Osan, Republic of Korea) were caged
together in the late afternoon and the female was examined for the presence of
vaginal plug in the following morning that was defined as day 0.5 p.c. (post coitum).
The pregnant females were sacrificed at the required gestational stages by cervical
dislocation and the embryos were dissected free of maternal and extraembryonic
tissue in PBS. The embryos were fixed in 4% paraformal dehyde (PFA)/PBS at 4 °C
for 1-12 hr depending on the age of the embryos (7.5-12.5 day p.c.).

(A) For whole mount in stu hybridization; embryos were washed with PBT,
25%, 50%, 70% MetOH/ PBT and 100% MetOH, then stored at -20 °C.

(B) For frozen section; embryos were transferred to 30% sucrose overnight at
4°C, then mounted in tissue tek (Miles Inc. Diagnostic division, Elkhard, IN,
USA) and covered with Tissue Freezing Medium (Triangle Biomedical Science,
Durham, N.C., USA). Embryos were stored at -70°C

B. Subcloning of Hoxc8 into pGEM-7zf

(A) Generation of pGEM:C8

pBS:C8 in which mouse Hoxc8 cDNA containing 726 base pair (b.p.) coding
242 amino acid (a.a) had been subcloned into pBluscript SK* (Stratagene, La
Jolla, California, USA) was donated by Dr. Gruss from Max Planck Institute of
Biophysical Chemistry (Goettingen, Germany). To generate sense and antisense
RNA probes of Hoxc8, Hoxc8 coding region was subcloned into pGEM-7zf
(promega, Fitchburg, Wisconsin, USA) that has both T7 and SP6 promoters at



each end of the multicloning site. So Hoxc8 fragment isolated from the pBS: C8
after digestion of BamHI/EcoRI restriction endonuclease was ligated into the
same enzyme sites of pGEM-7zf.

(B) In vitro transcription

To synthesize antisense and sense RNA as probes, pGEM-7zf:C8 plasmids were
linearized with BamHI and EcoRl enzymes each and then followed by the
polymerization with T7 and SP6 RNA polymerases (Boehringer Mannheim,
Mannheim, Germany), respectively, in the presence of nucleotide mixture
containing digoxygenine labeed CTP (Boehringer Mannheim, Mannheim,
Germany) for 2 hr at 37°C. After precipitation with LiCl and EtOH, RNAs were
used as probes for in situ hybridization on whole mounts as well as tissue sections.

C. Whole mount in situ hybridization and paraffin section

Dehydrated embryos stored at -70°C were washed with 75%, 50%, 25% MetOH/
PBT and PBT for rehydration and bleached with 6% H,0,/PBT for 1 hr then, treated
with 10 pg/ml proteinase K/PBT for 15 min. Next, 2 mg/ml glycine was added to
inactivate proteinases, and 0.2% glutaraldehyde/4% paraformaldenyde/PBT was
treasted for refixation. After PBT washing, embryos were incubated in
prehybridization solution [50% formamide, 5xSSC (pH 4.5), 50 pg / ml yeast tRNA,
1% SDS, 50% pg/ml heparin] at 70°C for 1 hr and then, incubated in hybridization
solution including 1 pg/ml digoxygenine-labeled RNA probe 70°C overnight.
Following day, Post-hybridization wash was carried out with soln. | [50% formamide,
5xSSC (pH 4.5), 1% SDS] at 70°C for 30 min twice, soln. I: soln 1l =1: 1 a 70°C for
10 min and soln. 11 [0.5M NaCl, 10mM Tris-Cl (pH 7.5), 0.1% Tween 20] 3 times.
After that, incubation in 100 pg/ml RNaseA/soln. Il was followed at 37°C 30 min
twice. After washing with TBST, preblocking in 10% sheep serumy/ TBST for 90 min
was followed by incubating embryos with serum and anti-digoxygenine antibody
(Boehringer Mannheim, Mannheim, Germany) at 4°C for 1 hr. Next, Post-antibody
wash was performed with TBST for 5 min 3 times and NTMT for 1 hr 5 times and



embryos were incubated with NTMT containing 4.5 pl NBT (Boehringer
Mannheim, Mannheim, Germany), 3.5 ul BCIP (Boehringer Mannheim, Mannheim,
Germany) per ml in the dark. When color was developed to the desired extent,
embryos were washed twice with PBT. After photography, clearing with benzene
followed dehydration with EtOH. Embedding with paraplast was performed and
embryos were cut at 7 um for detection.

D. Insitu hybridization of frozen section

Frozen section was prepared on a Microm microtome using disposable blades at -
20°C. Sections were cut at 6-12 pm and transferred to pretreated dlides (Fisher
Superfrost Plus, Pittsburgh, PA, USA). The dlides were equilibrated to room
temperature (RT) before removing them from the container. All steps were performed
a RT unless noted otherwise. The sections were rehydrated in PBS and post fixed in
cold 4% PFA/PBS for 10 min then, washed 3 times with PBS for 10 min each.
Acetylation [295 ml H,O, 4 ml triethanolamine, 0.525 ml HCI, 0.75 ml acetic
anhydride] was followed by washing 3 times with PBS. After applying 500 pl of
prehybridization buffer [the same solution used in whole mount in situ hybridization
dlides were incubated in a humidified chamber containing 5xSSC for 2 hr. Then,
Solution was changed into hybridization solution containing 200-400 ng/ml RNA
probe at 80°C for 5 min and slides were further incubated in a humidified chamber
containing 5xSSC and 50% formamide at 72°C overnight. After removing coverslips
by submerging in 5xSSC at 72°C, samples were incubated in 0.2xSSC for 3hr,
0.2xSSC for 5min, and Buffer B1 [0.IM Tris pH 7.5, 0.15M NaCl] including
levamisole for 5 min. Then, anti-Digoxygenine antibody (1:5000 dilution in B1
buffer) was added on dlides, and incubated in the humidified chamber overnight at
4°C. Washing with B1 buffer 3 times for 5min each was followed by equilibration
with B3 buffer [0.1M Tris pH 9.5, 0.1M NaCl, 50mM MgCl,]. After applying 60-70
pl of B4 solution [4.5 pl/ ml NBT, 3.5 pl/ ml BCIP, 0.24 mg/ml levamisole in B3],
slides were covered with parafilm. Then, slides were incubated for about 6 hr-3 days
in humidified chamber in dark and reaction was stopped with washing with PBS.



After air-dry, slides were mounted with Universal Mount (Huntsville, AL, USA).

2. Analysis of downstream target genes
A. Subcloning of Hoxc8

(A) Generation of pEGFP: C8

In order to follow the localization of Hoxc8 protein, pEGFP:C8 expressing
EGFP (enhanced green fluorescent protein) fused Hoxc8 was generated. A 780
bp BamHI/Kpnl fragment harboring Hoxc8 cDNA was isolated from pBS:C8
and ligated into the plasmid pEGFP-C1 (Clontech, Palo Alto, CA, USA) to give
rise pEGFP:CS8.

(B) Generation of pcDNA: C8

To generate Hoxc8 overexpressing stable cell line, 780 bp of Hoxc8
fragment was subcloned into the BamHI/Xhol site of expressing vector,
pcDNA3 having CMV promotor (Invitrogen, Carlsbad, California, USA).
Before transfections, pcDNA:C8 was linearized with Bglll restriction
endonuclease.

B. Cdl culture

(A) Transient transfection

Mouse F9 teratocarcinoma cdl was purchased from ATCC (American Type
Culture Callection). Cdls were cultured in vitro in Dulbeccos Modified Eagles
Medium(DMEM : Gibco BRL, Carlsbad, California, USA) containing 10% fetal
calf serum (FCS : Gibco BRL, Carlsbad, California, USA), 60 [ /ml penicillin
(Gibco BRL, Carlshad, California, USA), and 100 O /ml greptomycine (Gibco
BRL, Carlshad, California, USA), and incubated with 5% CO, at 37°C. 1x10°
cdlswel were grown in 12 well plate for about 1 day and transfected with
pPEGFP: C8. Lipofectamin plus reagent (GibcoBRL, Carlsbad, California, USA)
was used for transfection according to manufacturer’s manual. Next day, cdls
washed with 1xPBS were fixed with formaline solution for 10 min before
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detection with fluorescent microscope.

(B) Staining nucleus

1 x 10° cels/well were grown in 12 well tissue culture plates. After 24 hr
incubation, cdls wee washed with 1IxPBS and fixed with 4%
paraformaldehyde/1xPBS for 15 min. Hoechst 33258(1 mg/ml)/1xPBS was
added for 15 min to stain nucleus. After washing with 1xPBS, cdls were
examined under the fluorescent microscope (Olymphus, Méville, NY, USA).

(C) Generation of stablecell line

F9 teratocarcinoma cells were used and cultured as described above. 2.5x10°cdls
were grown in 6 well plate. When cdls reached about 60% confluence,
pcDNA:C8 was transfected by lipofectamine plus according to the manual. Blank
vector was also transfected as a control. After 1 day, cdls were transferred into
100d dish and sdlected with Geneticin (Gibco BRL, Carlsbad, California, USA).

C. RNA preparation and RT-PCR

RNA zol B (LPSindustriesinc., New jersey, NY, USA) was used for RNA
preparation. Reverse transcription (RT) was performed with 2 g of RNA.
2/25 (vol/val) of RT reaction was used for PCR amplification. Starting with
denaturation for 5 min at 95 °C, 40 cycles (95°C for 1 min, 55°C for 1 min,
72°C for 1 min) of PCR reaction were performed. -actin was also used for
RT-PCR as a control. Hoxc8 (sense, 5-CAC GTC CAA GAC TTC TTC
CAC CAC GGC; antisense, 5-CAC TTC ATC CTT CGA TTC AAC C)and
B -actin primer (sense, 5-CAT GTT TGA GAC CTT CAA CAC CCC;
antisense, 5-GCC ATC TCC TGC TCG AAG TCT AG) were purchased
from Bionia (Tagon, Korea).

D. 2-Dimentional electrophoresis (2-DE) and MALDI-TOF
Hoxc8 overexpressing cells were grown in 1509 dish until the confluence

1



reached more than 80 %. Vector transfectants were incubated as a control.
Cells were harvested and washed with PBS. After resuspending cellsin PBS,
lysis of cells was carried out by sonication 10 times for 1 min each. After
centrifugation (40 12,000 rpm), 20% TCA (trichloroacetic acid)/Acetone
was added to the supernatant and kept at -20°C for protein precipitation. To
remove TCA and salt, centrifugation (400 12,000 rpm) and washing with
acetone were repeated until pH became 7. Then, Air-dry was followed by
resolving in lysis buffer [(9.5 M urea, 2% TritonX-100, 2% DTT (w/v), 2%
IPG Buffer (Amersham pharmacia, Piscataway, NJ, USA)). IPG
(immobilized pH gradient gel) strip (BIO-RAD, Hercules, California, USA)
was rehydrated in the protein lysis solution containing 1-1.5 mg protein in
reswelling tray (Amersham Pharmacia, Amersham pharmacia, Piscataway,
NJ, USA) for more than 18 hr and transferred to multiphorll e ectrophoresis
unit (amersham pharmacia, Amersham pharmacia, Piscataway, NJ, USA).
After that, first-dimension isodectric focusing was carried out according to
the manufactures manual. After the first dimension, the IPG gel was
equilibrated for 15 min with equilibration buffer consisting of 50 mM Tris-
HCI (pH 6.8), 6M urea, 3% SDS, 50 mM DTT, and 0.01% BPB]. Next, IPG
strip was transferred to SDS-polyacrylamide gel for second-dimension SDS-
PAGE, which was stopped when bromophenol blue reached the bottom of the
gel. Gels were washed with distilled water for 5 min 3 times and incubated in
Bio-Safe Coomassie Brilliant Blue (CBB) (Bio-Rad, Hercules, California,
USA) with shaking for at least 1 hr. After that, another washing with distilled
water was carried out 3 times for 30 min each.

After gels were scanned, spot were analyzed by using PDQuest™ software
(Huntington Station, NY, USA). Spots of interest were excised and washed
with 30% MeOH until coomasie blue was removed completely. (if color was
remained, 50% acetonitril/10 mM Ammonium Bicarbonate was added until
blue color was gone). After 100% acetonitrile was added, gel particles were
incubated at RT for 10 min, and dried compeletly by using speed vac. By

12



incubation in buffer containing 50 mM of ammonium bicarbonate. Gels were
reswelled and 0.5 mg trypsin was applied for 16 hr at 37°C. After another
incubation in 50 mM ammonium bicarbonate at 37°C for 1 hr with shaking,
supernatant was transferred. Gel particles were incubated in 100%
acetonitrile at 37°C for 10 min and supernatant was also transferred. After
repeating these steps two times more, total supernatant was dried completely
by speed vac and analyzed with MALDI-TOF.
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1. RESULTS
1. Dynamic expression patter n of Hoxc8 during embryonic development

Whole mount in situ hybridization was performed to examine the distribution of Hoxc8
transcripts in murine embryos from day 7.5 to 12.5 p.c.. Expression of Hoxc8 was first
observed in the posterior epiblast at 8.5 day p.c. in mouse embryos when the embryos
had initiated the turning sequence. Expression was diffused in the unsegmented region
from the base of allantois (Figure 1A).

In embryos at day 9.5 p.c., Hoxc8 was detected in the paraxial mesoderm with an
anterior boundary at the 16" somite Posterior expression boundary due to
downregulation of Hoxc8 and expression at the tail bud were detected. The resulting
expression domain in the paraxial mesoderm spanned 5-6 somits. Expression was robust
from somite 16-20 (Figure 1B,C). This distribution of Hoxc8 in the paraxial mesoderm
was maintained through later stages of embryonic development (Figure 1D-1).

At day 10.5 p.c., the downregulation was not complete, as residual Hoxc8 was observed
at the tip of the tailbud and the stain in the paraxial mesoderm was intensified.
Expression in the neural tube was strong in the 10™13" somites, and spreading
gradually towards more posterior levels (Figure 1D,E). At this stage, Hoxc8 exhibited
the characteristic expression described for mouse Hox genes with a more anterior
expression boundary in the neural tube than in the mesoderm.

Previous expression pattern was maintained through 11.5 day p.c. and the
downregulation in the tail bud was completed (Figure 1F,G).

Forward progression of the expression pattern was observed at the day 12.5 p.c. and

resulted in an expression up to the anterior boundary of foreimb in the neural tube and
posterior boundary of forelimb in the mesoderm (Figure 1H,I).
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Figure 1. Expression of Hoxc8 in early mouse embryos. Whole mount in situ
hybridization of Hoxc8 mRNA at 8.5 day p.c. (A), 9.5 day p.c. (B, C), 10.5 day
p.c. (D, E), 11.5 day p.c. (F, G), 125 day p.c. (H, I). Arrow heads indicate
anterior expression boundaries of Hoxc8 in the neural tube and paraxial
mesoderm. Arrow: expression of Hoxc8 in tail bud. a alantois; fl, forelimb
bud; h, heart; hl, hindlimb bud; m, mesoderm; ne, neurectoderm; tb, tailbud.
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2. Lineage specific expression pattern of Hoxc8: Strong expression of Hoxc8 in the
ventral horn within the neural tube and sclerotome of the mesoderm and weak
expression in the inter mediate mesoder m

For an analysis at higher resolution, paraffin section was performed for embryos at day
8.5 p.c. (Figure 2D-F) and in situ hybridization on frozen tissue sections was performed
with embryos at day 10.5 and 11.5 p.c. (Figure 2G-).

Hoxc8 was distributed over the entire neural plate in the unsegmented region at 8.5 day
p.c. (Figure 1B,C). At day 9.5 p.c., expression in the neural tube was not detected.
However, the strong expression was detected at subsequent days to 11.5 day p.c and
expression pattern changed dramatically (Figure 2B,C). In contrast to the expression of
Hoxc8 over the entire neural tube at day 8.5 p.c., ventral horn in the neural fold strongly
expressed Hoxc8 at 10.5 day p.c., whereas expression was not detected in ependymal
layer, floor plate and roof plate (Figure 2H).

At day 8.5 p.c., expression of Hoxc8 was found in mesodermal derivatives including the
paraxial and intermediate mesoderm (Figure 2F). According to the result of whole
mount in situ hybridization, expression pattern in mesoderm was established at day 9.5
p.c. and maintained through 11.5 day p.c.(Figure 1B-G). In this study, the embryos at
day 11.5 p.c. were examined with frozen section. While neural tube, dorsal root ganglia
and notochord were all Hoxc8 negative at the level of 16™-20" somites, sclerotome
rather than dermomyotome were positive. In addition, weak stain at intermediate
mesoderm derivatives including mesonephric duct and mesonephric tubule were also
detected (Figure 2I).
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Figure 2. Expression of Hoxc8 on cross sections in embryos at day 8.5 p.c. (A),
10.5 p.c. (B), 11.5 p.c. (C). The specimen in D, E, F is cut as indicated in A.
Panel G shows a cross section through the neural tube of 10.5 day p.c. (B). H, |
are cross sections through the 11.5 day p.c. (C). embryo. da, dorsal aorta; dg,
dorsal root ganglia; €l, ependymal layer; fp, floor plate; hg, hind gut; Is, lumen
of stomach; md, mesonephric ducts; mt, mesonephric tubules; nc, notochord; np,
neura plate; rp, roof plate; rip, rib primordium; ur, urogenital ridge; vh, ventral
horn.
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3. Nuclear localization of Hoxc8 gener ation

In order to investigate the function of Hoxc8, cellular localization of Hoxc8 was
examined as a fusion protein with EGFP (Figure 3A,B). Direct comparison between the
expression pattern of EGFP and stain pattern generated by nuclear staining dye Hoechst
33258 in the same sets (Figure 3C,D) demonstrated that virtual identity of both nuclear
pattern. Nuclear localization of Hoxc8 was confirmed and this result supports the fact
that Hoxc8 is a transcription factor to control gene regulation.

4. Generation of stable cell line overexpressing Hoxc8

Stable cdl lines overexpressing Hoxc8 in F9 teratocarcinoma embryonic stem cells
were generated. Selection with geneticine after transfection was performed by RT-PCR
to confirm the overexpression of Hoxc8 in selected colonies. Overexpression of Hoxc8
was detected easily in Hoxc8 transfectants compared with control which showed weak
expression of Hoxc8 (Figure 4).
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Figure 3. Nuclear localization of Hoxc8 in F9 cells. pEGFP.C8 transfectant (A).
After transfection with pEGFP:C8, cells were stained with hoechst (B).

19



Hoxc8 (450 bp)

B-actin (370 bp)

Figure 4. RT-PCR analysis of the Hoxc8 expression in a control (left) and
Hoxc8 transfectant overexpressed cells (right). Cellular RNA was isolated
from cultured cells and subjected to RT-PCR. After 40 cycles of
amplification with Hoxc8 primers?, samples were electrophoresed on a 1.0%
agarose gel.

a) Hoxc8 sense primer: 5 -CACGTCCAAGACTTCTTCCACCACGGC-3

antisense primer: 5-CACTTCATCCTTCGATTCTGGAACC-3
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5. Analysis of the plausible downstream target genes of Hoxc8 by using 2-DE and
MALDI-TOF

To identify downstream target genes of Hoxc8, 2 groups of proteom samples were
prepared from pcDNA (control) and pcDNA:C8 transfected cell lines. After 2-DE, CBB
stain of gels was carried out to examine spots on gels. (Figure 5, 6) Proteins above 7 in
pl (Isoelectric Point) value were excluded from analysis due to the insolubility of
proteins above 7 in pl value. Spots showing differences more than 4 times in density,
whether increased or decreased, were salected.

Table 1 shows proteins analysed by MALDI-TOF. Categorization into 4 groups based
on their functions was shown in Table 2. 1) Cytoskeleton and motility; vimentin, y-actin
and tropomyosin were increased and tubulin -5 chain whose strong expression was
reported mainly in immature brain also was increased. 2) Folding, modification and
degradation of protein; both Dna-k type molecular chaperon reported to be expressed in
immature brain and proteosome subunit o type 5 were increased, whereas 26s
proteosome regulatory subunit p27 and stress inducible protein disulfide isomerase
related protein were decreased. 3) Metabolism; ATP synthase and phosphoglycerate
mutase | were increased, while carbonic anhydrase Il (CAIl), whose deficiency was
known to cause metabolic disorders of bone, kidney and brain. This is interesting
considering that Hoxc8 is involved in osteogenesis. 4) Transcription factors and general
binding proteins; while histone acetyltransferase type b subunit 2 essential for initiation
of basal transcription, proliferating cell nuclear antigen (PCNA) and elongation factor 1-
[3 were increased, whereas nucleophosmin decreased.
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Figure 5. Composite gel image of CBB-stained 2-DE of a control and Hoxc8
overexpressed cells. Red arrows indicate the decreased spots, and black arrows
show those increased in intensity in the Hoxc8 transfectant.
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Hoxc8-

Control Control transfectant

Figure 6. Composite image of CBB-stained 2-DE gels of pcDNA3 transfectant
as a control(left panel, and A-C left) and Hoxc8 transfectant (A-C right). The
region containing the particular specific spots was enclosed with a square in the
2-DE profile of control and compared with the matched profile from Hoxc8
transfectant (A-C). Red arrows show the decreased spots, and black arrows show
those increased in intensity in the Hoxc8 transfectant.
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Table 1. Induced or repressed spots by Hoxc8 in 2-DE

oot Protein Access. Moal. pl
NO. Name # MS(Da)
1  DnaK-Type moecular chaperone precursor(GRP 78) 109893 724217 512
2 DHigtone acetyltransferase type B subunit2 2494892 47790.1 4.89
2)Vimentin 281012 53630.1 5.09
3 Tubulinebeta5 chain 91859 496713 4.78
4  ATPsynthase 12845667 56301.0 5.19
(H'transporting mitochondrial F1 complex)
5 Gammaactin 809561 410194 5.56
6  Nucleophasmin 200011 32560.3 4.62
7  Prdliferating cdl nuclear antigen 56862 28749.1 4.57
8  Tropomyosn 438878 29006.8 4.75
9  Elongation factor 1-beta(EF-1-beta) 13124180 24708.9 4.47
10  Proteasome subunit alphatype5 12229953 26411.3 4.47
11 Phosphoglycerate mutase 1 12844989 28703.1 6.68
12  Smilar topratein disulfide isomerase-rdated pratein 13905146 48100.8 4.99
13 26SProteasome regulatory subunit P27 12832148 247201 6.00
(Transactivating protein BRIDGE)
14 Cabonicanhydrasell 12832236 29032.8 6.49
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Table 2. Function-based classification of Hoxc8 induced or repressed proteins.

_ Spot o pduction
Protein Category on 2D- a) Gene product
PAGE status
22 + Vimentin
Cytoske eton 3 + Tubuline beta-5 chain
M otility > * Gamma-actin
8 + Tropomyosin
. e 1 + Dnak-type molecular chaperone precursor
F;Lci; rll:?e'g,\r/lziidagil gﬁt Io?n 10 + Proteasome subunit al phatype 5
Protein 12 - Similar to protein disulfide isomerase-related protein
13 - 26S Proteasome regulatory subunit P27
4 + ATP synthase
M etabolism 11 + Phosphoglycerate mutase 1
14 - Carbonic anhydrase ||
Transcription Factors 2% + Histone acetyltransferase type B subunit2
And 6 - Nucleophosmin
General DNA Binding 7 + Proliferating cell nuclear antigen
Proteins 9 + Elongation factor 1-beta

a) Induced and repressed genes by Hoxc8 are marked as + and -, respectively.
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V. DISCUSSION

Important information concerning the functions of certain homeobox genes during
development of the fruit fly Drosophila has been gained by comparing their distinct
expression patterns in mutant and wild type embryos.**® An essential outcome of these
studies was that the domains of highest expression levels of a particular homeobox gene
usually corresponded closdy to the body regions being most severdy affected when the
gene was mutated.® Accordingly, an important step toward determining the functions of
vertebrae homeobox genes is a detailed analysis of their spatial and temporal patterns of
expression during devel opment.

Here dynamic expression pattern of Hoxc8 was described in embryos from day 7.5 to
12.5 p.c. by using whole mount in situ hybridization. Since previous data analyzed by in
situ hybridization had difficulty in analyzing time dependent expression pattern,® ***°
whole mount in situ hybridization was performed because it had advantages in
examining spatiotemporal expression of Hoxc8 and determining anterior boundary of
expressions three dimensionally. Comparison between the characteristics spatially
restricted expression pattern of Hoxc8 transcripts as determined by wholemount in situ
hybridization from 8.5 to 12.5 day p.c. embryos and antibody staining of Hoxc8
determined by whole mount immunohistochemistry from 85 to 1.5 day p.c.
demonstrated high similarity with some differences. While antibody staining of Hoxc8
was observed first at day 8.0 p.c., mRNA of Hoxc8 was detected at day 8.5 p.c. in this
experiment. Because 8.0 day p.c. is between 7.5 and 8.5 day p.c. used in this study, 8.0
day p.c. might be closer to the starting point of Hoxc8 expression. Furthermore, weak
antibody stain at limb portion was reported,”® whereas nothing was detected in this
experiment. This might be explained with rapid RNA degradation caused by short half-
life of Hoxc8 in RNA. However, strong correspondence was shown in the establishment
and maintenance of anterior boundary of expression and downregulation in the posterior
region. This consistency in the spatiotemporal expression pattern suggests that Hoxc8
expression is controlled at the level of transcription.
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Our data showed that the distinct anterior boundary of Hoxc8 expression within the neural
tube established on day 10.5 p.c. and shifted cranially during subsequent stages slightly.**
2 Forward spreading of expression has also been reported in other Hox genes in mouse
and chick. However, it has not been ducidated whether this apparent shift of Hoxc8
expression towards the cranial direction is due to anterior movement of Hoxc8 expressing
cdls, or whether it is the consequence of de novo expression in more anteriorly located
cdls of the spinal cord. By vital dye marking, it was shown that forwardspreading of
Hoxc4 does not depend on cell migration but rather on de novo activation in more anterior
cdls. The extension of Hoxc8 expression along the anteroposterior axis is not as extensive
asthat for more anteriorly expressed genes nevertheless, it also appears to be an important
mechanism in the establishment of differential anterior boundaries in the neural tube and
mesoderm of more posterior Hox genes.

Hoxc8 was distributed over the entire dorsoventral axis of the neural fold in the
unsegmented region at day 8.5 p.c.. This pattern, however, changed drastically after 10.5
p.c.. In 10.5 day p.c. embryos, the neural tube consists largdly of a thick inner layer of
undifferentiated neuroepithelial cdls, known as the ependymal layer. During subsequent
devdopmental stages most of the centrally located ependymal layer is replaced by the
surrounding, progressively growing mantle layer, which harbors differentiating
neuroblasts. The early phase of Hoxc8 expression appears to ssimply demarcate a domain
along the body axis, whereas the ventrolateral expression domain within the late phase is
associated with the onset and progression of neuronal differentiation within the neural
tube. Frozen section of embryos at day 10.5-11.5 p.c. showed that expression predominant
in the ventral horn expanded in the ventral and mediolateral region of the mantle layer. A
similar distribution along the dorsoventral axis of the neural tube has been observed for
most genes in the Hoxc-cluster, including Hoxc4-6,"* Hoxc9"™ and Hoxc10-13.%

In the case of mesoderm, Hoxc8 was expressed in most paraxial and intermediate

mesoderm, whereas specific distribution of Hoxc8 was detected at day 12.5 p.c.. Hoxc8
was detected predominantly in sclerotome cells, which are determined to become
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cartilage of vertebrae and rib. Hoxc8 was on the way to notochord and neural tube away
from dermomyotome. Collectively, Hoxc8 seemed to be related to forming vertebrae
and rib. Additionally, strong stain at the rib primordium was detected. As regards rib
formations, some explain that sclerotome cells will form proximal protein of the rib and
central and distal portion is formed by myotome.*” On the other hands, others suggest
that entire rib originate from the sclerotome.*® Considering that sclerotome cells which
is Hoxc8 positive were forming rib primordium only in paraxial portion of the rib, not
only sclerotome but myotome seems to be involved in rib formation.

In this study, intermediate mesoderm derivatives such as mesonephric tubule and
mesonephric duct were stained weakly. At day 8.0 p.c., the pronephric duct arises in the
intermediate mesoderm. The cells of this duct migrate caudally and the anterior region
of the duct induces the adjacent mesenchyme to form pronephros, which degenerate but
the more caudal portion of the pronephric duct persist and serve as the nephric or
wolffian duct. As pronephros degenerate, the middle portion of the nephric duct induces
mesonephros at day 10.5 p.c., which persists through generation of metanephros.” After
12.5 day p.c., expression in metanephros and kidney as well as mesonephros has been
reported.® *® The increased level of restriction in the sclerotome expression pattern of
Hoxc8 correlates with an increased level of restriction in mesodermally derived and
mesodermally induced tissues.®* According to this study, firstly, strong expression
pattern of Hoxc8 was detected in the mesoderm of embryos at day 10.5 p.c. and
secondly, expression of mesonephros was shown at 11.5 day p.c.. Furthermore,
expression of Hoxc8 in kidney has been reported. These results all together indicates
that Hoxc8 seems to be important to give cdlular identity essential for differentiation of
kidney including proliferation and differentiation of mesonephros and metanephros.

To examine the putative downstream target genes of Hoxc8, 2-DE and MALDI-TOF were
performed and proteins that were induced or reduced by Hoxc8. Most of the proteins
seemingly up or down regulated by Hoxc8 was divided into 4 categorize; 1) Cytoskel eton
and moatility, 2) Folding, modification and degradation of protein, 3) metabolism, 4)
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transcription and general DNA binding protein.

Among those, carbonic anhydrase Il (CAIl) was interesting. Deficiency of CAll
produced metabolic disorder of bone, kidney and brain.® Reduced CAIl generated
osteopetrosis caused by defects in osteoclasts responsible for bone resorption.™
Accordingly, reduced expression of CAIll by Hoxc8 is followed by osteopetrosis that
might be due to defects in differentiation or malfunctions of osteoclasts. However, this
data was contrast to the previous result, in which transient transfection of Hoxc8
repressed osteoprotegrin  (OPG) and induced differentiation of osteoclasts.®
Differentiation of osteoclasts must be regulated tightly. Therefore, it is important to
balance between repression and activation of osteoclast differentiation factor or related
proteins at the transcription level. In the case of osteoblast, differentiation is induced by
phosphorylation of R-Smads, whereas inhibited by activation of [-Smads by BMP
signaling.®® Similarly, Hoxc8 might be also involved in both differentiation of
osteoclasts and antagonistic mechanism against it.

It is also provocative that Hoxc8 induced expression of proliferating cell nuclear antigen
(PCNA) known as cyclin appearing at the G1/S boundary during the cell cycle.® Because
of its rdationship with cdl proliferation, it has been used as a marker of cdl
proliferation. Considering previous results rdevant to rdationship between Hoxc8 and
cdl proliferation, Hoxc8 overexpressing transgenic mouse showed that Hoxc8 affects
differentiation of cartilage in the way that leads to the accumulation of proliferating
immature chondrocytes or chondrocyte precursor cells.®' However it still remains to be
investigated whether Hoxc8 actively promote proliferation of cdls or if they inhibit
differentiation of chondrocytes. In both situations, Hoxc8 in chondrogenic cells could
modulate the rate of chondrocyte differentiation. Immunohistochemistry by antibody
against PCNA, a marker for proliferating chondrocytes, confirmed the proliferative
phenotype of Hoxc8 transgenic mouse. Our data, which is correspondent to the previous
report,® suggested that Hoxc8 induce or maintain cel proliferation by activating
expression of PCNA. Additionally it was also demonstrated that HOXC8 was expressed
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mainly in malignant epithelial cells.® Besides, Hoxc8 overexpression is associated with
the loss of tumor differentiation in human prostate cancer and may play a role in the
acquisition of the invasive and metastatic phenotype of this malignancy.® This fact
implies that Hoxc8 also might be related to the malignancy in cancer cells. Considering
PCNA and Hoxc8 together, upregulated PCNA by Hoxc8 is suggested to beinvolved in
loss of tumor differentiation and lead to malignancy of cancer cdls.

Among 14 protein spots, 10 were induced and 4 were repressed by Hoxc8
overexpression. It could be partially explained by the following; small amount of
endogenous Hoxc8 was detected in F9 teratocarcinoma cells themselves. If endogenous
Hoxc8 were enough for its function as a repressor, it would be difficult to analyze genes
reduced by Hoxc8 because overexpression of enough repressors doesn't make sever
differences. Reduced genes analyzed here seemed to be blocked incompletely, whether
directly or indirectly by Hoxc8. To study genes repressed by Hoxc8, it would be better
to block endogenous Hoxc8 with antisense Hoxc8.
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V. CONCLUSION

The aim of this study was to investigate the function of Hoxc8 during embryogenesis
through two distinct experiments. Firgtly, in situ hybridization on both whole mount and
frozen section was carried out to analyze their spatiotemporal expression pattern during
early embryogenesis. Secondly, 2-DE and MALDI-TOF was performed to examine
Hoxc8 target genes. Theresults obtained were as follows:

Expression of Hoxc8 was first observed at 8.5 day p.c.. In the case of ectoderm-derived
neural tube, the distinct anterior boundary of Hoxc8 expression was established at the
levd of the 10" somite in embryos at day 10.5 p.c.. In the other hands, Hoxc8 was
detected in the paraxial mesoderm with an anterior boundary at the 16™ somite at day 9.5
p.c. and this expression pattern was maintained through later stages. At day 125 p.c,
forward progression of the expression pattern was observed and the expression leve was
reduced. When the expression pattern of Hoxc8 transcripts was compared with that of
Hoxc8 protein reported previously, Hoxc8 expression seemed to be controlled at the level
of transcription.

Frozen section of embryos at day 10.5-11.5 p.c. revealed that predominant expression in
the ventral horn of the neural tube expanded in the ventral and mediolateral region of the
mantle layer. This ventrolateral expression seemed to be associated with the onset and
progression of neural differentiation. Moreover, Hoxc8 was detected strongly in
sclerotome cells on the way to notochord and neural tube. This result showed the possible
role of Hoxc8 in forming vertebrae and rib. Additionally mesonephros also expressed
Hoxc8. Considering the previous report of Hoxc8 expression in the kidney, our data imply
that Hoxc8 might be a moleculeinvolved in the differentiation into kidney.

Downstream genes of Hoxc8 was analyzed through proteomics and categorized as
follows; 1) cytoskeleton and moatility, 2) protein folding, modification and degradation,
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3) metabolism, 4) transcription factors and general DNA binding proteins. Among those
downstream genes, CAIl was particularly interesting, since CAIl deficiency cause
osteopetrosis due to defects in osteoclasts. The expression level of CAll was decreased
by overexpression of Hoxc8. Considering the fact that Hoxc8 induced osteoclast
differentiation, Hoxc8 might be also involved in the antagonistic mechanism in
osteoclast differentiation. Another interesting downstream genes was PCNA which
upregulated by Hoxc8. Since Hoxc8 has been reported to be involved in cell
proliferation, it could be partly explained by the increased expression of PCNA.
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