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ABSTRACT
A variety of modified and unmodified oligonucleotides
(ODNsl have been examined as
antisense inhibitors of gene expression. Of particular interest has been the application of antisense
inhibitory experimental
strategies
to advance a suggested
causal relationship
between
signal
transduction
and inductive epithelial-mesenchymal
interactions during mandibular morphogenesis,
early tooth development,
tooth enamel formation, lung branching morphogenesis,
kidney, muscle
and heart development.
Epidermal growth factor IEGFI, platelet-derived
growth factor (PDGF). and a
number of transforming
growth factor beta {TGF-betal isotype mediated signal transductions
have
been demonstrated
to regulate
inductive processes
associated
with significant
processes
in
development
including mouse molar tooth morphogenesis.
Antisense strategies
have also been
useful in studies designed to associate a specific morphogen
signal with homeobox
(HOX) gene
regulation in several embryonal carcinoma cell lines. The application and results from a number of
antisense inhibitory strategies serve to support the utility of this experimental
paradigm for future
investigations
of tooth development.
This review discusses the experimental
strategy, a number of
technical issues 'and the rationale for future investigations
of tooth development.
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Introduction
Loss-of-function
mutations that disrupt specific biochemical
processes can define a set of genes that are required for a specific
event during development. Loss of function mutations are readily
apparent within ..experiments of nature.. (congenital
structural
and
metabolic birth defects) and within transgenic animals generated
by homologous recombination to produce null mutations or ..knockouts" of specific genes of interest. The mouse null mutation can be
extremely informative or may result in lethal effects which prevent
easy access to a specific developmental process. In contrast. the
antisense oligonucleotide (ODN) inhibition can provide an alternative experimental strategy which enables examination of translation arrest or under-expression
of specific gene products in cell
lines, primary cell culture, tissue culture or organ explant models in
vitro at any stage during development. The mechanism of action of
antisense inhibition is either to block biochemical processes that
require physical access to the sense sequence of nucleic acids. to
promote cleavage of the sense strand by the action of the antisense
oligonucleotide itself (e.g. ribozymes), or by stimulating intracellular
enzymes (e.g. RNAse-H) (see Table 1).
In this review, the application of antisense inhibition strategies

to investigate the function of growth factor-mediated signal
transduction

during inductive epithelial-mesenchymal
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interactions

will be evaluated and a number of experimental
caveats are
presented. Since a number of transgenic studies using null mutations of growth factors andlor their cognate receptors can be lethal
during early stages of craniofacial-oral-dental
development.
antisense inhibition strategies offer potentially significant alternatives for studies designed to analyze when, where and how
translation arrest of one or more specific gene products functions
during tooth development.

Signal transduction

during tooth development

During the last decade there has been a remarkable increase in
the discovery of growth factors and their cognate receptors associated with developmental
processes (see reviews edited by
Rosenblum and Heyner. 1989; Waterfield. 1990). The time and
position of growth factor and cognate receptor gene expressions
have been carefully documented using in situ hybridization to
define transcription and employing immunocytochemistry
to define
the location(s) of specific translation products; the '.when'. and
"where" questions. Molecular microdissection of precise developmental processes have been further advanced using small tissue
samples to extract RNA for reverse transcription-polymerase
chain
reactions (RT-PCR) or '.mRNA phenotyping"
(Rappolee et al_.
1988,1992) in combination with microscale nucleic acid sequence
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TABLE1

POTENTIAL SITES FOR REGULATION
BY ANTISENSE
OLIGONUCLEOTIDES
DURING GENE EXPRESSION
FROM
GENOMIC DNA (PRE-TRANSCRIPTION)
TO FUNCTIONAL
PROTEIN
(TRANSLATION)
Block genomic
DNA transcription
Block alternative splicing !amelogenins)
Block subsequent transcript processing (e.g. ribozymes)
Block export of functional transcripts from nucleus
Enhance attach of nascent transcnpt by nbozymes
Enhance cytoplasmic nuclease degradation of transcript
Block

nbosome assembly

Block Initiation

of translation
Block ribosome migration
Block protein functions

analyses to confirm the authenticity of the specified amplified PCR
products (Tracy and Mulcahy, 1991; see discussion in Chai et al..
1994); the "whal" queslion.
Knowing when and where a specific growth factor and its
cognate receptor are expressed provides opportunities to determine the function(s) of the growth factor by employing antisense
ODN inhibition or translation arrest during a specific developmental
process (see discussions by Slavkin et al., 1992). For example,
affer demonstrating
that epidermal growth factor (EGF) and its
cognate receptor EGFR were expressed in E9 embryonic mouse
mandibular
processes,
Kronmiller
et al. (1991) used antisense
EGF ODN inhibition in E9 mandibular ex plants cultures and
demonstrated adontia. Shum et al. (1993) used antisense EGF
ODN inhibition in E10 mandibular explants cultured in serum less
medium and demonstrated
cartilage and tooth dysmorphology;
EGF abrogation induced fusillHorm dysmorphogenesis of Meckelis
cartilage and hypodontia under these experimental conditions.
The EGF abrogation was rescued by exogenous EGF. Hu et al.
(1992) used antisense EGF ODN inhibition in E15 cap stage
mouse molar explants in serumless medium and demonstrated
tooth dysmorphogenesis
and hypodontia which were rescued by
exogenous EGF. These three complementary studies support the
hypothesis that EGF functions through signal transduction
to
mediate several developmental
processes associated with tooth
morphogenesis,
extending from the initiation of the dental lamina
through bell stages of tooth formation.
Further questions need to be addressed to advance the hypothesis that EGF-mediated signal transduction is in fact the basis for
the developmental aberrations (see discussion by Slavkin, 1993).
For example, acknowledging that endogenous EGF is inhibited or
down-regulated,
perhaps endogenous TGF-alpha is expressed
and provides a redundancy in function to substitute for the altered
EGF. RT-PCR studies demonstrated
that both EGF and TGFalpha transcripts and translation products were expressed in E1 0
mandibular explants (Slavkin et al.. 1990). Further, since both EGF
and TGF-alpha share the same cognate EGFR, inhibition of the
EGFR should provide the same developmental
aberrations as
selective loss-of-function for either EGF or TGF-alpha (using the
same model at the same stage of development). This experimental
strategy to inhibit EGFR and compare the results with inhibition of
endogenous ligands has been utilized in studies of early tooth
formation and lung branching morphogenesis; both investigations
have reported similar results. Antisense EGF ODN inhibition inhibits tooth development (hypodontia and dysmorphogenesis)
and

lung branching morphogenesis, and both models can be rescued
using exogenous EGF (Hu et al.. 1992; Seth et al., 1993; Shum et
al., 1993). Moreover, in both models pharmacologic inhibition of
EGFR produces comparable abnormal phenotypes in tooth and
lung development which can not be rescued by exogenous EGF
(Hu et al., 1992; Seth et al., 1993; Shum etal., 1993). Collectively,
these results strongly support the hypothesis that EGF ligand
binding to its cognate receptor provides for several levels of control
for development. However, these studies did not quantitate the
EGF translation arrest nor the EGF mRNA concentrations in the
presence and absence of antisense EGF ODNs.
Another antisense ODN inhibition study of tooth development
provides some important lessons for controls for growth factor
specificity. Chai et al. (1994) demonstrated that endogenous TGFbeta isotypes regulate embryonic mouse molartooth development
using serumless medium. Antisense TGF-beta" -beta, and -beta,
subtypes were each used as 15 Mer syntheticODNs (sense versus
antisense ODNs) at concentrations
of 20 uM in E10 mandibular
explant cultures using serumless, chemically-defined
medium. All
three subtypes were expressed as transcripts and translation
products in this model during 9 days of culture in vitro. In addition
to no treatment. sense and antisense CON treatments, additional
groups were treated with either exogenous TGF-beta ligand or
antisense ODN plus exogenous TGF-beta ligand for a rescue. In
separate studies, different combinations of individual TGF-beta
ligands were added to either complementary antigens DON treated
cultures or to non-complementary
antigens DON treated cultures
to test for the specificity of the recovery. Under these experimental
conditions, Chai et al. (1994) discovered that antisense TGF-beta,
orTGF-beta, ODNs showed little or no effect on tooth development
(controls versus treated tooth size and shape), whereas antisense
TGF-beta, ODN induced a four-fold increase in tooth size and
precocious tooth development (e.g. cap stage rather than control
bud stage). Neither exogenous TGF-beta, or TGF-beta, ligands
rescued the effects; only the addition of the TGF-beta, ligand
reduced tooth size to that of controls, and similariy inhibited tooth
morphogenesis to that attained by controls (Chai et al., 1994).

Oligonucleotide

synthesis, purication and analysis

A variety of modified and unmodified oligonucleotides
(ODNs)
have been examined as antisense inhibitors of gene expression in
a wide variety of procaryotic and eucaryotic (plants and animals)
cell and tissue models. A relatively new application for the antisense
inhibition strategy has been to investigate loss of function mutations in a number of developing systems (see review by Melton,
1988). Although a great deal of progress has been made in antigen
inhibition strategies during development (e.g. Kronmiller et al.,
1991; Potts etal.. 1991; Sariola etal., 1991; Biro etal., 1993;
Diekwisch et al.. 1993; Seth et al., 1993; Shum et al., 1993; Chai
et al.. 1994; Faiella et al.. 1994; Souza et al.. 1994), certain
pharmacokinetic factors may limit the use of unmodified antisense
ODNs in vivo and possibly in vitro(Tidd, 1992). The major concerns
include: (i) degradation of exogenous antisense ODNs by ubiquitous nucleases that could render unmodified ODNs unsuitable as
antisense inhibitors, or that (ii) reduced intracellular half-life for
antisense ODNs would minimize the efficiency of their biological
activity.
To address these concerns, a number of chemical approaches
have been advanced, designed to modify the phosphorous atom of
the phosphodiester
linkage (e.g. phosphothioates,
methyl ph os-

Anrisl'IJse inhihitiolJ studies
phonates and phosphoramidates) (see review by Sanghvi et al.,
1993). These modified ODNs have been synthesized, purified and
tested under a variety of experimental conditions including (i)stability
in 10% heat inactivated fetal calf serum, (ii)binding affinities to RNA
and DNA complements, and (iii)ability to support RNAse-H degradation of targeted RNA in DNNRNA heteroduplexes. In general,
these studies suggest that 22 Mer ODN with as many as 5 modified
pyrimidines (thymidine/cytosine bases) within its sequence (e.g. 6Azathymidine capped ODNs) demonstrated a 7- to 12-fold increase
in stability in serum over unmodified OON, yet maintains hybridization properties similarto the unmodifiedODNs (Sanghvi et al., 1993).
A major caveat tor the use of such synthetic modified ODNs resides
in their ultimate purification. Failure to remove minute traces of
organic chemicals introduces confounding toxic effects into studies
of early embryonic stages of development. At the time of writing, the
state-ol-the-art is currently to use reverse phase high pressure liquid
chromatography (HPLC) to remove trace contaminants from either
unmodified or modified antisense and sense ODNs (see discussion
in Chai et al., 1994).
Experimental

caveats

A number of experimentalcaveats need to be considered when
evaluating the results from antisense inhibition investigations
using complex organ culture modei systems. Whereas antisense
oligonucleotide inhibition studies can provide significant loss. of
function or under-expression mutations to enhance a molecular
understanding ofdevelopmentai processes (Melton, 1988; Moffat.
1991; Malcolm, 1992; Murray and Crockett, 1992), the precise
mechanisms of action, putative side effects, and/or specificities of

action are as yet not lully understood (Boiziau et al., 1991)

(Fig.

1).

A numberof previous investigations have ascertained that the
most efficient translation arrest effects were produced when
antisense ODNs were designed to hybridize with the 5' codons of
the precursor targeted mRNA, and in particular with sequences
associated with the AUG initiation codon (Minshull and Hunt,
1986; Shakin-Eshleman
and Liebhaber, 1988) (Fig. 1a,b). In
addition, the design of the antisense ODN must consider that the
synthetic oligonucleotide must be of sufficient length to provide
specificity for hybridization, yet small enough to optimize diffusion
through the organ explants and incorporation into target cells.
Moreover, the concentration 01 the ODN incorporated into target
cells must be sufficient to provide a suitable half-life to produce
translation arrest (e.g. the percentage of translation arrest of the
translation product). Several investigations have recommended
that ODN of 15 base pairs in length (15 Mer) is ideal to meet these
criteria (see Marcus-Sekura, 1988; Rappolee et al., 1992;
Diekwisch et a/., 1993; Seth et al., 1993; Shum et al., 1993; Chai
et al., 1994). Fiorini et al. (1991) demonstrated that a 15 Mer
synthetic antisense IFG-IIODN designed to the 5' region 01the
sequence inhibited endogenous iFG-1itranslation and inhibited
myogenic cell differentiation. Diekwisch and colleagues (1993)
demonstrated that a 15 Mer synthetic antisense amelogenln ODN
at a concentration of 20 uMdiffused into all ofthe cells withina cap
stage molar tooth explant within 24 h, and produced a 30%
inhibition of amelogenin translation. With respect to half-life of
antisense ODN, approximately 2% of exogenously added anti-cmyc ODN was taken up by HL-60cells and remained stabie for 24
h (Wickstrom et al., 1988); initialconcentrations of exogeneously
added ODN (15 Mer) of 20 uM in cuiture medium are often
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Fig. 1. Several mechanisms for inhibition of translation by antisense
(ODNJ inhibitory strategies. la) DONs are designed to hybndlze to
sequences upstream on the initiation codon AUG producing a physical
arrest of the initiation of the translation complex: Ibl DONs are desIgned
to be complemenrary to the mRNA codmg region. prevenrmg polypeptide
chain elongation when the mRNA is cleaved by RNase-H: Ie) DONs are
designed to cross-link to sense strand of mRNA; and (d) DDNs are linked
to active groups such as photsensltizers or metal complexes. In theory.
each of these suggesred mechanIsms will produce translation arrest.

requiredto produce a 2% incorporation of antisense OON into
target cells (see discussion by Diekwisch et a/., 1993). Therefore,
it is essential that each investigation establish the optimal conditions for that particular system.
Another key issue is putative hybridization arrest of translation.
In one scenario, translation arrest by antisense OON may involve
RNAse-H, an RNAse which hydrolyzes the DNA part ot the RNN
DNA hybrids (Haeuptie et al., 1986). In addition, the RNA secondary structure may also play an important role in the efficiency of
antisense ODN inhibition (Verspieren et al., 1990) (Fig. 1).
Therefore, a number of significant experimentally-based
ques-

tions need to be considered as one designs antisense inhibition for
either in vivoor in vitro(Zamecnik, 1991; Woolf etal., 1992) studies:
(i) Is the length and specificity of the ODN sufficient to achieve
translation arrest of the targeted mRNA transiation product? (ii) Will
the ODN enter the targeted cells? (iii) Is the intracellular con centration and half-iife of the ODN sufficient to produce a significant
translation arrest (e.g. percent inhibition of specific translation
product per unit time), or will the ODN be rapidly degraded by
intracellular enzymes? (iv) Is the nucleic acid sequence region
selected for the synthesis of the ODN without confounding secondary and tertiary structures? (v) Does the synthetic ODN crosshybridize with other RNA and/or DNA sequences homologous to
that of the nucleic acid sequence within the targeted mRNA? and
(vi) Can the loss-ol-function
mutation or more appropriately, the
developmental abrogation be reversed by the addition of exogenous
translation product, and is the reversal or recovery highly specitic
to the exogenous molecule? Critically designed control studies are
essential to rule out these caveats and increase the validity of the
results and their subsequent
interpretations.
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