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.ABSTRACT

Th.e study was undertaken _to investigate: (1').the effects of.'serum ;nd the Qrowth-»factors,
EGF and TGFB,, .and theirA combinatio.r'\, 6n the proliferation of erhbryonic hamster palate
rﬁesénchymal cells (HPMC)ﬁ aﬁd (2) the effects of sc-;-rum, growth factors and their
combinaﬁoné onvexpr“ession éof the immediate .éa'rly genes, c-fos, c-jun, and c-myc.
| Initially,v grthh behavior of the cultured HPMC was examined. The‘results. showed that |
the proliferation of HPMC was dependent on fhe_ concentration of serum in the c‘ulturé media; and
at least 2.5% serum was n.eé:eséary to sustéin the growth of HPMC in cu'Iture.' EGF supported

DNA synthesis (only'in the presenée of serum), and exerted mitogenic effects on HPMC; whe'_reas

TGFB, did not support DNA synthesis and arrested growth of HPMC. In addition, following co-

treatment of HPMC with EGF and TGFp;, the mitbgenic effect on HPMC of EGF was inhibited by

TGFB,. Also, 30 minutes of TGFf, pre-treatment was sufficient to irreversibly inhibit the
serum- and/or EGF-induced DNA synthesis~as well as proliferation of HPMC..
Northern blot analyéis showed that both serum and EGF induced rapid expresSion of

c-fos, c-jun, and c-myc; whereas TGFB{ did not. Also, following co- or preltreatr'iwent with

. TGFB,, the serum- and/or EGF-induced expreésion- of immediate early genes was not .inhibited.

However, co- or pre-treatment with TGFp, did result in modulatiohs in the temporal exbression
pattern of these immediate early genes. |

‘The results of the present étudy indicate that EGF and TGFp, are important regijlators Bf
embryoﬁic'HPMC proliferation. Further,;vthis__l study s‘L,-lggests'that inte'raction among

extracellular factors leads to modulation of the nuclear events that may be important in .

_regulation of HPMC proliferation dUring palate morbhogenesis.
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INTRODUCTION
Morphogénesis of Mammalian Palate .

Morphogenresis of mammalian palate is sequential and unique. It starts as intraoral
outgrowth of two -bilaterallyvsymmetric.al _projections (shelves) from the maxillary
processes in a vertical direction toward the floér of the mouth. The vertical shelyes then
rédrient to a horizohtal plane, ‘and finally unite with one another in the midline, resulting in
the separation of the oral and nasal cavities (Greehevand Pratt, 19‘76;. Shah, 1984).

'The s‘eq‘uenti'al events of secgndary palate horphogenesis, i.e., verti;:al growth,
|;eorien.tation, and fusion of the palatal éhe!\}és are peculiar 'to mammals. . In other .
vertebrates, formation of the. secondary‘ palate is relatively simple. For instance, in early
vertebrates, such as fish and amphibia, the palatal shelves grow vertically from tﬁe ,
Am‘axillary processes. The palate morphogehesis, howeQer, does not _advancé and the shelves
remain vertical throughout the ontogeny of‘t'riue _orgénis'm (LeCluyse et al., 1985; Shah et al.,
1990). In the aIIigafor, vthe-only reptile studied so far, thg .pélatal shelves grow,
ad initium, from the maxillary processeé ina horizpntal direction and »unvite, thus
separating the oral and nasal cavities (Ferguson, 1981). In birds, as in reptiles, the
palatal shelves starf outina h’orizontal direction towards each other but fhey never unite, i
_and a physiologicél* cleft persists throughoﬁt avian ontdgeny (Shah and Crawford, 1980;
Koéh and Smiley, 1981; Shah et al,, 1_985a; 1.987', 1988). -

A further revieW of tAhe- |iteréture on palate dévelopmeﬁt showé that mammé|é have_
been the target of most studies cqncerhihg the mechéhisms that regulate morphbgenesis of
'the secondary palate in vertebrates. These studies indicate that each sfep of balate
morphogenesis involves a number 6f -c_omplex cellular and molécu‘lar events.

‘Initially, for the formation a vertical palate pfimordia, cell proliferation seems to

be a major contributor to the shelf growth (Shah et al., 1989a, b, ¢; 1994b). For further




progressioh of vertical shelf rﬁorphogenesis, sy-nthesis 6f extracellular matrix (ECM)‘ '
molecules such as glycosaminoglycans (GAGs), various collagens, and fibronectiﬁ (Pratt and .
King, 1971; Silver et' al., 1981; Benkhaial and Shah, 1994; Young et al., 1994a) appears
to be necessary to regulate the‘size and shape of the palatal éhelveé. |

| Subsequéntly, spatio-temporallyvreg'ulat>ed sy'nthesis and acc.:umullaﬁon o f ECM
»mole.cules such as sulfat‘ed.and non-sulfated GAGs, collagens, and fibr_onectin Have béen
suggested to blay a significant role in the reorientation of the palatal shelves from a vertical
to a horizontal plane (Larsson, 1962; Jacobs, 1964; Nanda, 1971; Pratt et al.; 1973;.
Ferguson, 1978; Brinkley, 1980; Jacob'son and Shah, 1981; Brinkley and Vickerman,
1982; Brinkley and Morris-Wiman, 1984; Turley et al., 1985; Foreman'vet al;, 1991,
Benkhaial énd ‘Shah, 1994; Singh et al., 1994; 1997; Young et al., 1994a; Ohsaki e.t‘ al., |
1995). _It has been proposed that regional accumulation and the increased synthesis of '
variqus matrix molecules during reorientation Qf the palatal shelves may create an
environment w.ithin the palatal shelves to facilitaté fhe migration of. palate mesenchymai
cells (Lassard et al., 1974; Krawczyk and Gillon, 1976; Wele and Zimmerhan, 1980‘;-Shah,
1979b; Brinkley, 1980; Vehkatasubramanian and Zimmerman, 1983), which, in turn,
‘ ’wo_uld cause the shef?es to reorient. | |

Follovﬁng reorientation, the palatal shelves approximaté and contact one énother.
Prior to the cdntact of the two vo'pposing shelves, the medial edge epithelial (MEE) cells ceasé
DNA s”ynthesis (Hudéon and Shapiro, 1973; Pratt énd Martin, 1975; Shah et al., 1985b),
accumulate Iysosomél enzymes (Hayward, 1969; Smiley, 1970; Shah and Chaudhry, 1974;
Im and MuIikén, 1983; Shah et al., 1991) and in.crease -'cyclic AMP levels (Prét;t and o
- Martin, 1975; Gréene and Praf(t, 1979; Green)‘e et al., 1980; Shah et al., 19556). . |

Subsequently, the MEVE of the opposing palatal shelves adhere to each other by means of a

surface glycoprotein coat (Greene and Kochhar, .1974; Pratt and Héssell, 1975; Greene and




Pratt, 1977; Heine'n‘ et al., 1982; Baeckeland et al.,, 1982) and desmosomes (Shah, 1979)
to form an epithelial seam. The epithelial cells of the seam then disappear and mesenchymal
contlnwty is ‘established between the united palatal shelves. Several studles have suggested
that programmed cell death may account for the elimination of the MEE cells from the
“midline seam (Mato et aI., 1966; Smiley, 1970; Chaudhry -and Shah, 1973; Schupbach and
Schroeder, 1983; Mori et al., 1994; Taniguchi et al., 1'995).‘ The programmed cell death
may be regulated byepithelial-mesenchymal interactions (Shah, 1984, Ferguson ._et al.,
"~ 1984). bn the other hand, it has been suggested that the epithelial cells of the midline
seam, rather than being' eliminated by cell death, may be'transfo_rmed into mesenchymal
cells (Fitchett and Hay, 19'89; Griffith and Hay, 1992; Shuler, 1995; Yano et al., l99_6a).
Recently, Carette and Ferguson (1992) corroborated an earlier proposal made by Chaudhry |

and Shah (1973) that some of the m|dI|ne eprthelral cells may migrate to and integrate with

or be eliminated from the adjacent oral and nasal epithelia to facilitate mesenchymal union.

Regulation of Palate Morphogenesis

Recent studies have suggested that the cellular and molecular events that occur
during growth and differentiatiOn of eml)ryonic palate morphogenesis may be re’gulatved by
growth factors, prostaglandins, and neurotransmitters.

Using immunohistochemical, Western and Northern blots, as well as in situ
techniques, many growth factors and/or their receptors have been localized in the |
developing palate of mammals (Table 1), implicating their involvement during oalate
morphogenesis. _ |

Much of the work on growth factor involvement in regulation of embryonic palate

development has been carried out using epidermal growth factor (EGF) and transforming

growth factorB, (TGFB,). EGF was the first growth factor studied in palate development




(Haesell 1975' Hassell and Pratt 1977) Since then EGF/TGFoc and their receptor o
molecules have been localized in both mesenchymal and epithelial cells durlng all stages of
palate formation (Abbott et al., 1988 Abbott and Blrnbaum 1990; Shlota et al., 1990;
Dtxon et al., 1991; Brunet et al., 1993; Citterio and Gaillard, 1994; Jaskoll et aI., 1996).
‘Furthermore, several tissue and cell culture studieélusing palatal cells have shown that both
palatal mesenchymal and epithelial ceIIs respond to EGF or TGFa (Nexo and Pratt, 1980;
Pratt; 1980; Pratt et al., 1984; Silver et al.,, 1984; Greene and Lond 1985; TurIey et

al., 1985; Pratt, 1987;. Gawel -Thompson and Greene, 1989; Dixon and Ferguson 1992;
Chepenlk et aI., 1994; Shah et al., 1995). »Exogenous EGF appears to prevent programmed
~cell death of the MEE and result in its dif_ferentiation towards a keratinization epithelivum
(Hassell and Pratt, 1977; Pratt, 1980;’DixOn and Ferguson, 1992; Brunet et al., 1993).
Both the palate epithelial and me.senchymal cellsvin culture have also been shown to .
proliferate and produce ECM molecules in the presence of EGF/TGFa (Gawel-Thompson and
Greene, 1989; Foreman et al., 1991; Sharpe et al., 1992a,b; Dixon et al., 1993a,b;- Shah
et al., 1.995). ;l'hese findings suggest that EGF/TGFa may 'influence both the proliferation
~and difterentiation' of palatal cells, and thus contribute to the formation of the palatal .
shelves. |

Several studies have ‘investigated spatio-temporal localization of TGFB, m'olecules in

both the epithelial and mesenchymal cells -at‘various_ stages of palate development l(fable 1)
(Heine et al.; 1987; Pelton et al., 1990a,b; Fitzpatrick et al., 1990; Abbott and Birnbaum,
| 1990; Gehris et al., 199t; Williams et aI.,'1991; Proetzel et al., 19945;A Jaskoll et al.,
1996). Treatment of cultured embryonic palate with TGFB, results in precocious'cess_ation
of DNA synthesis in the MEE, and acoeterated,palatal fusion (Shuler et al., t991, '1992;

Gehris and Greene, 1992). Exogenous TGFj, inhibite proliferation (Linask et al., 1991,

Sharpe et al,, 1992a;b), enhances GAG.production, and increaees synthesis but decreases




degradation of collagen in paiat_e mesenchymal cells (D’Angelo and Gfeene, 1991). Recent
studies also sdggested that TGFB, may be necessary for normal closure of palatal shelves:
palatal shelf fusion is bIocked by TGFp, antlsense oligomers or neutrahzmg antibodies
(Shuler et al.,; 1991; 1992; Gehris and Greene, 1992; Proetzel et al., 1995). The
mechanlsms by which TGFps affect pelatal eeil behavior is, however, not yet“undei’stodd.
Sharpe and associates (19'92a) have indicated that treatment of palate mesenchymal

cells with T(.SFB1 or‘IGF Il induces reductien of EGF receptor binding. The effects of bFGF on
| EGF recepter-ligand binding kinetics seems to be biphasic: a short period of treatrﬁent |
(3-5 hours) induces a decreese, but a long period of t_reetment (24 hours) resuits in a
large increese in '2|-EGF binding. Co-incubation of TGFB; with bFGF iehibits the positive
effects of bFGF on EGF receptor binding. Further, pre- -treatment of palate mesenchymal
ceIIs with elther bFGF or IGF Il enhances the 3H -thymidine mcorporatlon induced by EGF
treatment; whereas it is reduced with TGFB, (Sharpe et aI., 1992a_).‘ Slmultaneous
treatment with TGFB,vand PDGF stimulates *H-proline incorporation in palate jmesehchymal_
celis (Sharpe et al., 1992b). AA’\Iso, regulatjen of TGFB; expression in murine embryonic :

_palatal cells appears to be upregulated by treatment with TGFB1 and B,, but downregulated by

 EGF treatment (Gehris et al., 1 994)..




Table 1. Growth factors and/or receptors during mammalian‘palate development.

Growth factor

Location in

Stage of palate

Authors

regiqns'of MEE

horizontal shelf,
and during fusion

palatal tissue development
EGF (protein) Mand-E all stages Abbott and Birnbaum, 1990;
‘ . Dixon et al., 1991 '
EGF/TGFa receptor Mand E all stages Abbott et al., 1988; Shiota
{protein) et al., 1990; Dixon et al.,
1991; Citterio and Gaillard,
1994; Jaskoll et al., 1996
TGFa (protein) MandE all stages Abbott and Birbnaum, 1990;
' : Dixon et al., 1991; Citterio
S - and Gaillard, 1994
FGF acidic and basic ‘MandE fusion Sharpe et al.,, 1993
(protein) ’ . ‘ ‘
TGFB1 (protein) | MandE vertical and Heine et al.,, 1987; Abbott
' “horizontal and Birnbaum, 1990;
: Williams et al., 1991;
Gehris et al., 1991
TGFB2 (protein) MandE all stages Abbott and Birnbaum, 1990;
' ' Gehris et al., 1991 '
-TGFB1 (mRNA) MandE vertical and Fitzpatrick et al., 1990;
horizontal Pelton et al., 1990; Jaskoll
: et al., 1996
TGFB2 (mRNA) M and small vertical and Fitzpatrick et al., 1990;"

Jaskoll et al., 1996

Fitzpatrick et al., 1990;

TGFB3 (MRNA) MEE ) vertical and
: horizontal Jaskoll et al., 1996
TGFp receptors M vertical (cell Linask et al., 1991
(types 1, 11, & IlI) ' culture)
(protein) ‘
PDGF-AA (protein)" basement ) all stages Qui and Ferguson, 1995
o membrane, M
nasal E, and MEE
PDGF-BB (protein) E . horizontal Qui and Ferguson, 1995
| PDGF-a receptor M, E; heavy in vertical and Qui and Ferguson, 1995
(protein) MEE horizontal ' :
PDGF-B receptor nasal E post-fusion Qui and Ferguson, 1995
| (protein) '
IGF 1 (protein) M vertical and Ferguson et al., 1992
: horizontal . v
IGF 1l (protein) E | vertical and Ferguson et al., 1992
horizontal
IGF Il (MRNA) M horizontal Ferguson et al., 1992
IGFBP-1(protein) E horizontal

M: mesenchyme
E: epithelium.
MEE: medial edge epithelium

Ferguson et al., 1992




In addition to growth factqrsj, prostaglandine iPG) have been imincated in the
‘regulation of mammalian palate development (Greene and Garberino, 1984). Various
prostaglandins such as PGE, and PGF;, and-v their receptors heve been imm‘un'olocalized‘ in
developing.palatal tissue_(Greene and Lloyd, 1 985; Jones and Greene, 1986), and indeed are
synthesized by palate mesenehymal cells (Chepenik and Greene, 1981; Alam et al., 1982).
Experimental evidence suggested thet PGE, and PGi, induce cAMP synthesie in primary
culti]res of paiate mesenchymal cellsl(Greene et al., 198'1b),. stimulate GAG synthesis
(Greene et al., 1982), and.inhibit re-entry of cells into the ceII. cycle (Greene et el.,
1981a, ‘b; Pisano et al.,, 1986). Elevation of intracellular Ie\/els of cAMP seem te partially
inhibit the release of various prostaglandins (Cnabot and Chep-e'nik, 1986). These data
suégest possible involvement of PGs in the reguletien of broliferative and differentiative
activities of palatal mesenehyme (Chabot.and Chepenik, 1986).

Several neurotransmitters s_ueh es depemine, norepinephrine, and epinephrine, as
well as B-adrenergic receptors have been detected in the developing mammalian palate
(Zimmerman et al., 19i81; Zimmerman end Wee, 1984; Pisano et al., 1986; Pieano and
Greene, 1987; Greene‘,‘ 1989). lExposure ef p'aiblatai ‘ceIIs to neurotranSmitiers activates
B-adrenergic receptors, which Ieacis to etimuiation'ef adenylate cyclase activity and
‘subsequent accumulation of intracellular cAMP in a dose-dependent manner (Waterman-et_
al., 19"/6, 1977; Garbarino and Greene,‘A1984; Greene. and Garbarino, 1984). Alse, |
addition of iseproterenol,-a'potent B-agonist, increases'ncAMP 'Ieveis in palatel cells and
delays re-tentry of cells into the cell cycle (Piseno et al.,, 1986; Greene, ‘_1 983). |
Furthermore, the neurotransmitt_ers, seratonin and acetAyIchoIine,‘ appear to stimulafe
palatal shelf reorieniation, whereas y—amino-n-b'utyric acid (GABA) inhibits it _ |

(Zimmerman and Wee, 1984). These data suggest putative involvement of these

neurotransmitters in the regulation of palate morphogenesis.




The Foregoing analysié su_ggests that extracellular factors are essential regulai_oré of
cellular functions during palate morphogenesis. To underst_and the mechanisms by wHich
growth ‘factors, bfos’iaglandins, and neurotransmitters regulate grc‘)wth,;proliferétioh‘, 'and
differentiation of mammalian embryonic palate mesenchymal cells,' recent studies have J
investigatéd thé involvement of intracellular signaling m.ol_eculles (figure 1). It has vbeen
Vsu}ggested that palate mesénchymal cell beha\)ior hay be regulatéd by severél intracellular
signaling cascades, and'Croés-gommunication among them, which are involved in .relaying
the extracellular signals from the pIaéma-rhembrané to the rlxuclea.r‘ environment. For
example, exposure of vertet&fate-paléte mesenchymal cells to extracellular factdrs seemé to
. affect the cellular levels of cAMP, which in turn, modulates the activity of protefn kinase A -
(PKA) and s’ubseque‘ntly‘ihduces'changes in cell cycle progresjsion‘ and extrafcelluiar matrix
synthesis (Gvreené.et al., 1982; Pisano et aI.,‘ 1986; Pisano and Greene, 1986). Alsd,

. treatmeﬁt of pélate mesenchymal céll_s with growth factors induces the activation of PKC
(Chepenik an‘d' Grunwald, 1988; Chepenik and ‘Hays‘tea-d, 1989), and that of second-
messenger indepe.nldent protein kinases such as mitogen activated protein ki;mase _(MAP!() ,
casein kinase 2 (CK2), and p34°%? (Yqung'et al., .1‘995, 19964, b), all of which ha\)e.been
implricate.d in regulainn of cellular béhaviors including cell prolivferation band

différentiation. Although several extracellular Iigand-regulatedlsignéling cascades in palate
meéenghymal cells havé been recbgnized (figure 1), the information on héw the sigﬁalihg |
molegules mediate ihe down stream. nuclear events in resbonse to different factors is not
availablek Recently Greene and associates (1995) havé identified an increase in the activity
of CRE binding profein (CREB) V\;ith'édvancing palaté developmeht. ‘ CREB is a transcriptio'n;

factor that binds to the promoter regions of several genes and seems to mediate the linkage

between cAMP and gene expressibh. In fact, in vitro induction of CAMP in palate




mesenchymal cells has also been shown to result in an increase of CREB phosphorylation,

and hence an increase in its activity.
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Figufe 1. Schematic presentétion of current staté. of uﬁderstahding of regulétion of growth
and differentiation of mammalian embryonic palate mesenchymal cells.
Ebidermal Growth Factor (EGF) -

EGF is oﬁe of thé best known growth factors. It was first isolgted from the
subrﬁaxillary gland of mice by Cohen in 1960, and wés shown to cause premature opening of |
-eyelid and eruption of teeth in neonatal mice (Céhep,‘1962). During the past three decades,
EGF related molecules were identified in mény eukaryotés and weré shc;wn to play:c':r_itical
roles during development, repair, and maintenance of a variety o-f tiséues in different
organisms (Cochet, 1989; Carpenter and Wahl, 1990). In ?ddition, EGF”»seem,s_, to exert

mitogenic effects in tissues of endodermal or mesodermal origins, and thus participate in

regulation of proliferation in these tissues A(Hofmann_ and Scott, 1995).
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‘ EGF is a single pon-peptide chain of 53 amino acids, containing 3 fntramolecﬁlar
_disulfide bonds, which are required for its biological acti&ity (Taylor et al., 1972"; Savage
etlal., 1973). Precursof EGF is first eﬁ(pre‘sséd as a large 1200 amino acid long,
glycosylated, membrane anchoréd molecule (Bell et aI.,'1986; Mfo;:zkowski et a[., 1989),
v;/Hich is processed in a tissue s‘pecific manher to soluble EGF moIeCQIe (Cochet, 1989).
Besides the active domain, fhe precu?sor EGF molecule contains 8 EGI;-Iike sequences (a set
. of 6 cysteine residués spaced over a span of 30-40 amino.acids), and a Iow\density
lipoprotein (LDL) receptor-like domain- (Bell 'et,él., 1986). In additioﬁ to.,the unbodnd EGF
molecﬁle, the high molecular weight membrane-bound br'ecursor EGF rholt;cule seems to be
biologically active and has been suggestéd to play a role in cell-cell rec‘:ognit‘ion

(Mroczkowski et al., 1989).

EGF recépior

| “The EGF receptor is a ;70 kba transmembrane glycqprotein, which belongs to the |
tyrosine kinase family of receptors (Carpenter and Zéndegui; 1986; Gill et al.,1987). The
EGF ‘receptor consists of an extracellular ligand-binding domain, a trans-'membrain’e region,
" and a cytoplasmié domain, \‘Nhich.contains' a quta-membrane region, a catalytvic domain, and
‘a C-terminal tail with at least five tyrosine phosphorylation sites (Cafraway and Cantley,
1994; Carter and Kung, 1994; Boonstra ét al., 199_5). _The infracellular .reg-ion of the EGF
-receptor contains a numb.er of tyrosine, and.seriﬁe/threonine phosphorylation -sites thatA
seem to play important regl;IaFory roles in activation of the re.ceptor (UIIriéH et al., 1984;
Downward et‘al., 1984; 'Dévis and Czech, 1985; Hunter et al., 1985;» Carpenter and Wahl,
1990; Staros and Guyer, 1995). EGF can bind with both. low and high aff‘ir_\ity to the
extracellular doméin o% the EG‘F'receptor (Livneh et al., 1986). The binding of EGF to the

‘receptor on the cell merhbrarie results in .oligomerization and autophosphorylation of the
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‘ reéeptor, which Iea‘ds to activation of a number of intraceliular protein substrates,'and
subsequently to the activation of various signal transductiﬂOn cascades in thé cell (Caﬁer aﬁd
Kung, 1994; Boonstra ‘et al., 1995). These sigﬁal tr_énsduction ‘cascades theﬁ form a
biocvhemical.network, which ultimately induces metabolic alterations and i.ntrinsic |
molecqlar changes in gene expression tha't. modulate the cells’ behavior (COchet, 1989;
Ullrich and Schlessinger, 1990; Cérpenter and Wahl, 1990). Also, upon ligand binding to .
ihe receptor, the EGF-receptor coAmpiex is internalized, stored in intracellular
compartments, and is eventually degraded in lysosomes (Carpenté'r and Cohen, 1976;

Stoschek and Carpenter, 1984; Beguinot et al., 1984;.Schléssinger, 1986; Coéhei, 1989).

.EGF signaling pathways

Following the ligand binding, autophosphorylation of the cytoplasmic c_iomain of .the'
EGF receptor is a critical step in initiation of vérious signaling pathways. The
phosphorylated regions form binding sites fqr different cytoplasmié proteins ‘that mediaté ’
several signaling pathways. The proteins that direct!y interact with the phospho.'rylatedv
cytopléérhic domaiﬁ of EGF receptor include énzymes such as phospholipasé Cy (PLCy), Raf,
;Ras.-GTPase activating' protein (Ras-GAP), syp phosphotyrosihe. phc;sphatésé, and.non- |
enzymatic molecules such as p85 subunit of phosphatidylinosﬁol 3-kinase (PI3 kinase),
Src homology/collagen (SHC), growth fe;ctor receptor-bouhd protein-2 (GRB2), and
t‘ranscription f.actor p91 (Panayotou énd Waterfield, 1993; Koch et a,I.,. 1994; Malarkey. et .
'al.,19.95). These molecules are involved in induction of a number of signaling cascades,
, iné_luding secdnd-messehger dependent’caécades; mitogen-activated protei'n (MAP) kinase
6ascade, and the si.gnal transducers’ and acti_\(ators of transéription (STAT) 'cascade. '

Second-messenger dependent cascades are among the signaling pathways involved in

relaying EGF signal from the cell membrane to the intracellular environment. EGF réceptor
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activation leads to activation of PLCy, which c_atalyzé_s ~phosphatidy}linositdl-4,5-'
bisphosphate (PIP2) to trip'hosphate inositol (PI3) and‘diacylglyberol (DAG) (Rhee ét al.,
1989). A‘ccumulation of PI3 increases the intracellular concentration of Ca2;‘, which
together with DAG induce the activation of protein kinase C (PKC) (Nishizuka, 1I988; Asaoka
et al., 1992; Berridge, 1993). PKC has a broad range of substrates including growth factor
receptors, ion channels, cytoskeletal proteins, nl’JcIéar proteins, several proto-oncogénes,
as well as members oftother -signalihg’path\,/vays such as MAP kinases (Pelech et al., 1990; |
Nishizuka, 1992; Olson ef al., 1993; Mahdney and Huar_lg, 1994; Hii et al.',. 1995). -
In addition, involvement of second-messenger de;iéndent he\terom'eric G-proteins in
'EGF signaling pathways has been proposed (Ramirez et al., 1995). For example, G-protein
su.bunits séem to be involved in regulation of Ca?* influx upon EGF signéling (Maraca, 1986;
Moolehaar et al.,, 1986). Furthermore, trahsient aésociation and activation of Gic. subunit
- of G proteins witﬁ thé ligand activated EGF receptor have been reported (YangAet al.,1991).
G-proteihs have also been suggested to play a rolé in EGF-induceq activation of adenylate -
cyclase (Nair et é|., 1990), resulting in an increase in cCAMP levels in a nu-mber of cell
types (Nair et al., 1990; Yu et al., 1992; Nakaguwa, 1991). The exact role and mechanism
of éction-of G-proteins and cAMP in EGF-induced signal transduction pathways, however,
remainé unknown. |
" The best kndwn EGF induced signal transduction pathway is the MAP kinase cascade

(Boonstra et al., 1995; Cérraway and Carraway, 1995)} To inifiate thelintracellular
pathwéy, the adaptor protein, GRB-é binds 4to the phosphorylated EGF recéptor and recruits
"a Ras guanine nucleotide exchange factor (Lowenstein et al., 1992; Boguski and McCormiCk, _
1993; Panayotou and Waterfield, 1993), which interacts directly with Ras and induces the

GDP/GTP exchange resulting in activation of Ras (Chérdin et al., 1993; Gale et al., 1993).

‘Activated Ras protein acts as a key mediator between the tyrosine receptor and the
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proceeding intracel'lulér protein kin'ases>whic_h incIud_é: Raf, MAP kjnase kinase (MEK), and
MAPK (Davis, 1993; Katz and McCorn;ick, 1997). the.re are multiple kina#e isoforms at
each jun’ction-péint' thét allow the ‘fo.rrbnation of a network of interactions fohr' cross- |
communication betwe‘en different‘signaling pathWays. The progressive phosphof_y'lation'and
activation of these protein kinases Iéad to the selective phosphdrylation of various
vcyto‘plasmic and nuclear substrates such ,avs,SGK, p90rs}<, C-Raf, c-Ju_n, c-Myc, and ELK-1
(Hunter and. Karin, j992; Fu and Zhang, 1993; Kazélauskas', 1994; Gupta et. al., 1996) -
which uitjmately affef;t the gene transcription and subsequent proliferativé or
differentiative behavior of the cell.

Recently, énother group of substrates.h:éve been shown to interact wifh '
" phosphorylated EGF receptors, which include STAT proteins (SadoWski, 19§3; Zhong et al.,
1994, Kumar et al., :1 995; Leaman, et al., 1996). 'Ac;tivation of the EGF récepto_r results in
_ fapid phosphory‘Iation of these molecules (Sadowski, 1993; Darnell et al., 1994,' David et

al. 1996) and their translocation to the nucleus, where they act as transcriptioﬁ factors

(Zhong et al., 1994; Leaman et al., 1996).

Transforming Growth Factor B (TGFp)

Traﬁsfqrming growth factor B's .(TGF'B) are é large family of well characteriied " :
peptide growth factors. i3a‘sed on structural and functional propertie’s, the memb'erg of the
TGFp sﬁperfamily of growth tactors have been categorized into thrée 'su'bgroﬁps:'1)-TGFB.
subfamily (mammalian TGFB1;3, Xenbbus TGFB4, and chicken TGFBE}, 2)

Ac;tivins/inhibins, and 3) Bone morphogenic :proteihs (BMP’é, nddal, Xenopué Vg-'v1,

Drosophila Dpp, and screw) (MaSsagué; 1990; Roberts and Sporn, 1990). In addition,v

other TGFp related peptides, such as mullerian inhibiting substdnce (MIS) and glié derived
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neurotrophic_; Factor (GDNF) héve been identified, bﬁt they do not,seém to belong to any of
the categorized subfamilies"(Ma—ssagué-; 1990; Brénd and S’chn.ider, 1995; Polyak, 1996).
' TGF;31, the .prototypical ‘membe'r qf the TGFp superfar’ﬁily, was first isolated from
human platelets by Assoian and associates 'in7198‘3, and later cloned frbm a human cDNA
library by Derynck and co-workers in 1985. SUbs’equent studies have indicated that
”rrflemb_er_s of the TGFp su_berfamily have a variety of ,functioﬁs during devélbpment, repair, -
a}nd ‘maintenance of tissues in e'voluti'onary diverse organisms ranging from ‘insects, worms,
and frogs, to mammals (Massagué, 1‘990; Roberts énd Sporn, '1990). Expe.riment-s on
: .cultured cells, bobtained ﬁ'om é variety Qf différe_ht organisms, suggest that fhese molecules
-may be involved in regﬁlation of a widvé spectrum of cellular-behaviors such as cell
proliferation, differ‘entiatio.n., migration, adhesiqn, ECM synthesis, and death (Lydns and
Moses, ”1990;'Massagt.1é, 1990; Robefts_ and Sporn, 1990; Kingéley, 1994).
Understanlding the role of TGFp molecules during mammalian 'dévelopment ha; been
.the subject of intense inveétigatioﬁ during the past deéade. Numer§us studies. have employed
techniques such as Northern and Wesfern blottings and in situ hyb'ridizétioh of thNA as well
I_as immbuno-localization of protein to localize TGFB molecules in Aeveloping mammalian
. 's:ystems (Heine et al.,. 1987; Wilcox and Derynick, 1988; Lenhert and Akhurst, 1988;
Miller et al., 1989; Pelton ét al.,' 1990a, b;‘ 1991). Even though' the-re, is-some
disagreement among different studies regarding the éxac't onset and amount of TGFB
expression during. mammalian development (Akhurst, 1994), these stﬁdies generally_
recognize the presence of both mRNA and protein of TGFB in the developing tissues and organé
such as héemopoetfc ﬁssu'e, salivary gland, tooth bud, secondary palate, eye, neural tissue,

bone tissué, and kidney (Akhurst et al., 1992; Akhurst, 1994), thus implicating their

involvement in embryonic development.
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Structurally, .'TGFB mplecules are disulfide-linkéd dirﬁers-of two identigal
:polypeptide chains_, which contain nine consverved.cysteine residués, Théé}é mole'cul.es'_are
initially synthesized by a variety of cell types in a prec‘ursor form, composed of a N-
terminal signal sequence, a pro-,regioh ‘contaibnin‘g glycosylat'ibn sites, and é C-termihal
~ bioactive region (Massagué, 1990). Upon secretion to the'eXtracéIIuIar environment, the
_'p'ro-_region cleaves, But remains non-covalently associated with the bioactive form.
However, only the dissociated bioactiVe -TGFB molecule is capable of binding to the receptors
~and ‘performing biological activities. The dissociation of Abioa,c;_ti\l/e TGFp thus appears to be

tightly regulated in various tissues or cell cuiture environments (Massagué, 1990).

TGFB receptors (TR)

At least five membrane-bou.nd glycoprotein receptors of TGFB I';ave been identified:
TBRI, 11, 11, 1V, and .V (Yingling et .'.=1I.',.1995; Koilodzie];c_:z‘yk and Hall, 1996). Howe\;er,
only TBR I, ll, and lll, which éeém to be abundantly expressed in almost aIVI cell type‘s, have
‘been well characterized (CHeifetz ét al., 1987, 1990; Massagué,1987,'l1990, 1992,
Attisano et aI;, 1994; Kingsley, 1994). Bofh TBR I and TBR I coﬁtain cytoplasmic
serine/threonine protein kiha;_se domains, whereas TBR Il is a membrane anchored
protéog|ycaﬁ, and Iécks an intrabellular kinase domain (Cheifetz et al., 1988, Massagué,
19‘90). | |

TheTBR I (56-60 kDa) belongs to the family of se;ine/threoriine kinase receptors,
which afe Ubiquit0usly expressed in various cell types of differe.nt‘species, and share
60-70% identity in their kinase doma.ins. Studies on TGFf resistant mutants have shown -
‘ »that TBR | is essential for mediating the TGFp signal across the cytoplasmic membrane,

although it is unable to bind to TGFp directly (Boyd and Massagué, 1989; Laiho et al.,
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1990). Instead, TBR | seems to recdgnize and interact with TGI;B-hound tyne 1l recepto&r .
(Wrana et al., 1992; Bessing et al.,1994). |

The TBR Il (75 kDa) also belongs to the tamily of serine/threonine kinase receptors,
which has been'identified in ntammals,‘_-Drosoph'ila, and C. e/egans and _show. 30-40%
homology in the kinase domain (Mas‘sagué et al.‘, 1994). Studies on TGFB non-resnonsive
mntants have demonetrated that, like TBR I, TBR Il is réquired tor trensducing TGFp signals
from extra- to intra-cellular environment (La.i.ho.et_ al., 1990). However, unlike TBR I,
TBR 1l seems to hind directly to TGI%B molecules (Laiho et al., 1990; Wrana et aI.‘, 1992).

TBR I (280-330’kDa), also known as betaglycan, is a large membrane-bound
proteoglycan, whieh binde toA all three isoforms of TGFpB but lacks a protein kinase domain
(Massegqé, 1985; Massagué and VIike, 1985; Cheifetz et al., 1987, Segarini_atnd Sey-edin,
1988; Lopez-CasiIIes et al., t991; Fukushima et al., t993). The TBR Il may bind to TGFp,
and ..present TGFB to its signe_ling receptors (typ.e I and I}, thereby increasing the signaling
efficiency (Lopezb-CasilIaslet al., 1993; Moustaka}s‘et al., 1993; Aittisano et aI.,1994).A
Furthermore, in'the presence of extl:acellular enzymes such as plasmin, TBR Ill becomes
soluble and acts as an antagonist ef TGFB by pteventing its receptor binding (Andree et al,,
1989; Lammar. et al., 19.9;1;‘ Lopez-Casillas et al., 1994). Thus, it seems that TBR lll may ;
. play a dual role in regulating TGAFB activity: as‘a membrane-hound protein, it functions as an
accessory molecule; and as a soluble mblecule it acts as a seqnestering molecule (Attisano et
al., 1994). | |

The Ilgand binding and actlvatlon of TGFB receptor complex have been elucidated in

various cell types (Wrana et al.,1992; 1994; Lin and LOdISh 1993; Penton et al.,, 1994,

©  Attisano et al., 1995; Liu et al., 1995 Ylngllng et aI 1995). These studies have proposed

that binding of TGFp to the constltutlvely active (autophosphorylated) TR Il recruits TBR l,

which form a complex with the hgand bound TBR Il. Subsequent to formation of the
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complex, TR Il phosphorylates TBR | on its serine/glycine rich (GS) domain, which seems

to be essential for the downstream cytoplasmic responses induced by TGF.

IntraceII‘ﬁI;\r mediators of TGFB signaling pathWay

In recent years, efforts have been made by several invéstigators to fecognize
intracellular mediators. of the TGFp si‘g.;néli‘ng pétthay. Using a yeast two hybrid screening
system to identify signaling molecules that directly interact with the cytoplasmic dc;main of
TBR |, two intracellular TBR |-binding m‘olecule's, a pep;idyl polyisbmerase, FKBP12, and .
o subunit of farnesyltransterase (FT-a) have b.een recognized (Kowabata et al., 1995; Liu
et él., 1995; Wang et al., 1994, 1996). Although the e*act role of FKBP12 iﬁ TGFB—_
induced signaling patflway is not yet known, if has been suggested fhat FKBP12 'é'nd TBR |
may interact in vivo (Yingling et al.., 1995). FKBP12 élso-bihds to immunosﬁpressive
dfugs, FK506 and rapér‘nycin‘(Schriebgr, 1991; Fruman, et al., 1994) to form a cbmplex,
which causes G1 arrest in cells by inhibiting cyélin qependent'kina'se acfivity required for
G1 to S phase transition (Yingling, 1995; Polyak 1996). FT-a is the regulatory subunit éf
has farnesyltrans_fer'ase which seems to play an important‘role in activation/modulation of
Ras mblecule, other members of Ras supeﬁémily and y subunit of G proteins, all of vyhich
ére implicated in cell regulation (Hancock et al., 1989; Wang et al.v,v 1996).. Wang and
colleagues (1996) indicated that FT-a binds ligand-free TBR I, and is subsequgnﬂy
phosphoryléted and released in the cytoplasm. Its'ensuing involvement in TGFB-induced
" signaling pathway, howgver remains unclear.
| Also,- a highly éonserved family of proteins, mothers against dpp_ (MAD) proteins,
initially identified .in ’Drésophila (Sekelsky et al., 1995; Newfeld et al., 1996; Wierédorff

Aet al., 1996) and subsequently-in C.elegans, Xenopus, and mammals (Massagué, 1996; Hill,

1997) has been implicated as an intracellular mediator of the TGF signaling pathway. The
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~ null mutants of MAD gene possess identical phenotype as mutants of dpp, a TGFB related

protein in _Drosphilé (Hoodless et al., 1996; Wiersdorff et al., 1996). It has been suggested

. that, upon. trans-phosphorylation of TBR | with TBR Il, MAD protein transiently interacts

with TBR | cytopiasmic domain (Zhang et al., 1996; Macias-Silva et al., 1996). The

interaction between activated TBR | and MAD protein results in MAD protein

- phosphorylation, and subsequent accumulation in the hucleus (Baker and Harland, 1996;

Hoodless et al.,, 1996; Liu et al., 1996; Macigs-SiI\/a et al.,, 1996). The exact role 6f MAD
proteins in the nugleus is not yet well défined. Liu et al. (1996), hoWever, showed that
wheh fused to the DNA binding pfotein, GAL-4 prétein, the C-terﬁinus of MAD acts as a
transcriptional activator éf GAL-4 reporter gene. Such observations may be suggestive of‘ a
possible ithlvement of MADvproteins in regulation of gene ekpression in response to TGF-

induced signal transduction (Arora et al., 1995; Liu et al., 1996; Niehrs, 19986).:

Antiproliferative actions of TGFﬁ

TGFP seems to exert gfowth inhibitory effects in normal and transformed cell lines
of epithelium, endothelium, fibroblast, neural, IYmphoid‘, and haemépoetic cell types |
(Méssa.gué, 19925. TGFf has been suggested tvo exert ité antip'roliferative effects through
yarious mechanisms dur‘ing m|d to late G1 phasé ofvcell cycle (Méssagué'; 1980; Roberts and
Sporn, 1990; Kingsley, 1994; Polyak 1996). One of the proposed_méchénisms by which

TGFB inhibits cell cycle progression is through preventing the pho_éphorylation of

'reiinoblastoma tumor suppressor protein (Rb) (Laiho et al.,. 1990; Polyak 1996). Rb is a

key player ih the cell cycle machinery and interacts with the cell cycle regUIators, cyclins,
Cdks, Cdk inhibitors, and cycIin-aCtivating kinase (Brand and Séhneider, '.1 995),

Another mechanism by which TGFB may restrain cell proliferation is through

modulation of the mitogenic éignaling pathway involving Ras, Raf-1, MEK, and MAPK
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i
(Kolodziejczyk and Hall, 1996; P.olyak,. 1996). Recent studies 'hgve shown that ihe effects
of TGFB on the Ras-MAPK pathWay is highly dependent on éell type énd environment. For
instance, TGFp treatment of variety of cellltypes' such as intestiﬁal epithelia (Mulder énd |
Morris, 1992) , HD3 c-:oloh carcinoma (Y'a‘n :et al.,.1994), and CCL64 fﬁink Iuan epithelia
‘ (HartSoUgh'and Mulder, 1995)‘ rapidly induées the activation of Ras protein. In addition,
bHowe and associatesv(1993‘) showed that microinjection of the oncogenic Ras protein
.(Ha-Ras) to TGFp treated mink lung epithelial cells overcomes th'e'-TGFB‘growth inhibitory
effect, and allows progression of the cell cycle. On the other hand, rﬁicroinje’ction of ant_i-
_ Raé ahtibody to mink lung epithelial cells following,rel’ease from TGFB treatment causes the
ce.IIs to remain in a growth arrésted state (H§we et al., 1993)'._ Thése_observatidns -suggest a
poséible invélvement of Ras protein in the TGFp-induced sigﬁaling pathway.

| Furthermore, the ability of TGFp tb modulate the acfi.vity of’ MAPK_is céll type '
specific effects. In proliferating cultures of intestinal epithelial celis (Haﬁsough and - Ny
Mulder, 1995), HD3 c;>lon carcinoha cells (Yan et él., }1 994); and mesangial cells - : -
(.Huwiler and Pfeilschiftef, 1994), TGFp treatment seer_ﬁs to écﬁvate varjoﬁs iséformbs of
MAPK. ConVerser, in other cell types such as CCL64 mink lung epithelial cells (Hartsough -
and Mulder, 1995) and srhobth muséle- éells (éerrou et al., 1996), TGFpB treafment inhibits
MAPK activation. Alternatively, TGFB tr'eatment has been repor’ted to up-regulate serine- -
{threonine phosphotases in éome cell types (Gruppuso et al., 1 991;' Fonfenay et al., 1992).
_In their study, Berrou et al. (1996) have hypothesized that TGFB may display its anti-
proliférativé e.ffectsl, on FGF-induced smooth musclé cells through acftivatihg |
vseriAne/thre‘Onine phosphétases that interfere with Ras-’MAPK.mitogenic pathWay.

Another hypothesis, indicating direct involvement of' TGFB in Ras-MAPK through a

TGFB-activated kinase (TAK-1), has also been propoéed (Yamaguchi et al., 1995). TAK-1

is a member of the MAPK kinase kinase (MAPKKK) family of protein kinéses, which was
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'ivsolated fronﬁ a c-DN'A library of murine cells (Yamagﬁchi et al., 1995). The kinase domain .
éf TAK-1 shows 30%A'homology‘ vs(.ith c-haf and MEKK.. Additicjn of TGFB to MC3T3

.osteoblasts seems to stimulate the kinase activity of TAk-1 witﬁin .5-10 minutes in a dose
debendent 'Amannei' (Yamaguchi et al., 1995). In addition, two TAK-1 binding prdtein‘s

(TAB-1 and -2) have recently_ t;een iéolatéd from_the'cDNA Iibfary of hﬁman brain c.:ells‘,'
Whic;H seem to enhance TGFf-regulated activity ’o'f TAK;1, implicat'ing their potent‘ial"

~ involvement in the TGFp signaling pathway (Shibuya et al., 1996).

Immediate Early Genes

Biolbgical behavior of c;,ells of multicellular organisms is regulated by both the
proxirhate and distant environmental féctors thfough ligand-receptor mediated
transcriptional changes (figuré 2). fhe Iigand-receptdr cérﬁplex sets in m‘otion a series of |
Cross-talking,' intracytoplasmic signaling cascadesl which tr‘ansmit signals 'to fhe hucleus,
and activate transcriptional machihery to enforce gene expression. In a déveloping system,
;patio-temporally specified, ligand-induced gené expression determines the biologlical
behavior of cells, which, in turn, hodulates the morphogenesis of a structure/organ. The
ligand .contr'OI_Ied behavior‘ of cells during development may result from a combinatorial
activation of a set of genes, whose_>temporal kinetics of quantitative inductioh, -cellftissue
Speci\;ié expression, and post-translational modificéﬁons of géne products plays an
o ihporfant vrole'in regulating variations in tﬁe biological response (Herschman, i991).

FoIIowing. demonstrations by Riddle and associates (1 979) that serum-induced
mitosis was accémpa‘nied'by a rapid increase in synthesis of nuclear and cytoplasrﬁic
proteins, a'nd‘by Stiles and Colleagues (1979) that treatment of BALBc/3T3 quiescent

fibroblasts by EGF and PDGF would rapidly induce mitosis in them, Herschman and Scher

(1983) showed that both EGF and 'PDGF induce the accumulation of translatable RNA.
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~Subsequently, it was shown that a brief exposuré to serum, EGF, FGF, or PDGF induces.a
rapid a|:1d transient transcription of c-fos, c-jun, and ¢c-myc pfotd-bncogénes (Kelly. et al.,
1983; Bravo, et al., 1985; Ryseck et al., 1988; Quantin’and Breathnééh, 1988)._ These |
genes we‘reb named “immediate early genés” becaus':e fbllowing mitogenic stimulation 6f cells
. their expression Qvais rapid (withibn mihutes), dften transient, and _did not require de novo
prbtein syﬁthesis (Henrikson and Luscher, .1 996). Immediate early genes éeneraily
partiéipate in normal cellular regulation involving signal transduction cascades, to‘ convert
_extra-cellular mességes throughltarget genes i.nt‘o a program of geAne.expr'ess»ion (figure 2).
The protein produpts of immediatg early genes are involved in many cellular activities such
as cellular growth, prolivferation,'differ.entiatvion and oncogenié transformation (Mlorgaﬁ and,'
Curran, 1989). - | |

So far, over 170 immediaie‘ early géhes have been identified in serum- or growth
facté'r-freated cells, or from regenerating tissues (Mohn et aI.,.'1§91). A highly varied
pattern of their expression-in different ‘c,eII; types indicafes that tissue specificity of. their .
biologicél reéponse may be related to a particular set of"genes expressed in a inen tissue or .
in responsé to an-inducing agent rather than _expression of a few céll type specific genes
(Mohn_et aI.., 1991).

Depending upon the ceIIular.r‘niIieu, immediate early genes encéde proteins that' car; |
act as éctivator’s of transcription factors'or‘pr;)teihs involved in si'gﬁal transduction
cascades to regulate cell behavior (Hunter and: Karin; 1992)'.‘ To aé_:tivate transcription of
an immediate early gene, a trénscription factor should localize into the nucleus, bind to |
DNA, and interact with the basal transcription factor apparatus (Hill énd Triesman, 1955).'
One of the rhost common ways 6f transcription regulation is through phosphorylaiion by

members of signaling pathways (Hunter and Karin, 1992). Phosphorylation of a

transcription factor or its associated protein can induce conformationa! changes in the
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protein to promote: its nuclear localization, its association with a coactivator protein, its

dimerization, its trénsactivat_ion, or its DNA binding properties (Hill and Triesman, 1995).

Such nphosbl"\'orylation-led. changes eventually regulate the biological behavior of cells such
as growth, prolifération, ‘diffe‘zrentiation, and/or apoptdsis '(Paw:son aﬁd Huﬁter, 1994).

| In bi‘o’logical systems, the changes in immediaté‘ early gene expréssion appeér to be.
associated with potentiai ‘changés in cellular capabilities: new transcription factors are
induced that cqul'd affect the explressio.n of secondary (targef) genes, thus liﬁking acute
- stimuli ‘with long term adaptive changes in cellular gene expres’si.on. The fungti‘onal role of
inducible genes in specific‘ physioiogicél 'systems h&wever is not well defined. The cﬁange
from a quiescénce to proliferating state of cell is characterized by the inducﬁon of several-
. waves of genes which are beli’eved to be necessary for the onset and progression of cell cycle
(Beserga, 1985). Many irhmediate early genes encode transcription factors that bind to

specific DNA sequence elements present in the regulatory regions of their target genes, thus

‘regulating a subsequent wave of gene expression. Three of these early response geneé that -

are involved in cell .cycle progression are the prbto-oncogenes c-fos, c-jun, ahd c-myc.
Because of their rapid and widespread tréﬁsc’ription, ihes_e proto-oncoge_nes pr.ovide4an

~ excéllent model for studyiﬁg the -mechanisms by which extracellular stimuli regx;late DNA
synthesis during the cell cycle. in the present study,_thé effects' (_)f grth factors on
éxpressi.o.n of these immediéte early genes was'analyzed to investigate their involvement in

_ proliferation of embryonic palate mesenchymal cells.



23

Figure 2. Ligand-induced cellular response through activation of

immediate early genes.
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c-fos

The immediate early gene c-fos is one of the best characterized proto-oncogenes, and
its proteih product, c-Fos, belongs to a family of highly related nuclear phosphoproteins
whieh also includes v-Fos, FosB, and Fos-related an;cigens, Fr.a-1 and Fra-2 (Verma and
Graharﬁ, 1987; Curran, 1988; ‘Distel and Spiegelman, 1990; Hesketh; »1994; Misra,_

1994; Piechaczyk end Blanchard, 1994). fes was initially isolated, as the gene responsible'
for jnduction of bone tumors (v-fos), from tw.o murine osteosarcoma retroviruses, ankel- '
Biekins;Jinkins (FBJ) and FinkeI-Biskins-ReiIIy (FBR), by Curran and Teich in‘ 1982
“(the ter.m> fos is derived from FBJ/FBR. -oste.osarcoma) . Subsequently, cellular fos (c-foe)
was eloned from a mouse liver and a human llymphoblast cell line (Curran et al., 1983) and .
its complete nucIeotide sequence was determined (Van Beveren et al., 1983, 1954; Van. |
Straaten et al., 19_83). In addi;tion to mice éne humans, c-fos has been identified in other

' vertebrates such as chicken and Xenopus, and its structure seems to be highly conserved‘
among various species (79-94%) (Refereeces cited above).:

Th'e c-fos gene sfructure consists of a 5’ promoter region, a coding region containing
four exons, and a 3’ non-codihg regfon containing poiy(A) tail (figUfe 35). The mRNA
transcript of c-fos hae a size of 2..2 .k"b‘a’s detected by Northern blotfing,‘andl encodes the 380
amino acid c-Fos molecule. The primary trenslation product of c.-fos is 55 kDa (Curran et
| al., 1.982). However, on polyacrylamide gel electrophoresis, the apparent'melecular
weight of c-Foe is_ between 55‘-62 kDa, perhaps eue to high proline content of the protein

and post-translational modifications such ee‘phos'phorylations and phosphoesterifications on

its serine and threonine residues (Curran et al.,, 1984; Verma et al., 1984; Muller et al.,

1987).
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Figure 3. Schematic diagram of c-fos géne (a) and c¢-Fos protein (b)'s'tructure (source:

Ransone and Verma, 1990).

c-Fos is a short lived transcription factor (half life 30 minutes-2 hours; Curran et
al., 1984; Miller et al., 1984; Curran and Mergan, 1986), which has been implicated in a

variety of cellular activities including cell growth, proliferation, differentiation, death and

oncogenic transformation (Verma, 1986; "Gonzaléz-Martin et al., 1992). Structurally,

c-Fos consists of a leucine zipper region, a highly basic region, and a transcription

activation. domain (figuré',Sb) (Curran, 1988; Distel and Spiegelman, 1990). The
phosphorylation of ‘c-Fos seems to be altered by a variety of extracellular stimuli. /n vitro

studies have shown that both the C-terminal and the N-terminal domains of c-Fos can be

~ phosphorylated by several protein kinases such as p34-(cdc2), PKA, PKC, MAP kinase,

DNA dependent protein kinase (DNAPK), GSK, and RSK (Abate et al.; 1991; Taylor.et al.,

1993). Extensive pdst-trans.criptional modifications- of c-Fos led to suggestion that c-Fos

activity may be a distal intermediate in the process of signal transduction (Distel'and‘
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Spiegelman, 1990)." c-Fos coUId translate diverse short-ternﬁ‘events from cell nj.embrane
ihtb both short-'_term. and Iongfterm changes in gene expr4essio.n: (Morgan and Curran,
1986). The exact effect of c-Fos phosphorylations in regulation 6f its transcriptional
activity is, however, not well 'understood. _' |
To act as a transéription factdr, Eos molecules .redpire'dir'nerization with fhe Jun_
family of transcription fact_ors. Due to théif protei.n structure, Fos mem‘bers are not
" capable ofbforming homodimers, -and therefore, on their own, they cannot bind to DNA and
‘a'ct'ivate transcription‘ (Verma. and Graham, 1987; Curran et al., 1993; Piechaczyk and

Blanchard, 1994).

hegulatioh of c-fos transcripiion

Several extracellular 'stimuli such as serum, growth factors (EGF; PDGF, NGF, FGF,

etc.), cytokines, cAMP, Caz*, phorbol esters, UV I.ight, etc., may Vrresult in rapid and
‘transient. induction of c-fos in ;1 Variety of cell fypes ihcluding fibroblé_sts, Iymphocyteé,
nerve cells, anvd established cell lines}(Curranv, 1988; Distel and Spiégelmah, 1990;
Rénsone and Verma, 199.0; Angel and Karih, 1991)‘. c-fbs trénscription usually begins'
within minutes afterl stimulation of the responding cells;‘its.mRNA levels reach maximum at
30-60 minutes and decline té bésal levels by 90-120 minﬁtes (Cochran et al., 1988;
Curran, 1988; Misra, 1994).. It is generally agreed in the Iiteratﬁre that c-fos
transcriptional activation vinvolves" several cbmbléx regulatory mecha.niéms. ‘

One of t_he mecﬁanisms responsible for c-fos transcriptional 'regulation involves
intefaction of several.transcrjptioﬁ factors with the c-fos promoter region (Curran,
1988). The c-fos promoter region contains a number of regulatory sequences (H-iII and-

' Tréisman, 1995; ‘Janknecht, 1995) (figure 4). The serum response element (SRE) is a

- protein binding site required for the induction of c-fos expression. by serum and mitogens
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(Gilman et at, 1986; ATr-eisman, 1992). SRE appears to be conStitutiver occupied by a
ternary complex of transcription factors that contains serum resp'onse‘ factor (SRF) |
homodimer, and a ternary _compléx’ factor (TCF; which i‘ncIu”des Elk-1, SAP-1,.or S‘AP;Z) t,

(Normah‘et al., 1988; Shaw et al., 1989). Following stimulation 6f quiescﬁent cells by

‘serum or growthfactors; both SRF and TCF are phosphorylated (Prywes,et.al., 1988; ’
Jankn'echt et al., 1993; Marais et al., 1993)..‘ The exact mechanism responstble for

"actlvatlon of SRF is not well known; however, mvolvement of PKC dependent pathways has

been |mpllcated (Graham and Gllman 1991). Furthermore,.phosphorylatlon of TCF
molequles by MAP klnase' seem to play an important tote inv stirttulationvot c-fos exbreséidn ’
(Shaw etéL,1989;Humkmd et al., 1991; Hill et al., 1993; Davis, 1994). Another
teQuIatory DNA'. seq‘uence in the a-fos promoter is the ¢a|cium and cAMl'D rasponse eletnent‘

(CRE), which ‘mediates rapid c-fos induction in response to elevated cAMP and calcium

o V(Gilman,v 1986; Sassone-Corsi et al., 1988; Sheng et al., 1988; Fis_ch' et al.,' 1989).

Expression of ¢c-fos in response to calcium and CAMP has been proposed to occur through

, phosphorylation of CRE binding prote'in’ (CREB) by PKA (Shéng et al.,, 1991). The sié-
. mdumble element (SIE) is also a transcrlptlon factor blndmg S|te in the c- fos promoter

SIE seems to interact with the STAT famlly of transcription factors and contribute to c-fos.

promoter activation by cytokines and growth factots that induce STAT DNA-binding act|V|ty

(Fu and Zhang, 1993; Sadowski et al. 19923' Zhong et al., 1994; Leaman, et al., 1996). It

has been suggested that an AP 1 b|nd|ng reglon in the promoter region of c-fos may be

responsnble for c- fos negative auto- regulatlon (Sasson Cor3| et al., 1988; Fisch et al.,

1989)
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Figure 4. Schematic dfagram of c-fos transcription'al regulation on its‘ promoter region,
(modified from: Hill and Trilesman, 1995 ). : :

In additioh to promoter-directed regulatory mechanisms, dther mechanisms appear
to be Vinbvolved in regulation of c-fos transcription. The rapid furn over of the'crfos mRNA
seems to depend on fhe presence of é AT-rich untranslated fegion‘ at the 3; of c-fos as well as
a re,gion.ih the coding domain ‘of c-fos (Meijlink et. al., 1985; Rahmsdorf et al., 1987; Lee
et al.,, 1988; Raymond et al., 1989). In the presence of protein synthesis inhibitors, the
hai_f life of c-fos mRNA is increased, suggesting an involvement of a~ rapidly induced RNése in
the degrédation of these molecules. Also, c-Foé may be involved in dbwn-regulation of its
own transcription; Sasson-Corsi and associates (1988a), and échonthal and coIIeagges
(1988) indic;ated thét over expression of‘ ¢-fos may result in rapid reduction of both the'
basal level and -‘serum induced levels of c-fos expression. 'Similarly, inhibition of c-fos
prbfein synt'hesis using'antisense ‘RNA seem to lead to ;cm incréase in the c-fos.transcri'ption.
Furthér analysis of c-fos delgtion mutations revealed that the C-terminal of c-Fos may be

involved in its tfanscriptional repression (Gius et al., 1990).
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The proto-oncogene c-jun is another lim‘mediate early gene, which has been the
subject of ex_tensive investilgations during the past two decades. The pretein product of
c-jun, ¢-Jun is a member:of a family of related transcription factets that also ineludes
v-Jun,-JunB, and JunD. Although the Jun transcriptio‘n factor fami_ly mevmbers share
stgnificant sequence homology, they are expressed in varieble amoun.ts in different cell
types ‘and tissue.s, an-d show different transcrintiona"l and biological activities (Chit.l et al.,
1959; chhutte e't.al., 1989; Castellezzi et al.,, 1991; Deng and Karin, 1993; APfarr et al.,
1994). jtJn was initially identified and isolated as the transforming gene of avian sarcoma
virus 17 (ASV 17) in chicken cells by Maki and associates and Vogt and colleagues in 1987
(the term jun is the.'condensed form of “junana”, the Japanese word for 17). Subsequently;
cellular jun has been identified in_ several vertebrates (humans, mice, rats, and chickens) -
.where it shows to have high eequence homology (71-99%) across species (Ryder et al.,
'1988;'Schutte et al., 1989i Nomura et al., 1990; Hartl _et al., 1991).
| t’he vertebrate c-jun.gene consists of a 5’ promoter region, a single exon witnout
any introns, and an extensive 3’ non-translated region (tigure 5a). It-encodes for 330
amino acid (39kDa) c-Jun protein. Using Northern blotting technique, the mRNA
transcript of e-jun has been detected in two sizes 2.7 and 3.3 kb. The two transcripts seem

to differ in the size of untranslated pon(A) (AU-tich‘ sequence) tail at the 5 end of the

mRNA (Ransone and Verma, 1990; Vogt and Bos, 1990; Hesketh, 1994).
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Figure 5. 'S'chematic strubture of c-jun géne (a) and protein (b) (source: Ransone and
Verma, 1990). ' S

The product of proto-oncogene c-jun has been implicated in regulation of a var’ietyv of
CeIIuIar_activities including cell proliferatilon, differentiation, death, and oncogeniAc.
transformation (Vogt and Bos, 1990; Angel gnd Karin, 1991; Devary et al., 1991; van Dam
et al., 1995; Bossy-Wetzel et al., 1997). Structurally, c-JAun p.rotein Conéists of a leucine
zipber domain and a highly Basic domain in its C-terminal region and a highly aéidic
transcriptional aétivation domain in_ its N-terminal region (fi'gure 5b). In vivo apd in vitro
stﬁdies héve revealed that both the C-terminal and the N-terminal domains of c-Jun can be
phdsphorylated by several protein kinases including Jun-N-terminal kinase (JNK), stress
aétivated protein kinase (SAPK), GSK, and CK 2 (Devary et al., 1992; Karin and Smeal,

- 1992; Hibi et al., 1993). In resting (GO) epithelial and fibroblast cells, ¢-Jun is

phosphorylated by GSK on ihe C-terminal near its DNA binding domain, which exerts
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‘ inhibitory effects -on c-Jun ‘activit'y. In growth facfor or mitogen stimulated cells, -
activation of c-Jun occurs through dephssphoryla‘tion'df the C-teiminal (perhsps thi'ough a
PKC dependent mechanism) and piiosphorylaiion of the N--terminal,' b)i prstein kinases such
as:JNK, SAPK, and CK2 (Bsyle et al., 1991; Hunter and Karin, 1992, Pulverer et al.,
1993). | |
To act as an active transcription factor, the c-Jun molecule should form a dimer
complex with other transcription.factors. All the n’iembers of Jun family, including c-Jun
assosiaté with Fos proteins to form Fos-Jun iieterodimers, also known as activator
prstsin-1 '(AP-1). In turn, ti1é AP71. family of transcription factors activate a wide’
assortnient of genes in diff_erentI tybes of cells in response to therenvirofnmental stimuli thai
abtivate signal transduction patlhways (Hunter and Karin, 1992; Hill and.Triesma’n., 1995;
Karin, i995)j To activate a gene, the AP-1 molecules bind to 5TGAG/CTCAS’ consensus
' . sequences on DNA recognized va‘s the TPA (12-O-tetradecanoylphorbol 13-acetate) rssponse
-' eiement ‘(TRE) of severai cellular and viral genes (Angél .anc..i Karin, 1991). The affinity of |
».Jun protein for DNA binding is significantly inc,:ie‘eised by the presence of Fos. In addition,
"unlike c-Fos, c-Jun homo’dinier acts as an active transcription fasior; however, its activity
is much less théh‘ JiJn/Fos heterodimer (Angsl and Karin, 1991). In addition to s-Fos,
c-Jun also associates with other transcription factors such as -ATF-2 and 'CB:EB»to forin
* active transcription fastor ~hetsrodime‘rs (Hai and‘ Curran,‘ 1991). The ability- of 'c-JUn to
interact with differerit trans‘i:ription factors may result in its_ binding to several' distinct

" DNA binding sites and activation of diverse groups of genes.

Regulation of c-jun transcription

‘The c-jun gene is expressed in response to a variety of extracellular stimuli

including growth factors, UV light, phorbol esters, oxidative stre’ss,'etc‘.- (Sherman et al.,
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1990; bevary et al., 1991; Rozek and Pfeifer, 1995). In most cell types, the c-jun mRNA
levels increase within 30-60 minutes following stimulation, and decline to basal levels by
2-4 hours (Lamph et al., 1988; Ryder and Nathans 1988). Elevation of c-jun mRNA levels
appears to be due to an increase in gene transcription in response to extracellular stimuli
(Ryder and Nathans, 1988; Sherman et al., 1990; Devary et al., 1991; Bergelson et al.,
1994). Several transcription factor binding regions have been identified in c-jun
promoter region, which seem to be responsible for regulating its expression (figure 6).
These regions include a serum response factor-related binding domain (RSRF), two
AP-1-like binding domains (juni1 and jun2), a CAT domain, a SP-1 domain, ahd a nuclear

factor-Jun binding domain (NF-Jun).

ITGFB I I UVI IGrowth Factorsl IPhorboI esters ' | serum I
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Figure 6. Schematic diagram of c-jun transcriptional regulation.
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In both unstimuiated and stimulated fibroblaéts, the é-jun prornoter region is ‘
occupied "by'transcription factqrs; therefoi’e, mechanisms such as post-tranéciptional
rnodifications of the transcription factors (eg. phosphorylation by various signaling
pathways) or replacement of less active transcription factors with more active 6nes may be
responsible for indtiction of c-jun expression (Rozek and Pfieier, 1993ﬁ Herr et al,, 1994; |
van Dam et al., 1995).‘ Both the Ai’-1 binding siteé in c-jun promoter seem to be i'nvolved
in pbsitive regul'ation ofbc-jun expression by serum', EGF, UV light and Anho'rbol ester (Angel
' gt‘ al., 1988; Han et ai., 1992; van Dam et al., 1993; Herr et al.,, 1994). The transcription
factors that interact with ‘c-jun AP-1 sites include c-Jun/AP-i and c-Jun/ATF-2 |
complexe.s (figure_ 6). In vivo and in vitro studies have anwn that .seve4rai differi—:‘n't .
mitoéen inducéd protein kinvase pathways (including' MAP kinase signaling é:ascade) are able’
to phosphorylate c-Jun at both at 'the transcriptidnai activation domain énd at the DbNA .
binding doméin (Pulverer et.al., 1991; Baker etA al., 1992; Hibi ei al., 1993; Kamada et
al:, 1994) té increase its vtranscriptionai activity (Smeal et‘a.ll., 1992; H|b| et al., 1993).
A'i'F-2 also appears to be va target of stiess acti\iated protein kinase (SAPK),-a membei*'of |
the MAP kinasé family (figure 6), in response to UV light stiniuiatinn (van Dém et al.,
1995). RSRF 'seems to bé iesponsinle 'ior c-jun induction by serum, phorbol esters, and
EGF i.n fibroblast cells (Han et al., 1992; Rozek and vaeifer, 1995). V_The ‘mechanism_ by
which extr_aceilular stimuli induce RS'RF transcriptional activityl, howevér, is unknown.
Nucleér factor-jun (NF-jun) bindi'ng region associates with ‘NF-jun‘tran_s_cription factor,
‘which has several features similar to NFKB.and its expression is restricted to proliferating
. cells (Brach et él., 1992). NF-jun seems to be involved in éciivation of ¢-jun -
transcription in response to tumor necrosis factor-a (TNF;oz) and phorbbl és’ters. 'I-'he. PKC
(figure 6) pathway has been prpposed to regulate NF-jun trans_cription.al activity ’(Bvrach et

al., 1992). In addition, RB protein has been reported to activate c-jun expression in
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~ fibroblasts (Chen et al., 1994). ﬁB protein seems to exert its éffect on c-jun expreséion
thiough binding to the Sp-.1\ binding site in ihe c-jun prnmoter as well as through- binding to |
the Sp-1 inhibitor and result in release of' active Sp-1 transcription factor (Chen et al.,
1994). | |

In addition to the positive regulatory mechanisms, c-ji’Jn expression is subject to
. several negative regulatory -mechanisms.‘ ‘c-jun‘negati've regulation seems to be important
in normal cell function, sinne c-jun over-expression rnay result in voncogenic '
transfbrina'tion.’ Similar to other immediate .early gene, c-jun mRNA transcripts are very
unstable. The q—jun mRNA nas a very long untranslated poiy (A)_iails‘ (approximately |
1kb), which may be the site of specific RNAse enzymes (Hattori et al., 1988). Additional
negative mechanisms méy'also operate through c-jun'promoter region.. For example,
transfection experimenfs have shdwnvthat homodimers of i.JunB,'a c-Jun-related proto-
oncogene, b‘ind to AP-1 binding sites in ‘c-jtin promoter and act as its negative regulator
(Angel and Karin, 1991).' Furthermore, transcriptionél .ac>tivity‘ of c-jun may be
repressed by CREB, whichi forms heterodirners wiih'c-Jun and bind to the AP-1 binding
region (Angél et al., 1988; Benbrook and Jones, "i99(i). The activity of CREB seems to be
i_egulated by its phosphorylaition through PKA in response to cAMP- inducing factors
(Benbrook and Jones, 1990; Macgregor ét al.,, 1990). In some cell typéé TGFB seerns to
exert ‘negative effects in ébti\)ation of.c-jun‘ expression (figure 6).. Sott and assdciates
(1994) suggested_‘ that TGFB exert its negative effects by inhibition of the nuclear activity of
NF-jun tran’scription factor. Taken toget_her, these find'ings show that transcriptional

. regulation of c-jun is a complex process, and involves interaction of a large number of

regulatory proteins.
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c-myé

" One of the most extensively studied immediate early genes is the c-myc proto- ‘
oncogene, whosevpr.ot'ein product, c-—Myﬁ, belongs to a large family of highly related
bhosphoprotein's thét alsovinéludes Q-Myc, N-Myc, B-Myc, 'S-Myc and' L-Myc (Marcu et
al., 1991; Spencer and Groudine, 1991; Henriksson and Lischer, 1996; Lemait_re ei al.‘,
.1A99‘6). . Upon translation in the cytoplasm, these proteins have been shoWn to translocate to
' the nucleus, bind t_o specific DNA sifes,- and éct as transcriptional acfivators. In 1979,
_ Shieness andl Bisﬁop identified the first myc gene, viral myc, (v-myc), as the tl;ansforming
sequence in the avian leukemia retrovirus 'MCQQ,_whose expression caused myelocytomas,
carcinomas, sarcomas, and Iymphdrﬁaé in birds fibfoblasts and macrophages (Cole, 1986).
~In 1982, Vennstrom and associates isolated thé cellular homologue of v-myc, c-mye, from
chicken fibroblasts. It is now recognized that c-myc is evolutionarily conserved; its
homologue genes have been cloned and characterized in insects, zebra fish, frogs, sea_ stars,
as well as in mamméls (Marcu e_t al., 1992; Henriksson and Lischer, 1996; Lemaitre et
al.,, 1996).

The gene‘ structure of c-myc‘consi'sts of a promoter region, three exohs, ahd a
- poly(A) tail. (figure 7a). The ¢c-myc gene product is iranslated‘from exons two and three.
: The'eXon' one is non-coding altho'ugh it is evolutionarvily conserved (Férhlander and Mar:cu,‘
1986;'Marcu et al, 1992). lUsing immunoprecipitation tech.niques‘, Hann'.and associates
(1983) éhd Personn ‘and coworkers (1984) detected. translation of at least two nuclear
| préte'ins p64 and p67 from human ¢-myc. These two gene products seem to e‘xh-ibit very
similar phosphorYIation, protein interactionlvand DNA binding properties in both in vivo and

.'in vitro systems (Personn et al., 1984;‘ARam'say et al.,, 1984; Watt et al., 1985). The

transcripts for these two gene products have a size of 2.4 andi2.2 kb and appear to be
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~ encoded ‘under the direction of two different promoters, P1 (10-25%) and P2 (75-90%)
(Henriksson and Luscher, 1996; Lemaitre et al.,, 1996).

a) c-myc gene

. Poly (A)
P1 P2 . AUG signal
, r»
promoter r .
» _ [ | 1| s
— 1 1 —— Lt
Exon 1 Exon 2 Exon 3
b) c-Myc protein
Transcriptional ) Basic HLH LZ
activation domain . ' NLS region
AR =
NH2 { | \\\

Figure 7 Schematic diagram of ¢-myc gene (a) and c-Myc protein (b) structures
(source: Marcu, et al.,, 1992; Lemaitre et al., 1996). '

’

Structurally, c-Myc consists of a tran;criptiona| activation domain in its N-
terminal (Katb et al., 1990), a basic heIix-Ioop-he-.I-ix leucine z'ipp'er (bHLHLZ) domgin
(Landschulz et al., 1988; Murre et al.,. 1989; Luscher and uEisenman, 1990), aé well as
two nuclear localization signals (NLS) in its C-tebrmiﬁa’l (Daﬁg and Lee, 1988) (figure 7b).
Numerods in vivo and in vitro studies have shown that c-Myc is phosphorylated on serine,
and threonine residues in the transcribtional activation domain,r by glycogen synthase
kinase-3 (GSK-3), MAP kinase, p34 cdczl kinésé (CDK.1){ and a p107/cyclinA/CDK
complex, ”and. in the C-terminal domain by‘ Casein kinase-2 (CK-é) (L.utterbach an.d Hann,
1‘994;‘ Henriksson and Luscher, 1996; Lérﬁaitre, et al., 1996). | Phqsphorylétion of Vé-Myc

on serine and threonine residues is regulated by mitogens, and alters its ability to induce

gene transcription. Also, it has recently been shown that the phosphorylation sites of c-Myc
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are diffe;ent.in immortalized ‘and transformed cell lines compéred with primary cells
(Lutterbach and Hann, 1997). c#Myé is a s'hoft--lived. protein with a half life of 20-30
'minutes _kLUschér énd Eisenman, _1.990). From alfunctional Vi.ewpoint, c-Myc is implicated
as a positivé regulator of cell proliferafion, cell cyclé progression, neoplastic cell
transformation, and‘apopt‘osi's, and an inhibitor of cell differentiation‘ (Marcu et al., 1992;
‘Pakham and Cleveland, 1995; Herinksson and Liischer, 1.996). .

To function.és a transcription factor, dimerization of c-Myb with another protein ié
essential. c-Myc .homodimers are unstable' and seem to be physiologically inactive. The
c-Myc ‘partner, Max, was identified by screening" a human cDNA expreséion library with a
radiolabelled fusion protein containing tne- 'c-Myc’: C-terminhs'(BIackwood and Eisenman,
1591). Max is a bHLHLZ transcripfinn factor that lacks a transcriptional acti\)ation domain
and;_form:s stable heterpdimers with q-Myc, N-myc, and'L-Myc as well as>homodime‘rs with
itself (Blackwood and Eise‘nr'nan, 1'9IQ1; Wenzal et al., 1991; Blackwood et al., 1992;
Mﬁkherjee et al., 1_992). Also, unlike. ¢-myc, Max protein is abundant in various cell
Ntypes, has a Iong half life, and its expréssion is not regulated by growth factors or mitogens.
. (Amat| and Land 1994).

Myc and Max interact with each other through thelr HLH and LZ domains, and with
DNA through their hlghly basnc regions (Crouch et al., 1993; Davis and Halazonetns_, 1993).
Myc/Max heterodimérs bind to a DNA concensus nexamer sequence, CACGTG, also known a§
E-box (Blackwell et al., 1990; Prendergast et al.,, 1991, Fisher et.al.’ 1991l' Kerkhoff et

al., 1991) Slnce recognition of the E-box, several studies have focused: on characterlzmg
the genes that possess this E-box in their promoter and are subsequently mduced by the
'c-Myc/Max dimer. The c-Myc/Max-induced target genes mclude o- prothymosm (a

nuclear protein with unknown functlon) (Eilers et al., 1993); ornithine decarboxylase

(ODC) (Bello Fernandez et al., 1993; Tobias et 'aI., 1995); tumor suppressor gene p53
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' "('Riesfnan et al.,, 1993); a develbbmentally regulatéd- gené E¢A39; which;may .be‘ i‘n:vol\'/ed in..
:cell clycle regulation‘ (Bevenfsty et al., 1992; Schuldiner é'; al., 1996); cad which ehco'des |
. one of the -mediators. ‘of pyrimid.i_n:_e synthesis, (Milténbérger et al, 1995');‘-c-:d025A Qene .
'whose vproduct is a CDK;activating phosphataée Y(Galaiktion‘ov: et aI.,v 1996),' ahd elf-2a,
enqoding éukaryotic franslatioﬁ initiétion_ féétdf (Résewald et al., 1993A).: Even though the
m_echaniAsm> 'by Which 'these target gernés t;nay mediate the.e.ffe1c;t.s _of c_-myc»i‘s nbt well |
understood, a few of these genes such as éad,'ODAC, and ECAéQ have bée'n suggested to be
_involved in cell cycle pfogreséion and'c'eil traﬁsfq.rmatiOn (Moshier et al., »1 993,
Miltehberger, 1 995;. 'Schuiinderl et al., 1996) : ‘ e | "
l;n"addition to Max, two o}th‘er bHLHLZ protéiﬁ‘s, Mad'(Ay)/erf ef al., 1993) and Min
(Zervos et al., 1993), which. interact with Méx, but éhow'no homology té efther Myc orvM'a)'(
' ‘have Eeen identified.» It appears that‘t.r.lesc’e 'proteins Vcorﬁpete with .My_c“for bi'nciing fto.‘ Max‘
Wifh vapp.rox.imately eqqal affin‘iti.es-(Ayer _ei’al., 199'3). Re.cizen.tl'y,‘ it haé 'béen proposed t‘ha'\t
Myc:Méfoad may form a transcription factor ngtwdfk.for contfol’_l‘ing‘vc.ell cycle -
--.progreSSibn, differentiation, énd apoptbsis (figure 8) In this network, M;/c/Max
4 heterbdimers seem to iﬁduce cell proliferation and apoptosis, whereas Mvax/Mad‘ and |
' Mxi/Mad may be involved in growfth' arre’stlﬁand cell differehtiatiqn '(Amati etAaI.,. 1994; .
Hén;ﬁiksson ar;d Li]sch>er‘, .1996). | Whether various gr‘owt.hv sfimulatory factors that aré >_

implicated in modulation of .c-Myc activity affect the tranScription factor p'airihg is not yet

known.
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_Figure 8. Myc- -Max- Mad Cell cycle and expressmn of Myc and assocnated protems
(source Henriksson and Luscher, 1996; Lemaltre et al., 1996).

Régulation of c-myc transcription
The expresvsion of the é-myc gene is hiighly régulated by éxtracellular'factors. In
vqu1esent cells, c-myc mRNA and protein are generally not readily detectable. Several
~growth promotlng factors such as serum, PDGF, FGF, EGF, IL- 3 CSF, etc. induce a rapld and
transient c-myc expression in fibroblasts, keratinocytes, and lymphocytes (Marcu et al.,
1992; Henrikson and Lischer, 1996). Iﬁ contrast? growth inhibitory, or differentiation
promoting factors s‘uch' as TGFB, TNFo, and interferons 'ar.)pear to inhibit c-myc activation.
For example, TGFB downregulates mRNA and proteln levels of c- myc in mouse BALB/MK
_ keratinocytes (Polyak, 1996). Numerous studies have proposed the mvolvement of
multiple growth factor-initiated signaling cascades_ in regu_latlon of c-myé expression
including PKC, c-AMP (PKA), JAK/STAT, CK2, and Src pathways (Luscher _et al., 1959;
Barone and Courtneidge, 1995;‘ Lemaitre, et al., 1996; Waténgbe et al., 1996).

Furthermore, a number of regulatory sequences have beén identified in the 5’ flanking

_region (promoter region), exon 1, and possibly intron 1 of ¢-myc, which seem to interact .
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with tranécriptibn factors c-Myb, NFKB, .Sp-1, NF-1, AP-2, E2F, AP-1, ‘and octamer
biﬁding factor and may be. involved in regulation of c-myc expression in response to the
V'extracellular stimuli (Marcu et al.;, 1992; Dubik et al.,- 1996). |
| Another- mechanism by which c;myc transcription -.is f(jegiulated invdlves its mMRNA
- elongation. Abnormal t(anscript elongation has been no.ted in leukemia virus-transformed
murine fibroblasts, differeﬁtiating mouse erythrole‘uke.mia (MEL) celis, and P19 cells |
.(Nepveu, et al., 1987; Sthrnéud, et al., 1988). Also, it‘has been suggested-‘that
transcription elongation blockage ma_yvbe a mechanism for down regulation. of ¢-myc during
differehtiation (Campisi et al., 1984; Marpu al.,, 1992). Truncated transcripts do not seem
1o accu;nulvate in the nucléus or cytoplasm of mérrimaliaﬁ cells aﬁd are cjuickly destrqyed in
the nucleus (“Spencer and Groudine, 1990). Several studies have investigated the regions
necessaky fqr transcription blo‘ckbage Within the c-myc gene. Theée regions seem to lie in
the 3’ end of the exon 1, P2 p;'omo;ter, and 5’ end of exon1/intron1 boundary (Miller et al
1989; Wright and Bishop, 1989). |

In humén T Iymphocyteé, mouse spleen lymphocytes and ‘T cells, and mouse
fibroblasts, mitogens ahd growth faciors such as PMA, Coh A, and EGF have been suggested to
exert their effect on c-myc trénscription by relieving the block of elongation (Eick et al.,
' 1987; Nepveu ef al., 1987; Heckford, et a‘l.,‘ 1988; Lindsten, et al., 1988; Curfy et al.,
1989’ ). However, the exact mechanism of myc transcription blockage and its removal
femains to be determined. | | .

Post transcriptional modification of c-myc mRNA transcripts has been proposed to
be yet another 'n'-1echar»1ilsm.‘for regulaﬁng'c-myb transcfiption. Alterationé in c-myc mRNA.
stability was .first identified in the malignani célls of murine plasmacytomas and Burkitt's

lymphoma. In these cells, c-myc mRNA seems to be about 10 times more stable than in

untransforme_d cells, with é half life of several hours instead of 10-20 minutes (Eick et al.,
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'1Q85; Piechanczyk et al., 1985; ‘Rabbits et al., 1985). Also, post-transcriptio‘nal'
bhenomena havei beeh shown to contribute to both promotion and inhibition of c-myc
transcription during cell proliferation and differentiation. For instance, post- -
transcriptional regulation seems to bevrespo_nsible for _increased levels of c-myc expres_sion K
and mRNA stability in growth factor. treated cells'(BIanchard et al.,, 1985; Levine .et al.,
1_586; Lacy et al., 1989). _Furthermore, in regenerating kidney and liver in vivo,
alte.rations‘ in c-myc mRNA stability is r.espc')insible for enhancéd c-myc inauction (Asselin

"~ and Marcu, 1989; Sobczak-et al., 1989; Morello et al., 1990). Se\}eral
deletion/transfection studies have revealed that bofh 5 flanking/exbn 1 sequences and an AU
_riéh region .at the 3’ untranslated end of c-rhyc mRNA are'ihportant in determining the
‘stability of c-myc transcrip;t (Jones and Colé, 1987; Brewer, 1991).

The aforementioned mechanisms of c-myc transcriptional control indicate that
regulation of c-myc proto-oncogene expression is a highly complex process. Différent_iated
cells tend to show reduced c-rﬁyc transériptional initiation and premature tranvscription :

~terminaﬁon, whereas proliférating éells demonstrate an increased c-n’iyc exbressic;n
through a.combination of enhanced transcriptional initiation and post tran_scripti‘onal mRNA
stabiliiation_. |

Furthermore, c-myc has been suggésted to have an autoregulatory effect on its own

' gene expression. Using/ transgenic systemsi, Grigani et al (1990), and Pénn et al (1990)
have proposed a negative autoregulatofy loop for e-myc in cells derived from primary
cultures and established cell Iines.' In these cells, exogenous ¢c-myc expression negatively
regulates the endogenous c-myc expression in a dose dependent manner (Grigani et al;,

1990). On the other hand, transformed cell lines might have lost their c-myc’ -

autoregulation ability (Grigani et al., 1990).
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- Immediate Early Genes in Cell Proliferation ahd Cell Cycle

The induction of c¥fos, é-jun, c-hyc transcri'ption is_ one of the earliest hUcIear
response to a wide variety of extracellular stimuli, which are known to eXert effepts on cell
proliferation, differentiation, tra’nsformatio‘h,‘and apoptosis. . Depending upén the cell type,
. its differentiation state, and the specific em)ironment, the effects of these pr'oto-oncégenes’

on regulation of these biological processes appear to be varied.

Observatioﬁ that: 1) tﬁe rapid and transient induction of c-fos and c-jun, duArirlmg
GO-G1 in cell occurs in resvponse- to various external stimuli that promote cell VV
proliferation, and 2) inductibn of transformation of cell upon deregul'ation- of these genes,
led to the proposition that both these transcription factors may be required iﬁ regulatidn of
cell cy(_:'le (Bravo a_nd Muller, 1986;'Lamph et al., _1 988; R'yaer énd Nathans, 1988; Ryseck
et al., 1988; Carter et al., 1991) as well as for vthe» maintenance continuous cell

proliferation (Smith and Prochownick, 1992). Aléo, ‘purified antibody against c-jun has

been shown to prevent DNA synthesis in fibroblasts (Kovary and Bravo, 1991).

The notién that the increased expression of c-fos and c-jun is necesséry for the
G0-G1 iransitioﬁ hés been, however, challenged by the observation that cell proIiferation‘
may occur 1) in the absence c;f increésed expression of these proto-onéogenes (Columbano _
and Shinozuka, 1996), or 2) in t.'he presence of purified a'ntibodies.‘or éntis_ensé RNA againét
c-fos products (Kovary and Bravo, 1991). It has been, 'howéver, suggested that. Fos related

proteins may play compensafdry' roles in the absence of c-Fos (Kovary and Bravo, 1991).

A dimer combination between c-Fos and c-Jun forms activator protein 1. (AP-1)

transcriptional complex, which is involved in transmitting growth promoting signals for

cell proliferation and differentiation (Angel and Karin, 1991) as well as for apoptosis
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(Smyene et al.,, 1993; Goldstone and Levine,‘1994.; Estus et al., 1994)...AP_-1 activates
several genes in response to extracellular agents that stlmulate various signal transduction ‘A
pathways, leading to DNA synthesns (Hunter 1987; Hunter and Karln 1992; H|II and
Triesman, -1995). It has been suggested,that messages from different signaling pathways '

converge at AP-1 to eventually regulate its function (Bandyopadhyay and Faller, 1997).

..Also, c;myc is rapidly induced within 1-2 hours of mitogenic stimulation of resting

(GO) cells. Similar to other immediate early genes, mitogen induced expression'of c-myc -
does not :require protein synthesi‘s (C'OChra‘n‘et al., 1983; Greenberg et al., 1985).'
' Expression of c-myc alone seems to be necessary,'and in some cases sulfficient for_vGO-.G.t

' transmon in many . cell types (Zorlng and Evan, 1996) Unlike other immediate early “
‘genes, however c-myc mRNA levels do not drop to the background levels-after cell entry to
G1, but they’ stay at a constant Ievel throughout the cell cycle in proliferating cells
(Henrikson and L_uscher, 1996; Lemaitre et al., 1996). The‘continued expression of c-myc
throughout the cell cycle may be suggestive of its role in other stages of the cell cycle in
_ addition to GO?Gt,..transition. -In fact, several s'tudies have provided evidence that c-Myc
may be required for S-to-G2-to-M transitions in many cell types (Waters et al., 1_'9._91>;
Shibuya et al., 1992; Seth et al., 1993 Born et al., 1994). Cells t.hat express 'highlevels :
'of‘ c.—Myc protein.generally have: reduced growth factor requirer'nents (Armelin et_al.,
1984; Stern et al., 1986), high ,growth’ rates (F.’almieri et al.,, 1983), and can overcome

growth arrest (Armelin et al., 1984; Kohl_and Raley, 1987).
Immediate Early Genes and Embryonic Development

Information on ‘genes involved in regulation of cell growth, proliferation, and -

differentiation, during embryogenesis is of basic importance to understand the molecular
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baeis of development. All cells need continuous avail'abili'gy of differen't moleculesAto _
perferm various biologica'l activities. The transcription machinery, involving interaction
between trenscription factors and genes, fs cru-cial in regulating timely synthesis ane
degradation of molecules by a cell fer its biological activities of growth, proliferation, and
differentiation (Davfdson, 1986). Also, stimulation of a cell by diverse feetor's commite the
“cellto a cohplex (genetic) developm‘ental program duijing which immediate eerly genes
(proto-oncogenes)' are trapscriptionaily activetedbwithin inin'utes |n response ;to

' _vstimula‘tion.. During embryogenesis, immediate early gehes are impc')rtant not ‘only beceuse A
of their .coh‘necti-ons with extpaACeIIular factor-induced eignal transduction pathweys; but |

also. because of their potential role in cellular determination and/or differentiation.

Fos, Jun, and Myc are all transcnptlonal regulators and have been localized in

* various structures of vertebrate embryos or in cultured embryonlc cells. c- -Fos has been

recognized dunng development of adlpocytes and is expressed transiently in response to

many extra-cel_iular stimuli (Lee et al., 1996); Also, Smeyne et al. (1993) and Yano et al.

(1..99.6a) have identified exp_reseion of c-fos (in ihe epithelial cells during palate closure.

_' chun was localized during hepatogenesis (Hilberg et‘aI.,' 1993'),‘ toeth development

(Kitamura and Tarashita, 199_7); and is.implicated in long tefm* maintenance em‘bryonie

vfibroblests (Vandel ef al., 1996). Emlbryos' lacking c;jun die during mid to late Qeetetion or
show retarted growth (Hilberg end Wanger, 1992; Hilberg et ‘al., 1993;IvJohnson et al.l,

1993), indicating that c-jun is essept'iall for normal embryonic development. - No

correlation between expression of c-fos or c-jun and biological behavior of cells was noted

in these cells/tissues.

c-myc is perhaps the most wndely studied immediate early gene durlng

embryogeneS|s It has been Iocallzed in developing eye, mandlble maxilla, and tooth
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- (Yamada ef alf, 1992), embryonic rﬁésenchyme (Jaffredo et al., 1989; Stanton et al., ‘
'1992), chick limb (Ros et al., 1995), choridrocyteé (Farquharson et aI.,V 1992), |
"myoblasts (Miner _and Wold, 1991), and feather 'Qerm. developmént (Desbiens et al., 19l89).
‘High level of N-myc expression during early 'develobmént and c-myc éxpres.sion( during

" mid-gestation correlaté with cell proliferation,,whe'réas that of N- and L-myc with post-
mitotic cells undergoing differentiation (Zimmerrh.an et al., 1986; Mugréuer ef al., .1.988;
Schmid_et al., 1989; Morello et al., 1989;. Mugraugr and 'Ekbllqm, 1991; Farq-uhars.onA et
al., 1'992; Morgenbe#ser et:al., 1995). During embry'oh‘ic development, however,
?elationship between c-myc induction and céll proliferation.appears to be
cellftissue/species-specific. A correlation betweenb c-myc iri:duc‘tioh and cell p;oliferation
waé seen in mesoderm-derivve'd but not ecfoderm'- and endoderm-derived structures '
(Pfiefer-Ohlsson et él., 19‘85;'King et al.,, 1986; Downs et al., 1989; Schmid et al., 1989;
' Vand'enbunder, et al., 1989; Hirvonen et al., 1990; Lemaitre et al.,, 1995). A reduced
c-n/7yc' expression. was observed in embryonic mouse (Morgenbesser et al., 1995) but not

. in chick lens cells (Nath et al., 1987; Harris et al., 1992). Thé 'c-myc. proto-oncogené has
~ also been imp'lic‘ated_as an apoptosis promoting gene under conditions of restricted cell
proli’feraftionv(Evan et al., 1992; Pakham ahd Clevélénd, 1994). It has beén suggested that
during development, apoptosis is a physiblogical activity of c-Myc protein and is normaIIS/
inhibited by growth factor_s or by expression of survival 'genes such as ‘bcl-2 (Amati and
Land, 1994; Harrington et al., 1994). As anélyzed in the‘pre\(io'us paragrabhs, Myc
protein funcﬁons as a séquenée s>pecific' transcription factor that gbvéfﬁs the regulation of
target genes inyolved'in various biological processes (Torres et al., 1992). ‘Indeed, C-Myf: |

protein is required for embryonic survival (Davis et al.’,\‘-1993). ,
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PURPOSE OF THE STUDY

One the major issues concernlng the developmental blology of the secondary palate is
“how extracellular factors regulate various, blologlcal events such as cell prollferatlon ECM
synthe3|s,‘eplthellal-mesenchyrnal mteractlon, and-programmed cell death(_cell
| transforntation, ‘du‘ri\ng morphogenesis._‘of the secondary palate. Previous studies have ,
”."identlfied the invol\'/ement of several growth f_aCtors, including’EGF, FGF, |GF, PDGF, and
lTGFB, in regulatlon of prollferatlon of embryonic palate’ mesenchymal cells. However the
mechamsms by which these growth factors regulate proliferation of palate mesenchymal
cells are not known. The mformatlon is of S|gn|f|cance because studies on the devel_oprnent of
- normal palate as well as teratogen-induced cleft palate have Ied to the concept that cell
: proliferatlo_n is one of the crucial biologicalevents for advancement :o'f palate
morphogenesis. Hence the present study was undertaken 'to;(1) e)tamine the effects of
serum, EGF, TGFB1, and their comblnatlon on DNA synthesrs and prol|ferat|on of embryonlc

hamster palate mesenchymal cells (HPMC) and (2) the effects of serum, growth factors,

and/or their comblnatlon on the expresswn of growth-related immediate early genes (c-

fos, c-jun, and c-myc) in HPMC. .
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MATERIALS AND METHODS
Animal Maintenanée and Breedihg

Golden Syrian hamsters were used in this study. Male and female animals
- (100+10gm), 6-8 weeks old, were caged individUa,I’Iy and acclimatized for a minimum of
one week in an atmosphere of $Oi5% humidity, 24+1°C temperature, and alternating cycles
of light (6.00p.m. to 6.00a.m.) and dark. The food and water were available ad libitum. The
animals were mated by plaéing one male and one female in a plastic cag’é. The male and
female weré allowed to mate from.7.00a.m. to 9.00a.m.. .The rhidpoint of the mating period,

8.00a.m., was taken as the beginning of day O of gestation.

Col.lection of Ehbryonic Palatal Tiésué'

, To collect embryon.ic tissue for cell culturé, all thévperCedures were .carried out in a
sterile environment. Oh day 11:00 of gesta}ioh, the pregnant females were an'esthetized by
'an intraperitoneal injection of 0.2 rhl Sodium Peﬁtobarbital (65mg/ml). The embryos from
‘each female were coIIectéd and rinsed in a sterile 60mm culture plate containing 3 mi of
Dulbecco’s Modified Eagle’ Medium [DMEM (high glucose); Gibco/BRL Cat. No. 23700-040].
~ The palatal éhe'l_ves were dissected using an Olympus dissecting microscope (6.5X

magnification) and collected in a 60mm culture plate containing calcium magnesium-

free/phosphate buffered saline (CMF/PBS) on ice. .

Preparation of Primary Culture of Hamster Palate Mesenchymal Cells
To establish a primary culture of embllyonic hamster palate mesenchymal cells
(HPM'C), the dissected palatal shelves were fi’rs_t'rinsed ih sterile ice-cold (0-4°C)
CMF/PBS. The palates were then pooled, and minced thoroughly using a raéof blade, and -
digested by incubation in 3ml of trypsin/EDTA solution [0.025% trypsin/0.27mM EDTA

(Gibco/BRL; Cat. No. 610-5305AG) in CMF/PBS] in a sterile .15ml polypropylene tube

(Fisher Scientific; Cat. No.14-956) at 37°C for 10 minutes. During the incubation, the
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tube was gently shaken continuously. Subsequent tq t.he digestion, the tissue homogenate was
centrifuged at 1,000 rpm (90g) for 5 minutes at room temperatdre to pellet the cells. To
inhibit the action of residual trypsin, the pellet was suspended énd washed in 6 ml of ice-
cold complete media [CM; DMEM (supplemented with 1mM sodiurﬁ pyruvate, 44mM sodium
' bicarbonate and antibiotics: 6‘0mg/I_ penicillin and 100 mg/l étreptomycin) + 10% Fetal
Calf Serum (FCS; Gibco/BRL, Cat. No. 26140-038)]. The cell suspension was then
dentrifuged at~600 rpm (33g) for 15 minutes at room. temperature.: The supernatant Was
discarded and the cells were re-suépended in 3ml CM. In ord"ér to determine the total
ndmber of cells in‘ the suspension, trypan blue exclusion method was used; 50 ul of
suspension was mixed with 40 pl of OL2% trypal;m blué_ and 410 pl of CM, and vortexed. -One
bdrop df the mixture was placed on the hemoc‘:ytiometer and thé cells were counted. The total
cell number of cells in the suspension was calculated as the average number of cells/
hemocytometer grid x 10 (dilhtion factor, i.e., 50ul of cell suspension in 500ul of

mixture) x 10% (conversion factor for he'rhdcytometer grid toi determine the number of cells
per fnl) X 3ml‘(total volume -df susp.ensiic')n). Cells were then suspended in an appropriéte
volume of CM to obtain a density of 2.5Ax 10° ¢ells/m| ’and: seeded into sterile plastic. culture
plates (Falcon, Cat. No. 3001). Cultures were maiﬁtained at 37°C‘with 5% CO,and 100%

relative humidity. Media was changed on day 1 of plating, and every second day thereafter.

Growth Factor Treatment and Proliferation of HPMC in Primary Culture

.In order to analyze the effects of serum and different growth factors on the rate of'
proliferation of HPMC, the cultured .c_:ells were maintained ln CM. for three days"post-
plating. They were then rinsed 3 times with 1ml serum-free DMEM, and maintéined in
serum-free DMEM for 24 hours for synchronization. At the end of the sync‘hrovnization'
period, the cells were égain rinsed three times with 1ml se‘r‘um-fr.eé DMEM.

To analyze the effect of différent concentrations of serum on HPMC proiiferation, the

cells were treated with, and subsequently maintained in DMEM containing 1%, 2.5%, 5%,
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" and 10% fetal calf serum for_tne ienéth of the study. Tb examine the effects of-co-treatnqent

.of 'grthh factors on proliferation of HPMC, ser'um;starved cells were treatedAwith Veithef
EGF (20ng/ml; GIBCO; Cat. No.3247SA), or TGFB, (10ng/ml; Sigma ’Chemical§; Cat. No. ,

i T-1654), 0} with both EGF+TGFB, for‘.24»hour's. 20ng/ml. EGF and 10ng/m! TGFB, are the
optimum 'do'sages required to affect e_mbryonic pélate mesenChyméI cells (D’Angelo and
Greene, 1991; Shah et al., unpublished data) - |

In a separate" experiment, following serum-starvation; cells were pré'—tréated wit_h
TGFB, for 30 minutes. Subsequently, the TGFquontaining DM‘EM was removed, an_d the }
plates were rinsed 3 times with serquIes_s DMEM. Cells were then treated with DMEM
containing 2.5% serum, EGF, or EGF+2.5% serum (a time-course study indicated thnt 30
minutes TGFB, was suffiéient to inhibit DNA synthesis in HPMC). |

After 24 hours, the plétes were washéd three times with fr_e;h serum-free DMEM.
Subseque‘ntlzy, the cells were maintained in 'DMEM containing 10% FCS. Growthjcurves for
serum treated and growth factor treated cells were obtained by counting the célls on days

lO',- 1, 3, 5, and 7 post-treatment.

To count the cells, the media from each plate was discarded, 1 ml of trypsin
(1mg/m|)' solution was added to each piate, and the pIateé' were incnbated in the water-bath o
at 37°C for 3-5 minutes. Subsequently, the cells were detanhed by repeated 'gentle pipetting

"Wi.th a pasteur pipette and then transferred into a glass culture tube (Fisher Scienti.fic‘; Cat.
No. 14-961-26) containing 0.5 ml of CM. Additional 0.5 ml aliquotl of fresh CM was added
to each blate and the remainingbattached cells weré scraped off the plate using a pléstic _ |
scraper “Cell Lifter” (COSTAR, Cat. No.3008). The cells with CM from thé plate were
added to the;' suspensVi_lon-in the glass.culture tubé. After pipetting up and down a few timeé, .
95 ul of cell-suspension and 5 pl of 0.2% trypan blue we;'e mixed and vortexed. One drop of
'suspension was placed on the hen100ytqrneter and the live cells were counted. The total

- number of the cells was determined as the average cell number on hemocytometer grid x 10*

(conversion factor for hemocytometer grid to determine number of cells per ml) x 2 mi
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(total volume of suspension). At each time, at least three plates were counted to determine
the mean of one experiment. Each Vexpe4riment was repeated at least three times. The mean
and standard deviation of the mean were determined. For statistical analysis, 2-tailed

student t-test was used (Zar, 1984).

Growth Factor Treatment and DNA Synthesis in HPMC in ﬁrimary
Culture | |

HPMC were seeded in CM in 24 well culture plates (Falcon Cat. No. 3047) ata
densnty of 100,000 cells per well .On day 3 post platlng, cells were thoroughly rinsed ‘
three tlmes with serum-free DMEM and then starved in serum-free DMEM for 24 hours.
Subsequently, the cel_ls weré treated for 24 hours with 0.5 ml of the appropriate
conditioned media, i.e., lDMEM alone (untrééted cont'tol) or DMEM containing: 2.5% serum, v.
EGF (20ng/ml), TG,F]S1 (10ng/mi),, EGF+TGF13,, EGF+2.5% éerum, TGFB+2.5% serum, or
EGF+TGFB+2.5% serum. | |

For .the TGFB, pre-treatment time ”course study, following 24 hour serum-
starvatlon HPMC were pre- treated with DMEM alone, or DMEM containing TGFB1 for 5, 10,
20, 30 minutes or 1 2,4,0r6 hours. On completlon of the pre-treatment the cultures
were rinsed three times with serum-less DMEM, and the_n»treated with DMEM contalnlng
2.5% serum, EGF, or EGF+2.5% serum tor 24 hours.

At the end of the growth factor treatment, 1 uCi/mI' 3H-thymidin'e (ICN; éat
No. 2404305) was added to the cultures for 3 hours. The media was then removed and the
wells were rinsed three times WIth 0.5 ml of CMF/PBS The HPMC in the wells were fixed
by addition of 0.5 ml of 5% tnchloroacetlc acid (TCA) at 0-4°C for 30 minutes. Next, the
~TCA was removed, and the wells were rinsed t_hrée times with ice-.cdld TCA. To eéch well,
0.2 ml-of 0.1M NaOH was added and the cells were incubated at 50°C for 1 hour to-dissolve

the DNA. The content of the wells were spotted on glass microfiber filters (Whatman; Cat.

No. 1827-866), air .dried overnight, and then transferred into 6 ml plastic scintillation
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’vials‘with‘ 2 ml of scinttllation fluid and counted for radi'oactivity..in a.WaIIac 1410
,. Scintillation Counter (LKB). The .radioactivit'y of the samples, indicative of *H-thymidine
, untake, was meas‘ured as DPM, and the data were plotted for average DPM/well. Three wells
were designated for each experiment and each experiment Was reneated three times. Student

t-test was used for statistical analysis of the data.

RNA Extraction 'frem Primaryl Culture of HPMC .
To collect RNA from serum- and growth factor-treated cells, the .HPMC‘ vr_/ere_-seeded

.at a density of 500,000 ceIIs/pIate in 60mm culture ..plates (Falcon; Cat. No. 30102').4 On |
day 12 of cultdre, when the cells were still in pre-conﬂ_uent phase of growth, the HPMC
were rinsed with DMEM and serum-starved for 24 hours for synchronization. The cells.
were then treated wrth the approprlately condltloned medla (serum and/or growth factor)
for 5, 10, 15, or 30 minutes, or 1 2, 6, 12, or 24 hours for the c-fos expression, and for
,41.5 or 30 minutes, or'1‘,2, or 6 hours for c-jun and c-myc exp‘ressipn. To collect sufficient
amount of total RNA for Northernt blotting (20-30ug), 4-5 plates were ‘used for each time
point. At the end of the treatment period, the plates were rinsed_ three tirnes with sterile
CMF/PBS, and aI'I the excess quuid'v'vas removed. The RNA was isolated by' using Trizol
reagent [(Gibco/BRL, Cat. No. 15596 TI’IZO| reagent is a monophasic solution of phenol and
.guanldlne isothiocyanate, Wthh is used for single step RNA isolation (Chomczynski and
Sacehl, 1987)]. HPMC were lysed directly in culture plates by adding 0.8 ml of Trizol
-reagent to a 60mm culture plate, and repeated pipetting. Each plate was scraped with a
~ sterile blastic scraper to collect the lysate from the surface., The Iysed sample was then
transferred to the next plate in the same group, and.the procedure was repeated until the
RNA from all the plates in the group were collected in a sterile 1.5ml eppendorf tube. Next,
the samples were .incubated at room temperature for 5 minutes tolpermit the complete '
dissociation ot nucleoprotein complexes. Subsequently, 0.2ml of chloroform was added to

each sample. The tubes were shaken'vigorously by hand for 15 seconds and incubated at
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room temperature for 2-3 minUtes.ﬁ The samples were then.oentrlfuged at.12.,00f)Q'for 15
minutes at '2..-8°C Following centrifugation the mixture separated into three'phaseS' a
lower red, phenol -chloroform phase, a whlte mterphase of DNA, and an upper colorless
‘ aqueous phase. RNA remains exclusively in the aqueous phase The volume of the aqueous
phase was usually about 60% of the Trizol reagent used for cell lysis. The- aqueous phase
was gently transferred into a fresh eppendon‘ tube. The RNA from_the aqueous p"hase, was
precipitated by adding 0.5ml of isopropyl alcohol. The samples were then incuhated at room
temperature for 10 minutes and centrlfuged at 12 0009 for 10 mlnutes at 2- 8°C The RNA
’ preC|p|tate often formed a gel :like’ pellet on the S|de and bottom of the tube After
“centrifugation, the supernatant was removed and the pellet was re-suspended with 1ml of |
75% .ethanol for a rinse. The sample was vortexed and centrlfuged at7 5009 for. 5 m|nutes .
at 2 8°C The alcohol was discarded and the RNA peIIet was air drled for 15 20 minutes. -
The RNA pellet was then dlssolved in 0.2ml of RNase-free. water by passmg the solutlon a
few tlmes through-a plpette tip (RNase -free water was prepared by addrng 0.5ml of
'dlethylpyrocarbonate [(DEPC)' Slgma ' Cat No D-5758] to 1L of sterile water .overnlght.
:and autoclavmg lt) Subsequently, the total amount of RNA in the samples was determlned -A‘
0.5ul allquot of the RNA samples was added to 0. 495ml of RNase free water and the optlcal

~density (OD) was measured uslng a Beckman DLl-QQO spectrophotometer. To calculate the ,
total amount of RNA .in the samples, .the following formu‘la‘ was} used: |

'C)D at 260nm X 100'('dilution factor)x 40 (converSion factor from OD to pg; a :
solution. that has an OD of 1 contalns approximately 40ug of RNA per mI)X 0.2ml (total
volume of the RNA samples) total amount of RNA in sample (pg):
In order to reoonstitute the RNA samples to a desired concentration,' the RNA in the

samples were preoipitated_ by adding 25ul of 3M sodium ‘a“cetate‘ and (l.7ml of 100% ethanol
to the samples and left at -20°C over night. - Subsequentl‘y_,‘ the 'samples’ were centrlfuged at

12,000g for 15 minutes, and the supernatants were discarded. The samples were air-dried
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for 15-20. minutes, dissolved in the proper volume of ‘RNase-free water at a concentration

of 3 or 5ug/ul, and stored at -70°C.

Northern‘ Blotting
- a) Electrophoresis .of RNA Samples

For electrophoresis Qf the RNA samples, 1% agarose gel containing 0.66M
Formaldehyde and 1X 3-(N-morpholinol) pi’opahesulfonic acid (MOPS) was 'prépared. In
detail, 1g of Va’garose (Gibco/BRL,v Cat. Nd.5510UA) was melted in 100m! of RNase-free
water and cgoled fo.60°C. Subsequently, 16m| of 10X MOPS (Sigrﬁé, Cat. No.M1254) and
] 2.5m|1 of deionized formaldehyde [Fisher Scientific, Caf. N6.F79-500; (Formaldehyde and
formamide were deionized by adding 1g 6f AG 501-X8 mixed-bed resin (Bio-Rad, Cat.

- No.142-6424 ) to 20 ml of each .s_olution and .stirring on a vbrtex for 1 hour)].

To prepare the RNA samp]es for loading on f_he gel, ‘they were denatured in 50%
déionized formamide', 2.2M formaldehyde, and 20mM MOPS pH 7.0. In detail, 5ul of each
RNA sample was mixed (prepared at 3 or 5ug/ul) with a sample buffer containing 6|,Li of
deionized formamide (Fisher Scientific, Cat. No.BP227-500), 2ul of deionized - '
| formaldehyde and 0.6l bof 10X MOPS for each sample (total amount RNA loaded on the
agarose géls was 15ug for the iniﬁal studies (c-fos); however, since hybridization of c-jun ‘
and c-myc transcripts was not successful at this concen'tration of RNA, 25ug of RNA was
loaded on the gels for further studies).  The ‘samples were incubated in. a 65°C wate.r' bath for

15 mindtes, and chilled on ice. They were subsequently -centrifuged for 5 seconds to deposif
all the liquid to the boﬁom of the eppendorf tube. To each sample, 1ul of loading dye (a
-mixture solution of 10% xyléne cyanole and 10% bromophenol blue) and 1pl of ethidium
bromide t(1 mg/ml); Sigma, Cat.. No.E8751] were added. As-a molecular weight marker, a
pre-stained 0.24-9.5 Kb RNA Iadder (Gibco/BRL, Cat. No.15620-016) was used. The gel

~ was casted in a horizontal electrophoresis gel box (Strategene, Cat. No.40043) inside a

chemical hood, and was allowed to set for a minimum of 30 minutes at room temperature.
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. 1X MOPS was used for running buffer and samples were sequentlally Ioaded on the gel The

gel was then run at 80- 1OOV for 1.5-2 hours.

b) Transfer of Denatured RNA to Nylon Membrane
After electrp‘phoresis, the gel t/vas washed in RNase-free water anct immersed in 10X

SSC for 45 minutes with gentle agitation to remove the. formaldehyde before transfer and
hence improve the transfer quality. Two methods were employed for transferring denatured
RNA to nylon membrane: capillary elution and pressure blottihg.

iA) ' Capillary. Blotting .

For capillary elution blotting the‘ method described'by Sambrook et al (1989), 'in

which the gel is placed in contact with nylon membrane to facilitate the transfer of RNA to -
'the nylon membrane through ah aseending flow of buffer, was used. To set the system, a
»gla‘ss pI'ate supportwith a surface area well larger than the gel was placed inside  a large
‘baking dish (the height of the glass support should be taller than the depth of the dish). The :
| dish was filled with 10X stahdard_ saline citrate [(SSC); 0.015 M sodium citrate and 0.15 M '
sodium chloride)] selutien until the level of solution reached‘v three-quarter of the height of
~ the support. A Iong_strip of 3MM Whatman paper was cut, briefly soaked inAtOX SSC, and
placed over the glass support into the reservoir- the paper was wider than the gel and hung
over the support Vto the reservoir. The nylon membrane was cut exactly to the size of the gel
and soaked in 10X SSC for 2 minutes. The nylon membrane that was used tn this study was
“Hybond-N (Amersham, Cat. No.RPN.303N), which has high sensitivity in RNA blotting and
h|gh physical strength that can endure several stripping and reprobing procedures The gel
was placed on the support in an mverted position so that it is centered on the wet 3MM

: paper The wetted nylon membrane was placed on top of the gel. Two pieces of 3MM paper
(cut exactly to the size of the gel) were wetted in 10X SSC and placed on top of the wet nylon

membrane. A stack of paper towels (5-8 cm) was cut to the size of the gel and placed on the

3MM papers. A glass plate and a lead weight of approximately 0.75 kg wa_s put on top of the
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stack The transfer was allowed to proceed for 16. 20 hours. During the transfer, buffer is

_ drawn from the reserv0|r and passes through the gel into the stack of paper towels.. The
nucleic acids eIude from the geI by the movmg stream of the buffer and deposit on the nylon
membrane. The welght applied on the top of the paper towels prowdes a tight connection

~ between the layers of material used in the,transfer system. :

ii) Pressure Blotting

| ‘The second transfer method was using a pressure blotter, PosiBlot 30-30 system
(_Strat'egene,‘Cat. No.400330-3). This method essentially resembles the capillary blotting, °
except that in this technique, pressure is .eXerted.to: a.reservoir of buffer from the top,
which eludes the RNA to the nylon membra’ne by a descendlno flow of the buffer. Similar to
the caplllary blottlng technlque subsequent to electrophoresis, the geI is rinsed |n 10X SSC
’for 45 mmutes Two pleces of 3MM Whatman papers and one piece of nylon membrane were |
cut to the size ofthe gel and soaked in 10X SSC for 2-3 minutes.

The apparatus is composed of: a box whichjacts-as a buffer collection base, a plastic
support, a membrane support pad, a PVC mask cut by at least 0.3 cm smaller on all four ‘ :
sides than the size of the nylon "membrane, and acellulose sponge that acts as a buffer .

- reservoir. The apparatus was set up as described in the company’s manual (Strateg'en'e', Cat. ¢
No.400330-3). |

The sponge was soaked in 10X SSC for'about 10 minutes prior to the assembling of
| the apparatus A wetted 3MM Whatman paper was placed on the center of the support,
foIIowed by the wetted nylon membrane and the gel The mask was fixed on top of the -
_membrane in a way that the upperledge of the rectangular window lined up below the rows of.
wells and the other edges overlapped the gel. A wetted 3MM whatman paper was laid on the

gel and all the trapped air bubbles were pushed out. The soaked sponge was gently Iaid.'o(/er

the gel assembly, the lid was closed and the latches were tightly fastened to prevent any air

leakage. The pressure control station lrvas adjusted to 90-100Hg, and the connector hose
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was attached to the blotter inlet port. The blofting was done in 60-75 minutes; the.
completion of the transfer was checked by using a hand-held UV illuminator. |

After the aIIotted blotting time for either methvo"d, using a hand-held UV illuminator,
+ the position of the wells and RNA ladder was pencil marked on the membrane. The nylon
membrane was then rernoved from the device and placed ona clean SMM Whatman paper to
allow the excess buffer to be absorbed.. Once the membrane was free of standing quuid, but
still damp, it was wrapped in saran wrap and -exposed to UV light on a 312nm
transilluminator for about 3 minutes to fix the ﬁNA on the membranes. The membrane was

then washed in 1% SDS for 5 minutes, sealed in plastic bag and stored in -20°C freezer.

c) Hybridization of Radio-labelled Probes to Immobiluized RNA Samples

| For hybridization, the method by Sambrook et al (1989) was employed. In brief,
'thev membranes were submerged in 6szta_‘ndard saline phosphate/EDTA [(SSPE); 0.015M
sodium citrate, 0.2M sodium phosphate and 0.2M EDTA] for 2 minutes. Subsequently, the
membranes were transferred to a RNase-free -sealable hybndlzatlon bag, which was filled
wnth 10ml of pre-hybridization solutlon containing 50% formamlde 2X Denhardts
solutlon [2% of each of Ficoll (type 400 Pharmecia), polyvmylpyrrolldone and bovine
serum albumin], 5X SSPE, and 0.1% SDS for 5-8 hours at 42°C. Subsequently, for
v, hybridization, 10uCi **P-dCTP oligolabelled DNA probe (¢c-fos, c-jun, c-myc or GAPDH,;
see below) was added to the pre- hybndlzatlon solutlon The membranes were hybndlzed
over night (16 18 hours) at 42°C.

On completion of hybridization, membranes were washed as follows to remove the
unbound DNA probes. When hybridized with GAPDH or c-fos, membranes were washed once
with 1XSSC/0.1%SDS at room temperature' f.or 30 minutes. then twice with 0.2X‘I
SSC/O 1% SDS at 55°C for 45 minutes, and flnaIIy, once with a hlgh strmgency solution of

0 1X §S8C/0.1% SDS at 55°C for 30 mlnutes Lower strlngency conditions were used when

membranes, were hybridized with c-jun, or c-myc: membranes were first washed with 2X
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SSC/O.1% SDS, then twice with 1XSSC/O.1% SDS at 55°C for 45 minutes, and'finéllly with
0.5%X SSC/O.1% SDS at‘ _55°C for 30 minutes. The membranes were then dried, wrappéd in-
Saran Wrap, and e.xposed to Crovex 4 X;ray film (Dupont, Cat. No. 100 NIF) wi_ih an |
intensifiéf screen at -70°C. The exposure time varied depending on the probe and the
specific activity of 4the isotopé used. Generally, the-exp‘osure tim'\e was 2-3'days for G'APD'.H,
© 3-4 days for c;fos, and 7-10 ddys for c-jqn and c-m}}c. X-ray films were developed in an
automatic developer machine. The autofadiograms were then scénped, using Ophoto |
program. Spbsequerjﬂy, the intensity of expression 6f the genes were quantified by
performing densitometry analysis on tpe scanned images, using Image (NIH') program. The
values obtained for-c-fos, cv-jun, and .c-myc signals were corrected for the variations. in
amount of RNA Ioaded on agardse gels, using GAPDH sighals.

When not exafnined, the membranes were wrapped in Saran Wrap, and kept ét -20°C
until the next hybridization. Prior to rehybridi;ation with é new prpbe, thé membranes
were stripped using fhe methdd de.scfibéd by Sambrook et al (1989). Briéfly,' .membranes
were immersed in a 'solutipn of 50% formamide and 2X SSPE for 1 hour at__6‘5°C.
.Subsequently, membranes were rinsed briefly with 0.1X ,SSPIIE at room temperature and
dried. At regular intervals, stripped membranes were exposed to X-ray films to ensure that

. all the signals were removed.

d) Preparétion of Radio-labelled Probes

The cDNA probes for c-fos, c-jun, and GAPDH were received as gifts from Dr. P.
‘Rathana Swaml (Bio-medical Research Center UnlverS|ty of British Cqumbla) and Dr.
Wong (Dental School, Harvard UnlverS|ty) The cDNA probe for c-myc was purchased from
ONCOR company (Cat No. P21 10; 3rd exon, Eco R1/CH4A excised 1.4kb Vfragment isolated
" from hurﬁan Burkitt's Iymphorpa genomic'library). Probes were radio-labelled usipg the
Gibco/BRL random primer labelling system (Gibco/BRL; Cat. No. 18187-013). To

prepare the probes for hybridization, 10ng of probe was dissolved in 13ul of RNase-free
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water, and heat- denatured at 98°C for 5 minutes. Subsequently, 9ul of ollgomlx (a mixture
Aof 1ul of 0.5mM solution from each dATP, dGTP, and dTTP, and 6ul of random primers
buffer mlxture containing, 0.67M HEPES, 0.17M Tris-HCL, 17mM MgCL,, 33mM 2-
‘mercaptoethanol, 1.33mg/ml BSA, 18 OD,4, units/ml oligonucleotide _primers
(hexameres), pH 6.0), 2.5ul of [a-“zP]-dCTP, and 0.5pl of Klenow fragment (large
fragment of DNA polymerase | in 100mM potassium phosphate buffer (pH 7.0), 10mM,2-
rﬁercaptoethanol, 50% (v/v) egcereI) were added' -to the probe and incubated at room

temperature for 3-5 hours. The probes were heat-denatured at 98°C for 5 minutes, prior

to addition to the hybridization solution.
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RESULTS
A) Effects of sérum and growth. factors on proliferation of hamster

palate mesenchymal cells (HPMC)

1. Effects of different concentrations of serum on proliferétion of HPMC

The data 6n the proliferation of HPMC following treatment with m.edia (DMEM)
cpntaining 1%, 2.5%, A5°/.o, ‘and 10% serum are outliﬁed in figure 9.

When HPM-C were treated with 1% serum in the culture media the éell number
declined by 65% between days 0 and 7 post treatment (P<0.05).

In the presence of 2.5% serum fn the cuiture media, however, the cell number
' increased 2.4 fold betweenb days 0 and 7 post-treatment (P<0.005).

When the concentration of serum in culture media was réiséd to 5% and 10%, the
number of HPMC increased 4.3 fold and 5.6 fold, respectively, betwegn days 0 and 7 post-
treatment (P<0.005). | | |

These results indicate that in vitro rate of prolifel;ation of HPMC‘dep_ends on
cohcentfation of serum in culturé media. The daté aléo shows that at least 2.5% s'erum is

required in culture medium to sustain the survival and growth of HPMC.

2. Effects of growth factors EGF, TGFB,', and the_ir combination on.
proliferation of HPMC | | |
The data on the proliferation of HPMC, following 24 hour tréatment wit.h media
(DMEM) alone or media containing. 10% serUm, EGF (20ng/ml), TGFB1(1Oﬁg/mI), or their
combination .(EGF+TGFB,). are presented in figure 10!
The serum-starved ,DMEM-tfeate'd HPMC showed a 2.9 fold increase in cell number between

days 0 and 7.posf-treatment. Treatrhent of HPMC with 10% serum or EGF (20ng/ml)

increased the cell number 5.6 fold and V4}.3 fold, respectively, between days 0
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Figure 9. Effects of different concentrations of serum on HPMC proliferation. HPMC
were grown in DMEM containing 10% serum for 3 days. Cells were then serum starved
for 24 hours, and maintained in presence of media containing DMEM and 1%, 2.5%, 5%,
or 10% of serum for 7 days. Media was changed every second day. Using trypan blue
exclusion method, cells were counted on days 0, 1, 3, 5, and 7 post-treatment to obtain
a growth curve. -
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Figure 10. Effect of EGF, TGFB;, and their combination on HPMC. proliferation. HPMC
" were serum starved for 24 hours, and treated with DMEM alone, or DMEM containing
10% serum, EGF, TGFB,, or EGF+TGFp, for 24 hours. Subsequently, cells wer=
maintained in media containing 10% serum for the duration of the culture period.. Media
was changed every second day. Using trypan blue exclusion method, cells were counted
on days 0, 1, 3, 5, and 7 post-treatment to obtain a growth curve. ‘

\
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and 7 post -treatment (P<O 001) On the other hand treatment of HPMC with TGFp, alone, .

+ -

or in combrnatlon with EGF did not. affect the cell number (P<0. 05)

In comparison to the serum-starved controls, EGF and‘10% serum exposed cultures
g _‘grew faster and were 1.5 and .2 folds higher in number on day 7‘vof treatment ((P<0.005),

whereas TGFB,i and EGt.=+'IA'GFB1 treated ones were 70% and 60% less in nurnber, respectively

(P<0.0t)1 ).

These observatrons suggest that EGF exerts mitogenic effects on HPMC whereas
TGFg, does not support prolrferatlon of HPMC. Furthermore when HPMC are co- treated
wrth TGFB1 and EGF, TGFB1 overcomes the mitogenic effects of EGF by exertrng its growth

inhibitory effects on cells.

3 Etfects of TGFp, pre-treatment ' von:_serum-‘ and ‘EGF-induced proliferation

. of HPMC - | o

To ;further .analyze:the, effect ofl inte.ra‘cting growth factors on prol_iferation of .HPMC',

cells were pre-treated wi'thATGI'-fB1 for 30 minutes foIIowed Aby 2.5% serum; EGF, or
~EGF+2.5% s_erumt The data' on the proliferative :b_e_havior of v‘seruml- and/or EGF-treated
HPMC foIIOwing pre-treatment with. TGFB,, are shown in figure 11.

| When HPMC were maintained in prese‘nce of 2. 50/; serum or 10% serum withoUt-
TGFB1 pre treatment they showed 2.3 and 5. 2 fold increase in cell number respectrvely,
. between day O and 7 post -treatment (P<0.005). When HPMC were, however pre -treated
wrth TGF[31 for 30 minutes prior to treatment with 2.5% serum, EGF or EGF+2 5% serum,
the cellpnumber did not change between day O and 7 post-treatment (P<0.05).

These data indicate that 30 minute_s of TGFB, pre-treatment is sufficient to inhibit

cell proliferation in HPMC, and to overcome the mitogenic effects of serum and EGF in these .

cells.
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Figure 11. Effect of TGFp, pre-treatment on serum- and/or EGF-induced HPMC-

proliferation. HPMC were serum starved for 24 hours, and treated with TGF, for 30

minutes. Cells were then rinsed with serum-less media, and treated with 2.5% serum, ,
EGF, or EGF+2.5% serum for 24 hours. Subsequently, HPMC were maintained in media .
containing 10% serum for the duration of culture period. Media was changed every

second day. Using trypan blue exclusion method, cells were counted on days 0, 1, 3, 5,

and 7 post-treatment to obtain a growth curve. ' : o
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B)‘Effe'cts of serum and growth factors on DNA synthesis in FHPMC

1. .Effects of ‘s.erum (2.5%) and growth‘ factors EGF, TGFj, and their
combination on DNA synthesis of HPMC | |
The data on DNA synthesis in HPMC .fo.ll-owing 24 hour treatment with medlia
coﬁtéining 2.5% serum, EGF, TGFB1_, or their combinations are outlined in figure 12.
Following treatmeh»t .withi 2..5% serum, the DNA synthesis in HPMC (aslmeasured by
*H-thymidine Aincorporation) was 3.3 fold higher than untreated serum-starved grpup’
(P<0.001). |
| . Treatment of HRMC with EGF alone did not affect. DNA synthesis. When cells were
treated with EGF in the p‘re'sence'of 2.5% sérum, hbweve_r, DNA synthesis was increased by
1.6 fold in corﬁparison to the 2.5% serum-treated contrbl (P<0.005)‘. TI:\ese data suggest‘
that.presence of serum is neceséary to s'upport the EGF-induced DNA synthesis in HPMC.
_ On the other hand, treatment of HPMC with TGF{}1 alone or with TGFB, in the presence
of 2.5% serum reduCéd the DNA ’synthesis by 70;80%, in comparison to serum-starved or

2.5% serum: treated control (P<0.00S). Thus, the data suggést that TGFp, inhibits DNA

- synthesis both in presence or absence of serum.

Similarly, co-treatment of HPMC with both EGF and TGFB,, in the presence/absence’.
of serum resulted |n a decrease in DNA synthesis by 70-72% in compérison to the.controls
(P<0.005). |

These results suggest that EGF (in presence of serum) supports; whereés TGFpB, does
not support DNA synthesis in HPMC. Furthermore, presence or absence of serum modulates

the effect of EGF, but; not TGFjB; on DNA éynthesis.' ’




65

20000
£ _
= 15000 -
©
E o
0 —~
2o
o .
e X' 10000
- o
o 2
= =
Ea
S2 50004
£
K
T
m
0- _
.U I.I. ™— — N
e 5 ¢ 5 § 5§ g 5
8 3 8 B $ g ]
e & R 2 & R
E =n 0 w5 8
2 o o ol ] o
& 0 L -
o & &
G G
[ -
0
(5‘
1]
TREATMENT

Figure 12. Effects of serum, and growth factors on DNA synthesis in HPMC. Cells
were serum starved for 24 hours, and treated with DMEM alone, or DMEM containing
2.5% serum, EGF, EGF+2.5% serum, TGFB,, TGFB,+2.5% serum, EGF+TGFj,, or
EGF+TGFB,+2.5% serum. 3H-thymidine (1uCi/ml) was added to the culture media,
during the last 3 hour of serum/growth factor.treatment. The incorporation of *H-
thymidine into acid-insoluble material was measured by liquid scintillation -counting.

Values are presented as DPM means + SD.
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2. Effects of TGF[&1 pre-treatment on serum- and EGF mduced DNA syntheS|s
.of HPMC |
‘To further analyze the effects ‘of in’teracting g"rewth' factors on DNA synthesis of
_ .HPMC,.ceIIs were‘ pre-treated bwith T'I'GF[31. Aﬁtime course study r/vas‘perfermed to determine
the minimum optimum time required for TGF|31 to'exert its inhibitory.effects on the
EGF/serum induced DNA synthesrs in HPMC (figure 13a- |) In comparison to controls
(TGFB; un- treated) pre-treatment of HPMC with TGFB1 for 5, 10 or 20 minutes, followed
© by treatment with- 2. 5% serum, EGF or EGF+2 5% serum did not affect DNA syntheS|s
~ significantly (P<O 05; frgure 13a- c) |

'On the other hand followmg 30 mrnutes pre treatment of HPMC with TGFB1, DNA

- syntheS|s in 2, 5% serum- EGF- and EGF+2.5% serum- treated cells was reduced

\

S|gn|f|cantly (58%, 81%, and 61%) respectlvely, in comparlson to the ceIIs W|thout
'TGF[31 pre-treatment (P<0.05, figure 13d). |

Extendi’ng- the duration of TGFB, ipre;treatrnent of HPMC for up to 12 hour also
resulted in eignificantly decreased DNA. synthesis as compared' to the centrq_ls (I5<0.05;
,figur'e 13e-i). . |

- These results show that pre-treatment of HPMC with TGFp, for at least 30 minutes '

_ is sufficient to inhibit the serum- or EGF-.induced DNA’synthesis in HPMC.
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Figure 13. Time course study showing the effects of TGFB, pre-treatment on serum-
and EGF-induced DNA synthesis in HPMC. Cells were serum-starved for 24 hours, and
treated with DMEM alone, or DMEM containing TGFB, for 5, 10, 20, or 30 minutes, and
1,2, 4,6, and 12 hours. Control cells were treated with DMEM alone for the same
durations. Subsequently, cells were treated with 2.5% serum, EGF, or EGF+2.5%
serum for 24 hours alone. 3H-thymidine (1uCi/ml) was added to the culture' media
during the last 3 hour of treatment. The incorporation of 3H-thymidineinto acid-
insoluble material was measured by scintillation counting. Values are presented as DPM
means £ SD. ‘
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C) Nob:rther-n blot analys’iv‘s of effects of serum and growth factors (EGF
and 'TGFB1) on the eXpression of immediate early genes. c-fos, c-jun,
and c-rﬁyc in HPMC |

During the course of this study, thé physiological state of the cells and the variations
in the amount éf RNA loaded oh agarosé gels were controlled by measuring the expression of

GAPDH, a house-keeping gene, which encodes an enzyme in the glycolytic pathway, and its_

hRNA e'xpréssion is not affected ﬁy serum and growth factors. |

1.  Effects .of sefu_m: |

1a.  Effects of different_ do_ncentrations of serum on expressibn of c-fos

mRNA | |

The autoradiograms showing the expression of c-fds in HPMC foIIowing't)r-eéatment
with media containing 2.5% and 10% serum are depicted in figure 14. |

The serum-starved,’ DAMEM-treated HPMC did not show c-fos expression (lane C, of-

figures 14a‘ahd 14b). Treatment of HPMC with 2.5% As’erum showed a signal for c-fos

‘ expression at 30 minutes. The signal persisted until 1 hour, albeit at a lower level, and

subsequently disappeared. 'Exposure of HPMC to 10% serum, on the other hand, depicted

- c-fos mRNA signal at 15 minutes, which gradually increased in intensify until ,17‘hour, and

disappeared thereafter. -
The data on densitometric anaIySis revealed that, following treatment of HPMC with
2.5% serum, the expression of c-fos mMRNA decreased by 63% between 30 minutes and 1

hour. In contrast, after exposure of HPMC with 10% serum, thé expressioh of c-fos mR‘NA

" increased approximately 4 fold bvetwee‘n 15 minutes and 1 hour.

" These data indicate that the serum concentration in the culture media modulates c-fos gene’

expression; higher concentration of serum results in .early and increasingly intense

expression of c-fos MRNA.
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1b.  Effects of different éoncentrations of 'serum on expré_ssion of c-jun
" mRNA |
| Thg auto'radi.ograms showing thé expression of c-jun -in HPMC foIIowing treatmént
with media containing 2.5% and 10% serum ‘are shown in ﬁgure 15.

Expression of ¢c-jun mRNA was not detectable in HPMC treated with DMEM alone or
2.5% serum (Iahe C, fjgures 15a and 15b; 'figure 15a). On the other hand, when cells were
“treated with 10% seruh, c-jun mBRNA was expressed}withiﬁ 15 minutes. Subséquently, the
inteﬁsity of c-jun signal ‘increased' until 1 héur and then gradually declined by 6 hours
post-treatment (figure 15b). :

The densitometry analysis of HPMC exposed to 10% serum Shoﬁed thét expression> of' '
c-jun mRNA signal intensified 2.4quld by 1vhour, but décreaéed there.'after.‘

These data suggest that serum concentration in the culture media modulates
transcription of c-jun: whereas 2.5% serum is notvsufficién_t to stimulate c-jun e.).(press'ion '

in HPMC, 10% serum rapidly triggers c-jun expression in HPMC.

1c. Effe&ts of different concentrations of serum on expression of c-myc.
mRNA

The autéradiograms showing th.evexpression of c-myc.in H‘PMC following treatment
with media _containing 2.5;% and. 10% serum are presented in figure 16. -

Serum-starved HPMC t_'reated with- DMEM alohe do not show c-myc expression (lane
C, figures 16a and 16b). HPMC treatéd with 2.5% serum expressed c-myc within 30
minutes, albeit at low I_évels. Subsequently', c-myc mRNA -signal was intensified by 1 hour,
‘ 'but de'clinéd thereafter by 6 hours (figure 16a). When. treafed With 1 0% serum, HPMC |

-expressed c-myc mRNA within 1 hour. The s;ign»al intensity then reduced but persisted up to

" at least 6 hours (figuré 16b).
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The densitométry observatioﬁs indicated that in 2.‘5% sérum-tréated HPMC, the
- intensity of c-myc expression incréased approximately 2 fold bétween 30 mfnutes and 1
hour. Subsequently, thé signal decreased 31% by 2 hours, and remained unchanged at 6
houfs post-treatmént. Similan%ly,’ foIlowing treatmenf of HF;MC.with 10% serum expression
of e-myc declined 33% bet\;veen 1 and 6 hour. |

These data_indiéate' that both 2.5% and 10% serdm ‘indubce. c-myc expression in
HPMC. In presence‘ of 2.5"20 serum, hoWever, c-myc seéms to be induced more rapidly than

4

. in the presence of 10% serum.

2. Effects of Growth factors:
2a. Effects of EGF, TGFp,, and their éombinatibn on expression of c-fos
mRNA

The autoradiograms showing the expression of c-fos in HPMC following treatment
with .me.dia containing EGF,_TGFB1, or their combﬁnation (EGF+TGFB,) are depicted in figure
17. o
Whén_ HPMC were treated yvith EGF alone or in com_binatibn with TGFB,, the signal for
. é-fos mRNA was éxpressed between 30 minutes and 1.hour, butvdisappea_\red thereaftef. In
contrast, when exposed to TGFp, alone célls did not show signal for c-foé expression. ‘
| The densitometry evaluation on c-fos e'xpréssion revealed that following treatment of
HPMC with EGF, the signal waé reduced by 68% between 30 minutes and 1 hour. In

contrast, when HPMC were co-treated with EGF and TGFp, the expression of c-fos mRNA

increased 44% between 30 minutes and 1 hour.
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The effects of. EGF and TGFB, on c-fos expressron were further assessed in the _
presence of 2.5% serum. The autoradlograms showmg the. expressmn of c- fos in HPMC |
) foIIowmg treatment with medra contamlng EGF+2.5% serum, TG,FB,+2.5% serum; or'their
. combination (EGF++GFB,)+2.5% serum are depicted in tigure,_1'8._

‘ In the prese_nce ot EGF+2.5% 'seru‘m, or TGFpB,+2.5% serum, HPMC shcwed signal
for c-'fOs mRNA expression 'cnlyuat '1 hour. On the other hand, when HPMC were co-treated
with EGF and TGFB1 in the presence of 2.5% serum, c-fos mt%NA was expr'essed at 30 '
minute‘s. The intensity of c-r‘os expression then ‘increa'sed ‘by 1 hour,j and subsequently
reduced at 2 hours before disap.peartng, .‘

The densitometry data showed that 'between 30 minutes and 1 hour post-treatrnent
the increase in the |ntenS|ty of c- fos expres3|on in EGF+TGF[31+2 5% serum treated HPMC
was 3.2 fold. |

These results indicate that EGF anne or_in_combination with serum and/or'TGFB,-‘
in_duc'es c-fos transcription in‘ HPMC, wtthin 301 rntnutes to 1 hcur. ‘.In contrast—,tTGF[i1 alcne

does not support c-fos expression in these cells. -

2b. Effects o.f.E‘GF, .TGFB,, and their combinatton on e)tpression cf c-jun "
‘mRNA | |

The autoradtograms _shcwing the expression of c-jun in HPMC fotIowing treatment
with rnedia containing EGF, TGFB'1', or their combination (EGF;t-TGFBQ are presented in
.’ ﬁgure 19. | . |

FoIIowrng treatment of HPMC W|th EGF alone, c-jun was expressed between 30 .
(very falntly) mlnutes and 1 hour, but subsequently drsappeared When treated: W|th TGFB1
-alone, H_PMC did not show express'lon of crjun mRBNA. On the other hand, when HPMC were

exposed to a combination of EGF and TGFB_,,’c-ju'n was expressed within 30 minutes, but at
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very Iovrr Ievels. Sobseouently, c-jun signal peaked at 1 hour;' and was detected at least until
6 hours post-treatment, albeit with low intensity. |

The densrtometry analysrs shovrled that when HPMC were treated with EGF alone, the
mtensrty of ¢-jun signal mcreased 3. 2 fold between 30 minutes and 1 hour post -treatment.
In contrast, when cells were treated wrth both EGF and TGFBy,. the intensity of c-jun
expressron lncreased 24 foId between 30 mrnutes and 1 hour, and then decreased by 72% at
6 hou’rs post-treatment. |

The effects of growth factors o.n c-jun mRNA expression in HPMC were also examined
in the oresence of 2.5% serum. The.autoradiogram‘s showing the expression of c-junin
HPMC foIIowirtg treatment with media containing EGF+2.5% serum, TGFB&ZS_% serum, or
~ combination of EGF+TGFB,+2.5% serum are shown in figure 20. '. |

Follovrino treatment of HPMC with EGF+2.5% serum; c-jun expression was
observed between 1 arrd 2 hours post-treatment (figure 20a). Exposure of HPMC with
TGt:B1+2.5% serum, however, did not shovr/‘any c-jun expr’ession‘ (figure 26b). . On the
other hand, cel‘ls co-treated with EGF, TGFB, and 2.5% serum expressed' c-jun mRNA within
15 minute_s.' Subsequently, the intensity of sivg'nal. increased untiI’1 hour, and then gradua.lly
declined by 6 hours post treatment (flgure 20c).

The densitometry analysis suggested that EGF+2.5% serum- exposed HPMC showed
.52% reduction in c-jun mRNA expression between 1 and 2 hour post—treatment.‘ -On the
other hand,'following simultaneous exoosureof cells to EGF, TGFp,, and 2.5% serum the
intensity of c-jun mRNA signal ‘increased 3.75 fold between 15 minutes‘and 1 hour, and
then deolined by 30% at 6 hours post-treatment. |

These data suggest that EGF alone or in assocnatlon‘wrth TGFB1 and/or 2.5% serum-

triggers c-/un transcrlptlon in HPMC. Furthermore although the peak of c-jun expression

always remains at 1 hour, when ceIIs are treated with a combination of EGF and TGFB,
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~ and/or 2.5% serum, the c-jun mRNA signal tends to be sust'ained_ for long duration.
“In contrast, TGFB, alone or in combination with 2.5% serum does not support c;jun

expression in HPMC.

’ 2c.. Effects 6f EGF,; ‘T'(;;FB{, and their _com.bination.o‘n expressioh'-of_ c-bmyc> |
ﬁRNA | o |
The autoradiogréms s'h_ov;/ing the'expréssion éf' c-rﬁyc in HPMC foIIowing trea;tment‘
With media Qontaining EGF, TGFBh or their combiynati'on (EGF+TGFB15 areAp'resen‘ted in
figure 21'.j ‘ ﬂ | | o
Following t‘rea;(ment of HPMC WIth EGF, c-myc signal was obsérved at 30 minutes.
»_The si'gnayl intehsfty then 'increaséd'at"1 hour p_o‘st-treat’ment, bt_Jf d‘i‘sap‘pegred altogéthef '
thereatfter (figure 21a). '.Affer,treatméﬁt of cells wiih 1:GFB1, _hqwe\éer, expreésJion of b-myc |
» wa:é, not détecta'ble (figure 21b). On the other hand, s_imultaneohs treatment 'of HPMC with :
EGF and TGFB, resulted ‘in.expréssioh of c-myc mRNA between 1 and 6 hours post-treatment
: (figuré 21c) |
The densitbmétry’data ‘_slhowed that folloWing treétment of HPMC with .EG-F élone;
there wés a 3.6 fold increase in the inte_vnsity of c-myc;signal bétween 30 minutes 'anc_i 1
hour. In cohtras’t,.when ceII_sA were vtreated with EGF and TGI;B; :simul'taneOUSly, c-mycb
exprés‘Sion declined by 37% between 1 hodr and .6 hours. bost-ireatmentf |
o Furthermore, fhé effects of grov;/th\factors on C-myc mRNA expreésioh in HPMC
~were exanlﬂined in the presence of 2.5% serum. The a‘qtoradiogfams s_hoWing‘the expression
of c-myc ianPMC Afvollowing ﬁreatmént with media cqnfaining EGF+2.5%_ serum,

" TGFB,+2.5% serum, or combination’ of EGF+TGFB1+2".5% serum are presén,ted in figure‘22,.
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HPMC treated with either EGF+2.5% ‘serum or TGFp,+2.5% serum showed c-myc'
mRNA expression between 1 and 6 hbburs post-treatment. The highest c-myc expression
signal ‘was at 2 hours post-treatment. Co-treatment of cells with EGF and _TGFB1 in the
preéence of 2.5% serum also showed c-myc mRNA signal at 1 hour, which gradually
" increased ang reached the highest level of intensity ét 6 hours. |

The densitbmetry data revealed that ‘the'intensity of c-myc expression in HPMC
treated with EGF+2.5% serum incfeased 2.4 fold between 1 and 2 hours, and then declined
by 35% at 6 hour post-treatment.. Similarly, whén ceI‘Is were exposed to TGFB,+2.5%
serum, the C-Myc expression initially increased 2.3vfolds .between 1 and 2 hour, and
reduced byv38% at 6 hours post-treatment. On the other hand, when cells were treated
.simultanegusly With’ EGF, TGFj, énd 2.5% serum, the expressidn of c-myc mRNA increased
gradually by 74% between 1 and 6 hours post-treatment.

These observations shéw' that, whereas EGF alone or EGF+2.5% serum stimulétes
c-myc transcription, TGFp, alone does not support c-myc expreésion_rin HPMC. However,
when cells are treated with TGFB,_ in the presence of EGF and/or 2.5% éerum, 'é-myc
expression is observed. ‘AdditionaIIy, when cell_s are >exposed with growth factors in the
presence of 2.5% serum, c-myc expressic}h is preseh't.for a longer time, |n comparison to

cells treated with EGF alone.

3. Effects of TGFp, pre-treatment:
3a. Effects of TGFp, pre-treatment on expression of c-fos mMRNA
The autoradiograms depicting the expression of c-fos in HPMC following pre-

treatment with TGFB1 for 30 mihutes, followed by exposure to 2.5% éerum, or EGF alone, or

EGF+2.5% are shown in figure 23.
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. Following pre-treatment with TGFB, for 30 minutes, HPMC did not express c-fos
" mRNA (lane C, figures 23a, b, 'and c). Also, ‘when the TGFB, pre-treated cells were exposed
o' 2.5% serhm c-fos expression was not detected. In oontrast after exposure to EGF for 30
mlnutes or 1 hour, HPMC showed c-fos mRNA S|gnal which subsequently drsappeared
Furthermore, when treated wrth EGF and 2.5% serum srmultaneously, TGFB, pre-treated
cells expressed c-fos within _15 minutes post-treatment. The expression of mRNA peaked at
1 hour, declined by 2 hours and disappeared there after. |
The densrtometry data showed that when TGFB1 pre-treated HPMC were exposed to
EGF the c-fos signal |ntenS|ty mcreased 25% between 30 minutes and 1 hour. Treatment
of cells with EGF+2.5°/o.serum, showed a 3 fold increase in c-fos mRNA expression between
15 minutes and 1 hour, followed by a 67% .decline at 2 hours.
| These results _shovr that following: pre-treatrnent of HPMC with TGF, for 30
.- minutes, exposure to 2.5% serum is not sufficient to trigger c-fos t'ranscription. In
contrast, when TGFB1 pre-treated cells are,eXposed to EGF alone or to EGF+2.5%.serum,
they express c-fos mRNA. in the presence of both EGF and 2.5% se»rur:n HPMC show more
rapid and prolonged c-fos .expression. Furtherm'ore; in comparison to EGF treatment alone,
the intensity of ¢-fos expression seems to be augmented in presence of both EGF+2.5%

serum.

3b.  Effects of TGFp,- pre-treatment' on expression. of c-jun/ mRNA

The autoradiograms showing the expression.of c-jun in HPMC following pre-
‘treatment with TGFB1 for 30 mi.nutes, folllowed by 'exposure to 2.5% serum; EGF, -and
EGF+2 5% are depicted in flgure 24. ' - _ ' !

When TGF[i1 pre -treated HPMC were exposed to 2.5% serum, they expressed c-jun

within 30 mln_utes. The expressmn of c-jun mRNA then increased at 1 hour, and then
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' gradually declined by 6 hour post treatment Treatment of cells ‘with EGF alone also

resulted in expressron of c-jun between 30 m|nutes and 6 hours however c-jun
_expression intensity was highest at 6 hours post-treatment. On the other hand, exposure of-

TGF[VSAV pr_e-treated cells to EGF and '275°v/o>seru'm simultaneOUS|y"ého;v'eq c-.jun’ transcription

between 15 min-u'te's:"and 6 hours oost-treatment; with'a peak: at 1 hour. |

The results of densitom"etry analys'is reve.aled that'when lGFBi pre-treated HPMC

 were exposed to 2.5% serum, c-jun‘expressmn increased 50% between 30 minutes and 1
hour. Subsequently, the gene expressmn was gradually decreased by 58%'at 6 hours post-
treatment When TGFB, pre -treated cells were treated with EGF, c-jun S|gnal |ntenS|ty
inoreased 42% between 30 mlnutes and 1 hour, and then a further2 fold between 2and 6
hours post-treatment. On.the _other hand, when treated with EGF+2.S% serUm-, c_-jun’
e’xpressionincreased 3.5'fold between 15 minutes and 1 hour, and subseqvuently decreased
- 87% at 6 hours after treatment. |

| These results mdrcate that exposure of HPMC to EGF, 2.5% serum or EGF+2.5%
serum, following TGFB1 pre- treatment stlmulates c-jun transcrlption in these cells When
HPMC a‘re.treated with both EGF and 2.5% serum c-jun expression at 1 hour is further :

{

| augmented in comparison to the condition when TGFB1 pre-treated HPMC are treated W|th

: EGF or 2.5% serum alone

. 3c. Effects of vT(.iFB, pre-treatment ;on expression -of cjmyc m'RNIt. :
The autoradiograms showing the .expression of' c-myc in HPMC. following pre-
~ treatment with TGF[31 for 30 minutes, followed by exposure to 2. 5% serum, EGF and
EGF+2 5% are presented in figure 25.

‘When TGFB, pre-treated HPMC were exposed to 2.5% serum, they expressed c-myc |

mRNA between 1 to 6 hours post-treatment. However, when pre-treated célls were treated
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with EGF aloné, or EGF+2.5% serum, c-myc expression was observed»within is minutes.
The intensity of c-myc signal in both groups increased by 1 hour and pe'rsisted»at least up to
6 hours post-treatment. | |

The densitometry data showed that in 2.5‘70 serum-treated HPMC, there was a 2.5
fold incréase in the intensity of ¢c-myc exbreésion between 1 -and 2 hours post-treathent,
followed by a 75% decline by 6_hou'rs. On th'e other hand, EGF-treated cells showed 3 fold
increas.e in c~my¢ expression between 15 minutes and 1 hour. The siQnaI subseqdently
decreased by 40% at 6 hours post-treatment. Following treétm_ent‘of TGFB,-exposed HPMC
with EGF+2.5% serum, there was a 10 fold increase in c-myc signal intensity between 15.
minutes and 1 hour, followed by an additional 1.5 fold increase between 1 and 2 hours post- ,
‘treatme.nt. The signal intensity subsequently .declined by 53% at 1 hour.

These observations SUggest that.2.5% serﬁm, EGF, or their combination is sufficient'
to trigger c-myc expression in TGFB, pre-treated HPMC. In compafison to EG# or 2.5% -

serum alone, treatment of cells with a cbmbina-tion of EGF and 2.5% serum, seems to

promote highest expression of c-myc within 2 hours.
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Discussion

In 'c.>rder to‘ analyze prdliferativ,e‘ behavior of embryonid secondary paIaté |
| mesenchymal cells, free from the complexities of the in vivo environment, a primary cell
culture ;ystem was used in thé present study. The results showed fhat HPMC were capable
of sufvival aﬁd sustained growth when s'eéded on plastic culture plates. Previously, other
inveétightors have made similar observations on embryonic palate. mesenchymal cells from
‘ othe'r marﬁmals (huma'n, mice, and rat) (Yoneda and Praft, 1981; Wee et al., 1981, Greene
ét al., '1981b; Chepenik and Greéne, 1981; Zimmerman et al., 1983; Kukita and Kurisu,
1_986;'Ya_n(')ve"t al., 1996b), and bird (duail) (Izadnegahdar et al., 1995; Hehn et al., |
1996). Ihdeed, recent studies have shown ﬁhat palate mesenchymal cells proliférate mofe
rapidly on é plastic surfacé than those on or within an ECM substrat_um,(Sharpé ef al.,
1992; 1993; vDixo_n etv al., 1993a, b). |ﬁ édditioh_, primary cultures of erhbryonic cells
obtained f?om mouse and c_hick limb bljd mesenchymal cells (Paulseﬁ and Solursh, 1988;
Biddulph and Dozier, 1989; Capehart and Biddulph, 199'1), rat lung fibroblast (Nunez and
Torday, 1995),‘ skin‘mesenchyme (Polakiewicz et al., 1992), and chick mandibﬁlér,_ |
. maxillary, and frontonasal mesencﬁyme (Langille et al., 1'989) have‘been shown to grow
~ well on plastic su.rfaces. The results of the préseljt study further showed that the rate of
proliferation of HPMC was dépendent on the concentration of serum iﬁ the c':ulyt‘urev media: the
rate of proliferation 'was' higheét‘ in the presence of 10% ser'u'm andllowest' in 2.5% seruh.
In the presence .ofv1%.serurln, HPMC did not grow. Previous studies on embryonic mouée
palate mesenqhyhal celis also éuggested that the presence of at least 2.5% serum in culture
media was required for sdrvival _and éustained growth of cells (Sharpe et al.,-1992a, b;

1993; Dixon et al., 1993a, b). ‘These observations suggest that culture conditions are

important determinants of in vitro growth behavior of embryonic palate mesenchymal cells.
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4Nex‘t, the effects of growth factors EGF, TGFB,, or their combination, on the

proIife’fative behavior of HPMC, were evaluated by growth.c.urve analysis and measurement "
of DNA 'synthesis (as determined by *H-thymidine incorporation). Several studies have -
previously reported the mitogenic effet%ts of EGF on embryonic mammalian palate -
mesenchymal cells (Yoneda and Pratt, 1981; Kukita and Kurisu, 1986; Kukita et al., 1987;
Pisano ahd Gereene, 1987; Chepenik aﬁ'd Gun;/vald, 1988; GaweI-Thompsqn and Greene, -
-1989; London et al., 1989; Sharpe et al., 1992a, b; Dixon et al., 1993b; Chepenik et-al., |
1994')>. The data of the present study? indicated that, when treated at ‘sub-cbnfluent stage,.
| »E.GF accevlerated the brolifération of HPMC, but did nc;t enhahce DNA_isynthes.is in 24 hours. .. |
‘When HPMC were trea'geq with EGF in the presence of 2.5% serum, however, DNA syhthesis
‘was increas_,ed compared to the‘ controls. Also, the presence of serqm seem tQ be éss_ential .fo‘r
EGF io exert its mitogenic effects on sub-confluent (Sharpe et -al., 1992b; Dixon et al.,

1 993b, —presem study), but not on} confl'uenAt qultures- of mammalian embryonic palate
mesenchymal cells (Yoneda 1a_nd Pratt, 1981;‘ Kukita and Kurisu, 1986; KUkita et al,, 198.,7;
Loﬁdon et _él., 1989); The current analysis of the effects of EGF on’palat'e mesénchymal cé‘lls‘
subpoﬁs thé previously held notion ~thavt in order to stimulate'cell cycle under .sub- )
confluent culture ~co'ndition, EGF may réquire thé presenée of other factof(s) in serum
“(Stiles et al., 1979). 'Taken- together, these data .support the hy'pothésis that EGF is a
,positi_veAregulator of HPMC proliferétion.

In contrast to EGF, TGFB{ inhibited DNA syﬁtﬁesis and arrested proliferation of

HPMC. These findings are in line with prévioqsly reported data in the Iiteraturé, in which '
TGFB,, in the presence or absence of serum, was shown to inhibit prbliferation of embryonic
palate mesenchymal cells in mice (Linask et‘al'., 1591; Sharpe ef al.,, 1992a, b), as well as
of embryonic mat and human fibroblasts, and rat intestihal epithelial cells in primary

culture (Anzano et al., 1986; Booih et al, 1995; Kletsas et al.,, 1995). It is well
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recognized in the iiterature that TGFB, is perhaps one of the best known physiological
inhibitors of cell proliferation_ (Moses and Leof, 1986; Roberts and Sporn, 1990; Massagué
and Polyak, 1995). TG.FB1 is able to inhibit both in vivo and in: vitro growth of several
different cell types including epithelial, endothelial, fibroblast, neuronal, lymphoid, and
hematopoietic cells (Massague 1992). A number of studies, however, have also shown that
TGFB, exerts mitogenic effects on some ceII types i;'or instance, TGFB1 has been shown to
induce proliferation of human embryonrc palate mesenchymal cells (perhaps due to the
altered phenotype of these cells) (Llnask et al 1991), as well as of senescent human
fibroblasts, corneal endothelial cells, or smooth muscle cells (Ktetsas et al., 1995; Rieck et .
al.,, 1995). In addition, TGFB1 has been reported to accelerate proliferation of established:
fibroblast cell Iines (such as- NRK, AKR-2B, and Rat-1), as well as transformed cells (such _
as lung carcinoma) (Roberts et al., 1985, Moses and Leof, 1986). It has been’suggested

that the mitogenic effects of TGFB1 may occur indirectly possibly through lndnction of other

" mitogenic molecules such as PDGF, FGF, or their receptors (Leof et al., 1986; Plouét and
Gospodarowicz, 1989; Kletsas et al., 1995; Reick‘et al., 1995). Thus, the positive or
negative effects of TGFp; on cell prohferatlon appears to be complex, and seems to depend on
cell type, stage of phenotyplc dlfferentlatlon and the availability of other factors in culture
medium.

The data of the presentstudy also demonstrated that vrhen sub-confluent HPMC were

* treated with both EGF and TGFp, simultaneously, TVG.FB1 overcame the mitogenic effects of
EGF. These observations are in line with the data reported oy Sharpe and colleagues

(1992a). in murine ‘palate mesenchymai cells, and suggest that interaction among growth
factors may be impo,rtant.in ’regulating the proliferation of palate mesenchymal cells.

Previously, TGFB, has been shown to antagonize the mitogenic effects of serum or exogenous

growth factors such as EGF, PDGF, or FGF in ‘cultured fibroblasts, endothelial, epithelial;
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and neuronal cells (Takehara et al, 1987; Coffey et al., 1988; Mulder et al., 1990;
Yoshiura et aI.,‘ 1994; Kletsas et al., 1995; Vergelli et al., .1995).} .ln‘general, hoWevér,
'the i_nhibitory effect of '_I'GFB1 on cell proliferation éf mdst cell types seems to be reversible,
and cells resdme,growth'upon removal of TGFB, from cuI‘ture media (Moses and Leof., 1986;
Polyak, 1996). | |

To further study whether the anti-proliferative effect of TGF3, on HPMC was
reversiﬁle or not, the cells were pre-treatéd with TGFB,. The results shéwed that the anti-
proliferativé effect of TGFB, was exeﬁed rapidly: pre;treatment of HPMC with TGFB, for 30
. minutes was sufficient to. inhibit bbth serum- and/or EGF-inducéd DNA synthesis and
proliferat-ion. A|so,'these'daté indicated that the effects of _TGFB,‘on the proliferativé
behavior HPMC' was irreversit;le. After 30 mihutes of exposure to TGFp,, and its subsequent |
removal from the culture media, the growth of HPMC was arrested and they were unable to
respond to the rhitogenic effects of serum and/or EGF. Pre-treatment of HPMC with TGFB,
for different dufations of up to 12 hours also resulted in consistent repression of DNA
synthesis. Previously, Sharpe and colleaéues (-19}92a) also observed inhibition of DNA
s;}nthesis following TGFp, pre-treatment of murine émbryonic palate mgsen‘chymal cells for
24 hours. An irreversible inh‘ibitory effect of TGFp, on the broliferation .c.>f endothelial cells
(Takehara et al., 1987) and myoblasts (Zentella and Massagué, 1992) have aléo been noted.

The foregoing énalyses suggest that the presence of at least 2.5% serum is reqﬁired <
for survivél and sustained Qrowth of HPMC in primary culturé. .In addition, whereas EGF is
a pésitive regulator of DNA synthesis and proIifefation of these cells, TGFB, arrest the
proliferation of HPMC. TGF.B1 also prev.ents the proIiferative response of HPM¢ to EGF

and/or serum, suggésting that interaction among growth factors may play an important role

in regulation of proliferation, and thus cell cycle progre-ssion, of HPMC.
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It is now well recognized in theAinterature 'that the regulation of cell 'p‘rolife'ration
requifes sequential activation of several interacting intracellulér signéling bathwayé that
subsequeﬁtly induce.series of immediate early 'ge.ne's putatively involved in regulation of
various events determining cell cyqle progression (Edwards, 1994, Segér and Krebs,
.1995). The discussion so far has focused on the ability_of EGF and TGFB, to modulate the
proIifera_tion- of erﬁbwonic palate mesenchymal cells. However, thel;e are no repoﬁs in the
litqréture anaiyzing their effects on the expression of immediate early genes in‘ these cells.
The present study provides the fi;st report 6n expression of immediate early genes, and
their modulétion by growth factors, ln embryonic palate mesenchymalicells.

} fhe results of the Norfherh -blot-anélysis indicated that uﬁder serum starved
conditions, transcripts of c¢-fos, ¢c-jun, and c-myc were .undetectable in HPMC. These data
are consistent with the observation that the mRNA levels bf these proto-oncogenés are at |
éxtremély low levels in quieéceﬁt fibroblasts (Kelly et al., 19883; Coff.ey et al., '198.8;
~ Waters et al,, 1991; Campisi, 1992; Kim. et al.,, 1993), indicating that serﬁm starved cells
were in Gd state.

: Treatrﬁent of quiéscent HPMC with serum resulted.in rapid but transieht induct‘ion.of
all three proto-oncogenes whose transcript size were comparable to those found in other
ceI‘I tybes (Miiller et al., 1984; Almendral et al., 1988). When HPMC were exposed to
2.5% or 10% serum, expression of c-fos mRNA occurred within 15-36 minutes, but thé
signal disappeared by 2 hours. On the other hand, c-jun expression was not detectable with
2.5% serum. In presence of 10% serum, however, c-jun mRNA was iﬁduced within 15
minutes, and subsequently dec‘lined at 6 houvr, thus further feinforcing the proposition made
~ earlier in the Discussion that culture c_onditio.ns play an important role in regulation of. |

specific gene expression in embryonic palate mesenchymal cells. Treatment of HPMC with

2.5% or 10% serum also induced c-myc expression. by 30-60 minutes‘, which peaked at 1
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hour, and braduaily declined at 6 hours. TAhese 6l—nsérvations on the induction of immediate-
early genes in HPMC by serurh corrdborate those in quiescent fibroblasts where similar
'- rapid and transient inducti‘on .of immediate early genes were associated 'with cell
proliferation (Greeﬁberg and Ziff, 1984; Lau and Nathans, 1985; 1987; Almendral et al.,
1988; Ryseck et al., 1988). Since, in the pfesen’t study, serum treatment also induces both
the immediate early genes and prdliferation in HPMC in that ordér, it is plausible that
indqction of these genes may be required for the transii_ion of HPMC from ;a.quiescent to
proIiferatingA state. |

Previously, mitogens suc-h as EGF, PDGF, and FGF have been shown to induce
‘ expression  of c-vfos, c-jun, and c-myb quiescent fibroblasts as éfficiently- as sefum (Kelly
et al., 1983; Cochran et al., 1984;. Kruijer et al., 1984; Muller et al., 1984; Quantin aﬁd
Breathnatch; 1988; Ryseck et al., 1988; Hudson and Gill). .'thé data of the pfesent s_tUdy
‘also' showéd that treétmént of serum-starved HPMC with EGI‘%.both in presence and absence
‘ of 2 5% ser@m, induced expression of c-fos, c-ju_ni and c-)nyc.‘ Wheﬁ cejls were exposed to
EGF alone, the expression all three proto-oncog.enes were expressed rapidly énd trahsienfly.
| Similaf observations have been made by Muller and associates (1984), in -N'IH.3T'3 o
fibroblasts where c-myc mRNA reéched bas‘al levels rapidly after treatment with EGF alone.
Expression of c-jun and. c-myc, however altered.depending on the presence o?.i' absenice of |
serurf: in culture ..media: in the absence of serum, EGF was éble to induce c-jun_ and c-myc
signals 'on|y between 30 minutes aﬁd 1 hour, in the presence of 2.5% serum, EGF-‘il;ldUcéd
éxplression of these genes was seen between 1 and 6 hours. Clearly, the presehce"or ébsencé
of serum app~ears to regulaté the temporal e;(pression of at Ieagf c-myc and b-jqn; whfch, |n

turn, may be associated with the non-mitogenic response of serum-starved HPMC following

their exposure to EGF alone. This would further support the notion expressed above that ' A
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simuitaneous avéilability of othe‘f factors in .cultu.re- media is essential for EGF-induced
stimulation of proliferation' of HPMC. |

‘ On the other hand, the resuits of the present study showed that in the'absence of
serﬁm, TGFB, was unable to ind‘ucve immediate early gene expression in'HPMC. ‘Even though -
there are no reports in the literature on fhe effects of TGFB1 c;n expression of imhédiate _
early genes in embryonic 'm_esenchymal cells in pﬁmary cultﬁre, préviou.s studies on other
cell types have shown that TGF[_i1 exerts diyefse,effects bn express.ion of c-fos, c-jim, and
c-myec. Whereas in some cell types, inc'luding BALB/MK keratindcytes, BALB 3T3
fibroblasté, ”vaviss 3T3 fibroblasts,' and Pig leydig cells, TGFp, alone does .not affect_ proto-
oncogene expression (Cof.fgy et al., 1988; Hall et al., 1991; Chatani' et al.,, 1995), in other
cell types such as embryonic rat L2, NIH 373, ARK 2B, moﬁse embryo'riic fibroblaéts, mink
lung epithelial cells, and mouse. keratinocytes, TGFB, can rapidly stimulate or inhibit the '
expression these Qenes (Liboi et al., 1988; Petrovaraara et al.,, 1989; Pietenpol et al.,
-1990; Hall e;t al., 1991; Kim et al,, 1.993). In addiﬁoh, the efféct of TGF‘B‘1 on immediate
’ ‘early gene expression in different cell type does not correlate-with.i,ts effects on cell
proliferation.' For example, c-jun expression was observéd in bo_th Humén adeﬁogarcinoma
" cells, in which proliferation was inhibited by TGFB, and in AKR-2B mouse embryo |
fibroblasts, which were stimulaféd by TG'FB.1 (éetrovaara et al.,.1989). Furthermore,
TGFB,4 stimglated‘ the prdliferation of BALB 3T3 and 'Swiss 3T3 fibroblasts without inducing -
c-fos expression (Chatani et al., 199). whelras in endothvelialf cells TGFB, induced c-fos .
expression, but inhibited cell proliferation (Takehara: et él.‘., 1987). Thus, the effect of
TGFB, on immediate early gene expreséion, like fhai on éell proliferation, also seem to be
varied depeﬁding on cell types and culture Cé)nditigns.

To further analyse whether the TGFB, arrest of serum- or EGF-induced HPMC

prolifefation had affected the expression of the proto-oncogenes, the effects of growth factor
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combination and TGFp, pre-treatment on‘ c-fos, c-jun,.and c-myc expression were
examined. When cells .were'treated with TGFB, in the presence of 2.5% serum, mRNA
expression vi/as observed ’for c-fos (peak at 1 hour) andlc-myc (peak at 2 hour), but not
c-jun, indicating that TGFp, does not interfere with serum-induced expression of immediate
early genes. |
| Following co-treatment of HPMC with EGF and TGF[31 in'the presence or absence of-
2.5% serum, .the mRNA of all three genes was expressed |nd|cat|ng that abrogation of
.mltogenlc response of EGF by TGFB, may have not been exerted through |nh|b|t|on of
" immediate early gene expression. Ea.riler literature also demonstrates that the growth
inhibitory effect of TGFB.1 on .mitogen-induced proliferation of differentceil types does not
inhibit mitogen-induced c-fos or ci-jun expression. For example, TGFB% inhibits mitogen-
induced proliferation of.hamster lung fibroblasts (Chambard and Puyssegur, 1988), )
neonatal human fibroblasts (F_’aulsson'et al., 1988; Keltsas et al.l; 1995),‘ BALB/MK
keratinocytes (Coffey et_ al., ‘i988), rapbit gastric epithelial cells (Yoshiura et al., 1994),
and human renal mesengia’l cells (Schoeckleman et aI. 1997) in'.culture, without inhibiting
mitogen mduced ‘expression of c-fos or ¢c-jun in these cells. Therefore it is possrble that
in these cell types |nclud|ng HPMC (present study) TGF[}1 may arrest EGF-induced
_proliferation through other mechanisms, which do not interfere with mitogen-induced c-fos
_ or c-jun expression. o | |

. In comparison to the effects of TGFB; on mitogen-induced expression of ¢-fos-and
c-jun, the effect of this growth factor on c-myc expression seems to be dependent on the cell
type. For instance, in HPMC (present study), hamster lung fibroblasts (Chambard  and
Pouyseggur,. 1988), and rat intestinal epithelial cells (Ko et al., 1994), TGFB1 does not |
affect the mitogen-induced expressron of c-mye, but in other cell types such as human

mammary carcinoma (Franandez-Pol et al., 1987), BALB/MK keratlnocytes secondary
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.cuiltures of human keratinocytes (Coffey et al., 1988,' Piente'pol et al., '1990a,,b; Munger et
aI.,. 1992), colon carcinoma cells (Mulder et al., 1990), or rabbit gastric epithelial cells
" (Yoshiura et al., 1994) TGF[SI1 reduced mitdgen;%nduced c.-rnyc expression. Also, over-
.expression of c-myc in keratinocytes Ieads_ tr)‘TGFB1 resistance (AIex‘androV 'et,al.,- 1995), ,
further indicating that TGFB, may be: exerting its growth inhibitory effects through dorvn-
' regu.lation of c-myc expreseion (Pientepol et al., 1990; Zentella er al., 1991; Munger et
aI.,k 1992), a proposition that is in contrast to ihe observations or the present study.

The data .of the present study also revealed that co-treatment of HPMC with EGF and
TGFB, (in presence or ebeence of serum) affected the temporal exnression of all three
‘proto-oncogen_e mRNAs. For example, in contrast to exposure to EGF alone or EGF + serum,
when c-jun was no longer detectable after 1-2 hours, co-treatment of HPMQ ‘with EGF and |
TGFB, (+ serum) resulted in expression of c-jun mRNA for up to 6 hours. Similarly, when
HPMC were co-treated with EGF; TGFB,, and serurn, c-fos expression persisted upto2 '
hours in comparison to 1 hour duration following EGF/serum treatment. The expression of
c-myc in HPMC was also prolonged in presence of both EGF and TGFBh compared with EGF
‘alone. Previously, several investigatdrs have also reported sustained expression of
mitogen-induced c-ros in the presence of TGFp, in other cell types (Liboi et al.,1988;
Paulsson et al., 1988; Kletsas et al., 1994). Whether the prolonged expresvsion of.
immediate early gen_es in HPMC in the presence of TGFB, is due to an increased rate of gene
expression or a decreased rate of mMRNA degradation, remains to be clarified. However, since
TG.FB1 by itself does not,.stimulate'transcription of immediate early genes in HPMC, it is y
: possible that TGFpB, might exert pdst-transcribtional effects dn immediate early gene mRNA .
(Coffey et al.,, 1988) to p_roIong the expression of these mRNA transcripts‘. This could

imply that the altered temporal expression of mitogen-induced immediate early 'genes by

TGFB; may be associated with growth arrest.
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With the excéption of é-fos,‘ which wés not stimulated by 2.5% sérum in fGFﬁ, -pre-
treated HPMC, pre-treatment of HPMC with TGFB, followed by treatment with 2.5% éerum,
EGF, or their combination, supborted mRNA expression of all three proto;oncogenes, as
appropriate. In addition, the mRNA expression of all three proto-oncogenes, although
occurring very rapidly (within 15 minutes), was prdlonged, with c-myc and c-jun
expression lasting for up to at least 6 hours; and ¢-fos expressior; until 2 hours. Studies on
the modulaforyv effect of TGFp, pre-treafment on other grthh factprs are scant. Earlie'r,
Miki and associates (1994) .showéd. that 30 minutes of 'I"GF.B1 pre-treatment p'otent‘iated_
neurotransmitter-induced c-fés expression in myoca(dial cells. In endothelial- cells, TGFB,
pre-treatmént do-e‘s not alter EGF-induced' c-fos _expréss’ion, but reduces c-myc eXpression |
{Takehara et al., 1987), whereas in éndomefrial ca‘rcinomla cells, it reduces c-fos
expréssion within 1 hour of TG'FB,. pre-’treathent (Bergman et al., 1997). 'f'hese
ébservations would indicate that the effect of.TG-F[i1 pre-treatment on mitogen-induced
expression of immediate early genes may be cell type-specific.

The foregoing analysis of the data of the present study, along witﬁ that from
Ibiterature clearly indicates thaf cooperation between EGF and TGFB, is crucial ih thé
regulation of proliferation of embrypnic palate mesenchymal cells. The quesfion that
logically follows is how do EGF and TGFB, exert their respective biologicél effects fo'reguiate
proliferation of palate mesenchymal cells? |

Previous studies have shown that both the second-messenger dependént pathways
involving PKA and PKC (Pisano and Greéﬁe, 1986; Pisano et al., 1986; Chépenik and.
Grﬁnwald, 1983; Cheﬁenik‘ énd Haysteéd, 1989); and second-messenger independent
pathways invdlving CK2, MAPK, and p34cdc2 (Yéung et al,, 1§95; 1996a, b}, allow

transduction of extracellular messages from the cell surface to the nucleus to regulate cell

proliferation and differentiation. These pathways are activated during normal development
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of secondary palaté in mammals as well as 6ther_ vertebrates (Hehn et al., 1995; 1996
1997a, b). Although it remains to be.determined dfulring palate develobmeni, it has ﬁeen
shown that in nuclei of other eukaryotic cells, the signaling molecules sti'murlated‘ by these -
'pathways actvi\'/ate trénscriptionk factors, which, in( turn, stimulate expressidn of immediate
early genes (c-fos, c-jun, c-m;vc, etc:) that,sé_em té bte‘req‘u,ired' for progression of cell ihtov'
G1 pl;uase, and for evéntual regulation of 'cel‘l proliferétion (Triesman, .19'94:, 1996). |
It hés'been shown-that ligand-induced. phosphorylations _of p‘rdtein-kinases lregulate
the act.ivation'of early genebs (Hunter ;nd Kaf}n, 1992). '_I'hé pathways throﬁgh which serum '
or.growth falctorvsvvsuch 'as EGF activate immediate ea‘r'ly genes‘appear to. be sp_ec.ific (Gubta,
“etal, 1996). For example, c-fovs‘_e){pressiqn seer'hs to be régul,ated through RaS-MApK
bat‘hv'v'ayv (Jahknecht et al,, 1995), whereas .tyrosine4kinase Src is an upstréam activ.at"or of
only c-myc (Bérohe and Courtneidge, 1995). Exogenous'EGF hasi' been shown to Bihd to |
receptors on palaté mesenchymal cells (Abbott et al., 1988? Shiota et al., '1990;} Sharpe et
al., 1992a), and stimulates 'their p‘rolifelration‘(Géwel-Thompsbh anerree~ne, 1989;
Shérpe et al., 1992a, b; Shéh etal, 1.99'5a).-’ EGF also a.ct'ivates-'PKC (Chepénik and | ,
‘Grunwald, 1988; Chepenik and Haystead, 1989), MAPK,:énd CK2 (S.ha‘h: et al., A1 995&, b; |
YoUng .e.t aI:, 1996) in mammalian pé\late mesenchymal cells (figure ‘2,6'). Thus,<it ié ‘
plausible 4that these EGF-ir'\dluced. signaiin‘g molecﬁles may activate c-foA_s,”c-jun, and é-myc
expression (pfesent stuciy) _and'advance the palate Ymésenc_hyma"l cells in Gi and thgs, .

~ contribute to the stimulation of cell proliferation.
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RKC o immediate
PKA (?) early genes:
CM::K c-fos, c-jun,
' ' c-myc o Y
. p34cdc2 (?) mye. cyclin-cdk’s
EGF

Fi'gurg 26. Induction of signaling cascades and'im‘me-di‘ate early genes as the palafe
mesenchymal cells advance from GO through G1 phase of the cell cycle. '

dn the other hand, when TGFB1 binds to embryohic Apalate, mesenchymal _cells (Linask
et al., 1991), it suppresses their proliferétidn '(Linask' et al;, 1991; Shar{pe et al.,, 1992a,
b; present study) and does not activate c-fos, c-jun, or c-myc expression ‘in HPMC (fig.ur:e ‘
27; present ,study). Earlier, it was shoWn fhat -TGFp1 suppresses activétion of bc;th MAPK:
and CK2 in HPMC (Young et al., 1596). Taken tégéthef, these observations would suggest
that lack of .activatior.1 of immediate éarly gehes in HPMC may be related to‘suppression of at

least MAEK or CK2 signaling pathways.

PKC () {nmediate ,

PKA(?) Sy gepcl

MAPK c-fown,

p34cde2 (?) 7’ ve N cyalincdks (2)
TGFp1

Figui’e 27. Effects of TGFB1 on 's‘ignaling molecules and immediate early genes as palate
mesenchymal cells advance from GO through G1 phase of the cell cycle.

. In addition, although not yet verified during palate development, TGFB, has been |

irhplicated in suppression of activation of at least two other cell cyclé.contro‘lling molecules,
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p53 and retinoblastoma (Rb), as a part of the pathway that Ieads to the arresf'of cell
proliferetion (Cox and Lane, 1995; Beijersbergen endABernerds, 1996; Milcezarek et al.,
1997). _Fuhc'tion of p53 is generally associated with tﬁe reeulation of cell prolifere_tioﬁ
during tumor progression or cell injury (Deppert,A19'94; Levine et al., 1991; Sager,
1992). Rb is'a negative reguiator of cell eyele; Wheh' hypophosphorylated, it binds to and |
inhibifs transeription factor EéF, which is reqUir.ed ‘for cell cycle -p'rogre.ssion, (Sanchez end
, ‘Dynlacht, 1996). Phosphorylation of Rb is mediateld. by protein complexes of G1 cYclins and
cyclin dependent kinases (cdk) such as cyclin D/Cdk 4 or 6, and cyclln E/Cdk 2, whose
sequentlal formatlon activation and inactivation are .necessary. for. cell cycle progression
(Pardee, 1989; Sherr, 1993; 1994; 1995) TGFB1 inhibits phosphorylatlon of Rb
resultmg in an accumulation of the under_-phosphorylated f_unctlonal form of the protein“

_ (Laihe etl al., 1990; Munger, et al., 1992; Beijersbergen and Bernards, 1996). AIs'o,-
TGFS, inhibition of Rb seem to be through suppresswn of the mRNA or proteln levels of
several G1 cychns and Cdk’s or prevention of the cyclin/cdk complex actlwty (Massague
.and Polyak, 1995; Yingling et al., 1995; Polyak, 1996) by regulating cyclin dependent
kinase inhibitors (vCKI’s) (Polyak et al., 1594; Hannen and Beach, 19§4; Datto et-al., '
1995). CKI’e are low molecular weight prote‘ins that bind cyclin-cdk complexes and inhibit
‘their activities (Henter and Pines, 1994; Sherr, 1994). The known CKI fafnily mefnb’ers‘
lso far include, p21 (WAF/ Cip 1), p27 (kip 1), p16 (INK 4/ MTS1) and 'p'15 (IN4K
4B/MTS2). TGFB, treatment of cells seems to ‘stimuiate p15 gene expression whieh results |
in‘ an increase 'inv‘its protein levels (Hanﬁen' end Beach, 1994). At high cellular
concentration, p15 ‘associ'ates with eyclin D-cdk4 and cdké, end inhibits tﬁeir actf\)ity
during G1.(Hannon and Beach, 1994}).> Simi[arly,.TGFB, increases p21 gene expres‘sioh,"

which at excess protein levels binds to, and inhibits cyclin D and cdk 2 (Datto et al., 1995).

On the other hand, TGFB1 seems to increase the p27 protein levels through a post-




104
translation‘al méchani_sm (Pélyak ef al., 1994, Slingerlénd et al., 19945, and prveventv
formation of catalytically éctive cyclin E/cdk2 in mink lung epithelial _cells (Koff et al.,
1993). Thus, there éppears to be multiple interacting mechanisms between TGFp,, aﬁd G1
~ cyclin-cdk activities indicating ‘that TGFB, may play an important role in regulating at least
cyc;lin-cdk Cell.cycle machinery to exert its anti-prolifératfve effects. ‘C_Iearly,’
information on TGFB, regulation of cyclin-cdk activity, and of CKI, is esseﬁtial to further
under#ténd the involvement of TGFf, in reéulation of proliferation of HPMC.

Following co- or pre-tréatmentwith TGFB,, EGF aﬁd/or serum db_es induce
‘expression of all three immediate early genes but does not reyerse’kthe TGFBl1 'suppreésed
proliferation of HPMC (present study). Earlier it was shown that when HPMC were
co-treated with EGF and TGFB1, MAPK_v'activation was not affected but CK2 acti\)atidn was
(figure 28} (Young et' al., »1996). It is plausible thét EGF-stimulated MAPK in a‘timely
manner could induce c-fos, c-juh, and c-hyc expressioh, \;\}hich -was apparently
'insufficient to carry HPMC through G1 phase of the cell cycle possibly bec,aﬁse other
molecules such as CK2 b_r early G1 cy.clins rhay not have been activatéd. Inl fact, several
vinvestigatqrs have propbsed that TGFp, exefts.its grdwth' inhibitorry_ ef‘fects“during :G1 stage
of the cell cycl.e, without affecting the events of GO-G1 transition (Chambrad and
Pbuyséegur, 1988; 'Ko et al., 1994; Kle_tsais.et ql., 1995; Schoecklman et al, 1997). ..As .
indicated in the previous paragraph, it is also poésibl,e that T(\3|F[31 may hével'simLilt‘fcmeoust
affeéted early G1 cyclin-cdk complexes td prevent further progress of HPMC through G1.
Since, EGF and TGbFB1 act as posifive and negative regulators, respéctively, to d.etermin.e
whether HPMC proliferate or not, and. as>this decision is made in G1, G1 Cyclin-cdk may act
as integrators of these extracellular signals-(Pona.k, 1996). Thésé possibilities need to bg. :
examined .further to clarify fhe mechanism by which EGF and TGFB, interactions regulate the

proliferation of embryonic palate mesenchymal cells.



105

"PKC (?) ' immediate -

PKA (?) early genes:
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Figure 28. Effects of EGF+TGFp, on signaling molecules and immediate early genes as
palate mesenchymal cells advance from GO through G1 phase of the cell cycle.

In summary, the results of the present study indicate that EGF and TGFB, are
‘ ﬁnportant regulatér,s of embryonic .H‘PMC broﬁferatioh. Further, this study suggests that
intéraction among extracellulal; grow‘th féctors leads to modulation pf the nludlear events that
may be important in regulation of HPMC prol.iferation during pélate morphogenesis.

~ The pfesenf study was undertakén ‘on the ovefall premise that p'ro‘liferat_iOn',
differéntliation, and deéth represent alternative and m'utually ‘exclusive pathways for cells
during embryogenesis. There is a éombelling notion in the literat_ur'e that'proto-onc;ogenes
ﬁlay functioh at critical control points in décisio’n-making_ pr‘ocesées that reg'ulate the
biological phenomena. Hence, an objectivé of this study was to examine whether pr;)to-‘
c.Jncogene.sl are expressed in HPMC as the .cells qommit themselves to DNA synthesis (i.e. cell .
proliferation). In addition, how EGF and TGF;, implicated in regula‘tion of cell proliferation
during embryonic secondary palate d_eve|opmeni,'modu_|ate the activities of immediate early
genes as the palate rﬁesenchymal cells move from GO to G1 phase of the cell cycle, was
examined. This study provides hitherfo unayailable information~ on how growth factor
_ ihteraction could regulate the'putative biological behavior éf emt‘)ryqnicpalate mesénchymal
cellé through mddulatign of the activities of irhmediété'eariy genes. Clearly, a progress in
understanding the proﬁferative/anti-proliferativev mo‘de of.a¢tfons of extracellulaf,factors

can be achieved once activation of various other genes involved in cell cycle regulation, their.

interaction with inducing agents (such as growth factors) and with the components of basic
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cell cycle machinery including signaling caséades, are thorodghl.y evaluated. As analyzed in
Introduction of this thesis, there is a,r.;a"ucity of reports in fhe field of thbe developmental
biology where regulatidn of proto-oncogene activity by multi-grbwth factor tr,eatment-has
been analyzed in the primary cﬁltﬁre .of embryonic cells. From the pers‘pectives of gen_eral
cell and molecular biology, so far, much ‘c->f the information on growth factor-regulated
mebhanisrﬁs that modulate functional behavior.of cells has been derived from studies on
transformed or estabiished cell lines. | Since these cell lines may have undergbne suffic;ient
mutations or phenoty;‘)ic alterations, the application of information derived thence from to
-morphog-enesis of a structure such as palate may prove to be complex and difficult. The
approach putlined in the present study on the interac_:"(ive effects of growth factors in
primary culture of cells derivéd from embryonié palate’ mesenchyme, whose life history is
fairly wéll defined, 'provides a potentially rewarding strategy to further analyze_the |

regulatory cellular and molecular mechanisms in developmental biology, including those of

normal and cleft palate formation.
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