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ABSTRACT

Two highly related transcription factors, ATF2 and ATFa, enhance the
activity of the Transforming Growth Factor f2 (TGF-B2) promoter via a partial
cAMP response element in transfected CHO cells. The retinoblastoma protein
(Rb) also activates this promoter and enhances the stimulatory effects of ATF2
but causes near extinction of the effects of ATFa. Whereas Mitogen-activated
protein Kinase Kinase 7 (MKK?7) or cJun N-terminal protein Kinase (.TN K)
expression enhances the actions of both ATF's, MKK6 or p38 expression only
augments the effects of ATF2. Immunoprecipitation of lysates from transfected |
cells with Rb antibodies brings down expressed ATF2 but not ATFa. Expressed
JNK and p38 are also immunoprecipitated in the same complex. Similarly,
ATEF2 antibodies bring down expressed Rb, JNK and p38. Expression of Rb
enhances the immunoprecipitation of bbth JNK and p38 by ATF2 antibodies.
The results suggest that Rb is acting as a matchmaker by bridging either INK or
p38 with their common substrate ATEF2 and, hence, facilitating its activation.

. This suggestion has been validated by direct measurements of the

phosphorylation status of ATF2. cJun co-expression substantially enhances the



actions of ATF2, but has no significant effects on the actions of ATFa. These

results Qere also éoﬁﬁrmed by the inhibitidn of the actions of ATF2 but not
those of ATFa by a ciomiﬁaﬂt:ngggt}:ye mutant of cJun.‘ cF os has no significant
effects on either ATF. Regulati(;f; f:o‘f (;nd_o'genqilfs TGF -[32’ géng expression in
PC-3 cells is highly cor:elateci to th%xt Qf the tragsfecltedl TGF - |32 prométer
construct, indicating the physiolégic_:al relevance of studies with the TGF-B2

promoter.
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CHAPTER I

INTRODUCTION

ATF2 and ATFa

“1---Members of bZip fa:milyl |
The rgéulation of gc‘ene. é;(i)réssi;)n is a critical comj)onent in regulating

;:ellu_lar metabolism and mélintaining fhe structufal and functional differences
_thét exist 1n cells during‘ dévelspment. Regulation of transcription initiation,
. which is the l;est documented and méy be the most common site of regulation of
gene expreséi‘on involves the interaction of RNA polymerase with its promotér.
| In eukaryotic'sys'tem“s, so-called t'ransc;;iptién factprs are the regulatory proteins
‘which bind to specific sites in thé ‘promoter. A 'v-aAﬁety of structure motifs have
been found to direc;t speéiﬁf: binding to sites located in target gene promoters. In
the case of the transcription faétors, we- have been studyiﬁg’ the DNA binding.
and dimerization sites are adjacent to eachv other and the entire region ié referred

~ to as the bZip domain. b is for the basic domain which bihds.DNA_ and Zip is
L B . 1 '



for theleucine zipper, a helical region involved in dimerization. There is a large

super-family of bZip proteins, all of those mem‘t;ers contain this common
structural motif.

Activating transcription factors 2 (ATF2) and a (ATFa) are members of
a subset of the family of bZip transcription factors (Meyer and Habener, 1993,
review). Both ATF2 and ATFa were cloned from HeLa cell cDNA libraries
(Gaire et al., 1990) generated by reverse transcription PCR.

Members of thistip family -typiqﬁlly ha;'e a basicA-regio(n near their C-
terminus, flanked by a leucine zipper motif. The basic regién, rich in positively
charged amino acids, is responsible for sequence-specific DNA recognition and
’ binding. Tﬁe leucine zipp& is a coiled-coil structure with leucines at every
seventil position (heptad repeats) norrhal.vl'y w1th 4 to 6 cycles, responsible for'
protein dimerizﬁtion. Bzip proteins also usually have transactivation domains
.near the N terminus.

ATF2 and ATFa have a striking sirﬁilarity to each other at the protein
primary structure level (Figure 1, all ﬁéures and tables arein the appendix).

Thus, they share significant identities in three regions [;90% over AA's_21-99
| (ATF 2);‘~80% over AA's 354-426 including tﬁe bZip and ~70% over AA's 428-
| 463] (Mackawa et al, 1989; Gaire et al, 1990; Meyer and Habener, 1993).

Outside these regions there are isolated pockets of homology but the rest of the
, ,



two proteins are largely different. Both pfoteins are unique among the bZip
family members in having a zinc ﬁpgél,r at the N terminus.

Both ATF2 and ATEa aét‘ to fénﬂ DNA bindiﬁg homodimers and
heterodimers (Hai et al., 198'9;"}_31enbrook et al., 1990). Such dimerization may
result in ATFZ or ATFa Being a constituent of fabtor complexes that have subtle
differences in DNA binding specificity and regulétory potential (Meyer and
Habener, 1993; Chatton et al., 1594). |

ATF2-Jun heterodimers have been reported to act at a number of partial
CRE/ATEF sites (Kﬁrin aﬂd Hunter, 1995; Kaszubska et al, 1993; Liang et al,
1996; Newell et al, 1995). ATFa can interact with several' members of the
Jun/Fos subfamily (Benbrook and Jones, 1994, Chatton et al, 1994;‘ Hai and
Curran," 1991), but ATF2 only interacts wifh cJug. This sﬁggésté that some

functional differences niay exist between the two ATF's. -

' 2---Promoter regulation
ATF2 and ATFa lﬁnd to cAMP'response element (CRE) sites, full
(TGACGTCA) or partial (CGTCA), whici_l, are closely related to so-called ATF
sites (Benbrook and Jones, 1994; Hai. and Curran, 1991; Meyer and Habener,
1993). These ATF/CRE siteé areﬂ widely distributed in a vériety of promoters

(Meyer and Habener, 1993).



Despite thei; ability':to bind to full and partial CRE sites, neither ATF2 :

nor ATFa has been found to‘me:diate a response to cAMP (Gaire et al, 1990;
Gong et al, 41’99.5; MaekaWa‘_ et al, 1989). Hovl'ever, there is 'a controversy
regarding thel cAMP effects on TGF-p2 ’expression (Klngsley-Kellesen et al.,
©1999). It has been suggested that the CRE b1nd1ng protein (CREB) up-regulates
TGF-B2 express1on in F9 embryonal carc1noma cells. Since F9 cells are
d1fferent1at1ng cells cAMP s regulat1on in F9 cells may not be typ1cal We and
 others have found that ATF2 up-regulates the TGF [32 in at least four d1fferent
a cell l1nes and no role for cAMP is ev1dent (Klm et al 1992 ‘Gong et al., 1995).
Indeed, ev1dence fcr a un1que rcle;-fo; ,ATF2 ‘1n~regt_llat1ng transcnptwn was
provlded hy the fact that el(ptes_sion of ATF2 by vitsel:tl‘ caused sig‘niﬁcant
\stimulatio'n‘ of the activity-’of the TGF B2 promctef while neither Cl{EB or

" ATF1 were active (Kim et al*.,: 1991; Kim et al., 1992; Gong et al., 1995).

ATF?2 and/or ATFa have been fcl_l'nd to enhance the activities of a variety -

of promoters thrcugh CRE/AATF'sites including TGF-B2 [and probably 1]
(Kim et al., 1991; Kim et al., 19'92';AGong etal., 1995), E-selectin; Cyclins A
* and D1, TNFa, Fibronectin, FasL, PEPCK, DNA polymerase B, MHC

enhancer A:, Interferon ¥, cJun, 11;72, Keratinocyte growth factor and Rb (Read

et al., 1997, Shimizli' et al., 1998; Joyce etal., 1999§ Zhou et al., 1999; Hocevar .

_etal,, 1999; Fairs et al., 1998; ‘Cheong et al., 1998; Kreidweiss et al., 1999;
4 -



Brockmanﬁ et al., 1999; Kim et al., 1998; Duyndam et al., 1999; Su et al.,

1994). Mutation of the CRE/ATF sites in the promoters abolishes the effects of

the ATF’s in each case (Kim et al., 1992).

ATFa and its variants were initially reported to have weak transactivation

functions (Chatton ét al., 1993); and it was suggésted ‘that the N-terminal
activation do¥nain of the ATFa protein 1s functionaily masked by the C-terminal
region of _the'prote'in (Chatton et al., 1994). Later, howevér, ATFa has been
found to stimulate gene expression mediatéd by fhe ATF/CRE sites located in
the TGF-2 promoter in CHO cells (Go;ig etal, 1995) and in the E-selectin
prdmofer 1n HelLa cellé (fescini et al., 1994). Mﬁtatioﬁ of tﬁese ATF-binding
sites abolishes ATFa's transactivation in both cases (Pescini et al., 1994; Gong

et al., 1995).

3---Phosphorylation

ATF2 and ATFa have been found to respond to environmental signals

- which afg known to activate protein kinase cascade pathways including growth
factors, cytolcines and various forms of stress (Bocco et al., 1996; Gupta et al.,
1995; Jiang et al., 1996, Raingeaud et al., 1995; Tournief et‘ al., 1997,

~ Raingeaud ét al., 1996; Livingstbne et al., 1995; van Dam et al., 1995; Tsai et



al., 1996). The activity of the N-terminal domain of ATF2 is also stimulated by

UV irradiation and addition of serum. (Livingstone et al., 1995).

Consistent with the in vivo response to these stress signals, in vitro
studies have suggested that ATF2 is the direct target of at least two signal
transduction pathways (Karin and Hunter, 1995, review). ATF2 was found to be
phosphorylated by the c-Jun N-terminal kinase (JNK) and protein kinase p38
(Gupta et al., 1995; Livingstone et al., 1995; van Dam et al., 1995) on two
closely spaced threonine residues (positions 69 and 71) within the N-terminal
activation domain. The replacement of these phosphorylation sites with alanine
inhibited the transcriptional effects of ATF2 (Gupta et al., 1995; Livingstone et

al., 1995; van Dam et al., 1995).

4---Physiological roles

The severe developmental defects observed in the ATF2 knockout mouse
have implied its important roles in mediating growth and development. It has
been shown that mice carrying a germ line mutation in ATF2 suffered
widespread abnormalities, including development of the skeletal and central
nervous system (Reimold et al., 1996). A more recent report using mouse null

mutants of transcription factor ATF2 has shown that targeted mice died shortly



’ after birth and displayed symptoms of severe respiratdry distress with their
lungsAﬁlled with meconium (Maekawa et al., 1999)..

ATF’s may also play‘important\roles. in‘virus infection and inflammation.
There has been considerable interest in the role of ATF2 bech:'ause it is a target of
several viral proteins, including the adenoviral E1A, hepatitis B viral X and
human T»cell leukemia viral Tax profceins (Liu and Green, 1990; Chatton et al.,
1993; Hagméyer ot al., 1A995.;’Li and Green, 1996).

The expression of both ATF2 and ATFa is tissﬁe-speciﬁc. The putative
mRNA for ATF2 has been found in vvari'ous human and monkey tissues and in
- many cell lines (Ma;akawé et al., 1989; Taketa et al., 1991), and it is relatively
* more abundant in the brain tissﬁe than any other tested human tissues, including
lung,‘liver and kidney' tissues (Maekawa et al., 1'989)'.

The highest mRNA level for ATFa is found in human skeletal muscle,
but it is also expressed in human heart, brain,d placehta and lung tissues, but no
detectable signal was obtained from liver ‘tissﬁe (Pescini et al., 1994). Therefore,

the tissue distribuﬁons of ATF-2 and ATF-a are clearly different.

5---TGF-p2 regulation
In this study, we focused on the regulation of TGF-B2 promoter activity.

TGF-P refers to a complex family of genetically distinct polypei)ﬁdes that can act
; .



as multifunctional ;egulators of cell growth aﬁd differentiation (Roberts and Sporn,
1990, review). The expression of ‘TGFA-|32 is spatially and temporally regulated -
during the eafliest stages of moﬁse’ developmept (Rizzino, 1995).' TGF -B’s regulate -
cell difl'feren-ti-ation,‘ cell grow;th, and aré‘the' most potent growth-inhibitory
polypeptides known for a wide variety of cell types inciuding most normal and
transformed epithelial, endotheIial, fibroblast, lﬁphoia and hematopoietic cells
A(Rob(‘arts and Spormm, 1990). Although TGF-f’s arrest growth in the late G1 phase of
the cell cycle, the mechanism by which they inhibit cell i)roliferation is virtually
unknown (Silbersfein and ADaniel‘, ‘1987). Four regﬁlatory elements in .the TGF-2
promoter regions, includihg a critical CRE/ATF element, help control the
expression of the TGF-B2 gene during early Iﬁammalian development (Kim et al.,
1991; Scholtz et al., 1995).

We have prgviously repqr;ted: thaf bo‘Fh ATF 2 and ATFa are able 'Fo
stimulate the TGF-B2 promoter- 1n CHO cells (Gong et al., 19_95)."As in CCL64
cells (Kim et al, 1992), Rb also was found to stimulate TGF-B2 promoter
activity in CHO cells and it enhaﬁced the effects of co-expressed ATF2 (Kim et
al., 1992; Gong et al., 1995). Inc.lleed,vit was this effect which ied to the
discovery that ATF2 is ai)le to regulate this promoter \(K'im et al., 1995). In
striking contrast, co-expression of Rb and ATF a led to ﬁear extinction of the

stimulation of TGF-f32 promote} activity (Gong et al., 1995). This has provided
, g k .



clear evidence for a functional difference between ATF2 and ATFa. The present

stndy arose from a desire to uncover the molecular basis for this difference.

Retinoblastoma protein -

1---Tumor suppressor -~
: fhe retinoblastoma prctein, Rb, was' first identiﬁed as a suppressor of
_ retinal cancer (for revrews see Wang et al.: .1994' Riley' et al. '1994). It has been
suggested that Rb 1thb1ts tumongenes1s by 1nh1b1t1ng cell cycle progress1on
(Templeton et a1 1991 Pushkareva et al. 1995) Slnce then, Rb has been
'. 1mp11cated in the regulatlon of many cellular processes, 1nclud1ng cell- cycle
arrest, dlfferentlatlon and apoptosis (Pushkareva et al 1995 5 Q1an et al, ‘1 992 ;
| Wang, 1997). Mutations -of the Rb gene have been‘ found not only in |
‘retinoblastomas (Fung et al.,‘ 1987; Lee_et al., 1987); but also in osteosarcomas,
bladder carcincmas, small celll lung carcinomas, and a prostate carcinoma
(W ang et al., 1994). Expresston of wild type“ Rb via retrovirus-mediated gene
- transfer suppresses the tumongemclty of several neoplastlc cell lines that
.,contaln Rb mutatlons (Wang et a1 1994).
and_amental functlons Qf the tumor-snppressor protein Rb in vivo have

been demonstrated in mice in which the Rb gene was inactivated in the germ

9



line (Lee et al., 1992 and V1 994). In these animals, many Rb-deficient cells, most

notabiy fetal neurons and hemétopoietic precursors, fail to exit the cell cycle
and continue to divide in aberrant locations. Reintroduction f’f functional Rb
into Rb-deficient retinc;blastéina cells resulted iﬁ reduced tumorigenicity in
nude mice (Huang et ;<117, 1988)."1‘116 tumor—suppreséing function of Rb was
suggested to be tissue-spttaciﬁ'c_:by obse;'vations made in lﬁice with heterozygous
disrup&tion of the Rb gene. Thes‘e. Rb +/- mice dc; not develop retinoblastomas,
but have an ﬁnusually high incidence of pituitary tumors (Jacks et ai., 1992).

| | Iﬁ addition to the suppression of growth, Rb has also been*suggested to
play arole iﬁ cellular differeptiaﬁoﬁ during deVelopl;lent (Chen et al., 1996). Rb
has been implicated in the regﬁléﬁon of époptosis as well. .For example, Rb is

~ inactivated in the retinas of transgenic mice, but rather than developing
retinoblastomaé; the retinal cells undergo apoptosis at a time vs./hen they -

normally woﬁld be undergoing terminal differentiation (Howes et al., 1994). '

2---Rb protein

The full length human.'Rb éene spans 4757 nucleotides. It has an open
reading fréme}thgt encodes a protein of 928 a1;1ino acids (Riley et al., 1994,
reviéW). Rb contains severai functionally distinct domains (Figure 2), which

have been found to be important for its biological functions, including an N-

10



'terminal dc;main, the so-called A and B poékéts and a C-terminal domain (C
pocket). Analysis of the ciOmain structure of Rb by the use of synthetic deletion
and naturally occufriﬁg ﬁutations has revealed -thgt A and B pockets are most

~ important for the majority of its ﬁmctioﬁs (Huang et al, 1990; Qian et al, 1992). -
The c_enfral A and B pocket dqmains, which are sep‘aratéd bya Sﬁacer region, |
have been found to be the binding‘sites for a large num:;)er of oncoproteins and
transcription factotsv énd to also regulate their a#:tivitiés (e.g., E2F, E1A,
etc.)(Wang, 1997).

The -C terminal region, referred to as the C pocket, has bec;rll found to
contain several phosphoﬁlation sites and is alsolthe binding sitg for the nuclear
c-Abl tyrosine kinzw;se'(W elch and Wang; 1995). The N-terminal domain of Rb
also con_tainé some phospﬁorylation sites (Inoue et al., 1995). Deletion Stﬁdies
indicate that amirllc; terminal sequences are necessafy for hyperphosphorylation
of the full length molecplé,,wh‘ich .occurs during cell cycle progression (Qi'an et .

- al., 1992; Durfee et al., 1994). |

| Rb has long been considered to be a negative regulator of gene

: expressiqq based on its ability to séquester E2F fémily members away from
;arget promo‘fers (Helin et a}., 1‘993;1 Wang, 1997; Brehm vand Kouzarides,
‘19994), and more récently, t(; bind to histone deacetylases (Brehm and

.Koﬁzarides, 1999; Brehm et al., 1998; Magnaghi-Jaulin et al., 1998). E2F was
‘ ' 11



first defined as a tfanscriptional factor that activates the E2 prq‘mdter of
adenovirus genes and it has since been found to activate a variety of G1/S-
specific genes (Nevins, 1992, review). When E2F is bound by Rb, its
transcriptional activity is blocked (Weintraub (let’al., 1995). The increase in Rb
phosphorylation before the onset of S phase 6f the cell cycle, brgught about by
cyclin D/cdk4 protein kinase which accumulafes at this stage,l causes Rb to
dissociate from EZf, thus a]lpwing it to activate S-phase genes’(Weinbérg,
1995, review). | |
However, in¢reasiﬁg repofts hgve appeéred over the pasf few years

showing that‘Rb is also able to p(;sitively regulate the exp;ession of certain
genes (Kim et al., 19'92; Chen et al, 1996a; Chen etAali,vi 996b; Park et al., 1994;
Rohde é;t al., 1996; Wang, 1997). Thus, Rb can now be considered a versatile
modulator of ;cranscription the nature of whose actions depend at a minimum on
the specific géﬁe, the type of ceil, its staté of differentiation and the stage of tile
éell cycie.

. ‘The A and B pockets are cntlcal for Rb’s binding to transcription factors,
- such as EZ.F’ C/EBP etc., as well as its tethering to nuclear structures and its |
‘growth suppressive effects in cell culturé (Templeton et al., 1991). Table 1
shows a selected list of many of the oncoproteins and transcription factors that

bind to the A and B pockets and regulaté their activities (Adapted from Wang et
12 |



al., 1994, review). On the other hand, Rb-associated proteins use a variety of
motifs to bind to Rb; for example, T antigen of SV40, adenovirus E1A
oncoprotein and other oncopfoteins bind Rb via a conserved Leu-x-Cys-x-Glu
motif (Kim et al., 1994). Transcription factor E2F1, in contrast, uses a unique
18-amino acid motif to interact with Rb, while ppla uses a different, large, C-

terminal region to bind to Rb (Lee et al., 1994a).

3---Cell cycle related regulation

The ability of Rb to function as a tumor suppressor has been suggested to
be due to its ability to regulate the expression of several key genes involved in
growth control (Wagner and Green, 1991), including TGFEI and TGFB2 (Kim
et al, 1991; Kim et al, 1992). The biochemical mechanism by which Rb
suppresses tumor formation is unclear; however, it has been suggested that Rb
inhibits tumorigenesis by inhibiting cell-cycle progression (Templeton et al.,
1991; Pushkareva et al., 1995). Introd;ctioﬁ of functional Rb into certain Rb-
deficient tumor cell lines results in G1 arrest (Templeton et al., 1991). This Rb-
mediated gfowth arrest also disblays cell type specificity, being seen in certain
tumor cells while not in other cell types (Fung et al., 1993; Dbaibo et al., 1995).

During the G1 phase of the cell cycle, Rb is hypophosphorylated and is

able to repress cell proliferation. At some point later in G1 in cycling cells, it
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becomes hyperphosphorylated, by cycliﬂ-dependent kinase 4 (cdk 4), and loses
its growth suppressing functiqn‘;‘ Dephos'phoryiation of the Rb protein by type 1
prpteiﬂ pﬁc;sp};atﬁls;es (ppl) occurs during mid-M phése, réactivating the protein
prior to the next cellh éycle (Ludlpw et al., 1993). N |

| "'The'RB gene .producf isal 10-kD nuclear pﬁosﬁhorylated protein that is
phqsphorylafed on both se?inet énd threonihé fé;sidues (Wang et al., 1994). As |
sfateél abovg, these I‘no‘diﬁcati‘onsi were su‘gge'sted to be importapt in regulating
its i'ntéracﬁoh wifth‘;oncoproteins' ahd transéription‘al fac’;ors.
Hypophosphorylated Rb associzfl_tes,‘with the nuclear matrix .during early G1, and
is tildught to bind peripheral ihatﬁk proteiﬁs iamiﬁ A and C (Mancini et al.,
_ 1994). Nonfunctional mutants of Rb, p?eseht inﬂ defective aileles,of the Rb gene
isolated frbm two sﬁontanéousi;{hris‘ihé tumdré, were found to be dé‘fe;cti\}e in
phosphorjlation, viral oﬁcoprétgjn asgoci;ﬁéﬁ and nﬁéléaf tefhering (Templeton
et al.,41991 ; Mancini et al., 1 994)

. Recently, other functional .rc;les of Rb in growth repression have
.rapp‘c':-ared. Rb hgs been sﬁggested to regulate ﬁbosomal RNA uanscﬁptio.n
mediated bsl pol I'(A’dnane et al., 1995; Nasmyth, ‘1996).. Also, Rb was found to
repress poi IlI-mediated ﬁanscﬁptién in vitro and in cultured primary mouse
fibroblasts (Whité ét' al., '1'996). Tﬁe;efore, it was suggested that Rb Iﬁight be a

more general ;égulator of transcription needed for cell proliferation.
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4---TGF-PB2 connection

Rb inhibits the transcription of geﬁes involved in growth control
(Wagner and Green, 1991), but it was sﬁggested that Rb activates transcription
of the human TGF-BZ gene throuéh A’i‘FZ (Kim et al., 1992). Previous studies |
have indicated linké bétwgen TGF-B2-mediated G1 growth arrest and the
activity states of cyclins and cyclin-dependent kinases (cdk’s) (Okamoté et al.,
1994) and Rb (Koff et al., 1993)..Overexpression of human cyclin D1 reduces
the growth inhibition by TGF-B;S. Treatment of cells with TGF-B’s appears fo
prevent phogphorylatioﬁ of Rb and retains it in the hypophosphorylated, '

growth-suppressive state.

- JNK and p38 signal pathway

Actions of many signals in the cglhilar signal transduction network
converge at one or ﬁore of the _‘mitégén—activated protein kinase (MAPK)
cascades, which actifrate transcriptioﬁ faqtors in the nucleus and other.effectors
throughout the ceil (Wilhelm et al., 1595; Karin and Hunter, 1995; Waskiewicz
and Cooper, 1997). Each MAPK is activated by i.ts cognate MKK (MAPK

Kinase) through a common mechanism involving phosphorylation of Thr and
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Tyr res1dues in the regulatory tr1p1et Thr-X-Tyr (Ralngeaud et al., 1996;
| J ohnson et al., 1996 Fanger etal, 1997)

There are at least three major MAPK pathways: extracellular signal
regulated protein kinase (ERK), .JNK and p38; and seven MKK’s (MKXK1-7)
‘have been identified in mammalian cells (Dérijard et al., 1995; Jiang et al.,
1995; Karln and Hunter 1995 Wask1ew1cz and Cooper, 1997; Fanger et al,,
1997). ERKs JNK and p38 share 40-45% overall sequence 1dent1ty Generally
speaking among MAPK pathways, the ERK pathway is often stimulated by
growth'and dit't'erenﬁation factors, whereas the JNK and p38 MAPK pathways
are mainlyactivated by stress-related stimuli such as UV or gamma irradiation,
‘ ischernia and reperfusion, and inflammatory C};tokines among others
(Raingeaud et al., 1995; ,thnson et al., 1995; Jiang et al., 1995; Karin and
Hunter, 1995 ; Brunet and Pouysségur, 1996; Raingeaud et al., 1996; Tournier et
al., 1996; Tournier et al., 1997, Waskiewiez and Cooper, 1997).

Stress-related stimuli do ‘not‘alter expression levels of JNK’s but rather
activate existing JNK by phosphorylation on the twe residues discussed above
: (Raingeaud et al., 1995; Fanger et al., 1997 Read et al., 1997). Two direct
; upstream kinases for JNK’s are MKK4‘(a1so known as SEK 1 JNKKI) which
also actlvates P38, and MKXK7 (JNKK2) which has been shown to exclusively

actlvate JNK(Ralngeaud et al 1996 Tournier et al., 1996; Toumler et al.,
16




1997). Activated JNK’s phosphorylate a variety of transcription factors

including ATF2, ATFa and c-Jun, leading to transcriptional activation (Gupta et
al., 1995; Livingstone et al., 1995; Wilhelm et al., 1995; Bocco et al., 1996).

p38 MAPKs are activated by MKK3, MKK4, and MKKG6 also through
phosphorylation. Substrates for p38 include transcription factors such as ATF2,
CHOP and ELK-1 (Jiang et al., 1996, Read et al., 1997; Cohen et al., 1997,
Young et al., 1997; Brinkman et al., 1999).

Recent reports indicate that JNK interacts with the C pocket domain of
Rb directly (Chauhan et al., 1999; Shim, et al., 2000). It has been suggested that
JNK mﬁy phosphorylate Rb (Chauhan et al., 1999), and Rb inhibits JNK’s

phosphorylation of cJun in the in vitro kinase assay (Shim et al., 2000).

Research direction

Since ATFa shares a certain degree of sequence homology with ATF2
(Figure 1), especially in the zinc finger domain which has been suggested as thé
basis for transcriptional activation and interaction with regulatory proteins, it
was of interest to test whether or not ATFa has fuﬁctions similar to those of
ATF2. We have been following up on ea?lier observations that ATF2 acts as the

endogenous mediator of Rb's effects on the TGF-B2 promoter activity in CCL-
17



64 cells (Kim et al., 1992); and that Rb stimulates TGF-B2 promoter activity in

CHO cells by itself. 1t also strongly enhances the effects of ATF2 while
paradoxically reducing the stimulatory effects of the highly related ATFa (Gong
et al., 1995). '. |

Our approach has involved four aspects:

First, we have ntilized trlincation niutants of Rb to map the domains
| responsible for the three observed effects of Rb [stimulation of TGF-B2
promoter act1v1ty by itself (2 4 fold) enhancement of the effects of
overexpressed ATEF2 (3-5 fold) and 1nh1b1t10n of the effects of ATFa (80 90%)]
(Li, 1996). These results show that despite differences_in its effects on the two
ATF's, the same regions of Rb are involved, namely the A and B pockets. |
However, significant inhibition of Rb action on the TGF-B2 promoter is
observed with C pocket mutants. \lVe also clemonstrated‘ that the differential
effects of Rb in the human uterine rnesodermal tumor‘cell line SKUT-I -which
~lacks endogenous Rb, are essentlally the same as 1n CHO cells (Li, 1996)

The second aim was to compare effects of the 1mmed1ate . upstream
signaling components responsible for phosphorylation and activation of the two
ATF's. We used the co-expression of a series of protein kinases which are
involved in the two major stress 'activated kinase signaling cascades (JNK and

p38) to approach this aspect. Our results have shown firstly that overexpressed
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MKK?7 and JNK both enhance_‘the effects of ATF2 and ATFa on TGF -p2

- .promoter activity but MKK6 and p38 only stimulate the actions jof ATF2.

These support the -'growling notion that JNK and p38 cascades possess -
overlapping ‘but distinctive roles in regulating ’transcriptio'n, and have-also
revealed additional differential modlilation of the actions of the ATF ’s.

The third aspect of our approach has been d1rected at examining the

ability of Rb to interact with the two ATF's as well as the two upstream prote1n

kmases found to enhance the effects of ATF 2. Through co-1mmunopre01p1tat10n

- expenments we nvere able to show' the association of Rb w1th JNK in

transfected CHO cells. Fnrthermore vfre demonstrated that p3'8 is associated

with Rb as well. Based on the recent reports (Chauhan et al 1999 Shim et al.,

: 2000) and our results the C pocket appears to be 1nvolved in direct interactions

of Rb pwith JNK and p38. AT-F2 ﬂwas.fo_imd'to be able to associate with Rb

apparently in the sarhe complex as Rb l')lQlil_lld‘ to JNK or p3é. Overexpression of
Rb has been found to stimulate (3-‘4 fold) the interaction of ATF2 with INK and
p38 slfggesting a model for the role of Rb in this complex as a match-maker to
facilitate the interaction of protein kinases (fNK or p38) with their target
(ATF2), thereby enh_ancing phosphorylation and acﬁyation of ATF2. Dtrect

| measurement of ATF 2;s phosphorylation status has confirmed that this is the

case. In contrast, although Rb does not interact with ATFa under any
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conditions, it reduces the latter's interaction with JNK which could account for
the negative I'effec.ts of Rb on ATFa's actions, at least in part. .

Finally, a cor'nparisoﬁ of the effects of ail of the regulatory agents used in
s;cudies of ectopic TGF-p2 prom;)ter activity has been made with the
chromosomal TGF-B2 promoter in PC3 cells using an ELISA assay for secreted
TGF-p2. The res.ults hgve shown that the pattérn and even degree of effect of all
of the combinations of expressed factors on the two promoters is
indistinguishable. Thus, studies of the ectopic TGF-BZ promoter appear to
accurately réﬂect, insofar as these smdies have been carried, physiologically

relevant regulatory events.
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CHAPTERII

MATERIALS AND METHODS

. Plasmids

'ExpréssiOn véctors fo‘r ATFa were kindly pr‘ovided by Dr. C. Kedinger
(CNRSﬁNSERM) (Ché&éﬁ et al., 1993). pATF2 was a gift from Dr. M. Green
(U. Mass) (Kim et ai., 1992), aﬁd the CAT feporter coﬁstnict pB2-77 was
\prov1;ded 'by Dr. S. Kim (NIH) (Kim et .2_1‘1.,' 1'992)’. Constructs of full-lengfh and
truncated Rb expression veétofs; the prWT3HA/SVE series, were provided by
br. D; J. Templeton (Case Western Reéerve) (Qian et al., 1992). The
hemaggulutinin (HA) epitope (YPYDVPDYAK) is located at the .carboxyl
tefminus of all of th;e Rb species»used in this étudy. Expression plasmids for
MKKG6 and MMK7 were i(indly provided by Dr. R. J. Davis (U. Mass) |
(Tournier et al., 1997 ; Raingeaud et ai., 1996). dnJNkK (Ki 16R), APF and
JNK2 by Dr G.L. Johnson (Natl.‘ Jewisﬁ Hosp>.) (Lin et al., 1995 ; Johnson et al.,

1996), p38p by Dr. J. Haﬁ (The Scripps Res. Inst.) (Jiang et al., 1996), TAM 67
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by Dr. M. Birrer (NIH), cJun by Dr. M. Karin (UCSD), and cFos by Dr. L.

Verma (Salk Inst.). Plasmids were transformed into competent JM101 cells and

prepared by the following procedures.

Plasmid preparation

Plasmids were prepared by a phenol/chloroform extractiqn protocol
(Manufacturer’s suggested protocol, 5 prime — 3 prime, Inc.). PZ 523 columns
(5 prime -3 ;;rimé, Inc.) were used to further purify the doﬁblg—stranded |
plasmid DNA foliowing the manufactﬁrer's specifications.

A fixed volurne (1.8 ml) of pre-puriﬁea plasmid samples was applied
onto the top of the resin bed, and the column/ coliection tube aSsemb_ly was
centrifuged at 1,100 g in a swinging bucket rotor for 24 min. The cqlumn
effluent containing purified plasmid DNA was recovefed, precipitated by

isopropanol and washed twice with 70% ice cold ethanol.
Agarose gel electroghoresis for plasmid DNA samples

Agarose gels (0.8 to 1.0%) were run at 100 volts for about 60 min in 0.5

X TBE (100 mM Tris-borate, 2 mM EDTA). After electrophoresis; the DNA
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was stained in‘l pg/ml ethidium bromide for 30 min, and then visualized and

photographed with UV light. A 100 bp s_té_ndard ladder (Sigma) was included as - -

a molecular Qeight standard in the agardsc gels. E;clch plasmid prepared was
tested by appropriate restrictibn enzyme dig"eéﬁon and subjected to agarose gel
eiectrophoresis. Tﬁe molgcular weights of digested fragrhents were calculated
-and compared to the appropri;até plasmid maps to validate the identity of the

purified DNA.
Cell culture

| Thfee‘ celi lines; CHO, .SKUT-'l and PC-3, wefe used inl these
expenments The CHO cell line (ATCC) was cloned from Chinese hamster |
onary, the SKUT 1 cell line (ATCC) was isolated from a human uterme mixed
mesodermal tumor, and the PC-3 cell line (ATCC), was isolated from a prostate
carcinoma. CHO and PC-3 céllé-;yere growh in Ham's F12 medium (Sigr'na)
supplementeci with 10% fetal boviﬁé ééf;lm (Life Tecﬁnblogieg). SKUT-1 cells
were Iﬁaintginéd in Dulbecco's modiﬁed Eagle's Medium (DMEM, Sigma)
containing 10% fetal bovine serum. All cell lines were grown as monolayers in
ﬁlter-stéﬁl'ized medium on various sized piasti.c culture plates (Cbrning'Glass

Works) at 37 °C in a humidified CO, incubator.
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Growing cel_ls were ;onﬁhuously rﬁaintaihed by s'érilal culture every tvyo
to four d;lys. Removal of céllé from plates was normally iaccompvlished with a
solution of 0.625% tryi)siﬁ inl-ED"TA-Sodi_um—Phosﬁhate-Glucose (ESPG) (0.15
M N;Cl,’O.‘Ol M potassiﬁm_ phc;sphéte;, 12 g/iiter of glucose, 1 mM EDTA, pH
1.5). The term "trypsin treatinénf" was used to denote a procedure with the
fdllowing s;ceps: |

1. The old medium is reff;dycd fforﬁ the plate of cells.‘

2. T};e cells are washed w1thESPG solution.

3. The qells are inclﬁbated‘dflor 5 to 10 min in trypsin solﬁtion.r :

;1. The ;eils %d're resuspéndééj in fresh hieaium; |

Transfection

 Cells'were grown to '50-8.0% conﬂuep“c_e(the aréa Iof th'é plate's béttom
covered with cells) in 35 c;r 100 mm cultur(% dishes (Cornihg). Cocktails of
plasmid DNA and Lii)ofeéténiine (Life 'T'echnovlogies) were 'preﬁared in serum-
ﬁ'eg medium (Opti-Mem I reduced serum fnedjurﬁ, Life Téchnologies). For
transfections dqne'in 3'5 mm”cu'ltp_re dishes, the following reagents were | |

~ prepared in sterile tubes:
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‘Solution A: For each transfection, 1-2 pug of DNA' was diluted into 100

pl serum-free medium.

Solution B: For each transfection,_3 pl of lip(;fectamine was diluted into
106 pl the same medium.

The two solutions were combined, mixed gently, and incubated at room
temperature for 30 min to allow DNA-liposomé complexes to form. While
corhplexes .were forming, the cells were rinsed once with 2 ml of serum-free
medium. For each tr;msfection, 08 ml of serum-free medium was added to the
tube containiﬁg the c§mplexes. After gently mixing, the diluted complex

. solution was, overlaid onto the rinsed cells in a 35 mm dish. The total amount of
DNA trénsfected was kept constant by addition of pUC 18 plasmid DNA.

For uansfécﬁons done in 100 mm cell culture dishesz 10 fold higher
‘amountls of each reagent were used as above.

The cells were then incubated for 6 hr at 37 °C in a CO? incubator.

Eollowing this incubation, 1 ml of growth medium containing twice the normal
concentration of serum was added withoqt removing the transfecﬁon mixture.
The medium was replaced with fresh, complete medium at 24 hr following the
start of transfectiqn. The cells were usuaily harvested 48 to 54 hr after the start
of transfection. Ceil e);tracts were prepared by three freeze-thaw cycles, and

clarified by centrifugation.
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Lipofectamine waé found to be the most efficient fusogenic agent from a
vaﬁety that were examined. Tife condltlons for transvfect:i>on'have l;eén
optiﬁized fhrough the following t'h‘régl'st-ep:s.‘ ffirét, we 'exar'r‘li‘ned the titration of
baéal CAT expression with pB2-77 vector alone, and the results indicated that '
0.5 pug of piasmid yielded the highest CéT e)gpression in 35 mm dishes.
Second, we tested different amc'>1‘14nts‘ Qf ea;ch expreséion vector (including
_ ATFZ, ATFa, Rb, INK, p38, MKK6 and MKK7), and found that between 0.1
énd'(SLS Hg of piasmid (spepiﬁed 1n ﬁgure legends) was optimal for stimulating
CAT expfession. Third, we vaﬁcd thé post-transfection incubation time to
rﬁonitdp ACAT activ-ity in the cell extracts. The resﬁlts guggested that 48 to 54 hr

incubation gavé the highest and fnést repfodudible CAT activities.
| A plasmid expreséing the,(:}réeﬁ Fluoreséent Protein (EGFP, from
'Clonetech) was used to monitc;r the transfection ef;ﬁciency, which was found to

be between 30 and 40% for CHO cells under the conditions used.
Protein aséay

. CHO cell extracts were éubjected_ to the Bradford assay to determine the
concentration of protein. Five Wl of cell lysate was used for this assay. A

standard curve was prepared with known concentrations of Bovine Serum
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Albumin (BSA) and used to determine the total proteiﬁ concentration of

transfected cell extracts.

CAT activity assay

The CAT activity in cell extracts was assayed by a modification of
‘Sleigh's method (Sleigh/et al., 1986). The clarified .cell extracts were heated at

65 °C for 10 min prior to incubation with 1.0 mM chloramphenicol (Sigma), 0.1
mM acetyl-CoA and 0.05 mCi [acetyl-1-14C] acetyl CoA (DuPont NEN) at 37
°C for 4 hr. The product, 14C-labcl'ed acetyl-chloramphenicol was extracted

| with ethyl acetate, 1 mi of EconofluorTM ‘(NEN)Awas added and the samples
were counted in a scintillation counter.

The assay was ﬁerformed under conditions whefe radioactivity
incorporated into‘ chloramphenicol was linear with respect to both time and the
amount of cell extract. Generally 100-200 cpm was observed with extracts from
untransfected cells. This béckground radioactivity wés subtracted from all
saﬁlples from transfected cell extracts. The specific activities of CAT were
determined by calculating the ratio of CPM of radi.oactive, product to the profein
amount present in the cell extract used. The relative CAT: actiVify (fold

stimulation) is defined as the ratio of specific CAT activity in extracts of cells
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'transfe(;ted 'with regulatory protein exprcssioﬁ vectors to that iﬁ extracts of cells
transfevcted with pB2-77 alone. The absolute CAT spe,ciﬁé aqti;rities were highly
rep_roducible from experiment to exbe_riment [cpm/ug 'profein + SEM.: pB2-77
.alone=4.0£0.1 (545; +ATF2 - 17.5+0.4 (35); +ATFa=16.4+ 0.4 (27) ; +
Rb=164+ 0.4 (31)] and no second reporter plasmid was used for |

normalization.

Preparation of nuclear extracts -

Nuclear extracts were prepared from transfected cells by a modification
of thé procedure described by Borgmeyer et al. (1984). Célls were homogeniied |
and lysed in 2 volumes of homogénization buffer -(HB): 10 mM HEPES, pH
7.5/0.5 mM spermidine/0.15 mM spermine/5 mM EDTA/0.25 mM EGTA)/50 |
mM NaF/7 mM 2-mercaptoethanol/1 mM PMSF containipg 0:5 M sucrose and
0.1% NP-40. The nuclei were sedimeﬁ;éd By cénh‘ifqgation af 12,000 g for 30
min. After two washes with HB ;:ontaining. 50mM NéCl, nuclei were extracted
with HB containing 300mM NaCl and 10% glycerol for 1hr and clarified by

centrifugation at 12,000 g.
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. SDS-PAGE and Itnmunoblotting_

Ten pl of each nuclear er{tract (about 50 pg of protein was present in
each toaded lane) or 15 pl ot’ cell extraet (about 30 ug of protein) was analyaed
b}r sodium dodecyl'sulfatle (SDS)-oolyacryam‘ide gel‘elec'trophoresis (PAGE).

. Ten or twelxre percent of polyacrylarnide wae used as the separating gel. A 10
kD standard ladder (Gibco BRL) was usetl as a molecular 'r;veight standard in
the coomassre blue ‘stained gels. After SD'S-PA.GE,' the eampies vsrith a pre-
stained molecular weight marker (BioRad) were electroblotted orrto
nitroeellﬁlose membranes wh1ch were ttien bloeked by incubation in 5% dry
milk (Carnation) at room terrlperatlire for an tlour to prevent non-specific
binding.

The transfected CHO nuclear extract blots contalnlng full length and
truncated Rb mutants were probed w1th 10 ug/ml of monoclonal antibody
12CA5 (from Berkeley Antibody Company) whlch recogmzes the carboxyl-
terminal HA eprtope (YPYDVPDYAK) present in all of the forelgn Rb spe01es
rn this study

-All other blots were probed by 1:2000 dilutions of appropnate polyclonal

antibodies, 1nclud1ng ant1-ATF2 anti-Rb, anti- JNK anti-p38 (all from Santa

Cruz), ant1-phospho-ATF2 (NEB), and anti-ATFa. Antibodies against ATFa
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were prepéred in rabbits from our aﬁimal facility with the His-tag protejn
purified by nickel chelate chromatogr_aphy and SDS-PAGE electrophofesis. The
band corresponding to ATFa was cut out of the gel and used for injection after
emulsification with Freund's adjuv;mt following a s;candard immunization
profocol.

Horseradish peroxidase-conjugated goat anti-mouse or anﬁ-rabbit IgG
~ (Fisher) wer:e used as seco;ldary antibédies as appropriate. For sta_ining, H202
and 4-ch10ro-1-ﬂaphthol wér-e‘used to visualize tﬁe presence of the respective -
proteins. For the more sensitive enhanced chemiluminescence (ECL) method, a
protocol from Dr.' Koontz’s lab was used. After the blot was incubated with
ECL reageri'tls [Fluka; Sigma] for a'bout 2 min, it was exposed to X-ray film,
which was then subj ected to development. The protein Bands were scanned with
a densitometer and the densities were used to calculate the relative afnount of

specific protein presented.

ELISA
An ELISA assay was used to measure the secretion of TGF-B2 from PC-
3 cells. Serﬁm-free ﬁedium was added to transfected cells and, after incubation

for 48 hr, medium was collected and clarified by centrifugation at 6,000 g for 10
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min. The medium was concentrated 20 fold using ultrafiltration (centricon 10,
from Amicon). A series of dilutions of the resulting samples were added to
microtiter plates. After the plates were coated with a solution of ’1 mg/ml BSA, a
1:2000 dilution of anti-TGF-B2 antibody (Santa Cruz) was added. Horseradish
peroxidase (HRP) linked Goat anti-rabbit IgG and its substrates (ortho-phenyl
diamine/H,0,) were used to visualize TGF-p2. Absorbance was read by an

ELISA plate reader at 490‘ nm.

Immunoprecipitation

For immunoprecipitation studies, 10 ul of the various antibodies to
ATF2, ATFa, JNK, p38 and Rb were incubated with about 200ug of whole cell
lysate in a volume of 200pl at 4 °C for 1hr. Fifteen pl of Protein A-Sepharose
(Sigma) was then added and incubation continued another 60 min. The beads
were washed 4 times with lysis buffer, boiled in 10 pl of SDS sample buffer and
proteins separated on 10-12% polyacrylamide gels. After transfer to
nitrocellulose, the proteins were probed with the appropriate primary antibodies

and detected using ECL method.
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CHAPTER IV

RESULTS

Differential modulation of ATFa and ATF2's activities by Rb

As shown in Figure 4 (adapted from Li, 1996), transfected full length Rb
causes a 4.2 % 0.5 (n =22) fold stimulation of CAT activity over basal (the
a{'erag;a CAT activity from CHO cells co-transfected with empty vector pSVE
and TGF-B2 CAT is used as basal), wh1ch is similar to that (Park et al:, 1994) -
found in CCL-64 cells (mink lung epithelial) and our previous results in CHO
_cells (Gong etl al., 1995). |

ATF?2 expressed with the pSVE vector stimulates CAT expression 4.3 +
03 (n=12) fold (Figure 4). Co-expression of WT Rb with ATF2 further
enhahqes TGF-B2 promoter activity to 18.4 +1.2 (n=22) fold over basal.

As reported previously (Gong et al., 1995), co-expression of R‘b with
ATFa has the surpﬁsing effect of nearly _exti'nguishing the stimulation of TGF-

2 promoter activity. In the present study, co-expression of wild type (WT) Rb
32



with ATFa leads to only a 1.9 + 0.3 (n = 22) fold stimulation of CAT
expression. This degree of stimulation is significantly lower (P value < 0.001.
The P values used here and thereafter were obtained from the student t-test and
are indicated as the probability of statistical significance for the mentioned
comparison) than that seen with either factor alone [Rb = 4.2 fold; ATFa=4.0 +
0.3 (n=12)]. Furthermore, these effects all depend upon the integrity of the ATF
site in this promoter (Gong et al., 1995). These differential effects were also
observed in SKUT-1 cells (human uterine mixed mesodermal tumor cells) in a
similar pattern (Table 2, adapted from Li, 1996).

In order to map the sites on Rb responsibie for its effects alone and those
observed with the two ATF's, we utilized a series of truncated mutants (Figure
5, ) generated in the pSVE vector by D.J. Templeton (Qian et al., 1992). WT
and mutant Rb's were overexpressed alone and in combination with the two
ATF's. The results are expressed as a percentage of the effect seen with WT Rb.

Table 3 shows the summary of the effects of truncated Rb mutants on the
stimulation of TGF-B2 CAT expréssion. An intact A/B pocket is required for
Rb’s stimulation. Since truncated mutants 9 and 12, which have deletions in the
A/B pocket, exhibit only 16 and 9% of wild type activity, respectively. The C
pocket is also important, since a significant decrease in activity (55% of WT) is

found in C pocket-deleted mutant 14. Other mutants tested containing intact
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A/B and C i)ockets (data not ghown) are not significantly different from the WT
'Rb activity (Li, 1996).

As discussed previously, overexi)reséing ATF2 alone stimulates CAT.
activity 4.3 + 0.3 (n=12) over bésal. Co-transfection of WT Rb with ATF2 ‘
furthér enhances éAT activity to 18.4 '+ 1.2 (n=22) fold over basa] (this value
is set at 100%.in Table 3, Column Rb w1th ATF 2). beleﬁon mutants of RB
exhibit a fattem of stimulatory effects togéther with ATF 2‘tha‘t are virtually ’
indisti‘ngui.shable from thc;se‘sve‘en in the absence of ATF2 (Li, 1996). This result
may not be surprising since th.effecté of Rb on this promoter appear to be
mediated by endoge.n01-1s'AlTF ;s; possibly AATF2 (Kim etal, 1992). Mutants 9 |
and 12 are the most Severely éffgcted with‘ only 3 and 2% of WT sﬁmulation.
The C pocket is also imbortant vyith'mptanf 14 exhibiting 36% 6f WT. Outside
of the pocket domains, there w'afs;_ only modest'inhibiiion (70—94% of W’f, data
not shpwn). | |

o Co-tgénsfecﬁon with WT Rb and ATFa leads to only a 1.9 + 0.3 (n=22)
fold énhancement of CAT -aétivi;:y'(this value was set as -160% in Table 3,
Column Rb with ATFa). »Iptérestingly enough, the truncated Rb mutants exhibit
a similar pattern of effecté on ATFa as :with. ATF2 bﬁt in the opposite direction.
Thus, dysﬁnqtional muténts of Rb é);hibit a dimiﬁished cap.acity to inhibit the
effects of ATF a whereas the sanule‘ mutants exhibited diminished capacity to
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stimulate the actions of ATF2 (Table 3); Mutants Qanti 12 are once again the
most severely affected (9 and 0% of WT). C pocket mutants 14 are moderately.
inhibited (33% of WT) while the other mutants outside the pocket domains are
nearly nonnal (74-106%, data not-shown). |

Cornparison of the effects of mutations in Rb indicates a close
correspondence among the three effects (Rb alone and with the two ATF's, data
not shown). In all cases, tha effects of mutants outside of the A/B/C domains are
marginally different at bast from WT. In contrast, allvof the A/B/C domain
rnutants exhibiteci effects significantly different from WT Rb.

‘To rule out the poss1b111ty that the dysfunctlon of the Rb mutants mlght
be the result of reduced express1on we tested and found all of the mutant
vectors generated an appropnately s1zed proteln in CHO cells at approximately

the same level of expression as the WT Rb (Li, 1996, data not shown).

Impact of perturbations in JNK/p38 kinase signaling cascades

MKK6‘has been found to selectively activate the p38 kinase cascade
while MKK?7 has been found to selectively activate the JNK cascade
(Raingeaud et al, 1996; Tournier et al, 1997). As an initial evaluation of the

“kinase cascade specificity involved in modulating the actions of the two ATF's
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on TGF-B2 promoter activity, constitutively active forms of MKK 6 and MKK?7
have been expressed in CHO cells to see if they enhance the actions of either or
both ATF’s.

As shown in Figure 6, co-expression of eithér MKKS6 or 7 strongly
stimulates basal TGF-B2 promoter activity. Both MKK's enhance the actions of
ATF?2 significantly, in agreement with previous reports which used non-
physiological promoter systems (Tournier et al., 1996; Raingeaud et al., 1996). .
In contrast, the action of ATFa was only augmented by MKK?7 but to the same
extent as with ATF2 (P value > 0.1 fo; differences between ATFa and ATF2).
However, MKK6, whose effects have been shown to be specific for activation
of p38 (Raingeaud et al., 1995; Raingeaud et al., 1996; Johnson et al., 1996),
has no detectable effect on the acﬁons of ATFa.

None of these effects is observed with a mutant TGF-B2 promoter (Gong
et al, 1995), in .which the CRE site is modified, that exhibits little or no response
to the ATF's (data not shown).

The specificity of these effects has also been validated by the observation
(Figure 6) that the stimulatory effects of MKK?7 on basal and ATF-enhanced
TGF-P2 promoter activity are all nearly abolished (~80% inhibition) by co-

expression of dnJNKK (K116R), a dominant negative mutant of INKK, shown
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to be specific for the MKK7-JNK cascade (Lin et al., 1995). This mutant has
little or no effect on the stimulétory actions of MKKG6 (Figure 6). |

If the actions of MKK7 accurately reflect activation of JNK, then co-
expression of tﬁe latter protein. shoﬁld also enhance the actions of both ATF's.
As shown in Figure 7, co-expression of INK dqes, in fact, enhance the effects of |
both ATF's s‘imi1a4r1y and to virtually the same extent as MKK?7 in Figure 6 (P
value > 0.1). In éddiﬁon, JNK also stimulates basal TGF-2 promoter activity to
about the same extent as MKK7 (P Valﬁe >0.1). Tilese effects are all largely
abolisiled (~80% inhibition) by co-expression of APF, a dominant negative
mutant of JNK. [APF is a nonphosphorylatable mutant of JNK in-which fhe
phosphorylation site Thr-Pro-Tyr is changedto Ala-Pro-Phe (JNK-APF), and it . |
hﬁs been observed to behave as a dominant competitive inhibitor of JNK '
(Johnson et al., 1996), presumabfy binds to Rb and ATF2 competitively with
mK.] Even the effects of ATF2 alone were substanﬁally blocked (~50%
inhibition) by APF. |

As is true for INK, the p38 pathway is activated by stress-related stimuli
and leads to phoéphoi'ylation ,Of ATF2. Thus it was of interest to see if p38 has a
similar effe;:t as JNK does on TGF-B2 expression. In accordance with the
rgsults obtained with MKK6, co-expressed p38 exerts stimulatory effects on

both basai (5-6 fold) and ATF2-enhanced (12-13 fold) TGF-p2 promoter
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activity (Figure 8). In contrast, p38 does not significantly enhance the actions
of ATFa as was also the case with MKK6 The 'speciﬁc inhibitor of p38, SB
203580, used at a concen';ration which does not inhibit other protein kinases
(Jiang et al., 1996; Cohen, 1997; Young et al., 1997; Brinkman et al., 1999),
largely' elimiﬁates (~80% inhibition)' the gffeéts of p38 on both basal and ATF2-
stimulated TGF— B2 promoter activity. These results strongly suégest that the
actions of p3é are the result of expfession of its protein kinase activity‘in fhe
transfected CHO cells..

The specificity of APF and SB ‘2035 80 has been tested in transfected
4CH(') cells. It has been found that APF inhibits the activities of MKK7 and INK
' “‘t.>ut not to those of MKK6 and p38, whereas, SB 203580 blocks the actions of

MKK6 and p38 but not to those of MKK7 and JNKV(data not shown). These
results also imply that APF and SB 203580 are not liicely to have effects on
‘protefi_n expressioﬁ in general. |

~ The congfuence of the data with the co-expressed MKK's and INK/p38
also >are in agreemeﬁt with thg chclﬁsign pre;/ibusly drawri (éupta et al., 1995;
Jiang et al., 1“9~96; Raingeaud ;t al., 1995; Tdurﬁier gf al., i996; i{aingeaud et
al., 1996) that ATF2 is phosphorylated and activ'ateci Byb ;t>ofh JNK and p38
cascz‘ic‘le patﬁways. On the; other hand, ATFa appears; to be r?:gulated only by the

JNK signaling pathway.
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Consistent with the transfection data, we have observed in vitro
phosphorylation of ATFa with purified JNK but purified p38 was unable to
phosphorylate ATFa to any detectable extent (J. Blakemore and W.D. Wicks,
unpublished results). Immunoblotting of cell extracts has confirmed the fact.that
the expression levels of the proteins encoded by the various plasmids
transfected were not détectably affected by co-expression of the others (data

shown in next section).

Protein expression levels in CHO cells.

To confirm that all proteins were properly expressed in the cells and thati
overexpression of one protein does 'not affect thevexpression of other proteins in
the co-expression experiments, we systematically monitored the expression of
all these proteins through western blots probed with specific antibodies. The
expression levels of overexpressed proteins, including ATF2, ATFa, INK, p38,

MKXK6, MKK?7 and cJun, were examined.

1---Expression level of ATF2
Overexpression of ATF2 in transfected CHO cells was shown, as

expected, to generate a single band (Figure 9, lane 2) on the western blot with
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an estimated molecular weight of about 74 kD, close to that reported by others
(72 kD by Meyer and ﬁabener, 1993) and our results with purified ATF2 (data
not shown). The expression of éndogenous ATF2 was very low but detectable
(Figure 9, lane 1). Co-expression of Rb (Figure 9, lane 3), JNK (lane 4), MKK6
(lane 5) and MKK7 (lane 6) did not have any observable effect 6n the

expression level of ATF2.

2---Expression level of ATFa

The expression level of ATFa was examined using both antibodies made
in our lab against ATFa by Dr. Wicks (see Materials and Methods for detail,
Figure 10) and commercially obtained antibodies against ATF2 (Santa Cruz
Tech, data not shown). Since ATF 2 and ATFa are highly flomologous, it v;/as
not éurbrising that polyclonal anti-ATF2 antibodies were able to cross-react
with the expressed ATFa protein and vice versa. With both antibodies,
overexpression of ATFa in transfected CHO cells was shown, as expected, to
generate a single band on the western blots (Figure 10, lane 2). The calculated
molecular weight was 70 kD reflecting the smaller size of ATFa relative to
ATF2 (69 kD by Chatton et al., 1993). Endogenous ATFa Qas not detected

(Figure 10, lane 1). Co-expression of Rb (Figure 10, lane 3), MKK7 (lane 4),
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-MKK:6 (lane 5) INK (laﬁe 6) aﬁd p38<(1ane' 7)did not have any observable

effect on the expression level of overexpressgd ATFa.

3---Expression le\‘l-el of JNK i

~ Overexpression of JNK in transfected CHO cells vs;as shown, as
expeétéd, tolead to a single baﬁd (Figurc; 11, lane 2) on the westefn blot probed
with anti-JNK antibodies (Santa Cn;z). T h;e molecular weight of this band was
‘ calculéted to be about 42 ‘k.D as eXpecfed (Gupté et ai., 1995). Endogénous JNK
- is'barely detectable (Figure 11, lancs 1) but it has the same mobility as
overexpressed JNK (Figure 11, lane.‘2). COLexpreésion of MKK6 (Figurei 11,
lane 3), MKK7 (lané 4), ATFZ (1anetS) and Rb (lane 6) djd not have a

 detectable effect on the expression of INK.

,4’---Expres‘s:i‘6n level of p38
Overexpression of p3‘8 in transfected CHO cells generated a single band
(Figure 1'2, lane 2) on the western blot probed with anti-p38 antibodies (Santa
Cruz). The calcuIated molecular weight of this band was 38 kD as expected
(Jiaflg ef al., 199‘6').' No endogenous p38 was detected in untransfected CHO
| cells (Figﬁre' 12, la;les 1). Extracts ﬂom cells cb-expfessing ATF2 (Figure 12,

lane 3), ATFa (lane 4), MKKG6 (lane 5), MKK7 (lane 6) and Rb (lane 7) all have
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slightly higher level of p38 expression compared to p38 alone (lane 2). These

results appear likely to be due to a loading error in lane 1 since additional
experiments have shown that the expression level of p38 alone is not
significantly different from the other co-expression combinations (data not

shown).

5---Expression level of MKK6

Overexpression of MKKG6 in transfected CHO cells led to a single band
(Figure 13, ‘iané 25 onithe western blot probed with ;mti-MKK6 antibodiés |
(Santé émz). The palculated ~mcilecular weight of this band: ‘was 44 kD
cbmpared ;o the expected 42 kD (Diékens et -al., 1997). No endogenous MKK6
was detected in untransfected CHO cells (Figure 13, lanes 1). Co-expression of
INK (Figure 13, lane 3), p38 (lane -'4.),VATF2 (léhe 5), ATFa (lane 6) and Rb

(lane 7) did not have a significant effect on the expression level of MKKG6.

.‘6---Expression level of MKK?7
Overexpression of MKK7 in transfected CHO cells generated a single
band (Figure 14, lane 2). The calcﬁiatecll molecular weight of this band was 47
| kD as expected (Raingeaud et al., 1‘996; Foltz et al., 1998). No endogenous

MKK?7 was detected in normal CHO cells (Figure 14, lanes 1). Co-expression of
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JNK (Figure 14, lane 3), p38 (lane 4), ATF2 (lane 5), ATFa (lane 6) and Rb

(lane 7) did not have a significant effect on the expression level of MKK?7.

7---Summary

The expression level of cJun also has been examined (data not shown).
We found that endogenous cJun expression was not detectable but over-
expressed c-Jun in transfected CHO cells was reflected by a single band on the

‘western blot using anti-cJun antibodies (Santa Cruz). Co-expression of ATF2,
ATFa, JNK and MKK?7 did not significantly affect the expression of cJun.

In summary, we examined the expression levels of seven different
proteins in transfected CHO cells. The transfection procedure generates
significantly higher amounts of each protein compared to their endogenous
counterparts, which are not detectable exéept for endogenous JNK and ATF2.
The expression level of each of the proteins examined was not significantly
influenced by co-expression of the other proteins. Thus, the different effects on
TGF-B2 promoter activity seen when two or more proteins are expressed in

transfection experiments cannot be due to differences in their expression level.
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" Exploration of possible roles of é;]un/cFos in the effects of ATF2/ATFa

on TGF-52 'promoter activifv

There are .several pbtential explanations for the differential effects of Rb
on the transcriptional activity of the two ATF's, including t}.ie pc;;sibility that
heterodimeriiatjon witﬁ members of the cJun far;lily may be involved. This
éeemé reasonable given several reports that ATFZ-QJun heté‘rédimers_are the
éctive factor at some ATF sites (Karin, 1995;_ Kaszubska et al, 1995; Liang et al,
1996; Newell et al? 1995) as well as the fact ﬂiat ATFa and ATF2 have
different patterﬂs of he@rd&imeﬁzation (:13e11.tér091; and J dnes; 1954; Chatton et‘
al, 1994; Hai'gnd CuﬁanA,‘l.991;. hKas‘zubsl_(a et al, 1995; Zﬁou et al, 1‘995'). As an
initial exploration of thes’e‘ poséi‘bilities, we observed the. effgcts of co-
‘expféssion‘cJun or cFos with the ’Ev;/o' ATF’s 6i1 TGF-B2 promoter ac;civity. |

As shown in Figure 1 5,I cJun does ‘niociéétly'éhhance'basal TGF-B2
promoté:r activity. More signi'ﬁ.cantly, c':“.Jun';:o-e’x’p'r;assi-m; éﬁﬁétﬁntially
: enhances the actions of ATF2. In contrast, ,cJuﬁ has no significant effect on the
4 acI:tions of ATFa. These results suppoﬁ the idéa that ATF2 may be acting
-cooperatively wi"ch cJun but they also show tﬁat ATFa is acting independent of

cJun.
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Overexpression of cFos has no significant effect in all situations (Figure
15), even with cJun, underscoring the distinction of this ATF site from an AP-1
site. Combinations of either ATF with cJun and Rb yield similar results; i.e.,
cJun enhances the cooperation between ATF2 and Rb while it does not
significantly perturb the inhibitory effects of Rb on ATFa (data not shown).

To further explore the effects of cJun, we co-transfected TAM 67, a
dominant negative mutant of cJun with deletions in the transactivation domain
(Brown et al, 1993; Xia et al, 1993). We felt that TAM 67 was likely to block
interactions between.Jun and the ATF’s such as heterodimerization between
ATF2 and cJun. TAM 67 was found ’;o reduce basal CAT expression by 60-70%
and this value was set at 1.0 for calculations of relative CAT activities +
ATF2/ATFa. Consistent with the effects of co-expression of cJun, TAM 67
causes severe inhibition of the effects of ATF2 at all vector input levels tested
on TGF-B2 promoter activity (Figure 16). In marked contrast, TAM 67 has

almost no ability to inhibit the actions of ATFa (Figure 17). The stimulation by

Rb alone is reduced to a moderate extent by TAM 67 (data not shown).

These results are in agreement with those observed with cJun
overexpression, i.e., that ATF2 is acting on the TGF-B2 promoter in cooperation
with cJun, perhaps as a heterodimer as reported previously for other promoters.

ATFa, on the other hand, appears to be acting independently of cJun.
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Association of Rb with ATF2 but not ATFa

The simplest explanat'i(’,m for the ability of Rb to enhance the actions of
ATF 2* on TGF-p2 promoter acti\"rity Wouici be-that the two pfoteins interact
whlch somehow facilitates the actions of ATF 2 This pos31b111ty was first raised
by Kim et al (K1m et al 1992) using GST-Rb pull down ATF2 in crude
extracts. In our studies, cell extracts from transfected CHO cells were subjected
to i@ynoprecipitaﬁon v;/ith \antibodie‘s specific for Rb. Then the presence of
ATF2 of ATFa in the immeﬁopfecii)itate was tested on Westem lﬂots probed by
antl-ATF 2 or anti-ATFa antlbodles

- Antibodies against Rb. clearly pull down ATF2 from extracts of cells co-
expressing the two proteins (F igure 18, top panel). The effect is dependent upon
the.integrity of the A/B pockets'siﬁce the interaction is abolished with Rb
mutants 9 (with a truncateld‘A‘p.beket) and mutant 12 (with a truncated B
"pocket). The‘associatioﬁ of Rb and ATF2 obviously fits Rb’s up-regulation on
ATF2’s act1v1ty found in prev1ous expenment since mutants 9 and 12, whlch
fail to assomate with ATF 2, are also the most dysfunctional in modulating TGF-

B2 promoter act1v1ty (Table 3)
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In contrast, the C pocket mutant 14 is only slightly impaired (if at all) in

its ability to interact with ATF2.In twb experiments, the afnount of ATF2
associated with mutant 14 is 65% andA 95% of that associated with WT Rb (data
not shown). Considering experimental variations, we conclude that mutant 14
has nearly the same ability to associate with ATF2 as WT Rb (P value > 0.1).
Yet mutant 14 possesses only 36% of the ability of WT Rb to up-regulate
ATF2’s activity (P value < 0.001). This result suggests th;clt the C-pocket of Rb
may involve a different mechanism of modifyiﬁg ATF2’s activity from the A/B
pockets. The ability of JNK or p38 to interact §vith the C pocket (discussed
later) provides an alternative explanation fof the role éf the C pocket in
regulating the activity of ATF2.

As can be seen in the Rb im’mﬁnbblot (Figure 18, bottom panel),
expression of both the WT and mutant.Rb's are comparable and the
appropriately sized proteins are generated. It also confirmed that the inability of
mutants 9 and 12 to bring dowﬁ ATF2 was not caused by inadequate expression
. of these mutant proteins. When Rb is not overexpressed, ATF2 is not present in
the immunoprecipitate (data hot shown) showing that the presence of ATF2 in

the immunoprecipitate is dependent on the presence of overexpressed Rb.
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These experiments have been repeated three _times with the same results.
We have also used ATF2 antibodies and they efficiently immunoprecipitate co-
expressed Rb (see below).

In contrast to ATF2, ATFa does not appear to interact with Rb. As
shown in the right side of the immunoblot in the top panel in Figure 19, both
ATF's from cell extracts (not immunoprecipitates) react against the polyclonal
antiserum used (lab-made). This is not surprising given the high degree of
identity of fhese two proteins.-ATFa exhibits a slightly higher mobility (69 kD)
in this gel which reflects its 23 fewer amino acids relative to ATF2 (72 kD).
Although the antiserum directed against ATFa reacts quite-effectively with the
co-expressed ATF2 (lane 4), no reaction is seen in the lane where ATFa should
be if it interacted with Rb (lane 6).

The protein level of Rb present in the immunoprecipitate was monitored
and found to be similar in each case (Figure 19, bo&om panel) when Rb was co-
transfected.

Thus, no evidence of association between Rb and ATFa has been found,
even under the conditions where we observed the interaction between Rb and
ATF?2. These results may explain why Rb does not up-regulate ATFa’s action as
it does those of ATF2 because ATFa AOes not hévé the ability to interact with

Rb. On the other hand, they do not enlighten us as to how Rb actually down-
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regulates ATFa’s activity.—’.l‘he latter question may partially be answered by the-
. -.sequestration of INK, which phoephorylates and up-regulates ATFa, to the C-

pocket of Rb (discussed later).'" '
Association of Rb with protein kinases JNK and p38 '

While these studles were in progress a report appeared indicating that

. JNK 1nteracts d1rect1y with the C pocket of Rb (Chauhan et al., 1999). We havei

been able to confirm th1s report as shown in Figure 20. Rb ant1bod1es clearly are -
' able to pull down .TNK (Flgure 20, top panel lanes 4,7 and 8) as seen in

. immunoblots probed with ant1 JNK ant1bod1es Co-express1on of ATFa has no

 effect but ATF2 appears to enhance JNK 1rnmunoprec1pitat10n slightly in this

‘ experirnent (see below). The speciﬁcity of the imrnunoblot for INK is ehown by
thev use of co-expressed p3 8. which dOes not cros.s-redct w1th the INK antiserum
F ignre 20, top panel, lanes 2, 3 and6) Lane 1 conteined cell extract froin JNK-
transfected cells included as 'a po_sdtive control. |

" The Rb protein level in the irnmunoprecipitate was monitored (F igure20

bottom panel) and found to be comparable in all ce11s overexpressmg Rb (lanes

| 3,4,5, 8 and 9) If either Rb or JNK was not overexpressed JNK was not

detected at all in the 1mmunoprec1p1tate (lanes 6 and 7).
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Based.on the st1mu1atory effects of p38 on the actlons of ATF 2 and :

- homologles between p38 and JNK it seemed reasonable to expect that p38 also

V1nteracts with Rb As shown in F 1gure 21 this proved to be the case (Figure 21,
top _panel, lanes '5,'.7 and 8). Co—expression of either ATF has no detectable
effect on p38 pull down in this experiment (top panel, lanes 7and 8). The -
~ specificity of the immunoblot is onc'e again validated by lthe lack of cross-
reactivity of JNK with the p38 antfserunr (top panel, lanes ‘2 and 4).
" When either Rb or p3 8 was -not overexpressed (top panel, lanes 3, 4 and
. 7), p38 was not detected at all. Lane 1 of the top panel contained_cell extract
- from p3 8-transfected oells inolnded 'as a positive control.
~ As in prior experiments, the Rb protein level in the innnunoprecipitate
was fonnd to be sirnilar in all cells. overexpressing Rb (F ignre 21, bottom panel,
: latne's 3, '4, 57 and 8). Thus, we conclude that Rb associates with p38 in CHO
cells and the presence of ATF2 or ATFa does not have any effect on the
. association between Rb and p38: To our knowledge th1s observatlon has not

. been reported before.
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‘ Association'bt Rb with ATF2 and JNK or p38 in the same complex

| Up to this point, the co-immunoprecipitation experirnents have involved
. only two of the putat1ve three mernbers of the macromolecillar complex formed
| with Rb, ATF2 and JNK/p38 It was 1mportant to monitor the levels of all three
proteins in’ 1mmunopre01p1tates from extracts prepared n the same experiment.
_Eor this purpose, the immunoprecipitates generated by anti-Rb antibodies
were split into three aliqnots. As can be.seen in Figure 22, each sarnple was
tested for the presence of ATF2 (top panel), JNK (middle panel) and Rb
‘A ‘ (bottom panel, as control) The results (lanes 8 and 9 in top and middle panels)
show that bcth JNK and ATF2 are present in one Rb immunoprecipitate.vLane 8
(in allpanels) was loaded with theasame sample as lane 9 but with only half of
the amount. Comparing lanes 7 and 9"of top panel, it can be concluded-that |
ATF2’s dssociation with Rb is independent of the presence of JNK. Similarly,
lane 6 and lane 9 of panel B indicate that JNK’s association with Rb is also
independent of the presence of ATIf‘Z. Lane 4 of the top panel and lane 3 of the

middle panel are transfected cell extracts, which served as positive controls for

ATF2 and JNK, respectively. = - |
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The protein level of Rb was monitored as before and found to be similar

in all irrimunoprecipit;ates (Figure 22, bottom panel, lanes 5,6, 7 and 9) except

for lane 8 in which only half the amount of prétein was loaded.

Similar results were also achieved whén p38 was transfected and tested
in i)lacé of INK (Figure 23). From these _resul_ts,‘ we also conclude that Rb can
iﬁteract with p38 and ATF2 in the. sz%r_he complex. Although, the interaction site
of p38 on Rb remains to be determined, these results impi& that p38, like JNK, .

is associated with.the C pocket of Rb, especially since the interaction with

ATF2 involves the A/B pockets.

Given the fact that ATF2 is a known substrate of JNK and p38 (Gupta et

al., 1995; van Dam et al., 1995; Livingstone et al., 1995), the results to date

vsuggest_ that Rb’s role may be characterized as that of a match-maker facilitating

the phosphorylation process by bringing JNK or p38 together with ATF2

(Figure 24).
Rb enhances the association of ATF2 with JNK or p38

Antibodies against ATF2 would be expected to immunoprecipitate both
Rb and JNK/p38 based on the results obtained so far. This.indeed proves to be

the case as shown in Figutes 25 to 28. Comparable amounts of Rb are brought
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down when ATFZ is co-exﬁres‘sed i'JNK (Figure 25). On tile other hand, the
- modest levels of INK bréught down by aﬁti-ATF2 antibodies without cl‘;"o-
expressfon of RB are signiﬁcanf_ly enhancéd by thelatter’s co-expression
(compare lanes 5 and 7). Iﬁ different eﬁpéri'ments, the dggfee of stimulation by
Rb éo-e){pfeas'sion of JNK iinmunopfgcipitation by ATFZ antibodies is 3.3 % 0.4
(n'=4)“folhd. : | : |
. _As shown in Figure 26, the same vrgsillts are seen with p38 brought down
‘ by anti-ATF2. In different ekperiménfs the degree of stimulation of p38
immunobrecipita_tion with\ ATF2 anfcibodies by co-expressed Rb is 3.8 + 0.4
- [n=3] fold_. "fhese results would‘ribt be predicted if Rb intgracts independently
with ei;c.l-;er ATF2 or JNK/p3 8. |
| | As eipected_ ﬁorﬁ the results with MKK7/JNK co-éxpression, ATFa
-an';ibodi‘es éfe able'to co-jmmuﬁopr‘e.cipitate JNK (Figure 27). ’The amount of
| JNK brought déwﬁ in this 'exﬁeriment compa;res roughly to tilat brought down
bS/ ATF2 antibodies (seé Figure 25,"tc’>p'1.)aﬁél, lane 5). Co-expression of Rb, in
contrast to its Sﬁrﬁulatory effects on the association of ATF2 and JNK, reduces
- the amouﬁf of JNK in tile immunoprecipitate_by 31% % 6% (n=2).
The fact that ATFa is; nqt gbk; to assqpiat; Witil Rb ,ex-plains ATFa’s
: .inability. to> utilize ;che Rb mechanism td.inbréése itsk'aqﬁvi;ry.jF;lﬂhermore, the
presence ‘of Rb in this experimeflt seems to trap JNK éWay frbm ATFa, which
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‘! may help to explaln Rb’s down regulatlon of ATF a’s activity. In agreement

‘ w1th the 1ack of effect of MKK6 and p38 on the actions of ATF a, no p38 could
“be detected in the ant1-ATF a 1mmunoprec1p1tates prepared with extracts from

: cells. overexptessmg ATFa and p38 + Rb (data not shown)

In one expenment we have tested the ab111ty of key Rb mutants to

- ~enhance JNK 1mmunoprec1p1tatlon by ATF 2 ‘antlbodles. Although the WT Rb

exerted the same stlmulatlon as in F 1gure 25 (F igure 28, top panel lanies 6 and
' ‘7) both mutant 9 and 14 are unable to generate thls effect (Flgure 28, top panel |
X lanes 8 and 9) .’ In add1t1on, the 1nteract1on between ATF2 and INK appears to be
disft_lpted by co-expression of thé Rb Amuta‘nts (Figure 28, top panel,‘compare |
o ,lane 6 with lanes 8 and 9). 'Once again' theseresults wovul'd’not be predicted‘for
‘1ndependent interactions between Rb and ATF2, on the one hand and Rb w1th
JNK, on the other The d1srupt1ve effect of C pocket mutant 14 is also consistent
) 4' w1th the fact that C pocket 18 nece,ssary‘ for Rb’ § stnnulatory effect on ATF2

(Figure 18, more details in Discnssion). RO
Rb enhances thepho'spvhozy- latt'on‘ of A‘T F2 in CHO cells ‘
Consistent with its suggested match-maker role, Rb enhances the :

phosphorylation of ATF2 ,as shown in F igute 29. Using phO'spho-speciﬁc anti-
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ATF2 antibodies, we were able to measure 'the amount of phosphorylated ATF2
(Thr 69/71) in transfectgd CHO cells. Co-expression of Rb alone increases
ATF2 phosphorylation by 4.8 fold (compare lane 1 and lane 4) presumably
through endogenous JNK and/or p38. The effect of Rb is éomparable to that of
either co-transfected protein kina;e JNK (6.1 fold, lane 2) or p38 (5.9 fold, lane
3). When Rb is cb-expressed with JNK or p38, the phosphorylation of ATF2 is
further increased to 13.3 and 13.0 fold, respectively. These results suggest that
Rb increases ATF2’s phosphorylation through the Thr 69 and 71 sites, which
are known to be phosphorylated by JNK and p38 (Gupta et al., 1995, van Dam
et al., 1995, Livingstone et al., 1995). Taken together, these fesults suggest that
the ability of Rb to enhance the phosphorylation of ATF2 by INK and p38 is
very likely the consequence of Rb’s ability to bind simult%meously to ATF2 and
JNK/p38.

Aé controls, we find that APF inhibits INK-mediated ATF2
phosphorylation by 90% (Figure 29, lane 7) and treatment of SB203580 inhibits
p38’$ activity by 90% (lane 8). SB203580 has no significant effect on INK’s
activity (6.1 fold to 5.6 fold, lanes 2 and 9), reflecting the specificity of

SB203580 for p38.
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Comparison of effects of regulatory proteins on ectopic TGF-32

promoter activity with those on the endogenous TGF-[32 gene

. A perential question in ,WOF# of this t}"peis its relevance to the
| physiological situation -in' Vlvo. As one-way of addressing this question, we have
‘ 'cornpared the effects of the various .regulatory pro_teins used in these studies on
‘CAT activity from ther ectopic TGF-BZ promoter as above with those on’
» endogenous TGF- B2 gene express1on ‘For this purpose we have used the PC-3
- cell line where the secretlon of TGF B2 prote1n has been’ found to reflect
faithfully the effects of transcnpt1onal regulators (Bang et al , 1992). An ELISA
assay- was used to measure TGF-2 protein secreted into the culture medium
and CAT act1v1ty was momtored in extracts of the attached cells which had
been transfected w1th the pB2 -77 CAT construct as descr1bed above.
Columns 1 and 2 of F1gure 30 show that there is no significant difference
in TGF- BZ secretion in the presence and absence of the pB2 -77 plasmid (P
value > 0. 1) Thus we set both the TGF -p2 secretion (about 0.05 Abs. 490 units
per 40 ul of 207fold-concentrated med1um) and CAT act1v1ty levels (about 4.0
cpm per ug of protein in the cell e)rt'racts)‘ as the basal level, When pB2-77 alone

is the plasmid .introduced into PC-3 cells. The values for both basal levels are
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set arbitrarily as 1, and all other EhISA and CAT activities were compared to

these basal levels and the ratios were used as the “,‘foll(i stimulation”.

‘ In the presence of overexpressed ATFa (Flgure 30, column 3), both the
secretion of TGF-B2 and CAT activities 1ncreased toa s1m11ar extent (2.8+0.4,
2.5+0.6, n=8), 'and there is no s1gn1ﬁcant dlfference between the values of the

"~ two assays (P value > 0.1). Thus, the introduced ATFa tams en the endogenous
N T('}F-NB'Z gene and hence increases the level oi' secretion of TGF-P2, and also
increases CAT expression from the eetopic TGF-B2 promoter presumably by
the same mechanism.

The presence of overexpressed ATF 2 (F 1gure30 lane 4) also increased
the secretion of TGF [32 and CAT activities to the same extent (3.1£04, 2 7+ +
0.6, n=10). There was no significant dlfference (P Value > 0.1) between these
two actions.of ATF2. Alse; comparison of the effects of A’i“F2 and ATFa
rew'ealed no difference'(Columns 3 and ‘4,‘ P value >40.“1), which suégests that‘
the cells have no preference in using either ATF over the other in regulating the
TGF B2 gene. We also notlced that ATF 2 and ATF a’s presumed transcnptlonal
activation was somewhat smaller in PC- 3 cells 2.7+ 0.6) than in CHO cells
. (4.5£0.5). Consldenng that“ great differences exist in the origins of these two

cell lines, it may not be surprising that such a difference exists. It is probably
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more silgniﬁcant that the same gencfal pattern of up-fegulation can be found in
‘ dlfferent cell l1nes from CHO to SKUT-I and to PC-3 cells
We also examined the regulatlon of the two TGF B2 promoter activities
by-bverexpressmn of constltuuvcly active protcm kinases (Figure 31). Both
\ protem kinases JNK (Flgurc 31, column 3) and p38 (column 4), and the kmasc
kinases MKK6 (column 5) and MKK7 (column 6) were found to up-rcgulatc the
act1v_1ty of both TGF- B2 promotcrs. The;e were no significant dlfferenccs
bctwccn the secrcﬁon of TGF-:[lZ‘ and CAT activltics when various kinases were
.' ‘prese_nt (P value > 0.1). |
Sincc the‘a‘c’tive Aform‘s of thcsc Vp‘rotein kinases from lwo different kinase _'
cascades are able to increase TGFQBZ' promo(cr acﬁvitics, l)oth signal
transductionnathways could _l)c'vi_nvolved in the regulation of ‘TGF-BZ gcnc
‘expression in vivo. Th'c:pattemv of :regulalion of TGF-p2 nromotcr by protein
kinases and kinase kinases 1nPC-3 cells was comparallblc to that in CHO cells
although the degree of stlmuldt{on was sysl:emd‘tically smaller as discusscd
abovc‘.“ |
We also tesl:ed the co-expnes;sion of the JNKlkinasesh with ATF2 (Figure
‘32) and ATFa (Figure 3‘3) in PC-3 cells. Ac expccted co-cxpression of ATF2
with JNK (Flgure 33 column 3) p38(column 4) MKK7 (column 5) or MKK6

' (column 6) further increased the secret1on of TGF B2 as well 2 ds the production
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of CAT to the same extent (P value > 0.1), except for the case of MKK6 and
ATF2, where the difference is of borderline significance (P = 0.02).

However, unlike ATF2, the combination of p38 (Figure 33, column 4) or

"MKK6 (column 6) with ATFa did not result in any more increase in either

assay. On the other hand, as with ATF2, co-expression of ATFa with JNK
(Figure 33, column 3) or MKK7 (column 5) further increased the secretion of
TGF-PB2 as well as the production of CAT. These results are consistent with our
previous observations that ATF2 could be regulated by both MKK7/JINK and
MKK6/p38 pathways, but ATFa is only responsive to MKK7/JNK.

Comparing the TGF-B2 secretion with CAT activities, we found that the

‘combination of MKK?7 and ATFa shows difference with borderline significance

(P =0.02). This discrepancy can be explained by one outlier in this combination
(more discussion below).

The degree of increases seén with the various combinations of protein
kinases and ATF’s is not as high as the addifioh of their effects alone would
predict. This might be explained by some; ﬁpper-lirr;itati‘on (‘i.e.v some key co-
activator is present in limiting amounts) on TGF-f2 expression which has been
reached. In any event, the increases were highly significant ( P < 0.001 ) in all
the cc;mbinations except MKK6/P38 + ATFa, which did not significantly differ

from MKK6/p38 alone ( P > 0.1).
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To test the specificity of MKXK?7 and JNK’s targeting to ATF2 or ATFa,

APF, a dominant negative mutant of JNK, was included in the transfection
experiment (Fi@re 34). APF was found to signiﬁcantly reduce TGF-B2
expression in all combinations of MKK7/JNK + ATFé/ATFa (Figure 34, solid
bars), compared to the absence of APF in these combinations (Figure 34, open
bars). There were no differences in the effects of APF on TGF-B2 secretion and
CAT production. Thus, we come to the conclusion that MKK?’S up-regulation
is exerted through activation of JNK, and inhibition of JNK’s activity decreases
the effects of both ATF2 and ATFa.

For the same purpose, SB203580, a specific inhibitor of p38, was used to
treat transfected PC-3 cells (Figure 35). It was found that 10 uM SB203580
could significantly dgcrease the effects of the combination of ATF2 with p38
(Figures 35, columns 1)or MKK6 (column 3), yet it did not have a significant
effect on the actions of ATFa (columns 2 and 4). These results suggest that
MKXK6’s actions are being exerted through activation of p38. Again, we found
no differences between TGF-P2 secretion and CAT production. |

In sumrﬁary, we have found that the secretion of TGF-p2 is highly
correlated with the CAT activity induced in PC-3 ~cells. As shown in Figure 36,
all tested samples (n=116) illustrate the high degree of correlation (R squared =

0.778) of changes in CAT activity and TGF-B2 secretion under all of the
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, conditions that \wehave'empl‘o*yeld.' Each ;lalue v'va:s‘ compared to that of pBi-77
~ alone which“v.vas’ set as the hasal‘leuel. When Qe ‘analyzwed the data usiné the
Rstudent test, one p01nt (marked by the arrowhead in Flgure 36) is an obvious
outlier (R student = -9 9) If th1s out11er is leg1t1mately excluded R squared
1ncreases to 0 875 with 115 samples wh1ch means  that 87 5% of changes n
| TGF-BZ secretlon‘can be predlcted‘bAy changes in CAT activity.\ -
Insofar as they g0, these results suggest that th‘e‘ mechanisms involved in
mcdulating the ectcpic‘ TGF-p2 promcter activity bear at least a reasonable
: ,releyance to those cperating on the chromosomal TGF-‘B2 promoter.
o The fact that MKK7 /JN‘IW(?but’not MKK6/p38 is able to enhance ATFa"s
o act'ions‘llfs ccnsistent with our _inal)ili_ty to,deteCt phosphorylatlon of AlFa by |
| p38 in-vitrc (Blakemore and Wiclts', unpuhllshed results). In a broader context,
' variyousjstimuli, especially stress and /or the inﬂammator'y response could, by-
' 'uirtue cf selectiye stimulaticn of appropr'iated kinase cascade, differentially
.. actlvate these two ATF’s leading tovpotentially differential actions on CRE-
contalning promoters. Gl\;en the presence of several isofcrms of JNK and p38,

however, the situation in any given cell type is likely to be more complex.
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CHAPTER IV

- DISCUSSION

Match-maker model

Our results have shown that Rb interacts with both the substrate ATF2
and the kinases JNK or p38 which phosphorylate it, and the joint binding of
ATF 2 and JNK/p38 to Rb facilitates phosphorylation/éctivation of ATF2. Thus,
we propose a model in which Rb functions as a match-maker or so-called
scaffold protein, bridging the protein kinases JNK or p38 with theirl substrate
ATF2 (Figure 37).

One immediate question from the pull-down experiments is whether the
three proteins (Rb, ATF2, and JNK/p38) are really in the same macromolecular
complex, or associated with only one of other two in separate complexes. There
are at least four arguments that support the presence of all three proteins in the
same complex: 1] It would provide a simple mechanistic explanation for the

ability of Rb to enhance the effects of ATF2; 2] The ability of Rb to enhance the
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ability of ATEF?2 antibodies to bring down JNK and p3~8 indicates interaction
among the three proteins; 3]-’Then fact'thatexpression of Rb mutants 9 and 14
Strongly reduces the imrnnnoprecipitation oi‘- JNK by ATF2 antibodies is _hard to
explain any- oth_er way (i.e., it seqnesters JNK awaj/ from A_TF 2 which cannot
bind to the\ mutant Rb); and 4]“'[3}1'~e“, increase in phosphorylation of ATF2 seen
with Rb co-expression make itithe_ only jlogical explanation.l
The bridge ﬁmction'was'ﬁrst proposed hy Wang et al. (1994), suggesting

that the tyrosme kinase c- Abl could 1nteract w1th the C pocket of Rb, wh11e the
| A/B pockets of Rb presumably 1nteract with a hypothet1ca1 transcrlptlon factor
| which can be phosphorylated by c- Abl They showed that the 1ntegr1ty of both
’ the A/B and C pockets is necessary for the full ﬁmctlon of Rb,-but they have not
yet pinpointed a. candidate proteinf(i.e‘.'snbstrate_ for c-Abl) which couid fit in
the m’odel. | ‘ - |

_) Recentiy, rapid progress 1n s‘tudyingiceliular signaling ’pathwaYS has led
: to' the identiﬁcation of sc_affold proteins, i.e., INK in‘ter’actingv protein-l d IP-I,
Whitmarsh et al., 1998) and JNK/SAPK—associated protein 1 (JSAPL. Ito et al,
1999). The scaffold proteins interact with inultipie compOnents of the JNK
81gna11ng pathway, including the mixed-hneage group of MAP kmase kmase
kinases (MLK) MKK?7 and JNK and select1ve1y enhance JNK’s actlvation by

the MLK signaling pathway (Whltrnarsh etal., 1998; Ito et al,, ,1999). It has
e | )



been:sug‘gested that scaffold proteinscan«rnediate,the activation iof individual
. MAP ‘ki‘nas-le 'signaling pathway,’ increasing its.specit"l'city and efficiency through
o foi'n‘lation of mtilttenzytne eornplex'es in‘the cytoplasm (Whitmarsh and Davis,
- 1998). ’-'As potntetl out by Schaeffer‘ and \VIVeber (1999), thts scaffold-like effect
- of britléing pfoteins which are known to interact in solution “(Dicke.ns etal.,
L '199;7), may aiso serve to‘enhanee the "tegulatory ﬂexibility"'of such systems.-
| Do these scaffold proteins have ,count'erparts in the nucleu:s to mediate
. downstream MAP ki‘nase-pathways:?z With what‘protein(s) tloes the proposed
match-maker Rb actually connect" In th1s study, we conﬁrmed recent reports
| , v'(Chauhan et al 1999; Shlm etal,, 2000) that JNK assomates w1th Rb. We
further discovered that’the p38 klnase co-1mmunopre01p1tates with Rb as well,
| ptesurnably through the. same mechanlsm as w1th JNK (dlscussed below) As
d1scussed aboye our co-1mmunoprectpttatlon results have suggested that ATF2
associates with the A/_Bpockets of Rb, an_d the evidences indicates that Rb
interaets w1th .TNK/p?%S and ATF21n the satne rnacrotnoleet‘llar\cornplex. Thus,
we believe that Rb iswa nuc]ear‘ scaffold pi:otein ﬁaediaﬁné "the':activation of
ATF2 by either the JNK or p38 pathway
-. The 1nteractlon of JNK with Rb has been shown to be dltect and to
- involve the C pocket (Chauhan etal, 1999 Shlm et al. 2000) The results we

obta1ned w1th the different Rb mutants support this conclus10n ‘Consistent with
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‘the match-makermodel,.muta‘nt 14, with a deletioni in the C pocket Which has
little effect on ATF2 binding, exhibitsv signi‘flcantly‘ reducecl stimulation of basal
or ATF2-regulated TGF-p2 promoter act1v1ty More 1mportantly, mutant 14
shows a loss of the ability to enhance INK 1mmunoprec1p1tat10n by ATF2

- antlbodies desp1te its abllity to bind ATF2 normally Th1s is most eas1ly
| 'explamed by the loss of INK b1nd1ng to the Rb mutant.

Similarly, mutant 9 With a deletion in A/B pockets shows an almost total

vl loss of st1mulatory effects on TGF [32 promoter act1v1ty, most llkely due to the

. loss of ATF2 bmdmg However it should still be able to b1nd JNK since the C
pocket is intact. The 1mmunoprec1p1tat10n results show that overexpress1on of

- mutant’d d1srupts the association of JNK w1th ATF2, presumably due to loss of
the scaffolding function of Rb.

The match-maker model suggests that Rb increases ATFZ activity by
facilitating its interaction with JNK/p3 8, and hence increasing its

, phosphorylation/acﬁvation. Indeecl, both JNK and p38 have been found to be
able tophosphorylate ATF2 in vitro and in vivo (Gupta et al., 1995; Livingstone
et al., 1995; van Dam et al., 1997).l bur cotransfection results with MKK6,
MKK7, JNK and p38 show substantial lenhancement of the activity of ATF2 on
the TGF-B2 promoter, which suggests that this process is activated by both

JNK's and p38, in agreement with the results of others (Raingcaud et al, 1996; -
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: Tournier et al, 19975. ’-I‘hus,v phosphorylation of A.T>F2‘cou1(v1 account for the
Jstimulation'uue have obtained. . |

" - It has been sugge_steo that phosphorjilation of Thr 69 and 71 is essential
'for ATF2 to exert its full effects (Gupta et al., 1995 Tournler et al., 1997

‘Ralngeaud et al 1996; L1v1ngstone et al 1995 Young et al 1997) and the

stlmulation of ATF2's actions by Rb is s1gn1ﬁcant1y reduced when the Ala 69,71 .

double mutant protein is used (Gupta et a1 1995) These observations support
our model that Rb increases the ATF2’s act1v1ty through phosphorylation,
although it was hard to underStand this possibility when Gupta et al. (1995)
observed it because Rb does not have ah& known kinase activity.

In addition to the phosphorylatlon mechanlsm the possibility exists that

‘ ’formation of the tr1p1e complex w1th Rb ATF?2 and JNK/p38 increases the

efﬁc1ency of subsequent 1nteract10n of ATF2 w1th co-activators like CBP/p300.

- (Kingsley-Kellesen et al 1999 Kawasaw1 et al 1998) It is also poss1b1e that

both mechanisms operate in vivo but vs;hatever the case, | it is clear that Rb is
facllltatlng the interaction of other proteins.
In summary, the match-rnaker‘model provides a connection between
MAP kinase signaling pathways and the tumor suppressor function of Rb. Since
“both are involved in the regulation of irnportant funictions aSsociated ‘with cell
-gro\'vth,:differentiation and cell cycling,> it is satisfying to observe that they -
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cross-react with each other, and reg@late common downstream tafgets,‘ like
- transcription factors such as ATF2 .and C/EBP (see below), in a highly efficient,

specific and controllable manner.

MAP kinase signaling pathway

The pfesent resﬁlts with ATF2 and the two kinalses add to the list of |
s;/stems in Which both tﬁg INK aﬁd p3é signgling pathwgys cqnverée ona
single transcriptian factor (Gupta et al., 1995; Ji‘a'ng et al., 1996; Raingeaud et
al., 11 995; .Tournier- gt ;11., 1997; Raingeaud et al.l, 1996; Cohen, 1997;.Schaeffer
Aet al;, 1999 ; Yang et al., 1998). The two pathways can be regulated separateiy
| .(Lin et al., 1995; Johnson et al., 1996; Cohgn, 1997) but presumaﬁly ATF2
would play an important role under coﬁ_ditions which activated either pathway.

ATF a, on the other hana, appears to be selectively activated by the JNK
pathway. One obvious question arises as to how the two kinases are able to
- distinguish bethen the two ATF's giveﬁ the fact that they are highly
homoiogous, especially around the site phosphorylated by both JNK and p38
(Meyer et al., 1993; GupEa et al., 1995; Tournier et al., 1997, Raingeaud et al.,
1996; Livingstone et al.; 1995; Cohen, 1997). Int,erestingliy, p38 has been found

to interact with different regiohs of substrates that are phosphorylated in
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common with JNK and/or ERK (Schaeffer and We‘tibef, 1999; Yang et al.,
199 8). Since JNK has been found to dock with the 20-30 amino acids just
| _ upstream of the phosphorylation site in A'Ti52 (Gupta et al., 1995' Livingstone
etal. 1995) a region that is ~95% 1dent1ca1 with ATFa and to which JNK2 has
been found to bind (Bocco et al , 1996), p38is hkely to b1nd to a region that is
"not homologous‘ in the two prote1ns several of whlch can be found in several
locations between the phosphorylation’site'and the basic DNA binding domain

: (Meyer and Habener 1993). Indeed, l‘)inding' of p38 to ATF2 is quite weak

. relative to JNK when the N-teri_ninali ﬁaginent (1-109) of 'ATF‘2 is used
(Raingeaudiet' al., 1995). . |

| Our results have c'onﬁrmed not only the ieport by Chauhan et al (1999) -
but also extended it to inelude p38, Based on the fa‘ctlthat the common substrate
ATF2 is bound at the A/B poekets of Rb end that JNK and p38 recognize
several proteins in cornmon (Jiang Iet al., 1996; i{aingeaiud et al., 1995;

' Raingeaud et al., 1996 Cohen, 1997, Schaeffer et 51 1999; Yang et al., 1998),
it seems reasonable to suggest that p38 also binds to the C pocket C/EBP,
another ble fam1ly member, has been found to bind to the A/B pockets of Rb

* and this interaction enliances adipocyte differentiation (Chen et al., 1996).
Recently, it has been found that p38 is also able to regulate the ability of C/EBP
to bi'ing about adipocﬁe diffeientiation (Waing’ et al.‘,” 1996; Engelmen etal.,
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1999; Nebreda and Porras, 2000). B‘asec'l on our results, it is tempting to predict
that the role of Rb in that system .will be to forrﬁ a triple complex with C/EBP
and p38.

It is intriguing to point out that the INK/p38-ATF2 signaling systéms are
employed not only in the elaboration of TGF-B2 and TNFa (Kim et al., 1992;
Gong’ et al., 1995; Tsai et al., 1996) but also in the responses generated by their
subsequent:binding to receptors in similar or different cells (Brinkman et al.,
1999; Hanafusa et al., 1999). If similar cells are involved, then an auto-
stimulatory cycle wouid result. If differenf cells are involved, then other
outcomes could take place depending upon the state of differentiation of the
target cells. These effects could represent an important way to provide sustained
signaling to a variety of cells involved in such processes as differentiation,
inflammation and wound healing (Meyer and Habener, 1993; Raingeaud et al.,
1995; Cohen, 1997; Brinkman et al., 1999; Schaeffer and Weber, 1999;

Nebreda ‘and Prorras, 2000; Hanafusa et al., 1999).

Association of ATF2 with Rb

One question from the co-immunoprecipitation results is whether the

interaction between ATF2 and Rb is direct. Although the co-
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immunoprecipitation results imply that Rb interacts with ATF2, they do not
eliminate the possibility of indirect interaction through a mediator protein. Our
results and those of Kim et al (1992) can Be easily explaipéd by the fact that
retention of ATF2 by Rb is obtained c;nly in the context of a crude nuclear
extract from CHO or HeLa cells and a bridging protein éould account for the
observed interaction. Indeed, hBrm, a human SWI2/SNF2 homologue, has been
found to bridge between the glucocorticoid receptor and Rb (Singh et al, 1995)
in mediating the latter's enhancing effects on those of adrenal steroids (e.g.
hbrm). |

Although it is possible that aﬂ additional protein[s] actually binds to the
A/B pocket domains and it interacts with ATF2, no extra stained bands are seen
in gels from the immunoprecipitates tilat might supl;ort the existence of such a
bridge protein. Dr. Wicks tried for §evera1 months to obtain evidence for direct
interaction between Rb and ATF2 in vitro (data not shown). His approach was
to use a GST-Rb fusion protein and bacterially expressed purified N-terminal
His-tagged ATF's. Neit,her ATF2 or ATFa could be retained on immobilized
GST-Rb using GSH agarose beads. Similarly, negative results were obtained
using nickel sepharose beads to bind thé His-tagged ATF's after incubation with
Rb in vitro. These results imply that the binding between ATF2 and RE may not

be direct, although the experiments did not use the natural proteins, i.e., the His
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tag on the ATF2 molecule may interfere with the potential binding site. This
seems especially possiblé given that the N-terminal domain of ATF2, where the
His tag is located, contains the phosphorylétion and transactivation sites (Meyer
and Habener, 1993).

Another fact consistent wifh posﬁible indirect binding is that none of the
known Rb binding motifs can be found in either ATF. Although many proteins
bind to the A/B pockets of Rb, it has beeﬁ suggested that different motifs are
involved. For example, the T apt:igen of SV40, adenovirus E1A oncoprotein and
other oncoproteins bind Rb via a conserved Leu-x-Cys-x-Glu motif (Kim et al.,
1994); transcription factor E2F1, in contrast, uses a unique 18-amino acid motif
to interact with Rb; and ppla uses a different, large, C-terminal fegion to bind
Rb (Lee et al., 1994).

On the other hand, Rb has been repérted to bind to both C/EBP B and
NF-IL6, two closely related bZip'family members, although the former
interaction was reported to be unstable when a target DNA oligonucleotide was
present (Chen et al 1996a; Chen et al, 1996b). The Rb binding site on C/EBP
was not determined but NF-IL6 has sites in both the NTD and CTD capable of
binding to Rb. Both C/EBP B and NF-IL6 contain a Rb binding motif in their
NTD which is homologous to that found in E2F (Chen et al 1996a; Chen et al;

1996b;). The motif involved is not present in either ATF, however. Rb has also
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been showp to bind to c-Myc and to upregulate its transcriptional activity

" (Adnane and Robbins, 1995). The NTD of Myc is responsible for binding to Rb,
the NTD of ATF?2 is required for its intéraction with Rb in HeLa nuclear
extracts (Kﬁn et al, 1992) and the NTD's of C/EBP 3 and NF-IL6 have also
been implicated in binding io Rb. However, there is little homology between
ATF2 and these other factors in their NTD's . Indeed, the common feature
shared by c-Myc, C/EBP B, NF-IL6 and the ATF's is their bZip domain which is
in the CTD. From these results it is difficult to identify a consensus domain
which could account for the actions of Rb on bZip protein functions. It is clear,
however, that all of these transcription factors depend on the integrity of the A
and B pockets of Rb for their functional interactions. This is true for many Rb
binding proteins. It does not suggest, on the one hand, that all bZip proteins
interact directly with Rb or rule out, én the other hand, that bridge proteins may

be involved in interactions of some of them with Rb.

Differences between ATFa and ATF2

So far, based on the present study and earlier report (Gong et al., 1995),
three functional differences in the actions of ATFa and ATF2 have been .

recognized: 1] Rb inhibits ATFa’s activity while it enhances that of ATF2; 2]
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MKXK?7/JNK but not MKK6/p38 are able to enhance the effects of ATFa while

_both sets augment the actions of ATF2; and 3] No significant effects of any of

the cJun/cF‘os constructs hasv been observed on the actions of ATFa but cJun
enhances the effects of ATF2. |

First, since ATFa and ATF2 are very honrologous in.terms of amino acid
setluence and closely rflated in their transcriptional functions, it raises the
question as to how these related proteins can be differentially regulated by Rb.

The lack of interaction of ATFa and Rb is striking and can certainly account for

- the fact that Rb does not enhance the actions of ATFa. It is harder to explain the

‘ inhibitory effects of the combination of Rb and ATFa. Given the fact that Rb'

reduces the amount of JNK .in the anti-ATFa ilrnmunoprecipitate',‘it ‘is
conceivable that Rb acts by sequestering JNK largely away frorn ATFa. This
suggest1on is supported by a recent report that Rb has a 1nh1b1tory effect on INK
through 1ts C pocket presumably by sequestermg JNK away from cJun (Shim et
al., 2000). However, the impact of mutations in the A/B pocket of Rb in
reducing the actions of ATFa is difflcult to understand. It suggests the
requirenlent for a protein to be bound to the A/B pockets which is important for
the actions of ATFa. The putatlve A/B pocket proteln could be a co-activator or
hetero-dimeric partner of ATFa. At present we s1mply do not have enough

1nformat10n to fully explain the negat1ve effects of Rb on ATF a's actlons
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SecOnd both ATF"s- act1v1t1es are enhanced by'c'o-'transfectio'n of
MKK7/JNK These results are cons1stent w1th the reported 1nteract10n of ATFa
w1th JNK in vivo (Bocco et al;- 1996) and in vitro (Gupta et al 1995) ATFa and
ATF2 are read11y phosphorylated in our hands by JNK and the cAMP o
dependent protein kinase (data not shown). Thus, our observed lack of
-phosphorylation/activation of ATFa byﬁ p3 8is not_ likels' to be an arti‘fact. As
discussed above‘, p38~ rnay usedocking siteswhichare different between ATF2
and ATFa. In‘a broader context, i/arious stirnuli,'" especially stress and/or the |
inﬂamrnatory 'r‘lesp'onse could, by virtue of selective ‘stimuia'tion of the
appropriate.‘lr’inase cascade,ydifferentiallﬂ}'l actiVate these“two‘A’I"F'S leading to "A
potentially differential actions» on CRE-containing prornoters. Gi\/"en the
_ presenceof several isoforms of INK and p38 (Fanger et al, 1997; Gupta et al,"
1996; i.ii‘ang et al,.1996), however, the;situation in ‘anvy given cell type is likely to
' be more complex‘. | ‘ | .
| - ('Third, our resuits indicateithat cJun increases ATFZ’s action but not that
~of ATF a,‘ Whil_e cF osw does not haveany si:griificant effect on either ATF.
Consistent with these results, a very ciear pattern was obtained with the :
inhibitory effects of thedorninant negative cJ un mutant TAM on ATF2's actions
supporting a role for ATFZ-Jun heterodirners acting on the T-GF-BZ promoter.

These results are not surprising, considering the previous observations of
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differences in heter;)dimerizatio;l bet§veen ATFaand ATFZ (Hai and Curran,
1991; Benbrook and Jones, 1994; Chatton et al 1994), and afe consistent with
the fgct ‘thatA ATF2-cJun heterodimefs activate several promoters bearing partial
CRE's (Kaszubska et al, 1995; Liz"in‘g'et‘al, 1996; Newell et a], 1995; K'arin,‘
“1995). | |
These results argue strongly against any role for Jun or Fos in the actions
of ATFa, thus presumably removmg one potential explanatlon for the
differential effects of Rb on these two ATF's; i.e., formatlon of ATFa-Fos
heterodlmers which appear to be inactive as transcription factors (Chatton et al,
1994). Since cycling cells have 11tt1e or no Fos (Kann 1995; Lallemand et al,
| 1997), it is unlikely that dlmenzatlon with it could be respon31b1e for the
negative effects of Rb on ATFa in any case. |
Taking the absence of endogenous ATFa into acéount, ATFa may not
play any important role in regglatin‘g TGF-BZ iﬁ the cells we used for this study.
The §verall roles of ATFa and ATF2 are éﬁll evolving and théir involvement in
global transcriptional régglation is uncertain. Howeve;r, tﬁe ATF2 knockout
mouse exhibifed many more séVere abnormalities than was seen with the CREB
knockout (Réimold et al, 199§; Macekawa et al., 1999). M‘_any‘y major systems

were affected raising the suggestion that ATF2.is also important in regulating
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| development Whether or not ATFa plays a global role anything like that of its

related factor and how Rb 1nh1b1ts 1ts actions both remain to be determined

| : L , The results with PC43 cells, suggest that t'h_e mebha_nisms involved 1n

regulating ectopic'fGF-[iZ promoter 'aetivity must bear significant similarity to
thoseoperating on the ehromosomal'- TGF7§2 Apromoter..‘In no instance d1d we
s observe a significant divergenc‘e in the effects'of any combination of expressed
proteins betweeny the two assays.and 26 d1fferent combinatlons were tested and
o ’the overall correlatlon is very high w1th a R squared of 0. 875 (n = 115
‘ excluding one outlier). Thus, we have evidence to be11eve that our study is

' physiologically relevant. _

Perspective and future studies

Aslw'ith"many other studies,-this study raised more interesting questions
than it answered.f Some of them are' listed here. Hyopefully, these niay serve as
: an incentive for potential future iiroj‘e,cts to‘uncover more information about the
-molecular mechanism involved in the‘regulation of gene expression by the Rb- |
‘driven complex. |

First, what is the phosphorylation‘ status'of Rb ‘_and how does its

phosphorylation affect its putative scaffold protein funetion? It has been known
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that the phosphorylation of Rb is cell-cycle dependent and is mediated primarily
by the cyclin D1/cdk4 pathway (Méncini et al., 1994; Wang et al., 1994).
Recently, it has been suggested that JNK 1tl)inds to the C pocket domain of Rb
and subsequently phosphorylates it (Chéuhan et al., 1999; Shim et al., 2000). It
is also been suggested that p38 can reverse Rb’s inhibitory function on E2F1
(Wéng et al., 1999). Taking together, these results suggest that Rb’s function
may be regulated by the MAP kinase signaling pathway through
phosphorylation. We suspect that phosphorylation of the C pocket domain by
JNK/p38 may well serve as a switch to determine the protein binding activity. of
the A/B pocke;ts, and hence to regulate the function and/or formation of this
macromolecular complex.

Second, do ATF2, Rb and JNK/p38 co-localize in the nucleus? Since Rb,
ATF2 and JNK/p38 exist in the same complek as suggested by the pull-down
experiments, we p;edict that these proteins should be localized tqgether at least
to some detectable extent. Rb has been found to be a nuclear protein and bind to
nuclear matrix (Mancini et al., 1994; Wang et al., 1994); ATF2 and activated
.fNK/p38 have been found inside the nuclear membrane (Gupta et al., 1995);
thus, it is clear that the putative macromolecular complex is likely to be in the

nucleus. The co-localization experiments would provide further evidence for the
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existence of this macromolecular complex and provide more physiological
relevance.

| Third, does interaction of Rb and ATF2 involve direct binding? As we
discussed above, this issue has not been solved by the current study. Different -
approaches, i.e., using pure proteins or using an antibody immobilization
method, may be helpful to detect possible direct binding. Or, in an effort to
identify potential mediating protein(s), one may purify the active component(s)
from cell extracts monitored with an assay that detects the association of RbAand
ATF2. These studies, together with truncated mutation approach, may also help
to find the Rb’s interaction site on ATF2. We predict that it may be located in
the middle region of the ATF2 molecule for two reasons: 1] This region is
where ATF2 and ATFa differ the most; 2] The NTD of ATF2 is involved in the
phosphorylation and activation function while the CTD binds to DNA promoter
elements and the dimeﬁc partner. It has not been observed that interaction with
Rb interferes with any of these interactions so far. Thus, it seems likely that
those regions may not mediate the interaction with Rb.

Fourth, what is the mechanism by which phosphorylation of ATF2

increases TGF-P2 promoter activity? Our results suggest that phosphorylation
of ATF2 is facilitated by interaction with Rb and causes increase in ATF2

activity. The mechanism involved in the latter process remains to be answered.
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It has been suggested that phosphorylation increas'es the ability of ATFé to bind
- to CRE-contammg promoters (Gupta et al. 1995) It is also poss1ble that
| phosphorylatlon may affect the ab111ty of ATF2 to bind to the Cys/His-rich
reglon of its coact1vator CBP/p300 via ble doma1n (Sano etal. 1998) CBP
, b1nds to mult1ple components of the basal transcriptional mach1nery, mcluding
TFIIB, and facilitates the activities of ATF2 (Kwok et al., 1994). Additionally,
~1t has been found recently that ATF2 has intrinsic h1stone acetyltransferase
l act1v1ty wh1ch is modulated by phosphorylation (Kawasaki et al. 2000) It will
-be very 1nterest1ng to examine which of the three mechanisms among others, is
_ 1nvolved n regulation of TGF B2 promoter act1v1ty m transfected CHO cells
and how the putat1ve Rb complex connects to the act1vat10n mechanism, i.e.,
-Whether or not the match¥maker -model may extend to include _CBP/p300. -
o Fifth, what is the speciﬁcity of the macrornolecular complex? We tested
JNK2 and p’;’:SB for their interaction with Rb and:roles as regulators in this
B study ;I‘here are more isoformsffor each MAP, kina’se,i and clear\differencesin‘
‘ » function have beenlrepo'rted (D»éi'ijard etal., '1995; Jiang etal, 1995 ; Karin and
| Hunter 1995; Wask1ew1cz and Cooper 1997 Fanger et al. 1997) Itis
3 1mportant to examine whether other isoforms of JINK and p38 can interact vylth
"Rb and up-regul'ate ATF2’s actions. These experiments can potentially help to .

reveal the specificity of the macromolecular complex. It is likely that different
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kinases hav-e different affinities '(if any) to interac'g with Rb, and hence their
ability to modify downstream targets could be selectively regulated by Rb.

| ‘Finally, in addition to‘->TGF'-'B‘2 gene; what other downstream gene
expression targets are there for:‘.the putative Rb-dﬁ{leh ~macromeleculaf
complex? As we discussed fer the_-‘ea-se o'f-C/EBlP aBove, the cross-reaction
between MAP kinases JNK/p38 and Rb v'er}; likely reguiétes other ﬁanscﬁpﬁon
factors, and, hence, can inﬂuenlce expression of a variety of genes. This
suggestion ie based upoﬁ the facts thet numereus transcription factors have been
found to associate with Rb (Wal;g et al.; 1994), and JNK and p38 regulate many
different targets ae well (Karin and’Hunter, 1995; Waskiewicz and Cooper,
1997). In the uniikely scenario that only ATF2 can be regqlated by this
mechanism, even activated ATF2 may enhance the expression of many different
genes including TGF-B2 (seeIntreduction fof the long list). Tilus, it wouid be
very interesting to study the g}bbal regulatory effects of the combinations of Rb
+ JNK/p38 +£ ATF2, to determine which genes are influenced by this complex
and the mechanism involved. Recent development of DNA micro-array

techniques may provide great leverage in exploration of this aspect.
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Table 1. List of selected Rb-associated proteins.

Protein Function Interaction Consequence of
sites in Rb interacting with Rb
Large T Ag  Oncoprotein A/B Contributes to viral
transformation
E1A \ Oncoprotein A/B Contributes to viral
: ' transformation

E2F-1,-2,-3  Transcription factor A/B Inhibits activity

ATF2 Transcription factor A/B Enhances activity
c-Abl - Tyrosine kinase C Inhibits tyrosine kinase
D1,D2,D3  Cyclins _ Large A/B Targets Rb for
phosphorylation?
cdk2, cdk4 Ser/Thr kinase ? Rb phosphorylation?

ppla Phosphatase Large A/B Rb de-phosphorylation?
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Table 2. Summary of Rb's differential regulation of ATFa and ATF2's
activation of TGF-B2 CAT expression in CHO and SKUT-1 cells.

Expression .Fold Increase Fold Increase
Constructs in CAT Activity in CAT Activity
in CHO cells in SKUT-1 cells
ATF2 43+0.3 (n=12) 4.1+ 0.3 (n=4)
ATFa 4.0+0.3 (n=12) | 3.3+£0.3 (n=4)
Rb 42+0.5 (n=22) 11.3+0.5 (n=4)
ATF2 with Rb 184+1.2 (n=22) 19.9+ 1.1 (n=4)
ATFa with Rb 1.9£0.3 (n=22) 2.4+03 (n=4)

Note: Adapted from Li, 1996. The pB2-77 CAT reporter construct was
cotransfected with each expression vector into 50 to 80% confluent CHO cells
or SKUT-1 cells. The values shown represent the average CAT activity £ SD
relative to that observed with cells transfected with reporter construct alone. The
basal activity of reporter construct TGF-p2 CAT DNA is 4.0 £ 0.3 cpm/pg in
transfected CHO cells, and 2.8 £ 0.4 cpm/pg in SKUT-1 cells.
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Table 3. Summary of the effects of truncated Rb mutants on the
~ stimulation of TGF-B2 CAT expression.

Rb Deletion ' % activity
Construct Location of WT Rb

alone with ATF2 with ATFa
wT none 100 100 -100
mt9 Pocket A . 16% eI § E
mtl2 Pocket B : o* 2% . T*

mtl4 Pocket C 55% 36* -33*

Note: Adapted from Li (1996). The above values are the percentage of the
activity observed with Rb. The activities of wt Rb were set as 100% except that
with ATF-a was set as -100% due to the inhibitory effects of wt Rb. * indicates
a statistically significant difference (P < 0.001) between the value of mutant and

that of wt; The quantity t is computed from the formula: t = ( X - Y )/ (Sx2/Nx +

Sy2/Ny)1/2, X represents the mean level of Rb wt, Y represents the mean
levels of Rb mutants; Nx and Ny represent the number of test samples of Rb’
WT and mutants, respectively; Sx and Sy represent the standard deviations of
Rb WT and mutants, respectively. The magnitudes of t were then compared
with its distribution for a specified level of confidence and a number of degrees
of freedom v given by: b = [Nx + Ny] -2.
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Figure 1. Amino acid sequence and homology comparison between ATFa
and ATF2. The boxed areas correspond to the basic region (ATFa: 322-325
‘and 334-354; ATF2: 342-347 and 356-376) and Leucine Zipper domain (ATFa:
360-391; ATF2: 380-411). Asterisk symbols indicate the phosphoralation sites
on ATF2 (Thr 69 and 71) and ATFa (Thr 51 and 53).
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Figure 2. Domain structure and phosphorylation sites of Rb. The human Rb
protein contains 928 amino acids that are organized into several domains: the N
terminal region (amino acids 1-378), domain A (A, amino acids 379-572), the

insert domain (ID, amino acids 573-645), domain B (B, amino acids 646-772)

and the C terminal region (C, amino acids 773-928). There are 7 Ser/Thr sites in
Rb (indicated by arrow heads), which have been shown to be phosphorylated by
the cyclin-dependent protein kinases in vivo. '
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Figure 3. Schematic structure of pB2-77 construct. As indicated in the figure,
the construct has a partial CRE site (CGTCA) and TATA box from the TGF-p2
promoter (-77 to 63), which is linked to the downstream cDNA coding for the

- CAT protein. L ‘ '
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Figure 5. Schematic representation of deletion mutants of Rb expression
vectors used in this study. The coding region of Rb is represented by the line
at the bottom, locations of pockets A, B and C are represented by the bottom
boxes, and the synthetic epitope tag is represented by the shaded box at the
carboxyl terminus. Each mutant is depicted as a gapped line, with the size and
location of the gap proportional to the site of the mutation. Each mutant is
designated by the location of the first of the two codons that were converted into
an Xhol restriction site (CTCGAG) prior to deletion of sequences between
adjacent Xhol mutant. ‘
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Figure 16. Titration of ATF2 with different amounts of TAMG7. Varying

- amounts.of ATF2 plasmid DNA's were co-transfected + the indicated amounts
of TAM 67 plasmid DNA and 0.5 ng of the TGF—BZ—CAT Téporter construct
into CHO cells under conditions similar to those described in the legend to
Figure 4. After incubation for 54 hi; cells were harvested for assays as described
in Materials-and Methods. Since TAM 67 significantly reduced basal TGF—2-
CAT expression (not shown), these values have been normalized to 1.0 for

. calculation of relative CAT activities [i.e., specific activity of test sample/

" specific activity of samples-from cells transfected with TGF-32-CAT DNA

~ alone = TAM 67]. Each point is the average of at least 6 observations with SD'

indicated by the bars. Symbols in the figure. indicates the followmg

Open circle: no TAM 67 co-transfected. .

Open diamond: 0.5 pg TAM 67 DNA co-transfected e

Filled diamond: 1.0 pg TAM 67 DNA co-transfected.

See the legend to Figure 4 for further details.
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Figure 17. Titration of ATFa with different amounts of TAMG67. Varying
amounts of ATFa plasmid DNA's were co-transfected + the indicated amounts
of TAM 67 plasmid DNA and 0.5 pg of the TGF—-B2—CAT reporter construct -
into'CHO cells under conditions similar to those described in the legend to
Figure 4. Each point is the average of at least 6 observations with SD's indicated

* by the bars. Symbols in the figure are the same as in Flgure 16. See the legend
to Figure 4 for further details. : :
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Figure 23. Co-lmmunopreclpltatlon of Rb with ATF2 and p38
simultaneously. Extracts (about 200 ug of proteins) from CHO cells transfected
with the indicated expression vect:ors (Rb/p38/ATF2) at the bottom were
subjected to immunoprecipitation by 10 pl antibodies against Rb followed by
western blotting of immunoprecipitates with the antibodies against ATF2, JNK
or Rb (see Materials and Methods; for details) as indicated on the left side. The
molecular weights of the bands were estimated and found as expected for each
protein as marked on the right Sld? Lane 8 in all panels was loaded with the
same sample as lane 9 but with only half of the amount. This experiment has

been repeated with similar results.
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Figure 30. Comparison of endogenous TGF-$2 gene expression with ectopic

TGF-B2-CAT promoter regulation. PC-3 cells were transfected with 0.5 pg

pB2-77 plasmid DNA, without or with 0.5 pg ATFa or ATF2 DNA as indicated
in the figure. Forty-eight hours post-transfection, the culture medium was

. collected, concentrated 20 fold, and subjected to an ELISA assay using antibody
against TGF-2; the cells were harvested and lysed, and subjected to the CAT
assay. The values for both basal levels (transfected with pB2-77 alone) are set
arbitrarily as 1, and all other ELISA and CAT activities are compared to these
basal levels and the ratios were used as their “fold stimulation”. The bars on the
left represent the fold stimulation from the ELISA assay (endogenous TGF-f32
activity), while the bars on the right represent that from the CAT assay (ectopic
TGF-B2 promoter). A
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Figure 31. Comparison of the regulation of endogenous TGF-B2 gene
expression and ectopic TGF-B2-CAT activity by various protein kinases in
the absence of overexpressed ATE’s. PC-3 cells were transfected with 0.5 ug
pB2-77 plasmid DNA alone, or with 0.2 ug JNK, p38, MKK6 or MKK7
expression vector DNA as indicated in the figure. See Figure 30 for other
details.
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Figure 33. Comparison of the ability of co-transfected protein kinases to

augment the effects of ATFa on TGF-B2 promoter activity. PC-3 cells were
transfected with 0.5 pg pB2-77 plasmid DNA alone, or with 0.5 pg ATFa with
or without 0.2 pg JNK, p38, MKK6 or MKK7 expression vector DNA as
indicated in the figure. See Figure 30 for other details.
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Figure 34. Inhibition of the effects of MKK?7 and JNK on endogenous and

ectopic TGF-32 promoter activity by APF. PC-3 cells were transfected with
0.5 pg pB2-77 reporter plasmid and 0.5 pg ATF2 or ATFa, with or without 0.2
ug JNK, MKK7 expression vector DNA in the presence (filled bars) or absence
(open bars) of APF expression vector. See Figure 30 for other details.
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Figure 35. Inhibition of the effects of MKK6 and p38 on endogenous and
ectopic TGF-B2 promoter activity by SB203580. PC-3 cells were transfected
with 0.5 pg pB2-77 reporter plasmid and 0.5 pg ATF2 or ATFa, with or without
0.2 pg p38 or MKKG6 expression vector DNA. SB203580, a specific inhibitor of
p38 was included in the medium at a final concentration of 10 uM (filled bars).
Open bars represent the result in the absence of SB203580. See Figure 30 for
other details. S o
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Figure 36. Correlation plot of relative CAT activity with TGF-B2 secretion.
PC-3 cells were transfected with 0.5 pug pB2-77 reporter plasmid and various
combinations of expression plasmids shown in Figures 30 to 35. Each point
represents an individual experiment, with TGF-B2 secretion vs. CAT activity.
The value was compared to that of pB2-77 alone. There are total of 116 samples
with a R? of 0.778 using simple linear regression, which means 77.8% of
variation in TGF-B2 secretion'can be explained by changesin CAT activity.-
The arrow indicates the only outlier in the samples determined by R student
analysis (R student = -9.9). If this outlier is exclided,; R? increases to 0.875 with
115 samples, which means 87.5% of variation in TGF- [32 secretion can be
explained by changes in CAT activity.
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Figure 37. Cartoon diagram of Rb’s differential regulation of ATF2 and
ATFa. Rb is suggested to bind to JNK or p38 using its C-pocket, and to interact
(directly or indirectly) with ATF2 using its A/B pockets in the same complex.
These interactions may potentially increase ATF2’s phosphorylation, and
phosphorylated ATF2 is likely to have higher activity to stimulate TGF-B2
expression (Gupta et al., 1995). On the other hand, ATFa cannot interact with
Rb, and hence may only be phosphorylated by free JNK. The presence of a
large amount of Rb may sequester JNK away from ATFa, and inhibit its
phosphorylation/activation.
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