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The activity of c-Jun, the major component of the transcription factor AP-1, is potentiated by amino-terminal

phosphorylation on serines 63 and 73 (Ser-63 / 73). This phosphorylation is mediated by the Jun

amino-terminal kinase (JNK) and required to recruit the transcriptional coactivator CREB-binding protein

(CBP). AP-1 function is antagonized by activated members of the steroid/ thyroid hormone receptor

superfamily. Recently, a competition for CBP has been proposed as a mechanism for this antagonism. Here we

present evidence that hormone-activated nuclear receptors prevent c-Jun phosphorylation on Ser-63 / 73 and,

consequently, AP-1 activation, by blocking the induction of the JNK signaling cascade. Consistently, nuclear

receptors also antagonize other JNK-activated transcription factors such as Elk-1 and ATF-2. Interference with

the JNK signaling pathway represents a novel mechanism by which nuclear hormone receptors antagonize

AP-1. This mechanism is based on the blockade of the AP-1 activation step, which is a requisite to interact

with CBP. In addition to acting directly on gene transcription, regulation of the JNK cascade activity

constitutes an alternative mode whereby steroids and retinoids may control cell fate and conduct their

pharmacological actions as immunosupressive, anti-inflammatory, and antineoplastic agents.
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Lipophilic horm ones such as steroids, ret inoic acid (RA),

thyroid horm one (T3), and vitam in D m ediate m ost , if

not all, of their act ions through specific in t racellu lar re-

ceptors that are m em bers of the nuclear receptor super-

fam ily (Mangelsdorf et al. 1995). N uclear horm one re-

ceptors are ligand-regulated sequence-specific t ranscrip-

t ion factors that m ay act ivate or repress gene expression .

Ligand-act ivated gene t ranscript ion is generally m edi-

ated by binding of nuclear receptors to their cognate

DN A elem ents. Though negat ive binding elem ents have

been described, repression is m ain ly conducted by in ter-

ference with other t ranscript ion factors, of which AP-1 is

one of the m ost represen tat ive (for review, see Saatcioglu

et al. 1994).

AP-1 is a sequence-specific t ranscript ion factor com -

posed of either hom o- or heterodim ers am ong m em bers

with in the Jun fam ily (c-Jun , JunB, and JunD) or am ong

proteins of the Jun and Fos (c-Fos, FosB, Fra1, and Fra2)

fam ilies (for review, see Angel and Karin 1991). Am ong

them , c-Jun is the m ajor com ponent of the AP-1 com plex

(Bohm ann et al. 1987; Angel et al. 1988) and c-Fos is it s

best known partner. AP-1 is act ivated by m itogens, on-

coproteins, cytokines, and st ress agents such as u lt ravio-

let (UV) ligh t . AP-1 act ivat ion m ay be m ediated by both

t ranscript ionally independent and -dependent m echa-

n ism s, involving post -t ranslat ional m odificat ions of it s

com ponents or increases in the expression of their cor-

responding genes, respect ively (Angel and Karin 1991;

Karin 1995; Karin et al. 1997).

c-Jun t ranscript ional act ivity is enhanced by am ino-

term inal phosphorylat ion on Ser-63 / 73 (Pulverer et al.

1991; Sm eal et al. 1991). This inducible phosphorylat ion

is m ediated by m em bers of the Jun am ino-term inal k i-

nase (JN K, also known as st ress-act ivated protein k inase,

SAPK) subfam ily (Hibi et al. 1993; Dérijard et al. 1994;

Kyriak is et al. 1994; Minden et al. 1994a) and is required

to recru it the t ranscript ional coact ivator cAMP response

elem ent -binding (CREB) protein (CBP) (Arias et al. 1994;

Bannister et al. 1995). Prior to phosphorylat ion , JN K re-

quires binding to a docking site located in the c-Jun

am ino-term inal dom ain (Hibi et al. 1993). This docking

site is part ially deleted in the v-Jun oncoprotein (delet ion

of the d region) and, in consequence, JN K neither binds

to nor phosphorylates v-Jun (Hibi et al. 1993). In cont rast

to c-Jun , however, v-Jun is fu lly com peten t to in teract

with CBP in vivo independent ly of am ino-term inal phos-

phorylat ion (Bannister et al. 1995).

c-jun and c-fos are im m ediate-early genes whose t ran-
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script ion is act ivated in a protein synthesis-independent

m anner with in a few m inutes of cell st im ulat ion . c-jun

t ranscript ional act ivat ion is m ediated by a TPA response

elem ent (TRE) that is bound by the t ranscript ional act i-

vator ATF-2 either as hom odim er (van Dam et al. 1995)

or as heterodim er with c-Jun (van Dam et al. 1993). In

th is way, c-Jun m ay autoregulate expression of it s own

gene. Sim ilarly, c-fos induct ion is m ediated by the t ran-

script ional act ivator Elk-1 that binds the serum response

elem ent (SRE) in it s prom oter together with the SRE-

binding protein (SRF) (Herrera et al. 1989; Shaw et al.

1989; Hipsk ind et al. 1991). In addit ion to c-Jun , both

ATF-2 and Elk-1 are phosphorylated and act ivated by

JN K (Cavigelli et al. 1995; Gille et al. 1995; Gupta et al.

1995; Livingstone et al. 1995; van Dam et al. 1995; Whit -

m arsh et al. 1995).

The JN K subfam ily belongs to the m itogen-act ivated

protein k inase (MAPK) group, which in m am m als in-

cludes several subfam ilies such as ext racellu lar signal-

regulated kinases (ERKs) and p38/ Mpk2/ cytokine-su-

pressive ant i-in flam m atory drug-binding protein (CSBP)

am ong others (for review, see Robinson and Cobb 1997).

MAPKs are respect ively in tegrated in differen t signal

t ransduct ion pathways and show differences in subst rate

specificity. However, they are com m only the final step

of a protein k inase cascade leading to act ivat ion of a

MAPK kinase (MAPKK) that act ivates them by dual

phosphorylat ion on threonine and tyrosine (for review,

see Karin and Hunter 1995; Cahill et al. 1996). JN Ks,

in it ially ident ified by their ability to bind and phos-

phorylate c-Jun am ino-term inal dom ain in response to

UV st im ulat ion , are also act ivated by proinflam m atory

cytokines such as tum or necrosis factor-a (TN F-a) and

in terleukin-1 (IL-1), and by environm ental st ress (Hibi et

al. 1993; Dérijard et al. 1994; Kyriak is et al. 1994; Min-

den et al. 1994a).

Though inhibit ion of AP-1 act ivity was in it ially de-

scribed for the glucocort icoid receptor (GR) (Jonat et al.

1990; Sch ü le et al. 1990; Yang-Yen et al. 1990), other

m em bers of the nuclear receptor superfam ily, including

RA, T3, vitam in D, and ret inoid X receptors, show the

sam e act ivity (Saatcioglu et al. 1994 and references

therein). Recent ly, it has been reported that t ranscrip-

t ional act ivat ion by nuclear receptors requires, sim ilarly

to c-Jun , the t ranscript ional coact ivator CBP (Chakrav-

art i et al. 1996; Kam ei et al. 1996). Based on these find-

ings, it has been proposed that the m echanism for

nuclear receptor–AP-1 antagonism relies on their direct

com pet it ion for th is coact ivator (Kam ei et al. 1996).

Here we show that horm one-act ivated nuclear recep-

tors inh ibit induct ion of the JN K signal t ransduct ion

pathway. As a consequence, nuclear receptors prevent

phosphorylat ion-dependent act ivat ion of t ranscript ion

factors, such as c-Jun , ATF-2, and Elk-1, that are in-

volved in AP-1 induct ion by either t ranscript ionally in-

dependent or dependent m echanism s. In addit ion , these

findings provide st rong evidence for a novel m echanism

of AP-1 inhibit ion by nuclear receptors based on the in-

terference with the c-Jun act ivat ion step that is required

for CBP interact ion .

Results

Dexam ethasone block s A P-1 act ivat ion by inhib it ing

c-Jun am ino-term inal phosphory lat ion

To invest igate the m echanism of AP-1 antagonism by

nuclear horm one receptor act ivat ion we first chose UV

light to act ivate AP-1. In it ially, HeLa cells were used

because AP-1 act ivat ion by UV has been well docu-

m ented in th is cell type and, in addit ion , HeLa cells har-

bor endogenous GRs. The in it ial response to UV irradia-

t ion occurs in the absence of protein synthesis and in-

volves post -t ranslat ional m odificat ions of pre-exist ing

AP-1 com plexes such as c-Jun am ino-term inal phos-

phorylat ion , which leads to AP-1 act ivat ion (Stein et al.

1989; Devary et al. 1991, 1992; Radler-Pohl et al. 1993;

Sachsenm aier et al. 1994). As shown in Figure 1A, UV

irradiat ion of serum -starved HeLa cells t riggers t ran-

script ion of the AP-1-dependent reporter −73Col–CAT.

However, a short pret reatm ent (45 m in) with the syn-

thet ic glucocort icoid dexam ethasone (Dex) part ially in-

h ibit s th is act ivat ion . Moreover, increasing the am ount

of in t racellu lar GR by cot ransfect ion with pSG5–GR ex-

pression vector resu lt s in a com plete inh ibit ion of UV-

induced act ivity of the −73Col–CAT reporter in response

to Dex (Fig. 1A). In cont rast , glucocort icoid t reatm ent of

uninduced cells did not reduce the basal act ivity of the

AP-1-dependent reporter (Fig. 1A). In agreem ent with

previous data (Kön ig et al. 1992), horm one t reatm ent did

not decrease the basal AP-1 DN A-binding act ivity m ea-

sured by elect rophoret ic m obility sh ift assay (EMSA)

(Fig. 1B, cf. 0 t im e poin ts). However, Dex does prevent

the increase in AP-1 DN A-binding act ivity that follows

UV st im ulat ion (Fig. 1B). Accordingly, UV induct ion of

c-jun and c-fos gene expression , known to account for

th is increase in AP-1 DN A-binding act ivity (Stein et al.

1989; Devary et al. 1991), is severely im paired in Dex-

t reated cells as deduced from the Western blot analysis

shown in Figure 1C.

These resu lt s suggested that GR interfered with the

act ivat ion of pre-exist ing AP-1 com plexes in HeLa cells.

As m ent ioned, phosphorylat ion of c-Jun on Ser-63 / 73 is

one of the earliest UV-induced events that m ediates

the t ranscript ionally independent act ivat ion of AP-1

(Stein et al. 1989; Devary et al. 1991, 1992; Radler-

Pohl et al. 1993; Sachsenm aier et al. 1994). Therefore,

we invest igated the effect of Dex on in vivo UV-in-

duced c-Jun phosphorylat ion . Quant itat ion of t rypt ic

phosphopept ide m aps of in vivo-labeled c-Jun showed

that UV st im ulat ion increased phosphorylat ion on Ser-

63 / 73 by a factor of 3 and 2, respect ively (y and x phos-

phopept ides in Fig. 1D). This increase was abolished by

Dex pret reatm ent (Fig. 1D). In agreem ent with t ransien t

t ransfect ion assays (Fig. 1A), Dex did not sign ifican t ly

affect c-Jun phosphorylat ion in uninduced condit ions

(Fig. 1D).

N ext , we studied the effect of Dex on the act ivat ion of

the −73Col–CAT reporter by the cytokine tum or necro-

sis factor TN F-a, an AP-1 inducer in HeLa cells. Sim i-

larly to it s act ion on UV st im ulat ion , Dex also inhibited

TN F-a-induced act ivat ion of the −73Col–CAT reporter
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in a receptor-dependent m anner (Fig. 2A). The analysis of

c-Jun phosphorylat ion on Ser-63 by im m unoblot t ing us-

ing a specific an t ibody showed that phosphorylat ion of

th is serine residue in response to TN F-a was, again , se-

verely im paired by Dex act ivat ion of endogenous GR in

HeLa cells (Fig. 2B). Because the level of c-Jun increases

rapidly in response to th is cytokine in a t ranscript ion-

dependent m anner (Brenner et al. 1989), the sam e experi-

m ental procedure was repeated by adding act inom ycin D

15 m in before TN F-a to keep the am ount of c-Jun con-

stan t . As shown in Figure 2B, act inom ycin D efficien t ly

blocked the t ranscript ional response of c-jun but did not

Figure 2. TN F-a-induced AP-1 act ivat ion and c-Jun am ino-term inal phosphorylat ion is inh ibited by Dex. (A ) Inh ibit ion of TN F-a-

induced AP-1 act ivity by Dex in HeLa cells t ransien t ly t ransfected with the −73Col–CAT reporter (3 µg) along with pSG5–GR (0.2 µg),

when indicated. (B) Dex prevents c-Jun am ino-term inal phosphorylat ion in response to TN F-a. Western blot analysis of nuclear

ext ract s (20 µg/ lane) prepared from HeLa cells t reated with vehicle (open bars) or Dex (solid bars) and collected at the indicated t im e

poin ts after TN F-a st im ulat ion . Addit ionally, cells were t reated with either vehicle (−Act . D) or 1 µg/ m l of act inom ycin D (+Act . D)

15 m in before TN F-a addit ion . Specific an t ibodies to detect c-Jun phosphorylated on Ser-63 (P-S63–c-Jun) (top) or total c-Jun (bot tom )

were subsequent ly used on the sam e m em brane after st ripping.

Figure 1. Dex blocks UV-induced AP-1

act ivat ion by prevent ing c-Jun am ino-ter-

m inal phosphorylat ion in HeLa cells. (A )

Inh ibit ion of UV-induced AP-1 act ivat ion

by Dex in cells t ransien t ly t ransfected

with the −73Col–CAT reporter (3 µg),

along with pSG5–GR (0.2 µg), when indi-

cated. (B) Dex inhibit s the increase in AP-1

DN A-binding act ivity induced by UV

st im ulat ion . EMSA was perform ed with

nuclear ext ract s (5 µg/ lane) prepared from

cells t reated with vehicle (open bars) or

Dex (solid bars) and harvested at the indi-

cated t im e poin ts after UV irradiat ion .

Mobility of free and AP-1-com plexed

probe is indicated. (C ) Dex blocks UV in-

duct ion of c-jun and c-fos gene expression .

Sam e ext ract s as in B were analyzed by

im m unoblot t ing (20 µg of ext ract / lane) to

m onitor the accum ulat ion of c-Jun and c-

Fos. (D ) Dex prevents c-Jun am ino-term i-

nal phosphorylat ion in response to UV ir-

radiat ion . c-Jun isolated by im m unopre-

cipitat ion from m etabolically-labeled cells

(see Materials and Methods) was subjected

to t rypt ic phosphopept ide m apping. y and

x spots correspond to phosphorylat ion of

Ser63 / 73, respect ively. The m ap origin is

m arked by an arrowhead.
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GENES & DEVELOPMENT 3353

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


prevent the inhibit ion by Dex of c-Jun am ino-term inal

phosphorylat ion .

Horm one-act ivated nuclear receptors specifically

in terfere w ith t ransact ivat ion m ediated by c-Jun

am ino-term inal phosphory lat ion independent ly

of the c-Jun DN A -binding dom ain

N ext , we exam ined whether the inhibit ion of c-Jun ac-

t ivat ion by GR was m ediated by the am ino-term inal do-

m ain of c-Jun . For that purpose, we took advantage of the

fu ll UV responsiveness of the c-Jun am ino-term inal

t ransact ivat ion dom ain when linked to unrelated DN A-

binding dom ains such as those from GHF-1 (Sm eal et al.

1991; Devary et al. 1992) or Gal4 (Hibi et al. 1993; Ra-

dler-Pohl et al. 1993; Black et al. 1994) t ranscript ion fac-

tors. Cot ransfect ion experim ents in F9 cells showed that

ligand-act ivated GR inhibit s UV-induced act ivat ion of a

GHF-1-dependent reporter, 3xGHF-1–Luc (luciferase), by

the c-Jun–GHF-1 chim era (Fig. 3A). In agreem ent with

Yang-Yen et al. (1990), basal act ivity of the c-Jun-GHF-1

chim era is not repressed by glucocort icoids (Fig. 3A).

Moreover, another m em ber of the nuclear receptor su-

perfam ily, thyroid horm one receptor (TRa-1), also

known to antagonize AP-1 (Desbois et al. 1991; Zhang et

al. 1991), behaved in a sim ilar fash ion (Fig. 3A). Sim ilarly

to the c-Jun–GHF-1 act ivity in uninduced cells, horm one

act ivat ion of these nuclear receptors also failed to de-

crease the act ivity of the UV-unresponsive m utant c-

JunA63/ 73–GHF-1 harboring alan ine instead of serine at

posit ions 63 and 73, in any condit ion (Devary et al. 1992)

(Fig. 3A). As with wild-type c-Jun , quant itat ive analysis

of t rypt ic phosphopept ide m aps of in vivo-phosphory-

lated c-Jun-GHF-1 showed that GR act ivat ion caused a

60% reduct ion in the overall UV-induced phosphoryla-

t ion of c-Jun am ino-term inal dom ain , including Ser-63 /

73, as well as threonine-91 and -93 (Thr-91 / 93), two m i-

nor addit ional UV-induced phosphorylat ion sites (Déri-

jard et al. 1994; Papavassiliou et al. 1995) (Fig 3B).

To further confirm these resu lt s, expression vectors

coding for Gal4–c-Jun and Gal4–c-JunA63/ 73 chim eras

were const ructed. Again , both ligand-act ivated GR and

TRa-1 efficien t ly inh ibited UV act ivat ion of the Gal4–c-

Jun chim era (Fig. 4A, left and righ t panels, respect ively).

We also tested the effect of act ivated RA receptor (RAR).

Previous studies have shown that RAR can also repress

AP-1 in a ligand-dependent m anner (N icholson et al.

1990; Desbois et al. 1991; Sch ü le et al. 1991; Yang-Yen et

al. 1991). Gal4-derived const ructs were used, as in terac-

t ions between GHF-1 and RAR (Rhodes et al. 1993) m ake

the GHF-1-derived chim eras part icu lary unsuitable for

th is study. As shown in Figure 4A (m iddle panel), li-

ganded RAR also inhibit s UV-induced c-Jun am ino-ter-

m inal-m ediated t ransact ivat ion , behaving analogously

to GR and TRa-1.

A role for CBP m ediat ing the antagonist ic act ion in

our assays was analyzed by test ing the effect of nuclear

receptor act ivat ion on the act ivity of the Gal4–v-Jun chi-

m era. It has been shown previously that CBP interacts

with c-Jun and v-Jun and st im ulates both Gal4–c-Jun and

Gal4–v-Jun (Bannister et al. 1995). In cont rast to c-Jun ,

however, v-Jun does not require phosphorylat ion on Ser-

63 / 73 to in teract with CBP in vivo (Bannister et al.

1995). In addit ion , Gal4–v-Jun is not UV st im ulated due

to the delet ion of the d region located in the am ino-

term inal dom ain of c-Jun (Hibi et al. 1993). As shown in

Figure 4A, t ranscript ional act ivat ion m ediated by Gal4–

v-Jun is not inh ibited in any circum stance by horm one

Figure 3. Horm one-activated nuclear re-

ceptors block UV-induced c-Jun am ino-

term inal-m ediated transactivation and c-

Jun am ino-term inal phosphorylat ion in-

dependently of the c-Jun DN A-binding

dom ain. (A ) Activity of the 3xGHF-1–Luc

reporter (3 µg) transfected in F9 cells along

with either pRSV–c-Jun-GHF-1 or pRSV–

c-JunA63/ 73-GHF-1 (0.5 µg) and pSG5–

GR or pSG5–TRa-1 (0.2 µg) as indicated.

Cells were treated with Dex or T3 and UV

irradiated as indicated. (B) Tryptic–phos-

phopeptide m aps of c-Jun–GHF-1 chi-

m eric protein. HeLa cells were cotrans-

fected with pRSV–c-Jun–GHF-1 (10 µg)

and pSG5–GR (2 µg). Twelve hours after

precipitate rem oval, cells were split into

four plates, serum -starved, and m etaboli-

cally labeled (see Materials and Methods).

UV irradiat ion was perform ed 45 m in af-

ter horm one or vehicle addit ion, and cells

were harvested 20 m in later. y, x, t1, and

t2 spots corresponding to phosphorylat ion

of Ser-63/ 73 and Thr-91/ -93, respectively,

are indicated. The arrowhead m arks m ap

origin.
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addit ion . This resu lt indicates that under our experim en-

tal condit ions CBP act ion is not affected by horm one-

act ivated receptors.

Transfect ion experim ents using either GHF-1- or

Gal4-derived chim eras st rongly suggested that RA and

TRa-1 were likely to exert their inh ibitory act ion on the

c-Jun am ino-term inal dom ain by the sam e m echanism

as the GR. To test th is, we studied the consequence of

ligand act ivat ion of these nuclear receptors direct ly on

c-Jun am ino-term inal phosphorylat ion . As shown in Fig-

ure 4, B and C, both RA and TRa-1 were able to inhibit

UV-induced c-Jun phosphorylat ion on Ser-63 when over-

expressed in F9 cells by t ransien t t ransfect ion along with

c-Jun or c-Jun–GHF-1, respect ively.

Overall, these data dem onst rate that at least th ree

nuclear horm one receptors, including those for glucocor-

t icoid, RA, and TR, block c-Jun act ivat ion by a m echa-

n ism that is both independent of c-Jun DN A-binding do-

m ain and relies specifically on the c-Jun am ino-term inal

phosphorylat ion step.

Horm one-act ivated nuclear receptors prevent

act ivat ion of the JN K signaling pathw ay

Because UV-act ivated m em bers of the JN K subgroup of

MAPKs are the m ajor m ediators of c-Jun am ino-term inal

phosphorylat ion (Hibi et al. 1993; Dérijard et al. 1994;

Kyriak is et al. 1994; Minden et al. 1994a), we next stud-

ied the effect of horm one act ion on JN K protein and ac-

t ivity levels. Western blot analysis of whole cell ext ract s

showed that Dex t reatm ents as long as 8 hr do not alter

the conten t of JN K protein in HeLa cells (Fig. 5A). In

cont rast , Dex st rongly inhibit s the increase in JN K ac-

t ivity that follows UV st im ulat ion in th is cell type (Fig.

5B,C). Likewise, horm one-act ivated endogenous RAR

expressed in F9 cells, or exogenous TRa-1 expressed in

Figure 4. (A ) Horm one-act ivated nuclear receptors specifically block UV-induced t ranscript ional act ivat ion m ediated by c-Jun am ino-

term inal phosphorylat ion . Act ivity of the 5xGal4–Luc reporter (3 µg) t ransfected in F9 cells along with the pSG424 derivat ive const ruct

(2 µg) encoding the Gal4–c-Jun , Gal4–v-Jun , or Gal4–c-JunA63/ 73 fusion proteins and the expression vector pSG5–GR, pSG5–RARa

or pSG5–TRa-1 (0.2 µg), as indicated. Cells were subjected to the indicated t reatm ents. (B) Ligand-act ivated RAR prevents UV-induced

c-Jun am ino-term inal phosphorylat ion . F9 cells were t ransien t ly t ransfected with 20 µg of pRSV–c-Jun and 2 µg of pSG5–RARa. After

precipitated rem oval, cells were split in to four plates, serum starved overn ight and, when relevant , UV irradiated 45 m in after RA or

vehicle addit ion . N uclear ext ract s were prepared from cells harvested 25 m in after UV st im ulat ion and analyzed by Western blot (80

µg of nuclear ext ract / lane). Im m unodetect ion of c-Jun phosphorylated on Ser-63 (top) and the total am ount of c-Jun (bot tom ) was

subsequent ly perform ed on the sam e filter after st ripping. (C ) Ligand-act ivated TRa-1 prevents UV-induced c-Jun am ino-term inal

phosphorylat ion . Assays were perform ed as in B. Cells were t ransien t ly t ransfected with 20 µg of pRSV–c-Jun–GHF-1 and 2 µg of

pSG5–TRa-1 and t reated when indicated with thyroid horm one (T3). The total am ount of c-Jun–GHF-1 was detected using an

ant i-GHF-1 ant ibody. Im m unodetect ions of c-Jun–GHF-1 phosphorylated on Ser-63 and the total am ount of c-Jun–GHF-1 are showed

in the top and bot tom panels, respect ively.
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EpH4 + TRa-1 cells (López-Barahona et al. 1995) also

caused a reduct ion in UV-induced JN K act ivity (Fig.

5B,C). Horm one t reatm ent affected neither the basal

level of JN K act ivity (com pare 0 t im e poin ts in Fig. 5B)

nor the JN K protein conten t upon UV st im ulat ion in any

cell line tested (Fig. 5B). The requirem ent of horm onal

receptors for the observed effects was evident as JN K

act ivity after UV exposure was not sign ifican t ly affected

by TR in paren tal EpH4 cells, which are essen t ially de-

void of endogenous TRa-1 (López-Barahona et al. 1995)

(Fig. 5B,C). In addit ion , an inhibitory act ion on the UV-

induced JN K act ivat ion by 1,25-dihydroxyvitam in D3

was also observed in the GH4 cell line known to harbor

endogenous vitam in D receptors (data not shown). In-gel

k inase assays gave sim ilar resu lt s to solid-phase kinase

assays and addit ionally showed that UV-induced act ivity

of both 46- and 54-kD JN K isoform s (Hibi et al. 1993) was

equally affected by horm one t reatm ent (Fig. 5D). Inh ibi-

t ion of the JN K cascade act ivat ion is independent of the

st im ulus used to induce the pathway, as Dex t reatm ent

of HeLa cells also inhibited JN K act ivat ion by TN F-a

(see Fig. 8C, below).

Dex-act ivated GR also prevents JN K-m ediated

act ivat ion of the transcript ion factors A TF-2 and Elk -1

To extend the validity of our resu lt s, we analyzed hor-

m one act ion on the act ivat ion of other JN K subst rates,

such as ATF-2 (Gupta et al. 1995; Livingstone et al. 1995;

van Dam et al. 1995) and Elk-1 (Cavigelli et al. 1995;

Gille et al. 1995; Whitm arsh et al. 1995). ATF-2-m edi-

ated t ransact ivat ion was m easured using the reporter

const ruct 3xjunTRE–TK–CAT, which contains three

copies of the AP-1-binding site presen t in the c-jun pro-

m oter. In F9 cells, UV-induced act ivat ion of th is reporter

is known to be st rict ly dependent on ATF-2 phosphory-

lat ion on threonines 69 and 71 located in the am ino-

term inal t ransact ivat ion dom ain (van Dam et al. 1995).

Figure 5. Horm one-act ivated nuclear receptors block act ivat ion of JN K signaling pathway. (A ) Cellu lar conten t of JN K is not m odified

by Dex. JN K Western blot of whole cell ext ract s (20 µg/ lane) from HeLa cells harvested at the indicated t im e poin ts after Dex addit ion .

(B) Effect of nuclear horm one receptor act ivat ion on UV-induced act ivity of JN K. Serum -starved cells from the cell lines listed aside

were pret reated with the indicated horm one (+horm one) or with vehicle (−horm one) and UV st im ulated. Ext ract s were prepared (see

Materials and Methods) at the indicated t im e poin ts after irradiat ion . For each cell line, the top panel shows JN K act ivity as m easured

by solid-phase kinase assay; the bot tom panel shows the total JN K am ount presen t in each cell ext ract (20 µg/ lane) as m easured by

Western blot . (C ) Quant itat ive analysis of the effect of nuclear horm one receptor act ivat ion on JN K act ivity after UV st im ulat ion .

Kinet ics of JN K act ivat ion after UV st im ulat ion in the indicated cell lines pret reated (d) or not (s) with the indicated horm one. JN K

act ivity is represen ted as fold act ivat ion over that presen t in vehicle-t reated cells at the 0 t im e poin t . Average resu lt s from three

independent experim ents perform ed as in B are shown. (D ) Effect of Dex on in-gel JN K act ivity. In-gel k inase assay of cell ext ract s

prepared from HeLa cells pret reated with either vehicle (−Dex) or dexam ethasone (+Dex) and harvested at the indicated t im e poin ts

after UV st im ulat ion .
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Transfect ion assays in F9 cells showed that GR inhibit s

UV-induced act ivat ion of the ATF-2-dependent reporter

in presence of Dex (Fig. 6A). In addit ion , act ivated GR

also blocked UV-induced t ranscript ion from a 5xGal4–

Luc reported by a Gal4-derived chim era contain ing the

am ino-term inal dom ain of ATF-2 (C2, Livingstone et al.

1995), whereas no inhibitory effect was observed when

using the equivalen t UV-unresponsive Gal4-derived chi-

m era harboring alan ine instead of threonine residues at

posit ions 69 and 71 of ATF-2 (C2–T1T2, Livingstone et

al. 1995) (Fig. 6B).

Likewise, UV-induced act ivat ion of an Elk-1-depen-

dent reporter contain ing the SRE of the c-fos gene, SRE–

TK–CAT(D4490–183), is inh ibited by Dex in HeLa cells

(Fig. 6C). In addit ion , Elk-1-phosphorylat ion was ana-

lyzed by it s ability to bind the Drosophila E74 Ets-bind-

ing site independent ly of accessory proteins and to show

a reduct ion on the Elk-1–E74 com plex m obility when

phosphorylated by JN K (Zinck et al. 1993, 1995; Sach-

senm aier et al. 1994). As shown in Figure 6D, Dex pre-

vents the form at ion of slow-m obility Elk-1–E74 com -

plexes (Ind. vs. Un.) that follow UV st im ulat ion . ATF-2

and Elk-1 are involved in the UV induct ion of c-jun (van

Dam et al. 1995) and c-fos (Cavigelli et al. 1995; Gille et

al. 1995; Whitm arsh et al. 1995) gene expression , respec-

t ively. Together, these resu lt s are in agreem ent with the

repression of UV-induced c-jun and c-fos gene expression

by Dex in HeLa cells shown in Figure 1C.

Dex in terferes w ith the JN K signal t ransduct ion

pathw ay act ing dow nstream of the MEKK act ivat ion

step through a receptor–dosage-dependent m echanism

The next set of experim ents were aim ed at gain ing in-

sigh t in to the m echanism of nuclear receptor in terfer-

ence with the JN K signaling cascade. Because the steroid

horm one est radiol has been found to act ivate the ERK

signal t ransduct ion pathway (Migliaccio et al. 1996), we

explored the possibility that the JN K signaling cascade

was act ivated upon horm one t reatm ent . This situat ion

m ight render a down-regulated pathway unable to re-

spond to the second st im uli, UV or TN F-a, sim ilarly to

the described UV-response inhibit ion by growth factor

prest im ulat ion (Sachsenm aier et al. 1994). N evertheless,

th is possibility was discarded, as Dex t reatm ent of HeLa

cells does not lead to JN K act ivat ion at any incubat ion

t im e poin t (Fig. 7A).

To locate the step along the JN K pathway that is the

target of horm one act ion , we reconst itu ted the final

part of the cascade tak ing advantage of the ability of

Figure 6. Dex-act ivated GR inhibit s act iva-

t ion of JN K targets other than c-Jun . (A ) Dex

inhibit s UV-induced ATF-2-dependent t rans-

act ivat ion in F9 cells. Act ivity of the 3xjun-

TRE–TK–CAT reporter t ransien t ly cot rans-

fected (3 µg) along with pSG5–GR (0.2 µg).

Cells were subjected to the indicated t reat -

m ents. (B) Dex blocks UV-induced t ranscrip-

t ional act ivat ion m ediated by the ATF-2

am ino-term inal t ransact ivat ion dom ain . Ac-

t ivity of the 5xGal4–Luc reporter (3 µg) t rans-

fected in F9 cells along with the pSG424-D9

derivat ive const ruct (0.5 µg) encoding the

Gal4–ATF-2(19–96) (C2) or Gal4–ATF-2(19–

96)A69/ 71 (C2–T1T2) fusion proteins and

the expression vector pSG5–GR (0.2 µg), as

indicated. Cells were subjected to the in-

dicated t reatm ents. (C ) Dex inhibit s Elk-1-

m ediated t ranscript ional act ivat ion induced

by UV irradiat ion . Act ivity of the SRE-TK–

CAT(D4490–183) (3 µg) t ransien t ly t rans-

fected in HeLa cells subjected to the indicated

t reatm ents. (D ) UV-induced phosphorylat ion

of Elk-1 is inh ibited by Dex. EMSA was per-

form ed using nuclear ext ract s (10 µg/ lane)

prepared from HeLa cells pret reated with ei-

ther vehicle (−Dex) or Dex (+Dex), UV irradi-

ated, and harvested at the indicated t im e

poin ts after UV st im ulat ion . Mobility of the

uncom plexed (Free) and Elk-1-com plexed

[(Un.) uninduced; (Ind.) induced] probe is in-

dicated.
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the const itu t ively act ive am ino-term inal t runcated ver-

sion of MEKK (DMEKK) to phosphorylate SEK-1 and sub-

sequent ly act ivate JN K when overexpressed (Minden

et al. 1994b; Yan et al. 1994). As expected, JN K act ivity

increased proport ionally to DMEKK overexpression .

With in the dose range of DMEKK used (50–200 ng of

expression vector), Dex inhibited the final JN K act ivity

output to a sim ilar 50% exten t (Fig. 7B; data not shown),

which st rongly suggests that the step inhibited by hor-

m one is not direct ly MEKK act ivity but another step

downst ream in the pathway. Studies act ivat ing the path-

way downst ream of MEKK were not conclusive because

of the low level of JN K act ivat ion achieved by t ransfect -

ing an SEK-1 expression vector (Fig. 7B) and the unavail-

ability of a const itu t ively act ive m utant of SEK-1. In ad-

dit ion , th is experim ent also shows that Dex is able to

inhibit an already act ivated JN K pathway. Up-regulat ion

of negat ive regulators of the st ress signaling cascade,

such as the dual protein phosphatase MKP-1 (Liu et al.

1995; Chu et al. 1996), was also invest igated. However,

Western blot analysis of cell ext ract s prepared from HeLa

cells exposed to Dex showed that the level of MKP-1

rem ained essent ially constan t with in the incubat ion

t im e poin ts used in our experim ents (Fig. 7C).

We in it iated experim ents to determ ine the funct ional

requirem ents of the nuclear receptors to inh ibit the JN K

pathway. Sim ilarly to EpH4 cells (Fig. 5B), Cos-7 cells

that lack significan t levels of endogenous GR only

showed inhibit ion of UV-induced JN K act ivity in re-

sponse to Dex when t ransien t ly t ransfected with a GR

expression vector. As shown in Figure 8, A and B, in-

creasing am ounts of GR gradually augm ented the inhi-

bit ion of JN K act ivat ion . Moreover, at h igh receptor dos-

age, Dex efficien t ly inh ibit s UV-induced JN K act ivity to

basal level (Fig. 8A,B). Therefore, horm one effect on JN K

signaling pathway great ly depends on receptor dosage.

We also analyzed the kinet ics whereby the inhibitory

capacity induced by Dex is achieved. As shown in Figure

8C, a Dex pret reatm ent for 10 m in is sufficien t to inh ibit

the TN F-a act ivat ion of JN K act ivity by 50% , and th is

inh ibit ion is already m axim um 20 m in after horm one

addit ion . This resu lt prom pted us to analyze the t ran-

script ion requirem ent for the in terference m echanism .

As shown in Figure 8D, act im onycin D does not prevent

the inhibitory act ion of Dex on UV-induced JN K act ivity

in HeLa cells at doses sufficien t to block t ranscript ional

act ivat ion (Fig. 2B), which caused a superinduct ion of the

pathway in response to UV irradiat ion (see legend to Fig.

8D). In agreem ent with these resu lt s indicat ing a t ran-

script ional-independent m echanism , the GR m utant LS7

is as com peten t as the wild-type receptor in in terfering

with the induct ion of the JN K pathway (Fig. 8E). This

m utant receptor was reported previously to be severely

defect ive in t ranscript ional act ivat ion while efficien t as

the wild-type receptor in AP-1 t ransrepression (Schena et

al. 1989; Helm berg et al. 1995).

Discussion

Cells in tegrate a variety of signals t riggered by m ult iple

ext racellu lar st im uli that m odulate their physiology.

Cross talk between differen t signaling pathways that

regulate gene expression program s is crucial to cont rol

cellu lar hom eostasis and cell fate. Frequent ly, prolifera-

t ive signals act ivate the t ranscript ion factor AP-1

whereas, in cont rast , glucocort icoids and other lipophilic

horm ones, such as RA, T3, and vitam in D are able to

down-m odulate th is act ivat ion in a receptor-dependent

m anner (for review, see Saatcioglu et al. 1994). There-

fore, AP-1–nuclear horm one receptor an tagonism pro-

vides a m odel system to study cross-talk m echanism s

between two m ajor signal t ransduct ion pathways. In ad-

dit ion , for glucocort icoids and ret inoids th is an tagonist ic

property appears to be responsible for their pharm aco-

logical act ions as ant i-in flam m atory, im m unosupres-

sive, and ant ineoplast ic agents. A m ajor drawback asso-

ciated with glucocort icoid and ret inoid therapy is, how-

ever, the undesirable side effect s related to ligand-

act ivated gene t ranscript ion . Because both funct ions,

AP-1 antagonism and gene act ivat ion , are m echanist i-

cally dist inguishable, substan t ial effort s have been fo-

Figure 7. (A ) Pret reatm ent with Dex does not act ivate JN K.

In-gel k inase assay of whole cell ext ract s from HeLa cells were

incubated with Dex at the indicated t im e poin ts. Cont rol ex-

t ract s from HeLa cells pret reated or not with Dex for 45 m in and

UV irradiated were included. (B) Dex inhibit s JN K act ivat ion by

in terfering with a step downst ream of MEKK act ivat ion . HeLa

cells were t ransien t ly cot ransfected with pcDN A3–HA–JN K (2

µg) and pSG5–GR (2 µg). Increasing am ounts of pCEV29–

DMEKK and pEBG–SEK-1 (1 µg) were also included as indicated.

Twelve hours after precipitate rem oval, each plate was split in to

two. Cells were serum -starved for 16 hr, t reated with Dex (or

vehicle) for 45 m in , and harvested. Act ivity of HA–JN K was

determ ined by im m une com plex kinase assay using an ant i-HA

ant ibody (top). Levels of HA–JN K in these cell ext ract s were

analyzed by Western blot using an ant i-HA ant ibody (bot tom ).

(C ) MKP-1 levels are not increased by glucocort icoids. Im m u-

nodetect ion of MKP-1 in whole cell ext ract s (50 µg/ lane) from

HeLa cells t reated with Dex for the indicated period of t im e.

Caelles et al.

3358 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


cused on the isolat ion of new ligands able to act ivate

each one select ively (Fanju l et al. 1994; Chen et al. 1995),

as well as on the elucidat ion of the m olecular m echa-

n ism (s) underlying the antagonist ic act ion (Jonat et al.

1990; N icholson et al. 1990; Sch ü le et al. 1990, 1991;

Yang-Yen et al. 1990, 1991; Desbois et al. 1991; Zhang et

al. 1991; Kam ei et al. 1996). Obviously, th is will cont rib-

u te to finding new targets for drug design and pharm a-

cological st rategies.

In th is paper we propose a novel m echanism whereby

nuclear horm one receptors an tagonize AP-1 act ivity. De-

spite their differences, both nuclear receptors and AP-1

require in teract ion with the t ranscript ional coact ivator

CBP to induce gene expression (Arias et al. 1994; Ban-

n ister et al. 1995; Chakravart i et al. 1996; Kam ei et al.

1996). Furtherm ore, in both cases, CBP in teract ion relies

on a crit ical and previous act ivat ion step: horm one bind-

ing for nuclear receptors, and c-Jun am ino-term inal

phosphorylat ion for AP-1. We have shown that at least

th ree differen t nuclear horm one receptors, including

those for glucocort icoids, RA, and T3, inh ibit induct ion

of c-Jun am ino-term inal-m ediated t ransact ivat ion by

prevent ing phosphorylat ion of c-Jun on Ser-63 / 73. More-

over, th is property correlates with their ability to nega-

Figure 8. (A ,B) Receptor–dosage dependence of JN K inhibit ion . COS-7 cells were t ransien t ly t ransfected with a constan t am ount of

pcDN A3–HA–JN K (2 µg) and increasing am ounts of pSG5–GR (total DN A brought up to 7 µg with pSG5). Twelve hours after

precipitate rem oval, each plate was split in to four, and after allowing at tachm ent , cells were serum starved for 16 hr. In each set , two

plates were t reated with Dex and the other two with vehicle. After 45 m in , cells were UV irradiated or not , as indicated, and harvested

20 m in later. HA–JN K act ivity was determ ined by im m une com plex assay using an ant i-HA ant ibody. Autoradiographs are shown in

A (top) together with the analysis of HA–JN K protein levels by Western blot t ing using an ant i-HA ant ibody (bot tom ). Subst rate

phosphorylat ion was quant itated in an Instan t Im ager and, for each in it ial pSG5–GR input , the percentage of JN K inhibit ion by Dex

vs. vehicle t reatm ent was determ ined. Average values of three independent experim ents are shown in B. (C ) Short Dex pret reatm ent

prevents JN K act ivat ion . Solid-phase JN K assay of ext ract s from HeLa cells st im ulated with TN F-a at the indicated t im e poin ts after

Dex addit ion . Cells were harvested 15 m in after cytokine st im ulat ion . (D ) Act inom ycin D does not block Dex act ion . Serum -starved

HeLa cells were t reated with either ethanol (−Act . D) or 1 µg/ m l of act inom ycin D (+Act . D) 15 m in before vehicle (−Dex) or Dex (+Dex)

addit ion and UV st im ulated 60 m in later. Cells were harvested at the indicated t im e poin ts after UV irradiat ion , and JN K act ivity (top)

and protein levels (bot tom ) were determ ined by im m une com plex assay and im m unoblot t ing, respect ively, using an ant i-JN K ant i-

body. Though sim ilar am ounts of cell ext ract s were analyzed for JN K act ivity, au toradiographs corresponding to cells unt reated with

act inom ycin D were exposed 24 t im es longer than those from act inom ycin D-t reated cells. In cont rast , JN K Western blots were equally

exposed. (E) GR m utant LS7 is as efficien t as the wild-type receptor in JN K signaling pathway in terference. COS-7 cells were

t ransien t ly t ransfected with pcDN A3–HA–JN K (2 µg) along with pRC / bact–GR–wt or pRC / bact–GR–LS7 (200 ng). After rem oval of

precipitates, cells were split in to four plates, serum -starved overn ight , and subjected to the indicated t reatm ents. Cells were harvested

25 m in after UV st im ulat ion , and HA–JN K act ivity (top) and protein levels (bot tom ) were determ ined by im m une com plex assay and

Western blot t ing, respect ively, using an ant i-HA ant ibody.
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t ively in terfere with the final output of the JN K signaling

pathway act ivated by ext racellu lar st im uli. Therefore,

we propose that nuclear receptors block AP-1 act ivat ion

by in terfering with induct ion of JN K, the m ajor m ediator

of c-Jun act ivat ion step (see Fig. 9 for a schem e). Our

findings add a novel m echanism by which horm one-ac-

t ivated receptors m ay block AP-1 act ivity and, in conse-

quence, expression of AP-1-target genes. This m echa-

n ism does not exclude the previously proposed com pe-

t it ion for CBP (Kam ei et al. 1996). Rather, it m ay

const itu te an addit ional m ode to blunt AP-1 act ion re-

ducing the am ount of AP-1 com plexes su itable to com -

pete for and in teract with CBP. The requirem ent for CBP

to inhibit act ivat ion of the JN K signaling pathway by

nuclear receptors rem ains to be elucidated. N uclear re-

ceptors also use th is sam e m echanism to inhibit the ac-

t ivat ion of other t ranscript ion factors targets of JN K,

such as ATF-2 and Elk-1, which m ediate induct ion of

c-jun and c-fos gene expression , respect ively. Thus, us-

ing a single st rategy nuclear receptors m ay block both

t ranscript ion-independent and -dependent act ivat ion of

AP-1. Addit ionally, the ant i-in flam m atory and im m uno-

supressive act ions of glucocort icoids have also been re-

lated to t ransrepression of the t ranscript ion factor N F-kB

(Auphan et al. 1995; Scheinm an et al. 1995a,b). Because

a link between JN K act ivat ion by MEKK and N F-kB in-

duct ion have been reported (Hirano et al. 1996; Meyer et

al. 1996), the inhibit ion of the JN K pathway act ivat ion

by glucocort icoids m ay presum ably affect N F-kB act iv-

ity. According to our findings, the JN K signaling path-

way m ay have to be considered as a poten t ial target for

som e of the pharm acological act ions of glucocort icoids

and ret inoids.

We have shown that Dex is able to inhibit the k inase

cascade act ivated by MEKK overexpression . Thus, nu-

clear receptor in terference would rely on the inhibit ion

of MEKK act ivity or a downst ream step in the pathway.

However, direct inh ibit ion of MEKK seem s unlikely, as a

sim ilar degree of inh ibit ion is found when overexpress-

ing increasing am ounts of MEKK. Also, we show that

Dex not only in terferes with the subsequent act ivat ion

of the JN K pathway but can also inhibit a const itu t ively

act ivated pathway. This is im portan t , as oncogenes such

as Ha-ras, v-src, ost , db l, or vav are poten t ial upst ream

act ivators of the JN K pathway (Cosso et al. 1995; Minden

et al. 1995; Crespo et al. 1997).

In terference with the JN K signal t ransduct ion cascade

occurs in a receptor–dosage-dependent m anner. Despite

the fact that the inhibitory status is acquired short ly

after Dex addit ion , th is resu lt does not ru le out the in-

volvem ent of t ranscript ional m echanism s in m ediat ing

th is in terference, as during th is short period the GR has

already accum ulated inside the nuclei (Czar et al. 1995;

Htun et al. 1996), allowing ligand-act ivated t ranscript ion

to start (Ucker and Yam am oto 1984). N evertheless, the

fast k inet ics whereby the inhibitory status is achieved,

together with the fact that sim ilar inh ibitory act ion on

the JN K signaling cascade is accom plished by differen t

horm ones such as Dex, RA, and T3 is com pat ible with a

t ranscript ional-independent m echanism . Moreover, the

fact that Dex is st ill able to inhibit induct ion of the JN K

pathway even when act inom ycin D is added 15 m in be-

fore the horm one, and also that the t ranscript ional act i-

vat ion-defect ive GR m utant LS7 is fu lly efficien t in ter-

fering with the JN K cascade (Schena et al. 1989; Helm -

berg et al. 1995) further support the involvem ent of a

t ranscript ion-independent m echanism . However, we do

not exclude alternat ive m odes of act ion involving both

t ranscript ion-independent and -dependent m echanism s,

as it has already been reported for glucocort icoids in the

t ransrepression of the N F-kB transcript ion factor (Au-

phan et al. 1995; Scheinm an et al. 1995a,b). In th is con-

text , com pelling evidence shows that som e lipophilic

horm ones including glucocort icoids and vitam in D in-

duce the expression of the p21W af-1 gene in several cell

types (Jiang et al. 1994; Wang et al. 1996; Ram alingam et

al. 1997; Rogatsky et al. 1997). Actually, we have ob-

served an increase in p21W af-1 m RN A and protein in

Figure 9. Model for the antagonist ic ac-

t ion of horm one-act ivated nuclear recep-

tors on AP-1 act ivity through the inhibit ion

of the JN K signal t ransduct ion pathway.

Act ivat ion of gene t ranscript ion by either

nuclear horm one receptors or AP-1 relays

on an act ivat ion step: horm one (m) binding

for nuclear receptors and c-Jun phosphory-

lat ion on Ser-63 / 73 (j) for AP-1. According

to our data, upon horm one act ivat ion nu-

clear receptors block the induction of the

JN K signaling pathway and, in consequence,

c-Jun am ino-term inal phosphorylat ion. By

this m echanism , steroid/ thyroid horm ones

and RARs m ay antagonize AP-1 activity and

inhibit expression of AP-1 target genes.
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HeLa cells after 90 m in of dexam ethasone t reatm ent (C.

Caelles and A. Muñoz, unpubl.). Since p21W af-1 has been

reported to be able to inhibit JN K (Shim et al. 1996), the

possibility arose that p21W af-1 m ight m ediate the inhibi-

tory act ion of Dex in these cells. However, although the

involvem ent of p21W af-1 has not been excluded, a m echa-

n ism other than t ranscript ional act ivat ion of p21W af-1 is

probably prim ary conduct ing the in terference, as the in-

h ibitory status induced by Dex is act inom ycin D-resis-

tan t and takes place earlier than the induct ion of

p21W af-1 (10–20 m in vs. 90 m in , respect ively).

Differen t studies have shown that differences in the

m agnitude and durat ion of ERK signaling pathway act i-

vat ion lead to dist inct cell fate, proliferat ion , or differen-

t iat ion (Qiu and Green 1992; Dik ic et al. 1994; Traverse

et al. 1994). Our data show that endogenous nuclear re-

ceptors such as GR in HeLa cells or RAR in F9 cells

m odulate the m agnitude of JN K induct ion . Therefore,

glucocort icoids, RA, and T3 m ay exert their hom eostat ic

act ion regulat ing cellu lar responses to ext racellu lar

st im uli by cont rolling the exten t and / or durat ion of JN K

signaling pathway act ivat ion .

Materials and methods

Plasm ids, cell cu lture, t reatm ents, and transfect ions

The pSG424 Gal4–c-Jun , Gal4–c-JunA63/ 73, and Gal4–v-Jun

const ructs in it ially encoding am ino acids 1–257 of chicken c-

Jun and 1–230 of v-Jun (Black et al. 1994), respect ively, were

m odified by cloning the corresponding HindIII–Eco47III frag-

m ents between the HindIII and Sm aI sites of pSG424. The AP-1

binding site presen t in the pBLCAT2 backbone (Yang-Yen et al.

1990) was elim inated from the SRE–TK–CAT reporter by delet -

ing the DraII–N deI fragm ent yielding the SRE–TK–CAT(D4490–

183) reporter const ruct . Other plasm ids have already been de-

scribed elsewhere (Angel et al. 1987; Zenlet et al. 1989; Sm eal et

al. 1991; Saatcioglu et al. 1993; Sánchez et al. 1994; Cosso et al.

1995; Helm berg et al. 1995; Livingstone et al. 1995).

HeLa, Cos-7, EpH4, and EpH4 + TRa-1 cells were grown in

Dulbecco’s m odified Eagle m edium (DMEM) supplem ented

with 10% fetal calf serum (FCS). F9 cells were grown in Ham ’s

F12–DMEM (1:1) supplem ented with 10% FCS. Cells were se-

rum starved by changing the culture m edium to DMEM plus

0.5% FCS 16 hr before t reatm ent . Thereafter, veh icle (ethanol)

or horm one (10−6
M Dex, 10−6

M RA, and 10−7
M T3) was added

45 m in before UV irradiat ion (40 J/ m 2, UV-C) or TN F-a addit ion

(10 ng/ m l). Cells were t ransien t ly t ransfected by standard cal-

cium phosphate precipitat ion m ethod (Ausubel et al. 1994), and

CAT or luciferase act ivity determ ined 6 hr after UV st im ula-

t ion . Rous sarcom a virus (RSV)–b-galactosidase and b-act in–Luc

const ructs (0.5 µg) were used as in ternal cont rols in t ransfect ion

assays perform ed in F9 and HeLa cells, respect ively. Average

resu lt s from three independent experim ents run in duplicates

are shown.

N uclear ex tracts and EMSA s

N uclear ext ract s from HeLa cells were prepared by suspending

PBS-washed cell pellet s in N PBT [10 m M Tris-HCl at pH 7.4,

140 m M N aCl, 2 m M MgCl2, 0.1% Triton X-100, 1 m M dith io-

threitol (DTT), 20 m M b-glycerophosphate, 100 µ M sodium or-

thovanadate, 0.5 m M PMSF, 1 µg/ m l of aprot in in , 1 µg/ m l of

leupept in). After 10 m in on ice, nuclei were recovered by 10 m in

of cent rifugat ion through a 50% sucrose cushion in N PB (10 m M

Tris-HCl at pH 7.4, 140 m M N aCl, 2 m M MgCl2, 1 m M DTT, 20

m M b-glycerophosphate, 100 µ M sodium orthovanadate, 0.5 m M

PMSF, 1 µg/ m l of aprot in in , 1 µg/ m l of leupept in) at 12,000 rpm

and 4°C. N uclear pellet s were suspended in DC (20 m M HEPES–

N aOH at pH 7.9, 25% glycerol, 420 m M N aCl, 1.5 m M MgCl2,

0.2 m M EDTA, 1 m M DTT, 20 m M b-glycerophosphate, 100 m M

sodium orthovanadate, 0.5 m M PMSF, 1 µg/ m l of aprot in in , 1

µg/ m l of leupept in) and rotated at 4°C for 30 m in . N uclear

ext ract s were cleared by 10 m in of cent rifugat ion at 12,000 rpm

and 4°C.

EMSAs were perform ed on ice in 20-µ l react ions contain ing

the appropriated am ount of nuclear ext ract in 10 m M HEPES–

KOH at pH 7.9, 10% glycerol, 50 m M KCl, 5 m M MgCl2, 0.1 m M

EDTA, 1 m M DTT, 2.5 µg of poly[d(I–C)] and 0.1 ng of 32P-

labeled oligonucleot ide. DN A–protein com plexes and free probe

were resolved at room tem perature on a 6% nondenaturat ing

polyacrylam ide gel with 0.25× TBE. Oligonucleot ides corre-

sponding to the collagenase TRE (58-TCGACGGTATCGA-

TAAGCTATGACTCATTCCGGGGGATC-38) and the E74 oli-

gonucleot ide (Zinck et al. 1993) were used for AP-1 and Elk-1

EMSAs, respect ively.

W estern blot t ing

c-Jun , c-Jun phosphorylated on Ser-63, c-Fos, JN K, MKP-1, and

HA-tagged proteins were detected in cell ext ract s by im m uno-

blot t ing using the specific an t ibodies sc-045, sc-822, sc-052, sc-

474, and sc-1199 from Santa Cruz and 12CA5 from BabCO,

respect ively. Im m unoblots were perform ed and developed using

the ECL detect ion system (Am ersham ).

Metabolic labeling and trypt ic phosphopept ide m apping

HeLa cells were incubated with [32P]-orthophosphate (1 m Ci /

m l) in phosphate-free DMEM for 2 hr before Dex (or vehicle)

addit ion and harvested in RIPA buffer 20 m in after UV st im u-

lat ion . Im m unoprecipitat ions were perform ed using specific an-

t ibodies against c-Jun and c-Jun–GHF-1 sc-045 from Santa Cruz,

and an ant i-GHF-1 described previously (Caelles et al. 1995),

respect ively. Im m unoprecipitates were separated by SDS–

12% PAGE, elect roblot ted onto a nit rocellu lose m em brane and

autoradiographed. Specific bands were excised and subjected to

t rypt ic phosphopept ide m apping as described (Caelles et al.

1995).

Protein k inase assays

Solid-phase kinase and in-gel k inase assays were perform ed as

described previoulsly using glu tath ione S-t ransferase (GST)–c-

Jun1–223 (GST–c-Jun) as susbt rate (Hibi et al. 1993). Briefly,

5 × 106 cells were lysed in 200 µl of WCE300 (25 m M HEPES–

N aOH at pH 7.7, 300 m M N aCl, 1.5 m M MgCl2, 0.2 m M EDTA,

0.1% Triton X-100, 1 m M DTT, 20 m M b-glycerophosphate, 100

µ M sodium orthovanadate, 0.5 m M PMSF, 1 µg/ m l of aprot in in ,

1 µg/ m l of leupept in) and rotated at 4°C for 30 m in . Ext ract s

were cleared by 10 m in of cent rifugat ion at 12,000 rpm and 4°C.

In solid-phase kinase assays, 3 vol of DB (20 m M HEPES–N aOH

at pH 7.7, 2.5 m M MgCl2, 0.1 m M EDTA, 0.05% Triton X-100, 1

m M DTT, 20 m M b-glycerophosphate, 100 µ M sodium ortho-

vanadate, 0.5 m M PMSF, 1 µg/ m l of aprot in in , 1 µg/ m l of leu-

pept in) were added to the ext ract s. Afterward, ext ract s were

incubated on ice for 10 m in , cleared by 10 m in of cent rifugat ion

at 12,000 rpm and 4°C, and m ixed with 10 µg of GST–c-Jun

bound to glu tath ione–agarose beads. Beads were recovered by

centrifugation and washed five tim es with HBIB (20 m M HEPES–
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N aOH at pH 7.7, 50 m M N aCl, 2.5 m M MgCl2, 0.1 m M EDTA,

0.05% Triton X-100, 1 m M DTT, 20 m M b-glycerophosphate,

100 µ M sodium orthovanadate, 0.5 m M PMSF, 1 µg/ m l of apro-

t in in , 1 µg/ m l of leupept in). Phosphorylat ion was perform ed in

30-µ l react ions contain ing KB (20 m M HEPES–N aOH at pH 7.6,

2.5 m M MgCl2, 2 m M DTT, 20 m M b-glycerophosphate, 100 µ M

sodium orthovanadate), 20 µ M ATP, and 0.5 µCi [g-32P]ATP at

30°C for 20 m in , stopped by the addit ion of 4× Laem m li sam ple

buffer, and resolved on a 10% SDS–polyacrylam ide gel.

For in-gel k inase assays, 20–50 µg of whole cell ext ract s ob-

tained as described above were applied onto a 10% SDS–poly-

acrylam ide gel contain ing 100 µg/ m l of GST–c-Jun . After

elet rophoresis, gels were sequent ially subjected to washes of 30

m in at room tem perature in the following solu t ions: 50 m M

HEPES–N aOH at pH 7.6, 20% 2-propanol; 50 m M HEPES–

N aOH at pH 7.6, 5 m M b-m ercaptoethanol (b-ME); 50 m M

HEPES–N aOH at pH 7.6, 5 m M b-ME, 6 M urea. Renaturat ion

was perform ed at 4°C by serial washes of 15 m in in 50 m M

HEPES–N aOH at pH 7.6, 5 m M b-ME, 0.05% Tween, and 3, 1.5,

0.75, or 0.37 M urea, respect ively followed by several washes of

30 m in in 50 m M HEPES–N aOH at pH 7.6, 5 m M b-ME, 0.05%

Tween. Phosphorylat ion react ion was perform ed in KB plus 20

µ M ATP and 100 µCi [g-32P]ATP at 30°C for 2 hr. React ion was

stopped and the excess of radioact ivity rem oved by extensive

washes in 5% TCA and 1% sodium pyrophosphate at room

tem perature. In figures 5D and 7A, bands corresponding to sub-

st rate phosphorylated by 46- and 54-kD JN K isoform s are indi-

cated.

For im m une com plex kinase assays, cells were lysed in 20 m M

HEPES–N aOH at pH 7.6, 10 m M EGTA, 2.5 m M MgCl2, 1%

N P-40, 1 m M DTT, 40 m M b-glycerophosphate, 100 µ M sodium

orthovanadate, 0.5 m M PMSF, 1 µg/ m l of aprot in in , 1 µg/ m l of

leupept in , and lysates were cleared by 10-m in cent rifugat ion at

12,000 rpm at 4°C. Ext ract s were im m unoprecipitated with an

ant i-HA ant ibody (BabCO) or with an ant i-JN K1 ant ibody from

Santa Cruz (sc-474), and im m une com plexes were recovered

with protein A–Sepharose. Beads were sequent ially washed

three t im es with 1% N P-40 and 2 m M sodium orthovanadate in

PBS, once with 100 m M Tris-HCl at pH 7.5 and 500 m M LiCl,

and once with KB. Phosphorylat ion react ions were perform ed in

30-µ l volum e contain ing KB, 20 µM ATP, 0.5 µCi [g-32P]ATP,

and 1 µg of GST–c-Jun at 30°C for 20 m in , stopped by the ad-

dit ion of 4× Laem m li sam ple buffer and resolved on a 10% SDS–

polyacrylam ide gel.
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