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Signal-induced proliferation, differentiation, or stress responses of cells depend on mitogen-activated pro-
tein kinase (MAPK) cascades, the core modules of which consist of members of three successively acting kinase
families (MAPK kinase kinase [MAP3K], MAPK kinase, and MAPK). It is demonstrated here that the
MEKKS3 kinase inhibits cell proliferation, a biologic response not commonly associated with members of the
MAP3K family of kinases. A conditionally activated form of MEKKS3 stably expressed in fibroblasts arrests
these cells in early G,. MEKKS critically blocks mitogen-driven expression of cyclin D1, a cyclin which is
essential for progression of fibroblasts through G,. The MEKK3-induced block of cyclin D1 expression and of
cell cycle progression may be mediated via p38 MAPK, a downstream effector of MEKK3. The MEKK3-
mediated block of proliferation also reverses Ras-induced cellular transformation, suggesting possible tumor-
suppressing functions for this kinase. Together, these results suggest an involvement of the MEKK3 kinase in
negative regulation of cell cycle progression, and they provide the first insights into biologic activities of this

kinase.

Mitogen-activated protein kinase (MAPK) cascades are pro-
tein kinase signal transduction pathways that have been re-
markably conserved in evolution. They are differentially used
to relay numerous extracellular signals within cells (reviewed in
references 5, 9, 12, 18, and 25). Accordingly, these MAPK
cascades have been found to be involved in such diverse cel-
lular functions as proliferation, differentiation, stress re-
sponses, and apoptosis. The core of these kinase cascades is a
three-tiered module consisting of a MAPK kinase kinase
(MAP3K; also called MEKK), a MAPK kinase (MAP2K), and
a MAPK. Activation is brought about via sequential phosphor-
ylation reactions. Currently four major MAPK groups have
been defined: (i) stress-activated protein kinases (SAPK)/Jun
N-terminal kinases (JNK); (ii) p38 kinases; (iii) extracellular
signal-regulated kinases (ERK1 and ERK2); and (iv) a more
recently discovered distinct MAPK, ERKS (5).

The SAPK and p38 pathways are primarily activated by
proinflammatory cytokines, such as tumor necrosis factor al-
pha and interleukin-1, and various stress signals, such as UV
treatment or osmotic stress (reviewed in references 9 and 18).
A number of MAP2Ks (SEK1 and MKK?7 for SAPKs; MKK3
and MKKG6 for p38) and MAP3Ks (MEKKI to 4, Askl, TAKI,
Tpl2, Mos, and possibly mixed-lineage kinases [MLKs]) have
been demonstrated to regulate the SAPK and/or p38 pathway
(9, 13, 53).

In contrast to the stress-responsive MAPKs, ERK1 and -2
are largely activated by mitogenic or differentiation-inducing
stimuli. Activation of ERKs may occur via the MAP3K Raf-1
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and the MAP2Ks MEKI1 and MEK2, and whether prolifera-
tion or differentiation is the eventual outcome depends on the
signal, the cell type, and the duration of activation (25, 37, 43).
One major activator of this important pathway is the small
GTPase Ras. Accumulated evidence suggests that Ras func-
tions as a molecular switch for reentry of quiescent cells into
the cell cycle, which is at least partly dependent on the Raf-
MEKI1/2-ERK pathway (16, 22, 33, 52). When very strongly
activated, however, the Raf pathway may instead elicit a pre-
mature senescence in primary cells, possibly acting to limit the
transforming potential of excessive Ras mitogenic signaling
(21, 60).

In addition to ample documentation for roles of Ras and Raf
in G, progression and proliferation (16, 22, 35), several reports
have also addressed the role of specific MAPKs in the passage
through the cell cycle. In line with the notion that the ERK
MAPK is a primary target of Ras and Raf signaling, ERK has
been demonstrated to be essential in triggering proliferation in
response to growth factors (33) and appears to be critical for
proliferation in response to heterotrimeric G proteins (30, 46).
Furthermore, ERK is able to activate or is required for cyclin
D1 expression in various cell lines, with D-type cyclins playing
an essential role in G, progression (1, 19, 55). In contrast, p38
appears to negatively influence cell cycle progression, at least
in fibroblasts (19, 31).

The major transitions of the eukaryotic cell cycle (Gy/G,,
G,/S, and G,/M) are triggered by different cyclin-dependent
kinases (cdk’s) in conjunction with cyclins as the activating
partners (reviewed in references 26 and 32). Ultimately, cdk
activity is controlled by a number of transcriptional and post-
transcriptional mechanisms to ensure proper timing and coor-
dination of cell cycle events. The mammalian G, cyclins in-
clude the three D-type cyclins D1, D2, and D3, which assemble
predominantly with cdk4 in fibroblasts and macrophages or
cdk6 in peripheral blood T cells, for example, and cyclin E,
which associates with cdk2 (27, 47). Expression of the D-type
cyclins is dependent on mitogenic stimulation, and growth fac-



3858 ELLINGER-ZIEGELBAUER ET AL.

tor withdrawal leads to rapid cyclin D destruction (7, 44, 47).
For cells to reenter the cell cycle from a quiescent state, D-type
cyclins, and to some extent their cdk4/6 partners, need to be
upregulated (24, 27). In contrast, continually cycling cells con-
tain relatively constant levels of the cdk subunits, and the
amount of the inherently unstable cyclin D determines the
level of cyclin D-dependent kinase activity; any reduction in
cyclin D synthesis will rapidly contribute to G, delay or even
arrest. The major function of cyclin D-cdk complexes appears
to be inactivation of the retinoblastoma gene product (pRb) by
hyperphosphorylation, thereby liberating and thus activating
the E2F transcription factor (38). E2F then activates the ex-
pression of genes that promote cell cycle progression, including
the S-phase cyclin A (48). Cyclin E, which is expressed in late
G, to form an active kinase complex with cdk2 (47), contrib-
utes to the G,/S transition by controlling a rate-limiting step
different from that of cyclin D, one independent of the pRb
phosphorylation state (23, 38, 41).

Whereas cyclin D expression and associated kinase activity
remain relatively constant throughout the cell cycle in contin-
ually cycling cells (as opposed to cells entering the cycle from
a resting state), the kinase activities associated with cyclin
E-cdk2, cyclin A-cdk2, and cyclin B1-cdc2 periodically rise and
fall during cell cycle progression, with cyclin E-cdk2, cyclin
A-cdk2, and cyclin B1-cdc2 being maximally active in late G,
S, and G,/M, respectively (47). This behavior is controlled by
periodic synthesis and degradation of cyclins (17).

To elucidate the possible physiological function of a more
recently cloned MAP3K termed MEKK3, we made use of
fibroblast cell lines stably expressing an estrogen-activatable
derivative of MEKK3, MEKK3-ER. Induction of MEKK3 ac-
tivity with estrogen (E2) dramatically inhibits serum-induced
proliferation of quiescent cells as well as proliferation of con-
tinuously cycling cells, without causing cell death. Our results
indicate that MEKK3 blocks early cell cycle progression and
that it does so by inhibiting serum-induced expression of cyclin
D1. Ectopic expression of cyclin D1 overcomes this early
MEKK3-induced cell cycle block. Inhibition of cyclin D1 ex-
pression may be mediated via the p38 MAPK. Most interest-
ingly, the inhibitory influence of MEKK3 on cell cycle progres-
sion is dominant even over the activity of constitutively active
Ras: MEKK3 strongly represses Ras-induced cyclin D1 expres-
sion and anchorage-independent growth. MEKK3’s ability to
block cell proliferation may reflect a direct or indirect involve-
ment of this kinase in cell cycle check point controls.

MATERIALS AND METHODS

Plasmids. The following plasmids have been described previously (8): pPCEV
MEKK3CD-hERLBD (encoding a fusion protein of the catalytic domain of
MEKKS3 and the ligand binding domain of the human estrogen receptor
[MEKK3-ER]); PMT2T HAp548, pcDNAI HA-ERK2, and pCEV HAp38 (en-
coding hemagglutinin [HA]-tagged SAPK, ERK2, and p38, respectively); and
expression plasmids for glutathione S-transferase (GST)—c-Jun and GST-ATF2.
pcDNA3 MEKKS3-ER was cloned as follows. The ligand binding domain of the
human estrogen receptor (RERLBD) was excised from pCEV MEKK3CD-hER-
LBD as an a Xhol/EcoRI fragment and was then ligated into Xhol/EcoRI-cut
PMT2TXSE (8) to yield PMT2TXSE hERLBD. To obtain PMT2T MEKK3-ER,
the MEKK3 catalytic domain (an Xhol fragment excised from pCEV
MEKK3CD-hERLBD) was ligated into the Xhol site of PMT2TXSE hERLBD.
Finally, a BamHI/EcoRI fragment encoding MEKK3-ER was excised from
PMT2T MEKK3-ER and inserted into BarnHI/EcoRI-cut pcDNA3 (Invitrogen)
to yield pcDNA3 MEKK3-ER. pRc¢/RSV cyclin D1 and pRc/RSV cdk4 were
kindly provided by C. Sherr. pPEGFPC1 was purchased from Clontech (Palo Alto,
Calif.). pZip-ras(Q61L) was kindly provided by C. J. Der. Expression vectors for
kinase-negative MKK6 (MKK6[KN]) and constitutively active MKK6
(MKKG6[2E]) were obtained from E. Nishida.

Cell culture and transfections. 293 embryonic kidney cells and NIH 3T3
fibroblasts were cultured in Dulbecco modified Eagle medium (DMEM) supple-
mented with 1 mM glutamine, 10% fetal calf serum (FCS), and antibiotics. PC12
rat pheochromocytoma cells were grown in DMEM supplemented with 1 mM
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glutamine, 7% FCS, 7% donor horse serum, and antibiotics. To generate stable
lines expressing MEKK3-ER, the cells were transfected with pCEV MEKK3D-
hERLBD via calcium phosphate coprecipitation (NIH 3T3) or Lipofectamine
(293 and PC12) as instructed by the manufacturer (Life Technologies, Inc.,
Gaithersburg, Md.). Two days later the cells were plated at various dilutions onto
10-cm-diameter plates, and the stably transfected cells were selected by addition
of G418 at 0.5 (NIH 3T3 and PC12) or 0.25 (293) mg/ml. After 2 to 3 weeks,
well-separated clones were picked with cloning rings, expanded, and analyzed for
expression of the fusion protein by Western blot analysis with an antibody against
the human estrogen receptor. To render cells quiescent, they were incubated in
DMEM supplemented with 25 mM HEPES (pH 7.3) and 0.1% bovine serum
albumin (BSA) for the times indicated in the figure legends. Unless otherwise
indicated, cells were treated with 1 puM E2 (1,000X stock solution in ethanol) and
with 10 uM SB203580 (2,000X stock solution in dimethyl sulfoxide). Control
cells received the same amount of solvent only.

To evaluate the activity of transiently transfected SAPK, cells were transfected
in 10-cm-diameter plates with a construct expressing HA-tagged SAPK as pre-
viously described (8). For the experiment shown in Fig. 5, NIH 3T3 cells stably
expressing MEKK3-ER (NIH 3T3 [MEKK3-ER] cells) were plated at 2 X 10*
onto poly-L-lysine-coated coverslips in 24-well plates and then transfected the
following day with 0.25 pg of pEGFPCI and either 0.75 pg of pRc/RSV or 0.6
g of pRc/RSV cyclin D1 plus 0.15 wg of pRc/RSV cdk4 by using 6 pl of
Superfect reagent as instructed by the manufacturer (Qiagen, Inc., Chatsworth,
Calif.). For the experiment shown in Fig. 7C and D, NIH 3T3 cells were plated
at 2.5 X 10* onto poly-L-lysine-coated coverslips in 12-well plates and transfected
the following day, using Lipofectamine Plus (Life Technologies), with 0.1 g of
pEGFPCI1 and a total of 0.4 ug of other expression plasmids as indicated in the
figure legends.

Cell extract preparation and Western blot analysis. Cell extracts were pre-
pared as described elsewhere (8), with some modifications. After treatments as
indicated, cells were lysed directly on the plate or in 4 to 5 cell pellet volumes
after scraping in cold phosphate-buffered saline (PBS). To evaluate the activity
of cyclin-cdk complexes, Triton lysis buffer (8) containing only 0.5% Triton
X-100 was used. For cdk4 complexes, cells were lysed in 0.1% Tween lysis buffer
(50 mM HEPES [pH 7.5], 10% glycerol, 150 mM NaCl, 1 mM EDTA, 2.5 mM
EGTA, 1 mM dithiothreitol, 0.1% Tween 20, 25 mM B-glycerophosphate, 5 mM
NaF, 0.5 mM Na;VO,, 7 pg of pepstatin per ml, and a protease inhibitor cocktail
contained in Complete tablets from Boehringer Mannheim (Indianapolis, Ind.).
For Western blot analyses, equal amounts of protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10 or
12.5% polyacrylamide gel, blotted onto Immobilon (Millipore Corp., Bedford,
Mass.), and incubated with the following primary antibodies: anti-human ER,
rabbit polyclonal sc-543 (Santa Cruz Biotechnology, Santa Cruz, Calif.), 1:1,500;
anti-HA, mouse monoclonal 12CAS (Boehringer Mannheim), 1 pg/ml; anti-
cyclin A, rabbit polyclonal sc-596 (Santa Cruz), 1:1,000; anti-cyclin B1, mouse
monoclonal sc-245 or rabbit polyclonal sc-752 (Santa Cruz), 1:1,000; anti-cyclin
D1, mouse monoclonal sc-450 or sc-246 (Santa Cruz), 1:1,000; anti-cyclin D3, rat
monoclonal sc-453 (Santa Cruz), 1:1,000; anti-cyclin E, rabbit polyclonal sc-481
(Santa Cruz), 1:1,000; anti-cdk2, rabbit polyclonal sc-163 (Santa Cruz), 1:1,000;
anti-cdk4, rabbit polyclonal sc-260 (Santa Cruz), 1:1,000; anti-cdk7, rabbit poly-
clonal sc-529 (Santa Cruz), 1:1,000; anti-p21, rabbit polyclonal sc-397 (Santa
Cruz), 1:1,000; anti-p27, rabbit polyclonal sc-776 (Santa Cruz), 1:1,000; anti-
ERK1, rabbit polyclonal sc-094 (Santa Cruz) 1:1,000; anti-ERK2, goat polyclonal
sc-145 (Santa Cruz), 1:1,000; anti-p38, rabbit polyclonal sc-535 (Santa Cruz),
1:1,000; anti-SAPK, rabbit polyclonal, prepared against a histidine-tagged fusion
protein encoding full-length rat SAPK« (kindly provided by E. Nishida); anti-
phospho-Y15 cdc2, rabbit polyclonal (New England Biolabs [NEB], Beverly,
Mass.). 1:1,000; anti-active p38, rabbit polyclonal (NEB), 1:500; anti-active
SAPK, rabbit polyclonal (NEB), 1:1,000; anti-human MEKK3, rabbit polyclonal,
prepared against a GST fusion protein encoding amino acids 1 to 333 of human
MEKK3, 1:3,000; anti-Pac-1(279-291) (40), which cross-reacts with MAPK phos-
phatase 1 (MKP-1), 1:250; anti-MKP-1, rabbit polyclonal sc-1199 (Santa Cruz),
1:1,000. Except for the MKP antibody 249 and the anti-active kinase antibodies,
which were incubated at 4°C overnight in 5% bovine serum albumin (BSA) in
TBST (Tris-buffered saline with 0.1% Tween 20), the primary antibodies were
diluted in TBST with 5% nonfat dry milk and incubated with the membranes for
2 h at room temperature (RT). Immunoreactive bands were detected with horse-
radish peroxidase-conjugated secondary antibodies and enhanced chemilumines-
cence (ECL detection kit; Amersham Life Sciences, Inc., Arlington Heights, Il.)
except for the detection of MKP-1 and active MAPKSs, for which a peroxidase-
linked anti-rabbit antibody (NEB) was used.

Kinase assays. The kinase activity of transfected HA-tagged SAPK was de-
termined as previously described (8), using equal amounts of protein. Endoge-
nous ERK activity was determined in the same way except that the indicated
amount of lysate was immunoprecipitated with a mixture of anti-ERK1 (sc-094;
Santa Cruz) and anti-ERK2 (sc-154; Santa Cruz) antibodies (Fig. 6A). To de-
termine kinase activities associated with cyclins or cdks, immunocomplex kinase
assays were performed after immunoprecipitation with appropriate antibodies in
0.5% Triton lysis buffer, except for cdk4, which was immunoprecipitated in 0.1%
Tween lysis buffer. The immunoprecipitates were washed three times with im-
munoprecipitation buffer and two times with kinase buffer (8) supplemented with
5 mM MnCl, and then incubated for 30 min at 30°C in 20 pl of kinase buffer
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containing 25 uM ATP, 10 uCi of [y-*?P]ATP, and 2 p.g of histone H1 or 0.5 pg
of GST-pRb (sc-4112; Santa-Cruz) as the substrate.

Immunocytochemistry. Cells grown on poly-L-lysine-coated coverslips were
fixed with 3.7% formaldehyde in PBS for 15 min at RT, permeabilized with 3.7%
formaldehyde in PBS supplemented with 0.5% Triton X-100 for 5 min at RT, and
incubated in blocking solution (PBS with 2% BSA and 10% gamma globulinfree
horse serum) for 30 min at RT. For tubulin staining, the fixed cells were incu-
bated with a monoclonal antitubulin antibody (T5168; Sigma, St. Louis, Mo.)
diluted 1:1,000 in blocking solution, washed three times with PBS, incubated with
fluorescein isothiocyanate (FITC)-labeled anti-mouse secondary antibody (Bio-
Source, Camarillo, Calif.) for 30 min at RT, washed four times with PBS,
including 4',6-diamidine-2’-phenylindole dihydrochloride (DAPI; 1 pg/ml) in the
last wash, dipped in water, and mounted in a glycerol-based mounting solution.

Cell cycle analysis and BrdU incorporation. For flow cytometric analysis of the
cell cycle, quiescent cells were stimulated with serum for 15 h in the presence of
10 wM bromodeoxyuridine (BrdU). Then cells were harvested by trypsinization,
washed with PBS containing 1% BSA (PBS-BSA), fixed with 70% ethanol for 30
min on ice, and stored at —20°C. Between all steps, the cells were centrifuged for
5 min at 1,800 rpm in conical 14-ml centrifuge tubes in a swing-out rotor. For
staining, the cells were washed with PBS-BSA, and the DNA was denatured with
2 N HCI-0.5% Triton X-100 for 30 min at RT. After neutralization with 0.1 M
sodium borate (pH 8.5), the cells of one 10-cm-diameter plate were incubated
with 125 pl of PBS-BSA-0.5% Tween 20 and 50 pl of FITC-labeled anti-BrdU
antibody (BD 347583; Becton Dickinson, San Jose, Calif.) for 30 min at RT,
washed twice with PBS-BSA, and treated with 3 pl of RNase A (Worthington,
Lakewood, N.J.) for 30 min at 37°C. Just before fluorescence-activated cell
sorting (FACS) analysis, propidium iodide was added to 20 pg/ml. Replicative
DNA synthesis and DNA content were analyzed by using bivariate flow cytom-
etry and Cell Fit software (Becton Dickinson).

To examine BrdU incorporation by indirect immunofluorescence, formalde-
hyde-fixed cells on coverslips were denatured and neutralized as described above,
washed with PBS-BSA-Tween 20 and incubated with 100 pl of PBS-BSA-Tween
20 and 40 pl of anti-BrdU antibody (BD 347580; Becton Dickinson) per coverslip
for 30 to 60 min at RT. After two washes with PBS and incubation in blocking
solution (see Immunocytochemistry, above), bound primary antibody was de-
tected with Cy3-labeled donkey anti-mouse antibody (Jackson ImmunoRe-
search, Westgrove, Pa.). Then the staining was completed as described above for
immunocytochemistry.

Retrovirus-mediated gene transfer. Retrovirus-mediated gene transfer into
NIH 3T3 [MEKK3-ER] cells was done as described by Pear et al. (34), using
Bosc23 as the packaging cell line and pZip-rasH(Q61L), which encodes consti-
tutively active Ras, as the retroviral vector. Drug selection for neomycin resis-
tance could not be used for retrovirally infected cells, because the original cell
line already carried the neomycin resistance marker; however, selection was not
necessary since viral infection was highly efficient and since constitutively active
Ras provided a strong growth advantage (see Results and Fig. 8). The soft agar
growth assay was done essentially as described elsewhere (6) except that Noble
agar (Difco, Detroit, Mich.) was used instead of Bacto Agar.

RESULTS

Activation of MEKKS3 inhibits cell proliferation. To inves-
tigate which role MEKK3 may play in cell physiology, we
attempted to establish cell lines stably expressing wild-type,
full-length MEKK3 but were unable to obtain such lines, al-
though we readily obtained stable lines expressing a kinase-
inactive mutant of MEKK3. These data suggest that functional
MEKK3 may have an adverse effect on cell growth or may
induce cell death, thus preventing selection of cells expressing
wild-type MEKK3. As shown previously with transient expres-
sion systems, ectopically expressed MEKK3 was quite active,
regardless of whether a full-length version or just the kinase
domain (an N-terminal deletion of the full-length clone) (8)
was expressed. To circumvent these problems, we generated
NIH 3T3 cell lines which stably expressed an estrogen-induc-
ible form of MEKK3, MEKK3-ER (see Materials and Meth-
ods). We have demonstrated previously in transient transfec-
tion assays that the kinase activity of MEKK3-ER is negligible
in the absence of E2 but is rapidly and strongly inducible by
treatment with estrogen (8). An analogous approach involving
the Raf kinase has been successfully used previously: a stably
expressed fusion of the Raf kinase domain and the estrogen
ligand-binding domain (Raf-ER) was conditionally activated
with E2 in NIH 3T3 cells to characterize the physiologic func-
tions of the Raf kinase (16, 42, 57).
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We obtained numerous NIH 3T3 cell clones which stably
expressed the MEKK3-ER fusion, consistent with the fact that
this fusion is inactive without E2 and thus unlikely to adversely
effect cells. All data reported here were obtained with one cell
clone which expressed only low levels of the MEKK3-ER fu-
sion, but all major results were confirmed with several inde-
pendently derived clones. In addition, we transiently trans-
fected these clones with SAPK and ERK to demonstrate that
activation of these kinases by MEKK-ER was entirely depen-
dent on addition of E2 (data not shown; see also Fig. 2B).

E2 treatment of NIH 3T3 [MEKK3-ER] fibroblasts led to
inhibition of growth and to morphological changes (Fig. 1).
Despite starting with the same number of cells, cultures kept
with E2 for several days contained substantially fewer cells
than those kept without E2 (Fig. 1A and C, respectively). The
observed growth inhibition provides an explanation as to why
transfection of wild-type MEKK3 (which is active) did not
permit stably expressing cell lines to emerge. E2-treated cells
had increased in size and possessed long processes which were
clearly visualized by immunofluorescence staining for microtu-
bules (Fig. 1D). Most likely these processes were stabilized, at
least in part, by microtubule bundles. These features superfi-
cially resemble those of some terminally differentiated or se-
nescent cells (50). Cell death was not a primary reason for the
lower number of cells observed in the presence of E2, since
none of the phenotypic changes typically associated with apo-
ptosis were observed (confirmed with terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling assays
[data not shown]), nor were significant numbers of dead or
dying cells noted (as judged by trypan blue staining [data not
shown]). E2 treatment of fibroblasts not expressing MEKK-ER
did not induce any phenotypic changes, as expected and as
documented previously (42) (data not shown).

Quantitative evaluation of the number of NIH 3T3
[MEKK3-ER] cells grown in the absence or presence of in-
creasing concentrations of E2 confirmed that activation of
MEKKS3 inhibits cell proliferation (Fig. 2A). Furthermore, the
E2 dose-dependent profile of growth inhibition correlated
quite well with the E2 dose-dependent MEKK3-ER kinase
activity, as measured by the activation of ectopically expressed
SAPK (compare Fig. 2B with Fig. 2A). Even the lowest levels
of E2 with a measurable effect in the kinase assay significantly
inhibited cell proliferation, which suggests that inhibition of
cell growth is a primary biologic consequence of the activity of
this kinase. Growth of NIH 3T3 [MEKK3-ER] cells was
blocked over a wide range of concentrations of E2 ligand. This
phenomenon was not unique to NIH 3T3 [MEKK3-ER] cells,
since human 293 embryonic kidney cells and rat PC12 cells
stably expressing MEKK3-ER did not divide in the presence of
E2 either (data not shown). In contrast to MEKK3-ER-in-
duced growth arrest, which occurs in the presence of both high
and low doses of E2, Raf-ER-induced effects differ with high
and low doses of E2 (45, 57).

To investigate more closely how MEKK3-ER inhibits pro-
liferation in NIH 3T3 cells, we performed cell cycle analysis
and monitored DNA synthesis by incorporation of BrdU into
DNA. Cells were starved with or without E2 and then stimu-
lated with serum in the presence of BrdU (with continued
addition of E2); 15 h after stimulation, cells were fixed and
processed for indirect immunofluorescence (Fig. 3A) or cell
cycle analysis (Fig. 3B). Activated MEKK3 profoundly inhib-
ited DNA synthesis, as the number of BrdU-positive nuclei was
drastically reduced in the presence of E2 (Fig. 3A). As judged
by cell counting, the percentage of BrdU-positive nuclei was
decreased from 72 to 5 by treatment with E2 (from data such
as shown in Fig. 3A). Flow cytometric analysis independently
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FIG. 1. Activation of MEKK3 induces morphological changes and formation of cell processes. NIH 3T3 [MEKK3-ER] fibroblasts were seeded onto poly-L-lysine-
coated coverslips and incubated in complete medium in the absence (A and B) or presence (C and D) of 1 pM E2. After 4 days, the cells were fixed and either
photographed under phase-contrast optics (A and C) or stained with antitubulin antibodies by indirect immunofluorescence (B and D). Magnifications of corresponding
top and bottom panels are identical. The number of cells in the presence of E2 (activated MEKK3-ER) is much lower than that observed in the absence of E2 (A and
B). Activated MEKK3-ER induces cells to increase in size and to send out long processes. These processes appear to be stabilized by microtubule bundles (D).

confirmed that the number of cells actively synthesizing DNA
was significantly lower in the presence of E2 (Fig. 3B, %
BrdU). In addition, the percentage of cells in S-phase (DNA
content between 2N and 4N) was reduced from 87 to 24 upon
treatment with E2, whereas the percentage of cells in G/G,
was increased from 12 to 69. These data suggest that MEKK3
exerts its inhibitory function on growth primarily by arresting
cells in the G,/G, phase of the cell cycle, preventing entry into
S phase.

Because NIH 3T3 cells usually start synthesizing DNA 12 to
14 h after serum stimulation, none of the cells cultured in the
absence of E2 had yet reached a 4N DNA content (G,/M) at
the time of harvest (15-h stimulation). Interestingly, some cells
with a 4N DNA content could be detected in the E2-treated
population. A possible explanation may be derived from results
of a separate line of investigation which suggested that acti-
vated MEKK3-ER could also interfere with G,/M progression,
in addition to blocking G,/G, progression (8a). Therefore, in
the above experiment, those cells which had not yet completed
the cell cycle by the end of serum starvation (59) may be
trapped at the 4N stage by the activation of MEKK3-ER, even
when serum was added subsequently.

Downregulation of cyclin D1 and cdk activities upon activa-
tion of MEKK3. To obtain a more detailed picture of the
MEKK3-ER-induced cell cycle arrest, we examined the ex-
pression of several cell cycle regulatory proteins by Western
blotting (Fig. 4A to C). Cells were made quiescent and then
released into complete medium for 12 or 24 h in the presence

or absence of E2. MEKK3-ER profoundly inhibited the induc-
tion of cyclin D1, the critical D-type cyclin for progression of
fibroblasts through G; (27). In addition, and most likely as a
consequence of D1 inhibition, the induced expression of cyclin
A and cyclin B1 normally observed by 24 h after stimulation
was blocked and the periodic phosphorylation and degradation
of cyclin E was prevented (Fig. 4A). Finally, the levels of the
kinase subunits cdk2 and cdk4 were reduced after MEKK3-ER
activation. As would be expected then, the kinase activities
associated with immunoprecipitated cdk4, cyclin E, cyclin A,
and cyclin B1 were dramatically reduced (Fig. 4D). Interest-
ingly, the level of cdk7 protein (Fig. 4A) and its associated
kinase activity (cdk-activating kinase [CAK]) (Fig. 4D) were
also decreased in the presence of active MEKK3-ER. CAK
activates cdks via phosphorylation of a conserved threonine
residue. Although its activity is not known to be highly regu-
lated, its downmodulation by MEKK3 could contribute to cell
cycle arrest. Consistent with this notion, the appearance of the
faster-migrating form of cdk2 was prevented in the presence of
E2, a form indicative of activating phosphorylation by CAK at
T160 (10) (Fig. 4A). We conclude therefore that MEKK3-ER
inhibits activation of cdks, downregulates CAK activity, and,
most strikingly, inhibits early induction of D1.

While cell cycle arrest can be mediated by increased expres-
sion of cdk-inhibitory proteins (CKIs) (39, 49), MEKK3-ER
does not appear to use this mechanism. The amounts of several
CKiIs tested, including p21, p27 (Fig. 4A), and p15 (data not
shown), were not increased by MEKK3-ER activation; rather,
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FIG. 2. Activation of MEKK3 inhibits proliferation. (A) MEKK3-ER pre-
vents cell division. NIH 3T3 [MEKK3-ER] cells were seeded in triplicate at 2 X
10* per well of a six-well plate in complete medium in the absence or presence
of increasing concentrations of E2, as indicated. After 4 days, the attached cells
were harvested by trypsinization, pooled with the detached cells, and counted in
the presence of trypan blue to distinguish between live and dead cells. The
percentage of dead cells was marginal, even with the highest concentration of E2.
The total number of cells counted is indicated on the y axis (*mean standard
deviation). As discussed in Results, no significant cell death could be measured.
(B) Activation of SAPK by MEKK3-ER in the presence of increasing concen-
trations of E2. NIH 3T3 [MEKK3-ER] cells were transiently transfected with
HA-tagged SAPK, serum starved overnight, and stimulated for 15 min with the
indicated concentrations of E2. The activity of SAPK was measured in an im-
munocomplex kinase assay with GST—c-Jun as the substrate. After SDS-PAGE,
phosphorylated GST—c-Jun was quantified with a Phosphorimager; data are
expressed as fold activation relative to the signal obtained in the absence of E2.
Western blot analysis confirmed equal expression of HA-SAPK in the different
extracts (data not shown). Activation of SAPK and growth inhibition appear to
occur at roughly the same low doses of E2.

the amounts of p21 and p27 appeared to be decreased. E2
treatment did not nonspecifically reduce protein expression, as
judged by monitoring the levels of several other proteins, in-
cluding MEKK3-ER and endogenous MEKK3 (Fig. 4A; equal
amounts of protein were loaded in all lanes).

The inhibition of serum-induced cyclin D1 expression by
activated MEKK3-ER was also observed in PC12 cells stably
expressing MEKK3-ER (Fig. 4C; results for two independent
clones are shown). Furthermore and consistent with the ob-
served growth inhibition of continuously cycling NIH 3T3
[MEKK3-ER] cultures treated with E2, cyclin D1 levels were
reduced in these cells as well, despite the continuous presence
of serum (Fig. 4B). Reverse transcription-PCR analysis indi-
cated that this was due, at least in part, to lower levels of cyclin
D1 gene transcripts (data not shown).

Early cell cycle arrest depends on cyclin D1 suppression.
Since cyclin D1 expression is rate limiting for G,-phase pro-
gression of fibroblasts, it may represent a major target for
MEKKS3 to induce cell cycle arrest. To directly test the impor-
tance of reduced levels of cyclin D1 in MEKK3-ER-mediated
arrest, we transfected NIH 3T3 [MEKK3-ER] cells with cyclin
D1 plus cdk4 and green fluorescent protein (GFP) as a trans-
fection marker (Fig. 5). The transfected cells were made qui-
escent in the presence of E2 and then stimulated with serum in
the presence of BrdU and E2; cells were subsequently stained
with an anti-BrdU antibody to assess the number of the trans-
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FIG. 3. Activation of MEKK3 inhibits DNA synthesis. NIH 3T3 [MEKK3-
ER] cells were starved in the absence of serum for 3 days with or without E2 and
then stimulated with 10% FCS in the presence of 10 uM BrdU (with or without
E2). (A) Cells were fixed and analyzed by indirect immunofluorescence for BrdU
incorporation, shown in red. Nuclei were visualized with DAPI (blue). (B) Cells
were processed for FACS analysis to quantitatively measure BrdU incorporation
(% BrdU) and DNA content, the latter to determine the percentage of cells in
different phases of the cell cycle. Similar results were obtained in two indepen-
dent experiments. As demonstrated by both indirect immunofluorescence and
FACS analysis, the number of cells actively synthesizing DNA is greatly reduced
in the presence of active MEKK3.

fected, GFP-positive cells that had actively synthesized DNA.
Cells which ectopically expressed cyclin D1 and cdk4 had
largely overcome the block imposed by E2-activated MEKK3-
ER: nearly 84% of these cells were now positive for BrdU,
compared to only 5.4% of the cells which did not express
exogeneous cyclin D1-cdk (vector control) (examples of trans-
fected, GFP-positive cells are indicated by arrows). This result
strongly suggests that MEKK3-ER-mediated cell cycle arrest
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FIG. 4. Activation of MEKK3 inhibits various molecular parameters of cell cycle progression, as determined by analysis of inhibition of cyclin expression and CAK
activities. (A and D) NIH 3T3 [MEKK3-ER] cells were kept without serum for 4 days in the presence or absence of E2 and then stimulated with 10% FCS for 12 or
24 h in the presence or absence of E2, as indicated. For the Western blot shown in panel B, cells were continuously kept in medium containing 10% FCS in the presence
or absence of E2. cycD1, cyclin D1. (C) Two different clones of PC12 cells stably expressing MEKK3-ER (#6 and #17) were starved in the absence of FCS for 1 day
with or without E2 and then released into medium containing 10% FCS for 2 days (with or without E2), as indicated. (A to C) Detergent lysates (100 ug) were
electrophoretically separated on denaturing polyacrylamide gels and immunoblotted with antibodies against the proteins indicated on the left. CD-LBD designates the
MEKKS3-ER fusion protein, and cdk2* designates the T160 phosphorylated form of cdk2. (D) An aliquot of 100 pg (for cdk4 kinase assay) or 50 pg (all others) of extract
was immunoprecipitated (IP) with the indicated antibodies and then assayed for associated kinase activity in an immunocomplex kinase assay with histone H1 or

GST-pRb as the substrate.

depends in large part on downregulation of cyclin D1; in ad-
dition, partial downregulation of cdk4 may contribute to the
block as well.

MEKKS3-induced suppression of cyclin D1 may be mediated
by the p38 MAPK. To further dissect the mechanisms by which
MEKK3 may block cyclin D1 expression, we looked more
closely at the signaling paths activated by MEKK3. Using a
transient cotransfection system, we and others previously ob-
served that constitutively active MEKK3 could activate ectopi-
cally expressed SAPK and ERK but apparently not p38 (3, 8).
Given the present cell lines which stably express conditionally
active MEKK3 [MEKK3-ER], we reexamined this issue and
assessed the influence of MEKK3 on the endogenous MAPK
pathways.

Endogenous ERK activity was transiently activated by E2
treatment of NIH 3T3 [MEKK3-ER] cells, as shown by a
kinase assay of immunoprecipitated ERK with myelin basic
protein (MBP) as the substrate (Fig. 6A). However, the level
of ERK activation by MEKK3 was only about 7% of that
obtained with serum; moreover, the kinetics were slightly
slower. MEKK3 strongly activated endogenous SAPK and en-
dogenous p38 in these cells. Activation of both kinases was
rapid and transient (Fig. 6C). Activation of p38 and SAPK was
demonstrated here with recently developed antibodies specific
to the activated (phosphorylated) forms of these kinases; con-
trol Western analyses to visualize all forms of p38, SAPK, and
ERK revealed that protein levels of these kinases did not
change during the observation period (Fig. 6A and C). The
kinetics and levels of activation of all three MAPKs were
confirmed in independent experiments (data not shown). It is

likely that activation of p38 was not readily observed in tran-
sient transfection experiments previously because the then
commonly used p38 kinase assay appears to be relatively in-
sensitive. When assayed with the antibodies specific to the
activated form only, it was now possible to see E2/MEKK3-
ER-dependent activation of p38 in transient cotransfection
experiments as well. Importantly, wild-type MEKK3 behaved
similar to E2-activated MEKK3-ER in such transient transfec-
tion experiments, further supporting the notion that the con-
ditionally activated form of MEKK3 (MEKK3-ER) reflects the
activity of wild-type MEKK3. Thus, both forms of this kinase
similarly activated cotransfected SAPK, p38, and ERK (data
not shown).

The transient nature of MAPK activation suggested that
MEKK3 may induce the expression or activity of an MKP(s),
which then rapidly inactivates MAPKs by dephosphorylation.
Indeed, Western blot analysis revealed the expression of the
MKP-1 by 30 to 60 min after stimulation with E2 (Fig. 6B).
Thus, the rapid E2-MEKK3-ER-mediated induction of MKP-1
expression (and possibly other MKPs) could be responsible for
the observed transience in activation of MAPKs. The data
indicate that all three major MAPK pathways are targeted for
activation by MEKKS3, albeit to different degrees, and that
inhibitory feedback mechanisms are most likely activated to
then downmodulate MAPK activity.

Given previously reported negative effects of p38 (19, 31)
and of ectopically expressed MKP-1 (4) on cyclin D1 expres-
sion and on cell cycle progression, we investigated their possi-
ble involvement in MEKK3-induced growth arrest. In support
of an essential role of p38 in the MEKK3-induced block, we
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FIG. 5. Importance of cyclin D1 downregulation in MEKK3-mediated inhibition of cell cycle progression. NIH 3T3 [MEKK3-ER] cells were transfected with GFP
and either vector control or cyclin D1 (cycD1) and cdk4 expression vectors. One day after transfection, cells were kept without serum for 30 h in the presence of E2
and then incubated in complete medium with E2 and 10 uM BrdU for 15 h to label cells actively synthesizing DNA. Incorporated BrdU was detected by indirect
immunofluorescence (right panel, red nuclei), and nuclei were identified with the general DAPI stain (right panel, blue nuclei). Transfected cells are identified by the
green fluorescence of GFP (left panels). On the right the percentage of BrdU-positive cells in the transfected population is shown as the average (*standard deviation)
after counting about 800 cells each from either vector- or cyclin D1-plus-cdk4-transfected cells from three different experiments. The arrows mark three examples of
transfected cells for each of the two sets of transfections; most of the vector-only transfected cells (top left panel; GFP) were BrdU negative (top right panel), while
cells transfected with cyclin D1 and cdk4 (bottom left panel) were mostly BrdU positive (bottom right panel). In this transient transfection experiment, more of the
E2-activated NIH 3T3 [MEKK3-ER] cells were BrdU positive than what was observed for the E2-activated NIH 3T3 [MEKK3-ER] cells in the experiment shown in
Fig. 3, because the transiently transfected cells could not be starved long enough to make all of them quiescent prior to serum stimulation.

observed that addition of the p38 inhibitor SB203580 prior to
activation of MEKK3-ER restored serum-induced cyclin D1
expression (Fig. 7A) and significantly reversed MEKK3-ER-
imposed inhibition of cell proliferation (data not shown). This
inhibitor of p38 also significantly interfered with MEKK3-ER-
dependent induction of MKP-1, suggesting that p38 is a major
contributor to MEKK3-ER-induced expression of MKP-1 in
the absence of serum (Fig. 7B). Even in the presence of serum,
activation of MEKK3-ER resulted in expression of MKP-1
much more prolonged than that observed with serum alone,
and the prolonged expression was eliminated by SB203580
(data not shown). This finding suggests the possibility that
prolonged MEKK3-induced expression of MKP-1-like phos-
phatases via p38 may contribute to inhibition of cyclin D1,
possibly by keeping ERK activity below a necessary threshold
over an extended period of time (15, 28, 56).

While the data implicate the only known highly sensitive
target of SB203580, the p38 MAPK, as the essential mediator
of the MEKK3-induced cell cycle block, it remains possible
that this inhibitor has other, as yet unknown targets. This
caveat was raised by the observation that SB203580’s selective
inhibition of p38 appears to be based on a few critical amino
acids in the ATP-binding region. When the analogous regions
of several other kinases, including JNK, were mutated in only
a few critical residues to better align them with the p38 se-
quence, then these mutant kinases acquired a weak sensitivity
to this drug (11). However, even a 10-fold reduction in the
amount of SB203580 in our experiments still significantly re-

versed the E2/MEKK3-ER-mediated inhibition of cyclin D1
(data not shown), ruling out an involvement of other only
weakly inhibited kinases in the cell cycle block. In addition, we
obtained independent evidence for a critical role of p38 in the
MEKK3-induced cell cycle block. MKKG6 is one of two known
direct activators of p38 and we used an inactive mutant of this
kinase (MKK6[KN]) to selectively interfere with the p38 path-
way. MKK6[KN] largely reversed the MEKK3-induced inhibi-
tion of the cell cycle (Fig. 7C); conversely, a constitutively
active mutant of MKK6 (MKKG6[2E]) inhibited S-phase entry
to about the same extent as did MEKK3 (Fig. 7D). In these
experiments, we transiently cotransfected wild-type MEKK3
and GFP with or without MKK6[KN] and evaluated cell cycle
progression/S-phase entry by counting GFP-positive (trans-
fected) cells which also had incorporated BrdU into their
DNA. MKKG6[KN] alone had no effect on cell cycle progres-
sion. Together, these data support the notion that the p38
MAPK plays an essential role in MEKK3-induced cell cycle
arrest. Furthermore, the results validate the wuse of
MEKK3-ER as a model system to explore the physiologic roles
of wild-type MEKK3, since transfection of the latter protein
significantly interfered with cell cycle progression in a manner
analogous to that of E2-induced MEKK3-ER.

MEKKS3 is dominant over transformation by oncogenic Ras.
Overexpression of oncogenic Ras in NIH 3T3 cells has been
shown to increase cyclin D1 expression, which is necessary for
Ras-induced G, progression (22). To examine whether
MEKK3 can also block the stimulation of cell cycle progression
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FIG. 6. Transient activation of MAPKs by MEKK3. NIH 3T3 [MEKK3-ER] cells were serum starved for 2 days and then stimulated with E2 or serum for the
indicated times. (A) Endogenous ERK activity (top panel) was measured in an immunocomplex kinase assay after immunoprecipitation with a mixture of antibodies
recognizing ERK1 and ERK2, with MBP as the substrate. For comparison, the cells were also stimulated with serum. Kinase activity was determined with a
PhosphorImager by measuring the amount of radioactivity that was incorporated into MBP; the data are presented as fold activation relative to the activity seen in
unstimulated cells. The amount of extract used after serum stimulation was only 20% (30 ug) of that used after E2 treatment (150 pg). Thus, the maximal ERK
activation achieved by MEKK3-ER is only about 7% of that obtained with serum stimulation. Western blot (WB) analysis with an anti-ERK2 antibody (bottom panel)
which cross-reacts with ERK1 shows that equal amounts of ERK1 and ERK2 are present in the extracts. (B) MKP-1 expression is induced by MEKK3-ER. The Western
blot shown in panel A was stripped and restained with an anti-MKP-1 antibody. (C) The activation state of endogenous p38 and endogenous SAPK was determined
by Western blotting with antibodies recognizing only the active forms of the kinases (active p38 and active SAPK). An identical Western blot stained with anti-p38 and
anti-SAPK revealed that the total amounts of these kinases do not vary among the samples.

by Ras, NIH 3T3 [MEKK3-ER] cells were infected with a
recombinant retrovirus expressing constitutively active Ras
(RasQ61L). Infection was very efficient, as judged by the ap-
pearance of exclusively rounded and spindle-shaped cells, a
characteristic of transformed cells (Fig. 8A, top right panel). A
further indication of the transformed phenotype of these cells
was their refractile appearance under bright-field optics (data
not shown). When incubated with E2, however, the morphol-
ogy of the Ras-infected cells reverted to that seen with parental
E2-activated MEKK3-ER cells (Fig. 8A, bottom panels); the
E2-treated cells now formed long cell processes and, impor-
tantly, assumed a much flatter appearance.

This phenotypic analysis indicated that MEKK3 may be able
to inhibit the activity of oncogenic Ras. To more rigorously test
for a dominance of MEKK3 over oncogenic Ras, we also
analyzed the soft agar cloning efficiency of RasQ61L-express-
ing NIH 3T3 [MEKK3-ER] cells in the presence or absence of
E2 (Fig. 8B). Strikingly, anchorage-independent growth, an-
other feature characteristic of transformed cells, was nearly
completely blocked by activated MEKK3-ER. The cloning ef-
ficiency was reduced at least 50-fold upon addition of E2 (from
about 46% to less than 1%).

In agreement with a previous report (22), we observed that
Ras-transformed cells grew (data not shown) and continued to
express relatively high levels of cyclin D1 (Fig. 8C), even in the
absence serum. However, activated MEKK3-ER was able to
prevent cyclin D1 expression in Ras-transformed cells, both in
the presence and in the absence of serum. MEKK3-ER also
interfered with Ras- and serum-induced cyclin A expression
(Fig. 8C) and with growth of Ras-transformed cells in the
presence of serum (data not shown). Although Ras transfor-
mation somehow caused an increase in the amount of the
MEKK3-ER polypeptide (Fig. 8C; compare Ras-transformed
and parental cells in the absence of E2), the growth-inhibitory
activity of MEKK3-ER was still totally dependent on E2, con-
sistent with the tight regulation of this fusion protein (see
above).

DISCUSSION

We describe dramatic biologic consequences in cells condi-
tionally activated for a single kinase, MEKK3. MEKK3 is a
member of a larger family of MEK kinases (MEKKs and
MAP3Ks) which include the structurally more closely related
kinases MEKKI1, -2, and -4, as well as the more distantly
related kinases Raf, Askl, TAK1, Tpl-2, Mos, MLKs, MUK,
and NIK, among others. These kinases are thought to function
as part of prearranged, core signaling modules, exemplified by
the classical mammalian Raf>MEK—ERK-MAPK module
(MEKK/MAP3K—MEK/MAP2K—MAPK). We now show
that conditionally activated, stably expressed MEKK3 causes a
profound growth arrest in early G, and that it induces cytoskel-
etal changes reminiscent of some differentiated cell pheno-
types. These are the first functions to be associated with
MEKK3, a kinase for which no functions or pathways have
been described before. The activities revealed in our studies
here portend likely roles for this kinase in cell cycle checkpoint
controls and possibly during differentiation and senescence.
Thus, MEKKSs are now clearly dedicated not only in prolifer-
ation, differentiation, stress responses, and apoptosis but also
in growth arrest, as shown here for MEKK3. We demonstrate
that the MEKK3-induced cell cycle arrest in early G, is ac-
complished, at least in part, via suppression of cyclin D1 pro-
tein levels, and we furthermore provide evidence which sug-
gests the suppression may be mediated via p38 MAPK. This
mechanism for growth arrest is distinct from that set in motion
by several growth-arresting extracellular signals which have
been reported to exert their effects via induction of CKIs.
Remarkably, MEKK3-induced growth arrest reverses even
Ras-mediated cell transformation and is thus dominant over it,
suggesting a possible tumor suppressor-like role of this kinase.

MEKKS suppresses synthesis of cyclin D1 and arrests cells
in G,. We have demonstrated the growth-inhibitory role of
MEKK3 through the use of NIH 3T3 cell lines that stably
express low levels of a tightly controlled, E2-inducible deriva-
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FIG. 7. MEKKS3 inhibits cyclin D1 expression and G, progression via p38. (A) p38 activity is necessary for inhibition of cyclin D1 induction by MEKK3-ER. NIH
3T3 [MEKK3-ER] cells were kept without serum for 4 days, preincubated for 30 min with or without 10 .M SB203580 (SB), incubated in the presence of E2 for another
2 h, and then stimulated with 10% FCS in the presence or absence of SB203580 and/or E2 for 12 h. Equal amounts of protein (100 p.g) were separated by SDS-PAGE
and then sequentially immunoblotted with an anti-cyclin D1 antibody (cycD1), followed by an anti-estrogen receptor antibody to detect the stably expressed fusion
protein (MEKK3-ER). (B) MEKK3-induced expression of MKP-1 is largely dependent on p38 activity. NIH 3T3 [MEKK3-ER] cells were rendered quiescent by being
cultured for 2 days without serum and then were stimulated with E2 for various times, as indicated, without serum. Before addition of E2, some cells were preincubated
with 10 M SB203580 (SB) as well. MKP-1 expression was detected by Western analysis (100 wg/lane) with anti-Pacl antibody, which cross-reacts with MKP-1. (C)
Inhibition of G,/S progression by wild-type MEKK3 but relief of inhibition in the presence of MKK6[KN]. NIH 3T3 cells were transfected with GFP expression plasmid
alone or together with 0.1 wg of an expression plasmid expressing full-length MEKK3 (MEKK3-F), in the absence or presence of 0.3 pg of an expression vector
expressing MKK6[KN], as indicated. After transfection, the cells were incubated overnight, serum starved for 30 h, and then stimulated with 10% FCS in the presence
of BrdU. The bars represent percentages of BrdU-positive cells in the transfected, GFP-positive population (*mean standard deviation of duplicate sets). More than
100 cells were counted for each sample, and similar results were obtained in two independent experiments. (D) Wild-type MEKK3 and a constitutively active form of
MKEKG6 inhibit G,/S progression to similar extents. NIH 3T3 cells were transfected with 0.1 pg of GFP expression plasmid and 0.2 pg of an expression vector encoding
MEKK3-F or MKKG6[2E], a constitutively active form of MKKG6. The cells were treated and evaluated as for panel C. In all experiments, total amounts of transfected

DNA were kept constant with the addition of empty vectors as needed.

tive of MEKK3, MEKK3-ER. Previously, an analogous, E2-
activatable derivative of the Raf kinase (Raf-ER) has been
used in stably transfected fibroblasts to characterize the phys-
iologic targets and biologic responses to activation of the
MEKK Raf, which is primarily involved in growth stimulation
and cell transformation (42, 57). The MEKK3 derivative used
in our studies appears to behave similarly to the wild-type
version in transient transfection experiments, including activa-
tion of the same signaling pathways and inhibition of cell cycle
progression, apparently via p38. Furthermore, the failure to
generate stable cell lines with wild-type MEKK3, while a ki-
nase-inactive mutant readily yielded such lines, also supports
the notion that the growth inhibition seen with the E2-acti-
vated MEKK3-ER derivative in stable lines reflects a wild-type
activity of this kinase. Finally, we note that growth inhibition of
stably transfected NIH 3T3 [MEKK3-ER] lines occurs even at
the lowest levels of E2 which can be demonstrated to measur-
ably activate the MEKK3-ER kinase. Thus, we conclude that
the conditional activation of MEKK3-ER in stably transfected
NIH 3T3 cells represents a model system to identify and dis-
sect functions of MEKK3.

Serum-induced expression of cyclin D1 is profoundly sup-
pressed by MEKK3-ER, and this suppression appears to be an
essential component of the MEKK3-induced growth arrest in
the early G, phase of the cell cycle. D-type cyclins have been

critically implicated in progression through G, (38, 41, 47), and
cyclin D1 is the principal D-type cyclin in NIH 3T3 fibroblasts
(27). MEKK3 suppresses serum-induced expression of cyclin
D1 in quiescent cells as well as its expression in asynchronously
growing cells kept in complete growth medium. The strong
effect on cyclin D1 protein levels (Fig. 4A to C) is at least
partially mediated by inhibition of cyclin D1 transcription
(data not shown), although additional effects on translation
and protein stability can not presently be excluded. To provide
direct evidence that MEKK3 arrests cells in G, by inhibiting
synthesis of cyclin D1, we show that reintroduction of cyclin
D1-cdk4 via transfection can largely overcome the MEKK3-
ER-induced early G, arrest, allowing serum-stimulated (pre-
viously quiescent) cells to enter into S phase, despite E2-me-
diated activation of MEKK3-ER.

In addition to the critical suppression of cyclin D1, MEKK3
may also target other activities to interfere with cell cycle
progression. We note a reduced expression level of the G,
phase kinases cdk2 and cdk4, as well as of cdk7, the catalytic
subunit of CAK. In a separate set of experiments, we have also
developed evidence which suggests an inhibitory effect of
MEKK3-ER during G,/M progression (8a). Nevertheless, the
primary effect on cells in our experiments is a G, arrest that
depends in large part on suppression of cyclin D1 expression.
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MEKK3-mediated suppression of cyclin D1 may occur via
MAPK p38. MEKK3 may mediate its growth-arresting func-
tions via the p38 MAPK, since the p38-specific inhibitor
SB203580 largely reversed this arrest: addition of this drug
allowed for significant cell proliferation and reemergence of
cyclin D1 in response to serum, despite the continuous pres-
ence of E2-activated MEKK3-ER.

Two reports clearly implicate p38 pathways in inhibition of
cell cycle progression. By microinjection studies, Molnar et al.
(31) were able to show that several components of p38 path-
ways can inhibit serum-stimulated cell cycle progression at the
G,/S transition, including p38 itself, the p38-activating
MAP2Ks, MKK3 (distinct from MEKK3), and MKK6, and
cdc42Hs, a possible upstream activator of p38. Using a cyclin
D1 promoter-dependent reporter construct, Lavoie et al. (19)
demonstrated that the cyclin D1 promoter is regulated posi-
tively by the ERK pathway and negatively by the p38 pathway.
Because the SB203580 inhibitor could theoretically target un-
known proteins relevant to the MEKK3-induced cell cycle
arrest, use of this inhibitor does not strictly prove an involve-
ment of p38. However, we were also able to reverse the
MEKK3-induced cell cycle arrest by inhibiting the p38 pathway
in an independent manner. Cotransfection of a kinase-inactive
form of a major direct activator of p38, MKK6[KN], allowed
for entry of cells into S phase which were otherwise inhibited
from doing so in the presence of active MEKK3. We were also
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FIG. 8. MEKKS3 reverses cell-transforming activities of oncogenic Ras. NTH
3T3 [MEKK3-ER] cells were infected with a recombinant retrovirus expressing
constitutively active RasQ61L and used as a pool of infected cells for all exper-
iments. (A) Uninfected (left panels) or RasQ61L-infected (right panels) NIH
3T3 [MEKK3-ER] cells were seeded at low density in the absence of E2 (top
panels) or when confluent in the presence of E2 (bottom panels). After 4 days
when cells minus E2 had reached confluency as well, photographs were taken
with Hoffmann optics, which gives a three-dimensional image of the cell surface.
Ras-transformed cells show the characteristic rounded and spindle-shaped mor-
phology (top right panel) which is largely reverted to a flat morphology in the
presence of E2 (bottom panel right). (B) NIH 3T3 [MEKK3-ER] cells trans-
formed with RasQ61L were tested for anchorage-independent growth in the
presence (bottom panel) or absence (top panel) of E2, corresponding to active or
inactive MEKK3-ER, respectively. Two weeks after seeding photographs were
taken and the percentage of colonies consisting of at least five cells was deter-
mined in a total of 20 different fields from four different dishes and in two
independent experiments, each with or without E2. (C) Untransformed
(MEKK3) or RasQ61L-transformed (MEKK3 + ras) NIH 3T3 [MEKK3-ER]
cells were starved in the absence of serum for 3.5 days with or without E2 and
then either stimulated or not stimulated with 10% FCS for 15 h, with or without
the continued presence E2, as indicated. Detergent lysates (100 wg) were sepa-
rated by SDS-PAGE and immunoblotted with antibodies against cyclin D1
(cycD1), cyclin A, endogenous MEKK3, or the MEKK3-ER fusion protein, as
indicated on the left. Ras-transformed cells express the G;-phase cyclin D1 even
in the absence of serum, which is suppressed in the presence of E2 and active
MEKKS3-ER. Serum stimulation further increases cyclin D1 expression, but only
in the absence of E2.

able to rule out an involvement of proteins whose activity may
be less specifically inhibited by SB203580, since even lower
concentrations were still effective in relieving the arrest.

It is not known precisely how MEKK3 might utilize p38 to
block cyclin D1 expression, but present data show a correlation
of p38 activation with strong and sustained induction of
MKP-1. MEKK3 also leads to delayed induction of MKP-3
(data not shown), and these and possibly other MEKK3-in-
duced phosphatases may then critically attenuate ERK activity
for an extended period of time after serum stimulation (33). In
line with this hypothesis, expression of cyclin D1 and progres-
sion through G, have been reported to depend on sustained
ERK activity, well past the initial serum-induced peak of ERK
activity (15, 28, 56). Future research is required to fully eluci-
date the molecular mechanisms by which MEKK3 suppresses
cyclin D1 expression and arrests the cell cycle. A model for cell
signaling emerges in which the precise relative levels and ki-
netics of activation of the various MAPKs are integrated
through cross talk over time to determine the final physiologic
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response of cells. In this scenario, MKPs could be critical
components in the quantitative regulation and cross talk.

MEKKS reverts Ras-induced cellular transformation. On-
cogenic Ras induces the expression of cyclin D1 in NIH 3T3
cells, and this is necessary for its transforming activity (22). The
strong growth-inhibitory effect of MEKK3-ER was evident
even in Ras-transformed NIH 3T3 cells, indicating a domi-
nance of MEKK3 over Ras and suggesting a tumor suppressor-
like role for this kinase. The dominant negative effect of
MEKK3-ER on both serum- and Ras-induced expression of
cyclin D1 and on proliferation lends further support to the idea
that the mechanism by which MEKK3 arrests cells may involve
its negative effect on ERK, at least on prolonged activation of
this kinase throughout G,. This is because Ras is known to
induce cyclin D1 expression via the Raf-MEK-ERK pathway,
and this pathway has been shown to be necessary for the
transforming activity of oncogenic Ras (22, 25). Despite these
correlations, however, mechanisms of cyclin D1 inhibition by
MEKK3 which do not involve ERK modulation cannot yet be
ruled out. It will be of interest to determine if mutational
inactivation or modulation of function of MEKK3 occurs in
association with tumor formation in vivo, since that may
present a way for cells to bypass a growth-inhibitory signal
mediated via MEKK3.

Possible biological functions of MEKK3. A critical question
which remains to be answered in future experiments is which
signaling cascades flow through MEKK3. Immunocomplex ki-
nase assays of endogenous MEKK3 revealed only high basal
activity with several substrates, a level of activity which was
only minimally modulated by any number of extracellular sig-
nals given to cells (data not shown). It is possible that regulated
activity is lost with cell homogenization. We have observed
endogenous MEKK3 to migrate as one to three bands on
denaturing protein gels, with the slower-migrating species rep-
resenting hyperphosphorylated forms (data not shown). Some
extracellular stimuli can increase the amount of the slower-
migrating forms, which suggests signal-dependent phosphory-
lation and thus possibly modulation of function. Ras transfor-
mation also caused increased phosphorylation of MEKK3 (Fig.
8). However, the relevance of these observations remains un-
clear since changes in the phosphorylation status of endoge-
nous MEKKS3 could not be correlated with significant changes
in kinase activity as measured with immunocomplex assays.

The effects of conditional activation of the MEKK3 kinase
described in this report, including cell cycle arrest in early G,,
changes in cell morphology, and inhibition of Ras-induced
transformation, suggest an involvement of MEKK3 in cell cycle
checkpoint controls. It is conceivable, for example, that
MEKK3 temporarily halts the cell cycle in G, to allow cells
time to deal with stress or damage. MEKK3 may have other
functions as well, given the demonstrated activation of various
MAPK signaling paths. Activation of p38 by MEKK3 may be
important not only to arrest or slow down cells but also to
coordinate a differentiated response to an environmental chal-
lenge, since the induced expression of various cytokines has
been shown to involve p38 (20).

Another role of MEKK3 may be participation in cell differ-
entiation. It is well established that cell cycle withdrawal and
terminal differentiation are tightly coupled processes in many
cell types. One mechanism for cell cycle withdrawal appears to
involve upregulation of the cdk inhibitor p21, which has been
described for various differentiation models (14, 29, 51, 54),
including the nerve growth factor-induced neuronal differen-
tiation of PC12 cells (2, 36). In this system, p21 is thought to
critically inhibit cyclin D1-associated kinase activity (58). Al-
though MEKK3 uses a different mechanism to downregulate
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cdk4-cyclin D1-associated kinase activity (MEKK3-ER pre-
vents induction of cyclin D1), the final growth arrested pheno-
type appears to be similar to that seen during terminal differ-
entiation processes. Indeed, MEKK3’s ability to arrest the cell
cycle in early G, may be part of its ability to induce a differ-
entiation-like phenotype in PC12 cells, including the formation
of neurite-like processes (data not shown). Finally, the pheno-
typic changes induced in E2-treated NIH 3T3 [MEKK3-ER]
cells also superficially resemble those of senescent cells, which
adopt a flat, enlarged morphology and cease proliferation at
subconfluent densities, despite the presence of serum (re-
viewed in reference 50). The results described here reveal the
first insights into functions of MEKK3, which include a pro-
found cell cycle arrest in the absence of apoptosis or necrosis.
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