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Noncatalytic Function of ERK1/2 Can Promote
Raf/MEK/ERK-mediated Growth Arrest Signaling™
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Kinase activity is known as the key biochemical property of
MAPKSs. Here, we report that ERK1/2 also utilizes its noncata-
Iytic function to mediate certain signal transductions. Sustained
activation of the Raf/MEK/ERK pathway induces growth arrest,
accompanied by changes in cell cycle regulators (decreased ret-
inoblastoma phosphorylation, E2F1 down-regulation, and/or
p21€™®! up-regulation) and cell type-specific changes in mor-
phology and expression of c-Myc or RET in the human tumor
lines LNCaP, U251, and TT. Ablation of ERK1/2 by RNA inter-
ference abrogated all these effects. However, active site-disabled
ERK mutants (ERK1-K71R, ERK2-K52R, and ERK2-D147A),
which competitively inhibit activation of endogenous ERK1/2,
could not block Raf/MEK-induced growth arrest as well as
changes in the cell cycle regulators, although they effectively
blocked phosphorylation of the ERK1/2 catalytic activity read-
outs, p90%5X and ELK1, as well as the cell type-specific changes.
Because this indicated a potential noncatalytic ERK1/2 func-
tion, we generated stable lines of the tumor cells in which both
ERK1 and ERK2 were significantly knocked down, and we fur-
ther investigated the possibility using rat-derived kinase-defi-
cient ERK mutants (ERK2-K52R and ERK2-T183A/Y185F) that
were not targeted by human small hairpin RNA. Indeed, ERK2-
K52R selectively restored Raf-induced growth inhibitory signal-
ing in ERK1/2-depleted cells, as manifested by regained cellular
ability to undergo growth arrest and to control the cell cycle
regulators without affecting c-Myc and morphology. However,
ERK2-T183A/Y185F was less effective, indicating the require-
ment of TEY site phosphorylation. Our study suggests that func-
tions of ERK1/2 other than its “canonical” kinase activity are
also involved in the pathway-mediated growth arrest signaling.

ERK1? and its homologue ERK2, the MAPK components of
the Raf/MEK/ERK cascade of Ras signaling, are ubiquitously
expressed serine/threonine kinases with more than 160 sub-
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strates identified to date (1). ERK1/2 interacts with a wide
variety of proteins (2, 3). Upon phosphorylation by MEK1/2,
the only known activator of ERK1/2, ERK1/2 phosphorylates
transcription factors, other kinases, phosphatases, cytoskeletal
proteins, scaffolds, receptors, and signaling components that
mediate diverse cellular processes. Although kinase activity of
ERK1/2 is central in activation or inactivation of these ERK
targets, it was also reported that ERK, in an in vitro reaction, can
mediate noncatalytic activation of DNA topoisomerase Ila,
suggesting that ERK1/2 also has noncatalytic function (4).
Nonetheless, the possibility that ERK1/2 has functions other
than kinase has not yet been clearly addressed in cells.

Many studies have shown that ERK1/2 signaling is pivotal in
controlling cell survival and cell cycle progression (5). Consti-
tutive activation of the MAPK cascade is also a central signature
of many cancers with dysregulated Ras/Raf signaling (6, 7). Par-
adoxically, sustained activation of the Ras/Raf pathway induces
growth arrest in primary cultured normal cells and in vivo, sug-
gesting that cells possess anti-oncogenic defense mechanisms
against aberrant activation of the pathway (8 -13). Interest-
ingly, Ras/Raf activation also elicits growth arrest in certain
malignant tumor cell lines, mainly derived from medullary thy-
roid carcinoma, small cell lung carcinoma, pheochromocy-
toma, glioma, and prostate carcinoma (14-24). These tumor
cell lines exhibit cell cycle arrest in G,/G; or G,/M phases and
differentiation in response to sustained activation of the Raf/
MEK/ERK pathway. Because these Ras/Raf-responsive tumor
cell lines are generally derived from tumor types in which muta-
tion of Ras/Raf or elevated signaling of the pathway is rarely
detected, it is considered that the pathway does not provide
growth advantage to these tumor types and that they may retain
intact innate tumor-suppressive mechanisms that respond to
aberrant Ras/Raf activation. Elucidation of molecular mecha-
nisms underlying the growth arrest barrier may not only pro-
vide insight into the steps involved in Ras/Raf tumorigenesis
but also lead to potential strategies to suppress tumor growth.

In different cell types, the Ras/Raf/MEK/ERK pathway medi-
ates growth arrest by controlling the key cell cycle regulatory or
tumor-suppressive proteins, including Rb, E2F, cyclin-depen-
dent kinase inhibitors, or p53 (11-13, 21, 25-29). This appar-
ently straightforward mechanism is complicated by cell type-
dependent participation of various intermediate signaling
pathways, including p38 MAPK/PRAK, Wnt/glycogen syn-
thase kinase 3/3-catenin, secretion of soluble factors, and mod-
ulators of cellular redox balance (30-35). We also have shown
that the Raf/MEK/ERK pathway mediates growth arrest utiliz-
ing leukemia inhibitory factor, the JAK/STAT pathway, or
IFI16 in a subset of tumor cell lines (22-24, 36). Although
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ERK1/2, as the focal point of the Raf/MEK/ERK pathway, would
be expected to play a pivotal role in regulating these diverse
growth arrest signaling networks and use of the MEK1/2-spe-
cific inhibitors, U0126 and PD98059, strongly support this
notion (12, 16, 22, 37), the necessity of ERK1/2 has not been
directly addressed. Study of ERK signaling is hampered because
many cell types are sensitive to the absence of ERK1/2. Apart
from the lethal effects of ERK1/2 gene deletion (38, 39),
decreases in ERK1/2 activity, either through expression of
kinase-deficient ERK mutants (40, 41) or gene knockdown (42—
44), significantly suppressed cell proliferation in all cell types
examined thus far. Accordingly, our knowledge of mechanisms
underlying ERK signaling in the context of growth arrest is still
limited.

In this study, we hypothesized that the Ras/Raf-responsive
tumor lines may provide an advantage to study the role of
ERK1/2 in the pathway-mediated growth arrest by serving as a
model that is less sensitive to ERK1/2 depletion. Using lentiviral
RNA interference systems designed for ERK1- and ERK2-spe-
cific knockdown, we demonstrate that ERK1 and ERK2 have
redundant roles in mediating Raf/MEK-induced growth arrest
in the human prostate carcinoma line LNCaP. Furthermore,
using LNCaP, the human glioma line U251, and the human
medullary thyroid carcinoma line TT, we generate cell line
models in which both ERK1 and ERK2 are stably knocked down
to the level sufficient to maintain cell survival and to suppress
Raf/MEK-induced growth arrest. In these models, we asked
whether functions of ERK1/2 other than kinase activity are also
involved in its growth inhibitory signaling. Using catalytically
inactive ERK mutants, we demonstrate that noncatalytic func-
tion of ERK1/2 is also utilized in mediating the growth arrest
signaling.

EXPERIMENTAL PROCEDURES

Cell Culture, Generation of Stable Lines—The human pros-
tate carcinoma line LNCaP (ATCC) and the human medullary
thyroid carcinoma line TT (ATCC) were maintained in RPMI
1640 medium (Invitrogen) supplemented with 10 or 16% fetal
bovine serum, respectively. The human glioma line U251
(ATCC) and the primary normal human diploid fibroblast
IMR90 cells were maintained in minimum Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum. Cul-
ture conditions for these cell lines were also described previ-
ously (17, 21, 22). The ARaf-1:ER-expressing lines LNCaPRaf
and U251Raf were generated by stably transducing LNCaP and
U251 with the lentivirus produced from the pHAGE vector
containing the activatable ARaf-1:ER construct and selecting
against puromycin resistance. ARaf-1:ER is the CR3 catalytic
domain of Raf-1 fused to the hormone binding domain of the
human estrogen receptor and was activated with 1 um 4-hy-
droxytamoxifen (Sigma) as described previously (45). TTRaf
was described previously (22). The stable ERK1, ERK2, and
ERK1/2 double knockdown cell lines were generated by stably
transducing cell lines with lentivirus produced from pLL3.7-
shERK1 (human) and pLL3.7-shERK2 (human) and selecting
for puromycin resistance or for GFP expression.

Cell Proliferation Assay—For cell growth curves, cells were
seeded in 24-well plates (Corning Glass) at a density of 10* cells
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per well. Cell proliferation was measured by the colorimetric
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT) assay, as described previously (24). Briefly, cells in
24-well plates were treated with 40 ul of 5 mg/ml MTT (Sigma)
in phenol red-free RPMI 1640 medium containing 10% fetal
bovine serum for 3 h at 37 °C. The medium was then replaced
with 600 ul of DMSO and shaken for 15 min prior to measuring
absorbance at 540 nm. A.,, was measured every 2 days. Cell
proliferation was also measured by counting cells every 2 days
using a hemocytometer.

Cell Cycle Analysis—Cells were washed with ice-cold 0.2%
bovine serum albumin in phosphate-buffered saline, resus-
pended in 250 mM sucrose, 40 mwm citrate buffer (pH 7.6) con-
taining 0.5% DMSO. Nuclei were prepared, stained with pro-
pidium iodide (46), and analyzed by LSR flow cytometer (BD
Biosciences) with a gate that selects single nuclei within a nor-
mal size range. The cell cycle parameters from 10,000 gated
nuclei were determined by CellQuest software.

Viral Infection—The lentiviral expression vector pHAGE
and the lentiviral shRNA expression vector pLL3.7 (ATCC)
were used as described previously (47, 48). Briefly, for viral pro-
duction, pHAGE or pLL3.7 was co-transfected with packaging
vectors into 293T cells, and the resulting supernatant was col-
lected after 48 h. Viral titers were determined by infecting
HEK293 or the recipient cell lines with serially diluted viral
supernatants and scoring cells expressing GFP at 48 h post-
infection. Cells for experiments were infected with lentivirus
mixed with Polybrene (Sigma) at 4 — 8 ug/ml and switched into
fresh culture medium on the following day before further
treatment.

Plasmids and Recombinant Lentiviruses—pHAGE-GFP-
ERK1-K71R was generated by subcloning the kinase-deficient
ERKI-K71R (49) into the Notl/BamHTI site of the pHAGE vec-
tor. pHAGE-GFP-ERK2wt and pHAGE-GFP-ERK2-K52R
were generated by subcloning rat wild type ERK2 and the
kinase-deficient ERK2-K52R genes (49) into the Xhol/Xbal site
of pHAGE, respectively. To generate ERK2-D147A and ERK2-
T183A/Y185F, the wild type ERK2 in pBluescript SK(—) was
mutagenized using the QuickChange II site-directed mutagen-
esis kit (Stratagene, Cedar Creek, TX) and the primers TAAT-
GTTCTGCACCGTGCCCTCAAGCCTTCCAAC and GTT-
GGAAGGCTTGAGGGCACGGTGCAGAACATTA  (for
D147A), and CATACAGGGTTCTTGGCAGAGTTTGTAG-
CCACGCGTTGG and CCAACGCGTGGCTACAAACTCT-
GCCAAGAACCCTGTATG (for T183A/Y185F), respectively.
The resulting mutant genes were then subcloned into the Xhol/
Xbal site of pHAGE. To generate pHAGE-puro-Raf:ER, the
HindIII/Clal fragment of the pLNCX-ARaf-1:ER vector (45)
was ligated into the Xhol site of the pHAGE-puro vector,
containing a puromycin resistance gene. To generate virus
containing constitutively active MEKI (MEK1CA) or MEK2
(MEK2CA), MEKI-R4F (AN3/S218E/S222D) and MEK2-
KW71 (AN4/S222D/S226D) in pCEP4 (50, 51) were sub-
cloned into the Pmel site of the pHAGE vector, respectively.

Small Hairpin RNA (shRNA)-mediated Knockdown of ERK1
and ERK2—To construct ERK1 and ERK2 knockdown systems
specific to human or rat, we screened and selected individual
siRNA oligomers from the SMART Pool™ reagent (Dharma-
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con, Lafayette, CO) based on their knockdown efficacy and
specificity. Sequences of selected oligomers were used to
design lentiviral ShARNA systems targeting ERK1 or ERK2,
which were constructed in the Hpal/Xhol site of the pLL3.7
vector (ATCC). pLL3.7-shERK1 (human) expressed the
targeting sequence GACCTGAATTGTATCATC. pLL3.7-
shERK2 (human) expressed the targeting sequence CCAA-
AGCTCTGGACTTATT. pLL3.7-shERK2 (rat) expressed
the targeting sequence CCAAAGCTCTGGATTTACT, which
has a difference in the two bases underlined in comparison with
the human counterpart. Virus was then generated from these
vectors as described above. Successful and specific knockdown
of ERK1 and ERK2 was confirmed by Western blot analysis.

Immunoblot Analysis—Cells harvested at various times were
lysed in 62.5 mMm Tris (pH 6.8), 2% SDS mixed with the protease
inhibitor mixture (Sigma) that contains 4-(2-aminoethyl) ben-
zenesulfonyl fluoride, pepstatin A, E-64, bestatin, leupeptin,
and aprotinin and briefly sonicated before determining the pro-
tein concentration using the BCA reagent (Pierce). 50 ug of
protein was resolved by SDS-PAGE, transferred to a polyvinyl-
idene difluoride membrane filter (Bio-Rad), and stained with
Fast Green reagent (Fisher). Membrane filters were then blocked
in 0.1 M Tris (pH 7.5), 0.9% NaCl, 0.05% Tween 20 with 5% nonfat
dry milk and incubated with appropriate antibodies. Antibodies
were diluted as follows: MEK1/2, 1:2,500; phospho-MEK1/2 (Ser-
217/221), 1:2,500; ERK1/2, 1:2,500; phospho-ERK1/2 (Thr-202/
Tyr-204), 1:2,500; p90*sX, 1:2,500; phospho-p90~5* (Thr-359/
Ser-363), 1:2,500; ELK1, 1:2,000; phospho-ELK1 (Ser-383),
1:2,000; phospho-Rb (Ser-780), 1:1,000; GAPDH, 1:5,000 (Cell Sig-
naling); E2F1, 1:1,000; c-Myc, 1:1,000; poly(ADP-ribose) polymer-
ase, 1:1,000 (Thermo Fisher Scientific, Waltham, MA); p21<™,
1:1,000; RET, 1:1,000 (Santa Cruz Biotechnology, Santa Cruz, CA);
Rb, 1:1,000 (BD Biosciences). For analysis of nuclear extracts, we
extracted nuclear fractions using the nuclear extraction kit
(Pierce) according to the manufacturer’s instruction. The Super-
signal West Pico and Femto chemiluminescence kits (Pierce) were
used for visualization of the signal. For densitometry, immu-
noblots were scanned and analyzed using LabWorks™
(UVP Biolmaging Systems, Upland, CA).

RESULTS

Raf Induces, via MEK1/2 Activation, Growth Arrest Accom-
panied by Changes in Cell Morphology and Expression of Cell
Proliferation Regulators—Sustained activation of the Raf/
MEK/ERK pathway induces growth inhibitory signaling, char-
acterized by cell cycle arrest in G,/G; or G,/M phases and mor-
phological changes, in certain malignant cancer cell types,
including the human prostate carcinoma line LNCaP, the
human glioma line U251, and the human medullary thyroid
carcinoma line TT (17, 21, 22). Using these tumor cell lines as
models, we attempted to determine the requirement of ERK1
and ERK2 for the pathway-mediated growth arrest and to
investigate underlying mechanisms of ERK1/2 signaling. For a
specific control of the Raf/MEK/ERK pathway activation in
these cells, we used the ARaf-1:ER construct that is regulated by
the estrogen analogue 4-hydroxytamoxifen (45). ARaf-1:ER can
induce ERK1/2 activity similar to the levels detected in human
cancer cell lines displaying deregulated ERK1/2 signaling (sup-
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plemental data 1), and it has been important in the studies of the
mechanism of growth arrest induced by oncogenically altered
Raf/MEK/ERK signals (12, 16 -19, 21, 22, 52).

When LNCaP cells, stably infected with ARaf-1:ER (LNCa-
PRaf), were exposed to 4-hydroxytamoxifen, cells exhibited
morphological changes and decreased cell proliferation rates
(Fig. 1A, top two panels, and B; supplemental data 2, A and B),
which were correlated with decreased S phase and increased
G,/M phase cell populations (supplemental data 2C), and
altered levels of cell cycle regulators, including decreased phos-
pho-Rb and E2F1, and increased p21<™"* (Fig. 1C, Ist two lanes;
supplemental data 2D). The cyclin-dependent kinase inhibitor
p21<"™! can mediate growth arrest and senescence by inhibiting
cyclin-dependent kinases (53), whereas E2F1 is a critical tran-
scription factor involved in S phase cell cycle progression,
which is sequestered by Rb and is released upon phosphoryla-
tion of Rb (54). In addition to these previously reported changes
(17), Rafactivation in LNCaP cells led to down-regulation of the
pleiotropic proto-oncogene c-Myc (Fig. 1C; supplemental data
2D), which has recently been identified as a critical component
required to overcome Ras/Raf-mediated senescence-like
growth arrest in melanoma cells (55). In that study (55), c-Myc
up-regulation was correlated with the tumor stages that have
overcome N-Ras/B-Raf-induced senescence, whereas c-Myc
knockdown was sufficient to restore senescence responses in
N-Ras/B-Raf-mutated melanoma cells. Raf activation also
induced E2F1 down-regulation and p21<™™* up-regulation, but
not down-regulation of phospho-Rb and c-Myc, in U251 cells
(supplemental data 2E), whereas it induced down-regulation of
E2F1 and the RET receptor tyrosine kinase in TT cells (see Fig.
4D for TT). RET oncogene is necessary for cell survival of med-
ullary thyroid carcinoma, and its down-regulation was shown
to be associated with Raf-induced growth arrest in TT cells (18,
22). All of these ARaf-1:ER-induced changes were specific to
Raf activation, because 4-hydroxytamoxifen alone did not
induce any similar changes (supplemental data 2), as shown
previously (12,16 -19, 21, 22, 52). In this study, given the poten-
tial of these cell cycle regulators (Rb, E2F1, and p21<'**), c-Myc
and RET, to influence cell proliferation, these proteins are used
as surrogate markers to evaluate the mechanisms of Raf/MEK/
ERK growth arrest signaling in the tumor cell lines.

All of the Raf-induced changes in LNCaP cells, including
morphology, growth arrest, and expression of c-Myc and the
cell cycle regulatory proteins, were abrogated by U0126,
although the MEK1/2 inhibitor also affected basal cell growth
and basal levels of these proteins (Fig. 1, A—C), indicating that
MEK1/2 is required for Raf-induced growth arrest signaling as
well as for maintaining basal cell growth. On the other hand,
expression of the constitutively active MEK1 or MEK2, which
contain the phosphomimetic mutations (S218E/S222D in
MEKI1 and S222D/S226D in MEK?2) and deletion of an N-ter-
minal a-helix (AN3 in MEK1 and AN4 in MEK2) (50), was
sufficient to induce “Raf activation”-like changes in morphol-
ogy and expression of the cell cycle regulators and c-Myc (Fig. 1,
D and E). The capability of the active MEK to mediate growth
arrest signaling was further manifested when overexpression of
the constitutively active MEK1 suppressed proliferation of
LNCaP by inducing a similar pattern of cell cycle arrest as Raf
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FIGURE 1. MEK1/2 is essential and sufficient to mediate Raf-induced growth inhibitory signaling. A-C, LNCaPRaf cells harboring the hormone-activatable
Raf:ER were treated with 1 um 4-HT in the presence or absence of 10 um U0126 (MEK1/2 inhibitor) and examined for morphological changes at day 2 (A), cell
proliferation for 8 days by MTT assay (B), and expression of phosphorylated MEK1/2 (pMEK1/2), phosphorylated ERK1/2 (pERK1/2), ERK1/2, c-Myc,
phosphorylated Rb (pRb), Rb, E2F1, and p21<'" (Jlower band) by Western blot analysis at day 2 (C). The downshift of Rb bands indicates down-regulated Rb
phosphorylation. GAPDH was detected to validate equal protein loading. Data (means * S.E.) are from a representative experiment performed in triplicate. p
value is <0.05 for U0126 + 4-HT compared with control + 4-HT (Student’s t test). 4-Hydroxytamoxifen alone had no effect on morphology, cell proliferation,
and expression of these proteins (supplemental data 2). D-F, LNCaP cells, infected with lentivirus containing constitutively active MEK1 (MEKTCA) or MEK2
(MEK2CA), were observed for morphological changes at day 2 post-infection (D), expression of the indicated proteins by Western blot analysis at day 2 (E), and
cell proliferation for 8 days by cell counting. The empty pHAGE lentivirus was used as control. Similar infection ratio was verified by GFP expression (D, lower

panels). HA indicates expression of MEK1CA and MEK2CA. Cell counts (means = S.E.) are from a representative experiment performed in triplicate.

activation (Fig. 1F; supplemental data 3). These data indicate
that MEK1/2 is necessary and sufficient to mediate Raf-induced
growth inhibitory signaling and also validate the use of the sur-
rogate markers to indicate Raf/MEK signaling.

Depletion of Both ERK1 and ERK2 Is Required to Block Raf-
induced Growth Arrest Signaling—ERK1 and ERK2 are the only
known substrates of MEK1/2 (56). To investigate whether
ERK1/2 is essential for Raf/MEK-induced growth inhibitory
signaling, we examined the effect of ERK1/2 ablation using the
pLL3.7 lentiviral systems that express shRNA targeting ERK1
or ERK2.

In most cell types, ERK1/2 knockdown is growth-suppressive
(42—44). This effect would prevent our assessment of the role of
ERK1 and ERK2 in Raf/MEK-mediated growth suppression.
Indeed, when both ERK1 and ERK2 were knocked down in the
normal human diploid fibroblast IMR90, which is a model of
Ras/Raf-induced growth arrest (11-13, 33, 34), cell prolifera-
tion was significantly suppressed, hindering further manipula-
tion of the cells (supplemental data 4). However, the growth of
LNCaP, TT, and U251 cells was not significantly affected by
ERK1/2 knockdown, and therefore we could determine the
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effect of ERK1/2 depletion on Raf-mediated growth arrest in
these tumor cells.

When both ERK1 and ERK2 were knocked down, LNCaPRaf
cells no longer displayed the typical morphology changes in
response to Raf activation (Fig. 2A4). The double knockdown of
ERK1 and ERK?2 also rescued cells from Raf-mediated growth
arrest, as demonstrated by the cells transiently infected with the
two shRNA viruses (supplemental data 5) as well as the two
independently generated ERK1/2 knockdown stable clones
(Fig. 2D and Table 1). We were able to generate stably infected
LNCaP cells in which ERK1 and ERK2 are individually or dou-
bly knocked down, because LNCaP cells, transiently infected
with the shRNA viruses, could still proliferate (supplemental
data 5). Depletion of both ERK1 and ERK2, at the levels
achieved in our study (about 20-fold), substantially decreased
the levels of Raf-induced phosphorylation of ERK1/2 and the
ERK substrate, ribosomal S6 kinase (p90%°¥), indicating a sig-
nificant reduction in ERK activity (Fig. 2B for transient infec-
tion; Fig. 2C for stable infection; ERK1/2 densitometry shown
in Fig. 4B); p90®°¥ is a Ser/Thr kinase serving as a bona fide
readout of in vivo ERK1/2 kinase activity (57). Basal levels of the
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FIGURE 2. Depletion of ERK1/2 by RNA interference blocks Raf-induced growth inhibitory signaling. A and B,
LNCaPRaf cells, transiently infected with lentivirus containing shRNA targeting ERK1 (shERK1) or ERK2 (shERK2), or
with both viruses (shERK1/2), were treated with 1 um 4-HT for 2 days and examined for morphological changes (A)
and expression of pMEK1/2, MEK1/2, pERK1/2, ERK1/2, phosphorylated p90"* (pRSK), p90~° (RSK), c-Myc, phos-
phorylated Rb (pRb), Rb, E2F1, and p21“"' by Western blot analysis (B). The empty pLL3.7 virus was used as
control. Similar infection ratio was verified by GFP expression (A, bottom panels). C and D, cells of LNCaP stable
clones, in which ERK1 and ERK2 are individually or doubly knocked down, were infected with the inducible
Raf:ER virus and treated with 4-hydroxytamoxifen to examine expression of the indicated proteins by Western
blot analysis at day 2 (C) or to monitor cell proliferation for 10 days by MTT assay (D). Data (means = S.E.) are
from a representative experiment performed in triplicate. p value is <0.005 for clone 1 and clone 2, respec-
tively, when cell growth rates affected by Raf activation were compared with the control (Student's t test).

upstream kinase MEK1/2, its activa-
tion by Raf, and total p90*5* levels
were not affected by ERK1/2 deple-
tion, indicating that the decreased
ERK activity was a specific effect
caused by ERK1/2 depletion. Deple-
tion of both ERK1 and ERK2 at this
level also did not affect basal levels
of c-Myc, Rb, and E2F1, although it
increased p21<'™* basal levels (Fig.
2, Band C). Under this condition, all
of the Raf-induced changes, includ-
ing down- or up-regulation of
c-Myc and the cell cycle regulatory
proteins, were also significantly
abrogated, indicating that ERK1/2 is
necessary for the growth inhibitory
signaling.

Knockdown of ERK1 or ERK2
alone effectively depleted the cell
of either ERK1 or ERK2, but it did
not significantly affect Raf-induced
phosphorylation of p90*%* and
changes in morphology and the lev-
els of c-Myc, Rb, E2F1, and p21<™™*
(Fig. 2, A and C). These data indicate
that ERK1 and ERK2 are function-
ally redundant in the context of
growth inhibitory signaling.

The necessity of ERK1/2 for Raf-
induced growth arrest signaling was
also observed in U251 and TT cells,
and furthermore, ERK1/2 stably
knocked down cells were also gener-
ated from these cell lines, and the
cells derived from U251 were poly-
clonal (Fig. 4, C and D, for transient
infection; Fig. 7, A and B, for stable
infection). Introduction of wild type
ERK2 into these ERK1/2 stable
knockdown cells restored Raf-me-
diated growth arrest responses
(Figs. 6 and 7) and the details are
described below.

Kinase-deficient ERK1 and ERK2
Mutants Cannot Block Raf-induced
Growth Arrest Signaling although
They Effectively Inhibit Activation of
Endogenous ~ ERKI/2—Exploiting
the relatively low sensitivity of these
tumor lines to ERK1/2 depletion, we
next investigated whether noncata-
Iytic functions of ERK1/2 might
exist and be involved in Raf/MEK/
ERK-induced growth arrest. For
this, we used the kinase-deficient
ERK mutant, ERK1-K71R, which
has K71R replacement in its active
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site but the intact TEY site in its activation loop (58). Therefore,
ERK1-K71R can be phosphorylated by MEK1/2 and undergo
the activating conformational changes, although it lacks kinase
activity. ERK1/2 mutants containing the Lys-Arg replacement
have been used as competitive inhibitors of endogenous ERK1
and ERK2 activation (41, 49). Accordingly, we expected that
expression of ERK1-K71R would establish an intracellular con-
dition under which Raf activation increases phosphorylated
ERK protein levels but not ERK kinase activity.

To effectively block ERK1/2 activity without causing signifi-
cant cell stress, we used a lentivirus harboring the kinase-defi-
cient ERKI gene. More than 90% of LNCaPRaf cells were
infected with the virus as determined by GFP expression (Fig.
3A). Expression of ERK1-K71R, by itself, did not affect cell mor-
phology (Fig. 3A) and expression of p90**X, c-Myc, and the cell
cycle regulators (Fig. 3B), although it slightly retarded cell

TABLE 1

Effects of ERK1/2 knockdown or ERK1-K7 1R overexpression on
Raf-mediated cell cycle arrest

LNCaPRaf cells, infected with pLL3.7 (control for shERK1/2), shERK1, and shERK2,
pHAGE (control) or pHAGE-ERK1-K71R virus, were treated with 1 um 4-HT for
the days indicated. Data (mean = S.E.) are from a representative experiment per-
formed in triplicate. These data indicate that depletion of ERK1/2 could abrogate
Raf-mediated cell cycle arrest, but overexpression of the kinase-deficient ERK1-
K71R could not abrogate but rather augmented cell cycle arrest.

% of cells in phase

pLL3.7 shERK1/2
- + - + (4-HT)
Day 2
Go/G, 632+031 659+088 669=*002 637 +0.35
S 255+019 142*+127 209*031 220001
Gy/M  113+049 199+039 123+029 143 +0.17
pHAGE ERK1-K71R
- + - + (4-HT)
Day 2
Go/G, 726+1.01 741+1.03 726*131  79.9 +1.00
S 187 +101 141+148 186+ 105 049 *0.01
G,/M  872+1.07 11.8+133 884=*103 197+ 1.06
Day 4
Go/G, 685+1.01 773+105 704=*101  80.7+ 1.01
S 223+101 11.6*+215 21.7*102 051+ 001
Gy/M  918+1.02 11.0+151 793*105 188+ 1.02
A Bo . c
Q
Control 71 R o° p
5 -+ (4-HT)
— ! pERK1/2
i = &u ERK12
I =
< 2
[0
o
<
: o
- — c-MYC >
- o
- - RD

SN == W == E2F1

FIGURE 3. Kinase-deficient ERK1 inhibits Raf-induced morphological changes and c-Myc down-regula-
tion but not growth arrest. LNCaPRaf cells, infected with the lentivirus containing kinase-deficient ERK1-K71R
(K71R) or the empty pHAGE virus (control), were treated with 1 um 4-HT and examined for morphological
changes at day 2 (A), expression of pERK1/2, ERK1/2, pRSK, RSK, c-Myc, pRb, Rb, E2F1, and p21“"*! by Western
blot analysis at day 2 (B), and cell proliferation for 8 days (C). Similar infection ratio was verified by GFP expres-
sion (A, bottom panels). Cell counts (means =+ S.E.) are from a representative experiment performed in triplicate.
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16 7 —— pHAGE

growth (Fig. 3C). Upon Raf activation, the overexpressed
kinase-deficient ERK1 effectively competed for the active site of
MEK1/2 (as indicated by predominant phosphorylation of the
exogenous ERK) and inhibited activation of the endogenous
ERK1/2 (as indicated by the significant decreases in phospho-
p9075¥) (Fig. 3B). Under this condition, morphological changes
and c-Myc down-regulation were effectively blocked (Fig. 34),
indicating that these changes are controlled by the catalytic
activity of ERK1/2. However, surprisingly, ERK1-K71R could
not inhibit the effects of Raf activation on Rb, E2F1, and p21<™*
(Fig. 3B). The presence of ERK1-K71R rather augmented Raf-
mediated p21<"™' induction (Fig. 3B; this is consistently
observed in Fig. 5, B and C). At the levels of physiological con-
sequences, ERK1-K71R could not rescue cells from growth
arrest (Fig. 3C) but, in fact, augmented cell cycle arrest (Table
1). Because depletion of ERK1/2 protein blocked Raf-mediated
growth arrest, but inhibition of ERK1/2 kinase activity did not,
this indicated that ERK1/2 may have noncatalytic function,
which is required for Raf-induced growth arrest signaling.

This selective inability of kinase-deficient ERK1 to block Raf-
induced growth arrest was not due to insufficient inhibition of
endogenous ERK1/2 activation. When we compared the levels
of ERK1/2 catalytic activity inhibited by the two approaches,
RNA interference and overexpression of kinase-deficient ERK,
we detected relatively lower levels of endogenous phospho-
ERK2 in total cell lysates and phospho-p90*** in total and
nuclear extracts of cells expressing ERK1-K71R (Fig. 4, A and
B). Phosphorylation of ELK1, a member of the ternary complex
transcription factor subfamily that may serve as a readout of
nuclear ERK1/2 activity (41), was inhibited at equivalent levels
by both approaches (Fig. 44). Nevertheless, only RNA interfer-
ence could block Raf-induced down-regulation of Rb phosphor-
ylation and E2F1, although these two approaches similarly
blocked c-Myc down-regulation (Fig. 44). This observation was
not limited to LNCaP cells. In U251Raf cells, overexpression of
kinase-deficient ERK-K71R also could not block Raf-mediated
p21<'"! induction, although ERK1-K7IR expression was as
effective as ERK1/2 depletion in blocking phosphorylation of
p90®S¥ (Fig. 4C). Similarly in TTRaf cells, overexpression of
ERK-K71R could not block Raf-
mediated E2F1 down-regulation,
although it blocked down-regula-
tion of the RET receptor tyrosine
kinase similarly as ERK1/2 deple-
tion did (Fig. 4D).

These intriguing effects were not
limited to ERK1-K71R but also
were observed with kinase-deficient
ERK2 mutants. We generated
ERK2-K52R, which has the same
Lys-Arg replacement in its active
site, and another form of kinase-de-
ficient mutant ERK2-D147A, which
has an inactivating Asp-Ala replace-
ment in its catalytic domain (Hanks
subdomain VIb; Asp-147 acts as
the catalytic base) (59). These
kinase-deficient ERK2 mutants also

| —e— pHAGE + 4-HT
| o K71R
] —m— K7TIR+4-HT

0 2 4 6

8 (d)
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FIGURE 4. Inability of ERK1-K71R in blocking Raf-induced growth arrest is not due to insufficient deple-
tion of ERK1/2 kinase activity in different cell lines. A and B, LNCaPRaf cells, infected with the virus contain-
ing kinase-deficient ERK1 gene (K71R) or co-infected with the shERK1 and shERK2 viruses, were treated with
4-hydroxytamoxifen for 2 days. Total cell lysates (total) and nuclear extracts (nuclear) of harvested cells were
examined for expression of the indicated proteins by Western blot analysis. ELK1 is a nuclear substrate of
ERK1/2, indicating the catalytic activity of ERK1/2 in the nucleus. Upshift of ELK1 bands also indicates its
phosphorylation. GAPDH and poly(ADP-ribose) polymerase (PARP) were used to validate equal protein loading
of total cell lysates and nuclear extracts, respectively. B, Western blotting results of pRSK and ERK1/2 in total cell
lysates were analyzed by densitometry to calculate the fold changes in pRSK and ERK1/2 levels affected by the
two experimental conditions, RNA interference and overexpression of kinase-deficient ERK. ERK1/2 levels are
the sum of ERK1 and ERK2 levels. Data (means = S.E.) are from four independent experiments. *, p value is
<0.05 for ERK1-K7 1R effects compared with shERK1/2 effects. **, p value is <0.001 for shERK1/2 compared with
pLL3.7 (Student's t test). C and D, U251Raf and TTRaf cells, infected with the virus containing kinase-deficient
ERK1 gene (K71R) or co-infected with the shERKT and shERK2 viruses, were treated with 4-hydroxytamoxifen
for 2 days. Total cell lysates of harvested cells were examined for expression of the indicated proteins by
Western blot analysis. In this figure, c-Myc, Rb phosphorylation, E2F1, p21<*", RET, and p90*°K contrast the
biological effects caused by the expression of kinase-deficient ERK1 and the ERK1/2 knockdown.
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showed similar selective inability in
blocking Raf signaling in LNCaP
cells; these mutants could not
block the effects of Raf activation
on Rb, E2F1, and p21°™,
although they could inhibit mor-
phological changes, c-Myc down-
regulation, and phosphorylation of
p90*X (Fig. 5, A-C). These data
indicated that different downstream
events of Raf/MEK/ERK-mediated
signaling are mediated via different
ERK1/2 signaling mechanisms and
that some parts of this signaling may
be mediated by non-kinase function
of ERK1/2. In particular, growth
inhibition appears to require non-
kinase functions of ERK1/2, although
the morphological changes require
ERK1/2 kinase activity.
Kinase-deficient ERK Can Selec-
tively Restore Raf-induced Growth
Arrest in ERKI1/2-depleted Cells—
To directly address the possibility
that noncatalytic ERK function is
involved in the pathway-mediated
growth inhibitory signaling, we
determined whether rat-derived
ERK2-K52R (not recognized by
shRNA targeting human ERK2)
could selectively restore Raf-in-
duced growth arrest signaling in the
tumor cell lines in which ERK1 and
ERK2 are stably knocked down.
Expression of ERK2-K52R or wild
type ERK2 did not affect morphol-
ogy of the ERK1/2-depleted LNCaP
cells, and when Raf was activated,
only wild type ERK2 restored the
typical morphology changes (Fig.
6A), consistent with our earlier find-
ing that the Raf-mediated morpho-
logical changes require ERK cata-
lytic function (Figs. 3 and 5).
Expression of ERK2-K52R inhibited
the activation of the residual
ERK1/2 and further depleted these
cells of ERK catalytic activity (about
22-fold decrease), as indicated by
phospho-p90~5¥ levels (Fig. 6, B and
C); phospho-p90"5* was not
detected in cells expressing ERK2-
K52R even after prolonged develop-
ment of the Western blot. Under
this condition, the cells expressing
ERK2-K52R exhibited down-regu-
lated phospho-Rb and E2F1 levels
and up-regulated p21<""' levels
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FIGURE 5. Kinase-deficient ERK2 mutants have similar inability as kinase-
deficient ERK1 in blocking Raf-induced growth inhibitory signaling.
LNCaPRaf cells, infected with lentivirus containing ERK1-K71R, ERK2-K52R
(K52R), or another kinase-deficient ERK2 (D147A), were treated with 1 um
4-HT for 2 days and examined for morphological changes (A) and expression
of pMEK1/2, pERK1/2, ERK1/2, pRSK, c-Myc, Rb, E2F1, and p21<""" by Western
blot analysis (B and C). The empty pHAGE virus was used as control. ERK1-
K71R serves as the positive control for the comparison with ERK2-K52R. Sim-
ilar infection ratio was verified by GFP expression (A, bottom panels). GAPDH
was detected to validate equal protein loading.

(Fig. 6B, the densitometry is shown in C), although their mor-
phology did not change (Fig. 6A4). Remarkably, these cells could
also undergo growth arrest in response to Raf activation, as
demonstrated in the two independently generated LNCaP
clones (Fig. 6D), indicating that the kinase-deficient ERK2 has
an ability to mediate Raf-induced growth arrest.

We also attempted to verify this observation under the con-
dition that kinase-deficient ERK2 is expressed at physiologi-
cally relevant levels. For this, we controlled the expression lev-
els of the exogenous rat ERK2 using an additional lentivirus
encoding shRNA that specifically targets rat ERK2. Successfully
adjusted expression levels of ERK2-K52R or wild type ERK2 in
the ERK1/2 knockdown cells are shown in comparison with the
endogenous ERK2 level in LNCaPRaf cells (Fig. 6E); the inhibi-
tion levels of p90*** phosphorylation (indicating the ERK cat-
alytic activity) was also changed accordingly. Under this con-
dition, the cells expressing the kinase-deficient ERK2 still

NOVEMBER 27, 2009+VOLUME 284+-NUMBER 48

exhibited its capability to down-regulate phospho-Rb and E2F1
and to up-regulate p21<'"* in response to Raf activation simi-
larly to the cells expressing equivalent levels of wild type ERK2,
although phospho-p90**¥ levels, c-Myc down-regulation, and
morphological changes in these two groups were clearly con-
trasted (Fig. 6E, data not shown for morphology). This was con-
sistent with the results obtained before the control of protein
expression levels, as shown in Fig. 6, A and B. However, under
this modified condition, down-regulation of Rb phosphoryla-
tion was mild in cells expressing not only the kinase-deficient
mutant but also wild type ERK2, and basal levels of the marker
proteins were also affected (Fig. 6E), possibly indicating a tech-
nical difficulty in reconstituting a signal transduction pathway
using multiple gene knockdown as well as expression systems.
Restoration of Raf-mediated growth arrest signaling using
kinase-deficient rat ERK2 mutants was also tested in ERK1/2-
knocked down U251Raf and TTRaf cells and is described below
and in Fig. 7.

Phosphorylation of ERK on Its Activation Loop Is Important,
but Not Necessary, for Its Noncatalytic Function—Dual phos-
phorylation of the TEY site in the activation loop of ERK1/2 is
essential for its activation conformational changes (60). We
determined the significance of these phosphorylations for the
role of noncatalytic ERK mutants using a rat ERK2 mutant in
which the Thr and Tyr residues are switched with Ala and Phe,
respectively (ERK2-TY/AF). In ERK1/2 doubly knocked down
U251Raf cells, titrated expression of ERK2-K52R or ERK2-
TY/AF further depleted ERK1/2 catalytic activity, as indicated
by decreased p90™** phosphorylation, whereas wild type ERK2
restored Raf-induced p90~5* phosphorylation (Fig. 74). When
Raf was activated, the cells expressing ERK2-K52R clearly
exhibited p21<'** up-regulation and E2F1 down-regulation at
similar levels to the cells expressing wild type ERK2 (Fig. 7A).
However, cells expressing ERK2-TY/AF showed only mild
changes, which was various depending on the dose of virus used
(Fig. 7A). When cell proliferation rates were compared, ERK2-
K52R expression restored Raf-induced growth arrest, although
not as effectively as wild type ERK2, whereas ERK2-TY/AF
could not (Fig. 7A). This clearly contrasts the difference among
wild type ERK2, the active site mutant, and the activation loop
mutant. In ERK1/2 knocked down TTRaf cells, ERK2-K52R
partially restored Raf-mediated E2F1 down-regulation but not
RET down-regulation, whereas ERK2-TY/AF could not restore
anything (Fig. 7B). Nevertheless, Raf-mediated growth arrest
was not restored by ERK2-K52R in TT cells (Fig. 7B), indicating
that TT cells are less reliant on the noncatalytic ERK1/2 func-
tion. In the ERK1/2 knocked down LNCaPRaf cells, the differ-
ence between the active site mutant and the activation loop
mutant was not as clearly contrasted as in U251 cells. Although
slightly less efficient, ERK2-TY/AF could also restore the
growth arrest signaling, as determined by the surrogate mark-
ers and proliferation rates (Fig. 7C). These data indicate that the
activating phosphorylation of the TEY site is important for the
non-kinase function of ERK1/2, although not necessary, and
that different cell types have different levels of susceptibility to
the growth arrest signaling promoted by the noncatalytic ERK
mutants. Taken together, our findings strongly suggest that dif-
ferent levels of kinase activity as well as morality thresholds of
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ERK1/2 are involved in regulating growth arrest signaling of the
Raf/MEK/ERK pathway and that ERK1/2 utilizes not only its
“canonical” kinase activity but also its, as yet unidentified, non-
catalytic function to mediate the signaling.

DISCUSSION

In this study, we present several lines of evidence demon-
strating the following: (i) ERK1/2 is necessary for Raf/MEK-
induced growth inhibitory signaling to occur; (ii) the growth
arrest signaling involves different mechanisms of ERK1/2
action that contrast its catalytic activity and its, as yet uniden-
tified, noncatalytic function; and (iii) the novel noncatalytic
ERK1/2 function is also affected by its phosphorylation status.
First, depletion of ERK1 and ERK2 using RNA interference
abrogates Raf-induced growth inhibitory signaling in LNCaP,
U251, and TT cells, which are characterized by growth arrest
accompanied by morphological changes and up/down-regula-
tion of several key regulators of cell proliferation. Second, as
opposed to ERK1/2 depletion, expression of kinase-deficient
ERK1 or ERK2 mutants does not block Raf-induced growth
arrest, although it effectively depletes cells of ERK kinase activ-
ity and selectively blocks certain downstream incidents (e.g.
morphological changes, c-Myc down-regulation in LNCaP, and
RET down-regulation in TT cells). Third, introduction of
kinase-deficient ERK2 into ERK1/2-depleted cells selectively
restores Raf-induced growth arrest (e.g. selective restoration of
Raf control on cell cycle regulators). Finally, expression of
ERK2-K52R was more effective than expression of ERK2-
TY/AF in restoring Raf-mediated growth arrest signaling.

Heretofore, participation of ERK1/2 in Raf-induced growth
inhibitory signaling was mainly supported by two indirect
pieces of evidence. First, the MEK1/2 inhibitors, U0126 and
PD98059, abrogate the growth inhibitory signaling, as reported
previously by us and others (12, 16, 22, 37). These inhibitors
have high specificity to MEK1/2, which is expected for an inhib-
itor not competitive with ATP (61, 62), and were tested for
various kinases (63); this makes the possibility unlikely that
other kinases are also involved. Second, ERK1/2 is the only
known substrate of MEK1/2 (56). Taken together, these find-
ings strongly suggested the essential requirement of ERK1/2 for
Raf-mediated growth arrest. Our study using RNA interference
clearly demonstrates direct evidence that ERK1/2 is necessary
for the growth inhibitory signaling to occur and, furthermore,
that ERK1 and ERK2 have overlapping roles in that signaling
context. ERK1 and ERK2 are highly homologous. Nevertheless,
gene deletion studies in mice have shown distinct roles of ERK1
and ERK2 at different stages of development, including embry-

onic stem cell lineage commitment, T cell development, thy-
mocyte maturation, and trophoblast development, with the
characterization of ERK2 as being more important (38, 39, 64,
65). The significance of ERK2 over ERK1 for cell proliferation
and survival has also been suggested in a study conducted in
NIH3T3 cells using RNA interference (44). However, a more
recent study suggests that ERK1 and ERK2 activities are indis-
tinguishable and that the expression levels of ERK1 and ERK2
drive their biological differences in vitro and in vivo (43). Our
data also indicate overlapping or interchangeable roles for
ERK1 and ERK2 in Raf-mediated growth inhibition based on
the following: (i) LNCaP expresses similar levels of ERK1 and
ERK?2; (ii) depletion of ERK1 or ERK2 similarly affects LNCaP
responses to Raf activation; and (iii) ERK1 and ERK2 mutants
display similar abilities to mediate growth arrest.

In this study, we generated tumor cell lines, in which ERK1
and ERK?2 are stably knocked down. These cell lines are likely to
provide a unique advantage in characterizing molecular mech-
anisms of ERK1/2 signaling in the context of the pathway-in-
duced growth arrest, which might not be available in other cell
types with higher sensitivity to ERK1/2 depletion. These tumor
cells no longer responded to Raf-induced growth arrest sig-
naling. Controlled expression of ERK2 restored Raf respon-
siveness of these cells. Nevertheless, RNA interference, by
nature, cannot completely abrogate a gene expression.
Therefore, it remains possible that the residual ERK1/2 pres-
ent at low levels may still sustain cell survival and prolifera-
tion of these tumor lines. Likewise, it also remains possible
that the residual ERK1/2 may have exerted a role in restoring
the growth arrest signaling (discussed below).

In many studies, mainly in the context of cell survival and
proliferation, kinase activity has been characterized as the key
biochemical property required for ERK action. Indeed, inhi-
bition of ERK1/2 activity using the kinase-deficient ERK2
mutants used in our study is sufficient to block Raf-induced
CC139 cell proliferation or NIH3T3 cell transformation (40,
41). Interestingly, our study suggests that ERK1/2 signaling in
the opposite biological context (growth arrest) requires not
only its kinase activity but also its noncatalytic function. In
addition, p90®** and Elk1, which have been characterized as
the key mediators of ERK signaling for cell survival and pro-
liferation (66, 67), do not appear to be necessary for ERK-
mediated growth arrest. Therefore, we suggest that the key
mechanistic distinction between the Raf/MEK/ERK path-
way-mediated opposing “proliferation” and “growth arrest”
signaling is determined at the level of ERK. Noncatalytic ERK

FIGURE 6. Kinase-deficient ERK2 selectively reconstitutes Raf-induced growth inhibitory signaling in ERK1 and ERK2 stably knocked down LNCaP
cells. A-D, cells of the LNCaP-shERK1/2 stable clones, serially infected with the inducible Raf:ER virus and the lentivirus containing the rat-derived kinase-
deficient ERK2 (ERK2-K52R), were treated with 1 um4-HT and examined for morphological changes at day 2 (A), expression of the indicated proteins by Western
blot analysis and densitometry at day 2 (B and (), and cell proliferation for 10 days by MTT assay (D). The rat ERK2 genes (wild type (wt) and K52R) are not
recognized by shERK2 (human). The empty pHAGE virus was used as the control. Morphology and Western blot results shown are from the stable clone 1.
Similar results were obtained from the clone 2 (data not shown). C, densitometry data (means = S.E.) are from three independent experiments. *, p value is
<0.005 for ERK2-K52R effects compared with the control. **, p < 0.05 (Student’s t test). D, MTT assay data (means = S.E.) are from a representative experiment
performed in triplicate. p value is <0.005 for clone 1 and p < 0.05 for clone 2 when cell growth rates affected by Raf activation were compared with the control
(Student’s t test). £, to adjust expression of the exogenous ERK2 genes close to physiologically more relevant levels, LNCaP-shERK1/2 stable cell lines were
serially infected with the following: (i) the Raf:ER virus; (ii) virus containing ERK2-K52R (K52R) or ERK2wt (wt) gene; and (iii) virus expressing shRNA that
specifically targets the exogenous ERK2 genes (rat shERK2). Cells were then treated with 4-HT for 2 days and examined for expression of the indicated proteins
by Western blot analysis. LNCaPRaf cells were used as the control (Cont) for endogenous ERK2 expression levels.
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FIGURE 7. Phosphorylation on TEY site is important, but not necessary,
for noncatalytic function of ERK2. A, cells of U251Raf-shERK1/2, infected
with the lentivirus containing the rat-derived ERK2 genes (K52R, T183A/
Y185F (TY/AF), wild type (wt)) at two different doses, were treated with 1 um
4-HT and examined for expression of the indicated proteins by Western blot
analysis at day 2 and cell proliferation for 8 days by MTT assay. U251Raf is the
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function was also contrasted by the different regulations of
several important proteins that have the potential to influ-
ence cell proliferation (i.e. c-Myc, Rb, E2F1, and p21<™! in
LNCaP cells; p21<™* and E2F1 in U251; and RET and E2F1 in
TT cells). Because diverse intermediate pathways are mobi-
lized to mediate the growth arrest signaling in different cell
types (described in the Introduction) and it would involve
different ERK signaling mechanisms according to our cur-
rent findings, the different susceptibility to the novel ERK
signaling detected in LNCaP, U251, and TT cells may indi-
cate that different growth arrest-specific ERK targets are
activated via different ERK signaling mechanisms in a cell
type-specific manner to achieve the same goal (i.e. growth
arrest) in response to aberrant pathway activation.

It will be necessary to understand the mechanisms by which
the noncatalytic ERK1/2 mutants promoted the growth arrest
signaling. Dual phosphorylation on the TEY site appears
important for the action of the noncatalytic ERK mutants, indi-
cating that MEK1/2 catalysis is also required to stimulate the
noncatalytic ERK function. This is coherent with the result that
MEK1/2 is essential and sufficient for growth arrest to occur. In
support of this, compelling evidence was demonstrated in an in
vitro reaction that kinase-deficient ERK2 (K52R) in “active”
conformation could activate DNA topoisomerase [Ia through a
physical interaction (4). The phosphorylation-deficient ERK2-
T183A/Y185F showed lower but some degree of capability to
restore growth arrest signaling depending on its molarity and
cell types. Extrapolating from this and the fact that biphos-
phodimers of ERK1/2 generate much higher activity than
monophosphodimers and phosphomonomers (68), we specu-
late that a role of the noncatalytic mutants is to promote the
activity of other proteins via protein-protein interactions that
are augmented by ERK phosphorylation. Indeed, more recently,
it was reported that ERK1/2 can act as a spatial regulator
between other ERK1/2 and scaffolds to promote the formation
of a signaling complex, which is important in determining ERK
substrate specificity as well as subcellular localization (69). Sim-
ilarly, in the ERK1/2-depleted cells, the catalytically inactive but
conformationally active ERK proteins may have helped the
residual catalytically active ERK1/2 to reach a specific intracel-
lular compartment where the growth arrest-specific targets
reside, although this possibility is diminished by the rescue
experiments in which the residual ERK1/2 kinase activity was
further depleted. It may also be speculative that ERK1/2 helped

parental cells for U251Raf-shERK1/2. The empty pHAGE virus was used as the
control. Cells used for growth curve were from 1X viral dose-infected. Data
(means = S.E.) are from a representative experiment performed in triplicate. p
value is <0.05 for ERK2-K52R effects compared with wild type ERK2 or ERK2-
TY/AF (Student'’s t test). B, cells of TTRaf-shERK1/2, infected with the ERK2
lentivirus at three different doses, were treated with 4-hydroxytamoxifen and
examined for expression of the indicated proteins by Western blot analysis at
day 2 and cell proliferation for 10 days by cell counting. TTRaf is the parental
cells for TTRaf-shERK1/2. Cells used for growth curve were from 2 X viral dose-
infected. Data (means = S.E.) are from a representative experiment per-
formed in triplicate. C, cells of the LNCaP-shERK1/2 stable clones, serially
infected with the inducible Raf:ER virus and the lentivirus containing the rat-
derived kinase-deficient ERK2 (K52R, T183A/Y185F), were treated with 1 um
4-hydroxytamoxifen and examined for expression of the indicated proteins
by Western blot analysis and cell proliferation for 10 days by MTT assay. Cells
used for growth curve were from 1X viral dose-infected. Data (means * S.E.)
are from a representative experiment performed in triplicate.
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other MAPK signaling in a similar way as ERK1/2 can interact
with a certain MAPK such as the p38a isoform, Mxi2 (70). This
isan interesting possibility to test because p38 has recently been
characterized as an important downstream mediator of Ras/
Raf-induced senescence for the control of several cell cycle reg-
ulators, including p21<'** (30, 71). Finally, a growing number of
evidence indicates that a variety of noncatalytic adaptor pro-
teins are involved in MAPK signaling (2, 3). Therefore, it is also
conceivable that ERK1/2 may form a unique signaling complex
through protein-protein interactions to mediate noncatalytic
signaling. An important aspect taken into consideration for
future work will be to identify the proteins that specifically
interact with ERK1/2 to mediate growth arrest and also to iden-
tify residues and/or motifs of ERK involved in the signaling.

Complicated mechanisms involving the magnitude of signal-
ing intensity, spatio-temporal control, negative feedback regu-
lation, or different scaffolds and regulators play key roles in
determining physiological outputs of Raf/MEK/ERK signaling
(2, 3, 72). The noncatalytic function of EKR1/2 that we have
shown to be involved in the growth arrest signaling may be an
important part of this complex signaling repertoire.
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