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Abstract

In addition to its conventional role for cell proliferation and survival, the Raf/MEK/Extracellular
signal-regulated kinase (ERK) pathway can also induce growth arrest and death responses, if
aberrantly activated. Here, we determined a molecular basis of ERK1/2 signaling that underlies
these growth inhibitory physiological outputs. We found that overexpression of ERK1 or ERK2
switches ARaf-1:ER-induced growth arrest responses to caspase-dependent apoptotic death
responses in different cell types. These death responses, however, were reverted to growth arrest
responses upon titration of cellular phospho-ERK1/2 levels by the MEK1/2 inhibitor AZD6244.
These data suggest that a cellular threshold for active ERK1/2 levels exists and affects the cell fate
between death and growth arrest. We also found that death-mediating ability of ERK2 is abolished
by the catalytic site-disabling Lys52Arg replacement or significantly attenuated by the F-site
recruitment site-disabling Tyr261Asn replacement, although unaffected by the mutations that
disable the common docking groove or the dimerization interface. Therefore, ERK1/2 mediates
death signaling dependently of kinase activity and specific physical interactions. Intriguingly,
Tyr261Asn-replaced ERK2 could still mediate growth arrest signaling, further contrasting the
molecular basis of ERK1/2-mediated growth arrest and death signaling. These data reveal a
mechanism underlying the role of ERK1/2 as a focal point of RaffMEK/ERK-mediated growth
arrest and death signaling.
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1. Introduction

The Raf/MEK/Extracellular signal-regulated kinase (ERK) pathway is a highly specific
three-layered kinase cascade that consists of the Ser/Thr kinase Raf (A-Raf, B-Raf, and C-
Raf-1), the highly homologous dual-specificity kinases, MEK1 and MEK2 (collectively
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referred to as MEK1/2), and the ubiquitously expressed serine/threonine kinase ERK1 and
its homologue ERK2 (collectively referred to as ERK1/2) [1, 2]. Upon activation, Raf
phosphorylates MEK1/2, which in turn activate ERK1/2 by sequentially phosphorylating Tyr
and Thr in their activation loop. ERK1/2 then activate/inactivate a variety of targets,
including transcription factors, other kinases, phosphatases, cytoskeletal proteins, scaffolds,
receptors and signaling components.

The Raf/MEK/ERK pathway has pivotal roles in cell cycle progression and cell survival, and
its deregulation often causes tumorigenesis [3-5]. However, paradoxically, sustained
activation of this pathway can also induce cell cycle arrest or death in various cell types
(reviewed in [6-8]). We have also demonstrated growth inhibitory RaffMEK/ERK signaling
in different cell types and investigated the underlying molecular mechanisms, particularly at
the level of MEK/ERK [9-17]. The growth inhibitory effects of RaffMEK/ERK have been
suggested to be biologically significant and, most notably, are appreciated as an innate tumor
suppressive mechanism triggered upon aberrant pathway activation [18]. As such, better
understanding of the molecular mechanisms underlying growth inhibitory Raf/MEK/ERK
signaling is important.

As a focal point of the Raf/MEK/ERK pathway, ERK1 and ERK2 have the central roles in
determining the physiological outputs of pathway signaling. The specificity of ERK1/2
signaling is mainly determined by the magnitude and duration of their catalytic activity,
spatio-temporal regulation, as well as monomeric vs. dimeric status [1, 19]. These processes
usually require ERK physical interactions with different effectors, regulators, and isoforms
via specific domains and motifs [1, 19]. Although ERK1 and ERK2 are supposed to have
largely overlapping biological functions [20, 21], recent evidences suggest that these
enzymes also have unique functions [22, 23]. Moreover, although kinase activity of ERK1/2
is central for their canonical effects, recent studies including ours suggest that ERK1/2 also
have non-kinase effects [11, 24—-28]. These characteristics should be carefully considered
when determining the mechanisms of ERK1/2 signaling.

In this study, we asked whether RaffMEK/ERK-induced growth arrest and death signals can
bifurcate at ERK1/2 levels and, if so, what characteristics of ERK1/2 are important for the
bifurcation. We demonstrate that overexpression of ERK1 or ERK2 can switch Raf-induced
growth arrest responses to apoptotic death responses in different cell lines. We then
determine whether these effects require a high magnitude catalytic activity, specific physical
interactions, and dimerization using a series of ERK2 mutants. Our study provides evidence
that a cellular threshold for active ERK1/2 levels exists and affects the cell fate between
growth arrest and death when the Raf/MEK/ERK pathway is aberrantly activated.

2. Materials and methods

2.1. Cell culture and reagents

LNCaP-ARaf-1:ER, HEK293-ARaf-1:ER, and U251-ARaf-1:ER were generated by stably
transducing LNCaP, HEK293 and U251 with the lentiviral pHAGE vector containing
ARaf-1:ER and selecting for puromycin resistance, as previously described [11]. ARaf-1:ER
was activated with 1 uM 4-hydroxytamoxifen (Sigma, St. Louis, MO) as previously
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described [29]. LNCaP-ARaf-1:ER cells were maintained in phenol red-deficient RPMI
1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 100 U of
penicillin and 100 pg of streptomycin per ml. HEK293-ARaf-1:ER, and U251-ARaf-1:ER
cells were maintained in minimal essential medium (Invitrogen, Carlsbhad, CA)
supplemented with 10% fetal bovine serum. The ERK1/2 stable knockdown cell line,
LNCaP-shERK1/2, was generated by lentiviral pLL3.7-shRNA systems targeting ERK1
(nucleotides 801-819) and ERK2 (nucleotides 851-869), and was previously described [11].
AZD6244 was obtained from Selleck Chemicals (Houston, TX).

2.2. Cell survival/death and cell cycle analyses

The colorimetric 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma) assay was performed as previously described [11]. Briefly, cells in 96 well-plates
were incubated with 100 ul of MTT (0.5 mg/ml) in phenol red-free medium for 2 hours at
37°C, switched into 200 pl of dimethyl-sulfoxide, and shaken for 5 min at room temperature
before measuring absorbance at 540 nm. Cell death was measured by counting trypan blue-
stained cells using the hemocytometer. Annexin V/propidium iodide (Invitrogen) was
stained, as previously described [30].

The cell-cycle profile was analyzed as previously described [11]. Briefly, cells were washed
with ice-cold 0.2% bovine serum albumin in phosphate-buffered saline, and resus-pended in
250 mM sucrose/40 mM citrate buffer (pH 7.6) containing 0.5% dimethylsulfoxide. Nuclei
were prepared, stained with propidium iodide, and analyzed using the Guava EasyCyte
flowcytometry system (MilliporeSigma, Billerica, MA, USA) with a gate that selects single
nuclei within a normal size range. The cell-cycle parameters from 5,000 gated nuclei were
determined, and subsequent analysis was performed using FCS EXPRESS software (De
Novo Software, Los Angeles, CA, USA).

2.3. Viral infection

The lentiviral expression vector pHAGE was used as previously described [31, 32]. Briefly,
for viral production, pHAGE was co-transfected with packaging vectors into 293T cells and
the resulting supernatant was collected after 48 hours. Viral titers were determined by
infecting the recipient cell lines with serially diluted viral supernatants mixed with
polybrene (Sigma) at 8 pg/ml and scoring cells expressing GFP at 48 hour post-infection.
Cells were infected overnight and were switched into fresh culture media.

2.4. Recombinant lentiviral constructs and RNA interference

Generation of pHAGE-puro-Raf:ER, pHAGE-GFP-ERK2wt, pHAGE-GFP-ERK2-K52R
was previously described [11]. pHAGE-GFP-ERK1 was constructed by ligating N-terminal
HA-tagged human ERK1 into the Notl/BamHI sites of the lentiviral pHAGE vector.
pHAGE-GFP-ERK2-HE-L4A and pHAGE-GFP-ERK2-Y261N were generated by
switching Sacll/Xbal fragment of rat wild type ERK2 in pHAGE with the corresponding
fragments from pCMV-Myc-ERK2-HE-L4A [33] and pCMV-FLAG-ERK2-Y261N [34],
respectively. pHAGE-GFP-ERK2-D316/319A was generated by mutagenesis of pHAGE-
GFP-ERK2wt using the Quickchange site-directed mutagenesis kit (Agilent Tech, La Jolla,
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CA) and the primers TGGAGCAGTATTATGCCCCAAGTGCTGAGCCCATTGCTG and
CAGCAATGGGCTCAGCACTTGGGGCATAATACTGCTCCA.

2.5. Immunoblot analysis

Cells harvested at various times were lysed in 62.5 mM Tris (pH 6.8)-2% SDS mixed with
the protease inhibitor cocktail (Sigma) that contains 4-(2-aminoethyl) benzenesulfonyl
fluoride, pepstatin A, E-64, bestatin, leupeptin, and aprotinin, and briefly sonicated before
determining the protein concentration using the BCA reagent (Pierce, Rockford, IL). 50 ug
of protein was resolved by SDS-PAGE, transferred to a polyvinylidene difluoride membrane
filter (Bio-Rad, Hercules, CA), and stained with Fast Green reagent (Thermo Fisher
Scientific, Waltham, MA). 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: ERK1/2, 1:2,500; phospho-ERK1/2 (Thr202/Tyr204 for
ERK1 and Thr183/Tyr185 for ERK2), 1:2,500; phospho-p90RSK (Thr359/Ser363), 1:2,500;
phospho-ELK1 (Ser383), 1:2,000; phospho-Rb (Ser780), 1:2,500; glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), 1:5,000; poly (ADP-ribose) polymerase (PARP),
1:2,000; cleaved lamin A, 1:2,000; caspase-9, 1:2,000; cleaved caspase-3 (Asp175), 1:2,000
(Cell Signaling Technology, Danvers, MA); E2F1, 1:1,000; c-MYC, 1:1,000 (Thermo Fisher
Scientific); ERK2 (C-14), 1:2,000; p21€!P1 1:2 500 (Santa Cruz Biotech, Santa Cruz, CA);
p16/NK4A '1:2 500; Rb, 1:1,000; caspase-8, 1:2,000 (BD Bioscience, San Jose, CA); cyclin
D1, 1:2,000; B-actin, 1:5,000 (Sigma); phospho-caspase-9, 1:2,000 (Assay Biotech,
Sunnyvale, CA). The Supersignal West Pico and Femto chemiluminescence kits (Pierce)
were used for visualization of the signal. For densitometry, immunoblots were scanned and
analyzed using LabWorks™ (UVP Biolmaging Systems, Upland, CA).

2.6. Statistical analysis

Unless otherwise specified, two-tailed unpaired student’s #test was used to assess the
statistical significance of two data sets. £ values of < 0.05 were considered statistically
significant.

3. Results

3.1. Overexpression of ERK1/2 switches growth arrest responses to cell death responses
in ARaf-1:ER-activated cells

To determine cellular responses to different magnitudes of ERK1/2 activity, we examined
the effects of ERK1 or ERK2 overexpression in different human tumor or immortalized
normal cell lines that stably express the tamoxifen-inducible ARaf-1:ER (i.e., LNCaP-
ARaf-1:ER, HEK293-ARaf-1:ER, and U251-ARaf-1:ER). ARaf-1:ER is the CR3 catalytic
domain of Raf-1 fused to the hormone binding domain of the estrogen receptor [29]. Its Raf
kinase activity can thus be precisely regulated by the estrogen analogue, 4-
hydroxytamoxifen (4-HT). Indeed, we previously demonstrated that 4-HT induces
stoichiometric activation of MEK/ERK in ARaf-1:ER-expressing cells and maximal ERK1/2
phosphorylation can be maintained for 24 — 48 hours when 4-HT is used in 100 — 1000 nM
range (Fig. 2 of Ref [35]).
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Upon transduction at higher than 95% efficiency, as determined by visualizing GFP (Fig.
1A), the pHAGE lentivirus expressing ERK1 and ERK2 (pHAGE-ERK1 and pHAGE-ERK2
hereafter) substantially increased corresponding ERK protein levels in LNCaP-ARaf-1:ER
cells, as determined by Western blotting (Fig. 1B). This overexpression however did not
increase the Western blot signal specific to phosphorylation of ERK activation loop (i.e.,
Thr202/Tyr204 for ERK1 and Thr183/Tyr185 for ERK?2), indicating that these cells maintain
very low basal signals for ERK1/2 activation (Fig. 1B). ERK1/2 overexpression also did not
affect cell proliferation and survival (Fig. 1C). Therefore, if not activated, overexpressed
ERKZ1/2 proteins do not induce any significant cellular effects.

We previously demonstrated that sustained activation of the Raf/MEK/ERK pathway can
induce growth arrest by altering expression of several key regulators of cell proliferation and
survival, e.g., cyclin-dependent kinase inhibitors p16/NK4A and p21C!P1 the S-phase
transcription factor E2F1 and its regulator Rb, cyclin D1, and the pleiotropic transcription
factor c-MYC [11, 13, 14]. Consistent with our previous observation, upon 24 hour
treatment of 1 uM 4-HT, the control pHAGE-infected LNCaP-ARaf-1:ER cells exhibited
robust induction of p16'NK4A and p21C1P1 as well as downregulation of E2F1, Rb, cyclin
D1, and c-MYC (Fig. 1B), although c-MY C was upregulated while cyclin D1 was not
downregulated until 8 hour post 4-HT treatment (Supplemental Fig. S1). However, in stark
contrast, ERK1- or ERK2-overexpressing LNCaP-ARaf-1:ER cells exhibited remarkably
different responses upon ARaf-1:ER activation. First, these cells underwent dramatic
morphological changes (Fig. 1A). Second, as opposed to the control, p21¢'P induction did
not occur in these cells although ERK1/2 phosphorylation was substantially increased (Fig.
1B). Third, Rb phosphorylation was highly increased and the rates of cyclin D1 and c-MYC
downregulation were accelerated, although the rates of p16/NK4A induction and E2F1
downregulation were similar as those in the control (Fig. 1B). Fourth, these cells exhibited
markedly increased the cleavage of PARP and lamin A (Fig. 1B), which are markers of
caspase-dependent apoptotic cell death [36]. Indeed, MTT and trypan blue exclusion assays
revealed that these cells were undergoing death robustly (Fig. 1C). These data demonstrate
that increased ERK1/2 levels can switch cellular responses to ARaf-1:ER activation from
growth arrest to death, wherein some downstream targets are sensitive to increased ERK1/2
activity while others are not.

3.2. Overexpression of ERK1/2 triggers apoptotic cell death in ARaf-1:ER-activated cells

We next determined the nature of ERK1/2-mediated cell death by conducting Annexin V/
propidium iodide staining and by profiling different caspases. Consistent with the PARP and
lamin A cleavages in Fig. 1B, the Annexin V/propidium iodide staining indicated that
ERK1- or ERK2-overexpression markedly increased apoptotic populations in ARaf-1:ER-
activated LNCaP cells (Fig. 2A and 2B). ERK1/2 overexpression also increased the cleavage
of caspase-3 and caspase-8, but not caspase-9, in these cells (Fig. 2C). We found that the
broad spectrum caspase inhibitor Z-VAD(OMe)-FMK inhibited cleavages of these caspases,
PARP, and lamin A (Fig. 2C) while significantly rescuing cells from death (Fig. 2D).
Importantly, Z-VAD(OMe)-FMK mediated these effects without affecting ERK1/2 protein
levels or phosphorylation (Fig. 2C), which supports the specificity of its effects. Of note,
ERKZ1/2 overexpression highly increased caspase-9 phosphorylation at Thr125, an ERK1/2-
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regulated inhibitory phosphorylation [37], in ARaf-1:ER-activated cells (Fig. 2C). This
phosphorylation was not affected by Z-VAD(OMe)-FMK, suggesting that it is not a
feedback response to cell death (Fig. 2C). These data suggest that ERK1 and ERK2 can
trigger robust apoptotic death responses by activating caspase-8 and caspase-3, while they
can also produce a parallel inhibitory signal for caspase-9.

3.3. Titration of the level of active ERK2 by MEK1/2 inhibition reverts ARaf-1:ER-induced
cell death to growth arrest responses in ERK2-overexpressing cells

Our data above indicated that there may be a cellular threshold for ERK1/2 levels that
affects cellular decision to undergo growth arrest or death in the face of aberrant
Raf/MEK/ERK activation. To elaborate this possibility, we titrated the levels of active
ERK1/2 in ERK2-overexpressing LNCaP-ARaf-1:ER cells using different doses of
AZD6244, a highly selective MEK1/2 inhibitor [38], and monitored subsequent effects on
the surrogate markers of growth arrest and cell death. AZD6244 gradually decreased
exogenous phospho-ERK2 levels in a dose-dependent manner without affecting total ERK2
levels. At 40 nM, AZD6244 decreased exogenous phospho-ERK?2 level quite close to
endogenous phospho-ERK1/2 levels (Fig. 3A). Remarkably in these cells, cleavages of
caspase 3, lamin A, and PARP were gradually decreased in proportion to decreasing
phospho-ERK2 levels and were no longer detected when cells were treated with 40 nM
AZD6244 (Fig. 3A). Indeed, 40 nM AZD6244 completely blocked cell death, as determined
by trypan blue exclusion analysis (Fig. 3B). Along with these effects, Rb hyper-
phosphorylation, suppressed p21€!P1 induction, augmented cyclin D1 and c-MYC
downregulation, and morphology changes were also abrogated by AZD6244 in a dose-
dependent manner (Fig. 3A and 3C). Therefore, titration of phospho-ERK2 levels reverted
cell death responses to growth arrest responses in these cells. These data demonstrate that a
threshold for active ERK1/2 levels exists in cells and determines the cell fate between
growth arrest and death.

3.4. Kinase activity is necessary for ERK2 to mediate ARaf-1:ER-induced cell death

We next determined whether kinase activity is necessary for ERK1/2 to mediate cell death
by examining the effects of Lys52Arg (K52R) replacement in the active site of ERK2 in
LNCaP-ARaf-1:ER, HEK293-ARaf-1:ER, and U251-ARaf-1:ER cells. The ERK2-K52R
mutant is kinase-deficient due to the disabled active site but has an intact activation loop
[39]. Therefore, it can be used to increase the levels of ERK?2 in active conformation without
increasing ERK catalytic activity in cells.

When transduced by the lentivirus expressing wild type ERK2 and treated with 4-HT,
HEK?293-ARaf-1:ER and U251-ARaf-1:ER cells exhibited substantial morphological
changes (Fig. 4A), PARP cleavage (Fig. 4B), and apoptotic population (Fig. 4C), which are
consistent with the aforementioned effects in LNCaP-ARaf-1:ER cells. When transduced by
lentiviral ERK2-K52R at a similar efficiency (Fig. 4A), all three cell lines expressed similar
levels of exogenous ERK2 proteins (Fig. 4B). ERK2-K52R by itself did not induce any
notable effects in these cells. However, upon ARaf-1:ER activation, ERK2-K52R was highly
phosphorylated and acted as a competitively inhibitor of endogenous ERK1/2, as determined
by ribosomal S6 kinase (p90RSK) phosphorylation (Fig. 4B). p90RSK phosphorylation is a
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bona fide readout of /n vivo ERK1/2 kinase activity [40]. Moreover, as opposed to wild type
ERK2, ERK2-K52R did not induce any morphological changes (Fig. 4A), PARP cleavage
(Fig. 4B), or apoptosis (Fig. 4C) in ARaf-1:ER-activated cells. These data indicate that
kinase activity is necessary for ERK1/2 to mediate death signaling.

3.5. Defective F-site recruitment site attenuates the ability of ERK2 to mediate cell death

signaling

The specificity of ERK signaling is mainly determined w7z its different domains and motifs
[41]. Among these, the common docking (CD) groove and the F-site recruitment site (FRS)
are the two major docking sites on ERK, which enable ERK to specifically interact with the
proteins containing “D (docking) site” and “F-site (also called Docking site for ERK, FXF
[DEF])”, respectively [42]. The specificity of ERK signaling is also determined by its
monomeric vs. dimeric status [43]. To further understand the mechanism by which ERK1/2
mediates cell death, we examined CD groove-defective ERK2-D316/319A, FRS-defective
ERK2-Y261N, and dimerization-defective ERK2-H/E-L4A (H176E combination with L333,
336, 341, 344A) mutants [33, 34, 43, 44] in LNCaP-ARaf-1:ER cells in which endogenous
ERK1/2 expression was stably attenuated by RNA interference. ERK1/2 knockdown
abrogates ARaf-1:ER-induced growth arrest in these cells [11], thereby reducing the
potential interference of endogenous ERK1/2 in this reconstitution experiment (knockdown
efficiency shown in Supplemental Fig. S2).

When transduced at a similar efficiency by lentivirus expressing these ERK2 mutants (Fig.
5A), LNCaP-ARaf-1:ER/ShERK1/2 cells expressed similar levels of the exogenous proteins,
which were substantially phosphorylated upon 24 hour 4-HT treatment (Fig. 5B). Consistent
with the requirement of the CD groove for ERK1/2 interaction with p90RSK [44], ERK2-
D316/319A did not induce p90RSK phosphorylation as effectively as other ERK2 constructs
(Fig. 5B). Likewise, consistent with the requirement of FRS for ERK1/2 interaction with
ELK1 [42], ERK2-Y261N did not induce ELK1 phosphorylation as effectively as other
ERK?2 constructs (Fig. 5B). ELK1, a member of the ternary complex transcription factor
subfamily, is activated via ERK1/2-mediated Ser383 phosphorylation [45].

Intriguingly, ERK2-Y261N and ERK2-D316/319A induced differential effects on the
surrogate makers of growth arrest and cell death upon ARaf-1:ER activation. For example,
ERK2-Y261N did not significantly induce morphological changes (Fig. 5A), cleavages of
PARP and lamin A (Fig. 5B), trypan blue staining (Fig. 5C), and sub-G0/G1 population
(Fig. 5D) whereas ERK2-D316/319A induced all these effects. Nevertheless, both ERK
mutants induced p16'NK4A and p21C1P1 and downregulated E2F1 at similar levels (Fig. 5B).
At this 24 h time-point, we did not however observe any significant differences in G0/G1, S,
or G2/M phases among these ERK constructs (Fig. 5D). This is because it takes at least
more than two days of ARaf-1:ER activation before LNCaP cells exhibit clear profiles of
GO/G1 cell cycle arrest, as we previously demonstrated [11, 13-15]. 2 day of ARaf-1:ER
activation killed almost all cells expressing ERK2-D316/219A mutants, hindering a side-by-
side comparison with ERK2-Y261N. These data suggest that FRS, but not the CD groove, is
required for ERK1/2 to mediate death signaling although both domains may not be
necessary for ERK1/2 to mediate growth arrest signaling. Meanwhile, ERK2-H/E-L4A and
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wild type ERK2 induced almost identical effects (Fig. 5B to 5D), suggesting that
dimerization is not required for ERK1/2 to mediate growth inhibitory signaling.

4. Discussion

Although it has long been noted that ERK1/2 can mediate growth arrest and death in
different cell types, the underlying mechanisms of ERK1/2 signaling require better
understanding. While cell-specific availability of an ERK1/2 effector would account for
different physiological outputs of ERK1/2 activation, our data in this report suggest that
cellular levels of activated ERK1/2 are also a determinant of cell fate between growth arrest
and death. Of note, we previously demonstrated that overexpression of active MEK1/2 or
B/C-Raf induced only growth arrest, but not death, in the same cell lines used in this study
[11, 14]. Therefore, ERK1/2 are unique among the molecular switches in the Raf/MEK/ERK
pathway in the context of our cellular death responses.

ERK1 and ERK?2 are highly homologous and have overlapping functions. Nevertheless,
studies in mice have shown distinct effects of ERK1 and ERK?2 ablation at different stages of
development, including stem cell lineage commitment [46, 47], T cell development [48],
thymocyte maturation [49], and trophoblast development [50]. The significance of ERK2
over ERK1 for cell proliferation and survival has also been demonstrated in NIH3T3 cells
using RNA interference [22]. However, studies also suggest that functional redundancy of
ERK1 and ERK2 is evolutionarily conserved [20], and that differentially regulated
expression of ERK1 and ERK2 mainly drive their biological differences [21]. It is therefore
important to determine ERK1 and ERK2 functions not only by gene depletion approaches
but also by ectopic gene expression approaches. Indeed, in a recent study [23], ectopically
expressed ERK1 and ERK?2 exhibited distinct effects on epithelial-mesenchymal transition.
Our previous [11] and current studies using both approaches strongly suggest that ERK1 and
ERK2 have overlapping functions in mediating the growth inhibitory signaling of Raf/MEK/
ERK.

In many studies, mainly in the context of cell survival and proliferation, kinase activity has
been characterized as the key biochemical property that accounts for ERK effects. However,
recent studies including ours suggest that ERK1/2 also have kinase-independent effects [11,
24-28]. Of note, we previously demonstrated that overexpression of active site-disabled, but
activation loop-intact, ERK2 mutants (i.e., ERK2-K52R and ERK2-D147A) can restore Raf-
induced growth arrest responses in ERK1/2-knocked down cells [11], suggesting that a high
magnitude kinase activity is not necessary for ERK1/2 to mediate growth arrest signaling. In
contrast, our current data suggest that a high magnitude kinase activity is necessary for
ERK1/2 to mediate death signaling. This conclusion is also supported by our recent
demonstration that overexpression of ERK2-L73P/S151D, an auto-phosphorylation mutant
with intrinsically low kinase activity, induced only growth arrest but not cell death [15].
Taken all, a key mechanistic distinction in Raf/MEK/ERK-mediated growth arrest vs. death
signaling is determined at ERK1/2 levels.

By what mechanism ERK1/2 mediate death signaling? The CD groove and FRS are two
major domains for physical interactions of ERK1/2. These domains are almost independent
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from each other with respect to ERK catalysis, and occupancy of one domain does not affect
the ERK physical interaction via the other domain [51]. Our data suggest that ERK1/2
require the FRS/F-site interaction to mediate death signaling. The F-site signature “Phe-Xaa-
Phe-Pro” are relatively less frequent than the D-site and are found in certain ERK1/2
substrates, including the cell-proliferative transcription factors ELK1, c-Fos, Fral, and c-
Myc, as well as the anti-apoptotic BH3-only protein Bimg [52-54] Indeed, many F-site
containing proteins promote cell proliferation and survival but, intriguingly, our data suggest
that ERK1/2 might also interact with their death effectors via FRS. Given our observation
that the molarity and activity threshold of ERK1/2 determines death signaling, it is
conceivable that death-specific ERK1/2 effectors might have relatively low affinity to
ERK1/2 and, thus, limited access to the kinase under normal condition. However, when the
levels of active ERK1/2 increase beyond a threshold, these effectors would gain access to
ERKZ1/2 for activation.

Of note, although our data suggest that the CD groove or the dimerization interface is not
necessary for ERK1/2 to mediate death signaling, it should be noted that PEA-15, an adaptor
for ERK1/2-mediated senescence [55], interacts with the CD groove of ERK1/2 [56] and
that senescence responses are sometimes associated with death in certain cell types [8]. If
PEA-15 has ability to directly promote the senescence-associated death, it would suggest an
involvement of the CD groove in ERK1/2-mediated death signaling. Therefore, although our
data suggest the significance of the FRS/F-site interaction for ERK1/2-mediated death
signaling, we cannot exclude the possibility that this mechanism is specific to a subset of
certain cell types rather than being universal.

Based upon our observation, it is conceivable that the stoichiometric balance between
ERKZ1/2 and their death effectors should be important for cells to avoid unwanted death in
the face of aberrant RaffMEK/ERK activation. However, ARaf-1:ER induces a much greater
level of ERK1/2 activation than many biological stimuli, which cells would never achieve in
a normal physiological setting. One may thus question the physiological relevance of our
findings. Of note, MAPK1/3 (encoding ERK1/2) amplification is not detected in BRAF-or
NRAS-mutated melanomas although MAPK3 amplification is detected in BRAF/NRAS
wild type melanomas [57], while ectopic ERK1/2 expression induces robust cell death in a
subset of human B-RafV600E melanoma lines [58]. Given these, it may be conceivable that
the combination of ERK1/2 overexpression with a strong upstream signal is disadvantageous
to tumorigenesis. Our report supports this possibility by demonstrating the toxicity produced
upon combining ERK1/2 overexpression with ARaf-1:ER and by uncovering an ERK motif
involved in this death signaling. We speculate that RAS/RAF~mutated tumor cells may need
a mechanism to avoid too high basal ERK1/2 levels even if they depend upon ERK1/2 for
survival and proliferation and that an optimal ERK1/2 level in tumor cells is determined
partly based upon the magnitude of an upstream signal. Would it then be possible to design a
strategy to trigger cell death in RAS/RAF~mutated tumor cells by increasing ERK1/2
activity above the death threshold? Intriguingly, the idea to manipulate the intensity and
duration of EKR1/2 activity using the inhibitors targeting ERK1/2-specific phosphatases has
been proposed recently [59]. Our findings are consistent with this emerging context while
adding additional layer of complexity to the regulation of ERK1/2-mediated growth
inhibitory signaling.
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Highlights
1. ERK1/2 overexpression switches Raf-induced growth arrest to apoptotic
death.
2. Titrating active ERK levels reverts the death responses to growth arrest
responses.
3. Kinase activity is necessary for ERK1/2 to mediate death signaling.
4, Defective F-site recruitment site hinders ERK1/2-mediated death signaling.

5. Different ERK domains differentially regulate growth inhibitory signaling.
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Fig 1. Overexpression of ERK1 or ERK2 switches ARaf-1:ER-induced growth arrest responses
to death responses

LNCaP-ARaf-1:ER cells, infected with the lentiviral pHAGE-ERK1, pHAGE-ERK?2, or the
control pHAGE, were treated with 1 uM 4-hydroxytamoxifen (4-HT) for 24 hours. Cells
were examined for morphological changes (A), expression of the indicated proteins by
Western blot analysis (B), and viability by MTT assay and trypan blue exclusion analysis
(C). Similar infection efficiency was verified by GFP expression (bottom panels in A). p-
ERKZ1/2 indicates ERK1/2 phosphorylated at Thr202/Tyr204 (ERK1) and Thr183/Tyr185
(ERK?2). p-Rb indicates Rb phosphorylated at Ser780. GAPDH is the control for equal
protein loading. Data (means + SE) are from a representative experiment performed in
triplicate. *, P< 0.05; ***, < 0.001.
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Fig 2. Overexpression of ERK1 or ERK2 induces caspase-dependent apoptotic cell death in
ARaf-1:ER-activated cells

(A and B) LNCaP-ARaf-1:ER cells, infected with the lentiviral pHAGE-ERK1, pHAGE-
ERK2, or pHAGE, were treated with 1 uM 4-HT for 24 hours prior to annexin V/propidium
iodide (PI) staining. The graphs (B) indicate annexin V-positive cell populations. (C and D)
LNCaP-ARaf-1:ER cells, infected with the lentiviral pHAGE-ERK1, pHAGE-ERK?2, or

pHAGE, were treated

with 1 UM 4-HT for 1 day in the presence of the pan-caspase inhibitor,

Z-VAD(OMe)-FMK (20 pM). Cells were examined for expression of the indicated proteins
by Western blot analysis (C) and viability by trypan blue exclusion analysis (D). Caspase-3

is cleaved into 17 and

19 kDa peptides. Caspase-8 (50/55 kDa doublets) is cleaved into
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40/36 kDa doublets and 23 kDa peptides. Caspase-9 (47 kDa) is cleaved into 37/35 kDa
peptides. B-actin is the control for equal protein loading. Data (mean + SEM) are from a
representative experiment performed in triplicate. **£ < 0.01; ***P< 0.001.
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Fig 3. AZD6244 reverts ERK2 overexpression-mediated cell death responses to growth arrest
responses in ARaf-1:ER-activated cells

LNCaP-ARaf-1:ER cells, infected with the lentiviral pHAGE-ERK2 or pHAGE, were
treated with 1 UM 4-HT for 24 hours in the presence of the MEK1/2 inhibitor AZD6244.
Cells were examined for expression of the indicated proteins by Western blot analysis (A),
viability by trypan blue exclusion analysis (B), and morphological changes (C). Similar
infection efficiency was verified by GFP expression (bottom panels in C). Caspase-3 is
cleaved into 17 and 19 kDa peptides. p-actin is the control for equal protein loading. Data
(means + SE) are from a representative experiment performed in triplicate. ***, £<0.001.
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Fig 4. Kinase-deficient ERK2 cannot mediate cell death signaling
LNCaP-ARaf-1:ER, HEK293-ARaf-1:ER, and U251-ARaf-1:ER cells, infected with the

lentiviral pHAGE-ERK?2, pHAGE-ERK?2-K52R, or pHAGE, were treated with 1 uM 4-HT
for 24 hours. Cells were then examined for morphological changes (A), expression of the
indicated proteins by Western blot analysis (B), and apoptosis by annexin V/propidium
iodide staining (C). Similar infection efficiency was verified by GFP expression (bottom
panels in A). p-RSK indicates p90RSK phosphorylated at Thr359/Ser363. GAPDH is the
control for equal protein loading. Data (means + SE) are from a representative experiment
performed in triplicate. **, < 0.01; ***, < 0.001.
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Fig 5. FRS-disabled ERK2 cannot mediate cell death signaling
LNCaP-ARaf-1:ER/ShERK1/2 cells, infected with the lentiviral pHAGE-ERK2, pHAGE-

ERK2-HE/L4A, pHAGE-ERK2-D316/319A, pHAGE-ERK2-Y261N, or pHAGE, were
treated with 1 pM 4-HT for 24 hours. Cells were examined for morphological changes (A),
expression of the indicated proteins by Western blot analysis (B), viability by trypan blue
exclusion analysis (C), and cell cycle analysis (D). Similar infection efficiency was verified
by GFP expression (bottom panels in A). p-ELK1 indicates ELK1 phosphorylated at Ser383.
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GAPDH is the control for equal protein loading. Data (means + SE) are from a
representative experiment performed in triplicate. **, < 0.01.
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