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COMMENTARY

Casein Kinase 2 Sends Extracellular Signal-Regulated Kinase Nuclear�

Alan J. Whitmarsh*
Faculty of Life Sciences, University of Manchester, Michael Smith Building, Oxford Road, Manchester M13 9PT, United Kingdom

The extracellular signal-regulated kinase (ERK) is a mem-
ber of the evolutionarily conserved mitogen-activated protein
kinase (MAPK) family and is a key regulator of many cellular
processes, including growth, differentiation, cell survival, and
the immune response (2). The misregulation of ERK signaling
is implicated in several disorders, including cancer, immune
disease, and neurodegenerative disease (2). ERK phosphory-
lates substrates that reside throughout the cell; however, many
ERK targets are nuclear and mediate changes in gene expres-
sion (2, 7). While a number of studies have addressed the
spatial regulation of ERK in cells, and in particular how it gets
targeted to the nucleus (13), our understanding of the molec-
ular mechanisms involved remains incomplete. In this issue,
Plotnikov and coworkers report that casein kinase 2 (CK2)
directly phosphorylates ERK and promotes its nuclear import,
thus uncovering a novel point of regulation in the ERK MAPK
pathway (8).

The ERK MAPK pathway is activated by diverse stimuli,
including growth factors, hormones, and cytokines, and similar
to other MAPK pathways features a multitiered signaling mod-
ule. This consists of RAS GTPase, RAF (a MAPK kinase
kinase), and MEK, which activates ERK by phosphorylation
on Thr and Tyr residues within a Thr-Glu-Tyr motif located in
its activation loop (2). The components of MAPK pathways are
often found associated with regulatory or scaffold proteins that
can enhance signaling specificity and localize the pathway to
distinct cell compartments (2). The functional importance of
spatially and temporally regulating ERK activation was origi-
nally observed in rat PC12 cells, where it was found that the
transient activation of ERK promoted cell proliferation,
whereas sustained activation led to a significant accumulation
of nuclear ERK and cell differentiation (2, 7). Subsequent
research in other cell types suggested that one mechanism for
the differential functional effects of transient versus sustained
ERK activity was that the transcription factor targets of ERK
are able to interpret the duration of ERK signaling. For ex-
ample, the transient accumulation of active ERK in the nu-
cleus promotes the expression of the immediate-early gene
c-fos but as ERK activity declines c-Fos protein is degraded
and there is minimal expression of c-Fos target genes. In con-
trast, sustained levels of active ERK in the nucleus result in the
phosphorylation and stabilization of the c-Fos protein, thereby

promoting the expression of c-Fos-dependent genes (7). These
and many other studies have clearly demonstrated an essential
role for nuclear ERK in cell function and underscore the
importance of uncovering the regulatory mechanisms control-
ling ERK nuclear import and activity.

A model of how ERK nuclear localization might be regu-
lated is emerging. In quiescent cells, ERK is found mainly in
the cytoplasm due to its association with anchoring proteins,
which prevent its nuclear translocation (Fig. 1). A major cyto-
plasmic anchor for ERK is its upstream activator MEK; how-
ever, scaffold proteins (e.g., PEA-15, Sef1, and hScrib) and
MAPK phosphatases may also act as anchors (2, 13). In re-
sponse to extracellular cues, the MAPK pathway is triggered
and MEK phosphorylates the Thr-Glu-Tyr motif in ERK,
causing it to dissociate from the anchor proteins and move into
the nucleus (2, 13). Several studies indicate that both passive
diffusion and active processes contribute to ERK translocation
into the nucleus (13). There is no recognizable nuclear local-
ization sequence (NLS) present in ERK, but mutation studies
have implicated the MAPK insert domain (KID) in both pas-
sive and active nuclear translocation (12). This is supported by
evidence suggesting that the KID region is part of a substrate
docking site that can interact with the nuclear pore compo-
nents Nup153 and Nup214 (12, 13). Chuderland and col-
leagues followed up on these observations and found that the
mutation of two Ser residues within a Ser-Pro-Ser (SPS) motif,
present in the KID, blocked nuclear translocation of ERK (3).
Furthermore, the nuclear accumulation of ERK following cell
stimulation correlated with the phosphorylation of these Ser
residues and was enhanced when they were mutated to phos-
phomimetic residues. The phosphorylated SPS motif was
found to be required for both passive translocation of ERK to
the nucleus and facilitated import via its binding to the nuclear
importin Imp7 (3).

An important conclusion arising from the characterization
of this putative phosphorylation-dependent nuclear transloca-
tion signal (NTS) in ERK was that one or more intracellular
protein kinases could directly control ERK nuclear import and
function. Plotnikov and coworkers (8) propose that CK2 is the
major protein kinase responsible for phosphorylating the NTS
of ERK. They noted that there were acidic residues downstream
of the SPS motif, indicative of a CK2 consensus phosphorylation
site, which led them to examine the effect of pharmacological
inhibition and RNA interference (RNAi) knockdown of CK2 on
ERK nuclear translocation. Inhibition of CK2 abrogates SPS
motif phosphorylation and nuclear translocation of ERK but
does not appear to affect ERK activation, as ERK was still
capable of phosphorylating substrates localized in the cyto-
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plasm. The authors also demonstrate the direct phosphoryla-
tion of the SPS motif in vitro by recombinant CK2 and were
able to isolate a protein complex containing ERK and CK2
from cells. The study goes on to dissect the relative importance
of the two Ser residues (Ser 244 and Ser246) within the SPS
motif. The phosphorylation of Ser246 appears sufficient for
ERK nuclear translocation, but dual phosphorylation on both
Ser residues enhances the kinetics of nuclear import. Indeed,
the phosphorylation of Ser246 is a prerequisite for Ser244
phosphorylation. While the study provides compelling evidence
for CK2 as the predominant kinase responsible for Ser246 and
Ser244 phosphorylation, it also suggests that ERK autophosphor-
ylation of Ser244 may play a contributing role (8).

CK2 forms a heterotetramer of two regulatory and two cat-
alytic subunits that is present throughout the cell and appears
to be constitutively active (4). This leads to the question of why

only activated ERK seems to be phosphorylated by CK2. The
study by Plotnikov et al. demonstrates in vitro that MEK asso-
ciation with ERK reduces CK2 phosphorylation of the SPS
motif, suggesting that the cytoplasmic anchor proteins to which
ERK binds, such as MEK, may be protecting it from CK2
activity (8). Putting this work in the context of the model of
ERK nuclear translocation described above, it can be proposed
that in the absence of growth stimuli ERK is retained in the
cytoplasm by MEK and various anchoring proteins, which pro-
tect it from phosphorylation by CK2 (Fig. 1). Upon stimulation
of cells, MEK phosphorylates and activates ERK, which re-
leases it from the anchoring proteins, allowing CK2 to phos-
phorylate it. The phosphorylated NTS of ERK provides a neg-
atively charged surface that associates with Imp7 to facilitate
nuclear import (Fig. 1). Previous studies have demonstrated
that the phosphorylation of ERK by MEK can be uncoupled
from nuclear translocation, and the study by Plotnikov et al.
supports this, as NTS phosphorylation by CK2 is independent
of ERK phosphorylation by MEK (8, 13). What is unclear is
whether the phosphorylation of the NTS in ERK is solely
required for its nuclear import or whether it can regulate ERK
function within the nucleus, perhaps by affecting its targeting
to particular transcription factor substrates or its interactions
with other proteins that anchor ERK in the nucleus.

The NTS of ERK acts as an autonomous nuclear import
signal that, when fused to nonnuclear proteins, results in their
nuclear accumulation (3), provoking the question of whether
there is a widespread role for this novel NTS in the nuclear
import of proteins. A number of imported proteins contain a
similar NTS sequence, including AKT, p53, BRCA1, SMAD3,
Jun N-terminal protein kinase 2 (JNK2), MEK1, and Drosha.
The NTSs of MEK1 and SMAD3 are phosphorylated and that
the mutation of the phosphorylation sites blocks the nuclear
import of both these proteins (3). However, it is unclear if CK2
is involved, as the NTS sequences in MEK1 and SMAD3,
unlike that of ERK, lack acidic residues downstream of the
phosphorylation sites, which is a hallmark of the CK2 consen-
sus site. Recently, the NTS present in the RNase III enzyme
Drosha was reported to be phosphorylated by glycogen syn-
thase kinase 3�, indicating that protein kinases in addition to
CK2 can mediate the phosphorylation of NTS sequences (11).
The use of similar mechanisms for nuclear entry by both
MEK1 and ERK is intriguing, particularly if a protein kinase
distinct from CK2 is regulating the MEK1 NTS. It is possible
that NTS-regulated nuclear import of MEK1 allows it to either
prolong ERK activation in the nucleus or, conversely, export
ERK out of the nucleus, thereby temporally regulating ERK
nuclear functions.

While the work by Plotnikov and coworkers supports a ma-
jor role for CK2 phosphorylation of the NTS in ERK nuclear
translocation, other mechanisms clearly exist. There is evi-
dence that substrate docking sites on ERK that are distinct
from the KID region are involved, while the role of ERK
dimerization has been hotly debated (13). Other mechanisms
may involve ERK association with proteins that have conven-
tional NLSs, such as biliverdin reductase (6). A potential rate-
limiting step in nuclear import of ERK is the expression levels
of transport proteins such as Imp7 and nuclear pore compo-
nents. It is reported that in some primary cell types the accu-
mulation of activated ERK in the nucleus is restricted, while in

FIG. 1. CK2 regulates ERK nuclear import. In the absence of
growth-promoting signals, ERK mainly resides in the cytoplasm asso-
ciated with MEK and other anchoring proteins. Growth signals stim-
ulate the RAS-RAF-MEK pathway, leading to the phosphorylation of
the ERK activation loop and its dissociation from the anchoring pro-
teins. This allows CK2 to phosphorylate the ERK NTS, which provides
a binding site for Imp7. The ERK-Imp7 complex is imported into the
nucleus, where ERK targets its nuclear substrates, including transcrip-
tional regulatory proteins.
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transformed cells there is increased nuclear entry, and that
these differences correlate well with the expression levels of
importins and nuclear pore complex proteins (10). Interest-
ingly, at least three components of the nuclear pore complex
(Nup50, Nup153, and Nup214) are direct targets of ERK phos-
phorylation, and this appears to disrupt their binding to spe-
cific nuclear importins and to reduce the movement of these
importins into the nucleus (1). ERK may therefore directly
regulate nuclear pore permeability and permit the selective
movement of importins and their cargo into the nucleus. It is
not clear how this might impact ERK’s own entry into the
nucleus. The phosphorylation of the ERK NTS reduces its
affinity for Nup153, and it is proposed that this facilitates ERK
entry through the nuclear pore (3). Whether the phosphoryla-
tion of the NTS in ERK affects its own ability to phosphorylate
Nup153 and modulate nuclear pore permeability more gener-
ally remains to be elucidated.

What is the significance for cell function of this newly un-
covered cross talk between CK2 and the ERK pathway? CK2
regulates many of the same cell processes as the ERK pathway,
including cell proliferation and survival (4). CK2 expression
and activity are upregulated in many cancers, and CK2 is re-
ported to downregulate the activity of tumor suppressors and
promote the activity of oncoproteins such as �-catenin, thereby
contributing to tumorigenesis (4). It is well established that
mutations in genes coding for components of the ERK path-
way, including members of the epidermal growth factor (EGF)
receptor family, RAS, RAF, and MEK, are key oncogenic
events in many cancers (2). In addition, nuclear ERK is re-
quired to regulate cell proliferation and oncogenic transforma-
tion, and many of the nuclear targets of ERK, including tran-
scription factors, coregulatory proteins, and chromatin-
modifying proteins, are implicated in these processes (2, 13).
Connections between CK2 and the ERK pathway have been
reported previously. For example, the ERK MAPK scaffold
protein kinase suppressor of Ras (KSR) can recruit CK2 to
phosphorylate RAF and enhance its activity toward MEK (9).
Recently, a complex of ERK and CK2 has been shown to
mediate cross talk between growth factor receptor and Wnt
signaling pathways (5). EGF stimulates ERK binding to CK2,
allowing it to phosphorylate the CK2� catalytic subunit at
Thr360 and Ser362. This enhances the ability of CK2 to phos-
phorylate �-catenin, which releases its inhibitory effect on

�-catenin transactivation and promotes �-catenin-mediated
cellular processes, including cell invasion (5). Taken together
with the current study by Plotnikov et al., this suggests that
under certain growth conditions there is reciprocal phosphor-
ylation of ERK and CK2 occurring, which regulates both ERK
nuclear translocation and the activity of other CK2-dependent
pathways. Clearly further work needs to be undertaken to
determine the impact of this coregulation on cell growth and if
it can contribute to tumor formation.

The finding that CK2 regulates ERK nuclear import pro-
vides a new mechanism by which CK2 collaborates with onco-
genic pathways in cells and provides further impetus to current
efforts to find highly specific CK2 inhibitors. In addition to the
development of ATP-competitive inhibitors of CK2, disruption
of the ERK-CK2 complex may be an alternative therapeutic
strategy for modulating ERK nuclear entry downstream of
oncogenic signaling events.
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