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Inflammatory bowel disease reveals the kinase 
activity of KSR1
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Kinase suppressor of Ras-1 (KSR1) is a recently identified member of the 
EGFR–Ras–Raf-1–MAPK signaling pathway. A new study demonstrates that 
KSR1 protects intestinal epithelium from TNF-α–induced apoptosis, abro-
gating inflammatory bowel disease (IBD) (see the related article beginning 
on page 1272). Since its discovery, there has been disagreement as to whether 
KSR1 possesses intrinsic kinase activity. Using transgenic mouse models and 
genetically modified mouse colon epithelial cells, Polk and coworkers show 
that the kinase activity of KSR1 is off in normal colon epithelial cells, becom-
ing activated only at the onset of IBD. They also provide strong evidence that 
KSR1 kinase activity is essential for anti-apoptotic protection of the intesti-
nal epithelium. These new data in support of KSR1 as a kinase highlight an 
ongoing debate as to whether KSR1 does indeed serve as a specific kinase in 
transphosphorylating and transactivating c-Raf–1 toward MEK1.

TNF-α appears to play a key role in the 
pathogenesis of inflammatory bowel 
disease (IBD), regulating the balance 
between anti- and pro-apoptotic pathways 
in intestinal epithelial cells (1). TNF-α 
overexpression has been found sufficient 
for IBD induction in a mouse model, 
(2) and anti–TNF-α therapies have been 
shown to reverse IBD in patients (3). Thus, 
understanding TNF-α signaling in intesti-
nal epithelial cells is crucial for the devel-
opment of mechanism-based therapies for 
IBD and other TNF-α–mediated intesti-
nal disorders. In this issue of the JCI, Yan, 
Polk, and colleagues (4) demonstrate that 
kinase suppressor of Ras-1 (KSR1) func-
tions as a molecular switch, providing an 
essential survival signal that protects intes-
tinal epithelial cells from TNF-α–induced 
apoptosis, and consequently, IBD.

Regulation of TNF-α–mediated cell sur-
vival and proliferation versus apoptosis 
is not well understood. In epithelial cells, 
transient Ras/c-Raf-1–dependent acti-
vation of the MAPK cascade appears to 
mediate anti-apoptotic function upon 

TNF-α/TNF receptor 1 interaction (5). 
Prior studies by Yan et al. (6, 7) defined 
KSR1 as a pivotal transducer of TNF-α–
stimulated c-Raf-1 activation of ERK1/2 
MAPKs and NF-κB in young adult mouse 
colon (YAMC) epithelial cells. These data 
also indicated that KSR1 kinase activity 
was required for c-Raf-1 phosphorylation 
and activation (6, 7). The current studies 
(4) extend these observations to in vivo 
models using genetically modified mice 
and primary cultures of colon epithelium 
derived thereof. Strong evidence indi-
cates that KSR1, via c-Raf-1, confers anti-
apoptotic protection to epithelium within 
the murine colon and that KSR1 kinase 
activity is key to this action.

Evidence that KSR1 kinase activity 
transactivates c-Raf-1
KSR1 was originally identified as a 
ceramide-activated protein kinase (8) 
prior to its being defined in Drosophila 
melanogaster and Caenorhabditis elegans as a 
positive modulator of Ras-MAPK signaling 
either upstream of or parallel to c-Raf-1  
(9–11). There is a general agreement that 
KSR1 functions to coordinate signaling of 
the Ras GTPase through to its downstream 
effector, c-Raf-1. KSR1 interacts with sev-
eral proteins that possess kinase activity, 
including c-Raf-1, MEK1, MAPK, C-TAK1 
(12–17) and with protein phosphatase 2A 
(PP2A) (18). In addition, KSR1 associates 
with 14-3-3 and heat shock proteins (14, 
17, 19), with the βγ subunits of G proteins 

(20), and with IMP (impedes mitogenic 
signal propagation) (21). A recent set of 
elegant studies showed that in quiescent 
cells, C-TAK1 constitutively binds to and 
phosphorylates KSR1 on Ser392, con-
ferring 14-3-3 association, resulting in 
the retention of KSR1 and MEK1 in the 
cytosol (17) (Figure 1A). Upon stimu-
lation with growth factors, Ser392 is 
dephosphorylated by PP2A, leading to par-
tial release of KSR1 from 14-3-3 and rapid 
KSR1 translocation to the membrane (18), 
where KSR1-associated MEK1 and MAPK 
are presented to c-Raf-1 bound to Ras GTP. 
This event is negatively regulated by IMP 
which uncouples signal transduction from 
c-Raf-1 to MEK1 by inactivating KSR1 (21) 
(Figure 1B). While these studies lead to the 
hypothesis that KSR1 serves as a molecu-
lar scaffold to localize all constituents of 
the MAPK signaling cascade at the mem-
brane, presumably thereby assembling the 
active signaling complex, this paradigm 
provides no mechanistic insight into the 
manner by which c-Raf-1 becomes active 
toward its target, MEK1.

The primary amino acid sequence pre-
dicts KSR1 orthologs from all species 
represent protein kinases. The C-termini 
of KSR1 proteins contain the 11 con-
served kinase subdomains found in all 
known protein kinases (9). The presence 
of an HKDLR motif in subdomain VI of 
the Drosophila and C. elegans KSR1 ortho-
logs suggests that they represent tyrosine 
kinases (10, 11), while mammalian KSR1 
possesses an HKDLK motif typical of ser-
ine/threonine kinases (9). Although the 
ATP-binding domain of C. elegans and 
Drosophila KSR1 is conserved, the Lys 
residue normally involved in ATP bind-
ing in almost all kinases is substituted 
in mammalian KSR1 homologs with Arg 
(discussed below).

Four research teams have reported spe-
cific kinase activity toward c-Raf-1 associ-
ated with KSR1 isolated from diverse cell 
types, including COS-7 kidney fibroblasts, 
A431 cervical carcinoma, HL-60 promyelo-
cytic leukemia, and C16 glioma as well as 
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Figure 1
Model for the regulation of c-Raf-1 signal-
ing by KSR1. (A) In quiescent cells, KSR1 is 
phosphorylated on Ser297 by an unknown 
kinase and on Ser392 by C-TAK1, creating 
docking sites for 14-3-3. The 14-3-3–KSR1 
interaction results in sequestration of KSR1 
and MEK1, to which it is constitutively bound, 
in the cytosol (17). Both KSR1 and its target, 
c-Raf-1, are also constitutively bound to the 
PP2A core enzyme (subunit A and catalytic 
subunit C) (18). In addition, IMP interacts with 
the N-terminus of KSR1, maintaining KSR1 in 
an inactive state (21). (B) During growth fac-
tor stimulation (such as via EGF), KSR1 and 
c-Raf-1 acquire the PP2A regulatory B sub-
unit, and the holoenzyme dephosphorylates 
the Ser392 site of KSR1 and the Ser259 site 
of c-Raf-1, leading to partial release of 14-3-3 
from each protein (18). In the case of KSR1, 
this opens up the MAPK-binding site, while for 
c-Raf-1, it confers binding to activated Ras at 
the plasma membrane. In addition, Ras GTP 
binds IMP, relieving the inhibition of KSR1 
(21). Dissociation of KSR1 from IMP and dis-
placement of 14-3-3 on Ser392 leads to rapid 
translocation of KSR1 to the plasma mem-
brane (PM) and localizes MEK1 and MAPK to 
membrane-bound c-Raf-1. There is debate as 
to the mechanism of c-Raf-1 activation through 
KSR1, whether activation occurs via a scaffold 
or kinase function. The scaffold model argues 
that KSR1-bound c-Raf-1 becomes activated 
by an unknown mechanism (15, 19, 41) while 
the KSR1 kinase model ascribes KSR1-medi-
ated transphosphorylation at Thr269 as the 
mechanism of c-Raf-1 kinase activation (8, 
23). Active c-Raf-1 stimulates MEK1, which in 
turn activates MAPK, conferring cell prolifera-
tion. RBD, Ras-binding domain; Y on EGFR, 
autophosphorylated tyrosine residues; SOS, 
son of sevenless; SHC, src homologous and 
collagen protein. (C) At the onset of IBD, 
KSR1 is activated and confers colon epithelial 
cell survival. In colon epithelial cells, ligation of 
TNF receptor 1 by TNF-α leads to acid sphin-
gomyelinase (ASMase) activation, ceramide 
generation, and KSR1 and c-Raf-1 translo-
cation to the PM, perhaps by binding of their 
C1b domains to ceramide. There is emerging 
evidence in other cell types that ceramide 
converts sphingolipid-enriched microdomains 
(rafts) into large platforms into which signaling 
proteins compartmentalize (28, 29). However, 
it is not known if KSR1 translocates into a 
ceramide-rich platform. In the current studies, 
Polk and coworkers (4) provide strong evi-
dence that in IBD the ceramide-KSR1 inter-
action triggers KSR1 kinase activity, resulting 
in transphosphorylation and transactivation 
of c-Raf-1, which in turn activates MEK1 and 
MAPK, conferring epithelial cell survival. SM, 
sphingomyelin; CA3, the C1b homologous 
domain of KSR1.
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YAMC and mouse colon epithelial (MCE) 
cell lines (6, 7, 22–27). The kinase activity 
was shown to be initiated by two distinct 
mechanisms, through growth factor recep-
tor tyrosine kinases, such as EGFR (23, 
26), or by cytokines such as TNF-α, likely 
via direct interaction of KSR1 with the 
second messenger ceramide (4, 6, 7) (Fig-
ure 1C). The latter mode of activation was 
reported to be mediated via the KSR1 C1b 
lipid-binding domain (28–30). The kinase 
activity associated with KSR1 appears to be 
of the proline-directed class of serine/thre-
onine protein kinases that phosphorylate 
Thr, which is immediately followed by a 
Pro residue (8, 31). The target recognition 
site was originally defined, using a series of 
peptides based on the amino acid sequence 
surrounding the Thr669 site of the EGFR, 
to be an unusual proline-directed variant, 
as there was preference for a TLP motif with 
a Lys interposed between the target Thr 
and Pro residues (31). Subsequently, direct 
sequencing revealed that a ceramide-acti-
vated kinase activity renatured from HL-60  
cells and bovine brain phosphorylated 
recombinant c-Raf-1 on Thr269, which 
is contained within a TLP motif (Figure 
1B) (8, 31–34). Once recombinant KSR1 
became available, immunopurified KSR1 
from TNF-α–, ceramide- or EGF-stimu-
lated cells similarly phosphorylated recom-
binant c-Raf-1 isolated from c-src and V12 
Ras-overexpressing Sf9 cells or purified to 
apparent homogeneity from COS-7 cells 
on this site (4, 6–8, 23, 26). The suggestion 
that KSR1 activity was transphosphorylat-
ing rather than enhancing c-Raf-1 intrinsic 
autokinase activity was confirmed by trans-
phosphorylation of a kinase-inactive c-Raf-1  
substrate (c-Raf-1–K375M) (23). Not only 
can immunopurified KSR1 phosphorylate 
c-Raf-1 in vitro, but it also transactivates 
c-Raf-1 toward MEK1, as measured by 
direct MEK1 phosphorylation and MEK-
induced MAPK activation (4, 6, 7, 23–26). 
This activity does not appear to be a con-
taminant of immunopurified KSR1 since 
multiple high salt washes, which result in 
a KSR1 preparation devoid of background 
silver-stained proteins or 35S-labeled pro-
teins isolated from cells preincubated with 
35S-methionine, do not alter specific activi-
ty toward c-Raf-1 (23, 26). Moreover, muta-
tion of two conserved Asp residues (D683 
and D700) required for ATP catalysis and 
phosphotransfer to Ala, a classic approach 
to generate a dead kinase, abolished both 
the transphosphorylating and transacti-
vating activity of KSR1 isolated from mul-

tiple cell lines (4, 6–8, 22–24, 26). In fact, 
this “kinase-dead” KSR1 mutant serves a 
dominant-negative function. Numerous 
different biologic readouts have now been 
assessed comparing wild-type KSR1 with 
this dominant-negative KSR1 in mamma-
lian systems. In general, wild-type KSR1 
overexpression increases signaling through 
the MAPK cascade and MAPK-mediated 
biologic responses, while dominant-nega-
tive kinase-dead KSR1 abrogates MAPK 
signaling and biologic readouts, including 
BCL2-antagonist of cell death–mediated 
(BAD–mediated) apoptosis in COS-7 cells 
(35), vitamin D–mediated differentiation 
of HL-60 cells (22), survival of YAMC cells 
upon TNF-α treatment (6, 7), and EGFR-
driven A431 tumorigenesis in vitro and as 
xenografts in nude mice (36).

Revisiting the evidence against  
the KSR1 kinase model
While these observations, generated collec-
tively by several groups, support the con-
tention that KSR1-associated kinase activ-
ity detected using in vitro kinase assays is 
likely inherent to this protein, a number of 
groups have been unable to detect a kinase 
activity associated with KSR1 and thus 
conclude that KSR1 acts exclusively as a 
scaffold. The reasons for these conflict-
ing observations are not apparent from 
the available data, although differences in 
protocols and systems utilized may have 
contributed to this experimental outcome. 
The work of Yan et al. (4) presented in this 
issue reveals the kinase activity of KSR1 
to be off in normal colon epithelial cells, 
and that it only becomes activated at the 
onset of IBD. Similarly, KSR1 activity is 
undetectable prior to EGF stimulation of 
COS-7 cells, or ceramide or TNF-α stimu-
lation of YAMC cells (7, 26). Further, the 
kinase activity of KSR1 is detected only 
transiently (4, 6, 7, 23, 25, 26). For instance, 
during EGF stimulation of COS-7 or A431 
cells, KSR1 activity peaks at 3 minutes and 
returns to baseline by 10 minutes (26). 
Hence, it would be easy to miss the activity 
unless the activation conditions used were 
defined in great detail.

Another experimental procedure that 
may have contributed to the failure of 
some groups to detect KSR1 kinase activ-
ity is the use of overexpression systems that 
far exceed physiological levels. Several stud-
ies show that, under conditions of marked 
overexpression, both biological activ-
ity and cellular localization of KSR1 are 
altered, often yielding effects that are the 

opposite of low-dose expression (37–39). 
In contrast, the groups that claim to detect 
KSR1 activity demonstrated such activ-
ity in immunoprecipitates of endogenous 
KSR1 from MCE, YAMC, A431, and HL-60  
cells (6, 7, 22, 24, 26). Additionally, the 
kinase function of KSR1 is cell type specific 
and context dependent. For instance, while 
EGF-stimulated MAPK activation in COS-7  
cells, A431 cells, and mouse embryonic 
fibroblasts required KSR1 (26, 40), MAPK 
activation by EGF in YAMC and MCE cells 
was KSR1-independent. Nonetheless, KSR1 
kinase activity was essential for TNF-α–  
and ceramide-induced MAPK activation in 
these latter lines (6, 7).

Of the five groups that have failed to 
detect KSR1-associated kinase activity, only 
two groups conducted studies in stimulated 
cells (13, 15, 17, 19, 41, 42). In one instance, 
the inability to detect ceramide activation 
of KSR1 was only briefly mentioned in the 
discussion as “data not shown,” and hence 
an analysis of that experimental protocol is 
not possible (13). However, Morrison and 
coworkers reported a thorough set of stud-
ies that examined the above parameters in 
detail and yet failed to detect ceramide acti-
vation of KSR1 kinase (41). While the rea-
sons for this finding are not apparent, these 
studies also failed to detect direct binding 
of the KSR1 C1b domain (CA3 domain) 
to ceramide (43). The latter observation 
is incompatible with recent reports on 
the function of the C1b domain of KSR1. 
Gulbins and colleagues showed that recom-
binant KSR1 C1b domain binds long-chain 
natural ceramide with high affinity, but not 
other lipids, including dihydroceramide, 
arachidonic acid or sphingomyelin (28). 
These observations were confirmed by 
Sobota and coworkers (29). Further, the 
KSR1 C1b domain has been employed as a 
probe to localize ceramide-enriched mem-
brane rafts on the surface of CD95-stimu-
lated Jurkat (28) and FcγRII cross-linked 
U937 cells (29). Moreover, neutralization 
of surface ceramide by preincubation with 
a KSR1 C1b–domain polypeptide abol-
ished ceramide-mediated clustering of 
CD95 and apoptosis in human Jurkat cells 
and JY B lymphocytes (28), and in vivo pre-
vented ceramide-mediated CD95 clustering, 
apoptosis of hepatocytes, and death of mice 
after intravenous anti-CD95 antibody (28). 
These observations strongly support direct 
association with the C1b domain as key to 
the biologic impact of ceramide via KSR1.

Lastly, the systems used to assess KSR1 
activity differ greatly. The strongest evi-
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dence against there being a kinase activ-
ity associated with KSR1 is derived from 
nonmammalian genetic model systems 
(Drosophila, C. elegans, and Xenopus). Par-
ticularly compelling are the studies of 
Guan and coworkers displaying reconsti-
tution of the activated Ras phenotype by 
overexpressed kinase-dead C. elegans ksr-1 
generated by mutating either the putative 
Mg2+-ATP–binding site (K503M) or the 
catalytic nucleophile Asp residue (D618A) 
(19). However, in these studies, neither 
copy number nor expression levels of wild-
type or kinase-dead ksr-1 mutants were 
assessed. It is thus possible that transgenes 
were overexpressed to levels that deliver 
nonphysiologic biologic responses, a con-
cern expressed by the authors in the origi-
nal publication. In the current report, Yan 
et al. (4) conducted an investigation analo-
gous to the C. elegans experiment, express-
ing wild-type KSR1 or kinase-inactive 
KSR1 (Ki-KSR1D683/D700) in immortalized 
colon epithelial cell lines null for mouse 
KSR1 (KSR–/–MCE cells). At similar levels, 
wild-type KSR1 but not Ki-KSR1D683/D700  
restored TNF-α activation of MAPK, Akt/
PKB, and IκBα. Further, one possible expla-
nation for the failure of Ki-KSR1D683/D70 to 
mimic wild-type KSR1, that substitution of 
the catalytic Asp with Ala rendered KSR1 
incapable of binding MEK1 as occurred 
with Drosophila KSR, was ruled out in the 
current study and in another recently 
published report (25). These results pro-
vide strong support for the notion that 
the Ki-KSR1D683/D700 dominant-negative 
effect on c-Raf-1/MEK/MAPK activation 
in numerous mammalian systems is likely 
due to disruption of kinase activity. Fur-
ther, these studies suggest that the mecha-
nism of action of KSR orthologs may not 
be conserved across species. It is unlikely 
that C. elegans KSR-1 functions similarly 
to mammalian KSR1, as C. elegans KSR-1  
appears to be a tyrosine kinase and the 
putative phosphorylation site on c-Raf-1  
is not conserved in the C. elegans c-Raf-1 
ortholog LIN-45 RAF.

Concluding remarks
Although the mechanism of the catalytic 
action of KSR1 kinase activity is unde-
fined, recent studies confirm that it does 
bind ATP (44) despite substitution in sub-
domain II of Arg for the Lys that normally 
serves this function. Further, conversion 
of Arg to Lys, which should restore kinase 
activity to KSR1 if Arg in subdomain II 
were naturally inactivating, failed to alter 

the impact of KSR1 on germinal vesicle 
breakdown (12) or Elk-1 activation (45). 
While Lys is the amino acid most efficient 
in coordinating ATP within the ATP-bind-
ing pocket, as it has two hydrogen bonds 
to contact the α and β phosphates of ATP, 
Arg and His can also serve as hydrogen-
bond donors (46). Further, recent studies 
showed that some kinases, including pro-
tein kinase C-ι (47), the Cak1-like cyclin-
dependent kinase-activating kinases (48, 
49), and WNK1 [for with no lysine (35)] 
(50–52), display full kinase activity irre-
spective of the conserved Lys in subdomain 
II, binding ATP by different strategies alto-
gether. A detailed analysis of the manner 
by which ATP fits into the KSR1-binding 
pocket will be necessary to elucidate how 
KSR1 functions as a kinase.

The studies by Yan and colleagues pro-
vide strong evidence that KSR1 possesses 
biologically relevant kinase activity toward 
c-Raf-1 that impacts the pathogenesis of 
IBD. While the scaffold model of KSR1 
function is primarily based on the pre-
sumption of it not acting as a kinase (13, 
15, 17, 19, 41, 42), this model should be 
reconsidered in view of the growing body 
of data supporting KSR1 kinase activity. 
A better understanding of the mechanism 
by which KSR1 signals may affect not only 
therapeutic approaches to IBD, but also 
to Ras-mediated tumorigenesis. In this 
regard, a KSR1 phosphorothioate anti-
sense oligonucleotide is currently being 
developed by the National Cancer Institute 
(NCI) for the treatment of Kirsten Ras-
driven human pancreatic cancer (Develop-
mental Therapeutics Program/NCI Rapid 
Access to Intervention Development proj-
ect BDP/486). Hopefully, the information 
provided by the current study will assist 
investigators interested in the mechanism 
by which KSR1 mediates Ras function to 
collaborate in addressing the issue of the 
kinase activity associated with KSR1.
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p16 and ARF: activation  
of teenage proteins in old age
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Cellular senescence induced by different stresses and telomere shorten-
ing appears to play an important role in the aging process. The products of 
the INK4a/ARF locus — p16INK4a and ARF — arrest cell proliferation at the 
senescence stage by exerting their effects on retinoblastoma protein– and 
p53-mediated responsive pathways. A study in this issue of the JCI provides 
experimental evidence of a specific upregulation of these cell cycle inhibi-
tors in a variety of organs during mammalian aging (see the related article 
beginning on page 1299).
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SA-β-gal, senescence-associated β-galactosidase.
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According to a current hypothesis on 
aging, senescent cells accumulate in the 
organism, and this results in failure of 
organ homeostasis and function (1). Cel-
lular senescence — characterized by the 
permanent arrest of cell proliferation — is 
detrimental to the regenerative capacity of 
organs during aging. However, the senes-

cence checkpoint is also considered to be a 
major mechanism for suppressing tumors, 
protecting the organism from cancer dur-
ing early life (2). A number of stimuli have 
been identified as inducing senescence, 
and these include telomere shortening 
(3), DNA damage (4), oxidative stress (5), 
sustained mitogen stimulation (6), and 
other cellular stresses. Senescence induced 
by telomere shortening has been called 
“replicative senescence” and is a result of 
DNA damage–like signals generated by 
dysfunctional telomeres (3, 4). In addition 
to telomere attrition, several other mecha-
nisms can abruptly induce senescence 
independent of telomere length, termed 
“premature senescence,” including: over-


