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Abstract

Mitogen-activated protein kinases function in signal transduction path.
ways that are involved in controffing key cellular processes in many
organisms. A mammalian member of this kinase family, MKK4/JNKK1/
SEK1, has been reported to link upstream MEKK1 to downstream stress
activated protein kinase/JNK1 and p38 mitogen-activated protein kinase.
This mitogen-activated protein kinase pathway has been implicated in the
signal transduction of cytokine- and stress.induced apoptosis in a variety
of cell types. Here, we report that two human tumor cell lines, derived
from pancreatic carcinoma and lung carcinoma, harbor homozygous
deletions that eliminate coding portions of the MKK4 locus at l7p, located
approximately 10 cM centromeric ofp53. In addition, in a set ofSS human

cancer cell lines prescreened for loss of heterozygosity, we detected two
nonsense and three missense sequence variants of MKK4 in cancer cell
lines derived from human pancreatic, breast, colon, and testis cells. In
vitro biochemical assays revealed that, when stimulated by MEKK1, four
of the five altered MKK4 proteins lacked the ability to phosphorylate
stress-activated protein kinase. Thus, the incidence of coding mutations of
MKK4 in the set ofcell lines is 6 of213 (â€”3%).These findings suggest that
MKK4 may function as a suppressor of tumorigenesis or metastasis in
certain types of cells.

Introduction

The inactivation of tumor suppressor genes is a hallmark of cancer
progression. A cell takes a genetic step toward oncogenic transfor
mation when one allele of a tumor suppressor gene is inactivated due
to inheritance of a germ-line lesion or acquisition of a somatic
mutation. Inactivation of the other allele of the gene usually involves
a somatic micromutation or chromosomal alleic deletion that results
in LOH.3 Another mechanism by which tumor suppressor genes are
inactivated is homozygous deletion. Whereas LOH events commonly
involve chromosomal deletions spanning many megabases of DNA,
homozygous deletions are relatively small in size, probably due to the
presence of essential genes in their proximity.

The identification of tumor suppressor genes has been facilitated by
the discovery of homozygous deletions present within the genomes of
cancer cell lines and xenografts; examples include P16 (1), BRCA2 (2,

Received 717/97;accepted 8/13/97.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

I These authors are equal contributors.

2 To whom requests for reprints should be addressed, at Myriad Genetic, Inc., 390

Wakara Way, Salt Lake City, UT 84108. Phone: (801) 584-3676; Fax: (801) 584-3650;
E-mail: tengd@myriad.com.

3 The abbreviations used are: LOH, loss of heterozygosity; STS, sequence-tagged site;

HA, hemagglutinin; SAPK, stress-activated protein kinase; BAC, bacterial artificial
chromosome; WT, wild type; MAPK(KK), mitogen-activated protein kinase (kinase
khiase).

3), and MMACIIPTEN (4, 5). In the case of MMACJ, Steck et al. (4)
and Li et a!. (5) detected multiple homozygous deletion events in
human cell lines and xenografts derived from glioblastomas and
breast and prostate cancers within the 10q23 region. In contrast, the
path leading to the discovery ofBRCA2 was guided by the observation
of Wooster et a!. (2) and Schutte et a!. (6) of a single â€”250â€”300-kb
homozygous deletion in a pancreatic xenograft. No other homozygous
deletions affecting BRCA2 have been reported in any other tumor
xenografts, cell lines, or specimens to date.

Given the prior success of localizing tumor suppressor genes by
delineating deletion breakpoints, we initiated a search for novel ho
mozygous deletion events in human cancer cell lines. In this study, we
report the detection of a homozygous deletion in a pancreatic tumor

cell line when we used the D17S969 marker. D17S969 is located
approximately 10 cM centromeric of the P53 locus, in a region
displaying a high incidence of LOH in multiple cancers (7). Using this
STS as an entry point, we performed a positional cloning effort that
lead to the identification of three candidate genes, one of which was
MKK4 (8, 9). Subsequent analyzes revealed that of the 213 tumor cell
lines screened, seven displayed alterations in MKK4.

Materials and Methods

Homozygous Deletion Search. Total genomic DNA was purified from
cancer cell lines using the Easy-DNA kit (Invitrogen). Using the cell line
DNAs as templates, 20 p3 of PCR amplifications were performed with either

TaqPlus (Stratagene) or AmpliTaq Gold (Perkin-Elmer) and subsequently
fractionated on 2â€”3%Nu Sieve (FMC Bioproducts) agarose gels. In general,
the PCR conditions used were an initial denaturation step at 95Â°Cfor 1 mm
(TaqPlus) or 10 mm (Amplilaq Gold), followed by 35 cycles of denaturation
at 96Â°C (12 s), annealing at 55Â°C (15 s), and extension at 72Â°C (45 s). The

homozygous deletion in ASPC-l observed with D17S969 was confirmed by
PCR amplifications using several flanking 51St, one of which was D17S969A
shown in Fig. 1A.The sequences ofthe primer pair of the D17S969ASTS (173
bp amplicon) are 5'-GAGCCTCAATFCCAGTITFCC and 5'-TATGATG

CAGCACTGCAGTF.
Physical Mapping. BAC DNA was purified and directly sequenced as

described (10). DNA sequences at the SP6 and Ti ends of isolated BAC clones
were used to develop STSs that were used for mapping. To obtain greater than
90% sequence coverage of BACs 9512 and 66111, plasmid sublibraries gen
crated from these clones were sequenced using ABI 377 machines. The
sequence data obtained were assembled into contiguous segments using Acem

bly version 4.3 (U. Sauvage, D. Thierry-Mieg, and J. Thierry-Mieg; Centre
National de la Recherche Scientifique, France). The generation of cDNAs and
hybrid selection were done as described previously (10). Hybrid selection was

performed on a pool of cDNAs from normal human lymphocytes, pancreas,
prostate, thymus, and fetal brain tissues.

LOll Studies. LOH analysis was performedusing fluorescently tagged
short tandem repeat markers as described previously (1 1). By radiation hybrid
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Fig. 1. Physical map of the genomic area includ
ing DI 7S969 and evidence of a homozygous dde
tion in a tumor cell line. A, detection of a homozy
gous deletion in the pancreatic cancer cell line,
ASPC-l . Shown is the D17S969A STS (see â€œMa
terials and Methodsâ€•)when it was used to examine
genomic DNAs from the following: Lane 2, control
human (Promega); Lane 3, ASPC-l; Lane 4, COLO
587, a pancreatic cancer cell line; Lane 5. HPAF-II,
a pancreatic cancer cell line; and Lane 6. negative
control (tacking template). In addition, mutation
screening primers designed to amplify exons B, C,
D, and E of the MKK4gene (Table I) were used to
examine genomic DNA from ASPC-l (Lanes 7, 11,
16, and 20), CAPAN-l (Lanes 8, /2, /7, and 21),
control human (Promega; Lanes 9, 13, 18, and 22),
and a control without template (Lanes 10, 14, 19,
and 23). Lanes I and 15 show a l00-bp DNA ladder
(Life Technologies, Inc.). B, physical map of the
D17S969 genomic region. Shown are the BAC
clones and candidate genes isolated for this region.
Sizes of the BAC clones, as well as their corre
sponding T7 (arrowhead) and SP6 ends, are mdi
cated. The three candidate genes were localized on
BACs, and their directions of transcription were
determined by STS mapping and DNA sequencing.
The dashed line in the 5' portion of CG3 indicates
that the gene extends upstream into a genomic area
not characterized in this study. The extent of the
homozygous deletion in the ASPC-l pancreatic car
cinoma cell line is shown.
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mapping, we determined that D17S786, D17S952, D17S520, and D17S969

were 74, 8 1, 89, and 94 cR, respectively, from the p telomere of chromosome

17. Two of the cancer cell lines examined, breast BT-474 and thyroid SW579,

were heterozygous for D17S786 and appeared to be hemizygous for D17S952,

D17S969, and D17S520, suggesting that they had a LOH breakpoint between

the P53 and MKK4 loci. To test this inference, we used four additional

polymorphic markers (D17S503, D17S945, D17S1159, and Dl7S947) to cx

amine the two cell lines. Based on the radiation hybrid mapping, the markers

were placed along Yip in the following order: telomere-P53-D17S503-
D17S786-D17S952-D17S945-D17S520-D17S1159-D17S969-D17S947-cen

tromere. Both BT-474 and SW579 appeared to be heterozygous from D17S503
to D17S945 and hemizygous from D17S520 to centromere, consistent with an
LOH breakpoint occurring between the P53 and MKK4 loci.

Mutation Screening. Using genomic DNAs of cell lines as templates,
nested PCR amplifications were performed to generate amplicons of the
candidate genes that were screened for mutations. The primers listed in Table
1 were used to produce the amplicons of MKK4. Using the outer FA-RP primer
pair, 1â€”10ng of genomic DNA were subjected to a 25-cycle primary ampli
fication, after which the PCR products were diluted 60-fold and reamplified
using nested M13-tailed FB-RQ primers for another 22â€”25cycles; either
TaqPlus or Amplilaq Gold was used in the reactions. The PCR conditions
used were an initial denaturation step at 95Â°Cfor 1 mm (TaqPlus) or 10 mm
(AmpliTaq Gold), followed by cycles ofdenaturation at 96Â°C(12 s), annealing

at 55Â°C(15 s), and extension at 72Â°C(60 s). DNA sequencing and mutation
screening were performed as described previously (1 1) with the following
modification: Ml 3 forward or reverse fluorescent energy transfer dye-labeled

primers were used in the sequencing reactions. Greater than 95% double

stranded coverage of the coding sequence of MKK4 was obtained for every

tumor cell line screened. All detected mutations were confirmed by sequencing
a newly amplified product.

In Vitro Assays of MKK4 Activity. The five variants of MKK4 were
generated by a PCR-based mutagenesis strategy using reverse-transcribed

cDNA from normal pancreatic tissue as template. The HA epitope was de
signed into the following PCR primer, with Hindill and SacII sites at the 5'

end, such that the tag would be fused in-frame to the NH2 terminus of the
MKK4 polypeptide: 5'AAGCTfCCGCGGGCCACCATGTATCCATACGA
TGTfCCAGATFACGCAGCGGCTCCGAGCCCGA (HA-MKK4.Fl prim
er). The downstream primer used in combination with HA-MKK4.Fl to
amplify the entire coding region of MKK4, along with an XbaI site present in
cDNA sequence 3 â€õf the translational stop codon, was Sâ€˜-TTDTTACGTCT
TGCTTCCTCTC (MKK4.R50 primer). The amplified coding fragment of
MKK4 was digested with Hindill and XbaI, cloned into pcDNA3 (Invitrogen),

and transformed into DH5a cells. These plasmid constructs in these cells were
isolated using the Maxi-DNA preparation protocols from Qiagen and then

sequenced to confirm the presence of the desired alteration in MKK4 and
absence of any other sequence artifacts.

Using the calcium phosphate precipitation method, 5 X 106 human kidney
293 cells were cotransfected with 3 @xgof pcDNA3-Flag-MEKKli@ (12) and
15 @xgofpcDNA-HA-MKK4 construct or pcDNA3 vector and then cultured in
DMEM containing 10% FCS on a 10-cm2plate. After 32 h, the cells were
harvested, resuspended in ice-cold PBS, and centrifuged at@1000 X g for 5 mm
at 4Â°C.The pelleted cells were lysed in I .5 ml of ice cold buffer I [50 mM
Tris-HC1 (pH 7.4), 150 mM NaCl, 10% glycerol, I% Triton X-lOO, 5 mM
EDTA, 1 mM Dli', 50 mM f3-glycerophosphate, 1 mrviEGTA, and Complete
protease inhibitors (Boehringer Mannheim)] per six 10-cm2 plates and then
centrifuged at 15,000 x g for 10 mm. Fifteen @xlaliquots of the supernatant and
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Table 1 Primers usedfor mutation screening the MKK4geneEleven
exons, shown as exons Aâ€”K,were defined for this gene. Exon A contains the 5-end of the MKK4 cDNAs reported by Derijard ci al. (8) and Lin ci al. (9). AmpliconKcovers

the 5' splice-junction, coding sequence, and translational stop codon of the last exon of thegene.Exon

Primer NucleotidesequenceA

CG2exA.FAGCTGTCTGCTTCACAGGTCGCCG2exA
.RPCGGGGAGGGAGAGAGGGAGACG2exA

.FBGTTTTCCCAGTCACGACGCGGTTCTGCAGCTCAGCATCTCG2exA

.RQAGGAAACAGCTATGACCATCGGCTGCCGTGGCTTCCTCAB

CG2exB.FATTGAGAAATTCCTCATTGCCCG2exB
.RPCAATATTCCCAGAGAGTTTACG2exB

.FBGTTTTCCCAGTCACGACGTTGCCTTTTGGTGTGACTTTCG2exB

. RQAGGAAACAGCTATGACCATACTGACATCTCATAATTGGAC
CG2exC.FACCTGGAGGTCAGACTATTTTCG2exC

.RPAAAGGAGTTGGAGAAACAATCG2exC

.FBGTTTTCCCAGTCACGACGAACATTTTTCCCACACATTACG2exC

. RQAGGWCAGCTATGACCATAGGAACACAACAACAGTGGTD
CG2exD . FACTTGTGAAGTATAAGGAAAGATGCG2exD

.RPTGGTTAAACACTAAGATACTGAGCG2
exD .FBGTTTTCCCAGTCACGACGTCGTAACGGTTTTTCTCTACCACG2

exD . RQAGGAAACAGCTATGACCATAAGAATAGAATCGAATCCTGCCE
CG2exE . FATGGGGAAAATTGGCTTTAACTACCG2exE

.RPCGAGACCATTATGACCTATTGTGCG2exE

.FBGTTTTCCCAGTCACGACGCTAGTTTGACATTTGAAATAAGCACG2exE

.RQAGGAAACAGCTATGACCATCAGAAGTGACTTTGTCTCTGGTF
CG2exF.FACG2exF

.RPCCAGAGAGAAAAATAGCAGTCG2exF

.FBGTTTTCCCAGTCACGACGCTTGTGATAAACTGTTGTGCCG2exF

.RQAGGAAACAGCTATGACCATCACTGTAATTTTCAATAACCG
CG2exG.FATCTGAATTTAAGGACTTGACCG2exG

.RPAGCAAAGTTTCATGGAGAGGCG2exG

.FBGTTTTCCCAGTCACGACGCTTAAAGTGAAGCCTTATGTCG2
exG . RQAGGAAACAGCTATGACCATGGTAAAACCGTATGACTAATGH

CG2exH .FACG2exH
.RPAGCAACTTAAAACCATAGTGCG2exH

.FBGTTTTCCCAGTCACGACGGTTGCTTCCATTTGCCTATTCG2

exH . RQAGGAAACAGCTATGACCATCGAACGGGGAAGTCTGATTAI
CG2exI.FACG2exI

.RPGCTTGAAAAGTAGGGTGATGCG2exI

.FEGTTTTCCCAGTCACGACGTTTTGCTTGTAGTTTAGATTTCG2exI

.RQAGGAAACAGCTATGACCATTCCTCCATGTAAAGTACCAAJ
CG2exJ.FAGGCTGTCTGCGTTGTTACTTCG2exJ

. RPTAACAAAAAACACTCAATAAACG2exJ

.FBGTTTTCCCAGTCACGACGTGTGAAAAGAAAAATACTTAGGCG2exJ

.RQAGGAAACAGCTATGACCATGTTTGTTTATGACAGAGAGGK
CG2exK.FACG2exK

.RPGGGAAGGGAAAGAGATTCGGCG2exK

.FBGTTTTCCCAGTCACGACGTTGGAAAATGTTCAGTTTGGCG2exK

.RQ AGGAAACAGCTATGACCATCGTTCTAGGTGACAGGAGTA

MKK4 MUTATIONS IN HUMAN CANCER CELL LINES

pellet fractions were mixed with 15 @lof Laemmli SDS sample buffer, run on
a 15% SDS-polyacrylamide gel, and transferred onto Immobilon-P membrane
(Millipore). To detect HA-tagged MKK4, these filters were blocked, probed
with mouse anti-HA antibodies (Boehringer Mannheim), washed, and probed
with peroxidase-labeled goat anti-mouse IgG antibodies (Amersham). After
extensive washing, the blots were developed using enhanced chemilumines
cence (ECL kit; Amersham). To detect Flag-tagged MEKK1& Western blots

were performed as above except that anti-Flag antibodies (Kodak) and perox
idase-labeled goat anti-rabbit IgG antibodies (Amersham) were used.

For the kinase assays, soluble cell extracts were normalized to within a
3-fold range for MKK4 content prior to immunoprecipitation. One ml of
normalized lysate was incubated with 5 p.1 of anti-HA ascites and 20 @lof
protein A/G Sepharose for 2 h at 4Â°C.Beads were subsequently washed once
in buffer I, once in buffer I with 0.5 M NaC1, twice in buffer I with 1 M NaCl,
and finally twice in buffer II [25 msi Tris-HC1 (pH 7.4), 0. 1 mM EDTA, 10 msi
MgCl2, and 1 mr@iDli']. Twenty @gof kinase dead SAPK-@3K55R (13) were
then added to each aliquot of beads, and the final volume was made to 100 @l
with buffer H containing 100 @tMAlP (â€”2000cpm 32Pper pmol AlP). Tubes
were incubated at 30Â°Cfor 30 mm and stopped with 100 @lof Laemmli SDS
sample buffer. Thirty @&lof each reaction were fractionated on a 15% SDS
polyacrylamide gel, transferred onto Immobilon-P membrane, and autoradio
graphed. The SAPK bands were subsequently excised, and 32Pincorporation
was quantitated by scintillation counting.

Results

Using the D17S969 marker, we detected a homozygous deletion in
a pancreatic carcinoma cell line, ASPC-l (Fig. lA). Beginning at

D17S969, we assembled a contig of BAC clones that spanned the
ASPC-l deletion (Fig. lB). STS mapping revealed that the homozy
gous deletion minimally extended from the T7 STS of BAC 86A8 to
D17S969,withanestimatedsizeof200kb,andwasentirelycon
tamed within two Bacs: 9512 and 66111.

To identify genes that were located within the genomic region
around D17S969, we used DNA from BACs 9512 and 661 11 to hybrid
select from a pool of cDNAs prepared from multiple normal tissues.
Genomic sequences generated from BACs 9512 and 6611 1 were used
to identify hybrid selected clones that represented multi-exon cDNAs,
as well as to screen sequence databases for homologous genes. Three
candidate genes spanned the deleted region of ASPC-l: CG1, which
encodes a novel zinc-finger protein;4 CG2, which encodes MKK4
(Refs. 8 and 9; GenBank accession nos. L36870 and Ul7743); and
CG3, which codes for a protein homologous to sea urchin axonemal
dynein heavy chain subunit (GenBank accession nos. X59603 and
X99947). Using STSs developed from intron sequences of these
candidate genes, we determined that CG1 was completely deleted in
ASPC-1, whereas only the 5' region of CG2 and the 3' region of CG3
were absent in that cell line. Specifically, we found that the three
exons on the 5' end of the MKK4 gene, designated exons A, B, and C,
were homozygously deleted in ASPC-l (Fig. lA). Comparison of the
cDNA sequence of MKK4 with genomic sequences from BACs 9512

4 Unpublished data.
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Table 2 LOH analyses of cancer cell lines
The polymorphic markers used to examine LOH were D17S786, D17S952, D17S969,

and Dl 7S520; these markers had heterozygosity indices of 0.78, 0.69, 0.71, and 0.79,
respectively. LOH was assessed from the combined apparent hemizygosity of these four
short tandem repeat markers. The probability that a tumor cell line does not have LOH in
this region and is homozygous for all four markers is approximately 0.0042. The
percentage of LOH was only calculated for cancer types with a sample size greater than
10. The number of cell lines of each cancer type screened for candidate gene mutations
by sequencing is shown. The two cell lines, ASPC-l and NCI-H774, with homozygous
deletions affecting MKK4 were not sequenced.

Type of cell line LOH/screened Sequenced

Astrocytoma 2/3 2
Bladder 5/10 3
Breast 18/22 (82%) 17
Cecum 2/7 2
Colon 13/25 (52%) 12
Duodenum 0/1 0
Glioma 12/22 (55%) 10
Lung 10/26 (38%) 7
Leukemia/Lymphoma 9/28 (32%) 8
Melanoma 7/24 (29%) 4
Neuroblastoma 2/9 2
Ovarian 4/8 4
Pancreatic 12/13 (92%) 11
Prostate 2/4 2
Renal 0/3 0
Submaxillary 0/I 0
Testis 3/5 3
Thyroid 1/2 1
Total 102/213 (48%) 88

and 6611 1 revealed that the coding sequence of MKK4 was entirely
within 6611 1, and that the gene was comprised of at least 11 exons;
exon A was located in a CpG island.

The initial observation of a homozygous deletion in one pancreatic
cancer cell line suggested two possibilities: (a) inactivation of a gene

by the ASPC- 1 lesion caused tumor progression; or (b) the homozy
gous deletion was a random event irrelevant to the transformed state
of the cells. To distinguish between these possibilities, we identified
a set of human cancer cell lines that exhibited LOH within this region
and then examined the three candidate genes for mutations. If the
ASPC- 1 lesion was causal, one would expect to find mutations of the
responsible gene in the remaining allele of some of the tumor cell
lines with LOH. Altogether, 213 cell lines derived from various types
of cancer were examined for LOH (Table 2). In these lines, LOH that
included the genomic area around Dl 7S969 was assessed on the basis
of the combined apparent hemizygosity of four polymorphic short
tandem repeat markers: Dl 7S786, D17S952, Dl 7S520, and D17S969.
By this criterion, 102 of the 2 13 tumor cell lines tested exhibited
LOH. This overall LOH frequency of 48% is not unexpected given
that P53 is located roughly 10 cM from D17S969.

Using PCR and DNA sequencing methodologies, we screened 89 of

the tumor cell lines that displayed LOH for sequence variations in the
exon and flanking splice-consensus regions of the candidate genes. In
the course of mutation screening, we detected a second homozygous
deletion event in a lung carcinoma cell line, NCI-H774. In these lung
cells, exons Câ€”Kof MKK4 were deleted; therefore, one breakpoint of
the homozygous deletion was located between exons B and C of this
gene (data not shown). By comparing the wild-type sequences of

Table 3 MKK4 variants in human tumor celllinesCell

lineTypeAlterationExonCodonPredictedeffectASPC-lPancreasHomozygous
deletionAâ€”CNoexpressionNCI-H774LungHomozygous
deletionCâ€”KProteintruncationMDA-MB-134-IVBreastTCG

> TFG at nucâ€•551E184Ser -+LeuCAPAN-lPancreasGAA
> TAA at nuc 661F221ProteintruncationSW

1417ColonAGA > GGA at nuc 820H274Arg â€”@GlyMDA-MB-415BreastTCA
> TAA at nuc 839H280ProteintruncationNCCITTestisAAG
> AAC at nuc 9271309Lys â€”@Asna

nuc, nucleotide.

MKK4 MUTATIONS IN HUMAN CANCER CELL LINES

candidate genes to the corresponding DNA sequences of tumor cell
lines, we detected two nonsense and three missense variants of MKK4
in the cell lines examined (Table 3); thus far, no sequence variants
have been observed in the other candidate genes. The nonsense
mutations found in the CAPAN-l pancreatic carcinoma cell line and
MDA-MB-415 breast carcinoma cell line were located at codon
positions 221 and 280 of MKK4, respectively. The nonsense mutation
of CAPAN-l eliminates subdomains VIâ€”XIof MKK4, which are
essential for the catalytic activity of both SERJ@FHRand TYR protein
kinases (14), whereas the truncated MKK4 product of MDA-MB-415
lacks subdomains IXâ€”XI,which contain three residues at positions
that are almost invariant in all protein kinases. The three missense
sequence variants of MKK4 were observed in cancer cell lines derived

from breast (MDA-MB-l34-VI; S184L), colon (SW 1417; R274G),
and testis (NCCIT; K309N); none of these three missense changes
results in a conservative substitution (Table 3).

To ascertain if the five MKK4 variants identified were biochemi
cally active, we expressed the variants in cultured mammalian cells
and then performed in vitro kinase assays on the altered proteins.
Human kidney 293 cells were transfected with Flag-tagged MEKK1L@,
a truncated form of MEKK1 that constitutively activates WT-MKK4
(12), in combination with HA-tagged WT or mutant MKK4; both
constructs were placed under the control of the cytomegalovirus
promoter in pcDNA3 expression vector. The fractionation of trans
fected cell lysates revealed that although S 184L-MKK4, R274G-
MKK4, and K309N-MKK4 behaved similarly to WT-MKK4, the
soluble quantities of the two variants (NON221-MKK4 and N0N280-
MKK4), truncated as a result of the nonsense mutations, were se
verely reduced (Fig. 2, A and B). Using anti-HA antibodies, the
soluble epitope-tagged proteins were immunoprecipitated and then
examined for MKK4 activity by assaying the phosphorylation of
SAPK-f3 K55R, a catalytically inactive form of SAPK (13). In these
assays, whereas the activity of K309N-MKK4 was comparable to that

of WT-MKK4, each of the other four variant MKK4 proteins exhib
ited less than 5% of WT activity (Fig. 2, D and E). The relative
activities of these MKK4 variants correlate well with the degree of
conservation of the residues at these altered sites. As predicted, the
truncated N0N221-MKK4 and N0N280-MKK4 proteins were cata
lytically inactive. The S 184L-MKK4 and R274G-MKK4 variants,
which failed to exhibit kinase activity in these assays, had point
mutations at residues strictly conserved among the six known mem
bers of the MAPKK family (8, 9, 15â€”17).In contrast, the K309N-
MKK4 variant, which appears to have WT activity, has a missense
alteration at a site that is divergent among the MAPKKS. The absence
of a substantial effect caused by the K309N change in these assays,
however, does not preclude a functional defect in vivo that is masked
by coexpression with MEKK1A or is not reflected by in vitro phos
phorylation of SAPK-@3K55R.

Discussion

We have discovered several human cancer cell lines harboring
mutations in MKK4. Of 90 cancer cell lines with LOH in this region,
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proximity of the P53 locus. However, the lack of detection of addi
tional sequence variants by our screen for cancer cell line mutations in
genes within this l7p region, as well as of BRCA2 previously (1 1),
suggests that intragenic alterations that cause clonal selection are
extremely rare. We interpret these findings to suggest that the MKK4
lesions conferred a growth advantage in these cells that resulted in
selection.

Given our discovery of MKK4 mutations in cancer cell lines, it is
important to determine ifMKK4 lesions occur in primary or metastatic
tumors. Thus far, we have examined 45 human primary breast tumor
specimens, prescreened for LOH, for coding alterations in MKK4; no
sequence variants were detected in these tumor DNAs. However,
because MKK4 is mutated at â€”3%frequency in our panel of cell lines,
we did not expect to observe MKK4 lesions in this set of 45 primary
breast tumor specimens. Moreover, homozygous deletion is a mech
anism used to inactivate this gene; it is highly improbable that we
would have detected such deletion events in primary tumors by our
screen because these specimens are heterogeneous and invariably
contaminated with normal cells. Overall, our observation of a low
incidence of MKK4 mutations in cancer cell lines suggests at least one
of the following possibilities: (a) MKK4 can function as a tumor or
metastatic suppressor in certain cell types but is not commonly tar

geted for mutation during cellular transformation in vivo; (b) the
signaling pathway that MKK4 is involved in may be inactivated by

mutagenesis of one of its other components (e.g., MEKK1); or (c) the
MKK4 mutations in these lines were generated while these cells were
cultured in vitro.

Several MAPKKK-MAPKK-MAPK pathways have been identified
in mammals (20). Stimulation of these MAPK pathways by different

extracellular factors or environmental stresses results in the down
stream regulation of transcription factors that elicit appropriate cellu
lar responses. Accumulated evidence implicates the MAPK pathway
involving MEKKI, MKK4, and SAPK, in signaling apoptosis in
duced by inflammatory cytokines and environmental stresses in a
variety of mammalian cell types (21â€”26).This apoptotic signaling
pathway appears to be mediated by the second messenger ceramide
and attenuated by sphingosine-l-phosphate (24, 25); however, the
identity of the upstream regulator(s) of MEKK1 has not been eluci
dated. Johnson et a!. (26) demonstrate that although MEKKI activa
tion facilitates programmed cell death in Swiss 3T3 cells, stimulation
of SAPK is apparently not required for the process. Of interest, work
by Liu et a!. (27) also supports the notion that SAPK activation is not
required for inducing apoptosis in MCF-7 cells, leading them to
propose that MEKK-MKK4-SAPK is not involved in programmed
cell death. The complexity of mammalian MAPK signal transduction
cascades is further reflected by the recent discovery of ASK- I, a
human MAPKKK that induces apoptosis when overexpressed in
MvlLu cells and phosphorylates MKK3, MKK6, and MKK4 in vitro
(28). Thus, definition of the pathways by which MAPKs signal
apoptosis remains unclear.

The tumongenic state of a cell is affected by mechanisms that
control proliferation and apoptosis. Several well-characterized cancer
genes regulate programmed cell death, including BCL2, P53, and
c-MYC (29). Studies on these genes reveal that inactivation of bio
chemical pathways that normally stimulate apoptosis can result in an
increase in the tumongenic potential of a cell. Current evidence
linking MKK4 to programmed cell death signaling is based on cor
relations of kinase activation with the apoptotic induction of mam
malian cells cultured in vitro (21â€”26,28). Our discovery of several
inactivating MKK4 mutations suggests that it may function as a tumor
suppressor in certain cell types. The cancer cell lines characterized in
this report should be useful for investigating the specific role(s) of
MKK4 in cellular growth, stress response, apoptosis, and tumorigen

@Ã¸â€”35kD

-0@-@ 27 kD

â€”â€˜â€”21kD

-â€œ--35kD
â€”â€˜â€”27kD
-â€œ--21kD

@.@@8OkD(MEKK1i@)

-Ã¸--8OkD

â€”@â€”55kD (SAPK)

.,Ã¸â€”35 kD

A ____

B __

C

w@.

Fig. 2. Expression and activity of the MKK4 variants. Human kidney 293 cells were
cotransfected with pcDNA3-Flag-MEKK 1i@and pcDNA3-HA-MKK4 (WT or altered), or
peDNA3-Hag-MEKKl@ and pcDNA3 vector as a control. The variant forms investigated
are S184L-MKK4 of breast MDA-MB-I34-VT,N0N22 1-MKK4 of pancreatic CAPAN- 1,
R274G-MKK4 ofcolon SWI4I7, N0N280-MKK4 ofbreast MDA-MB-4l5, and K309N-
MKK4 of testis NCCIT. Shown are Western blots of the pellet (insoluble; A) and
supematant (soluble; B) fractions of the transfected cell lysates probed with anti-HA
antibodies; a nonspecific immunoreactive band is observed at M@ 37,000 1t1the super
natant fraction. C, the supematant fractions were also probed with anti-Flag antibodies to
confirm equivalent expression of MEKK1A among the different transfected cells. D,
autoradiograph of kinase inactive SAPK-@3K55R (13) after phosphorylation by HA
MKK4 immunoprecipitates; these differentially expressed altered MKK4 products were
normalized prior to assay. E, the 32P-labeled SAPK-f3 K55R bands were excised and
quantified by scintillation counting. The data shown are expressed as a percentage of
WT-MKK4 (taken to be 100%) and reflect the average of two independent sets of kinase
assays.
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six lines derived from pancreatic, breast, lung, and colon carcinomas
do not appear to express functional MKK4 protein; the NCCIT testis
line had a missense change that did not perturb kinase activity in our
in vitro assays. Of interest, mutations in P53 have been reported in the
two pancreatic carcinoma cell lines, ASPC-l and CAPAN-l (18, 19),
which have deleterious MKK4 lesions. In addition, CAPAN-15 was
previously determined to carry the 6l74delT mutation in BRCA2 (1 1).
These correlations suggest that inactivation of independent pathways
defined by these tumor suppressor genes contributed to the transfor
mation process of these pancreatic cells. The frequency of MKK4
mutations in cancer cell lines is low (6 of 213 tumor cell lines with
LOH, â€”3%),due in part to the high incidence of LOH caused by

5 CAPAN- 1 is cancer cell line 4G3 in the BRCA2 study (1 1).
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esis. Confirmation of MKK4 involvement in signaling cellular growth
or apoptosis would be another step taken toward defining the path
ways that transduce and integrate signals that culminate in the dcci
sion by a cell to proliferate or commit suicide. Definition of these
regulatory pathways should lead to the identification of significant
targets for antitumor therapeutic development.
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