


Downloaded from cancerres.aacrjournals.org on May 8, 2021. © 1997 American Association for Cancer Research.



MKK4 MUTATIONS IN HUMAN CANCER CELL LINES

Table | Primers used for mutation screening the MKK4 gene
Eleven exons, shown as exons A-K, were defined for this gene. Exon A contains the 5'-end of the MKK4 cDNAs reported by Derijard et al. (8) and Lin er al. (9). Amplicon K

covers the 5' splice-junction, coding sequence, and lational stop codon of the last exon of the gene.

Exon Primer Nucleotide sequence
A CG2exA.FA GCTGTCTGCTTCACAGGTCGC

CG2exA.RP CGGGGAGGGAGAGAGGGAGA

CG2exA.FB GTTTTCCCAGTCACGACGCGGTTCTGCAGCTCAGCATCT

CG2exA.RQ AGGAAACAGCTATGACCATCGGCTGCCGTGGCTTCCTCA
B CG2exB.FA TTGAGAAATTCCTCATTGCC

CG2exB.RP CAATATTCCCAGAGAGTTTA

CG2exB.FB GTTTTCCCAGTCACGACGTTGCCTTTTGGTGTGACTTT

CG2exB.RQ AGGAAACAGCTATGACCATACTGACATCTCATAATTGGA
C CG2exC.FA CCTGGAGGTCAGACTATTTT

CG2exC.RP AAAGGAGTTGGAGAAACAAT

CG2exC.FB GTTTTCCCAGTCACGACGAACATTTTTCCCACACATTA

CG2exC.RQ AGGAAACAGCTATGACCATAGGAACACAACAACAGTGGT
D CG2exD.FA CTTGTGAAGTATAAGGAAAGATG

CG2exD.RP TGGTTAAACACTAAGATACTGAG

CG2exD.FB GTTTTCCCAGTCACGACGTCGTAACGGTTTTTCTCTACCA

CG2exD.RQ AGGAAACAGCTATGACCATAAGAATAGAATCGAATCCTGCC
E CG2exE.FA TGGGGAAAATTGGCTTTAACTAC

CG2exE.RP CGAGACCATTATGACCTATTGTG

CG2exE.FB GTTTTCCCAGTCACGACGCTAGTTTGACATTTGAAATAAGCA

CG2exE.RQ AGGAAACAGCTATGACCATCAGAAGTGACTTTGTCTCTGGT
F CG2exF.FA GCTTAAAATGTATGCAGAGG

CG2exF.RP CCAGAGAGAAAAATAGCAGT

CG2exF.FB GTTTTCCCAGTCACGACGCTTGTGATAAACTGTTGTGC

CG2exF.RQ AGGAAACAGCTATGACCATCACTGTAATTTTCAATAACC
G CG2exG.FA TCTGAATTTAAGGACTTGAC

CG2exG.RP AGCAAAGTTTCATGGAGAGG

CG2exG.FB GTTTTCCCAGTCACGACGCTTAAAGTGAAGCCTTATGT

CG2exG.RQ AGGAAACAGCTATGACCATGGTAAAACCGTATGACTAATG
H CG2exH.FA AGGAATATACTGGCATTTTGG

CG2exH.RP AGCAACTTAAAACCATAGTG

CG2exH.FB GTTTTCCCAGTCACGACGGTTGCTTCCATTTGCCTATT

CG2exH.RQ AGGAAACAGCTATGACCATCGAACGGGGAAGTCTGATTA
I CG2exI.FA ACTTAGCCTTTATGATTCTG

CG2exI.RP GCTTGAAAAGTAGGGTGATG

CG2exI.FB GTTTTCCCAGTCACGACGTTTTGCTTGTAGTTTAGATTT

CG2exI.RQ AGGAAACAGCTATGACCATTCCTCCATGTAAAGTACCAA
J CG2exJ.FA GGCTGTCTGCGTTGTTACTT

CG2exJ.RP TAACAAAAAACACTCAATAAA

CG2exJ.FB GTTTTCCCAGTCACGACGTGTGAAAAGAAAAATACTTAGG

CG2exJ.RQ AGGAAACAGCTATGACCATGTTTGTTTATGACAGAGAGG
K CG2exK.FA TGGGAGCCTGGAGTTCTATG

CG2exK.RP GGGAAGGGAAAGAGATTCGG

CG2exK.FB GTTTTCCCAGTCACGACGTTGGAAAATGTTCAGTTTGG

CG2exK.RQ AGGAAACAGCTATGACCATCGTTCTAGGTGACAGGAGTA

pellet fractions were mixed with 15 pl of 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 MEKK1A, 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 ul of anti-HA ascites and 20 ul of
protein A/G Sepharose for 2 h at 4°C. Beads were subsequently washed once
in buffer I, once in buffer I with 0.5 M NaCl, twice in buffer I with 1 M NaCl,
and finally twice in buffer II [25 mm Tris-HCI (pH 7.4), 0.1 mm EDTA, 10 mm
MgCl,, and 1 mm DTT]. Twenty ug of kinase dead SAPK-B K55R (13) were
then added to each aliquot of beads, and the final volume was made to 100 ul
with buffer II containing 100 umM ATP (~2000 cpm 2P per pmol ATP). Tubes
were incubated at 30°C for 30 min and stopped with 100 ul of Laemmli SDS
sample buffer. Thirty ul of 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 3?P incorporation
was quantitated by scintillation counting.

Results

Using the D175969 marker, we detected a homozygous deletion in
a pancreatic carcinoma cell line, ASPC-1 (Fig. 14). Beginning at

D175969, we assembled a contig of BAC clones that spanned the
ASPC-1 deletion (Fig. 1B). STS mapping revealed that the homozy-
gous deletion minimally extended from the T7 STS of BAC 86A8 to
D175969, with an estimated size of 200 kb, and was entirely con-
tained within two Bacs: 9512 and 66111.

To identify genes that were located within the genomic region
around D175969, we used DNA from BACs 9512 and 66111 to hybrid
select from a pool of cDNAs prepared from multiple normal tissues.
Genomic sequences generated from BACs 9512 and 66111 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-1: CG1, which
encodes a novel zinc-finger protein;* CG2, which encodes MKK4
(Refs. 8 and 9; GenBank accession nos. L36870 and U17743); 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-1 (Fig. 14). 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 D175786, D175952, D175969,
and D175520, these markers had heterozygosity indices of 0.78, 0.69, 0.71, and 0.79,
respectively. LOH was d 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-1 and NCI-H774, with homozygous
deletions affecting MKK4 were not sequenced.

Type of cell line LOH/screened Sequenced
Astrocytoma 23 2
Bladder 5/10 3
Breast 18/22 (82%) 17
Cecum n 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 7124 (29%) 4
Neuroblastoma 29 2
Ovarian 4/8 4
Pancreatic 12/13 (92%) 11
Prostate 2/4 2
Renal 0/3 0
Submaxillary o/1 0
Testis 3/5 3
Thyroid 12 1
Total 102/213 (48%) 88

and 66111 revealed that the coding sequence of MKK4 was entirely
within 66111, 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 D175969 was assessed on the basis
of the combined apparent hemizygosity of four polymorphic short
tandem repeat markers: D175786, D175952, D175520, and D175969.
By this criterion, 102 of the 213 tumor cell lines tested exhibited
LOH. This overall LOH frequency of 48% is not unexpected given
that P53 is located roughly 10 cM from D175969.

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 C-K of 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

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-1 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-1 eliminates subdomains VI-XI of MKK4, which are
essential for the catalytic activity of both SER/THR and TYR protein
kinases (14), whereas the truncated MKK4 product of MDA-MB-415
lacks subdomains IX-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-134-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 MEKK 1A,
a truncated form of MEKKI1 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 S184L-MKK4, R274G-
MKK4, and K309N-MKK4 behaved similarly to WT-MKK4, the
soluble quantities of the two variants (NON221-MKK4 and NON280-
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-B 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 NON221-MKK4 and NON280-MKK4 proteins were cata-
lytically inactive. The S184L-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, 15-17). 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 MEKKI1A or is not reflected by in vitro phos-
phorylation of SAPK-B KSSR.

Discussion

We have discovered several human cancer cell lines harboring
mutations in MKK4. Of 90 cancer cell lines with LOH in this region,

Table 3 MKK4 variants in human tumor cell lines

Cell line Type Alteration Exon Codon Predicted effect
ASPC-1 Pancreas Homozygous deletion A-C No expression
NCI-H774 Lung Homozygous deletion C-K Protein truncation
MDA-MB-134-1V Breast TCG > TTG at nuc” 551 E 184 Ser — Leu
CAPAN-1 Pancreas GAA > TAA at nuc 661 F 221 Protein truncation
SW1417 Colon AGA > GGA at nuc 820 H 274 Arg — Gly
MDA-MB-415 Breast TCA > TAA at nuc 839 H 280 Protein truncation
NCCIT Testis AAG > AAC at nuc 927 | 309 Lys — Asn

“ nuc, nucleotide.
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Fig. 2. Expression and activity of the MKK4 variants. Human kidney 293 cells were
cotransfected with pcDNA3-Flag-MEKK 1A and pcDNA3-HA-MKK4 (WT or altered), or
pcDNA3-Flag-MEKK 1A and pcDNA3 vector as a control. The variant forms investigated
are S184L-MKK4 of breast MDA-MB-134-VI, NON221-MKK4 of pancreatic CAPAN-1,
R274G-MKK4 of colon SW1417, NON280-MKK4 of breast MDA-MB-415, and K309N-
MKK4 of testis NCCIT. Shown are Western blots of the pellet (insoluble; A) and
supernatant (soluble; B) fractions of the transfected cell lysates probed with anti-HA
antibodies; a nonspecific immunoreactive band is observed at M, ~37,000 in the super-
natant fraction. C, the supernatant fractions were also probed with anti-Flag antibodies to
confirm equivalent expression of MEKKIA among the different transfected cells. D,
autoradiograph of kinase inactive SAPK-B KS55R (13) after phosphorylation by HA-
MKK4 immunoprecipitates; these differentially expressed altered MKK4 products were
normalized prior to assay. E, the 2P-labeled SAPK-B KSSR bands were excised and
quantified by scintillation counting. The data shown are exp d as a percentage of
WT-MKK4 (taken to be 100%) and reflect the average of two independent sets of kinase
assays.

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-1 and CAPAN-1 (18, 19),
which have deleterious MKK4 lesions. In addition, CAPAN-1° was
previously determined to carry the 6174delT mutation in BRCA2 (11).
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, ~3%), due in part to the high incidence of LOH caused by

S CAPAN-1 is cancer cell line 4G3 in the BRCA2 study (11).

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 17p region, as well as of BRCA2 previously (11),
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 if MKK4 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 ~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: (@) 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 MEKK1, MKK4, and SAPK, in signaling apoptosis in-
duced by inflammatory cytokines and environmental stresses in a
variety of mammalian cell types (21-26). This apoptotic signaling
pathway appears to be mediated by the second messenger ceramide
and attenuated by sphingosine-1-phosphate (24, 25); however, the
identity of the upstream regulator(s) of MEKKI1 has not been eluci-
dated. Johnson et al. (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 al. (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-1, 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 tumorigenic 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 tumorigenic 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 (21-26, 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-
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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 deci-
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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