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Abstract

MLK4 is a member of the mixed-lineage family of kinases that regulate the JNK, p38, and ERK
kinase signaling pathways. MLK4 mutations have been identified in various human cancers
including frequently in colorectal cancer, where their function and pathobiological importance has
been uncertain. In this study, we assessed the functional consequences of MLK4 mutations in
colon tumorigenesis. Biochemical data indicated that a majority of MLK4 mutations are loss-of-
function (LOF) mutations that can exert dominant negative effects. In seeking to understand the
abrogated activity of these mutants, we elucidated a new MLK4 catalytic domain structure. To
determine whether MLK4 is required to maintain the tumorigenic phenotype, we reconstituted its
signaling axis in colon cancer cells harboring MLK4 inactivating mutations. We found that
restoring MLK4 activity reduced cell viability, proliferation, and colony formation /n vitro and
delayed tumor growth /n vivo. Mechanistic investigations established that restoring the function of
MLK4 selectively induced the JNK pathway and its downstream targets, cJUN, ATF3 and the
cyclin-dependent kinase inhibitors CDKN1A and CDKN2B. Our work indicates that MLK4 is a
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novel tumor suppressing kinase harboring frequent LOF mutations that lead to diminished
signaling in the INK pathway and enhanced proliferation in colon cancer.

Introduction

MLK4 is a member of the mixed-lineage kinase (MLK) family of kinases that serve as
MAP3Ks and regulate MKK4/7 and MKK3/6 leading to JNK and p38 pathway activation,
respectively (1). Recently we have identified a novel function of the MLKs as MEK kinases
that are able to directly activate the ERK pathway in a kinase dependent manner (2). MLK4,
the least characterized member of the MLK family, has two isoforms; a and 3 that differ in
size by the presence of a unique C-terminal sequence in MLKA4p that lies within a region
showing a high degree of variability between all the MLKs (1).

The role of MLK4 downstream targets, MKK4/7 and JNK, in cancer development appears
complex and contradictory, as previous findings indicate that they may be tumor suppressors
or enhancers depending on the specific genetic environment (3, 4). The presence of multiple
loss-of-function mutations in MKK4 as well as the documented tumor suppressive roles of
MKK4 and JNK indicate that these kinases are tumor suppressors in several tumor types,
including lung, pancreatic and ovarian cancers (5-11). The JNK signaling pathway has also
been described to have pro-apoptotic effects in Ras-transformed cells (12), where signaling
in the JNK pathway suppresses tumor development in mouse models of breast and prostate
cancer (13-15). By contrast, JNK is required for cellular transformation by oncogenic RAS,
and promotes lung cancer, lymphoma or intestinal cancer (16-20). These examples
demonstrate that the role of JNK signaling in tumor development is tissue- and cell-type
specific, and therefore understanding the status of upstream regulators and downstream
targets is necessary for design of tissue appropriate therapeutic intervention strategies.

The role of MLK4 in cancer is poorly understood and likely to be complex, since the kinase
regulates various MAPK pathways. Large consortium cancer genomic studies have revealed
multiple somatic mutations in MLK4 in primary tumors and cancer cell lines, including
colorectal cancer (CRC) at a frequency of 7% (21-23). It is important to assess the functional
impact of mutations in MLK4 and gain an insight into the role this kinase plays in colorectal
tumorigenesis. The functional consequences of MLK4 mutations in CRC have not been
determined so far, except for one report, where the authors state that enzymatic activity of
mutated MLK4 is increased in KRAS-driven colon cancer (24). Here, we present
contradictory findings where we demonstrate that MLK4 mutations in colon cancer are loss-
of-function (LOF). Reconstitution of CRC cell lines that harbor these LOF mutations in
MLK4 with functional MLK4-WT (wild-type) slows the growth of the cancer cells and
reduces tumor size /n vivo. Furthermore, we shed light on a novel signaling-axis, whereby
MLK4 suppresses the proliferation of colon cancer cells.
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Materials and methods

Cell lines and reagents

HEK?293T cells were obtained from ATCC and cultured in DMEM supplemented with 10%
FCS, 1% penicillin/streptomycin and 2 mM L-glutamine. HCT15 and HT115 cells were
obtained from European Collection of Cell Culture (ECACC) in October of 2012 and the
HT115 was again obtained in November of 2014 due to loss of viability of original cell line.
LoVo and HCT116 cells were obtained from ATCC in January of 2013 and July of 2013
respectively. The ECACC and ATCC authenticate cell lines by STR profiling and cell lines
were validated throughout the study by sequencing for specific mutations within six months
of the latest experiments. Cells were cultured in RPMI supplemented with 10% FCS, 1%
penicillin/streptomycin and 2 mM L-glutamine. AZD6244 was purchased from Selleck
Chemicals. Inhibitor was dissolved in DMSO (20 mM) and stored at —20°C.

Protein lysate preparation and immunoblots

Cells were lysed with Triton X-100 lysis buffer (Cell Signaling Technology) supplemented
with protease inhibitor tablet (Roche). Proteins were resolved by SDS-PAGE and analyzed
by western blotting. Primary antibodies: p-ERK1/2 (T202/Y204), p-MKK4 (S257/T261),
MKK4, MKK7, p-JNK (T183/Y185), JNK, p-cJUN (S63), p-cJUN (T91), cJUN, p21,
PARP, HA (Cell Signaling Technology), ATF3, p15 (Santa Cruz), MLK4 (Bethyl), tubulin,
flag M2 (Sigma). All antibodies were used at the dilution of 1:1,000 except tubulin
(1:10,000) and flag M2 (1:5,000).

Anchorage-dependent colony formation assay

Cells were seeded at approximately 100 cells/well in a 6-well plate format. Cells were left to
grow for 2 weeks with or without 1 pug/ml tetracycline. Growth media was replaced every
2-3 days. Colonies formed were fixed with ice-cold methanol, stained with 0.5 % crystal
violet (Sigma) solution in 25 % methanol. Wells were washed and air-dried. For
quantification, 10 % acetic acid was added to each well, incubated for 20 minutes with
shaking and absorbance values read at 590 nm.

Anchorage-independent colony formation assay

Cells were seeded at approximately 10.000 cells/well in a 6-well plate format in 0.35 % soft
agar with or without 1 pg/ml tetracycline. Plates were previously coated with 0.6 % soft agar
with or without 1 pg/ml tetracycline containing no cells. Growth media with or without 1
pg/ml tetracycline was added to the wells and it was replaced every few days. After 2 weeks
cells were stained using 0.05 % crystal violet (Sigma) solution made up in 25 % methanol.

Mouse xenografts and in vivo studies

All procedures were approved by Animal Welfare and Ethical Review (University of
Glasgow) and carried out in accordance with the Animals Scientific Procedures Act 1986
and guidelines of the Committee of the National Cancer Research Institute. 11-week old
BALB/c-Nude female mice were injected subcutaneously with 5 x 106 HCT15 or HT115
cells (8 mice/group). Doxycycline was administered in drinking water from the first day
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after injections. Tumor formation was monitored and tumor volume based on caliper
measurements was calculated by the formula: tumor volume = (length x width x width)/2.
Mice were culled when tumors reached max permitted volume 1200 mm? or after 12 weeks
post-injection.

Statistical analysis

Results

For xenograft studies, structural analysis, MTT, BrdU incorporation, apoptosis assay and
colony formation assays P values were calculated by using two-tailed paired Student’s t-test.

For additional Methods, please see Supplementary Information.

MLK4 mutations identified in colon cancer are loss-of-function

We examined the functional consequences of 17 point mutations in MLK4 identified in CRC
cell lines or primary tumors (22, 23) (Table 1). Many of the mutations are located within the
kinase catalytic domain including several mutations present in residues critical for kinase
activity, e.g. in the DFG and HRD motifs (Fig. 1A). Firstly, we used three bioinformatic
tools to analyze the impact of the mutations on the protein function (25-27). The majority of
mutations located in the kinase domain were predicted to have a significant impact on
protein function providing the impetus to biochemically characterize these cancer mutants
(Table 1). We generated a panel of human MLK4 mutants by site-directed mutagenesis and
compared their activity against WT and kinase dead (KD) MLK4 (Fig. 1B and
Supplementary Fig. S1A). We observed that 10 mutations (59% of the mutations evaluated)
ablated the kinase activity of MLK4 towards the JNK and ERK pathways, as assessed by
measuring MKK4, MKK?7, JNK and MEK phosphorylation in transiently transfected
HEK?293T cells (Fig. 1B). We did not detect any increase in phosphorylation of p38 by
MLK4-WT indicating that the JNK and ERK pathways are the primary signaling cascades
activated by MLK4 (Fig. 1B). Some cancer mutants displayed a neutral phenotype and had
comparable activity to MLK4-WT (Supplementary Fig. S1A). We further evaluated several
LOF cancer mutants in an /n vitro kinase assay using inactive MKK?7 as a substrate.
Mutations located in the kinase domain (H261Y, H261Q, G291E, E314K, Y330H) showed
complete loss-of-function towards phosphorylation of MKK7, while a mutation located in
the leucine zipper (R470C) displayed weak phosphorylation of MKK?7 in the /in vitro kinase
assay (Fig. 1C and D). Based on a previous study that characterized MLK4 as an oncogene
with gain-of-function mutations (H261Y, G291E, R470C and R555*) (24), we performed
additional blinded verification of WT and mutant MLK4 activity in an independent
laboratory (L.P and T.H), which confirmed the LOF phenotype of MLK4 mutations
(Supplementary Fig. S1B). Overall, our data imply that the mutations located in the MLK4
kinase domain abrogate the enzymatic activity of the kinase.

We next focused on two colorectal cancer cell lines, HCT15 and HT115, harboring MLK4
LOF mutations, Y330H and E314K, respectively (Supplementary Table S1). We have
confirmed the presence of these heterozygous mutations by sequencing (Supplementary Fig.
S1C). The mutational profiles of both of these cell lines evaluated in CCLE (Cancer Cell
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Line Encyclopedia) indicate that there are additional mutations in MLK4 and MLK1 that
may impact JNK signaling. The HT115 cell line expresses double mutations in MLK4
(E314K and E396K) (Supplementary Table S1), including the LOF mutation (E314K) and a
neutral mutation (E396K) (Fig. 1B and Supplementary Fig. S1A). Therefore, we generated a
construct that had a double mutation (MLK4-E314K/E396K) and determined the activity of
this mutant compared to MLK4-WT, kinase dead, or MLK4-E314K in HEK293T cells.
Expression of the double mutant did not result in activation of the JNK pathway, indicating
the LOF mutation is dominant over the neutral mutation (Supplementary Fig. S1D). We then
characterized the mutations observed in MLK1 (MLK1-D353G mutation in HT115 and
MLK1-Q423* in HCT15) (Supplementary Table S1) which revealed that the D353G
mutation is LOF and the Q423* is a neutral mutation towards the INK pathway
(Supplementary Fig. S1E). These data suggest that colon cancer cells may acquire multiple
LOF mutations in JNK pathway activating kinases to promote inactivation of the pathway.

MLK3 homodimerization is a key step in auto-phosphorylation required for activation of the
kinase (28), therefore we investigated if MLK4 cancer mutants that lacked activity could
suppress the function of the wild-type kinase, since a majority of MLK4 mutations are
heterozygous. We co-expressed MLK4-WT together with MLK4-E314K or MLK4-Y330H,
and observed that these mutants could act in a dominant negative manner to suppress the
activity of the WT kinase and subsequently the phosphorylation of INK (Fig. 1E). In order
to check if MLK4-E314K and MLK4-Y330H form a complex with MLK4-WT, we
immunoprecipitated LOF mutants and found that MLK4-WT and the LOF mutants
interacted (Fig. 1E). These data indicate that MLK4 LOF mutants act in dominant fashion to
suppress the activity of the WT kinase.

Structure and modeling of MLK4

To analyze the impact of these mutations on the structure of the kinase, molecular dynamics
(MD) simulations were performed using a newly elucidated MLK4 catalytic domain
structure. We have obtained the crystal structure of MLK4 kinase domain as a monomer in
an inactive kinase confirmation (PDB ID: 4UY9; Figure 1F). The crystallised MLK4
constructs lacked the kinase insert domain (KID — residues 215-229), which is only present
in MLK4, and included the first leucine zipper (LZ1) on the C-terminal end of the construct
(Supplementary Results and Supplementary Figure S1F). Next, we used MD simulations to
compare the average movement (root-mean-squared deviation; RMSD) of each residue
within key regions of the kinase domain of the WT structure and derivative structures where
individual residues had been changed to a residue found in a LOF mutant (Fig. 2-3 and
Supplementary Fig. S2-4). The MLK4-E314K construct exhibited increased movement
within the APE motif, where the mutation is located (Fig. 2A(i)). This region is known to
associate with residues from the F-helix to provide a rigid platform for substrate binding
(29). Changing the glutamate within this motif to a lysine significantly increases the
movement of this motif as observed in time-lapse images (Fig. 2A(i)). This increased bulk
and movement could prevent the MLK4 kinase binding to its substrate resulting in a LOF
phenotype. An increase in movement within the APE motif was also observed for both the
H261Y and G291E mutants (Supplementary Fig. S2B(i) and S2C(i)), likely resulting in
disrupted substrate binding. Furthermore, a significantly decreased movement was observed
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across the whole glycine rich (or GXGxxG) motif (Fig. 2A(ii)). This region functions to
orientate the ATP molecule into the binding pocket. From the time-lapse images of the
simulation we observe the phenylalanine within the glycine rich motif protrudes into the
nucleotide binding pocket (Fig. 2A(ii)), blocking the ATP binding site (Supplementary Fig.
S3A), which is not observed for MLK4-WT. Similar changes within the glycine rich motif
were observed within MLK4-H261Y (Supplementary Fig. S2B(ii) and S3C). An increased
movement was observed for MLK4-H261Q (Supplementary Fig. S2A); however, this
mutation still appears to cause occlusion of the nucleotide binding site (Supplementary Fig.
S3B). These changes in the APE and glycine rich motif suggest these mutations could
prevent ATP binding and disrupt substrate binding to suppress the activity of the kinase.

MD simulations of MLK4-Y330H showed a decrease in the movement of the phenylalanine
within the DFG motif (Fig. 3A(i)). In the time-lapse images of MLK4-WT the phenylalanine
demonstrates flexibility, which will allow for the flip from the inactive (D-in/F-out) to the
active (D-out/F-in) conformation (Fig. 3A(i)). MLK4-Y330H shows a reduced movement
that could indicate that this flip from the inactive to the active conformation would be harder
to achieve. In addition, time-lapse images show the GxGxxG motif of the Y330H construct
moving up and away from the nucleotide binding pocket of the kinase domain (Fig. 3A(ii)
and Supplementary Fig. S3D) compared with the WT construct, which despite its
movement, remains close to the site of ATP binding. This could result in the ATP binding
being less stable, compared to WT. Finally, a significant increase in movement was also
observed within the catalytic HRD motif of the MLK4-Y330H construct (Fig. 3A(iii)). The
HRD motif is required for catalysis, functioning to orientate the substrate, support the
activation loop configuration, and bind to the DFG motif. Overall, this provides a central
scaffold for the active kinase conformation. The increase in movement seen across the HRD
motif within the Y330H construct (Fig. 3A(iii)), could prevent substrate binding and provide
less stability to the active conformation. Similar results were observed for MLK4-G291E
(Supplementary Fig S2C(ii)). Combined, these results agree with biochemical data
suggesting the MLK4-Y330H is a LOF mutation.

Interestingly, all of these mutations cause significant disturbances in one residue within
either the C-spine (Fig. 2B, Fig. 3B and Supplementary Fig. S4A-B) or the R-spine
(Supplementary Fig. S4C), structures that span the kinase domain providing stability to the
core of the activated kinase, suggesting these mutants will be less stable in the active state.

Reintroduction of MLK4-WT decreases cell viability and tumor growth in vivo

To evaluate the biological consequences of MLK4 LOF mutations in colon cancer, we
generated HCT15 and HT115 cell lines where MLK4 expression could be induced in
response to tetracycline (HCT15 and HT115 cells harbor the Y330H and E314K LOF
mutations respectively). Induced expression of MLK4-WT led to strong activation of the
JNK pathway (Fig. 4A). The MEK/ERK pathway was constitutively active in both cell lines
and there was only a slight increase in ERK phosphorylation in the HCT15 cell line after
MLKA4-WT expression (Fig. 4A). This constitutive activation of the ERK pathway is likely
due to additional mutations within the MEK/ERK pathway in these cells (e.g. KRAS, NRAS
or BRAF, Supplementary Table S1), thus the expression of MLK4-WT does not lead to

Cancer Res. Author manuscript; available in PMC 2016 August 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Marusiak et al.

Page 7

significant changes in activation of the ERK pathway. We found no activation of the p38
pathway in HCT15 and HT115 cells (Fig. 4A), which is consistent with our results from
transfected HEK293T cells (Fig. 1B).

To determine if reconstitution of HCT15 and HT115 cells with MLK4-WT affects the
viability of these cancer cells, we induced expression of MLK4 and this resulted in
decreased viability in both cell lines (Fig. 4B). Similarly, the ability to form colonies in a
long-term anchorage-dependent assay was also significantly impaired (Fig. 4C-D).
Additionally, we used the LoVo cell line, which is a colorectal cancer cell line harboring a
MLK4-R470C LOF mutation (Fig. 1B) to generate an additional MLK4-WT inducible cell
line. Consistent with the results obtained in HCT15 and HT115 cells, the induction of
MLK4-WT in LoVo cells activated the INK pathway (Supplementary Fig. S5A), and led to a
reduction in cell viability and colony number in an anchorage-dependent assay
(Supplementary Fig. S5B-C).

In addition, we performed control experiments where we tested if tetracycline alone has any
effect on viability of these cell lines. We treated parental HT115 and HCT15 cells with
tetracycline, but no significant reduction in cell viability or colony number was observed
(Fig. 4E-F). Moreover, when we induced expression of LOF MLK4 mutants identified in the
respective cancer cell lines, HCT15 — Y330H and HT115 — E314K (Supplementary Fig.
S6A-F), but we did not observe any decrease in cell viability (Supplementary Fig. S6A-D).
Furthermore, when we knocked down endogenous MLK4 in parental HCT15 and HT115
cells, there were no pronounced effects on viability in these cells (Supplementary Fig. S6G).
Finally, in order to provide an additional control, we used a colorectal cancer cell line
lacking MLK4 mutations, HCT116, to generate MLK4-WT inducible cells. Induced
expression of MLK4-WT in this cell line did not cause any changes in cell viability or
colony number in a long-term anchorage-dependent assay (Supplementary Fig. S7TA-C).
This provides further evidence that the effects observed in tetracycline-inducible HCT15,
HT115 and LoVo cell lines are specifically due to reactivation of the MLK4 signaling axis
by a functional MLK4 kinase in cells with impaired MLK4 activity.

We next tested whether re-introduction of MLK-WT in colon cancer cells could alter their
oncogenic potential. We induced expression of MLK4-WT by tetracycline in HCT15 and
HT115 and assessed their ability to form colonies in soft agar. We observed a significant
decrease in colony number suggesting that restoring the function of MLK4 leads to
reduction in anchorage-independent growth, one of the hallmarks of cellular transformation
(Fig. 5A). To investigate if the observed effects in CRC cells reconstituted with MLK4-WT
were due to decreased proliferation or increased cell death, we performed BrdU
incorporation assays or monitored for changes in cell death markers. Upon MLK4-WT
expression in HCT15 and HT115 cells, we observed a reduction in the rate of proliferation
that was modest but significant (Fig. 5B). MLK4-WT reconstitution did not induce apoptosis
under these specific conditions as tested by caspase3/7 assay and confirmed by the lack of
cleaved PARP in cell lysates (Fig. 5C-D). This indicates that the presence of the functional
MLK4 decreases the rate of proliferation rather than induces apoptosis in CRC cells.
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Lastly, we aimed to determine if MLK4-WT could suppress tumor growth in a xenograft
mouse model. We injected mice with the HT115 and HCT15 cells that had stably
incorporated doxycycline-inducible MLKA4. In both cases, doxycycline-induced expression
of MLK4-WT slowed tumor formation in xenograft mouse models, which supports our /n
vitroresults (Fig. 5E-F). Altogether, these data imply that the presence of LOF mutations in
MLK4 suppresses activation of the JNK pathway to promote CRC proliferation.

MLK4 regulates signaling in the INK-cJUN pathway to suppress growth

To investigate the downstream targets of MLK4 that mediate the above effects, we
transcriptionally profiled HCT15 and HT115 cell lines after MLK4-WT reconstitution.
Triplicate RNA samples were subjected to microarray analysis and we found that 143 and 93
genes were upregulated in HCT15 and HT115 cells, respectively (p<0.05) (Fig. 6A and
Supplementary Tables S2 and S3). As a control, we also checked gene expression upon
induction of Y330H in HCT15 and E314K in HT115, and found that only a few genes (less
than 10) were upregulated (Supplementary Fig. S6E-F and Supplementary Table S4 and S5).
We validated microarray results by assessing the expression and phosphorylation of the
known JNK targets identified by microarray, cJUN and ATF3 (Fig. 6B). Because we
observed the effects on cell proliferation by MLK4-WT re-introduction in CRC cells in
previous experiments (Fig. 4B and 5B) we focused on the upregulation of the cyclin-
dependent kinase inhibitor, p15 (CDKNZ2B) that was detected by microarray in HT115 cells
(Supplementary Table S3). We confirmed increased expression of p15 in HT115 cells, but
we did not observe any changes in HCT15 cells (Fig. 6B). Therefore, we tested expression
of other Cdk inhibitors and we found that p21CiPL/Wafl (CDKN1A) was highly upregulated
in HCT15 cells (Fig. 6B). Enhanced expression of p21 in HCT15 was also detected by our
microarray analysis in all triplicate samples for this cell line; however, the p-value was not
significant (p=0.063). In order to test if upregulation of p21 or p15 results in cell-cycle
arrest, we performed cell-cycle analysis. Reconstitution of CRC cells harboring LOF
mutations in MLK4 with MLK4-WT resulted in a delay in the G1 phase of the cell cycle,
although the result was modest in the HCT15 cell line (Supplementary Fig. S7D). This is in
agreement with our BrdU experiments where we observed a moderate but significant
reduction of proliferation (Fig. 5B); however, long-term MLK4-WT reconstitution had
striking effects on colony formation assays and in /77 vivo mouse models (Fig. 4C-D, 5A and
5E-F). Taken together this indicates that expression of functional MLK4 leads to reduction
in cell proliferation, likely due to upregulation of Cdk inhibitors (p15 or p21) (Fig. 6B).

To strengthen our model, we queried data compiled by TCGA to determine associations
between colon cancer patients with MLK4 mutations and expression levels of Cdk
inhibitors. This revealed that MLK4 mutations correlate with decreased mRNA levels of the
Cdk inhibitor p27KiP1 (CDKN1B) in patient samples (21, 30) (Supplementary Fig. S8A).
Interestingly, there was no significant decrease in levels of mMRNAs for other Cdk inhibitors,
including p21 or p15 in patient samples with MLK4 mutations (Supplementary Fig. S8A).
We checked if the level of p27 was increased after MLK4-WT induction in HCT15 and
HT115 but we did not find any changes of p27 in these cell lines (Fig. 6B). Furthermore, we
assessed if MLK4 expression affected the levels of Cdk inhibitors in LoVo cells and we
found that p21, but not p15 or p27, was increased upon induction of MLK4-WT
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(Supplementary Fig. S5A). The molecular mechanisms that dictate the differences in
expression levels of CDK inhibitors are unclear at this stage; however, it might be explained
by differences in the genetic background of patient samples and cell lines.

Lastly, we investigated whether the mechanism by which MLK4-WT promotes inhibition of
cell proliferation depends on the INK pathway, rather than the MEK/ERK pathway. We
explored the effects of INK1/2 and MKK4/7 depletion in cells, and monitored
phosphorylation of cJUN-Ser63 and the level of p21 and p15 in HCT15 and HT115 cells as
a downstream output. Knock-down of JNK1/2 validated that MLK4-induced
phosphorylation of cJUN at Ser63 occurred via a JNK-dependent mechanism (Fig. 6C).
Furthermore, the most effective siRNA against JINK1/2 was used to quantify the effects on
p21 in HCT15 and p15 in HT115 cells in order to show that MLK4-induced upregulation of
p21 and p15 is INK-dependent (Fig. 6D). Similarly MKK7 depletion led to a decrease of p-
JNK but surprisingly, knock-down of MKK4 did not reduce the phosphorylation of INK
(Fig. 6E). The results indicate that MLK4 promotes activation of JINK leading to cJUN-
Ser63 phosphorylation through direct regulation of MKK?7 (Fig. 6E). However, the
correlation between JNK phosphorylation and activation of cJUN in HT115 cell line was
less conclusive (Fig. 6E). Importantly, the use of AZD6244 (MEK inhibitor) did not have
any effect on phosphorylation of cJUN-Ser63 (Fig. 6F). This suggests that phosphorylation
and upregulation of MLK4 downstream targets does not depend on the MEK/ERK pathway.
Collectively, these data highlight a novel signaling node where activation of the MLK4-
JNK-cJUN pathway promotes inhibition of proliferation, therefore loss of signaling through
this pathway will promote CRC cell proliferation and tumorigenesis.

Discussion

MLK4 is an understudied protein kinase that is frequently mutated in cancer, specifically
colon cancer, and it is essential to understand the role of this kinase in tumorigenesis. To
date, there has only been one report evaluating the role of MLK4 in cancer (24). In this study
mutations in MLK4 were described as activating, and the authors suggested that MLK4 was
oncogenic and promoted tumorigenesis in a mutant KRAS background in CRC (24). In
contrast, we have characterized the same mutations in MLK4 as loss-of-function and our
biochemical, structural, and independent blinded verification unequivocally indicated that
these mutations abrogate the activity of the kinase. We also showed that MLK4 LOF
mutants suppress the function of the WT allele leading to inactivation of signaling
downstream of MLK4. The presence of additional mutations in the members of the MLK
family (including loss-of-function MLK1-D353G) in colon cancer cell lines reinforces the
idea that tumor progression favors inactivation of JNK signaling in colorectal cancer.
Consistent with our data, a previous report analyzing mutations in MKK4, which lies
upstream of JNK, showed that 5 out of 8 mutations identified in human colorectal cancer are
loss-of-function (with two being neutral and one gain-of-function) (5), suggesting that
inactivation of the JINK pathway may occur at different levels. Confirming the functional
importance of MLK4 LOF mutations, we demonstrate that re-introduction of MLK4-WT
into CRC cells carrying MLK4 LOF mutations decreases anchorage-independent growth, a
hallmark of cellular transformation, and slows tumor growth in /77 vivo mouse xenograft
models. We determined the molecular mechanism by which MLK4 promotes these
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phenotypes by demonstrating that restoration of MLK4-WT function led to activation of the
JNK pathway, increased expression and phosphorylation of cJUN, and elevated expression
of Cdk inhibitors, p21 and p15, leading to a reduction in proliferation and a cell-cycle arrest.
Interestingly, loss of the p21 Cdk inhibitor was previously linked with colon cancer
formation and an inability of colon cancer cells to arrest in G1 phase of the cell cycle (31,
32).

Colorectal cancer remains one of the most commonly diagnosed cancers and leading causes
of cancer mortality worldwide. The nature of colorectal cancer has been described as
extremely heterogeneous where activation of different molecular pathways leads to different
phenotypes (33). Multiple gene mutations have been associated with colorectal
carcinogenesis, including APC, KRAS, BRAF and p53 (33, 34). The presence of these
mutations is sufficient to initiate primary events in transformation; however, additional
mutations are required for the progression to a malignant or metastatic phenotype (35-37). It
is well established that cancer cells need to accumulate other mutations and/or epigenetic
alterations in order to overcome senescence and achieve full transformation (35-37). It is
possible that inactivation of the JNK pathway in colorectal cancer is required to escape
oncogene-induced senescence (OI1S) that could be caused by KRAS GOF mutants or loss of
APC, and one mechanism to overcome OIS will be loss of signaling downstream of MLK4
leading to inactivation of the JNK pathway (Supplementary Fig. S8B). Utilizing cancer
genomics to identify novel signaling pathways where loss- or gain-of-function is required to
promote tumorigenesis is a critical next step in translating better therapies into the clinic. In
summary, we demonstrate that MLK4 is a novel colon cancer tumor suppressor harboring
frequent LOF mutations that promote cancer cell proliferation by suppressing signaling in
the INK-cJUN-p21/p15 pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MLK4 mutations are loss-of-function. A, Schematic representation of MLK4 and location of
mutations. B, HEK293T were transiently transfected with empty vector (EV), MLK4-WT,
kinase dead (KD) or mutants. Whole cell lysates (WCL) were analyzed by western blot. C,
MLK4-WT, KD, mutants or EV were transiently transfected into HEK293T. Flag-MLK4
were immunoprecipitated and subjected to a kinase assay with MKK7. Immunoprecipitated
samples (IP) and WCL were analyzed by western blot. D, Densitometry analysis of kinase
assays. Results are representative of three independent experiments. Error bars indicate
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+SEM, ** p<0.01, *** p<0.001, **** p<0.0001. Densitometry was performed using
ImageJ. The graphs show the ratio of p-MKK7 to MKK?7. E, Flag-MLK4-WT was co-
expressed with EV or HA-MLK4 mutants in HEK293T. HA-MLK4 was
immunoprecipitated and analyzed by western blot together with WCL. F, Cartoon depiction
of MLK4 structure (4UYA) - the kinase domain (green) with highlighted features (yellow),
bonds of ATPyS (light blue carbon atoms), putative LZ1 (magenta) and the protein section
linking the C-terminus of the kinase domain with the N-terminus of LZ1 (green line).
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Figure 2.

St?uctural analysis of MLK4-E314K mutant. A, Time lapse images show movements within
the APE motif (i) and GxGxxG motif (ii) of MLK4-E314K (red) and WT (black) over the
course of the simulation. Movement determined by the average RMSD for each residue
within these structures. Values are representative of three independent simulations. Error
bars indicate £SEM, * p<0.05. B, Graph shows the average movement observed for each
residue of the C-spine during the course of the simulations of MLK4-E314K (red) compared
to MLK4-WT (black). Data is the average of three independent repeats, error bars show
+SEM, * p<0.05.
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Structural analysis of MLK4-Y330H mutant. A, Time lapse images highlight the changes
occurring within the phenylalanine of the DFG motif (i), residues of the GxGxxG motif (ii)
and HRD motif (iii) of MLK4-Y330H (orange) and WT (black) over the course of the
simulation. Movement determined by the average RMSD for each residue within these
structures. Values are representative of three independent simulations. Error bars indicate
+SEM, * p<0.05. B, Graph shows the average movement observed for each residue of the C-
spine during the course of the simulations of MLK4-Y330H (orange) compared to MLK4-
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WT (black). Data is the average of three independent repeats, error bars show +SEM, *
p<0.05.
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tetracycline

tetracycline

HCT15 and HT115 was induced by tetracycline for 1 day. WCL were analyzed by western
blot. B, Expression of MLK4-WT in HCT15 and HT115 was induced by tetracycline for 4

days. Viability was determined by MTT assay. Error bars indicate +SEM from three

independent experiments performed in triplicate (n=9). C and D, HCT15 and HT115 were
seeded at low density and expression of MLK4 was induced by tetracycline. After 2 weeks

cells were stained with crystal violet (C) and results were quantified by absorbance (D).

Error bars indicate +SEM from three independent experiments (n=3). E, Parental HCT15

and HT115 were treated with tetracycline for 4 days. Viability was determined by MTT

assay. Error bars indicate £SEM from three independent experiments performed in triplicate
(n=9). F, Parental HCT15 and HT115 were seeded at low density and expression of MLK4
was induced by tetracycline. After 2 weeks cells were stained with crystal violet and results

were quantified by absorbance. Error bars indicate +SEM from three independent

experiments (n=3).
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Figure5.

Regintroduction of MLK4-WT reduces anchorage-independent colony growth, proliferation
and tumor growth /n vivo. A, HCT15 and HT115 were seeded in soft agar. Expression of
MLK4-WT was induced by tetracycline and after 2 weeks cells were stained with crystal
violet. B, HCT15 and HT115 were seeded in 96-well plates. Expression of MLK4-WT was
induced by tetracycline for 2 days. Plates were subjected to BrdU assay. Error bars indicate
+SEM from three independent experiments performed in triplicate (n=9). C, Expression of
MLK4-WT in HCT15 and HT115 was induced by tetracycline for 4 days. After that time
cells were lysed and WCL were analyzed by western blot. D, HCT15 and HT115 were
seeded in 96-well plates. Expression of MLK4-WT was induced by tetracycline for 4 days.
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Plates were subjected to caspase3/7 activity apoptosis assay. Error bars indicate +£SEM from
three independent experiments performed in triplicate (n=9). E and F, HCT15 and HT115
were engrafted in nude mice. MLK4-WT expression by doxycycline induction started on the
day of injection. Error bars indicate £SEM (n = 8 mice/group).
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Figure6.

M?_K4 downstream targets and signaling pathways. A, Differential gene expression. MLK4-
WT expression was induced by treatment with tetracycline for 1 day. Cells were harvested
and mRNA was isolated. Triplicate samples were hybridized to Human Plus 2.0 array. Heat
maps were generated using expression values of the selected DE genes. B, Expression of
MLK4-WT in HCT15 and HT115 was induced by tetracycline for 1 day. WCL were
analyzed by western blot. Densitometry of p21 and p15 was performed using ImageJ. P21 or
p15 were normalized to tubulin. Results were averaged from 3 experiments. C -E, HCT15
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and HT115 were transfected using siRNA against INK1/2 (C and D) or MKK4, MKK7 (E).
MLK4-WT induction was induced by tetracycline the next day and cells were lysed the
following day. WCL were subjected to western blot analysis (C-E). Densitometry was
performed using ImageJ; p21 or p15 were normalized to tubulin and compared directly with
lane 2 (JNK1/2 siRNA 2 with tetracycline); results were averaged from 3 experiments (D).
F, Phosphorylation of cJUN is not MEK-dependent. Expression of MLK4-WT was induced
by treatment with tetracycline. After 24 hours HCT15 and HT115 were treated with 5 uM
AZD6244 for 2 hours. Cells were lysed and WCL were subjected to western blot analysis.
All results are representative of three independent experiments.
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Table 1

Bioinformatics analysis of MLK4 mutations identified in colon cancer.

Mutation Reference PolyPhen-2 Prediction SIFT Mutation assessor
H261Q Bardelli et al. probably damaging affect protein function high
H261Y Bardelli et al. probably damaging affect protein function medium
G291E Bardelli et al. probably damaging affect protein function high
A293E Bardelli et al. probably damaging affect protein function high
W296* Bardelli et al. N/A N/A N/A
E314K CCLE probably damaging affect protein function high
Y 330H CCLE probably damaging affect protein function medium
D348A CCLE probably damaging affect protein function neutral
R388H CCLE probably damaging affect protein function high
E396K CCLE benign tolerant neutral
R470C Bardelli et al./CCLE probably damaging affect protein function medium
K497N CCLE probably damaging affect protein function medium
T549I CCLE benign tolerant low
R553* Bardelli et al. N/A N/A N/A
N596I Bardelli et al. benign affect protein function low
K629E Bardelli et al. possibly damaging tolerant medium
A922D CCLE benign tolerant neutral
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