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Abstract

Metastasis to distant organs is a major cause for solid cancer mortality, and the acquisition of migratory and invasive
phenotype is a key factor in initiation of malignancy. In this study we investigated the contribution of Mixed-Lineage Kinase
4 (MLK4) to aggressive phenotype of breast cancer cells. Our TCGA cancer genomic data analysis revealed that
amplification or mRNA upregulation of MLK4 occurred in 23% of invasive breast carcinoma cases. To find the association
between MLK4 expression and the specific subtype of breast cancer, we performed a transcriptomic analysis of multiple
datasets, which showed that MLK4 is highly expressed in triple-negative breast cancer compared to other molecular
subtypes. Depletion of MLK4 in cell lines with high MLLK4 expression impaired proliferation and anchorage-dependent
colony formation. Moreover, silencing of MLK4 expression significantly reduced the migratory potential and invasiveness
of breast cancer cells as well as the number of spheroids formed in 3D cultures. These in vitro findings translate into slower
rate of tumor growth in mice upon MLK4 knock-down. Furthermore, we established that MLK4 activates NF-kB signaling
and promotes a mesenchymal phenotype in breast cancer cells. Immunohistochemical staining of samples obtained from
breast cancer patients revealed a strong positive correlation between high expression of MLK4 and metastatic potential of
tumors, which was predominantly observed in TNBC subgroup. Taken together, our results show that high expression of
MLK4 promotes migratory and invasive phenotype of breast cancer and may represent a novel target for anticancer
treatment.

Introduction

Breast cancer is a highly heterogeneous disease classified
into several subgroups varying on molecular characteriza-
tion, treatment responses and clinical outcomes [1]. The
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estrogen receptor (ER), progesterone receptor (PR) and
human epidermal growth factor receptor 2 (HER?2). Histo-
pathological assessments of samples have their limitations
and an additional approach, based on the patterns of gene
expression, further aids in treatment stratification [2]. Gene
expression studies have identified several molecular sub-
types of breast cancer including luminal A, luminal B,
HER2-enriched, basal-like and normal breast-like [1, 3].
The subgroup which is characterized by the absence of ER/
PR and the lack of HER2 overexpression is called triple-
negative breast cancer (TNBC). TNBC represents about 10-
20% of all breast cancers, and approximately 80% of
TNBCs are simultaneously classified as basal-like [4, 5].
TNBC 1is a heterogeneous subgroup linked with an
aggressive phenotype, frequent metastasis and poor prog-
nosis, where no targeted therapies have been developed so
far [6-8].

MLK4 (MAP3K21/KIAAI804) is a serine/threonine
kinase that belongs to Mixed-Lineage Kinase (MLK)
family. MLK1-4 are activated by environmental stress,
cytokines and growth factors to phosphorylate JNK, p38
and ERK signaling pathways [9, 10]. Despite growing
knowledge about the role of MLKs in tumorigenesis,
MLK4 is still the least studied member of that family.
MLK4 has been shown to inhibit the activation of MAPK
pathways (including p38, JNK, and ERK), negatively reg-
ulate MLK3 kinase activity, and act as a suppressor of cell
invasion in ovarian cancer [11-13]. Contrary to these
reports, it has been demonstrated that MLK4 can directly
phosphorylate MEK leading to activation of the ERK
pathway [14, 15]. Moreover, activation of the MEK/ERK
pathway by MLKI1-4 has implications in mediating the
resistance to vemurafenib treatment in BRAF-V600E
positive melanoma [10]. A recent study demonstrated that
MLK4 regulates activation of a transcription factor NF-xB
and determines mesenchymal phenotype of glioma stem
cells associated with the aggressiveness of the disease [16].
These findings emphasize the tumor-promoting activity of
MLK4; however, we recently reported that MLLK4 can also
suppress tumorigenesis in colon cancer [15]. Thus, the
function of MLK4 in cancer progression might be more
complex and dependent on many factors, including cell-
type, the cancer-specific mutations profile, and the stage of
cancer development. Here, we provide evidence demon-
strating that MLK4 is highly expressed in breast cancer
clinical samples, predominantly in TNBC. We found that
depletion of MLK4 resulted in decreased proliferation and
cell cycle arrest in TNBC cell lines. Moreover, we
demonstrated that MLK4 knock-down inhibited the migra-
tory and invasive properties of TNBC cells in vitro and
attenuated tumor growth in vivo. Mechanistically, we
showed that MLK4 activated NF-xB signaling and pro-
moted the expression of EMT (epithelial-mesenchymal

transition) markers in cancer cells. Finally, we observed that
high expression of MLK4 was positively correlated with the
occurrence of lymph node metastasis in TNBC patients, as
revealed by the immunohistochemical analysis of breast
cancer samples.

Results

MLK4 is upregulated in breast cancer,
predominantly in TNBC

In order to evaluate the expression of MLK4 in breast
cancer patients we analyzed 818 samples available in
TCGA, which showed gene amplification and mRNA
upregulation of MLK4 (MAP3K2I) in invasive breast
carcinoma at a frequency of 23%, in contrast to lower
frequency of alterations (6-7%) in the rest of the MLK
family members (Fig. 1a and Supplementary Fig. 1a) [17—
19]. Next, we sought to determine a relationship between
MLK4 mRNA levels and the specific subtypes of breast
cancer. We found that MLK4 was highly upregulated in the
samples of TNBC patients compared to other subtypes
(Fig. 1b), and that MLLK4 gene amplification and/or mRNA
upregulation was present in more than 50% of TNBC
samples in analyzed TCGA datasets (Fig. 1c). Additional
analysis of TCGA tumor samples indicated that MLK4
mRNA overexpression was highly concordant with
increased copy number for the MAP3K21 gene, particularly
in TNBC (Fig. 1d). Furthermore, the higher levels of
MLK4 gene expression in TNBC compared to other breast
cancer subtypes were confirmed by the analysis of three
independent microarray datasets (Fig. le) [20-22]. The
differential gene expression analysis between TNBC,
HER2+ or ER/PR+ samples identified MLK4 among the
top 1% of all genes with the highest probability of being
differentially expressed between TNBC and other breast
cancer subtypes (Supplementary Fig. 1b-d). To investigate
the relationship between MLK4 expression and clinical
outcome of breast cancer patients, we used the KM-plotter,
containing information from multiple microarray datasets
[23]. The analysis performed on a cohort of breast cancer
patients revealed that high MLK4 expression was asso-
ciated with significantly shorter overall (OS) and
recurrence-free survival (RFS) (Fig. 1f and Supplementary
Fig. 2a) [23]. Furthermore, the association between high
MLK4 expression level and poor RFS was also significant
when only TNBC patients cohort was considered (the
analysis for OS was not performed due to low number of
TNBC samples) (Supplementary Fig. 2b). Noteworthy, no
association between the expression of the other members of
MLK family and OS in breast cancer patients was observed
(Supplementary Fig. 2c).
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a, ¢ Amplification and mRNA expression profiling of MLK4 in all
invasive breast carcinoma cases (a) and TNBC cases (¢) from TCGA
dataset. Graphic illustrations taken from cBio Portal. b Expression of
MLK4 in breast cancer subtypes for samples from TCGA. P-values
between selected distributions were calculated using Mann—Whitney U
test. ¥**P<0.001. d The difference in MLK4 expression in breast
cancer subtypes with respect to copy number alterations of MLK4
gene. Copy number variation is provided in form of a GISTIC score:
—1 (deletion), 0 (diploid), 1 (low-level gain), 2 (high-level amplifi-
cation). The number over given box represents a size of a population
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Samples were assigned to specific subgroups of breast cancer based on
the provided immunohistochemical status of ER, PR, and HER2
receptors. The obtained mRNA levels are shown with respect to dif-
ferent subgroups of breast cancer. P-values between selected dis-
tributions were calculated using Mann-Whitney U test. **P <0.01,
**%P < 0.001. f Probability of overall survival in breast cancer patients
expressing high or low MLK4 levels assessed using KMplotter, with
auto-selected best cutoff. Graphic illustrations taken from Kmplot.com
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MLK4 knock-down decreases clonogenic potential
of breast cancer cells

In order to find the most suitable cell line models for further
work, that recapitulate high MLK4 expression observed in
primary tumors, we assessed MLK4 levels in breast cancer
cell lines by western blotting and RT-qPCR. We identified
cell lines with high and low expression levels of MLK4 in
all subtypes of breast cancer cell lines (Fig. 2a, b and
Supplementary Fig. 3). We then assessed the functional role
of MLK4 by knocking-down MLK4 in several cell lines
including breast cancer cell lines with high MLK4 expres-
sion (HCC1806, CAL-85-1, MDA-MB-436, ZR-75-1, and
MCF7), low MLK4 expression (BT474) and in immorta-
lized breast epithelial cells (MCF10A). The silencing of
MLK4 impaired anchorage-dependent colony formation
assay of cells expressing high levels of MLK4, but not
control cell lines, BT474 or MCF10A that have low MLK4
expression (Fig. 2c¢). Taking into the consideration our
transcriptomic analysis showing MLK4 upregulation in
TNBC patients (Fig. 1b, e) and current lack of targeted
therapies for this group of patients, we decided to focus our
study on TNBC.

We selected two TNBC cell lines with high endogenous
expression of MLK4, HCC1806, and HCC1599, to generate
cell lines with inducible knock-down of MLK4, where the
expression of turboRFP and shRNA targeting MAP3K21
(sh2 and sh6) is regulated by doxycycline (Fig. 2d, e). First,
we performed MTT assays, which showed that silencing of
MLK4 induced cytotoxic/cytostatic effects on both cell
lines (Fig. 2f, g). Similarly, the ability to form colonies in a
long-term anchorage-dependent assay was reduced after
MLK4 depletion in the HCC1806 cell line (Fig. 2h). The
long-term anchorage-dependent assay was not performed in
HCC1599 as it is a suspension cell line and thus the number
of additional phenotypic assays is limited. No cytotoxic/
cytostatic effects or significant reduction in colony forma-
tion in the parental cell lines HCC1806 and HCC1599
treated with doxycycline was observed (Fig. 2f-h) sug-
gesting that effects mentioned above are due to decreased
levels of MLK4.

MLK4 depletion leads to cell cycle arrest in MLK4-
high TNBC cells

To determine whether the observed MLK4 silencing effects
are due to inhibition of proliferation or cell death, we
counted HCC1806_sh2 and HCC1806_sh6 cells grown
with or without doxycycline. We found a significant
reduction in the number of cells when MLK4 was depleted
(Fig. 3a), but no reduction in cell number for parental
HCC1806 cells treated with doxycycline (Supplementary
Fig. 4). However, the percentage of viable cells stained with

trypan blue was not affected by MLK4 knock-down ranging
from 96 to 100% for all the groups regardless of doxycy-
cline treatment which suggests lack of cell death. We next
performed EdU incorporation assay and DNA quantifica-
tion with propidium iodide to measure cell proliferation and
to evaluate effects on cell cycle, respectively. Both experi-
ments were performed on the parental HCC1806 cell line in
which MLK4 was transiently knocked-down using siRNA
(Supplementary Fig. 5a), because the simultaneous
doxycycline-induced expression of shRNA together with
turboRFP in inducible knock-down cells was interfering
with the fluorescent signal measured in those assays. The
results obtained in EAU assay confirmed the reduction of
cell proliferation induced by MLK4 knock-down in
HCC1806 cells (Fig. 3b). The changes in proliferation rate
are likely caused by G1/S cell cycle arrest, as indicated by
the increase in the G1/S ratio upon MLK4 downregulation
(Fig. 3c and Supplementary Fig. 5b). Furthermore, MLK4
knock-down in HCC1806 did not induce apoptosis as there
was no increase in apoptotic markers, including cleaved
caspase 3 and cleaved PARP (Fig. 3d). To confirm the
effects of MLK4 depletion were specifically due to loss of
MLK4 expression, rather than off-target effects from the
shRNA, we demonstrated that transient or stable over-
expression of MLK4-WT, in the inducible MLK4 knock-
down HCC1806 cells was sufficient to rescue the reduction
of cell growth in a colony formation assay in cells depleted
of MLK4 (Fig. 3e, f). These data provide compelling evi-
dence that MLK4 regulates TNBC cells proliferation.

MLK4 is required for breast cancer cell migration,
invasion, 3D growth in vitro and tumor growth
in vivo

Next, we sought to determine the role of MLK4 in migra-
tion and invasion of triple-negative breast cancer cells as
these processes are required for early steps of metastasis
[24]. To test the migratory activity of HCCI1806 with
doxycycline-inducible MLK4 knock-down, we performed a
transwell migration assay in which we observed that MLK4
depletion significantly reduced migration of these cells
(Fig. 4a). As an alternative method to investigate migration,
we performed a wound-healing assay. Knock-down of
MLK4 impaired the ability of cells to close the wound,
while the cells not treated with doxycycline closed the
wound almost completely (Fig. 4b, c). To strengthen our
data we monitored random single cell motility upon the
knock-down of MLK4 in HCC1806_sh6 and we found
significant decrease in the distance of migration of single
cells over the duration of the assay (Fig. 4d, e). Further-
more, we assessed the migration of high-MLK4 MDA-MB-
436 TNBC cell line (Fig. 2a, b), and we found that
migratory potential of the cells was significantly reduced
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Fig. 2 MLK4 knock-down decreases anchorage-dependent growth of
breast cancer cells. a, b MLK4 protein abundance (a) and mRNA
expression levels (b) in a panel of breast cancer cell lines. Densito-
metry analysis was performed from three independent experiments. o-
tubulin was used to normalize the results (a). B2M and RPL29 were
used as reference genes to determine relative mRNA expression levels
(b). Error bars indicate + SEM from three independent experiments. ¢
A panel of breast cancer cell lines and MCF10A were transfected with
siRNA against MLK4 or control siRNA. After 72 h cells were stained
with crystal violet and results were quantified by absorbance (upper
graph) or cells were lysed and analyzed by western blotting. Error bars
indicate + SEM from three independent experiments (n = 3). Statistical
comparison of values was performed using the unpaired two-tailed #-
test. ***P<0.001, **P<0.01, *P<0.05. d, e HCC1806_sh2,
HCC1806_sh6, parental HCC1806 (d), and HCCI1599_sh2,
HCC1599_sh6, parental HCC1599 (e) cells were treated with 1 ug/ml
doxycycline for 72h. Whole cell lysates were analyzed by western
blotting. f, g HCC1806_sh2, HCC1806_sh6, parental HCC1806 (f),
and HCC1599_sh2, HCC1599_sh6, parental HCC1599 (g) cells were
treated with 1 ug/ml doxycycline for 6 days. Viability of cells was
determined by MTT assay. Error bars indicate + SEM from three
independent experiments (n = 9). Statistical comparison of values was
performed using the unpaired two-tailed #-test. **P <0.01, *P <0.05.
h HCC1806_sh2, HCC1806_sh6 and parental HCC1806 cells were
seeded at low density and were grown with or without 1 ug/ml dox-
ycycline. After 2 weeks, cells were stained with crystal violet (pictures
on the left), and quantified by absorbance. Error bars indicate + SEM
from five independent experiments (n = 5). Statistical comparison of
values was performed using the unpaired two-tailed #-test. ****P <
0.0001

upon MLK4 depletion (Fig. 4f). We then assessed if over-
expression of MLK4 would change the migration rate of
control epithelial MCF10A cells and BT474, a poorly
invasive breast cancer cell line that is characterized by low
MLK4 expression (Fig. 2a, b). We observed that over-
expression of MLK4 in both cell lines resulted in a sig-
nificant increase 1in cell migration (Fig. 4g and
Supplementary Fig. 6). The observed effect is likely kinase-
dependent as overexpression of MLK4 kinase dead (KD)
mutant [10] did not increase migration rate of MCF10A
cells compared to cells expressing MLK4-WT and kinase
active (KA) (Fig. 4g). Furthermore, we tested the potential
of HCC1806 cells to invade through Matrigel in invasion
assay and we found that it was significantly decreased in
cells depleted of MLK4, indicating that MLK4 plays an
important role in regulation of these processes (Fig. 4h). In
addition, we found no differences between migratory or
invasive potential of parental HCC1806 cells grown in the
presence or absence of doxycycline suggesting that the
observed effects are specific to MLK4 knock-down, not to
the doxycycline exposure (Supplementary Fig. 7a—c).

In order to test the role of MLK4 under conditions more
closely reflecting the tumor growth in vivo [25, 26], we
grew HCC1806 in 3D culture on Matrigel-coated plates. We
compared the growth of spheroids formed by
HCC1806_sh2 and HCC1806_sh6 cells, treated with or
without doxycycline, and we found that MLK4 knock-down

caused a significant reduction in the number and size of
spheroids (Fig. 5a). Similarly, the formation of spheroids
after MLK4 depletion was compromised for HCC1806 cells
grown on low cell attachment surface plates (Fig. 5b). The
spheroid formation of parental HCC1806 cells was not
changed upon treatment with doxycycline (Supplementary
Fig. 7d). To assess the importance of MLK4 on tumor
growth in vivo, we injected HCC1806_sh6 into mammary
fat pads of immune-deficient mice, and induced the knock-
down of MLK4 by doxycycline administration. We
observed that depletion of MLK4 significantly suppressed
tumor growth in this xenograft mouse model (Fig. 5c).
Moreover, our control in vivo experiment using parental
HCC1806 cells showed no effect of doxycycline adminis-
tration itself on the tumor growth (Supplementary Fig. 7e).
Taken together, our results indicate that high expression of
MLK4 promotes cell growth in 3D conditions, leads to
increased migratory and invasive behavior of cells, and
enhances tumor growth in vivo.

Upregulation of MLK4 regulates NF-kB signaling
and mesenchymal phenotype of breast cancer cells

In an effort to define the mechanisms behind the observed
effects we investigated the signaling pathways regulated by
MLK4. To assess the MAPK pathways potentially altered
by MLK4 depletion we utilized a phospho-MAPK array
using HCC1806_sh6 cell line. We observed that there were
no significant changes in phosphorylation of the ERK, JNK,
or p38 pathways following MLK4 silencing (Supplemen-
tary Fig. 8a and b). Therefore, we tested other possible
pathways and we observed that MLK4 depletion led to a
drop in phosphorylation of IKKa/f, IxB and NF-«B (Fig.
6a, b). In order to further investigate the role of MLK4 in
NF-xB activation we stimulated HCCI1806_sh2 and
HCC1806_sh6 cells with TNF-a, which is one of the most
potent inducers of NF-kB pathway (Supplementary Fig. 9a
and b). MLK4 knock-down resulted in decreased phos-
phorylation of NF-kB at 5 and 10 min after TNF-a stimu-
lation, but there were no differences at 25 min, indicating
that the most significant involvement of MLK4 in activation
of NF-xB pathway takes place at early stages of pathway
activity (Supplementary Fig. 9a and b). To validate NF-xB
as an important downstream target of MLK4, we used the
ELISA-based TransAM assay to quantify NF-kB-p65 DNA
binding activity. Doxycycline-induced depletion of
MLK4 significantly reduced active NF-xB p65 DNA
binding in both unstimulated and TNF-a-stimulated cells,
which provides additional evidence that MLK4 is a reg-
ulator of NF-xB signaling in TNBC cells (Fig. 6¢). The
same experiments performed on parental HCC1806 cells
revealed no doxycycline-dependent changes in the NF-xB
activation (Supplementary Fig. 10a and b). Next, we

SPRINGER NATURE
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Fig. 3 MLK4 depletion leads to cell cycle arrest of TNBC cells with
high expression of MLK4. a HCC1806_sh2 and HCC1806_sh6 cells
were grown with or without doxycycline (1 pg/ml) for 10 days. At day
6, 8 and 10 cells were counted using Bio-Rad Cell Counter TC-20.
Error bars indicate + SEM from three independent experiments (n = 3).
Statistical comparison of values was performed using the unpaired
two-tailed #-test. *P < 0.05. b Parental HCC1806 cells were transfected
with siRNA against MLK4 or control siRNA. After 48 h EdU was
added to cells for the next 24 h, then subjected to measurement of EdU
incorporation. Error bars indicate + SEM from at least three indepen-
dent experiments (n = 18). Statistical comparison of values was per-
formed using one-way ANOVA. *¥*P<0.01, *P<0.05. ¢ 72h
following the transfection of parental HCC1806 with siRNA against
MLK4 or control siRNA, cells were harvested and fixed in 70%
ethanol. Cells then were treated with RNAse A and stained with
propidium iodiode. The distribution of cells in phases of cell cycle by
flow cytometry was assessed and the ratio of G1/S was calculated.
Error bars indicate + SEM from four independent experiments (n = 4).
Statistical comparison of values was performed using one-way
ANOVA. ##P<0.01. d HCC1806_sh2, HCC1806_sh6 and parental
HCC1806 cells were treated with 1pg/ml doxycycline for 72h.
Whole-cell lysates were analyzed by western blotting. The treatment of
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parental HCC1806 cells with 5,8 nM paclitaxel for 24 h served as a
positive control for apoptosis evidenced with PARP and pro-caspase-3
cleavage. e, f Reduction in proliferation after MLK4 knock-down is
rescued by overexpression of MLK4-WT. e HCC1806_sh2 and
HCC1806_sh6 were treated with 1 pg/ml doxycycline. Next day cells
were transiently transfected with MLK4-WT vector or EV (empty
vector) control and were left to grow with or without doxycycline.
After 72h cells were stained with crystal violet and results were
quantified by absorbance. Error bars indicate + SEM from three inde-
pendent experiments (n=3). Statistical comparison of values was
performed using the two-way ANOVA. *P<0.05. Representative
immunoblots showing the level of MLK4-WT in samples lysed after
72h of transfection are shown below. f HCC1806_sh6 with stable
overexpression of MLK4-WT and HCC1806_sh6 control vector cells
were seeded at low density and were grown with or without 1 pg/ml
doxycycline. After 10 days, cells were stained with crystal violet, and
quantified by absorbance. Error bars indicate + SEM from four inde-
pendent experiments (n=4). Statistical comparison of values was
performed using the two-way ANOVA. **P <0.01. Representative
immunoblots showing the level of MLK4 in samples lysed after 96 h
doxycycline treatment are shown on the right
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analyzed the expression of NF-kB target genes in
HCC1806_sh6 cells. After treating cells with TNF-a to
induce NF-xB activation, we observed that the expression
of NF-xB target genes, including several cytokines and
transcription factors, was markedly downregulated upon
MLK4 knock-down (Supplementary Fig. 11). These results
demonstrate that the loss of MLK4 leads to reduced NF-xB

a-tubulin |\'—- — — —l_ 55

signaling along with impaired induction of NF-kB target
genes by pro-inflammatory cytokine TNF-a in TNBC cells.

Recent studies show that the activation of NF-kB path-
way has been associated with a regulation of EMT and
increased metastatic potential in breast cancer [27-31]. To
test the effects of MLK4 on the maintenance of the
mesenchymal  phenotype, we used high-MLK4

SPRINGER NATURE
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Fig. 4 Depletion of MLK4 attenuates migratory and invasive proper-
ties of cells. a HCC1806_sh2 and HCC1806_sh6 cells were treated
with 1 ug/ml doxycycline for at least 72 h, then cells were serum-
starved and seeded on transwell inserts. The cells were allowed to
migrate for no longer than 24 h. Cells at the bottom of inserts were
stained with crystal violet. Five pictures of every condition were taken.
Analysis was performed using ImageJ. Error bars indicate + SEM from
three independent experiments (n = 15). Statistical analysis was done
using unpaired two-tailed #-test. ***P<(0.001, *P<0.05. Below,
representative immunoblots showing the level of MLK4 knock-down.
b, ¢ HCC1806_sh2 and HCC1806_sh6 cells were treated with 1 pg/ml
doxycycline for at least 72 h and then were subjected to wound-healing
assay. Four pictures were taken at each condition. Representative
pictures and immunoblots showing the level of MLK4 knock-down are
shown (b). Quantification was performed using ImageJ (c). Error bars
indicate + SEM from four independent experiments (n = 12). Statis-
tical comparison of values was performed using the unpaired two-
tailed r-test. *P <0.05. d, e HCC1806_sh6 cells were treated with 1 pg/
ml doxycycline for 72 h. Next, single cell migration was monitored for
20 h. Analysis was performed using ImageJ (d). Error bars indicate +
SEM (n = 28). Statistical comparison of values was performed using
the unpaired two-tailed r-test. ***P <(0.001. Representative immuno-
blots showing the level of MLK4 knock-down are shown on the right.
Representative tracks of five randomly chosen cells (e). The inter-
section of the x- and y-axes was taken as the starting point of each cell
path to which other points of tracks were normalized. f MDA-MB-436
cells were transfected with siRNA against MLK4 or control siRNA.
After 48 h, cells were serum-starved and seeded on transwell inserts.
The cells were allowed to migrate for no longer than 24 h. Cells at the
bottom of inserts were stained with crystal violet. Five pictures of
every condition were taken. Analysis was performed using ImagelJ.
Error bars indicate + SEM from three independent experiments (n =
15). Statistical analysis was done using one-way ANOVA. **P <0.01,
*P <0.05. Below, representative immunoblots showing the level of
MLK4 knock-down. g MCF10A cells were transfected with EV
(empty vector) control, MLK4-WT, MLK4-KA (kinase active) and
MLK4-KD (kinase dead). After 48 h, cells were serum-starved and
seeded on transwell inserts. The cells were allowed to migrate for no
longer than 24 h. Cells at the bottom of inserts were stained with
crystal violet. Five pictures of every condition were taken. Analysis
was performed using Imagel. Error bars indicate + SEM from three
independent experiments (n = 15). Statistical analysis was done using
one-way ANOVA. **P<0.01, ***P<0.001. Below, representative
immunoblots showing the level of MLK4 overexpression. h
HCC1806_sh2 and HCC1806_sh6 cells were treated with 1 pg/ml
doxycycline for at least 72 h, then cells were serum-starved and seeded
on transwell inserts coated with Matrigel. The cells were allowed to
invade for no longer than 24 h. Cells were stained with crystal violet.
Five pictures of every condition were taken. Analysis was performed
using ImageJ. Error bars indicate + SEM from three independent
experiments (n = 15). Statistical analysis was done using unpaired
two-tailed #-test. ****P <(0.0001. Below, representative immunoblots
showing the level of MLK4 knock-down

mesenchymal MDA-MB-436 cells. The depletion of MLK4
in this cell line led to the downregulation of mesenchymal
markers and reduction of NF-kB phosphorylation (Fig. 6d,
e). Conversely, overexpression of MLK4 in low-MLK4 cell
lines (MCF10A and BT474) resulted in the upregulation of
mesenchymal markers and increased phosphorylation of
NF-xB (Fig. 6f, g and Supplementary Fig. 12). In accor-
dance with these findings, gene set enrichment analysis
(GSEA) run on TCGA and GSE76275 datasets indicated a

SPRINGER NATURE

positive correlation between MLK4 mRNA levels and
EMT-related genes expression in clinical specimens (Sup-
plementary Fig. 13).

We then evaluated if phenotypic changes induced by
MLK4 overexpression or knock-down in breast cancer cell
lines were directly controlled by NF-«xB signaling. We first
observed that blocking NF-xB pathway activity with a
small-molecule inhibitor, BAY-11-7082 [32], in parental
HCC1806 cells led to a significant reduction in anchorage-
dependent colony formation and the migratory potential of
these cells, which phenocopied the effects obtained in
HCC1806-inducible MLK4 knock-down cells (Supple-
mentary Fig. 14a and b). Additionally, we found that inhi-
bition of NF-kB pathway with BAY-11-7082 in MCF10A
cells overexpressing MLK4-WT significantly decreased the
expression of the mesenchymal marker Vimentin (Fig. 6h,
i), and reduced migration of those cells (Fig. 6j). Collec-
tively, our data indicate that MLK4 contributes to the
acquisition of the mesenchymal phenotype and increased
migratory potential of breast cancer cells through NF-xB-
dependent mechanism.

High MLK4 expression is associated with an
increased metastatic potential of tumors in TNBC
patients

To translate our results into a more clinically relevant set-
ting, we performed an immunohistochemical staining for
MLK4 of 129 breast cancer patients, including 46 diag-
nosed with TNBC (Supplementary Table 1). All of the
samples showed some degree of positive MLK4 cyto-
plasmic staining as shown in representative pictures (Sup-
plementary Fig. 15); however; the intensity of the staining
was stronger in TNBC samples compared to other subtypes
of breast cancer (Fig. 7a), which corresponds to our tran-
scriptomic data (Fig. 1b, ). Moreover, more intense stain-
ing of TNBC samples significantly correlated with the
occurrence of lymph node metastasis (Fig. 7a). Interest-
ingly, pictures of cases with lymphovascular invasion
showed that MLK4 staining was stronger in intravascular
component compared to the main bulk of the tumor
(Fig. 7b). These data indicate that high MLK4 expression
drives aggressiveness and enhances the metastatic potential
of TNBC.

Discussion

Despite an increasing number of studies describing the
involvement of MLKs in tumorigenesis, the role of MLK4
in cancer progression is still relatively unknown and, what’s
more, seems complex and often contradictory. Early reports
suggested that MLK4 does not have the ability to activate
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Fig. 5 MLK4 knock-down impairs spheroid formation in 3D model
in vitro and tumor growth in vivo. a HCCI1806_sh2 and
HCC1806_sh6 cells were seeded on plates coated with Matrigel. Cells
were grown for 10 days with or without 1 ug/ml doxycycline. Pictures
were taken and the number and size of spheroids were quantified in
Imagel. Error bars indicate + SEM from three independent experi-
ments. Statistical comparison of values was performed using the
unpaired two-tailed r-test. ¥****P <(0.0001, ***P <0.001, **P <0.01,
*P<0.05. b HCC1806_sh2 and HCC1806_sh6 cells were seeded on
low cell attachment surface plates. Cells were grown with or without 1

ERK, JNK and p38 pathways and that it negatively reg-
ulates MAPK and TLR4 signaling [11, 12]. In agreement
with these reports, Blessing et al. have recently showed that
MLK4 interacts with MLK3 limiting its kinase activity and
downstream MAPK pathways in ovarian cancer [13].
However, the lack of kinetic activity of MLK4 was not
confirmed by other studies where MLK4 was shown to
activate the JNK and ERK pathways [10, 14, 15]. Direct

pg/ml doxycycline. Pictures were taken on day 10 and size of spher-
oids was quantified in ImagelJ. Error bars indicate + SEM from three
independent experiments. Statistical comparison of values was per-
formed using the unpaired two-tailed rtest. *P<0.05. ¢
HCC1806_sh6 cells were injected into mammary fat pads of RAG2™"~
mice. Doxycycline induction of MLK4 knock-down started one day
after the injection. Tumors were measured twice a week. Error bars
indicate + SEM (n = 12 for control group and n = 13 for doxycycline-
treated group). Statistical comparison of values was performed using
the unpaired two-tailed #-test. **P <0.01, *P <0.05

phosphorylation of MEK1/2 by MLK4, and other MLKs,
was shown to promote resistance to RAF inhibitors in
melanoma, establishing a pro-tumorigenic role of MLK4
[10]. A recent study also demonstrated that MLK4 is
involved in the regulation of NF-kB pathway by direct
phosphorylation of IKKo/p in glioma cells, which further
defines a tumor-promoting role of MLK4 in certain cancer
types [16]. The role of MLK4 in colon cancer has also been

SPRINGER NATURE
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studied due to multiple point mutations identified in MLK4  described in our previous research where we identified them
in primary tumors and colon cancer cell lines [14, 15, 33]. as loss-of-function mutations and defined a tumor sup-
The functional consequences of those mutations were  pressive role of MLK4 in colon cancer [15]. On the
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Fig. 6 MLK4 activates NF-kB pathway and promotes mesenchymal
phenotype of breast cancer cells. a, b HCC1806_sh2 and
HCC1806_sh6 cells were treated with 1 pg/ml doxycycline. Whole
cell lysates were analyzed by western blotting (a). Quantification
analysis of immunoblots was performed using ImagelJ (b). Error bars
indicate + SEM from four independent experiments (n = 4). Statistical
comparison of values was performed using the unpaired two-tailed #-
test. **P <0.01, *P <0.05. ¢ HCC1806_sh6 cells were treated with 1
pg/ml doxycycline for 72 h, and then were stimulated with 20 ng/ml
TNF-a for 1h, lysed and subjected to TransAM DNA binding assay.
Error bars indicate + SEM from at least three independent experiments
(n=3). Statistical comparison of values was performed using the
unpaired two-tailed #-test. *P <0.05. d, e MDA-MB-436 cells were
transfected with siRNA against MLK4 or control siRNA. After 72 h
whole-cell lysates were analyzed by western blotting (d). Quantifica-
tion analysis of immunoblots was performed using ImageJ (e). Error
bars indicate + SEM from three independent experiments (n=3).
Statistical comparison of values was performed using one-way
ANOVA. **P<0.01, *P <0.05. f, g MCF10A cells were transfected
with EV (empty vector) control, MLK4-WT, MLK4-KA (kinase
active) and MLK4-KD (kinase dead). After 48 h whole-cell lysates
were analyzed by western blotting (f). Quantification analysis of
immunoblots was performed using ImageJ (g). Error bars indicate +
SEM from three independent experiments (n = 3). Statistical com-
parison of values was performed using one-way ANOVA. **P <0.01,
*P <0.05. h, i MCF10A cells were transfected with EV (empty vector)
control or MLK4-WT. After 8 h medium was changed and cells were
treated with 10 uM BAY-11-7082 or DMSO for 48 h. Whole cell
lysates were analyzed by western blotting (h). Quantification analysis
of immunoblots was performed using ImageJ (i). Error bars indicate +
SEM from three independent experiments (n = 3). Statistical com-
parison of values was performed using two-way ANOVA. **P <0.01,
*P <0.05. j MCF10A cells were transfected with EV (empty vector)
control or MLK4-WT. After 48h cells were seeded on transwell
inserts. When cells attached to the bottom of inserts, the medium was
changed and cells were treated with 10 uM BAY-11-7082 or DMSO
overnight. Cells that migrated through the inserts were stained with
crystal violet. Five pictures of every condition were taken. Analysis
was performed from three independent experiments using ImagelJ (n =
15). Statistical analysis was done using two-way ANOVA. ****P <
0.0001

contrary, a different study by Martini et al. described the
same MLK4 mutations as oncogenic [14]. In the light of
those controversial reports, it is clear that further investi-
gation of MLK4 in tumorigenesis is needed. Nevertheless,
these studies show the complexity of MLK4 signaling
pathways in different types of cancer and highlight a mul-
titude of downstream substrates that MLK4 will regulate.
Here, we studied the functional outcomes of MLK4
upregulation on the progression of breast cancer and its
contribution to the aggressive phenotype of breast cancer
cells. We demonstrated that MLK4 expression was upre-
gulated in breast cancer, mostly in TNBC, and was required
for proliferation and clonogenic potential of cells expressing
high endogenous levels of MLK4. The depletion of MLK4
caused reduction in anchorage-dependent growth not only
in TNBC cell lines, but also in non-TNBC cell line, ZR-75-
1 and MCF7 that were characterized by increased MLK4

expression and abundance. This might indicate a more
general mechanism of action that is not dependent on breast
cancer subtypes, but rather directly on the expression levels
of MLK4. However, major amplification of MLK4 was
identified in patients with triple-negative breast invasive
carcinoma and the lack of targeted therapies in TNBC
prompt us to investigate the role of MLK4 in this specific
subtype of breast cancer. We found the most striking effects
after silencing of MLK4 on migration and invasion of
TNBC cells. Furthermore, the ability of cells to grow in 3D
cell culture and form tumors in vivo was decreased by
MLK4 knock-down. We also investigated downstream
pathways activated by MLK4 in TNBC cells and found that
the transcriptional activity of NF-kB was reduced upon the
depletion of MLK4 in TNBC cells. Previous studies have
demonstrated that NF-kB can influence mesenchymal phe-
notype of breast cancer cells by activation of EMT reg-
ulatory factors, including Snail, Slug, TWIST and Sipl [27,
29]. It has also been shown that NF-kB stabilizes Snail
which triggers increased migration and invasion of cancer
cells [34]. Here, we demonstrated that knock-down of
MLK4 reduced the expression of mesenchymal markers.
Conversely, overexpression of MLK4 promoted the
expression of mesenchymal markers. As EMT is accom-
panied by changes in the metastatic potential of cells, we
observed that overexpression of MLK4 increased the
migration rate of cells. In contrast, MLLK4 depletion had the
opposite effect, as we observed a reduction of migratory and
spheroid-forming potential of the cells. Moreover, immu-
nohistochemical staining of samples obtained from breast
cancer patients revealed a significant correlation between
high MLLK4 expression and occurrence of metastasis, which
strengthens our in vitro data on TNBC cell lines and
implicates the importance of MLK4 in processes respon-
sible for tumor aggressiveness such as migration and
invasion.

Epithelial-mesenchymal transition drives carcinoma
progression and plays an immense role in metastasis [35,
36]. The acquisition of migratory phenotypes is a crucial
step in the metastatic processes; thus deciphering the
mechanisms responsible for the invasive properties of tumor
cells is crucial for the development of novel clinical stra-
tegies [35, 37]. Our study draws attention to upregulation of
MLK4 and the role of its aberrant activity in breast cancer,
predominantly in driving migration and invasion. We pro-
vide the evidence that high expression of MLK4 leads to
activation of NF-xB pathway, promotes invasiveness and
expression of mesenchymal markers, and contributes to a
malignant phenotype of TNBC cells. In conclusion, our data
indicate that MLK4 might constitute a potential novel target
in personalized therapy for a subset of breast cancer
patients.

SPRINGER NATURE
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Fig. 7 High MLK4 expression is associated with lymph nodes
metastasis in TNBC patients. a Immunohistochemical staining for
MLK4 was performed in paraffin-embedded blocks of tumor tissues of
129 breast cancer samples (TNBC — 46, HER2-positive — 26, luminal
A — 26, luminal B — 31). The staining was evaluated using the H-score
system. Information on occurrence of lymph node metastasis was
collected from  pathologic  reports.  The intensity  of

Materials and methods
Cell lines

HCC1806, MDA-MB-436, HCC1395, ZR-75-1, T47D,
MCF7, BT474, and MCF10A were a kind gift from CRUK
Manchester Institute and they were authenticated by short
tandem repeat profiling by CRUK MI core facility unit.
HCC1806 was authenticated again in August 2017 by
ATCC Service. HCC1569 and HCC1599 were purchased
from ATCC in April 2016. MDA-MB-453 and CAL-85-1
were purchased from DSMZ in November 2014 and
November 2016, respectively. MDA-MB-321 and BT20
was a kind gift from Department of Immunology, Medical
University of Warsaw (purchased from ATCC in February
2018). ATCC and DSMZ authenticate cell lines by short
tandem repeat profiling. HCC1806, HCC1395, BT474,
BT20, ZR-75-1, T47D, HCC1599 and HCC1569 were
cultured in RPMI-1640 supplemented with 10% FCS, 1%
penicillin/streptomycin, 2 mM L-glutamine and 1mM
sodium pyruvate. MCF7, CAL-85-1, MDA-MB-453 and
MDA-MB-231 were cultured in DMEM supplemented
with 10% FCS, 1% penicillin/streptomycin, 2 mM L-glu-
tamine and 1 mM sodium pyruvate. MDA-MB-436 were
cultured in RPMI-1640 with 25 mM HEPES supplemented
with 10% FCS, 1% penicillin/streptomycin, 2 mM L-glu-
tamine, 1 mM sodium pyruvate and 10 pug/ml insulin.
MCF10A were grown in DMEM/F12 supplemented with
5% horse serum, 20 ng/ml EGF, 0.5 mg/ml hydrocortisone,
100 ng/ml cholera toxin, 10 pg/ml insulin, 1% penicillin/
streptomycin.

SPRINGER NATURE

immunohistochemical staining expressed by H-score was calculated
using Mann—Whitney U test. *P <0.05. b NST (no specific type) of
triple-negative carcinoma showing lymphovascular invasion (arrows)
in hematoxylin eosin staining and strong MLK4 staining in the
intravascular component (2, 3) comparing to the main bulk of the
tumor (1). Scale bar 100 um (x10 magnification) and 20 um (x40
magnification)

Generation of doxycycline-inducible cell lines

Parental HCC1806 and HCC1599 were used to generate
cells with doxycycline-inducible knock-down of MLK4.
HEK?293T cells were transfected with human TRIPZ
shRNA against MLK4 (Dharmacon) to generate a lentiviral
stock. The sequences of shRNA are as follows: sh2_AT
CAGAATGTTAAGTTCCC and sh6_TCTTGATACACT
ACAATCA. Cells were transduced with lentiviral stocks
and cell lines generated by antibiotic selection with pur-
omycin. Doxycycline (Sigma) in 1 pg/ml concentration was
used to induce knock-down of MLK4. Generation of
additional cell lines is described in Supplementary Infor-
mation file.

Migration and invasion assays

Migration and invasion assays were performed using
transwell inserts (Corning) or Matrigel-coated inserts
(Corning), respectively. Cells were subjected to MLK4
knock-down or overexpression, then serum-starved, trypsi-
nized and seeded into upper chamber. Chemoattractant in
the lower chamber was medium with 20% serum. After no
more than 24 h, cells were fixed, stained with crystal violet
and five pictures per condition were taken. Quantitative
analysis of was performed using Imagel.

Wound-healing assay

HCC1806 were grown with or without doxycycline for at
least 3 days until they reached the confluence. The
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monolayer was scratched using a 200 pl pipette tip. Three
pictures of every wound in every condition were taken at
time points 0 and 24 h. Quantitative analysis was performed
using Imagel.

3D cell culture

3D cell culture on Matrigel was performed as described
previously [38]. Briefly, 5000 cells were seeded on the top
of solidified Matrigel. Growth media with or without 1 pg/
ml doxycycline and 2.5% Matrigel was added to the wells
and it was replaced every few days. After 10 days pictures
were taken and the number of spheroids counted. As an
alternative, cells were grown in a low-attachment surface
Nunclon Sphera plates (Thermo Fisher Scientific) in med-
ium with or without doxycycline for 10 days.

Mouse xenografts and in vivo studies

All procedures were approved by Local Ethics Committee
at University of Warsaw (372/2017) and carried out in
accordance with the requirements of EU (Directive 2010/
63/EU) and Polish (Dz. U. poz. 266/15.01.2015) legislation.
8-14-week old RAG2” female mice were injected into
mammary fat pads with 3 x 10® HCC1806_sh6 cells or
parental HCC1806 with Matrigel in proportion 1:1. Mice
were allocated randomly into cages and doxycycline was
administered in drinking water 1 day after injections. Dur-
ing experiments the mice were kept under specific pathogen
free (SPF) conditions in the individually ventilled cages
(IVC) at temperature 22 °C (£2 °C), 55 % (£5%) humidity
and 13h/11h light cycle. All cages were environmentally
enriched to improve the well-being of the animals. All
animals had ad libitum access to food and water. The
experimental groups were blinded—the researchers mea-
suring tumor size were not aware which treatment group
they are dealing with. Tumor formation was monitored and
tumor volume based on caliper measurements was calcu-
lated by the formula: tumor volume = (D x d* x 7)/6, where
D is the bigger measurement, and d is smaller measurement.
Mice were culled when tumors reached max permitted
measurement or after 4 weeks post injection. No mice were
excluded from the data analysis for in vivo experiments.

Statistical analysis

Statistical comparison of values was performed using the
unpaired two-tailed #test or ANOVA with Tukey’s
multiple-comparison tests as indicated in figure legends.
Mann—Whitney U test was used for transcriptomic analysis
and intensity of immunohistochemical staining expressed
by H-score. Calculations were done using GraphPad Prism
7 software and results were considered statistically

significant at P<0.05. Sample sizes and statistical sig-
nificance are indicated in the figure legends. Data are
expressed as mean = SEM. Experiments were performed at
least three times independently. The sample size for in vitro
experiments was not chosen with consideration of the
power needed to detect a pre-specified effect size. The
number of mice for in vivo experiments was chosen using
algorithm available on http://biomath.info/ using two-tailed
unpaired #-test and values a =0.05 and 1-§=0.8.

For additional methods, please see Supplementary
Information file available at Oncogene’s website.
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