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Abstract
Benefit from cytotoxic therapy in myeloma may be limited by the persistence of residual tumour
cells within protective niches. We have previously shown that monocytes/macrophages acquire a
proinflammatory transcriptional profile in the myeloma microenvironment. Here we report
constitutive activation of MAP3K8 kinase-dependent pathways that regulate the magnitude and
extent of inflammatory activity of monocytes/macrophages within myeloma niches. In myeloma
tumour cells, MAP3K8 acts as mitogen-induced MAP3K in mitosis and is required for TNFα-
mediated ERK activation. Pharmacological MAP3K8 inhibition results in dose-dependent, tumour
cell-autonomous apoptosis despite contact with primary stroma. MAP3K8 blockade may disrupt
crucial macrophage-tumour cell interactions within myeloma niches.
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INTRODUCTION
Whereas the role of tumour-associated macrophages in local propagation and metastasis of
solid tumours is well established (Qian and Pollard 2010, Sica and Mantovani 2012), the
contribution of macrophages to the natural history of haematopoietic cancers is inadequately
explored. Myeloma provides an excellent model because of the dependence of malignant
plasma cells on their bone marrow microenvironment. Myeloma tumours are rich in resident
macrophages that provide growth-promoting, angiogenic and anti-apoptotic signals to
malignant plasma cells (Kim, J., et al 2012, Ribatti and Vacca 2009, Zheng, et al 2009). We
recently demonstrated that myeloma-associated monocytes/macrophages display a
proinflammatory (M1) transcriptional profile associated with production of pro-myeloma
inflammatory cytokines tumour necrosis factor-α (TNFα), interleukin (IL) 6, IL1β and IL8
(Kim, J., et al 2012). We also found concurrent transcription of genes characteristic of
“alternative macrophage activation” (M2 phenotype) such as IL10 and the locus encoding
IL1-receptor antagonist (IL1RN), suggesting significant plasticity between the M1-M2
phenotypic extremes.

To obtain insights into the underlying mechanisms, we examined the role of MAP3K8
(mitogen-activated protein kinase kinase kinase 8, Cot, TPL2), a serine/threonine kinase
with central and non-redundant roles in regulating innate immune responses (Gantke, et al
2011). Map3k8-null mice are resistant to endotoxic shock induced by lipopolysaccharide,
owing to a defect in TNFα processing by macrophages (Dumitru, et al 2000). In addition to
its role in inflammatory signal transduction, MAP3K8 can efficiently transmit growth
signals that activate extracellular signal-regulated kinase (ERK) (Johannessen, et al 2010).
We hypothesized that MAP3K8 may regulate crucial macrophage-myeloma tumour cell
interactions within the bone marrow microenvironment.

MATERIALS AND METHODS
Cell culture and MAP3K8 inhibition

Cell culture conditions are detailed in Supplementary Methods. MAP3K8 inhibitor (616373)
was obtained from Calbiochem (Billerica, MA, USA).

Patient samples
Clinical characteristics of the patients are given in supplementary Table I. Bone marrow
aspirates were collected following informed consent under an Institutional Review Board-
approved protocol (HO07403) and processed as detailed in Supplementary Methods.

Expression of MAP3K8 transcripts in myeloma and other malignancies
Publicly available gene expression data (https://array.nci.nih.gov/caarray/project/
woost-00041) of cell lines from diverse haematological malignancies and solid tumours
were downloaded and analysed through Oncomine 4.4 (www.oncomine.com). The log2-
transformed median-centred expression of MAP3K8 transcript was compared between
different types of tumours using GraphPad Prism 5, using the Kruskal-Wallis test for one-
way analysis of variance and the Dunn's multiple comparison test for post-hoc analysis.

RESULTS AND DISCUSSION
To interrogate the mechanisms underlying macrophage activation/polarization within
myeloma niches, we investigated the role of MAP3K8 kinase, a master regulator of cytokine
processing by activated macrophages (Lopez-Pelaez, et al 2012). We probed lysates of
CD14+ cells isolated from myeloma marrow mononuclear fractions with an antibody
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directed against activated (phospho-Thr290) MAP3K8 (see Supplementary file for details).
MAP3K8 was universally activated by phosphorylation in purified CD14+ cells, regardless
of clinical stage of disease or prior treatments (Figure 1A). CD14+ cells expressed both
MAP3K8 isoforms in comparable abundance. However, the phosphorylated p52 isoform
was mostly detectable, possibly due to the inherent instability of phospho-p58 (Gantke, et al
2011).

MAP3K8-dependent ERK activity promotes the synthesis of important pro-myeloma
inflammatory mediators, including TNFα and IL-6 (Lopez-Pelaez, et al 2012). Accordingly,
we found constitutive ERK phosphorylation in myeloma-associated, but not normal,
monocytes/macrophages (Figure 1B). A critical target of ERK in activated macrophages is
ADAM17 (TACE), the protease responsible for cleavage and processing of pre-TNFα
(Gantke, et al 2011). We found constitutive TACE phosphorylation at Thr735, a site
regulated by MAP3K8 signalling, in myeloma marrow-derived CD14+ mononuclear cells
(Supplementary Figure 1).

MAP3K8 also controls AKT phosphorylation at Ser473 following Toll receptor stimulation
(Lopez-Pelaez, et al 2011). This event is thought to be a crucial part of a signalling cascade
that limits the magnitude and duration of innate immune responses, in part through AKT/
mTOR/STAT3-mediated synthesis of the anti-inflammatory cytokine IL10 (Serebrennikova,
et al 2012, Weichhart, et al 2008). Myeloma-associated monocytes/macrophages displayed
strong, constitutive AKT phosphorylation at Ser473 (Figure 1C). These results suggest that
MAP3K8 has a role in fine-tuning macrophage activation within myeloma niches.

Furthermore, we sought to explore a potential cell-autonomous role of MAP3K8 activity in
myeloma growth regulation. Expression levels of MAP3K8 are higher in multiple myeloma
cells compared to non-lymphoid haematopoietic tumour cells or solid tumour cells, as
determined by integration of publicly available expression data (https://array.nci.nih.gov/
caarray/project/woost-00041) (Figure 1D). At the protein level, primary CD138+ cells
derived from myeloma bone marrows predominantly expressed the p58 MAP3K8 isoform
(Figure 1E). In 4 out of 6 available patients, MAP3K8 protein was readily detected by
immunoblot analysis, in concert with activated ERK (Figure 1E). Lack of MAP3K8
expression with simultaneous ERK activation may reflect epistatic RAS or RAF mutations
(Johannessen, et al 2010). Because MAP3K8 constitutes an essential component of a
mechanism that leads to MAPK pathway activation downstream of the TNF receptor in
naïve murine splenocytes (Eliopoulos, et al 2003), we sought to determine whether
MAP3K8 can transmit inflammatory signals in human myeloma tumour cells, using human
MM1.S myeloma cells as a model. Serum-deprived MM1.S cells respond to exogenous
TNFα stimulation by phosphorylating ERK (Hideshima, et al 2001). MM1.S cells were
starved of serum overnight in the presence or absence of a MAP3K8 kinase inhibitor at low
micromolar concentrations and subsequently delivered a pulse of recombinant TNFα.
Serum-starved MM1.S cells displayed low levels of basal ERK activation. Upon stimulation
with TNFα, ERK was strongly phosphorylated. However, ERK phosphorylation was, at
least partially, inhibited in the presence of MAP3K8 inhibitor (Figure 1F). These results
demonstrate that in myeloma cells, MAP3K8 is required for MAPK pathway activation in
response to TNFα stimulation. Moreover, we determined that MAP3K8 transmits signals
that activate JNK upon TNFα stimulation (Figure 1F).

We next investigated whether MAP3K8 kinase blockade affected phosphorylation of the
MAP3K8 direct substrate, MEK kinase, under conditions of continuous mitogenic
stimulation. We incubated U266 cells (a myeloma cell line that lacks RAS mutations) in the
presence of escalating doses of MAP3K8 inhibitor under standard culture conditions. We
observed a dose-dependent reduction in phosphorylation of MEK1/2 (Figure 1G). In concert
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with reduced MEK phosphorylation, we observed a dose-dependent reduction in the growth
of U266 cells as well as two other myeloma cell lines (MM1.S, RPMI8226) (Figure 2A).
The attenuated effect of MAP3K8 kinase inhibition on RPMI8226 cells may be explained by
constitutive MAPK pathway activity in this cell line, secondary to gain-of-function KRAS
mutation. We conclude that MAP3K8 kinase blockade results in cell-autonomous growth
inhibition of myeloma cells associated with reduction in MEK phosphorylation.

Using antisera against phospho-Thr290 MAP3K8, we observed intense cytoplasmic staining
of myeloma cells in mitosis (Figure 2B, top left). By contrast, total MAP3K8 protein was
detected in almost all cells regardless of nuclear morphology (Figure 2B, middle left). When
treated with nocodazole, cells arrest with a G2/M DNA content but cannot form mitotic
spindles. Upon nocodazole treatment, phospho-Thr290 MAP3K8 could be detected in
numerous G2/M-arrested cells (Figure 2B, top right). To confirm these findings, cells were
sequentially stained for phospho-MAP3K8 and phospho-Histone H3 (Ser10), a marker of
mitosis (Figure 2B, bottom left and right panels). Cells displaying cytoplasmic staining for
phospho-MAP3K8 also displayed nuclear staining for phospho-Histone H3. Thus MAP3K8
activation correlates with cell cycle status and/or increased ploidy of myeloma tumour cells.

To investigate the mechanism underlying growth inhibition upon MAP3K8 kinase blockade,
we treated U266 cells with the MAP3K8 kinase inhibitor in the presence or absence of
primary myeloma bone marrow-derived mesenchymal stomal cells as a source of disease-
appropriate stroma. MAP3K8 kinase blockade augmented apoptotic death of myeloma cells,
regardless of stromal contact (Figure 2C). Despite expression of activated MAP3K8 in
mitosis, treatment with MAP3K8 inhibitor led to apoptosis of the treated cells without
evidence of G2/M arrest (Figure 2D). We conclude that MAP3K8 kinase blockade leads to
cell-autonomous demise of myeloma cells that cannot be rescued by the interactions
afforded by myeloma marrow-derived stromal cells.

The data from our study support the hypothesis that MAP3K8 kinase activity contributes to
myeloma growth and survival through both cell-autonomous and non-autonomous
mechanisms (summarized in Figure 2E). MAP3K8 clearly transmits growth and
inflammatory signals in myeloma cells, acting as a mitogen- and TNF receptor-activated
MAP3K. Myeloma-associated monocytes/macrophages engage MAP3K8 to regulate
production of pro-myeloma inflammatory cytokines through the ERK pathway and
additionally, to modulate macrophage polarization through the AKT pathway in order to
limit tissue injury by activated macrophages. Myeloma cells may be further shielded from
cytopathic actions of inflammatory macrophages by expressing “don’t eat me” signals (Kim,
D., et al 2012). Targeted MAP3K8 inhibition can thus interfere with critical macrophage-
tumour cell interactions within myeloma niches. The clinical efficacy of targeted MAP3K8
inhibition may depend on RAS or RAF mutational status and may help prevent or
circumvent acquired resistance to other MAPK pathway inhibitors (Johannessen, et al 2010).
Because Map3k8 nullizygosity is compatible with normal haematopoietic development and
function (Dumitru, et al 2000), MAP3K8 blockade is likely to be endowed with a wide
therapeutic window. Constitutive activation of signalling pathways in tumour-accessory
cells is extrinsic, in contrast to malignant cells where intrinsic activation usually results from
mutations. Ultimate proof of the therapeutic potential of MAP3K8 loss/inhibition would
thus require testing in appropriate in vivo systems in which microenvironmental cues are
complex and physiological. This work is currently underway in the authors’ laboratory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. MAP3K8 kinase is constitutively active in myeloma-associated monocytes/
macrophages. Bone marrow (BM) aspirates were collected with informed consent from 7
patients (“MM” lanes). Fresh BM from normal donors was obtained commercially. CD14+
mononuclear cells were purified by immunomagnetic separation and lysates were
immunoblotted using antisera against phosphorylated (phospho-Thr290) and total MAP3K8.
For the normal bone marrow control, CD14+ denotes the CD14+ mononuclear cell fraction
(positive isolation) and CD14- denotes the CD14-depleted mononuclear fraction. Two
different normal marrow donors gave identical results. Both p58 and p52 MAP3K8 isoforms
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are expressed in CD14+ cells at comparable rates. The phosphorylated p58 isoform is prone
to rapid degradation (Gantke, et al 2011).
B. Constitutive ERK activation in myeloma-associated monocytes/macrophages. The
activation status of ERK was probed using antibodies against phosphorylated and total ERK.
CD14+ peripheral blood monocytes from 5 different normal donors are shown to the far left
(NPBM1-5) next to CD14+ bone marrow mononuclear cells from myeloma patients (“MM”
lanes). For the normal bone marrow control, CD14+ denotes the CD14+ mononuclear cell
fraction (positive isolation) and CD14- denotes the CD14-depleted mononuclear fraction.
Two different normal marrow donors gave identical results.
C. Constitutive AKT activation at Ser473 in myeloma-associated monocytes/
macrophages. The activation status of AKT was probed using antibodies against
phosphorylated (phospho-Ser473 AKT) and total AKT. CD14+ peripheral blood monocytes
from 5 different normal donors are shown to the far left (NPBM1-5) next to CD14+ bone
marrow mononuclear cells from myeloma patients (“MM” lanes). For the normal bone
marrow control, CD14+ denotes the CD14+ mononuclear cell fraction (positive isolation)
and CD14- denotes the CD14-depleted mononuclear fraction. Two different normal marrow
donors gave identical results.
D. MAP3K8 expression levels are elevated in myeloma cells compared to non-lymphoid
and non-haematopoietic tumour cells. MAP3K8 transcript expression data in multiple
myeloma, leukaemia, lymphoma and solid tumour cell lines. Results are depicted in
boxplots, which highlight the median and interquartile range of expression of MAP3K8 in
each group. The whiskers of each boxplot represent the minimum and maximum expression
of MAP3K8 for the respective group. The values for the log2-transformed median-centered
expression of MAP3K8 transcript among myeloma cell lines was higher compared to solid
tumours (p<0.0001, Kruskal-Wallis test for one-way analysis of variance, and p<0.05, post-
hoc Dunn's multiple comparison test).
E. MAP3K8 protein expression and ERK activation in primary myeloma tumour cells.
Lysates from primary CD138+ myeloma tumour cells were immunoblotted using antisera
against total MAP3K8, phospho-ERK, total ERK and GAPDH as a loading control. In
myeloma cells, the p58 MAP3K8 isoform was preferentially expressed.
F. MAP3K8 promotes ERK and JNK activation in response to TNF receptor
stimulation in myeloma cells. MM1.S cells were serum-starved overnight in the presence
or absence of MAP3K8 inhibitor (5 µM). A 5-min pulse of recombinant human TNFα (50
ng/ml) was given at the end of the incubation and cells were immediately lysed in protein
buffer. MAP3K8 inhibition resulted in a reduction of phospho-ERK and phospho-JNK
induction following stimulation with TNFα whereas p38MAPK activation status remained
unaffected.
G. Treatment of myeloma cells with a small-molecule MAP3K8 kinase inhibitor results
in dose-dependent reduction in phosphorylation of the MAP3K8 direct substrate,
MEK. U266 myeloma cells were incubated with escalating concentrations of MAP3K8
inhibitor for 24 h in the presence of continuous mitogenic stimulation (10% fetal calf
serum). Whole cell lysates were subsequently immunoblotted and probed with antisera
against phospho-MEK1/2 and total MEK1/2. DMSO, dimethyl sulfoxide.
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Figure 2.
A. MAP3K8 kinase inhibition results in dose-dependent growth inhibition of human
myeloma cells. Human myeloma cell lines U266, MM1.S and RPMI8226 were plated at a
starting concentration of 100,000 cells/ ml and treated with escalating concentrations of
MAP3K8 kinase inhibitor as shown. Cultures were terminated at 96 h and viable cell counts
performed. Each value represents the average of 6 counts obtained from 3 independent
experiments, normalized to the untreated (DMSO-only) control. Error bars denote one
standard deviation above and below the mean. Statistical significance is indicated with
single asterisks at threshold p<0.05 and double asterisks at threshold p<0.01.
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B. MAP3K8 phosphorylation peaks in myeloma cells in mitosis. Cytospin preparations
from U266 cells were immunostained using antisera against phospho-Thr290 MAP3K8 and
total MAP3K8. Top left, actively growing U266 cells were stained with an antibody against
phospho-Thr290 MAP3K8. Note that cytoplasmic staining correlates with mitotic nuclear
morphology. Top right, U266 cells were pretreated with nocodazole overnight and
immunostained with an anti-phospho-Thr290 antibody. Nocodazole inhibits spindle
formation and results in G2/M arrest. Treatment with nocodazole results in cytoplasmic
staining of numerous G2/M arrested cells. Middle left, actively growing U266 cells stained
with an antibody against total MAP3K8. Almost all cells exhibit cytoplasmic staining,
regardless of cell cycle status. Middle right, secondary antibody-only control. Bottom
panels, cells were stained with antisera against phospho-Thr290 MAP3K8 (two different
antibodies giving identical results, see Supplementary file for details) (cytoplasmic brown
staining, DAB chromogen) followed by an antibody against phospho-Histone H3 (Ser10)
(nuclear blue/violet staining, BCIP/NBT chromogen). Low and high power views are
shown. Cells that exhibit cytoplasmic phospho-MAP3K8 staining also stain positive for
nuclear phospho-Histone H3. Specific cytoplasmic staining for phospho-MAP3K8 is distinct
from variable diffuse nuclear brown staining (background).
C. Treatment of myeloma cells with a MAP3K8 kinase inhibitor results in apoptosis
that is not rescued by the contact with myeloma-derived mesenchymal stromal cells.
U266 myeloma cells were grown in the presence or absence of a monolayer of mesenchymal
stromal cells derived from myeloma bone marrow. At 96 h of culture in the presence or
absence of MAP3K8 inhibitor, cells were harvested, fixed and stained with Annexin V-
fluorescein isothiocyanate and propidium iodide (PI) and analysed on a flow cytometer.
Gates include early (Annexin Vhigh, PIlow) and late (Annexin Vhigh, PIhigh) apoptotic cells.
D. Cell-cycle profile of myeloma cells treated with a MAP3K8 kinase inhibitor. U266
myeloma cells were harvested at 96 h of culture in the presence or absence of MAP3K8
kinase inhibitor. Cells were fixed, stained with propidium iodide (PI) and analysed for DNA
content on a flow cytometer. Treatment with MAP3K8 inhibitor results in an increase in the
percentage of apoptotic cells (denoted by bar) without a corresponding G2/M arrest.
E. Schematic diagram summarizing the complex actions of MAP3K8 kinase in the
myeloma niche. In the proposed model, MAP3K8 participates in mitogenic signal
transduction through the MAPK pathway and regulates TNF receptor-mediated
inflammatory signal transduction in myeloma tumour cells. Additionally, MAP3K8
regulates production of TNFα (and other myeloma-promoting inflammatory cytokines) by
myeloma-associated monocytes/macrophages through ERK-mediated mechanisms.
MAP3K8 also controls AKT-mediated attenuation of macrophage inflammatory activity in
order to avoid overt tissue injury by activated macrophages. Direct interactions are denoted
by solid lines. Indirect interactions are denoted by broken lines.
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