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Abstract
MAP4K4 is a serine/threonine kinase of the STE20 family involved in the regulation of actin cytoskeleton dynamics
and cell motility. It has been proposed as a target of angiogenesis and inhibitors show potential in cardioprotection.
MAP4K4 also mediates cell invasion in vitro, is overexpressed in various types of cancer, and is associated with poor
patient prognosis. Recently, MAP4K4 has been shown to be overexpressed in pancreatic cancer, but its role in tumour
initiation, progression, and metastasis is unknown. Here, using the KrasG12D Trp53R172H Pdx1-Cre (KPC) mouse
model of pancreatic ductal adenocarcinoma (PDAC), we show that deletion ofMap4k4 drives tumour initiation and
progression. Moreover, we report that the acceleration of tumour onset is also associated with an overactivation of
ERK and AKT, two major downstream effectors of KRAS, in vitro and in vivo. In contrast to the accelerated tumour
onset caused by loss of MAP4K4, we observed a reduction in metastatic burden with both the KPC model and in an
intraperitoneal transplant assay indicating a major role of MAP4K4 in metastatic seeding. In summary, our study
sheds light on the dichotomous role of MAP4K4 in the initiation of PDAC onset, progression, and metastatic
dissemination. It also identifies MAP4K4 as a possible druggable target against pancreatic cancer spread, but with
the caveat that targeting MAP4K4 might accelerate early tumorigenesis.
© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a one of
the most fatal malignancies, with a dismal 5-year survival
rate of 9% [1,2]. It is a very aggressive cancer, and with a
lack of appropriate diagnosis, patients are left with very
few treatment options. Despite improvements of chemo-
therapies and surgical techniques, the 5-year survival rate
has not substantially improved in decades [3]. Therefore,
understanding the molecular mechanisms inducing the
formation of acinar-to-ductal metaplasia (ADM) its pro-
gression into pancreatic intraepithelial neoplasia (PanIN)
and eventually PDAC is of utmost importance.

Most PDACs are driven by the activation of the onco-
geneKRAS, mainlyKRASG12D [4]. RAS signalling plays
a major role in pancreatic cancer initiation and mainte-
nance as it drives the activation of two major effector
pathways: RAF/MAP kinase (MEK)/ERK and PI3K-AKT
pathways [3].

TheKPCmodel, driven by the expression ofKRASG12D

and p53R172H (Trp53R172H) mutants, is a well-established
mouse model of PDAC. It has the advantage of being
clinically relevant and recapitulates the key features
observed in human PDAC [5]. The RAF–MEK–ERK
and PI3K–AKT pathways are frequently activated in this
model, and their activation seems to occur at the early
stages of PDAC progression [3,6–10].
MAP4K4, also known as HGK (haematopoietic pro-

genitor kinase/germinal centre kinase-like kinase) or
NIK (Nck interacting kinase), is a serine/threonine
kinase that belongs to the STE20 family of protein
kinases. It is widely expressed across a broad range of
tissues [11]. Besides its crucial role during embryonic
development [12,13], MAP4K4 is also involved in various
biological functions, including insulin regulation [14,15],
inflammation [16–21], neurodegeneration [22,23],
atherosclerosis [13,24], and cytoskeletal functions [25–27].
MAP4K4 has also been recognised as playing an important
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role in cancer. High levels of MAP4K4 were correlated
with progression and/or poor prognosis in human colo-
rectal cancer tissues and associated with lymph node
metastasis [28], hepatocellular carcinoma [29], lung
adenocarcinoma [30], prostate cancer [31], and pancre-
atic cancer [32,33]. More recently, MAP4K4 has been
shown to be positively correlated with increased tumour
weight in pancreatic cancer [33].
However, the role of MAP4K4 in tumour initiation,

maintenance, and progression remains largely unknown.
Here, using a mouse model of PDAC, our study unex-
pectedly highlights that suppression of MAP4K4 acceler-
ates PDAC onset and progression to endpoint but prevents
metastasis and lowers tumour burden. Moreover, we dem-
onstrate that a lack ofMAP4K4 induces hyperactivation of
ERK and PI3K-AKT pathways in vitro and in vivo. In
addition, we show thatMAP4K4 is essential for cell matrix
remodelling and metastasis seeding, revealing the surpris-
ing dual role during PDAC progression and dissemination.

Materials and methods

Genetically modified PDAC mouse model
All animals were maintained in the Biological Services
Unit of the Beatson Institute for Cancer Research fol-
lowing UK Home Office regulations and reported in
line with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE). The protocols and experiments
were approved by the Animal Welfare and Ethical
Review Body (AWERB) of the University of Glasgow
and performed under a UK Home Office licence to
Professor Laura Machesky PE494BE48.
TheMKPCmodel was generated by crossingMap4k4

flox mice [26] with KPC mice. Mice were genotyped by
TransnetYX® (Cordova TN, USA) with LSL-KrasG12D,
LSL-Trp53R172H, Pdx1::CRE (KPC) mice previously
described by Hingorani et al [34]. For the survival
analysis in Figure 1G, mice were humanely killed when
they displayed abdominal swelling or clinical signs con-
sistent with a moderate severity (supplementary mate-
rial, Table S1). Metastases were generally small and not
likely the cause of symptoms, as the size of the primary
tumour was by far the majority of the tumour burden.

Generation of cell lines
KPC andMKPC cells were isolated from LSL-KrasG12D,
LSL-Trp53R172H, Pdx1::CRE (KPC) or Map4k4 flox,
LSL-KrasG12D, LSL-Trp53R172H, Pdx1-CRE (MKPC)
tumours, as previously described [35]. PDX1 and p53
expression was verified by western blotting. The cells
were cultured in DMEM containing 5 g/l glucose,
10% FBS (Gibco, Paisley, UK), 2 mM glutamine
(Gibco), and penicillin–streptomycin (Gibco) and
maintained at 37 �C under 5% CO2 in a humidified
incubator. PDAC cells were tested regularly for myco-
plasma contamination.

Cell proliferation assay
2 � 105 PDAC cells were seeded into six-well plates in
triplicate wells. Cells were counted each day for 3 days
using a CASYModel TT cell counter (Innovartis, Roche
Applied Science, Penzberg, Germany).

Extracellular matrix coating
Glass coverslips were coated with Oregon green
488 conjugate gelatin (G13186, Thermo Fisher Scientific,
Waltham, MA, USA) for 10 min, and the excess gelatin
was removed using precision wipes (Kimtech Science,
Camlab Limited, Cambridge, UK). The coverslips were
then inverted on an 80-μl drop of 0.4% glutaraldehyde
for 30 min and washed three times with PBS; then 500 μl
of 0.4 mg/ml rat tail collagen I (high-concentration
collagen I, 354249, Corning, Corning, NY, USA) in
D-PBS (σ-Aldrich, Merck KGaA, Darmstadt, Germany)
were added on top and incubated for 3 h at 37 �C.
After removing the excess of polymerised collagen
I fibres, 5 � 104 MKPC expressing mCherry or
MAP4K4-mCherry were plated on top of the mixed
matrix.

Invasion assays
Invasion assays were performed as previously
described [35]. A culture insert (Ibidi, Gräfelfing,
Germany) was placed in the middle of a well of a six-
well glass bottom dish (MatTek corporation, Ashland,
MA, USA), then 6 � 105 PDAC cells were plated
around the insert and allowed to settle overnight. The
insert and medium were removed, and 350 μl of pure
Matrigel were added and left to set for 30 min 37 �C.
Before imaging, 3 ml of complete medium was added to
the dish. Images were taken every 15 min for 16 h using
a Nikon TE2000microscope with a Plan Fluor�10/0.30
objective and equipped with a heated CO2 chamber.
Images were analysed with Fiji Software (ImageJ2 version
2.9.0/1.53t (https://imagej.net/software/fiji/downloads).

In vivo PDAC transplantation assays
As previously described [35], 1 � 106 KPC CRISPR
CTRL or CRISPR M4K4 #2 cells were washed three
times in PBS and then resuspended in 100 μl of PBS.
CD-1 nude mice (10 weeks old, Charles River,
Tranent, UK) were injected in the i.p. cavity and
monitored every day. Mice were humanely sacrificed
2 weeks after injection. Mice were weighed the day of
injection and sacrificed.

Immunofluorescence
KPC and MKPC cells were fixed with 4% paraformal-
dehyde for 15 min at room temperature. Coverslips were
then washed three times with PBS and permeabilised with
0.2%TritonX-100 in PBS for 5 min and blocked for 5 min
using 4% BSA in PBS. Primary antibodies [anti-Cortactin:
1/250, 05-180, clone 4F11 from Merck Millipore
(Burlington, MA, USA), Fish: 1/250, sc-376211,
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clone G-7 from Santa Cruz Biotechnology, Dallas, TX,
USA] were incubated for 1 h in 4% BSA in PBS
and detected using species-specific Alexa488- and
Alexa647-conjugated secondary antibodies (1/500, Life
Technologies, Thermo Fisher Scientific). DAPI
(Sigma-Aldrich) was used to stain nuclei. Coverslips were
thenmountedwith Prolong™DiamondAntifadeMountant
(Invitrogen, Thermo Fisher Scientific). Finally, cells were
imaged with a Zeiss 880 Laser Scanning Microscope
with Airyscan with a Plan-Apochromat �63/1.4 oil
DIC M27 objective (Zeiss, Oberkochen, Germany).

Immunohistochemistry (IHC)
All haematoxylin and eosin (H&E), Ki67, Cleaved
Caspase 3, CK19, p53, CD31, phospho-ERK, α-SMA,
and Picro-Sirius red (reagents described in
Supplementary materials and methods) staining was
performed on 4 μm formalin-fixed paraffin-embedded
sections, which had been previously oven baked for
2 h at 60 �C, using standard protocols.

For collagen staining, sections were rehydrated and
then immersed in Picro Sirius Red solution (0.1% Direct
Red 80, Sigma 41496LH, and 0.1% Fast Green FCF.
S142-2, Raymond A Lamb, Durham, NC, USA) for 2 h.

Slides were imaged using a Leica AperioAT2 slide
scanner at�20 magnification and analysed using HALO
software (Indica Labs, Albuquerque, NM, USA). Indica
Lab algorithm CytoNuclear version 1.6 was used to
quantify the number of cells positive for Ki67, Cleaved
Caspase 3, and BrdU. The Area Quantification version
1.0 algorithm was used to quantify α-SMA, Picro Sirus
Red, and p-ERK staining areas. The intensity staining of
p-ERK was categorised as weak with an integrated
OD between 0.509 and 0.794, moderate between
0.794 and 0.901, and strong if over 0.901.

Each time, the entire pancreas area on the slide was
quantified (�80,000,000 μm2 per slide) except for the
mean vascular density, where the number of CD31+

vessels was manually quantified in 10 fields of view.
Each field was >150,000 μm2.

The percentage areas of normal pancreas, well to
poorly differentiated PDAC, and necrosis were quanti-
fied manually. We defined as ‘necrotic’ areas presenting
a dissolution of the tissue architecture associated with
fragmented nuclei.

PanIN lesion grading was performed on H&E staining
according to the architectural abnormalities described in
the consensus guidelines published by Hruban et al [36].

Statistics and reproducibility
All datasets were analysed using GraphPad Prism
9 (version 9.4.1, GraphPad Software, GraphPad Inc.,
San Diego, CA, USA). Unless otherwise stated, each
experimentwas repeated at least three times independently.
Differences between groups were tested for normality of
distribution (Kolmogorov–Smirnov or Shapiro–Wilk
test) and analysed using the appropriate statistical test.
Statistical tests used are indicated in each figure

legend. p values <0.05 were considered as significant:
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005.

Results

Map4k4 deletion leads to decreased survival
To investigate the role of MAP4K4 in PDAC progression
and dissemination, we crossed Map4k4 floxed mice into
the KPCmodel of PDAC [5]. We generatedMap4k4 flox;
Pdx-1::Cre;LSL-KrasG12D/+;LSL-Trp53R172H (MKPC)
mice to specifically knock out Map4k4 in pancreatic
epithelial cells (acini and ducts) (Figure 1A). Western
blot analysis of proteins isolated from organoids gen-
erated from KPC and MKPC mice confirmed that
MAP4K4 protein expression was lost in the pancreas
(Figure 1B). Loss of MAP4K4 also did not substan-
tially impact blood glucose, ureas, or triglyceride blood
levels at 6 to 15 weeks (supplementary material,
Figure S1A–C) and so likely did not have a significant
effect on normal pancreatic function. By the endpoint,
KPC and MKPC tumours appeared histologically
similar (Figure 1C–F and supplementary material,
Figure S2A–E) and displayed comparable tumour to
body mass ratio (Figure 1D). There was no significant
difference in cell proliferation (Figure 1E), but there
was significantly less cell death in MKPC tumours
(Figure 1F). Moreover, there was no detectable differ-
ence in the vascular density or necrosis (supplementary
material, Figure S2A,E–G). Looking at the α-SMA
expression, MKPC tumours appeared to contain more
myofibroblasts than KPC tumours but showed a similar
level of fibrillar collagen (stained with Picro Sirius Red,
supplementary material, Figure S2A,C). However,
MAP4K4 deletion was associated with a highly signif-
icant reduction in time to endpoint, indicating more
rapid progression of the primary tumours of these mice
(Figure 1G). Loss of MAP4K4 also affected PDAC
dissemination as MKPC mice showed a trend toward
a lower metastasis burden (Figure 1H) and a dramati-
cally reduced number of mice presenting with ascites
and reduced fluid volume (supplementary material,
Figure S2H,I). Thus, MAP4K4 loss in pancreatic
tumours showed an unexpected impact on survival
and tumour dissemination.

MAP4K4 deletion accelerates PDAC onset and
progression
Given the tight regulation of MAPK signalling
during the development of pancreatic intraepithelial
neoplasia [37], we next assessed whether MAP4K4
was important for PDAC onset and progression by first
assessing the pancreata of KPC and MKPC mice at
earlier time points. No differences were observed at
6 weeks in the percentage of mice presenting PDAC
foci (Figure 2A,B). However, MKPCmice presented a
higher grade of PanIN lesions in comparison to KPC mice
(Figure 2E and supplementary material, Figure S2J–L).

Dual role of MAP4K4 in pancreatic tumour onset and metastasis 3
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Figure 1. MAP4K4 is required for PDAC dissemination. (A) Genetic strategy to delete Map4k4 in KPC mice. (B) Western blot panels showing
MAP4K4 (M4K4) expression in pancreatic organoids isolated from two independent KPC (KPC #1 and KPC #2) andMKPC (MKPC #1 andMKPC #2)
mice. (C) Serial sections of PDAC tumours stained with H&E (top), KI67 (proliferation marker, middle) and cleaved caspase 3 (CC3, apoptosis
marker, bottom). Scale bar, 200 ≤ μm. (D) Bar chart showing tumour-to-body weight ratios at sacrifice. Mean ± SEM (n = 14 KPC and 13 MKPC
mice, unpaired t-test with Welch’s correction, non-significant). (E and F) Quantification of Ki67+ and CC3+ cells in PDAC tumours from KPC and
MKPC mice. Mean ± SEM, for Ki67 quantification: n = 14 KPC (over 11,798 cells quantified per slide) and 21 MKPC mice (over 15,586 cells
quantified per slide), unpaired t-test withWelch’s correction, non-significant; for CC3 quantification: n = 17 KPC (over 22,702 cells quantified per
slide) and 18 MKPC mice (over 19,475 cells quantified per slide), Mann–Whitney test, **p ≤ 0.01. (G) Kaplan–Meier survival analysis showing
survival in KPC and KPCMap4k4�/�mice. (n = 15 KPC and 13MKPCmice, Gehan–Breslow–Wilcoxon test). (H) Incidence and localisation of KPC
and MKPC metastasis. (Int. cav., intraperitoneal cavity)
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This was also associated with an increased prolifera-
tion of the PanIN areas (Figure 2A,F,G). By 10 weeks,
five out of five MKPC versus zero out of five

KPC mice showed PDAC foci (Figure 2B) and
Map4k4 deleted pancreata presented a significant
replacement of the normal ducts by PanIN lesions

Figure 2 Legend on next page.
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(Figure 2E and supplementary material, Figure S2K).
This was also correlated with a significant increase of the
relative tumour size (Figure 2C) and tumour growth
(Figure 2D). At 15 weeks, both KPC and MKPC mice
presented with higher grade PanIN lesions (Figure 2E
and supplementary material, Figure S2L) and small
PDAC foci (Figure 2A,B), but to a greater extent in
MKPC mice. At this time point, the gradual progression
to advanced PanIN lesions and PDAC foci formation
correlated to an increased tumour-over-body mass ratio in
MKPC mice. Concomitantly to the replacement of normal
pancreatic tissue and tumour progression, lower blood
serum levels of amylase and lipase were identified at
15 weeks in MKPC mice (supplementary material,
Figure S1D–E). Together, these data indicate that
Map4k4 deletion accelerates the development of pancreatic
intraepithelial neoplasia lesions and PDAC progression.

MAP4K4 is required for invasion and metastatic
seeding
To investigate the mechanisms by which MAP4K4
promotes metastasis, we deletedMap4k4 from a cell line
made from a KPC mouse tumour (KPC cells) using
CRISPR. MKPC cells were also isolated from MKPC
tumour-bearing mouse and either labelled with mCherry
or rescued with MAP4K4-mCherry (supplementary
material, Figure S3A,B). As MAP4K4 shows some
sequence homology with MAP4K5 and especially with
MAP4K6 (also known as MINK1), the protein levels of
other MAP4Ks, MAP4K5, and MAP4K6, were assessed.
Knockout of MAP4K4 did not trigger a compensation of
these kinases (supplementary material, Figure S3C–F).
Using circular invasion assays [38], we challenged the
invasiveness of MKPC cells through Matrigel and
observed that MAP4K4-depleted cells were significantly
less invasive (Figure 3A,B). PDAC presents an extracel-
lular matrix highly enriched in fibrillar collagens. To
determine whether MAP4K4 was important for matrix
remodelling and degradation, we cultured MAP4K4
rescued (M4K4-mCherry) and knockout cells (mCherry)

on a mixed matrix of gelatin and collagen I fibres. We
noticed that collagen I fibres promoted the formation of
linear invadosomes in both cell lines (supplementary
material, Figure S4A,B). However, rescued cells showed
significantly more gelatin degradation than mCherry
MKPC cells, suggesting a role for MAP4K4 in matrix
remodelling and degradation (Figure 3C,D).

To further characterise the specificity of MAP4K4
function in metastatic seeding, we performed intraperi-
toneal injection experiments. These experiments directly
address whether MAP4K4 has a role in metastatic
seeding and clarify whether the metastatic impairment
in the MKPC mice was likely just due to the animals
reaching endpoint sooner due to the primary tumour
burden. Control and MAP4K4 #2 CRISPR KPC cells,
which present a similar level of proliferation (supple-
mentary material, Figure S4C), were injected into the
i.p. cavity of nude mice. We observed that 80% of mice
injected with Control CRISPR KPC cells presented with
jaundice (Figure 3F) and a loss of weight (Figure 3G),
two usual symptoms reminiscent of the human PDAC
disease. Mice injected with MAP4K4 CRISPR KPC cells
showed no spleen invasion, the incidence of liver tumour
was lower and, in general, displayed fewer and less
invasive metastatic nodules (Figure 3E,F,H,I). These data
demonstrate that MAP4K4 plays an essential role during
PDAC invasion and metastatic seeding.

Map4k4 deletion promotes an overactivation of AKT
and ERK pathways
To identify the mechanisms by which MAP4K4 drives
PDAC tumorigenesis, we investigated the functional
interplay between MAP4K4 and signalling pathways
frequently activated during pancreatic intraepithelial
neoplasia development [10,37,39].We analysed the acti-
vation of the PI3K–AKT and ERK pathways in mCherry
andMAP4K4-mCherry rescued MKPC cells upon serum
stimulation. Using specific phospho-antibodies and
western blotting, we observed that both knockout and
MAP4K4 rescued cells showed an increase in the

Figure 2. A loss of MAP4K4 accelerates PDAC progression. (A) Representative serial sections of H&E, Ki67, and cleaved caspase 3 staining of
pancreata from 6 weeks (top section), 10 weeks (middle section) and 15 weeks (bottom section) aged KPC (top panel) and MKPC (bottom
panel) mice. Orange arrowheads represent KI67+ cells. Scale bar, 200 μm. (B) Incidence of PDAC in 6, 10, and 15 weeks KPC and MKPC mice
(n = 5 KPC and 5 MKPC mice). Incidence is expressed as a percentage of PDAC+ mice, Fisher’s exact test, **p ≤ 0.01. (C) Percentage of PDAC
area normalised to the total pancreatic area at indicated times. Mean ± SEM, at 6 weeks n = 6 KPC and 6 MKPC mice, at 10 weeks n = 5
KPC and 5 MKPCmice and 15 weeks n = 5 KPC and 4 MKPCmice, Mann–Whitney test, **p ≤ 0.01. (D) Scatter plots showing tumour-to-body
mass ratios at 6, 10, and 15 weeks. Mean ± SEM, at 6 weeks, n = 7 KPC and 6 MKPC mice, at 10 weeks n = 5 KPC and 5 MKPC mice and
15 weeks n = 5 KPC and 5 MKPC mice, Mann–Whitney test, **p ≤ 0.01. (E) Bar chart showing PDAC neoplastic progression of KPC and MKPC
mice at indicated times. At 6 weeks n = 5 KPC (normal ducts: 188, PanIN 1: 21, PanIN 2: 0, PanIN 3: 2, PDAC lesion: 1), and 5 MKPC mice
(normal ducts: 130, PanIN 1: 33, PanIN 2: 9, PanIN 3: 8, PDAC lesion: 3); at 10 weeks n = 5 KPC (normal ducts: 170, PanIN 1: 51, PanIN 2:
2, PanIN 3: 11, PDAC lesion: 0) and 5 MKPC mice (normal ducts: 179, PanIN 1: 233, PanIN 2: 8, PanIN 3: 26, PDAC lesion: 17); at 15 weeks
n = 3 KPC (normal ducts: 168, PanIN 1: 81, PanIN 2: 7, PanIN 3: 6, PDAC lesion: 11) and 4 MKPC mice (normal ducts: 113, PanIN 1:
243, PanIN 2: 25, PanIN 3: 78, PDAC lesion: 141). Mean ± SEM. Statistics are presented in supplementary material, Figure S2J,K. (F and G)
Quantification of percentage of Ki67+ and cleaved caspase 3+ cells per field of view. Mean ± SEM, at 6 weeks: n = 4 KPC (for KI67 and CC3,
respectively, over 194,370 and 240,677 cells were quantified per slide) and 5 MKPC mice (for KI67 and CC3, respectively, over 119,248 and
235,441 cells were quantified per slide); at 10 weeks n = 4 KPC (for Ki67 and CC3, respectively, over 184,295 and 301,071 cells were
quantified per slide) and 5 MKPC mice (for Ki67 and CC3, respectively, over 174,076 and 427,645 cells were quantified per slide); at 15 weeks
for Ki67 n = 4 KPC (for Ki67 and CC3, respectively, over 221,434 and 440,801 cells were quantified per slide) and 6 MKPC mice (for Ki67 and
CC3, respectively, over 177,734 and 182,879 cells were quantified per slide), Mann–Whitney test, *p ≤ 0.05.
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phosphorylation of AKT and ERK pathways upon
serum stimulation (Figure 4A–C). MAP4K4 knockout
cells presented significantly higher AKT and ERK

phosphorylation levels in the presence of serum in com-
parison to rescued cells (Figure 4A–C). We also noted
that the phospho-AKT level was significantly higher in

Figure 3 Legend on next page.
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serum-free conditions. However, no differences were
observed in the phosphorylation levels of YAP, p38,
and JNK, pathways previously shown to be regulated
by MAP4K4 (supplementary material, Figure S5A–D)
[18,40–44]. Furthermore, the AKT and ERK total
protein levels were not affected by a loss of MAP4K4
(supplementary material, Figure S5F–H). To confirm
that MAP4K4 contributes to AKT and ERK activation,
we used an inhibitor of MAP4K4 kinase activity,
PF06260933. MAP4K4 rescued cells treated with the
inhibitor showed AKT and ERK phosphorylation
levels similar to those of the knockout cells,
confirming that the kinase activity of MAP4K4 was
essential to activate these pathways (supplementary
material, Figure S6A–C).
We also observed a higher level of phosphorylation of

mTORS2448 in MAP4K4-depleted cells (supplementary
material, Figure S5A,E). This trend prompted us to
investigate whether a lack of MAP4K4 could influence
the phosphorylation of mTORC1 and mTORC2
downstream effectors. Western blot analysis revealed
that both the downstream target of mTORC1
(phospho-P70S6KThr398, Figure 4A,D) and subunits
of the mTORC2 complex (phospho-Sin1Thr86 and
phospho-RICTORThr1135, Figure 4A,E,F) were clearly
increased in MAP4K4 knockout cells. This was also
correlated with a strong and sustained phosphorylation
of an upstream target of the PI3K/AKT pathway, the
EGF receptor (EGFR) (Figure 4A,G), in mCherry
MKPC cells. However, it appeared that a lack of
MAP4K4 did not affect the total level of EGFR and
RICTOR (supplementary material, Figure S5F,I,J). These
results demonstrate that a lack of MAP4K4 induces the
hyperactivation of ERK and EGFR/AKT/mTOR path-
ways in cells expressing KRASG12D.

MAP4K4 loss enhances ERK activity during PDAC
progression
To further investigate the mechanisms by which a loss
of MAP4K4 could facilitate PDAC onset, histological
sections of pancreas from KPC and MKPC mice at
6, 10, and 15 weeks were stained with phospho-ERK

to validate the in vitro observations. At 6 and 10 weeks,
we observed that mostly PanIN lesions and ducts
were weakly stained with phospho-ERKThr202/Tyr204,
confirming that the ERK pathway was activated. No
difference was noticed in the percentage of phospho-
ERK staining over the total surface of the pancreas
(Figure 5A,B) or the staining intensity (Figure 5C) at
these times. However, at 15 weeks, MKPC tumours
tended to present a wider area stained for phospho-
ERKThr202/Tyr204 as well as a higher moderate and
high phospho-ERKThr202/Tyr204 staining intensity
(Figure 5A–C). Taken together, these data demon-
strate that loss of MAP4K4 tends to also induce
hyperactivation of the ERK pathway in vivo during
PDAC onset.

Discussion

MAP4K4 is a serine/threonine kinase that is overexpressed
in a variety of cancers and associated with poor prognosis.
It has been reported that MAP4K4 is overexpressed
in the late stage of pancreatic tumorigenesis [32,33],
although its role during PDAC initiation and progression
is unknown. The development of tools such as inhibitors
of MAP4K4 suggested a potential window of opportu-
nity to explore the importance of this target in pancreatic
cancer. Given a large literature implicating MAP4K4 in
cell migration and invasion, we sought to determine
whether eliminating MAP4K4 in a genetic model of
pancreatic cancer would prevent metastatic dissemina-
tion of tumours and suggest a potential therapeutic angle
for this highly metastatic cancer.

In this study, using the classic flox;Pdx-1::Cre;
LSL-KrasG12D/+;LSL-p53R172H KPC model [5], we dem-
onstrated the pivotal and unanticipated role of MAP4K4
in PDAC initiation and progression. Strikingly, we
observed that MAP4K4 deletion caused an acceleration
of PDAC onset with higher grades of PanIN in MKPC
mice early on, suggesting thatMAP4K4might be crucial to
promote PDAC development. Interestingly, MAP4K4
regulates cytoskeleton dynamics and cell motility.

Figure 3.MAP4K4 is required for invasion in vitro and is driving metastatic seeding in vivo. See supplementary material, Figure S3A for a table
explaining the nomenclature of cell lines. (A) Invasion assay showing representative images of CTRL or MAP4K4 independently generated
CRISPR KPC cells (M4K4 #1 and M4K4 #2) at t = 0 h or t = 16 h after invading Matrigel. Scale bar, 200 μm. White lines indicate starting
point cell edges. Orange lines indicate invasive edge at 16 h. (B) Scatter plots showing percentage of invasion. Mean ± SEM, n = 3
independent experiments with n > 8 fields of view quantified each time. Each experiment is colour coded. One-way ANOVA with Kruskal–
Wallis multiple comparison test, ***p ≤ 0.001 and ****p ≤ 0.0001. (C) Representative confocal images of mCherry (top panel, 28.2 mC) and
MAP4K4-mCherry rescue (bottom panel, 28.2 M4K4 mC) cells seeded on a mixed collagen I/FITC-gelatin matrix. Red arrowheads show
colocalisation between Cortactin (magenta) and degraded matrix (grey) at linear invadosomes. Scale bar, 10 μm. (D) Scatter plot showing average
percentage of collagen I/FITC-gelatin mix degradation per cell. Mean ± SEM, n = 3 independent experiments, each time two or three distinct fields
of viewwere quantified. Each field of view had aminimum of 10 cells. Each experiment is colour coded. Unpaired t-test, *p ≤ 0.05. (E) Representative
H&E (top panel), BrdU (topmiddle), Ki67 (bottommiddle), and cleaved caspase 3 (bottom) images of pancreas of nudemice i.p. injected with CTRL or
MAP4K4 #2 CRISPR KPC cells. Scale bar, 200 μm. Orange dotted line indicates tumour outline. Red insets show greater magnifications of positive
cells. (F) Incidence (%) of mice with jaundice, spleen invasion, or liver tumour. (G) Scatter plots showing pancreas-to-body weight ratio at sacrifice.
Mean ± SEM, n = 5 CTRL CRISPR KPC and n = 5 MAP4K4 #2 CRISPR KPC mice, Mann–Whitney test, *p ≤ 0.05. (H) Scatter plots showing number
of metastases on gallbladder, peritoneum, diaphragm, and in i.p. cavity. Mean ± SEM, n = 5 CTRL CRISPR KPC and n = 5 MAP4K4 #2 CRISPR KPC
mice, multiple t-tests, **p ≤ 0.01 and ***p ≤ 0.001. (I) Quantification of invasive area by CTRL or MAP4K4 #2 CRISPR KPC cells. Orange dotted lines
represent limit of invasive front. Mean ± SEM, n = 5 CTRL CRISPR KPC and n = 5 MAP4K4 #2 CRISPR KPC mice, Welch’s t-test, ***p ≤ 0.001.
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In particular, it directly interactswith theERMproteins [45]
and promotes the destabilisation of focal adhesions by
activation of Arf6 through its interaction with EB2 [27].
ERM proteins and Arf6 have been described to be
involved in the organisation of the apical actin cyto-
skeleton in epithelial cells [46–48]. Likewise, EB2 is
essential for microtubule reorganisation during epithelial
polarisation [49]. During ADM, acinar cells change mor-
phology and lose polarity [50]. Thus, loss of MAP4K4
could lead to a polarity defect in acinar cells and,

consequently, an acceleration of tumour onset. To
improve the understanding of the role of MAP4K4 in
the apico-basal polarity in acini, future studies could
explore the potential pathways involved using pancre-
atic organoids isolated from MKPC mice.
Our data revealed that at 15 weeks, MKPC pancreata

showed a higher level of phospho-ERK, a downstream
effector of KRAS important for both initiation and
maintenance of pancreatic lesions [3]. Using MKPC
cells extracted from tumour-bearing mice, we

Figure 4. MAP4K4 depletion induces activation of AKT, ERK, and mTORC signalling pathways. (A) Phosphorylation levels of RICTOR, EGF
receptor, Sin1, P70 S6K, AKT, and ERK were measured by immunoblotting after serum stimulation at indicated times. GAPDH is a sample
integrity control. Blots are representative of five experiments. SFM, serum-free medium. Cell nomenclature is described in supplementary
material, Figure S3A. (B–G) Densitometric quantification of proteins in panel (a) at indicated times. Mean ± SEM. Statistical significance was
assessed using Mann–Whitney tests or Welch’s t-tests as required for each time point; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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demonstrated hyperactivation of the ERK and PI3K-
AKT pathways. In our study, it also appeared that
targeting MAP4K4 in KPC cells, with the inhibitor
PF06260933, also promoted high ERK and AKT phos-
phorylation levels similar to what we observed inMKPC
cells. Our findings are consistent with recent studies
showing elevated phosphorylation of ERK [18,20] or
AKT in MAP4K4-depleted cells or tissues [15,51].
mTORC1 and mTORC2 signalling has also been linked
to promote PDAC onset, progression, and dissemination
[39,52,53]. In MKPC cells, we demonstrated a high
level of activation of mTORC1 and mTORC2, in line
with these data. In summary, we propose that the high
level of phosphorylation of ERK andAKT, two essential
KRAS effectors, as well as downstream effectors in
MKPC pancreata could facilitate the acceleration of
PDAC onset. Thus, these findings highlight a potential

significance of MAP4K4’s mechanistic role in promot-
ing the initiation of PDAC.

Of note, the activation of JNK cascade and Hippo path-
way were not affected in our system. We speculate this
could be explained by distinct and/or tissue-/cell-specific
regulation by MAP4K4 [20,22,25,40,41,54–57].

By the endpoint, KPC and MKPC tumours had sim-
ilar histological features in terms of proliferation rate
and appearance of the tumour extracellular matrix
components. Interestingly, MAP4K4 inhibition has been
linked to an increase of apoptosis in pancreatic cancer
cells [33]. However, we noticed a slight decrease of cell
death rate in MKPC tumours. This result could be
explained by the protective effect from cell death of the
dense stromal microenvironment.

Interestingly, metastases were reduced in both the
KPC model and i.p. transplantation assays demonstrating

Figure 5. PDAC progression is associated with a modestly higher level of phospho-ERK in MKPC pancreata. (A) Representative histological
images of 6 weeks (top section), 10 weeks (middle section), and 15 weeks (bottom section) pancreata from KPC and MKPC mice stained with
phospho-ERK, CK19, and p53. Scale bar, 200 μm. (B) Quantification of phospho-ERK expression in pancreas of mice at indicated time points.
Data are presented as percentage of total stained area per field. Mean ± SEM, at 6 weeks, n = 4 KPC and 6 MKPC mice; at 10 weeks n = 3
KPC and 4 MKPC mice and 15 weeks n = 5 KPC and 4 MKPC mice, unpaired t-test, *p ≤ 0.05. (C) Differential expression of phospho-ERK in
pancreas of mice at indicated time point. Data are presented as percentage of total stained area per field. Mean ± SEM, at 6 weeks, n = 4
KPC and 6 MKPC mice; at 10 weeks and 15 weeks n = 4 KPC and 4 MKPC mice, unpaired t-test.
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that MAP4K4 controlled metastatic seeding in vivo. Our
data are in line with several studies reporting the important
role of MAP4K4 in invasion and migration [58,59]. We
recently published a paper showing pancreatic cancer
cells exhibit chemotaxis towards lysophosphatidic acid
(LPA) and that N-WASP controls trafficking driving
invasion [35]. In particular, a loss of N-WASP induced
the aberrant recycling of LPAR1 receptor. Given the fact
that MAP4K4 is a major regulator of endocytosis and
trafficking to focal adhesion sites [26,27,60], we could
hypothesise that receptor tyrosine kinases, G protein-
coupled receptors, and/or integrins are not internalised
adequately in MAP4K4 knockout cells. This would lead
to an excessive activation of downstream signalling
pathways and reduced migration/invasion capacities in
MAP4K4 null cells, explaining our data.

Small molecule inhibitors have been designed to
target the oncogenic properties of MAP4K4. One such
compound, bosutinib, used for the treatment of chronic
myeloid leukaemia [61], has shown encouraging results
at stabilising the endothelial barrier and, thus, preventing
vascular leakage in mice [57]. However, given our pre-
sent study showing that a loss of MAP4K4 accelerates
PDAC onset and progression, the use of pharmaceutical
inhibitor of MAP4K4 would require careful evaluation
before undertaking clinical trials for solid tumour
cancers. It would be interesting to perform preclinical
treatments of mice with bosutinib to determine whether
this also caused an acceleration of tumour progression
and/or inhibited metastasis to distant sites.

In summary, our work highlights the dichotomous
role of MAP4K4 in the initiation of PanIN lesions and
PDAC progression and its distinct function during met-
astatic dissemination. The rapid progression towards
PDAC is attributed to the hyperactivation of two major
KRAS-driven pathways, ERK and AKT, which are
demonstrated in vivo for ERK and in vitro for both
ERK and AKT. The pharmaceutical inhibition of
MAP4K4 could be of therapeutic interest to target
PDAC metastases in cancer patients, but with a caution-
ary note that it could accelerate tumour progression.
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