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Cooperative NF‑κB and Notch1 signaling 
promotes macrophage‑mediated MenaINV 
expression in breast cancer
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Abstract 

Metastasis is a multistep process that leads to the formation of clinically detectable tumor foci at distant organs and 
frequently to patient demise. Only a subpopulation of breast cancer cells within the primary tumor can disseminate 
systemically and cause metastasis. To disseminate, cancer cells must express MenaINV, an isoform of the actin regu-
latory protein Mena, encoded by the ENAH gene, that endows tumor cells with transendothelial migration activity, 
allowing them to enter and exit the blood circulation. We have previously demonstrated that MenaINV mRNA and 
protein expression is induced in cancer cells by macrophage contact. In this study, we discovered the precise mecha-
nism by which macrophages induce MenaINV expression in tumor cells. We examined the promoter of the human 
and mouse ENAH gene and discovered a conserved NF-κB transcription factor binding site. Using live imaging of an 
NF-κB activity reporter and staining of fixed tissues from mouse and human breast cancer, we further determined 
that for maximal induction of MenaINV in cancer cells, NF-κB needs to cooperate with the Notch1 signaling pathway. 
Mechanistically, Notch1 signaling does not directly increase MenaINV expression, but it enhances and sustains NF-κB 
signaling through retention of p65, an NF-κB transcription factor, in the nucleus of tumor cells, leading to increased 
MenaINV expression. In mice, these signals are augmented following chemotherapy treatment and abrogated upon 
macrophage depletion. Targeting Notch1 signaling in vivo decreased NF-κB signaling activation and MenaINV expres-
sion in the primary tumor and decreased metastasis. Altogether, these data uncover mechanistic targets for blocking 
MenaINV induction that should be explored clinically to decrease cancer cell dissemination and improve survival of 
patients with metastatic disease.
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Introduction
Breast cancer is the second leading cause of cancer-
related mortality in women in the USA. Since the 
majority of breast cancer mortality is due to metastasis, 
understanding the mechanisms that drive metastasis is 
fundamental for the development of anti-metastatic ther-
apies to improve the survival of patients with metastases.

The cell-biological program called “epithelial-to-mes-
enchymal transition” (EMT) [1, 2], during which cancer 
cells lose epithelial polarity and cell to cell cohesion [2, 
3], is, in most instances, required for the onset of the 
metastatic cascade. The EMT program has been associ-
ated with heterotypic interactions of cancer cells with 
stromal and immune cells (e.g., macrophages), as well as 
with modified extracellular matrix, a hallmark of cancer 
progression and metastasis [2, 4, 5]. During EMT, mRNA 
encoding various proteins undergo alternative splicing 
[6], including mRNA for the protein Mammalian enabled 
(Mena). EMT-induced alternative splicing of mRNA that 
encodes Mena, a protein involved in regulation of actin 
dynamics, results in a decrease of the non-metastatic 
isoform, Mena11a [6–9]. However, the generation of 
dissemination-competent cancer cells requires an addi-
tional step: tumor cell-macrophage collisions, which lead 
to an increase in the expression of the MenaINV isoform 
[10]. MenaINV enhances invasive cell motility [9, 11] and 
sensitizes cells to receptor tyrosine kinase (RTK) growth 
factors. These properties enable cancer cells to engage 
in a paracrine EGF-CSF1 signaling loop with tumor-
associated macrophages (TAMs) and establish stream-
ing migration with macrophages toward HGF-secreting 
endothelial cells (ECs) [12–15].

MenaINV expression in breast tumor cells is crucial 
for the formation of invadopodia, invasive protrusions 
required for cancer cell intravasation through portals on 
blood vessels called tumor microenvironment of metas-
tasis (TMEM) doorways, and for extravasation at meta-
static sites [16]. Indeed, in  vivo loss-of-function studies 
in Mena knockout mice, in which MenaINV expression is 
also eliminated, demonstrate a reduction in cell invasion, 
motility, intravasation, and metastatic dissemination 
in several mouse models [9, 17–19]. Our recent studies 
demonstrate an increased density of MenaINV cancer 
cells, as well as cancer stem cells within 200 µm of TMEM 
doorways, where the most cancer cell-macrophage colli-
sions occur, indicating that increased cancer cell-mac-
rophage contact may be responsible for endowing cancer 
cells with both MenaINV and stem phenotypes.

We previously showed that MenaINV mRNA and 
protein expression in cancer cells involves macrophage-
directed Notch1 signaling [10], and that macrophage 
expression of Jagged1 (a Notch signaling ligand) is critical 
for tumor cell intravasation [20]. However, the promoter 

for the ENAH gene, which encodes Mena, does not con-
tain binding sites for transcription factors in the Notch1 
pathway. Thus, the mechanism of how macrophages 
induce expression of MenaINV, a protein required for 
tumor cell metastasis, remains unidentified.

We have found, and independent reports confirm, that 
there is a κB binding site within the ENAH promoter, 
conserved from mouse to human [21]. κB binding sites 
are used by transcription factors in the NF-κB signaling 
pathway, especially p65 (also known as RelA), to drive 
expression of target genes. There are numerous reports 
demonstrating Notch-mediated enhancement, and con-
text-dependent activation, of NF-κB signaling in cancer 
[22–24]. Thus, Notch1 signaling may activate the ENAH 
promoter indirectly via NF-κB signaling.

The NF-κB signaling pathway is known to play a major 
role in the progression of many cancers through pro-
motion of processes such as EMT, proliferation, inva-
sion, and resistance to cell death. NF-κB signaling can 
be activated by many factors produced within the TME, 
including proinflammatory cytokines such as TNFα 
and I-L1β, growth factors, and oxidative stressors [25]. 
It has become increasingly apparent that while NF-κB 
signaling can control a myriad of pro-invasive and pro-
metastatic phenotypes, the downstream consequences 
of NF-κB activation are extraordinarily context depend-
ent, and can, for example, enhance or inhibit apoptosis or 
tumor growth depending on the environment or stimulus 
[26–32].

As expression of MenaINV is essential for induction of 
an intravasation- and extravasation-competent pheno-
type in breast cancer cells which endows tumor cells the 
ability to metastasize, it is critical to determine if Notch1 
signaling, caused by a juxtacrine, macrophage–tumor 
cell interaction, can promote NF-κB signaling and sub-
sequently contribute to increased MenaINV expression 
in  vivo. Thus, here we investigated the hypothesis that 
macrophage–cancer cell interactions induce MenaINV 
expression in breast cancer cells through cooperation 
between Notch1 and NF-κB signaling. Understanding 
the mechanism by which tumor cells acquire MenaINV 
expression and its associated metastasis-inducing pheno-
types is critical to aid the discovery of targetable signals 
to decrease metastatic burden and improve survival in 
breast cancer patients.

Materials and methods
Cell lines and reagents
The MDA-MB-231 (231) human breast cancer cell line 
was purchased from ATCC, and the identity of the line 
was re-confirmed by STR profiling (Laragen Corp.), 
after expansion and passaging. The 6DT1 murine breast 
cancer cell line was generously provided by Dr. Lalage 
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Wakefield, NCI. The MDA-MB-231 and 6DT1 cell lines 
were maintained in 10% FBS in DMEM with antibiot-
ics. The BAC1.2F5 macrophage cell line was generously 
provided by Dr. Richard Stanley, Albert Einstein College 
of Medicine, and was maintained in 10% FBS in α-MEM 
with 3,000 units/ml CSF-1.  The Jagged1 knockout and 
sgControl BAC1.2F5 macrophages were a kind gift from 
Dr. Jeffrey Segall, Albert Einstein College of Medicine. 
All cells were maintained at 37  °C in a 5% CO2 incuba-
tor, and were shown to be mycoplasma-free (Sigma 
LookOut Mycoplasma PCR detection kit, cat# MO0035-
1KT). DAPT was reconstituted in 100% ethanol to a 
stock concentration of 20  mg/ml, aliquoted and stored 
at −  20  °C (Sigma, cat# D5942). DHMEQ (MedChem-
Express, cat# HY-14645) was reconstituted in DMSO, 
aliquoted and stored at −  20  °C. C87 (Millipore Sigma, 
cat# 530796) was reconstituted in DMSO and stored 
at −  80  °C. SAHM1 (Millipore Sigma, cat# 491002) 
was reconstituted to 50  mg/ml in DMSO and stored at 
-20 °C, clodronate liposomes (Encapsula Nano Sciences, 
cat# CLD-8901) were used as previously described[16]. 
Jagged1 (Anaspec, cat# AS-61298) Jagged1 scrambled 
(Anaspec, cat# AS-64239) were reconstituted in DMSO, 
aliquoted and stored at − 20  °C and used at 80 μM/ml. 
Recombinant TNFα (Thermo-Fisher, cat# PHC3015) was 
reconstituted at 0.1 mg/ml in water, aliquoted and stored 
at − 80 °C, and used at 10 ng/ml. Active TGFβ was used 
at 5 and 10 ng/ml (abcam, cat# ab50036), LiCl was recon-
stituted in water, aliquoted and stored at −  20  °C, and 
used at 25 and 50 mM (Sigma-Aldrich, cat# L9650), and 
Jagged1/2 blocking antibodies and IgG isotype control 
(Biolegend, cat#s 130902, 131001, 400902) were used at 
20 μM/ml.

The MenaINV antibodies were generated by Cov-
ance, as previously described [10], and used at 0.25  μg/
ml concentration for immunofluorescence staining. The 
p65 antibody  was used at 1:1000 for western blotting 
and staining (Cell Signaling Technology, cat# 8242S). 
Lamin A/C was used at 1:1000 for western blotting (Cell 
Signaling Technology, cat# 2032S), GAPDH was used 
at 1:10,000 for western blotting (Abcam, cat# ab8245), 
and Iba1 was used at 1:6,000 for staining (Wako, cat# 
019–19741).

Design of the NF‑κB activity reporter
The GFP-p65 CDS was cloned out of the addgene plasmid 
(cat# 23255) by PCR, creating AfeI and PacI restriction 
enzyme cut sites, and ligated into the pT3-neo-Ef1α-GFP 
sleeping beauty vector from addgene (cat# 69134), cut-
ting out the GFP sequence from the pT3-neo-Ef1α-GFP 
vector. Positive clones (pT3-neo-GFP-p65) were con-
firmed by sequencing. MDA-MB-231 and 6DT1 cells at 
60% confluency were transiently transfected with 5.4 μg 

of pT3-neo-GFP-p65 and 0.6 μg of the transposase SB100 
(addgene, cat# 34879) using 24 μl of Lipofectamine 2000 
(Invitrogen). Stable MDA-MB-231/GFP-p65 and 6DT1/
GFP-p65 cell lines were created by maintaining cells in 
700 μg/ml G418, for 2 weeks. Expression of GFP-p65 in 
cell lines was confirmed by western blotting and immu-
nofluorescence staining using p65 and GFP antibodies 
and visual examination for GFP fluorescence. Cells were 
then flow-sorted for top 90–95% of cells expressing GFP.

Tumor cell and macrophage co‑culture assay
MDA-MB-231 tumor cells (231) and BAC1.2F5 mac-
rophages were co-cultured as previously described [10]. 
In brief, 231 cells were seeded at 50% confluency in a 
6-well plate and serum starved (0.5% FBS) overnight. The 
next morning, macrophages were seeded in the wells at 
a 1:5 ratio (231:macrophages), in media containing 0.5% 
FBS and 3000 units/ml CSF-1. At this point, any addi-
tional treatments or inhibitors were also added. Cells 
were allowed to incubate for 4  h at 37  °C in a 5% CO2 
incubator before trypsinizing 231 tumor cells and making 
RNA or protein extracts.

mRNA isolation and qPCR
Total RNA was isolated from tumor cells using RNA 
Mini Plus Kit (Qiagen, cat# 74134). cDNA was synthe-
sized from 1 μg total RNA using iScript cDNA synthesis 
(BioRad, cat# 1708891) following manufacturer’s instruc-
tions. Quantitative RT-PCR (qPCR) was performed with 
Power SYBR Green PCR Master Mix (applied biosys-
tems, Thermo-Fisher Scientific, cat# 4367659) using a 
QuantStudio 3 real-time PCR instrument (applied bio-
systems, Thermo-Fisher Scientific). Expression of mRNA 
was normalized to human GAPDH expression levels as 
the endogenous control. The following primers were 
used: human GAPDH 5’- CGA​CCA​CTT​TGT​CAA​GCT​
CA -3’, 5’- CCC​TGT​TGC​TGT​AGC​CAA​AT-3’; human 
MenaINV 5’- GAT​TCA​AGA​CCA​TCA​GGT​TGTG -3’, 
5’- TAC​ATC​GCA​AAT​TAG​TGC​TGTC -3’; human Hes1 
5’- GTG​AAG​CAC​CTC​CGG​AAC​ -3’, 5’- GTC​ACC​TCG​
TTC​ATG​CAC​TC -3’; human IL-6 5’- AGC​CAC​TCA​
CCT​CTT​CAG​AAC -3’, 5’-GCA​AGT​CTC​CTC​ATT​GAA​
TCCAG -3’; mouse MenaINV 5’- AGA​GGA​TGC​CAA​
TGT​CTT​CG -3’, 5’- TTA​GTG​CTG​TCC​TGC​GTA​GC 
-3’; and mouse GAPDH 5’- CAT​GTT​CCA​GTA​TGA​CTC​
CCTC -3’, 5’- GGC​CTC​ACC​CCA​TTT​GAT​GT -3’.

Live epifluorescence and analysis
GFP-p65-expressing tumor cells (MDA-MB-231/GFP-
p65, 6DT1/GFP-p65) were seeded at 30% onto glass-
bottom dishes (Mattek, cat# P35G-1.4–14-C) and serum 
starved overnight (0.5% FBS in DMEM). The next morn-
ing, the media was replaced with imaging media (0.5% 
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FBS in L-15) and equilibrated at the heated (37  °C) 
microscope for 2  h. Cells were imaged live using an 
Olympus epifluorescence microscope with coolSNAP 
HQ2 CCD camera using a 40 × objective. One 10 × 10 
mosaic was captured and designated as time = 0 and  as 
the baseline GFP-p65 nuclear localization, and  then the 
live imaging quickly paused. Any treatment (0.1–10  ng/
ml TNFα, 80um Jagged1, or controls) were then added 
and imaging was immediately resumed and continued 
without interruption for 4 h, taking an image of the same 
field approximately every 2.5  min. Time-lapse movies 
were processed and analyzed using FIJI/ImageJ (NIH). To 
quantify the nuclear GFP-p65 localization over time, at 
time zero, a circular ROI was placed inside the nucleus 
and intensity of GFP signal was measured and designated 
as baseline GFP-p65 nuclear localization. The intensity 
of the GFP signal within the nuclear ROI was measured 
in each frame throughout the entire time course, moving 
the ROI (maintaining the same ROI size) only if the cell/
nucleus moved in the frame. Forty-five cells were meas-
ured for each treatment, with three replicate dishes per 
treatment.

Cell fractionation and western blotting
Cells were seeded into 6-well plates and serum starved 
overnight in 0.5% FBS in DMEM. Next morning, cells 
were treated with TNFα, Jagged1, or control (DMSO) at 
concentrations and times indicated in the figure legends. 
At the end of the treatment, cells were trypsinized and 
cytoplasmic and nuclear fractions were separated and 
extracted using the NE-PER kit (Thermo-Fisher Scien-
tific, cat# 78833) and stored at −  80  °C. Before western 
blotting, protein extracts were diluted at a 1:1 ratio in 
2 × laemmli sample buffer containing 2% 2-mercaptoeth-
anol and boiled at 100 °C for 5 min. Protein extracts were 
separated using a 10% sodium dodecyl sulfate polyacryla-
mide gel and transferred to immobilon polyvinylidene 
difluoride membranes (EMD Millipore). After blocking 
for one hour at room temperature in odyssey blocking 
buffer (LI-COR Biosciences), membranes were incubated 
with antibodies directed against p65 (1:1000, Cell Sign-
aling Technologies, cat# 8242), Lamin A/C (1:1000, Cell 
Signaling Technologies, cat# 2032), or GAPDH (1:10,000, 
abcam, ab8245), rotating overnight at 4  °C. Membranes 
were washed three times for five minutes with 0.1% 
Tween-20 in TBS before incubating for one hour with 
goat anti-mouse and goat anti-rabbit IRDye700CW-
conjugated secondary antibodies (LI-COR Biosciences). 
Following three five-minute washes with 0.1% Tween-
20 in TBS, membranes were scanned using a Classic 
Odyssey Infrared Imager (LI-COR Biosciences). Quanti-
tative analysis of images from three experiments was per-
formed using FIJI/ImageJ software (NIH).

Animal models
All procedures were conducted in accordance with 
National Institutes of Health regulations and approved 
by the Albert Einstein College of Medicine Animal Use 
Committee. MDA-MB-231 cells were injected into the 
mammary fat pad of SCID mice (NCI) as previously 
described [33]. Transgenic mice expressing the polyoma 
virus middle-T (PyMT) antigen under the control of the 
mammary tumor virus long terminal repeat (MMTV-
LTR) [34] were bred in house and result in palpable 
tumors at approximately 6  weeks old. Patient-derived 
xenograft (PDX) transplants of HT17 tumor chunks into 
SCID mice and syngenic transplantation of PyMT tumor 
chunks into FBV mice have been previously described 
[19, 35]. Only female mice were used in experiments.

In vivo treatments
Notch signaling inhibition in vivo using DAPT
Notch signaling inhibition in  vivo using DAPT has 
been previously described [36]. In brief, DAPT (Sigma-
Aldrich, cat# D5942) was reconstituted in 100% ethanol 
to a stock concentration of 20  mg/ml and then further 
diluted in corn oil to a final concentration of 2  mg/ml. 
Eight-week-old PyMT mice bearing palpable tumors 
and separate cohort of SCID mice with tumors from 
orthotopically xenographed MDA-MB-231 cells were 
given daily intraperitoneal injections of 10 mg/kg DAPT 
or vehicle control (1:10 ethanol in corn oil) for 14 days. 
On day 15, the primary tumors were collected from the 
mice and fixed in 10% formalin. Mice were weighed on 
day 1 and day 15 to ensure no significant weight loss was 
suffered due to the DAPT treatment. Duodenums were 
stained using the Periodic acid-Schiff (PAS) staining and 
demonstrated an increase in goblet cell hyperplasia in the 
intestinal crypts (Fig. S6J from [36]), consistent with suc-
cessful Notch signaling inhibition in vivo [37–39].

Macrophage depletion using clodronate liposomes
Macrophage depletion using clodronate liposomes 
in vivo has been previously described [16]. Briefly, tumor 
bearing mice were treated with a 200  μl intraperito-
neal injection of clodronate or PBS liposomes (Encap-
sula Nano Sciences, cat# CLD-8901) every other day for 
two weeks. After completion of the treatment, primary 
tumors were extracted from the mice and fixed in 10% 
formalin.

Paclitaxel and clodronate treatment
Paclitaxel treatment of mice in vivo has been previously 
described [19]. Briefly, paclitaxel (Sigma-Aldrich) was 
reconstituted to a concentration of 10 mg/ml in 1:1 etha-
nol/cremophor-EL (Millipore, cat# 238470). Tumor bear-
ing mice were treated intravenously with either 10  mg/
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kg paclitaxel (total of 200  μl) or 200  μl vehicle control 
(1:1 ethanol/cremophor-EL) every five days for two 
doses. Mice were randomly divided into four treatment 
groups: PBS liposomes and 1:1 ethanol/cremophor; PBS 
liposomes and paclitaxel; chlodronate liposomes and 1:1 
ethanol/cremophor; and clodronate liposomes and pacli-
taxel. Treatment schemes are diagramed in Fig.  6A and 
Additional file 9: Fig. S7A.

Tissue fixing, staining, and analysis
Following treatments described above, mice were sac-
rificed, and all mammary tumors were extracted and 
immersed in 10% formalin in a volume ratio of tumor 
to formalin of 1:7. Tissues were fixed for 24 to 48 h and 
embedded in paraffin, then processed for histological 
examination. Paraffin blocks were cut into 10  µm thick 
sections and slides were deparaffinized by melting at 
60 °C in an oven equipped with a fan for 60 min, followed 
by 2 × xylene treatment for 10  min  each. Slides were 
then rehydrated, and antigen retrieval was performed in 
1 mM EDTA (pH 8.0) or 1 × citrate buffer (pH 6.0) (Diag-
nostic BioSystems) at 97 °C for 20 min in a conventional 
steamer. Endogenous peroxidase was blocked using 0.3% 
hydrogen peroxide in water, followed by incubation of 
slides in a blocking buffer solution (10% FBS, 1% BSA, 
0.0025% fish skin gelatin in 0.05% PBST(Tween-20)) for 
60  min at room temperature. Slides then were stained 
using the multiplex tyramide signal amplification (TSA) 
immunofluorescence assay, using the Perkin Elmer Opal 
4-color Fluorescent IHC kit, according to the manufac-
turer’s instructions. The slides were stained with pri-
mary antibodies in sequence, against p65 (1:1000, Cell 
Signaling Technology, cat #8242S), Iba1 (1:6,000, Wako, 
cat# 019–19741), and MenaINV (1:1000, 0.25 μg/ml, see 
above). Slides were then washed three times in 0.05% 
PBST and incubated with  appropriate secondary HRP-
conjugated antibodies, including anti-rabbit and anti-
chicken for 1  h at room temperature. After washing 
three times with 0.05% PBST, slides were incubated with 
biotinylated tyramide (Perkin Elmer; Opal 4-color Fluo-
rescent IHC kit) diluted at 1:50 in amplification buffer 
for 10  min.  This sequence of antigen retrieval, block-
ing,  antibody incubation, and TSA amplification was 
repeated for each primary antibody. After final washing, 
slides were incubated with spectral DAPI for 5 min and 
mounted with ProLong Gold antifade reagent (Life Tech-
nologies). The slides were imaged on the Pannoramic 250 
Flash II digital whole slide scanner, using a 20 × 0.75NA 
objective lens. Tissue suitable for scanning was auto-
matically detected using intensity thresholding. Whole 
tissue images were uploaded in Pannoramic Viewer ver-
sion 1.15.4 (3DHISTECH). The MenaINV, p65, and Iba1 
channels were each thresholded just above background 

based upon intensity compared to the secondary anti-
body only control slide. Thresholding was achieved by 
only using linear methods, namely contrast adjustment.

To measure p65 expression, p65 nuclear localization, 
MenaINV expression, and MenaINV expression associ-
ated with nuclear p65 in tissue section, a total of 10 dif-
ferent 40 × fields were acquired per mouse, avoiding 
necrotic areas in the center of the tumor and the peri-
tumoral stromal sheath at the rim of the tumor, which 
is devoid of tumor cells and infiltrated by inflamma-
tory cells. These fields were examined using FIJI/ImageJ 
(NIH), measuring the average expression of a given stain 
per field, normalizing to the DAPI signal. A stain was 
determined to be nuclear if it overlapped with the DAPI 
stained nucleus, or cytoplasmic if it not overlap with a 
DAPI stained nucleus.

Statistics
GraphPad Prism 7 and Excel were used to generate 
graphs/plots and for statistical hypothesis testing. Sta-
tistical significance was determined by either Student’s t 
test (normally distributed paired or unpaired dataset) or 
a one-way ANOVA with Tukey’s or Dunnett’s multiple 
comparisons test, as indicated in the figure legends. Sta-
tistical significance was defined as p-value < 0.05.

Results
NF‑κB signaling mediates induction of MenaINV 
expression
We have previously found that MenaINV mRNA and 
protein expression are upregulated in breast cancer cells 
upon their direct cell contact with macrophages through 
Notch1 signaling [10]. However, we now discovered that 
the promoter sequence for the ENAH gene does not con-
tain RBP-J/CSL consensus binding sites, the transcription 
sites activated by Notch1 signaling. This finding indicates 
that Notch1 works in concert with other macrophage-
mediated signals to induce MenaINV expression. We and 
others found consensus binding sites for transcription 
factors in NF-κB, Wnt, and TGFβ signaling pathways [21] 
(Additional file 9: Fig. S1A). Out of these three transcrip-
tion factor binding sites only the κB site, located at -1070 
and -850 in the ENAH promoter, is conserved across the 
species we examined: H. sapiens, M. mulatta, M. mus-
culus, and R. norvegicus (Additional file  9: Fig. S1A). 
Neither TGFβ nor Wnt signaling induced MenaINV 
expression in human triple negative breast cancer cells 
MDA-MB-231 (231) in response to increasing doses of 
TGFβ and LiCl, activators of TGFβ and Wnt signaling, 
respectively [40, 41] (Additional file 9: Fig. S1B &C).

To test whether NF-κB signaling promotes MenaINV 
expression, we cultured 231 cells in the presence or 
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absence of BAC1.2F5 macrophages  (Mac) with either 
TNFα, a potent activator of NF-κB signaling, or vehi-
cle control. Co-culture of 231 cells with macrophages 
caused a fivefold increase in MenaINV mRNA expres-
sion and treatment with TNFα led to a 1.7-fold increase 
in MenaINV expression. Under both conditions the 
increase in MenaINV mRNA was significant compared 
to the 231 cells cultured alone and treated with vehicle 
control (Fig. 1A). The addition of TNFα to the 231-mac-
rophage co-culture did not enhance MenaINV expres-
sion beyond the level observed for 231-macrophage 
co-culture, indicating that the addition of TNFα is likely 
redundant to any signals provided by macrophages.

To test whether NF-κB signaling is involved in the 
macrophage-induced MenaINV expression, we treated 
the 231-macrophage co-culture with the NF-κB signaling 
inhibitor, DHMEQ, and found the macrophage-induced 
increase in MenaINV mRNA expression in the 231 cells 
was abrogated back to the level observed for 231 cells cul-
tured alone (Fig. 1B). We also found that the γ-secretase 
inhibitor, DAPT, which attenuates Notch signaling, only 
partially blocked the macrophage-induced increase 
in MenaINV mRNA expression. The addition of both 
DHMEQ and DAPT to the 231-macrophage co-culture 
brought MenaINV mRNA level back to that observed 
for 231 cells cultured alone (Fig.  1B). We ensured that 
the 231-macrophage co-culture was effectively activat-
ing Notch1 signaling by examining activation of Hes 
transcription, a transcriptional target of Notch1 sign-
aling. Accordingly, we found that Hes mRNA levels 
were threefold higher in co-cultured cells compared to 

mono-cultured control 231 cells, and  this increase was 
abrogated when DAPT was added (Additional file 9: Fig. 
S2).

These results demonstrate that macrophage-induced 
MenaINV expression in tumor cells requires the simul-
taneous activation of Notch1 and NF-κB signaling. Since 
NF-κB signaling is required but not sufficient to induce 
MenaINV expression to the levels achieved by the mac-
rophage, we hypothesized that macrophages induce 
MenaINV expression in tumor cells through cooperation 
of Notch1 and NF-κB.

Cooperation between Notch1 and NF-κB leading to 
enhanced and prolonged signaling between the two path-
ways has previously been reported in other contexts [22]. 
For example, upon Notch1 activation, the Notch intracel-
lular domain (NICD) translocates to the nucleus where it 
can bind to the transcription factors of the NF-κB sign-
aling pathway, such as p65 (RelA). This binding event 
blocks nuclear export of p65, causing nuclear retention 
of NF-κB transcription factors, and allowing for sus-
tained and enhanced NF-κB signaling and transcription 
of NF-κB target genes [24]. Thus, we hypothesized that 
macrophage-activated Notch1 enhances NF-κB signal-
ing which increases MenaINV expression through pro-
longed nuclear retention of NF-κB transcription factor, 
p65 (Fig. 1C).

Notch1 prolongs and sustains NF‑κB signaling leading 
to MenaINV expression
To test the above hypothesis, we used an NF-κB reporter 
which allowed us to monitor, using live cell imaging, the 

Fig. 1  Macrophage-mediated induction of MenaINV expression via Notch and NF-κB cooperation. A MenaINV mRNA expression in MDA-MB-231 
(231) cells co-cultured with or without BAC2.1F macrophages (Mac) and with or without 10 ng/ml TNFα for 4 h. B MenaINV mRNA expression in 
231 cells co-cultured with or without Macs, NF-κB inhibitor (DHMEQ), or Notch/γ secretase inhibitor (DAPT) for 4 h. C Model of potential Notch1 
and NF-κB signaling crosstalk leading to enhanced transcriptional activity at the ENAH (Mena) promoter. The released Notch intracellular domain 
(NICD—shaded in gray) can bind to the transcription factors in the NF-κB signaling pathway and prevent their nuclear export, allowing for 
enhanced and sustained transcriptional activation of target genes and alternative splicing. The bars in A and B represent average fold change 
MenaINV mRNA compared to control (231 cells), ± S.D. The data were analyzed using a one-way ANOVA with Tukey’s multiple comparisons 
test.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. = not significant. All experiments were repeated at least three times
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activation of NF-κB signaling via direct visualization of 
p65 cellular localization. Briefly, we used a GFP sequence 
cloned upstream of the N-terminus of human p65 and 
cloned this GFP-p65 construct downstream of an EF-1α 
promoter in a sleeping beauty transposon vector. When 
NF-κB signaling is inactive, endogenous and GFP-p65 
are retained in the cytosol, while upon NF-κB activation, 
endogenous and GFP-p65 are translocated to the nucleus 
(Additional file 9: Fig. S3A). We overexpressed the NF-κB 
reporter in 231 cells and 6DT1 mouse breast cancer car-
cinoma cells and tested several concentrations of TNFα 
in our system to activate NF-κB signaling. We deter-
mined that 10  ng/ml induces translocation of GFP-p65 
into the nucleus within 30 min of the onset of treatment, 
while in the untreated cells, GFP-p65 was retained in the 
cytosol (Additional file 9: Fig. S3B-D).

To examine the  expression levels of  exogenous GFP-
p65 compared to endogenous p65 and ensure there was 
no aberrant activation of NF-κB signaling in GFP-p65 
overexpressing cells, we made nuclear and cytosolic 
extracts of 231 and 6DT1 GFP-p65-expressing cells 
treated with TNFα for 0, 10, and 30 min and then probed 
for p65 using western blotting. Cellular fractionation 
demonstrated the exogenous GFP-p65 was expressed at 
similar levels to endogenous p65 in both 231 and 6DT1 
cells (Additional file  9: Fig. S3E-H). Although TNFα 
treated cells compared to untreated cells had significantly 
higher levels of nuclear p65, the amount of exogenous 
and endogenous p65, both nuclear and cytosolic, was 
similar in untreated and TNFα treated cells (Additional 
file  9: Fig. S3E-H). To ensure that NF-κB target genes 
were not aberrantly activated by the GFP-p65 reporter, 
we treated wild-type and GFP-p65-expressing 231 cells 
with TNFα  or control and measured induction of IL-6 
mRNA expression, a cytokine potently expressed fol-
lowing NF-κB activation. We found that both wild-type 
and GFP-p65-expressing 231 cells expressed similar lev-
els of IL-6 mRNA following TNFα treatment, and the 
231/GFP-p65 cells did not display any upregulation of 
IL-6 expression in the control treatment condition, com-
pared to wild-type control 231 cells (Additional file  9: 
Fig. S3I). These results indicated that the NF-κB reporter 
was functional, did not cause aberrant activation of the 
signaling pathway, and could be used to monitor NF-κB 
signaling activation in both human and mouse mammary 
carcinoma cells.

To determine whether Notch1 signaling could potenti-
ate NF-κB signaling, we incubated GFP-p65-expressing 
231 and 6DT1 tumor cells with vehicle control, TNFα, 
Jagged1 (Notch1 ligand expressed on macrophages) [36], 
or both TNFα and Jagged1 combined for four hours and 
measured the intensity of green fluorescence signal in the 
nucleus over time. At time zero (t = 0) we acquired one 

pre-treatment image (Fig. 2A), initiated one of the above 
treatments, and then continued time-lapse imaging for 
four hours (Additional files 1, 2, 3, 4 Movies 1–4). For 
the TNFα alone and TNFα + Jagged1 treatment groups, 
TNFα was added after the pre-treatment image and after 
10  min of imaging, the TNFα-containing media was 
washed out and replaced with minimal media or Jagged1 
containing media, respectively. Stills from the time-lapse 
movies at 0, 17, and 240 min are shown in Fig. 2A, and 
the intensity of nuclear GFP-p65 signal at each time point 
is quantified in Fig.  2B. In the vehicle control-treated 
cells, GFP-p65 was retained in the cytosol throughout 
the experiment, while in the TNFα treated cells, GFP-
p65 robustly translocated into the nucleus within 17 min 
of the onset of treatment and two hours later shuttled 
back into the cytosol. In the Jagged1 treated cells, GFP-
p65 shuttled into the nucleus very slowly over the course 
of four hours of imaging, never reaching the amplitude 
seen in the TNFα treated cells (Fig. 2B). The TNFα + Jag-
ged1 treated cells demonstrated nuclear translocation of 
GFP-p65 at 17 min, as was seen in the TNFα-only treated 
cells, followed by nuclear retention of p65 throughout the 
four-hour time course (Fig. 2A & B). Similar results were 
obtained using 6DT1/GFP-p65 cells (Additional file 9: Fig 
S4A, Additional file 5, 6, 7 and 8 Movies 5–8).

To ensure that p65 nuclear translocation after treat-
ment with TNFα and Jagged1 was not an artifact of the 
exogenously expressed GFP-p65, we treated wild type 
231 cells with identical conditions and made nuclear and 
cytoplasmic extracts after 30 min and four hours of treat-
ment and found a similar pattern of nuclear and cyto-
solic localization of endogenous p65 to that shown in the 
time-lapse movies with GFP-p65 (Fig. 2C & D, Additional 
file 9: Fig. S5). To investigate if the above treatments lead 
to an increase in MenaINV expression, we treated wild 
type 231 cells accordingly and isolated mRNA after one 
and four hours of treatment. After one hour, none of the 
treatments had an effect on MenaINV mRNA expression. 
After four hours of treatment, TNFα alone caused a small 
but significant increase in MenaINV mRNA expression, 
Jagged1 alone had a slight but not significant increase 
in MenaINV mRNA expression, while TNFα + Jagged1 
treatment led to a 2.5-fold increase in MenaINV mRNA 
expression (Fig.  2E). Similar results were obtained with 
6DT1 cells (Additional file  9: Fig S4B). These data indi-
cate that the treatment which resulted in the most robust 
and sustained activation of NF-κB signaling, as indicated 
by sustained nuclear p65 localization (Fig.  2B–D), also 
led to the most robust induction of MenaINV mRNA 
expression. In particular, the co-activation of Notch1 
and NF-κB signaling (TNFα + Jagged1 treatment group) 
had a synergistic effect on MenaINV expression, com-
pared to activation of each of the signaling pathway 
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separately (Fig.  2E). Taken together these data indicate 
that the cooperation of Notch1 and NF-κB signaling is 
required for appreciable induction of MenaINV expres-
sion in vitro.

Macrophage‑mediated induction of MenaINV expression 
in tumor cells requires NF‑κB and Notch1
To determine if the macrophage-mediated induction of 
MenaINV expression occurs specifically via TNFα and 
Notch1, we treated 231-macrophage co-cultures with 
more specific inhibitors, C87 and SAHM1, respectively. 
C87 is a small molecule inhibitor which directly binds 
to TNFα and blocks TNFα-induced NF-κB signaling 
[42]. SAHM1 is a MAML1 inhibitor which prevents the 
NICD from binding to the transcriptional co-activator 
MAML1, leading to inhibition of Notch1 signaling down-
stream from receptor activation [43]. While blocking 
TNFα activity with C87 almost completely abrogated the 
macrophage-induced expression of MenaINV, inhibition 
of MAML1 led to only partial reduction of MenaINV 
expression (Fig.  3A). Inhibition of both TNFα and 
MAML1 brought the macrophage-induced MenaINV 
expression to baseline levels observed when cancer cells 
were cultured without macrophages.

We next aimed to determine the specific Notch1 
ligands on macrophages involved in the induction of 
MenaINV expression. While there are many Notch1 
ligands, our recent study has found that the macrophages 
used in our co-culture experiments (BAC1.2F5), which 
show robust upregulation of MenaINV, primarily express 
Jagged1 and Jagged2, and an order of magnitude lower 
mRNA expression levels of Dll1, Dll2, and Dll4 [36]. 
Therefore, we focused our studies here on the role of Jag-
ged1 and Jagged2 in the induction of MenaINV expres-
sion. We used Jagged1 and Jagged2 blocking antibodies 
to prevent Notch1 signaling activation in response to 
these macrophage-derived ligands. We found that block-
ing the Jagged1 ligand led to a modest but significant 
decrease in MenaINV expression compared to the tumor 

cell-macrophage co-cultured control group. Blocking 
the Jagged2 ligand did not significantly affect MenaINV 
mRNA expression. Blocking both Jagged1 and Jagged2 
ligands together, did not lead to a further inhibition of 
MenaINV mRNA expression compared to blocking either 
ligand alone (Fig.  3B). To further investigate the role of 
Jagged1 in the macrophage- induction of MenaINV, we 
co-cultured 231 cells with sgControl (WT)  or Jagged1 
knockout (KO) macrophages. We found a slight but sig-
nificant reduction in induction of MenaINV mRNA 
expression in the Jagged1 KO macrophages compared 
to wildtype control macrophages (Fig.  3C), reinforcing 
the results seen with the Jagged1 blocking antibodies in 
Fig.  3B.  This partial effect of blocking Jagged1/Notch1 
signaling on MenaINV mRNA expression is consistent 
with the results seen with the more potent Notch1 inhibi-
tors, DAPT and SAHM1. Taken together, these data indi-
cate that macrophage-mediated induction of MenaINV 
expression occurs via TNFα and Jagged1. Furthermore, 
these data show that neither Notch1 nor NF-κB signaling 
on their own could fully account for the upregulation of 
MenaINV expression.

Macrophage depletion decreases NF‑κB signaling 
and MenaINV expression in vivo
We next wanted to determine whether macrophages are 
required for NF-κB mediated induction of MenaINV 
expression in cancer cells in  vivo. We used two in  vivo 
models of breast cancer previously generated in our labo-
ratory: patient-derived xenografts (PDX) from triple neg-
ative breast tumors (HT17) transplanted into SCID mice, 
and the autochthonous transgenic MMTV-PyMT trans-
plantation model (PyMT), where a single spontaneously 
developed tumor is transplanted into the mammary fat 
pad of syngenic FVB mice [19, 35]. The PyMT model fully 
recapitulates the entire breast cancer development and 
progression process [44]. To deplete macrophages, we 
treated mice with clodronate liposomes (Fig.  4A, Addi-
tional file 9: Fig. S6A). Upon completion of treatment, we 

(See figure on next page.)
Fig. 2  Notch1 enhances NF-κB signaling by sustaining p65 nuclear localization. A Stills from movies at 0, 17, and 240 min of MDA-MB-231/GFP-p65 
cells treatment with vehicle, or 10 ng/ml human TNFα, or 80 µm Jagged1, or 10 ng/ml TNFα and 80 µm Jagged1. In all treatment groups with 
TNFα, the cells were treated for an initial 10 min, and then TNFα was washed out and replaced with minimal media, or with Jagged1 supplemented 
media. Cells were imaged live for 240 min using an EPI fluorescence microscope for the duration of the treatment, with one image captured every 
2.5 min. Scale bar = 10 μm. B Quantification of normalized GFP-p65 nuclear localization over time from experiment in A. Each timepoint shows 
an average from 45 cells per treatment, from three independent experiments. C Western blot showing the amount of p65 in the cytoplasmic and 
nuclear fractions of wild type MDA-MB-231 cells treated for 30 min (upper blots) or 4 h (lower blots) with vehicle, or 10 ng/ml TNFα, or 80 μm 
Jagged1, or 10 ng/ml TNFα and 80 μm Jagged1 (TNFα + Jagged1). In all treatment groups with TNFα, the cells were treated for an initial 10 min, and 
then TNFα was washed out and replaced with minimal media, or with Jagged1 supplemented media. The experiment was repeated three times 
and representative western blots are shown. D Quantification of western blots in C where the nuclear p65 signal was normalized to the lamin A/C 
signal. The graph shows the fold change in nuclear p65 signal for each treatment relative to the control treatment at both time points. Fold changes 
were averaged from three independent experiments. E MenaINV mRNA expression in wild type MDA-MB-231 (231) cells treated as in C for 1 or 4 h. 
The experiments were repeated three times. Bars in E show average fold change MenaINV mRNA expression compared to Control at 1 or 4 h. Data 
in D and E were analyzed using a one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, ****p < 0.0001, n.s. = not significant
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harvested the tumors and stained slides from the paraffin 
embedded tissues for the macrophage marker, Iba1 (to 
ensure our treatment decreased macrophage density in 
the primary tumor) (Fig. 4B), MenaINV, p65, and DAPI 
(Fig. 4C and Additional file 9: Fig. S6B). Treatment with 

clodronate liposomes, compared to control, decreased 
p65 expression in tumor cells (Fig.  4D and Additional 
file 9: Fig. S6C), and of the p65 that was expressed, less 
of it was localized in the nucleus of the tumor cells 
(Fig.  4E and Additional file  9: Fig. S6D). This indicates 

Fig. 2  (See legend on previous page.)
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that macrophage depletion decreases expression as well 
as activation NF-κB signaling. Further, we found a cor-
responding decrease in MenaINV expression in tumors 
of clodronate-treated compared to control-treated, mice 
(Fig. 4F and Additional file 9: Fig. S6E). These data indi-
cate that macrophage-mediated NF-κB activation is asso-
ciated with MenaINV expression in tumor cells in vivo.

Inhibition of Notch signaling in vivo decreases activation 
of NF‑κB and MenaINV expression in tumor cells
To determine whether inhibition of Notch1 signaling 
affects NF-κB activity and MenaINV expression in vivo, 
as observed in  vitro, we treated mice bearing  either 
human breast cancer cell xenografts (MBA-MB-231 
cells injected into the mammary fat pad) or PyMT [34] 
breast tumors with the γ-secretase inhibitor, DAPT, or 
control for two weeks (Fig. 5A and Additional file 9: Fig. 
S7A) [36]. Upon completion of treatment, we harvested 
the tumors and stained them for p65, MenaINV, and 
DAPI (Fig. 5B and Additional file 9: Fig. S7B). We found 

a decrease in nuclear p65 (active NF-κB) in mice treated 
with DAPT compared to control mice in both models 
of breast cancer (Fig. 5C and Additional file 9: Fig S7C). 
Moreover, we observed a corresponding decrease in 
overall MenaINV expression in mice treated with DAPT, 
compared to control mice, in both models (Fig.  5D 
and Additional file  9: Fig. S7D). We have also shown 
that these treatments lead to an overall decrease in the 
number of lung metastases in both the MDA-MB-231 
xenograft model and the PyMT breast cancer model 
[36]. These results indicate that Notch1 inhibition in vivo 
decreases expression of MenaINV in an NF-κB depend-
ent manner.

Chemotherapy treatment enhances NF‑κB activation 
and MenaINV expression through macrophage 
recruitment
We have previously shown that chemotherapy induces 
recruitment of macrophages into the tumor microen-
vironment, expression of MenaINV in transgenic and 

Fig. 3  MenaINV expression in tumor cells induced by macrophages depends partially on TNFα-mediated NF-κB signaling and Notch1 Jagged1 
signaling. A MenaINV mRNA expression in MDA-MB-231 (231) cells co-cultured with or without BAC2.1F macrophages (Mac) and with or without 
C87 (TNFα inhibitor) or SAHM1 (MAML1 inhibitor) for 4 h. B MenaINV mRNA expression in 231 cells co-cultured with or without Macs, TNFα inhibitor 
(C87), or Jag 1 or Jag2 blocking antibodies for 4 h. Bars in A and B represent average fold change of MenaINV mRNA expression compared to 
control cells (231). C MenaINV mRNA expression in 231 cells co-cultured with sgControl (WT) or Jagged1 knockout BAC1.2F5 macrophages (Jag1 
KO Macs). Bars in (A–C) represent average fold change of MenaINV mRNA expression compared to control cells (A and B: 231; C: 231 + WT Macs). 
Data were analyzed using a one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. = not 
significant. All experiments were repeated at least three times
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xenograft (human and mouse) mammary breast carci-
noma models, and expression of MenaINV in residual 
breast cancer in patients after neoadjuvant treatment 
[19]. We hypothesized that the chemotherapy-mediated 
increase in MenaINV expression occurs via macrophage 
recruitment and subsequent macrophage-mediated 
increase in NF-κB signaling. We tested this hypothesis by 

depleting the macrophages using clodronate in chemo-
therapy-treated and untreated mice.

Briefly, mice bearing HT17 human PDXs or syngenic 
mouse PyMT tumors were treated with clodronate or 
control liposomes and either vehicle control (Ctrl) or 
paclitaxel (Ptx) as outlined in Fig.  6A and Additional 
file  9: Fig. S8A. Upon completion of treatment we 

Fig. 4  Macrophage depletion decreases NF-κB signaling and MenaINV expression in a PDX model in vivo. A Experimental design for 
macrophage depletion in patient-derived xenograft (PDX) HT17 model in SCID mice. i.p. = intraperitoneal. Red arrows indicate treatment days. B 
Immunofluorescence co-staining of HT17 tumors xenografted in SCID  mice treated as outlined in A for the macrophage marker, Iba1 (white), C 
p65 (red), MenaINV (green) and nuclei (blue-DAPI). Scale bars = 20 μm. D Quantification of average fold change in p65 expression from mice in A. E 
Quantification of average fold change in p65 nuclear localization in PDX HT17 tumors from mice treated as outlined in A. Only p65 co-localized with 
the nuclear DAPI signal was quantified. F Quantification of average fold change MenaINV expression from PDX HT17 tumors treated as outlined in 
A. Data in D–F were analyzed using a student’s t-test. **p < 0.01, ***p < 0.001. Eight mice were treated per group. Each dot represents the average 
measurement from an individual mouse
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compared the fold change in p65 nuclear localization 
(NF-κB activation) and MenaINV expression in tumors 
among the treatment groups (Fig. 6B–D and Additional 
file  9: Fig. S8B–D). Paclitaxel treatment significantly 
increased p65 nuclear localization (NF-κB activation) 
compared to vehicle control, while treatment with clo-
dronate liposomes not only abrogated this increase, but 
also decreased nuclear p65 below the baseline of con-
trol animals which did not receive paclitaxel (Fig.  6C 
and Additional file  9: Fig. S8C). These findings indicate 
that macrophages are required for NF-κB activation in 
both chemotherapy-treated and treatment-naïve ani-
mals. Furthermore, MenaINV expression in the tumor 
cells followed the same trend as the NF-κB signaling 
activation: paclitaxel, compared to control, increased 
MenaINV expression, whereas clodronate abrogated 
paclitaxel-mediated induction of MenaINV expression as 
well as lowered MenaINV expression below the baseline 
observed in chemotherapy naïve animals (Fig.  6D and 
Additional file 9: Fig. S8D).

To examine the relationship between p65 and 
MenaINV-expressing cells, we measured whether tumor 

cells expressing MenaINV also express p65 in the same 
cell, and found that almost 90% of the MenaINV-hi-
expressing tumor cells also express p65, regardless of 
treatment (Fig.  6E). Of the tumor cells which express 
both p65 and MenaINV-hi, we found that the majority 
(~ 65–70%) of tumor cells express p65 in the cytoplasm, 
indicating that NF-κB signaling is not constitutively acti-
vated in these tumor cells under any treatment condition. 
(Fig. 6F).

To determine if active (nuclear p65) NF-κB signal-
ing was associated with MenaINV expression, we meas-
ured the average fold change in MenaINV expression in 
cells where p65 was localized in the nucleus in treated 
mice compared to control mice (Fig.  6G). We found in 
the paclitaxel treatment group (where we had previ-
ously found the most robust NF-κB signaling activa-
tion), MenaINV was more highly expressed when p65 
was nuclear, whereas in the clodronate treatment group 
(which has the lowest NF-κB activation), there was 
decreased MenaINV expression associated with nuclear 
p65. These results indicate that in the treatment group 
where NF-κB signaling is most robust and sustained, 

Fig. 5  Inhibition of Notch1 signaling in vivo decreases activation of NF-κB signaling in MDA-MB-231 orthotropic injection model. A Schematic of 
DAPT treatment of SCID mice bearing orthotopically injected MDA-MB-231 tumor cells. Seven weeks post tumor cell injection mice were treated 
with 10 mg/kg DAPT or vehicle (corn oil) by i.p. every day for 14 days. Red arrows represent treatment days. B Immunofluorescence staining of 
primary tumor tissues sections for DAPI (nuclear stain, blue), p65 (red) and MenaINV (green). White dotted circles indicate nuclei in the DAPI and 
p65 channels. Yellow arrow heads denote nuclei with p65 positive stain (active NF-κB signaling), and white arrowheads indicate nuclei without p65 
positive staining (inactive NF-κB signaling). Scale bar = 10 μm. C Quantification of p65 localization (%cytoplasmic/nuclear) in tumor tissue from B. D 
Quantification of average fold change in MenaINV expression compared to control mice from (B). Data in C and D were analyzed using a student’s 
t-test. *p < 0.05, **p < 0.01. Four mice were used per treatment. Each dot represents the average measurement for an individual mouse
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Fig. 6  Chemotherapy treatment enhances NF-κB activation and MenaINV expression through macrophage recruitment in patient xenograft 
model. A Experimental design of chemotherapy and clodronate treatments in patient-derived xenograft (PDX) HT17 tumors in SCID mice. 
i.p. = intraperitoneal, i.v. = intravenous. B Immunofluorescence staining of primary breast tumor tissues from mice treated as outlined in A with 
DAPI (nuclear stain, blue), and antibodies recognizing p65 (red), and MenaINV (green). Blue and orange outlined sections are expanded to the right 
and demonstrate examples of what is quantified as primarily cytoplasmic (blue) or nuclear (orange) localization of p65 in HT17 tumor tissue. Scale 
bars = 10 μm C Quantification of average fold change in p65 nuclear localization in treated primary tumors from A stained for p65 and DAPI. Only 
p65 which co-localized with the nuclear DAPI signal was quantified. D Quantification of average fold change in MenaINV expression in treated 
primary tumors from A. E Quantification of the percentage of MenaINV-hi-expressing tumor cells which also co-expressed p65 (regardless of 
cellular compartment localization), in primary tumor cells from treatments in A. F Quantification of the localization (% cytoplasmic/nuclear) of 
p65 in MenaINV-hi-expressing tumor cells from primary tumor cells treated in A. G Quantification of average fold change MenaINV expression 
associated with nuclear p65 staining of primary tumors from A stained for MenaINV. Data in C, D, and G were analyzed using a one-way ANOVA 
with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. = not significant. Eight mice were treated per group and 
each dot represents the average measurement for an individual mouse
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there is a concomitant upregulation of MenaINV expres-
sion in tumor cells. Similar results were obtained using 
the PyMT model of breast cancer (Additional file  9: 
Fig. S8E). Taken together, these data demonstrate that 
macrophages are required for NF-κB activation and 
associated MenaINV expression in vivo in both chemo-
therapy-treated and chemotherapy naïve animals.

Discussion
We discovered here that the specific mechanism by 
which tumor cells acquire swift and sustained expres-
sion of the metastasis-inducing protein, MenaINV, is via 

macrophage-mediated cooperative NF-κB and Notch1 
signaling. Although previously found to be involved 
in the induction of MenaINV expression in response 
to macrophage and tumor cell contact, Notch1 signal-
ing alone was unable to induce MenaINV expression 
(Fig.  7A). However, we determined that MenaINV can 
be induced by tumor-associated macrophages directly 
through macrophage-mediated activation of NF-κB, 
increasing expression of MenaINV by 1.5-fold (Fig. 7B). 
MenaINV expression can be further enhanced by 2.5-fold 
when Notch1 is activated in addition to NF-κB in tumor 
cells. Mechanistically, activation of Notch1 signaling in 

Fig. 7  MenaINV expression in cancer cells is induced by macrophage-mediated cooperative NF-κB and Notch1 signaling. Juxtacrine and paracrine 
signaling between macrophages and tumor cells activate Notch1 and NF-κB pathways which cooperate to induce MenaINV expression in cancer 
cells. A Notch1 signaling alone does not induce MenaINV expression in tumor cells. B NF-κB signaling, activated by TNFα binding to the TNFR1 
receptor, causes nuclear translocation of the transcription factor p65 and a 1.5-fold increase in MenaINV expression. C Notch1 and NF-κB signaling 
crosstalk to increase MenaINV expression further to 2.5-fold. Notch1 intracellular domain (NICD) enhances nuclear retention of NF-κB transcription 
factor p65 leading to sustained NF-κB signaling and induction of MenaINV expression. This mechanism of MenaINV induction is present in vivo and 
it explains previously observed increase in MenaINV expression upon in chemotherapy treatment [19]. This detailed understanding of MenaINV 
induction in clinically relevant scenarios is needed for future development of combination therapies to improve survival of patients with breast 
cancer. Figure created with BioRender.com
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tumors cells by Jagged1-expressing macrophages leads to 
prolonged nuclear retention of the NF-κB transcription 
factor p65, and subsequent increase of MenaINV expres-
sion in tumor cells (Fig. 7C). Importantly, we determined 
that the mechanism by which chemotherapy treatment 
enhances MenaINV expression occurs also through 
increased macrophage recruitment and subsequent 
cooperative Notch1 and NF-κB signaling in tumor cells.

The precise mechanism of MenaINV induction in 
breast cancer cells shown here is of great translational 
significance for patients with metastases as previous 
studies have demonstrated that only cancer cells express-
ing the MenaINV isoform of the actin regulatory protein 
Mena are capable of intravasating and metastasizing to 
secondary sites [12–15, 17, 19]. MenaINV is required for 
formation of mature invadopodia which increase invasive 
and transendothelial migration capabilities of cancer cells 
[10, 18, 45]. In addition, it was found that the expression 
of MenaINV occurs in macrophage-rich areas associated 
with TMEM doorways, increasing the likelihood that 
the MenaINV-expressing tumor cells will intravasate at 
TMEM doorways [36]. Furthermore, MenaINV-express-
ing tumor cells show dramatically increased extravasa-
tion activity at distant sites, such as the lung, leading to 
highly efficient metastatic seeding [16].Therefore, discov-
ering the mechanisms by which MenaINV expression is 
increased is important for understanding and targeting 
metastatic dissemination, which can occur not only from 
primary tumors, but also from metastatic foci resulting 
in overwhelming metastatic burden and patient demise 
[46–49].

Previous work demonstrated that macrophages induce 
MenaINV expression in tumor cells through Notch1 
signaling [10]. However, the Notch intracellular domain 
(NICD) which is cleaved from the intracellular portion of 
the receptor upon Notch1 activation, does not have DNA 
binding activity but acts as a transcriptional co-acti-
vator, along with MAML1 and RBP-J (CSL), to activate 
transcription of genes with RBP-J binding sites [50]. We 
found that are no RBP-J binding sites within the ENAH 
promoter, and while we did not look at distant enhancer 
elements in this study, nonetheless, we determined 
that Notch1 could not induce MenaINV transcription 
directly. However, we and others, found κB sites within 
the ENAH promoter, conserved from mouse to human 
[21]. Intriguingly, Notch1 and NF-κB signaling can cross-
talk to enhance signaling of both signaling pathways 
[22–24]. Our findings of macrophage-mediated direct 
induction of MenaINV expression by NF-κB, and indi-
rect  induction by Notch1 is supported by the fact that 
macrophages can provide stimuli to induce both Notch1 
(Jagged1) and NF-κB (TNFα) signaling.

Shin et al. reported that NICD can bind to the NF-κB 
transcription factor, p65, which blocks p65 export from 
the nucleus, leading to sustained NF-κB signaling [24]. 
Moreover, Field et  al., found that an initial NF-κB sign-
aling surge, followed by activation of a second NF-κB-
independent signaling pathway, can lead to enhanced 
transcription of NF-κB target genes, and even increased 
levels of alternative transcripts [51]. Consistent with 
these observations, we also found that Notch1 induces 
a prolonged nuclear retention of p65 and a subse-
quent surge in the expression of the MenaINV isoform 
of Mena, indicating that prolonged nuclear retention, 
through some still undiscovered mechanism, may affect 
alternative splicing. Intriguingly, there are also several 
p300 binding sites within the ENAH promoter which are 
binding sites for histone acetyltransferases. p65 has been 
found to promote strong activation of gene transcription 
following engagement with p300 and histone acetyltrans-
ferase activity [52].

Indeed, Notch1-mediated prolonged nuclear reten-
tion of p65 can explain our data showing that although 
NF-κB alone can induce MenaINV expression (1.5-fold), 
the level of induction is below the one achieved by mac-
rophage-cancer cell contact (5-fold). The most robust 
activation of MenaINV expression was observed when 
Notch1 and NF-κB signaling were co-activated, by either 
macrophages or by specific Notch1 and NF-κB acti-
vating stimuli. Furthermore, NF-κB inhibitors blocked 
macrophage-mediated induction of MenaINV expres-
sion confirming that NF-κB signaling causes the initial 
increase in MenaINV expression, but that Notch1 sign-
aling activation leads to the sustained NF-κB activity 
needed for the robust MenaINV expression.

Overall, these discoveries have important clinical 
implications because they indicate that increased intra-
tumoral macrophage density, as encountered in certain 
clinical scenarios including high macrophage densi-
ties associated with TMEM doorways or inflamma-
tory breast cancer, may affect disease progression. For 
example, several groups have shown that chemotherapy 
administration increases the density of tumor-asso-
ciated macrophages (TAMs) [19, 53, 54] and TMEM 
doorways [19]. Thus, chemotherapy given pre-opera-
tively to patients with more advanced disease may lead 
to an increase in intratumoral macrophage density and 
tumor cell dissemination via TMEM doorway activity 
[19]. If chemotherapy fails to eradicate the tumor com-
pletely, an increased density of TAMs may subsequently 
enhance NF-κB signaling, which combined with 
Notch1 signaling, will increase MenaINV expression 
in residual tumor cells (Fig.  7). Our data explain the 
previously observed increase in MenaINV expression 
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in the residual disease of some breast cancer patients 
who were treated with pre-operative (neoadjuvant) 
chemotherapy [19]. Since chemotherapy is also given to 
patients with metastatic disease, one may speculate that 
macrophage recruitment and subsequent increase in 
MenaINV expression may occur in metastatic nodules 
as well. Moreover, it has been reported that chemother-
apy not only increases MenaINV expression but also 
increases the density of TMEM doorways [19, 55] and 
potentially increases tumor cell dissemination via the 
blood circulation. Indeed, a recent study indicates that 
neoadjuvant chemotherapy in patients with early breast 
cancer leads to an increase in disseminated tumor 
cells in the bone marrow and subsequent worse over-
all survival [56]. Therefore, the dismal five-year survival 
rate for breast cancer patients with metastatic disease 
of approximately 26% may be due to chemotherapy-
induced cancer cell dissemination and increased cancer 
burden [54, 55, 57–60].

Paclitaxel is known to increase NF-κB signaling activa-
tion directly through binding to TLR4 receptors [61]. We 
report here an additional mechanism of chemotherapy-
mediated activation of NF-κB. This mechanism includes 
paclitaxel-mediated macrophage recruitment which 
leads to sustained NF-κB activation, potentially through 
Notch1. Given that MenaINV is critical for tumor cell 
invadopodium activation (which is involved in migration, 
invasion, and intravasation), the increase in NF-κB sign-
aling activation and associated MenaINV expression fol-
lowing paclitaxel treatment observed here could explain 
previous studies that found that paclitaxel treatment 
increases circulating tumor cells (CTCs) [19].

The common therapies for advanced cancers, in 
addition to neoadjuvant chemotherapy, may include 
radiation. Interestingly, ionizing radiation is known to 
increase NF-κB signaling which may lead to NF-κB-
mediated radiation resistance [62, 63]. Thus, different 
treatment modalities for advanced cancer, while decreas-
ing tumor mass, may inadvertently induce pro-metastatic 
changes in tumor microenvironment. These changes are 
characterized by macrophage recruitment, increased 
TMEM doorway density and activity [19], enhancement 
of NF-κB and Notch1 signaling in a subset of tumor cells 
leading to MenaINV expression in cancer cells, followed 
by cancer cell dissemination through TMEM doorways, 
and ultimately increased metastatic burden.

The clinical use of Notch1 and NF-κB inhibitors was 
abandoned in the treatment of solid carcinoma due to 
toxicity when used systemically [64–66]. Though the 
NF-κB signaling inhibitor bortezomib, a proteosome 
inhibitor, has been approved for treatment of multiple 
myeloma in patients who have failed two prior lines of 
therapy [67], there have not been many other successful 

uses of these inhibitors. As our knowledge and drug dis-
covery platforms have improved over the last decades, it 
is important to revisit more specific inhibitors of Notch1 
and NF-κB pathways as these signaling pathways may be 
enhanced by our current standard of care treatments.

Conclusions
In summary, we have found that macrophages enhance 
expression of MenaINV, a pro-metastatic isoform of 
Mena, in breast cancer cells through Notch1-mediated 
prolongation of NF-κB activation. This macrophage-
mediated sustained NF-κB signaling is seen in  vivo and 
is enhanced by neoadjuvant chemotherapy. Thus, these 
findings underscore the need to further investigate com-
bining inhibitors of Notch1 and NF-κB with chemo-
therapy to decrease chemotherapy-induced cancer cell 
dissemination and prolong survival of patients with 
advanced breast cancer.
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