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Abstract

Understanding the mechanisms of metastasis is one of the most pressing issues in cancer
therapy. Metastasis-associated in colon cancer 1 (MACC1) is an important biomarker
and functional driver of tumor progression and metastasis. However, the molecular
mechanisms underlying its activity remain incompletely understood. Here, we demon-
strate that MACC1 acts as an important adaptor protein that promotes hyperactivation
of receptor tyrosine kinase (RTK) signaling pathways in colorectal cancer (CRC) cells.
Based on mass spectrometry-based interactomics, we identified key MACC1 interactors,
including GRB2, SHP2, SHC1, and STAT5B, that preferentially associate with tyrosine-
phosphorylated residues Y365, Y379, and Y789. Site-directed mutagenesis of Y379 and
Y789 reduced MACC1-induced migration, proliferation, and ERK phosphorylation. Using
digital Western blotting (DigiWest), we observed a broad MACC1-dependent hyperac-
tivation of downstream signaling effectors, including MEK, ERK, β-catenin, SRC, FAK,
CREB, and VASP. Targeting MACC1-induced signaling with clinically relevant inhibitors
effectively reversed MACC1-driven clonogenicity. Our findings support a role for MACC1
in promoting hyperactivation of RTK-associated signaling and reveal pharmacological
vulnerabilities of potential relevance to metastasis-prone cancers characterized by elevated
MACC1 expression.

Keywords: MACC1; colorectal cancer; metastasis; receptor tyrosine kinase signaling;
adaptor protein; tyrosine phosphorylation; protein–protein interaction; signal transduction

1. Introduction
Cancer metastasis remains the leading cause of cancer-related deaths. In contrast to

positive developments in curing primary cancers, metastases mostly demonstrate resistance
to current therapeutic interventions [1]. Consequently, understanding the mechanisms
behind metastasis is critical to developing more effective therapies. Hence, identifying
biomarkers that not only determine patients at high risk but also drive metastasis and
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serve as therapeutic targets has become increasingly important in clinical oncology [2,3].
One such biomarker is MACC1 (metastasis-associated in colon cancer 1): a gene initially
identified as upregulated in CRC tumors compared to normal colon tissue, and now known
as a strong prognostic biomarker and a key driver in tumor progression and metastasis
formation in several tumor entities [4].

MACC1 promotes multiple malignant processes, including migration, invasion, cell
proliferation and colony formation, while enhancing tumor growth and metastasis in
various animal models. Notably, MACC1 acts as a transcriptional activator of MET, driv-
ing downstream MEK/ERK and PI3K/AKT signaling. It further plays an influential
role in epithelial-to-mesenchymal transition (EMT), conferring stem cell-like properties,
chemoresistance, stemness, metabolic reprogramming, angiogenesis and lymphangiogene-
sis, apoptosis, immune response pathways, and cell cycle transition via different signaling
pathways (e.g., PTEN/AKT, PI3K/AKT, MEK/ERK, and STAT) and expression of target
genes [5,6].

MACC1’s structural features, including its SH3 domain, death domains (DDs), and
various phosphorylation sites, support its role in protein interactions and signal transduc-
tion [4,7–12]. Given the critical role of MACC1 in multiple aspects of cancer biology, it
holds significant potential for therapeutic intervention by targeted cancer therapies. The
silencing of MACC1 or mutations in the SH3 domain, PxxP motif, and specific tyrosine
phosphorylation sites on MACC1 impair its function in both in vitro and in vivo models,
highlighting its therapeutic potential, particularly in metastatic cancer treatment [4,13].

In this study, we aimed to further elucidate the molecular mechanisms by which
MACC1 regulates key signaling pathways involved in cancer progression and metasta-
sis with implications for the design of new cancer therapies. Therefore, we investigated
phosphotyrosine (pY)-dependent protein–protein interactions of MACC1 and their conse-
quential influence on the MACC1 signaling landscape. We found that MACC1 interacts
with key signaling molecules and confers a hyperactivated signaling phenotype to cancer
cells which could be disturbed by the mutation of pY-interaction sites and by various in-
hibitors of known targets within MACC1-dependent signaling. This reveals new functions
of MACC1 based on protein–protein interaction and identifies pharmacological vulnera-
bilities associated with MACC1-dependent signaling that may inform future therapeutic
strategies for patients with metastatic disease or at high risk of metastasis.

2. Materials and Methods
2.1. Generation of Stably Transduced and Site-Directed Mutated Cancer Cells

Human cancer cell lines were either purchased from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA) or the German Collection of Microorganisms and
Cell Culture (Leibnitz Institute DSMZ, Braunschweig, Germany) and cultivated in either
DMEM or RPMI1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Bio & Sell, Feucht, Germany) at 37 ◦C in a
humidified incubator with 5% CO2.

1.5 × 107 HEK cells were seeded and transfected after 24 h with a mixture of 2.85 mL
serum-free medium, 90 µg polyethylenimine, 30 µg lentiviral helper plasmids (20 µg psPax2,
10 µg pMD2.G) and 20 µg coding lentiviral genomic plasmid, incubated for a total of 25 min
at room temperature and added to the plates. After 48 h, the supernatant was collected,
filtered (0.45 µm), and loaded onto a 20% sucrose cushion, followed by centrifugation
at 28,000 rpm (max. 141,000× g, SW 28 rotor) for 4 h at 4 ◦C. The viral particles were
resuspended in 500 µL sterile PBS and stored at −80 ◦C. Cells were transduced with an
MOI less than 10, and after 24 h, the medium was replaced. GFP expressing cells were
sorted by FACS.
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To create MACC1-GFP overexpression and GFP control cells (HCT116/MACC1-
GFP and HCT116/GFP), the plasmid RC224774L2 (Origene, Rockville, MD, USA) was
used. Tyrosine mutant cell lines were generated by site-directed mutagenesis (SDM)
using the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent, Santa
Clara, CA, USA) following the manufacturer’s instructions with the following primers:
Y379F fwd—GGAATTTATGGACCCAAATTTATCCATCCCAGTTTTACTG and Y789F
fwd—ATGATGTGGAAACCTGCCTTTGATTTTCTGTATACCTGGA.

Transfecting SW480 cells (an MACC1 low expressing cell line) with pcDNA3.1-V5-
His and pcDNA3.1-MACC1-V5-His (Thermo Fisher Scientific) yielded SW480/ev control
cells and SW480/MACC1 cells with stable MACC1 overexpression. Positive clones were
selected using neomycin treatment. Stable overexpression was confirmed by monitoring
MACC1 mRNA levels via quantitative real-time PCR (qRT-PCR).

2.2. Protein Extraction and Standard and Digital Western Blotting (WB)

Cells were harvested and lysed in ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl,
1% NP-40, pH 7.5) with protease and phosphatase inhibitors (Roche Diagnostics, Risch,
Switzerland). After a 30 min incubation and occasional vortexing, lysates were centrifuged
at maximum speed for 45 min. Protein concentrations were determined using a Bicin-
choninic Acid Protein Assay (Thermo Fisher Scientific). Denatured proteins were then
separated by SDS-PAGE and analyzed using either standard WB or DigiWest.

For standard WB, 30 µg of protein was run on 10% Tris-HCl polyacrylamide gels
in Tris/glycine/SDS buffer, transferred to PVDF membranes (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) at 2.5 A and 25 V for 7 min employing the TransBlot® TurboTM sys-
tem (Bio-Rad), blocked with 5% BSA in Tris-buffered saline with Tween, and incubated
overnight at 4 ◦C with primary antibodies (Supplementary Table S1). After applying
HRP-conjugated secondary antibodies in Tris-buffered saline with Tween for 1 h at room
temperature, protein bands were detected using WesternBright ECL (Advansta, San Jose,
CA, USA) and CL-Xposure films (Thermo Fisher). The intensity of the bands was quan-
tified using ImageJ (version 1.51j), and the signals were normalized to loading controls.
Phosphorylated proteins were normalized to respective total protein levels. DigiWest was
performed in collaboration with NMI TT Pharmaservices as described previously [14].

2.3. Co-Immunoprecipitation (Co-IP)

Cells (5 × 106 per 10 cm dish) were incubated for 24 h and lysed in ice-cold IP-lysis
buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP40, 1 mM EDTA, 1% Triton X, with
protease and phosphatase inhibitors). After a 30 min incubation on ice with intermittent
vortexing, samples were centrifuged at 30,000× g for 45 min at 4 ◦C. Collected supernatants
containing 2 mg of protein per sample were incubated overnight with 2 µg of the target
antibody at 4 ◦C. Protein–antibody complexes were captured using 20 µL of protein G-
agarose beads for 4 h at 4 ◦C on a shaker. The complexes were eluted with 30 µL LDS-buffer
containing DTT (1:10) at 99 ◦C for 10 min. After final centrifugation, supernatants were
analyzed by SDS-PAGE and WB.

2.4. Proliferation Assay

Cell proliferation was monitored using the IncuCyte® ZOOM System (Essen Bio-
Science, Ann Arbor, MI, USA). Cells (4 × 103 per well) were seeded in 96-well plates and
incubated for 24 h. Following treatment (0% FBS medium containing 20 ng/mL HGF),
the plates were placed in the IncuCyte® system for up to 144 h at 37 ◦C in a humidified
incubator with 5% CO2. The system captured four images from each well every two hours,
enabling real-time analysis of the cell-covered area. Data were processed and exported
using IncuCyte® ZOOM software (version 2016B).

https://doi.org/10.3390/biom16091267

https://doi.org/10.3390/biom16091267


Biomolecules 2026, 16, 1267 4 of 18

2.5. Clonogenic Assay

The clonogenic assay was used to assess reproductive viability by evaluating the
ability of individual cells to divide indefinitely, as determined by their capacity to form
colonies [15–17]. HCT116/GFP and HCT116/MACC1-GFP cells were seeded in 24-well
plates (200 cells/well) and allowed to adhere for 24 h. Following treatment, the plates
were incubated in a humidified chamber at 37 ◦C with 5% CO2 for 7 days. After this
incubation, the medium was replaced with a PBS solution containing 1% formaldehyde
and 0.1% crystal violet to fix and stain the colonies. Colony area was quantified using the
Colony Area plugin in ImageJ (version 1.51j).

2.6. Migration Assay

The Boyden chamber assay was utilized to assess the migratory capacity of cells. This
assay measures the ability of cells to move in response to a chemotactic gradient through
the pores of a trans-well membrane. Cells were serum-starved overnight. A total of
2.5 × 105 cells (for 24-well plates) were plated in medium containing 2% FBS onto the trans-
well insert, which was then placed into a well containing medium with 10% FBS. The plates
were incubated for 24 h in a humidified chamber at 37 ◦C with 5% CO2. After incubation,
cells from the bottom of the well and the bottom side of the membrane were trypsinized
and collected by centrifugation at 5000 rpm for 5 min, and the number of viable cells was
quantified using the CellTiter-Glo® reagent (Promega, Madison, WI, USA). Luminescence
was measured using the Infinite Pro multiplate reader (TECAN, Männedorf, Switzerland).

2.7. Assessment of Growth Factor Signaling

To investigate the impact of MACC1 on growth factor-mediated signaling, cells were
seeded in 6-well plates at a density of 3 × 105 cells per well and incubated for 24 h in
a humidified chamber at 37 ◦C with 5% CO2. A serum starvation of 18 h was followed
by growth factor treatment at 20 ng/mL (HGF, kindly provided by Prof. Dr. Walter
Birchmeier, MDC Berlin, and EGF, Sigma-Aldrich, St. Louis, MO, USA) for 0, 1, 8, and
90 min. Removing the medium and washing the cells with ice-cold PBS stopped the
treatment. Cells were then harvested in ice-cold RIPA buffer and processed for WB analysis
as described previously.

2.8. Mass Spectrometry (MS) Screen

To identify interactors of tyrosine-phosphorylated MACC1, we performed a mass
spectrometry (MS) screen. Bead-coupled peptides corresponding to all potential phos-
photyrosine (pY) sites on MACC1 were used to capture binding partners from whole
cell lysates. Peptides (Integrated DNA Technologies, Coralville, IA, USA; e.g., Y365—
ATIWD(p)YIHKTT, Y379—IYGPK(p)YIHPSF, Y789—MWKPA(p)YDFLYT) were linked to
NHS-Sepharose beads (Amersham Biosciences, Amersham, United Kingdom) as previously
described [18]. SW480 and SW620 cells were lysed in IP buffer (0.8% NP40, 50 mM Tris-HCl
pH 7.5, 5% glycerol, 1.5 mM MgCl2, 150 mM NaCl, 1 mM Na3VO4, 25 mM NaF, 1 mM
DTT, phosphatase and protease inhibitors by Sigma-Aldrich). Lysates (5 mg/mL) were
incubated with bead-coupled peptides for 30 min at 4 ◦C. After centrifugation and several
washes with decreasing NP40 concentrations, proteins were eluted with LDS sample buffer
(Invitrogen, Waltham, MA, USA) containing 50 mM DTT at 50 ◦C for 30 min. The eluates
were alkylated with chloroacetamide (55 mM) and run via SDS-PAGE on a 4–12% NuPAGE
gel (Invitrogen) for approximately 1 cm. Proteins were digested in-gel with trypsin.

The resulting peptides were analyzed using an Eksigent nanoLC-Ultra 1D+ system
(Eksigent, Dublin, CA, USA) coupled to an LTQ-Orbitrap XL ETD (Thermo Fisher Scientific).
Peptides were trapped on a self-packed C18 column (Reprosil-Pur C18-AQ 5 µm resin, Dr.
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Maisch GmbH, Ammerbuch, Germany) and separated on an analytical column (75 µm
× 40 cm, self-packed with Reprosil-Pur C18-AQ, 3 µm resin; Dr. Maisch GmbH) with a
4–32% gradient in water plus 0.1% formic acid and 5% DMSO at a 300 nL/min flow rate.
MS spectra were acquired at a resolution of 30,000 (m/z 400). Peptide identification and
quantification were performed using MaxQuant software (version 1.5.3.30) by comparing
MS/MS data to the Swissprot reference database [19,20]. Analysis parameters included
trypsin as the protease, allowing two missed cleavages, with precursor and fragment ion
tolerances of 10 and 20 ppm, respectively. The minimum peptide length was set to seven
amino acids, with a false discovery rate of 1%.

2.9. Statistical Analysis

Data analysis and statistical calculations were performed using Microsoft Excel
2010 and GraphPad PRISM version 10.6.1. Groups of biological replicates were com-
pared by one-way analysis of variance (ANOVA) with Tukey’s post hoc test (Figure 2B,
Supplementary Figure S3) or two-way ANOVA with Tukey’s (Figure 2C) or Sidak’s post
hoc test (Figure 5). All tests were two-sided with a 95% confidence interval (* = p < 0.05,
** = p < 0.01, *** = p < 0.001).

3. Results
3.1. MACC1 Interacts with Crucial Signaling Molecules via Specific pY-Sites

We have previously demonstrated that MACC1 is phosphorylated at specific tyrosine
sites (Y673, Y695, Y793) by MEK1 and that inhibiting MEK1 or masking these sites restricts
MACC1-induced functions, such as MET expression, cell motility, and proliferation in vitro
as well as CRC metastasis formation in vivo [13]. To expand on this work and highlight
the importance of MACC1 in malignant signaling processes, we investigated the phospho-
interactome of MACC1.

To explore these interactions, pull-down assays were conducted using SW480 and
SW620 CRC cell lines, along with human placenta lysate used as a broad-expression control,
as 64% of all human proteins are reported to be expressed in placental tissue [21,22]. The
assays involved bead-coupled peptides corresponding to all potential pY-sites of MACC1
(Figure 1B). Mass spectrometry (MS) analysis identified a broader set of candidate interac-
tors associated with different MACC1 pY-containing peptides. For subsequent validation,
we prioritized candidates that (i) were identified in CRC cell lysates, (ii) were consistently
detected in both independent MS screens, and (iii) are established components of RTK
complexes or associated signaling pathways. Based on these criteria, GRB2, SHP2, SHC1,
STAT5B, and PLCG1 were selected for further analysis [23–27]. Co-IP experiments with sub-
sequent WB validated the results in SW480 cells overexpressing MACC1 (SW480/MACC1)
and SW620 wild-type cells expressing endogenous MACC1 (Figure 1C).

Further pull-down experiments were conducted with phosphorylated and unphos-
phorylated versions of the identified peptides to confirm the selectivity and specificity
of the interactions. The results demonstrated preferential association of four interactors
with phosphorylated compared to the corresponding unphosphorylated peptides: pY365
(STAT5B), pY379 (GRB2, SHP2), and pY789 (SHC1) (Figure 1D). PLCG1 showed a promis-
cuous binding pattern and was, therefore, excluded from further analysis.
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Figure 1. MACC1 interacts with crucial signaling molecules via specific pY-sites. (A) Domain
architecture and phosphorylation potential (based on NetPhos 3.1 prediction [28] with MACC1
FASTA protein sequence) of MACC1 demonstrates several potential protein–protein interaction sites,
including ZU5, UPA, SH3, and two DDs domains as well as (phospho-)tyrosine sites. (B) An MS
screen identifies receptor tyrosine complex components as interactors of tyrosine-phosphorylated
MACC1 in CRC (SW480) and CRC metastasis (SW620) cell lines, as well as in human placenta lysate.
+—interactor identified in screen; Red—prioritized candidates (C) The most interesting interactions
were validated by Co-IP in SW620 wild-type cells and SW480 cells ectopically overexpressing MACC1.
Results show one representative example of at least two independent experiments. (D) Pull-down
with phosphorylated or unphosphorylated peptides of the identified pY-interaction sites on MACC1
and subsequent WB shows preferential association of interactors with distinct phosphorylated
MACC1-derived peptides.

3.2. Mutation of pY-Interaction Sites Restricts MACC1-Dependent Functions

To investigate the functional role of the pY-interaction sites on MACC1, site-directed
mutagenesis was employed, targeting two key tyrosine sites, Y379 and Y789 (Figure 2A).
These sites mediate interactions with the majority of interactors (GRB2, SHP2, SHC1)
found in the MS analysis. These proteins are integral to the regulation of cellular signaling
pathways, notably the ERK pathway, which controls critical processes such as cell migration
and proliferation [23–27].

https://doi.org/10.3390/biom16091267

https://doi.org/10.3390/biom16091267


Biomolecules 2026, 16, 1267 7 of 18

Figure 2. Mutation of interaction sites restricts MACC1-dependent functions. (A) Schematic demon-
stration of site-directed mutagenesis. Combined mutation at two interaction sites (Y379 + Y789) leads
to reduced cell migration (B) and proliferation (C). Results represent means + SD of three indepen-
dent experiments. Significant results were determined by one-way (B) or two-way (C) ANOVA and
Tukey’s multiple comparison test with a confidence interval of 95% (* = p < 0.05, *** = p < 0.001). Blue—
GFP expressing cells; red—MACC1-GFP expressing cells; green—MACC1-GFP (Y379F + Y789F)
expressing cells.

To assess the functional impact of masking key tyrosine sites, HCT116 CRC cells
transduced either with GFP, MACC1-GFP, or MACC1-GFP carrying the Y379F and Y789F
mutations (Y379F + Y789F) were subjected to a Boyden chamber migration assay. Over-
expression of MACC1-GFP resulted in a significant increase in cell migration, more than
doubling the migration compared to GFP expressing control cells. In contrast, the migratory
ability of cells expressing the mutated forms of MACC1 was not significantly different from
GFP controls (Figure 2B).

Similarly, the wild-type MACC1-GFP cells exhibited enhanced proliferation under
HGF treatment, whereas cells expressing the Y379F + Y789F mutations showed proliferation
rates similar to control cells (Figure 2C). To further assess the contribution of the individual
tyrosine residues, proliferation was additionally analyzed in cells expressing the Y379F
or Y789F single mutants. Mutation of either Y379 or Y789 reduced MACC1-associated
proliferation compared with wild-type MACC1-GFP cells, consistent with a functional
contribution of both residues (Supplementary Figure S2). Together, these findings support
a functional contribution of Y379 and Y789 to MACC1-associated cellular phenotypes,
potentially through modulating downstream signaling pathways.

3.3. pY-Interaction Sites Contribute to the Signaling Promoting Effect of MACC1

MACC1 is involved in various cellular processes, including the induction of prolifera-
tion and cell scattering, particularly in response to HGF stimulation [4]. Additionally, we
have shown that MACC1 is directly linked to ERK signaling via phosphorylation by MEK1
and that MACC1 overexpression led to enhanced ERK signaling [13]. This study identifies
and confirms MACC1 interactors that are crucial for the signaling mechanisms of RTKs
such as MET and EGFR [23–27].

To further explore MACC1’s role in RTK signaling, additional experiments were
performed using EGF stimulation. Similar to the HGF stimulation experiments, WB analysis
was used to assess ERK activation through phosphorylation at T202 and Y204. Interestingly,
SW480 and HCT116 cells overexpressing MACC1 showed stronger phosphorylation of
ERK compared to control cells, especially at 1 and 8 min post-stimulation. Elevated pERK
baseline levels were also observed in MACC1-overexpressing cells at the 0 min time point,
prior to stimulation. After 90 min, ERK activation had mostly plateaued in control cells,
while MACC1-high cells showed a decline in pERK levels, suggesting an accelerated and
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amplified activation loop in the presence of MACC1 overexpression. These results were
consistent across the two cell models tested (Figure 3A,B).

Figure 3. pY-interaction sites are essential for the signaling promoting effect of MACC1. (A) In
response to HGF treatment, MACC1 overexpression leads to increased ERK activation. Shown here is
a newly generated graphical representation of previously published experimental data [13]. (B) The
same effect is observed with EGF treatment of CRC cells with low vs. high MACC1 expression.
Results are demonstrated by WB and respective spot densitometry analysis. Here, the expression of
pERK and ERK were normalized to vinculin (loading control) expression before normalizing pERK to
ERK, indicating the level of active protein. Values for untreated (0 min) HCT116/GFP or SW480/ev
cells were set to 1, resulting in relative phosphorylation levels depicted in the respective bar graphs.
Results represent means of at least three independent experiments. (C) Mutation of pY-interaction
sites (Y379 + Y789) leads to the loss of the signaling promoting effect of MACC1 in response to HGF
treatment. Expressions of pERK and ERK were normalized to vinculin (loading control) expression
before normalizing pERK to ERK, indicating the level of active protein. Results represent means
of two independent experiments. Blue—GFP expressing cells; red—MACC1-GFP expressing cells;
green—MACC1-GFP (Y379F + Y789F) expressing cells.

To examine the role of specific pY-interaction sites in MACC1-dependent signaling,
HCT116 cells expressing MACC1 with tyrosine mutations at Y379 and Y789 (Y379F + Y789F)
were subjected to HGF stimulation followed by WB analysis. MACC1 overexpression
results in an increase in ERK phosphorylation, while HCT116 cells with the Y379F + Y789F
mutations did not exhibit this enhanced phosphorylation, supporting an important role
of Y379 and Y789 in MACC1-associated ERK activation (Figure 3C). Of note is that total
MACC1-GFP expression was comparable between cells expressing wild-type MACC1-
GFP and the Y379F + Y789F mutant (Figure 3C), arguing against differences in MACC1
abundance as the basis for the observed signaling and functional phenotype.
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3.4. Digital Western Blotting (DigiWest) Reveals a Hyperactivated Signaling Phenotype Exerted
by MACC1

Cellular signaling pathways often exhibit high levels of crosstalk and redundancy,
which complicates the understanding of their individual roles in cellular processes [29,30].
To explore the impact of MACC1 on the cellular signaling landscape, we employed Digi-
West, allowing for the assessment of protein expression across a broad range of targets
using a single standard WB membrane (Figure 4A). We used the same experimental setup
as for standard WB experiments. Figure 4B–E show the (in)activation of various signaling
proteins measured by relative phosphorylation of indicated phosphorylation sites: the
phosphorylation patterns of MEK (S217/S221), ERK1 (T202/Y204), ERK2 (T185/Y187),
and p90 ribosomal S6 kinase (RSK) (T573) reflect a faster and more pronounced activation
loop in the ERK signaling pathway through MACC1 overexpression (Figure 4B). This
observation aligns with previous findings and serves as a baseline for subsequent data.

 

Figure 4. Digital Western blotting reveals a hyperactivated signaling phenotype exerted by MACC1.
(A) Digital Western blotting (DigiWest) workflow allows the assessment of multiple protein expression
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patterns from a single WB membrane. Bar graphs illustrate the integrated signal strength of phospho-
rylated proteins normalized to respective total protein expression, indicating activated or inactivated
protein levels. (B) MACC1 overexpression in HCT116 cells leads to increased activation of the ERK
pathway, represented by elevated phosphorylation of MEK (S217/S221), ERK1 (T202/Y204), ERK2
(T185/Y187) and p-p90 ribosomal s6 kinase (pRSK) (T573). (C) Similarly, increased phosphorylation
of inactivation site (S9) of GSK3β and activation site (S552) of β-catenin were observed. Further,
higher phosphorylation of (D) SRC (Y416) and FAK (Y397, Y576/577, Y925) as well as (E) VASP (S157)
and CREB (S133) was observed in MACC1-overexpressing cells. (F) DigiWest findings were validated
by standard WB of two selected targets (SRC/pSRC and CREB/pCREB) in two additional biological
experiments. The DigiWest and conventional Western blot data were analyzed separately and were
not combined for statistical analysis. Expression of respective proteins determined with spot densito-
metry was normalized to vinculin (loading control) expression before normalizing pSRC to SRC and
pCREB to CREB, respectively, indicating the level of active protein. Results in (F) represent means of
two independent experiments. Blue—GFP expressing cells; red—MACC1-GFP expressing cells.

Consistently, phosphorylation levels of GSK3β (S9, the inactivated form) and β-catenin
(S552, the activated form) were higher in the MACC1-overexpressing cells across all time
points. These patterns mirrored the cyclic activation seen with ERK signaling (Figure 4C).
Figure 4D shows that the activation of SRC (Y416) and focal adhesion kinase (FAK) (Y397)
was enhanced in cells overexpressing MACC1 compared to controls at all time points.
Moreover, the subsequent active forms of FAK, namely pFAK (Y576/577) and pFAK (Y925),
were more prominently phosphorylated at 1 min and 8 min, respectively. Figure 4E further
reveals an increase in activated cAMP response element-binding protein (pCREB, S133)
and vasodilator-stimulated phosphoprotein (pVASP, S157) levels in MACC1-high cells
from 0 to 8 min, followed by a more pronounced decline at 90 min. Given the exploratory
nature of the DigiWest analysis (based on one standard WB, n = 1), selected observations
were subsequently evaluated by conventional Western blotting. Increased phosphorylation
of SRC and CREB observed in the DigiWest analysis was independently reproduced by
conventional Western blot analysis in two additional biological experiments (Figure 4F),
underlining the DigiWest findings.

Taken together, the results indicate that MACC1 overexpression accelerates and ampli-
fies the activation of several key signaling molecules (MEK, ERK, RSK, β-catenin, VASP,
CREB, FAK, SRC) involved in cellular pathways responsible for cell adhesion, proliferation,
survival, and migration as well as tumor progression and metastasis [13,31–37]. MACC1
overexpression leads to faster activation loops, with already elevated baseline levels of
active signaling proteins.

3.5. Pharmacological Inhibition Reveals Vulnerabilities in MACC1-Associated Signaling

The landscape of cancer treatment has evolved with the addition of targeted therapies,
often focusing on inhibitors of receptor tyrosine kinase (RTK) signaling and downstream
pathways [38,39]. To investigate whether the MACC1-associated signaling phenotype
identified in this study is pharmacologically vulnerable, we assessed the effects of various
inhibitors on MACC1-induced cellular functions. Clonogenic assays were performed
with HCT116/GFP and HCT116/MACC1-GFP cells using DMSO (control) or inhibitors
targeting MET (crizotinib, PHA-665752), SHP2 (GS493), MEK (cobimetinib), and SRC-
associated signaling (dasatinib, bosutinib, PP2). MACC1 overexpression significantly
increased colony formation compared to the control cells (Figure 5A). Treatment with the
tested inhibitors reduced the enhanced colony-forming capacity of MACC1-overexpressing
cells toward levels observed in the corresponding GFP control cells (Figure 5B–D). Within-
genotype comparisons with the respective vehicle controls showed that this reduction
was significant for crizotinib, cobimetinib, bosutinib, and PP2 in HCT116/MACC1-GFP
cells. In contrast, only crizotinib significantly reduced colony formation in HCT116/GFP
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control cells compared with vehicle treatment (Supplementary Figure S3). These findings
indicate an increased pharmacological sensitivity of the MACC1-overexpressing phenotype
to the inhibition of selected components of the MACC1-associated signaling network.
Notably, this sensitivity to interference with SRC-associated signaling was observed with
two of the three tested inhibitors, bosutinib and PP2, supporting the robustness of this
pharmacological phenotype across different compounds.

Figure 5. Pharmacological inhibition reveals vulnerabilities in MACC1-associated signaling. The
clonogenic assay was used to test the inhibitory potential of several drugs on MACC1-dependent
cell function in HCT116/GFP and HCT116/MACC1-GFP cells. Colony formation was significantly
increased by MACC1 overexpression (A), which could be reduced to control levels with inhibitors
of (B) MET (critzotinib, PHA-665752), (C) SHP2 (GS493), MEK (cobimetinib), or (D) SRC (dasatinib,
bosutinib, PP2). Colony covered area was quantified using the Colony Area plugin in ImageJ and
normalized to values of solvent-treated HCT116/GFP cells (blue dashed line), resulting in relative
reproductive viability depicted in the dot plots. Results represent means of at least three independent
experiments with one representative example illustrated below. Significant results were determined
by two-way ANOVA with Sidak’s post hoc test with a confidence interval of 95% (*** = p < 0.001).
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4. Discussion
In this study, we identified and validated several key interaction partners of MACC1

through mass spectrometry (MS) and co-immunoprecipitation (Co-IP). These interactors
involved in RTK signalosomes preferentially associated with distinct phosphorylated
MACC1-derived peptides: pY365 (STAT5B), pY379 (GRB2 and SHP2), and pY789 (SHC1).
Mutations at two of these critical tyrosine sites (Y379F + Y789F) reduced MACC1-induced
activation of ERK, migration, and proliferation in CRC cells, identifying these sites as
potential drug intervention points. Additionally, we demonstrated that MACC1 promotes
ERK signaling in response to both HGF and EGF stimulation, suggesting that MACC1
mediates malignant signaling and subsequent effects (e.g., increased cell proliferation and
motility) below different RTKs. These effects are independent of MET overexpression
alone. Using DigiWest, we expanded our understanding of the MACC1 signaling network.
Inhibiting central mediators of this network effectively limited MACC1-driven colony
formation, highlighting potential therapeutic targets for MACC1-stratified high-risk cancer
patients or combinatorial treatment.

MACC1 phosphorylation at Y379 and Y789 apparently plays a significant role in
regulating cellular processes in colorectal cancer (CRC), a phenomenon observed in
various studies.

All identified MACC1 interactors are involved in key cellular functions, including
malignant processes: SHP2, in association with GAB1, mediates cell migration, cytoskeletal
reorganization, and organ development through ERK signaling [24,25,40–42]. SHP2 mu-
tations are associated with various cancers, including leukemia and tumors of the colon,
breast, and lung, and inhibited SHP2 binding through the mutation of these sites led to a
reduction in anchorage-independent growth of breast cancer cells [43]. GRB2 and SHC1, as
central adaptor proteins, modulate signaling by connecting downstream effectors such as
SOS, RAS, or GAB1 to RTKs. Abnormal function or expression is directly linked to tumor
progression or metastasis formation in various entities [44].

In addition, the phosphorylation of GAB1 at different tyrosine sites is crucial for the
activation of downstream signaling (e.g., ERK)—predominantly mediated via GAB1-SHP2
binding—in response to multiple stimuli such as HGF, EGF, or VEGF. Mutations of these
sites impair GAB1’s ability to mediate biological functions, such as cell migration, cy-
toskeletal rearrangement, and organ development [24,25,40–42]. Similarly, phosphorylated
tyrosines on β4-integrin are essential for SHP2 binding and downstream signaling via a
SHP2-SRC-GAB1-GRB2-ERK axis.

Based on these interactor functions and our findings that MACC1 overexpression
enhances ERK activation in CRC cells, we sought to further explore the MACC1 signaling
landscape by using DigiWest. We found the upregulation of the phosphorylation of several
proteins, which are involved in key signaling pathways, highlighting MACC1’s role in
regulating their activity.

We observed the hyperactivation of the ERK pathway through increased phospho-
rylation of MEK, ERK1/2, and RSK. This aligns with earlier studies demonstrating that
MACC1 induces tumorigenic effects via ERK signaling [13,33,34]. MACC1 has already
been found to induce target gene expression (e.g., MYC, cyclin D1/E, and MMPs) or
chemoresistance and stemness features via (AKT/)β-catenin-signaling [5,6]. Moreover,
we have demonstrated a MACC1–β-catenin–S100A4 signaling axis inducing metastasis
in vitro and in vivo [35]. This study is partially based on our DigiWest findings showing
MACC1-induced β-catenin activation through the phosphorylation of GSK3β at S9 and
β-catenin at S552 (Figure 4C). Both phosphorylations are directly regulated by AKT and
PKA [45–47]. Thus, downstream mediators of PKA including CREB (pS133) and VASP
(pS157) demonstrated higher activation patterns upon MACC1 overexpression. VASP,
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involved in cytoskeletal dynamics, governs cell adhesion, polarity, and motility [36]. The
overexpression and increased activity of CREB, a transcription factor linked to proliferation
and migration, have been associated with tumor progression and metastasis [37].

MACC1 overexpression also conferred hyperactivation to FAK (Y397, Y576/577 and
Y925) and SRC (Y416), with Y397 as the binding site for SRC. The sequential phosphoryla-
tion of FAK at the other sites transfers activation to PI3K and ERK pathways responsible
for cell survival, invasion, and migration [32]. Taken together, these findings offer new
perspectives on MACC1’s influence in cancer progression and metastasis, emphasizing its
pivotal role in fostering a metastatic phenotype.

Our findings highlight recurring phosphorylation/activation patterns in MACC1-
associated signaling. These feedback loops, common in signaling pathways, regulate signal
duration and strength. For instance, ERK activation suppresses its upstream regulators,
controlling its own activity [48]. Minor changes in signaling cascades can significantly affect
cell fate: for example, the strength and duration of ERK activation influence transcriptional
responses and gene expression patterns [49,50]. More interestingly, related ligands FGF-7
and FGF-10 guide distinct cellular functions (proliferation or migration) through differ-
ent signaling timeframes dependent on the recruitment of SH3 domain-binding protein
4 (SH3BP4) to FGFR [51]—SH3BP4 shares nearly 50% sequence homology with MACC1 [4].

Beyond self-regulatory mechanisms, signaling pathways adjust and crosstalk dynami-
cally. A key example is the (multi)adaptor protein GAB1, which amplifies signaling from
different RTKs by recruiting downstream effectors like PI3K and the GRB2-SOS-RAS com-
plex, thereby also modulating the balance between PI3K and RAS-ERK signaling. All RTKs
typically engage a specific set of adaptors and mediators, which often overlap significantly.
The resulting signaling response varies depending on the recruitment partners and their
patterns of interaction [48]. Our findings, showing that MACC1 facilitates ERK signaling
in response to HGF as well as EGF, support this notion and suggest MACC1’s role as a
malignant mediator of signaling below various RTKs.

Especially in cancer, RTKs such as MET undergo ligand-independent activation as
a consequence of overexpression. This phenomenon could explain the higher baseline
activation of most investigated target proteins like ERK, SRC, and CREB in unstimulated
(0 min) MACC1-high conditions. However, this (Supplementary Figure S1; MET) and our
previous study [52] (EGFR) show that neither MET nor EGFR demonstrate this higher
baseline activation under these conditions. Additionally, abrogating the increased signaling
effect through the mutation of pY-interaction sites emphasizes the malignant mediator role
of MACC1 within downstream signaling networks besides its effects on MET expression.
Also, the fact that inhibiting several targets within the MACC1 signaling landscape (i.e.,
MET, MEK, SRC, SHP2) reduced MACC1-specific colony formation to the control cell level
underlines this role.

Besides sharing similar signaling proteins which MACC1 interacts with, RTK trans-
activation cannot be excluded as a mechanism for MACC1 being a multi-RTK enhancer.
In this context, SRC is a very interesting player: SRC is a key signaling molecule that
operates downstream of several receptor tyrosine kinases (RTKs) such as MET, EGFR, and
PDGFR. In addition, SRC can directly phosphorylate these RTKs, activating them in the
process [32,53]. Research by Song et al. revealed that SRC plays a pivotal role in coordinat-
ing the signaling pathways of MET, EGFR, and IGFR in CRC cells [54]. SRC also influences
GAB1 signaling, both in a MET-dependent and independent manner [55,56]. Interestingly,
studies have shown that SHP2 activates SRC as part of its functional mechanism [43,57–59]
and identified SRC as a key driver of breast cancer progression in a PKA-dependent manner
in vivo [31].
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Based on these findings, we propose novel MACC1/SHP2/SRC/ERK and MACC1/
PKA/SRC/CREB signaling axes that promote malignancy in response to different growth
factor signals. These axes represent a new connection between RTK and PKA signaling, a
pathway that has not been extensively studied [60]. Overall, our data suggest that MACC1
rewires cellular signaling networks to favor tumorigenic and metastatic pathways.

To assess the functional impact of MACC1-dependent signaling and explore poten-
tial therapeutic targets, we performed clonogenic assays with various inhibitors. These
included inhibitors targeting MET (crizotinib, PHA-665752), SHP2 (GS493), MEK (cobime-
tinib), and SRC (dasatinib, bosutinib, PP2). All treatments effectively reduced MACC1-
driven colony formation to baseline levels. Notably, several of these inhibitors have already
been tested or approved for clinical use (e.g., crizotinib, cobimetinib, dasatinib, bosutinib),
suggesting their potential for repurposing [61] to target MACC1-associated pathways
in cancer therapy. We will further assess MACC1’s role as a malignant adaptor within
RTK signalosomes, as it shares features with other key players of RTK signaling, e.g., the
(multi)adaptor protein GAB1, as described above. Similarly, structural and functional
similarities between MACC1 and SH3BP4 have been uncovered by us [4,52] and others [51].
Here, we want to follow up on developing novel intracellular antibodies or find mimicking
inhibitors via high-throughput drug screening that block the MACC1 interaction sites (Y379
and Y789) [62]. By this, we hope to fully exploit the potential of MACC1 as a multifaceted
biomarker and therapeutic target.

5. Limitations
While our findings support a phosphorylation-dependent adaptor function of MACC1

in enhancing downstream RTK signaling, several limitations should be acknowledged. The
mechanistic analyses were primarily performed in colorectal cancer cell models, and the
proposed signaling architecture requires further validation in vivo and in patient-derived
material. Although phospho-peptide pull-down experiments demonstrate preferential
association of GRB2, SHP2, SHC1, and STAT5B with distinct phosphorylated MACC1-
derived peptides, and cellular Co-IP supports their association with full-length MACC1,
including at endogenous MACC1 levels in SW620 cells, these experiments do not formally
establish direct, residue-specific binding. Further biochemical and structural studies will
therefore be required to define the molecular basis, binding affinities, and spatiotemporal
dynamics of these interactions.

Furthermore, while analysis of the individual Y379F and Y789F mutants supports a
contribution of both residues to MACC1-associated proliferation, their individual contri-
butions to migration and ERK signaling were not assessed. The phosphorylation of Y379
and Y789 in full-length cellular MACC1 was also not directly demonstrated. Comparable
expression of wild-type and Y379F + Y789F MACC1-GFP argues against reduced protein
abundance as an explanation for the observed signaling phenotype; however, the effects
of the substitutions on MACC1 localization, stability, or protein conformation cannot be
formally excluded.

Finally, the pharmacological experiments identify vulnerabilities associated with
the MACC1-overexpressing phenotype but do not establish target-specific dependencies.
While matched GFP control cells indicate that the effects of most inhibitors cannot be
explained solely by a general suppression of colony formation, the clonogenic assay does
not distinguish cytostatic from cytotoxic effects. Moreover, dose–response relationships
and direct target engagement were not assessed, the compounds may exhibit off-target
activities, and genetic validation of the respective signaling components was not performed.
Further studies using endogenous MACC1 manipulation, additional RTK systems, and
patient-derived or in vivo models will therefore be required to establish the molecular
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targets underlying these pharmacological sensitivities and to determine whether MACC1
similarly modulates signaling downstream of additional RTKs beyond HGF/MET and
EGF/EGFR.

6. Conclusions
We identify a phosphorylation-dependent adaptor function of MACC1 associated

with the hyperactivation of downstream RTK signaling and interactions with key signaling
mediators, including GRB2, SHP2, SHC1, and STAT5B. Enhanced signaling in response to
both HGF and EGF, together with the activation of multiple oncogenic signaling pathways,
suggests a broader role of MACC1 in modulating RTK-associated signaling. MACC1
thereby promotes malignant phenotypes associated with colorectal cancer metastasis and
reveals pharmacological vulnerabilities to clinically relevant signaling inhibitors. These
findings provide a mechanistic framework for the signaling promoting activity of MACC1
and support further investigation of its role as a modulator of RTK-associated signaling
and as a potential therapeutic vulnerability in metastasis-prone colorectal cancer.
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