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A B S T R A C T   

Inhibition of K-RAS effectors like B-RAF or MEK1/2 is accompanied by treatment resistance in cancer patients via 
re-activation of PI3K and Wnt signaling. We hypothesized that myotubularin-related-protein-7 (MTMR7), which 
inhibits PI3K and ERK1/2 signaling downstream of RAS, directly targets RAS and thereby prevents resistance. 
Using cell and structural biology combined with animal studies, we show that MTMR7 binds and inhibits RAS at 
cellular membranes. Overexpression of MTMR7 reduced RAS GTPase activities and protein levels, ERK1/2 
phosphorylation, c-FOS transcription and cancer cell proliferation in vitro. We located the RAS-inhibitory activity 
of MTMR7 to its charged coiled coil (CC) region and demonstrate direct interaction with the gastrointestinal 
cancer-relevant K-RASG12V mutant, favouring its GDP-bound state. In mouse models of gastric and intestinal 
cancer, a cell-permeable MTMR7-CC mimicry peptide decreased tumour growth, Ki67 proliferation index and 
ERK1/2 nuclear positivity. Thus, MTMR7 mimicry peptide(s) could provide a novel strategy for targeting mutant 
K-RAS in cancers.   
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1. Introduction 

Activating mutations in rat sarcoma viral oncogene homologue 
(RAS) genes downstream of the epidermal growth factor receptor 
(EGFR) family [1] are frequent in gastrointestinal (GI) cancers, 
including tumours of the pancreas, colorectum and stomach. Therein, 
the three RAS genes, K-RAS, N-RAS and H-RAS drive both cancer initi-
ation and progression. Constitutive stimulation of the 
EGFR-RAS-mitogen-activated-protein-kinase-kinase (MEK)1/2-extrac-
ellular-regulated-protein-kinase (ERK)1/2 cascade [2] is a major 
obstacle for effective treatment in advanced disease [3], and new 
druggable targets, which inhibit mitogenic RAS signaling, are of medical 
need [4,5]. Current clinically used K-RAS inhibitors are 
mutation-specific, such as covalent inhibitors (e.g. Sotorasib) of the 
G12C K-RAS variant common in lung cancer [6]. This approach does not 
cover most GI cancer-relevant mutations, including the G12D, G12V and 
G13D K-RAS proteins. Inhibition of RAS regulators or effectors has also 
been proposed, e.g. by interference with binding of son-of-sevenless 
(SOS), a guanine nucleotide exchange factor (GEF) that acts on RAS 
[7,8]. However, these developments have so far not reached the clinic. 

In addition to regulation by GEFs and GTPase activating proteins 
(GAPs), the activity and stability of K-RAS depend on its interaction with 
the plasma membrane and cellular endomembranes via hydrophobic 
and electrostatic contacts [9]. Specifically, the globular catalytic 
GTP-binding domain (GD) and the hypervariable region (HVR) of the GI 
cancer-relevant K-RAS4B isoform account for the signal output gener-
ated by the GTPase. The C-terminal HVR is a polybasic, lysine-rich “tail” 

which carries a post-translational modification motif (CAAX) that allows 
farnesylation and membrane insertion of the protein. 

Negatively charged phosphatidyl-serine (PS) and phosphatidyl- 
inositides (PIPs) at the inner leaflet of the phospholipid bilayer bind 
RAS proteins, a mechanism crucial for the activation of downstream 
signaling [10]. Alterations in the electrostatic potential across the 
membrane, either by voltage-gated ion channels or enzymes (e.g. 
sphingomyelinase) result in rapid re-localization of RAS proteins [11] 
and trafficking to subcellular compartments, leading either to their 
degradation or recycling via vesicles of endosomes, lysosomes and the 
endoplasmic reticulum/trans-Golgi network [10]. However, the mo-
lecular mechanism by which K-RAS is re-localized and how it is subse-
quently deactivated remains undefined, leaving a knowledge gap in the 
understanding of how K-RAS and its activated variants can be specif-
ically targeted towards inactivation. 

We recently described myotubularin-related-protein-7 (MTMR7) 
[12], a member of the myotubularin (MTM) family of PIP phosphatases 
[13], as a dual inhibitor of ERK1/2 and phosphoinositide-3-kinase 
(PI3K) signaling and as an activator of the transcription factor 
peroxisome-proliferator-activated-receptor-gamma (PPARγ) [14,15], 
which promotes cell differentiation, host immunity and metabolism. 
From N-to-C-terminal, MTMs consist of plextrin homology (PH), protein 
tyrosine phosphatase (PTP), SET-interaction (SID) and coiled coil (CC) 
domains [16]. Catalytically active members form heterodimers with 
enzymatically inactive enzymes, e.g., MTMR6/7/8 with MTMR9 [17]. 
Overall, MTMs are membrane-bound and dephosphorylate 
phosphatidyl-inositol-3-monophosphate (PI(3)P) and − 3, 

Abbreviations 

aa amino acid 
Ab antibody 
AKT protein kinase B 
APC adenomatous polyposis coli 
CC coiled coil 
CD circular dichroism 
CEA carcinoembryonic antigen 
CRC colorectal cancer 
EGF(R) epidermal growth factor (receptor) 
ERK1/2 extracellular signal-regulated kinase-1/2 
EV empty vector 
FCS fetal calf serum 
FFPE formalin-fixed-paraffin-embedded 
FI fluorescence intensity 
FL full-length 
FOS FBJ murine osteosarcoma viral oncogene homologue 
GAP GTPase activating protein 
GD globular domain 
GDS guanine nucleotide dissociation factor 
GEF guanine nucleotide exchange factor 
GFP green fluorescence protein 
GI gastrointestinal 
H&E haematoxylin&eosin 
HSP90 heat shock protein 90 
HCS catalytical site (MTMs) 
HVR hypervariable region 
IB immunoblotting 
IF immunofluorescence 
IHC immunohistochemistry 
Ins(1,3)P2 inositol-1,3-bisphosphate 
KCA3.1 calcium-activated potassium channel SK4 
K-RAS Kirsten rat sarcoma viral oncogene homologue 
M7-CC514-554 recombinant MTMR7-CC mimicry protein 

MD molecular dynamics 
MEK1/2 mitogen-activated kinase kinase-1/2 
MT synthetic MTMR7-CC mimicry peptide 
MTM myotubularin 
MTMR7 myotubularin-related-protein-7 
MRI magnetic resonance imaging 
mTOR mechanistic target of rapamycin kinase 
NMR nuclear magnetic resonance 
OD optical density 
PET/CT positron emission tomography/computed tomography 
PH plextrin homology (domain) 
PI phosphatidyl-inositol 
PI3K phosphoinositide-3-kinase 
PI(3)P phosphatidyl-inositol-3-monophosphate 
PI(3,5)P2 phosphatidyl-inositol-3,5-bisphosphate 
PIP phosphoinositide 
PLC phospholipase C 
PS phosphatidylserine 
PTP protein tyrosine phosphatase 
RAF proto-oncogene serine/threonine-protein kinase 
RAB Ras-related protein 
RAL Ras-like proto-oncogene 
S6RP S6 ribosomal protein 
SC scrambled control peptide 
SCF subcellular fractionation 
SID SET-interaction domain 
SOS Son of Sevenless Homologue 
SRE serum-response element 
SV40 simian virus-40 
t time 
TAg large T-antigen 
UT untreated (control) 
VC vehicle control 
WT wild-type  
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5-bisphosphate (PI(3,5)P2) at the 3′-position [18]. In addition to the 
localization of MTMs at cellular membranes, MTMR7 also resides in a 
soluble form in the cytoplasm [12], where it metabolizes free inositol-1, 
3-bisphosphate (Ins(1,3)P2). Hitherto, the specific role of MTMR7 in 
tumour cells remains elusive. 

We previously showed that MTMR7 expression is frequently lost in 
tumour tissues from patients with colorectal cancer (CRC) [15]. We 
mapped the active region of MTMR7 responsible for PPARγ binding and 
activation to its CC domain [14]. Supplementation of a cell 
membrane-permeable MTMR7 mimicry peptide corresponding to this 
CC domain (MTMR7-CC) recapitulated the effects of pharmacological 
PPARγ activation in vitro and in vivo [14], and is thus expected to restore 
the tumour suppressor functions of MTMR7 [14]. 

Based on the functions of MTMs in endocytosis, subcellular traffic 
and recycling of the EGFR at intracellular membranes (e.g. endosomes) 
[19] together with the potent inhibition of ERK1/2 by MTMR7 [15], we 
hypothesized that the effect exerted by MTMR7 could be based on a 
direct inhibition of EGFR-activated RAS at cellular membranes, followed 
by mitigation of downstream signaling and tumour cell proliferation. 
Using a combination of cell and structural biology, and exploring mouse 
models, we demonstrate that MTMR7 co-localizes and directly interacts 
with the GI cancer-relevant K-RASG12V mutant by means of its CC 
domain. Overexpression of MTMR7 decreased the activity of RAS pro-
teins and reduced proliferation of human KRAS-mutated GI cancer cells 
in vitro and attenuated murine tumour growth in vivo. These efficacies 
were phenocopied by the previously designed MTMR7-CC peptide [14, 
15]. Our results offer detailed insight into a novel regulatory mechanism 
of K-RAS4B, which could be explorable for drug discovery and inhibition 
of mutant KRAS in human GI cancers. 

2. Materials and Methods 

2.1. Reagents 

Chemicals were purchased from Merck (Darmstadt, Germany) or 
Sigma (Heidelberg, Germany). Antibodies (Abs) and their applications 
are listed in Table S1. 

2.2. DNA-constructs 

Human full-length (FL) MTMR7 cDNA (start codon MEHIRT, aa 1- 
660, 76 kDa, NM_004686.4) was in pTarget (pT) vector (Promega 
GmbH, Mannheim, Germany) with or without green fluorescent protein 
(GFP) or FLAG tag [15]. Transient transfection and luciferase assays 
were performed as described [20]. 

2.3. Design and synthesis of peptides 

The MTMR7-CC (MT) peptide corresponded to the C-terminal 
leucine-rich amino acid (aa) sequence of human MTMR7 full-length (FL) 
protein (aa 521-550; SwissProt ID: Q9Y216.3: 
LMAVKEETQQLEEELEALEERLEKIQKVQL). The scrambled control (SC) 
peptide was designed based on the MT sequence using the random 
scrambling web tool (https://web.expasy.org/randseq/: VLQEEILE 
MTEEKALLQALLKKEQERVQEE). The peptides were synthesized by an 
automatic device with a myristic acid at the N-terminus and an amide at 
the C-terminus (ETH Zürich, Switzerland). Quality validation of 
sequence and purity was done by mass spectrometry, and the peptides 
were provided as lyophilized powder [21] as published previously [14, 
15]. 

2.4. Cloning, expression and purification of recombinant proteins 

The human MTMR7-CC cDNA (corresponding to aa residues R514 to 
K554, M7-CC) was cloned into a modified pET24a vector, encoding an 
N-terminal hexahistidine- and SUMO-tag (H6-SUMO). For 

quantification, a tryptophan at position 517 was added outside of the CC 
sequence to minimize potential effects on CC formation. 

After transformation of E. coli BL21(-DE3) (New England BioLabs, 
Frankfurt, Germany) with the plasmid, the M7-CC protein was produced 
using high salt Lysogeny Broth (LB) Medium at 37 ◦C, and expression 
was induced at an OD600 0.8–1.2 with 0.5 mM isopropyl-β-D-thio-
galactopyranoside (IPTG) for 4 h under shaking at 180 rpm. For isotope- 
labelled protein production, M9 minimal medium, containing 15NH4Cl 
as sole nitrogen source and 13C-glucose as sole carbon source was 
employed. Cells were harvested by centrifugation at 5.000×g for 20 min 
and resuspended in lysis buffer (20 mM imidazole, 4 M urea, 50 mM Tris 
pH 8, 200 mM NaCl, 10 % (v/v) glycerol). All buffers contained 5 mM 
β-mercaptoethanol. Then, cells were lysed using a cell disrupter (Con-
stant Systems Ltd., Daventry, UK) at 25 kpsi. The lysate was cleared by 
centrifugation at 20.000×g for 45 min, and the supernatant passed two 
times over 1 mL Ni-NTA resin (Qiagen, Hilden, Germany) which had 
been pre-equilibrated with lysis buffer. The resin was subsequently 
washed with 20 mL lysis buffer, 20 mL buffer B (10 mM imidazole, 50 
mM Tris pH 8, 1 M NaCl, 10 % (v/v) glycerol), 20 mL buffer C (20 mM 
imidazole, 1 % Triton X-100, 50 mM Tris pH 8, 200 mM NaCl, 10 % (v/v) 
glycerol) and 20 mL lysis buffer without urea. The M7-CC protein was 
then retrieved with elution buffer (500 mM imidazole, 50 mM Tris pH 8, 
200 mM NaCl, 10 % (v/v) glycerol) and dialysed into lysis buffer without 
urea and imidazole, together with 0.1 mg His-tagged ULP1-protease, 
purified as described in Ref. [22]. After cleavage, the dialysed sample 
was passed again over 1 mL Ni-NTA resin to remove the uncleaved 
protein and the protease. The flow through was then concentrated to 
1–2 mL, dialysed against 25 mM Tris pH 8 and purified on a HiTrap Q FF 
5 mL column using an ÄKTA pure 25 chromatography system (GE 
Healthcare, Munich, Germany). A gradient from 20 to 50 % (v/v) of 
elution buffer (25 mM Tris pH 8, 1 M NaCl) over 25 column volumes was 
used. The fractions containing pure M7-CC protein were pooled, the 
buffer changed into 25 mM ammonium-bicarbonate pH 9, and aliquots 
were flash-frozen with liquid N2 and freeze-dried. 

K-RAS wildtype (WT) and K-RAS G12V mutant full-length (FL) pro-
teins and the corresponding variants lacking the HVR (ΔHVR, corre-
sponding to residues 1-169) were cloned into the same vector as above 
with an N-terminal His6-SUMO-tag and produced in BL21 cells with 
auto-induction medium [23] at 37 ◦C. Expression was started at an 
OD600 of 0.6 by changing the temperature from 37 ◦C to 18 ◦C and 
allowed to proceed for 24 h. Cells where then harvested, and the lysate 
was collected as mentioned above (lysis buffer: 20 mM imidazole, 40 
mM HEPES pH 8, 500 mM NaCl, 5 mM MgCl2, 10 % (v/v) glycerol). All 
buffers were supplemented with 5 mM β-mercaptoethanol. The super-
natant was passed over a Ni-NTA resin as described before. Wash steps 
were done first with lysis buffer, followed by a wash step with lysis 
buffer supplemented with 1 M NaCl, and finally with lysis buffer again. 
Thereafter, the bound proteins were retrieved with elution buffer (lysis 
buffer supplemented with 500 mM imidazole). The protein was cleaved 
for 72 h at room temperature with ULP1-protease in a buffer containing 
40 mM HEPES, pH 8, 0.01 % (v/v) Triton X-100, 10 % (v/v) glycerol, 5 
mM MgCl2, 200 mM NaCl and 10 mM β-mercaptoethanol. Uncleaved 
proteins and the His6-SUMO tags were removed by passing the solution 
over the Ni-NTA column. The proteins were further purified by ion ex-
change chromatography using a HiTrap SP FF 5 mL column for FL 
proteins and a HiTrap QFF 5 mL column for ΔHVR proteins, by means of 
an ÄKTA pure 25 chromatography system (GE Healthcare, Munich, 
Germany) and size exclusion chromatography using a Superdex 200 
Increase 10/300 GL. The ion exchange buffers contained 25 mM bis-Tris 
pH 7.4, 5 % (v/v) glycerol and 5 mM MgCl2. The elution buffer contained 
the same components, but was additionally supplemented with 1 M 
NaCl. The size exclusion buffer contained 40 mM HEPES pH 8, 500 mM 
NaCl, 5 mM MgCl2 and 5 % (v/v) glycerol. To control the nucleotide 
cargo, a nucleotide exchange was performed as described in Ref. [24]. 
Nucleotides were GDP and GTPγS purchased from Biolog Life Science 
Institute (Bremen, Germany). 
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The K-RAS HVR mimicking peptide (K-RAS4B159-188) was produced 
at the ETH (Zürich, Switzerland) with 95 % purity and was further pu-
rified by HPLC. 

2.5. Animals 

The animal studies were conducted in agreement with the ethical 
guidelines of the University of Heidelberg and approved by the Gov-
ernment of Baden-Württemberg, Karlsruhe, Germany (G-188/18). 
C57BL/6J CEA424-SV40 TAg mice were described before [25]. Female 
animals (2 months of age, average body weight 20 g) received food and 
water ad libitum before drug administration. The MTMR7-CC (MT) and 
scrambled control (SC) peptides were dissolved in sterile DMSO diluted 
in PBS and administered intraperitoneally (i.p.) as a single dose of 30 
mg/kg per day, 4 times per week for 2 weeks. C57BL/6J Apcmin/+ mice 
were purchased from Jackson Labs. (Bar Harbour, MA). Male animals 
(10 weeks of age, average body weight 23g) were treated as indicated 
above. Thereafter, the animals were sacrificed, and the organs 
snap-frozen in liquid N2 or processed for formalin-fixation-and- 
paraffin-embedding (FFPE). 

2.6. Magnetic resonance imaging (MRI) 

MRI was performed on a 9.4T scanner (BioSpec 94/20 AVIII, Bruker 
BioSpin MRI GmbH, Ettlingen, Germany) using a transmit-receive vol-
ume resonator. After running T1-weighted fast low angle shot (FLASH) 
and T2-weighted spin echo rapid acquisition with relaxation enhance-
ment (RARE) sequence in axial and coronal direction for localization of 
the stomach and the tumour, a high resolution 2D T2-weighted Tur-
boRARE sequence with parameters echo time (TE)/repetition time (TR)/ 
flip angle (FA) = 20 ms/1364 ms/90◦, echo train length = 8, averages =
22, field of view (FOV) = 30 mm2, matrix = 192x192 resulting in an in- 
plane resolution of 0.156 mm2. In total, 15 slices with a slice thickness of 
0.25 mm were acquired. 

In addition, a 2D diffusion weighted single shot spin echo sequence 
with parameters TE/TR/FA = 17 ms/1500 ms/90◦, averages = 2, FOV 
= 30 mm2, matrix = 128 x 128, resulting in an in-plane resolution of 
0.25 mm2 was recorded. In total, 15 slices with a slice thickness of 0.25 
mm were acquired. Four diffusion values were selected (b = 0, 400, 800, 
1400 s/mm2). In both sequences, fat saturation was performed. This 
image acquisition was repeated after oral injection of 250 μl mannitol 
(2.5 % w/v) to fill the stomach and to alter the contrast between the 
stomach, the stomach wall and the tumour. The tumour volume was 
determined in axial, T2 weighted images after mannitol application 
using Horos (software version 3.14.006; https://horosproject.org). 

2.7. Immunohistochemistry (IHC) 

Haematoxylin & Eosin (HE) and antibody (Ab) staining were con-
ducted on deparaffinized FFPE tissue sections as described [15]. For 
IHC, antigen retrieval was done with heating in citrate buffer, and H2O2 
to block endogenous peroxidase activity. Staining was then processed 
using Abs (at a dilution of 1:100-1:250) followed by detection with 3, 
3′-diaminobenzidine (DAB, VectorLabs, Peterborough, UK) and coun-
terstaining with haematoxylin. 2D images of tumour or adenoma tissues 
were taken at a magnification of 100-200x. Qualitative and quantitative 
microscopic analysis (n = 5 fields per animal) was done manually and 
supported by Image J (imagej.nih.gov/ij). Tumour areas were measured 
in H&E stainings, then normalized to the area of the lamina muscularis 
mucosae and calculated in μm2. The number of tumour cells with nu-
clear positivity of Ki67 was counted per field and normalized to the 
tumour area in μm2 in the same field. The number of tumour cells with 
ERK1/2+ nuclei was counted per field and normalized either to the 
tumour area (CEA-SV40 TAg) or to the total nuclei count (Apc min/+) in 
the same field. The analyses were conducted observer-blinded using a 
standard bright-field microscope. 

2.8. Cell culture and assays 

Human embryonic kidney (HEK293T) and GI adenocarcinoma cell 
lines (all from the American Type Culture Collection (ATCC), Rockville, 
MD) were maintained as given by the provider. Colorimetric viability 
assays using 1-(4,5-dimethylthiazol-2-yl) 3,5-diphenyl-formazan (MTT) 
were conducted according to the manufacturer (Roche Diagnostics, 
Mannheim, Germany). 

2.9. Subcellular fractionation, RAS pull-down, Western blot 

Methods were performed as detailed elsewhere [26,27]. Briefly, total 
cell lysates were prepared from cells and subjected to immunoprecipi-
tation (IP), followed by SDS-PAGE and detection by Western (immuno) 
blot (IB). Subcellular fractionation (SCF) followed a previous protocol 
[26,27]. RAS pull-down (GTPase activity) assays were conducted as 
recommended by the manufacturer (Biocat, Heidelberg, Germany). 

2.10. Immunofluorescence (IF) 

Staining and image acquisition was done as before [28,29]. Auto-
matic counting of fluorescence signals (n ≥ 5 cells per field, n = 5 fields 
per image) from Abs and 4′,6′-diamidino-2-phenylindole (DAPI) was 
performed with Image J (imagej.nih.gov/ij). The actin cytoskeleton was 
visualized with phalloidin dye. Ab staining and image acquisition were 
conducted in triple colour mode as described and as given by the 
manufacturer (Zeiss GmbH, Hallbergmoos, Germany). 

2.11. Patch-clamp 

Standard patch-clamp recording techniques were used to measure 
currents in the whole-cell configuration. Patch electrodes were pulled 
from borosilicate glass capillaries (MTW 150F; World Precision In-
struments, Friedberg Germany) using a DMZ-Universal Puller (Zeitz- 
Instrumente Vertriebs GmbH, Planegg, Germany). The electrodes were 
filled with pre-filtered pipette solution (126 mM KCl, 6 mM NaCl, 1.2 
mM MgCl2, 5 mM EGTA, 11 mM glucose, 1 mM MgATP, 0.1 mM 
Na3GTP, and 10 mM HEPES adjusted to pH 7.2 with KOH). 

Currents were recorded at room temperature with an EPC-8 ampli-
fier (HEKA Elektronik, Stuttgart, Germany) connected via a 16-bit A/D 
interface to a pentium IBM clone computer. Before digitization to 5 kHz, 
the signals are low-pass filtered (1 kHz). Data acquisition and analysis 
were performed using an ISO-3 multitasking patch-clamp program. For 
whole cell recordings, the bath was superfused with physiological saline 
solution (PSS: 130 mM NaCl, 5.9 mM KCl, 2.4 mM CaCl2, 1.2 mM MgCl2, 
11 mM glucose, 10 mM HEPES, pH 7.4 with NaOH), and the pipette 
resistance ranged from 2 to 3 MΩ, and the electrode offset potentials 
were always zero-adjusted before a Giga-seal is formed. After obtaining 
a Giga-seal, the membrane under the pipette tip was disrupted by 
negative pressure so that the whole-cell configuration was established. 
Afterwards, the membrane capacitance and series resistance were 
compensated (60–80 %), and whole-cell currents were elicited by 
applying 300 ms step pulses to potentials ranging from − 80 mV to +80 
mV in 10 mV increments from a holding potential of − 50 mV. Currents 
were recorded by ISO-3 and saved on the computer for data analysis. 
Measurements of the whole-cell currents took place at the end of each 
pulse and were normalized to cell capacitance to calculate the current 
density (pA/pF) which was then plotted vs. the respective voltages, 
yielding the activation (I/V) curves of the channels in the cell. The SK4 
channel blocker, TRAM 34 or clotrimazole were applied to cells by a 
perfusion pipette. The blocker-sensitive currents were separated from Im 
as SK4 channel currents (ISK4). 
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2.12. Circular dichroism (CD) 

Far-UV CD spectra were recorded using a Jasco-J-815 device 
installed with a Peltier controlled cuvette holder (https://jascoinc.com). 
Spectra were recorded at 10 ◦C between 260 and 195 nm, data pitch of 
0.5 nm and a digital integration time of 2 s, path length of 0.1 cm and a 
scan speed of 10 nm/s, accumulating 5 scans. For the MT peptide, 
additional measurements (only from 225 to 220 nm) were performed at 
a scan speed of 10 nm/s, accumulating 15 scans. 

Only measurements at a high tension (HT) voltage below 600 V were 
included, and identical settings were used to record a spectrum of the 
buffer, which was then subtracted. Peptide and proteins were dissolved 
at room temperature in PBS buffer (pH 7.3) and 137 mM NaF at con-
centrations from 20 to 400 μM. The ellipticity was converted to mean 
residue weight ellipticity using equation (1). 

[θ]MRE =

MW
(n− 1) mdeg

10cd
(1)  

where [θ]MRE is the mean residue weight ellipticity, c the concentration 
in g/L, n the number of residues, d the path length in cm and MW the 
molecular weight in Da. 

To calculate percentage of helicity, equation (2) was used [30]. 

%Helicity= 100
[θ]222

− 40, 000
(

1 − 2.5
n

) (2)  

where [θ]222 is the MRE at 222 nm and n, the number of peptide bonds. 
To obtain KD values, the data was fitted using a biphasic dose response 
curve (GraphPad Prism software, version 10.1.2, La Jolla, CA), 
excluding the outlier at 360 μM at 10 ◦C. Helicity was predicted using 
the Agadir webserver [31–33] at pH 7.3, ionic strength of 0.137 and 238 
K, to mimic CD experiment conditions at 10 ◦C. No terminal protections 
were chosen. Far-UV CD spectra of K-RAS FL and K-RASΔHVR in GTP and 
GDP-loaded states were measured for both WT and G12V isoforms, using 
identical settings as for the MT peptide and the M7-CC protein, but 
supplemented with 5 mM MgSO4 to the CD buffer for K-RASΔHVR. Pro-
tein concentrations ranged from 8 μM to 15 μM. 

2.13. Nuclear magnetic resonance (NMR) spectroscopy 

NMR samples containing 40–433 μM 13C,15N-M7-CC protein, in the 
same buffer as the CD samples, were supplemented with 10 % D2O (v/v) 
and 0.7 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as a 
reference. For interaction studies with FL K-RAS protein variants, the 
buffer had 20 mM potassium phosphate (pH 7.4), 5 mM MgCl2 and 50 or 
150 mM KCl. The interaction with the K-RAS HVR mimicking peptide 
was probed in the same buffer at 50 mM KCl with 40 μM M7-CC protein 
and 800 μM HVR peptide. The interaction with the globular domain 
(GD) of K-RAS (K-RASΔHVR) was probed in the same buffer as with the 
HVR peptide, keeping M7-CC constant at 40 μM and titrating the K- 
RASΔHVR into it, using concentrations between 80 and 5 μM. All NMR 
spectra were acquired at 283 K on a Bruker AVANCE III 750-MHz (1H) 
spectrometer (Billerica, MA), equipped with a cryogenic probe, except 
for measurements with FL K-RAS protein variants, which were per-
formed at 298 K. For interactions with the K-RASΔHVR, the spectra were 
acquired on a Bruker AVANCE III 600-MHz (1H) spectrometer. Free 
induction decays were transformed and visualized in NMRPipe [34] or 
Topspin (Bruker Biospin) and subsequently analysed using the CcpNmr 
Analysis software [35]. Proton chemical shifts were internally refer-
enced to DSS at 0.00 ppm, with heteronuclei referenced by relative 
gyromagnetic ratios. Assignments of backbone nuclei of M7-CC were 
performed manually at 160 μM from the analysis of 15N-1H-HSQC, 
13C-1H-HSQC, HNCACB, HNCOCACB and HNCO spectra acquired with 
nonuniform sampling [36] using standard pulse sequences (BMRB; ID: 
52269). Secondary chemical shifts (SCSs) of the M7-CC were calculated 

based on Cα shifts and predicted random coil values [37]. To determine 
the intensity changes, (I/I40μM)-ratios were calculated using the in-
tensities of the peaks in the 15N-1H-HSQC at different concentrations 
relative to 40 μM, as described by equation (3). Intensities at each 
concentration where internally normalized to the most intense peak 
from K554 outside the coiled coil (CC) region. 

I/I40μM
=

⎛

⎜
⎜
⎜
⎜
⎝

Iresidue
x μM

/(
IK554
x μM

IK554
40 μM

)

⎞

⎟
⎟
⎟
⎟
⎠

Iresidue
40 μM

(3)  

2.14. Oxidation assay 

Two samples of M7-CC protein in CD buffer were prepared at three 
concentrations: 20 μM, 40 μM and 1000 μM (all in 40 μL). One sample of 
each concentration was supplemented with 2 μL of H2O2, the other was 
kept for 4 h in air and was thoroughly mixed. From the latter samples, 
20 μL was extracted to generate new samples, to which 1 μL of 1 M DTT 
was added. All samples were subsequently supplemented with SDS 
sample buffer and boiled for 5 min at 95 ◦C, followed by analysis on 15 
% (v/v) SDS-PAGE gels. 

2.15. Computational model of the MTMR7-CC domain dimer 

The M7-CC protein sequence was submitted to the CCBuilder web-
server, putting the first amino acid at position “a” of the heptad repeat, 
and setting the oligomeric state as dimer [38]. The resulting M7-CC 
dimer was then submitted to the YASARA energy minimization server 
for optimization [39], using the standard settings of the webserver. 
Structural analysis was performed in the PyMOL Molecular Graphics 
System (version 2.4.1 Schrödinger, LLC). 

2.16. Radiochemistry 

A late stage radiofluorination approach was employed to for radio-
labelling of the MT peptide with fluorine-18. The prosthetic group, [18F] 
FPAT, was produced and appended to the MT peptide via potassium 
acyltrifluoroborate (KAT) ligation as recently described [40]. The 
identity of [18F]MT was confirmed by co-injection with the corre-
sponding non-radioactive reference MT peptide. 

2.17. In vivo positron emission tomography (PET) imaging 

Animal care and study procedures were in accordance with the Swiss 
Animal Welfare legislation. The experiments were authorized by the 
Veterinary Office of the Canton Zurich, Switzerland. Wistar male rats 
were acquired from Charles River (Sulzfeld, Germany). Isoflurane was 
used for anaesthesia, and the rat underwent a 60 min dynamic scan 
(kidney and liver regions) inside a PET/CT scanner (Super Argus, 
Sedecal, Madrid, Spain) upon tail-vein injection of 15.49 MBq of the 
[18F]MT peptide. The PET scan was followed by computed tomography 
(CT) for anatomical alignment. The scan was analysed using PMOD 
v4.002 (PMOD Technologies, Zurich, Switzerland). The data was 
reconstructed in user-defined time frames (voxel size of 0.3875 ×
0.3875 × 0.775 mm) as previously described [41]. 

2.18. Ex vivo biodistribution 

[18F]MT peptide was administered to three male Wistar rats (base-
line) via tail-vein injection. The animals were anesthetized using iso-
flurane prior to decapitation at 30, 60 and 90 min, post-injection, 
respectively (n = 1 per time point). Organs were dissected, weighed, 
and the radioactivity in each organ was quantified using a γ-counter 
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(PerkinElmer, Schwerzenbach, Switzerland). The results are reported as 
% normalized injected dose per g of tissue. 

2.19. Statistics and software 

Results are means ± S.E. from at least 3 independent experiments 
from (i) the same cell line from consecutive cultivation passages or (ii) 
from different individuals (mice). Optical density (O.D.) values from 
MTT assays were normalized by division through the baseline value, 
defined as 100 % or -fold 1. The O.D. values from bands in Western blots 
were normalized to house-keeper proteins (HSP90, Lamin A/C, β-actin) 
and calculated as -fold of control. The Ct values from RT-qPCRs were 
normalized to the house-keeper gene (B2M) and calculated according to 
the ΔΔCt method [42]. 

Statistical analysis was conducted with Graphpad Prism software 
(version 6.0, La Jolla, CA). Tests were two-sided, and p-values <0.05 
considered significant and marked by asterisk (*). Open access web tools 
were RCSB Protein Data Bank PDB (https://www.rcsb.org), NCBI 
BLASTp (https://www.ncbi.nlm.nih.gov) and cBioPortal of Cancer Ge-
nomics (https://www.cbioportal.org) [43]. Colocalization analysis was 
performed with ImageJ (imagej.nih.gov/ij) as follows: For RAB5, RAB9, 
calnexin and pan-RAS using GFP- or FLAG-tagged MTMR7 over-
expression, fluorescence intensity (FI) for the indicated Ab was 
measured in areas with high and low MTMR7 FI. For colocalization of 
pan-RAS and endogenous MTMR7, Pearson’s coefficient of red and 
green pixel intensities was determined using the JACoP Plugin. The FI 
thresholds were determined using Costes’ automatic threshold algo-
rithm [44]. The correlation diagram was created using the Colocaliza-
tion Finder plugin. 

3. Results 

3.1. MTMR7 localizes with endosomal markers at phospholipid-rich 
membranes 

When studied under the microscope, many MTMs appear as sub- 
membranal cytoplasmic-to-perinuclear “spots/punctae” in the cell, 
which colocalize with internal membranes (e.g., endosomes) [13]. To 
address if this was also true for MTMR7, HEK293T cells were transfected 
for 48 h with an expression plasmid encoding full-length (FL) MTMR7 
protein together with GFP-tagged constructs expressing the PH domain 
of protein kinase B (AKT) or phospholipase delta (PLCδ), respectively. 
These PH domains served as sensors for PIP-rich membranes. Cells were 
fixed and stained for immunofluorescence (IF) microscopy. Therein, 
MTMR7 was visible in the vicinity of the PH-AKT-GFP or PH-PLCδ-GFP 
domains, but not overlapping with the actin cytoskeleton (S1). 

To further evaluate the subcellular localization of MTMR7, HCT116 
cells, which had been previously evinced to express high levels of 
endogenous MTMR7 protein [15], were left untreated, while HEK293T 
cells, which express low levels of endogenous MTMR7 protein [15], 
were transfected with FLAG-tagged MTMR7 FL plasmid for 48 h. Cells 
were fixed and stained for IF analysis using Abs against organelle 
markers. In HCT116 cells, endogenous MTMR7 was found in the cell 
“body” as small spots/punctae identified as sub-membranal vesicles of 
late (RAB9+) endosomes (Fig. 1A). Ectopic MTMR7 colocalized with 
calnexin, a marker for the endoplasmic reticulum (ER) (Fig. 1B) and 
with early (RAB5+) endosomes (Fig. 1C). These patterns suggested that 
both endogenous and overexpressed MTMR7 protein are distributed in 
the cytosol around the endosomal system. 

3.2. MTMR7 colocalizes with pan-RAS and reduces GTPase activity in 
KRAS-mutated cancer cell lines 

Several MTMs localize to the endosomal system to alter subcellular 
traffic of the EGFR [19], and MTMR7 inhibits the downstream 
RAS-ERK1/2 and PI3K-AKT signaling pathways [15]. We therefore 

hypothesized that MTMR7 may negatively regulate p21 RAS GTPases. 
This idea was consistent with the notion that (i) stability and activity of 
RAS are dependent on binding to negatively charged phospholipids (e.g. 
PS) in cellular membranes [10,45] and (ii) MTMR7 dephosphorylates PI 
(3)P or PI(3,5)P2, thus lowering the richness of negative charges on the 
membrane inner leaflet. To achieve this effect, MTMR7 and RAS will 
need to inhabit the same cellular compartment as the endosomes and 
may interact directly with each other. 

To address this, SW480 cells with low expression of endogenous 
MTMR7 [15] were transfected with GFP-tagged MTMR7 FL plasmid for 
48 h followed by IF staining with pan-RAS Ab (Fig. 1D). The fluores-
cence intensity (FI) of pan-RAS was higher in cellular regions with high 
MTMR7 levels, suggesting that the two proteins are in vicinity and in 
compartments imaged by endomembrane markers. To assess the 
colocalization of endogenous MTMR7 and RAS proteins, IF staining with 
individual Abs against MTMR7 and pan-RAS was performed in HCT116 
cells, which have high endogenous levels of MTMR7. Colocalization 
analysis was conducted on n = 24 images containing n = 196 cells. 
Pearson’s Coefficient with Costes’ automatic threshold algorithm 
revealed a strong correlation between red (MTMR7) and green (pan--
RAS) pixel intensities (r = 0.966 M1 = 0.847 & M2 = 0.986) indicative 
of a high probability of colocalization (Fig. 1E and F). 

To test whether MTMR7 can alter the GTPase activity of RAS pro-
teins, GST-pulldown assays were performed. Human GI cancer cell lines 
with different KRAS mutations (G12V, G12D, G13D) [46] were trans-
fected with empty vector (EV) or MTMR7 FL plasmid for 48 h (Fig. 2A). 
Total cell lysates were then incubated with recombinant GST-tagged 
RAL-GDS, a bait for the detection of active GTP-bound pan-RAS 
(N-RAS, H-RAS, K-RAS). This molecule is a guanine nucleotide dissoci-
ation stimulator (GDS) that directly interacts with RAS and functions as 
a RAS effector molecule. High pan-RAS activity was observed in cancer 
cell lines from the colorectum (SW480 KRASG12V), pancreas 
(PaTu8902 KRASG12V) and stomach (AGS KRASG12D) with KRASG12 
mutated alleles and in the CRC cell line HCT116 that harbours a 
KRASG13D mutation. In contrast, KRAS wild-type (WT) cells including 
HEK293T and the two CRC cell lines Caco2 and HT29 had no detectable 
active GTP-bound RAS, as previously shown [47]. The amount of 
GTP-bound RAS was significantly reduced after MTMR7 overexpression 
(Fig. 2A; *p < 0.05 MTMR7 vs. EV, One sample t-test, n = 3–5 per cell 
line). Thus, in summary, MTMR7 localizes to endosomal membranes and 
co-localizes with pan-RAS. Furthermore, overexpression of MTMR7 re-
duces GTPase activity in human KRAS-mutated cancer cell lines. 

3.3. MTMR7 inhibits EGF-stimulated ERK1/2 signaling 

To study the impact of MTMR7 overexpression on the EGFR-RAS- 
ERK1/2 signaling, cells (SW480, HEK293T) were transfected with EV 
or MTMR7 FL plasmid for 48 h, followed by an overnight (~16 h) serum- 
deprival and subsequent stimulation with EGF (50 ng/mL) for 0–30 min 
(Fig. 2B). Consistent with previous results using insulin [15], MTMR7 
overexpression reduced the phosphorylation of ERK1/2 compared to EV 
control (O.D. at time point = 5 min: EV 3.5 ± 0.4 vs. MTMR7 1.6 ±
0.5*107, *p = 0.044, t-test; n = 3 per cell line). 

We next asked if inhibition of the RAS-ERK1/2 cascade by MTMR7 
propagates to a reduction of down-stream transcriptional events in the 
nucleus. The serum-response-element (SRE) is a cis-acting DNA motif 
located in enhancers and promoters of immediate-early genes. It drives 
transcription of these genes (e.g. c-FOS) upon activation of the RAS- 
ERK1/2 pathway by mitogenic stimuli (e.g. EGF, serum) [48]. To 
assess the effect of MTMR7 overexpression on the transcriptional ac-
tivity of this pathway, HEK293T cells were co-transfected with a lucif-
erase reporter plasmid harbouring the SRE of the human c-FOS promoter 
together with EV or MTMR7 FL plasmid, respectively, followed by a 48 h 
incubation with or without fetal calf serum (FCS, 20 % v/v) as a mito-
genic stimulus. MTMR7 overexpression significantly lowered the 
SRE-driven luciferase activity in total cell lysates in absence (by 85 ± 3 
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Fig. 1. Subcellular localization of MTMR7. A, MTMR7 colocalizes with late endosomes. Immunofluorescence (IF) staining was performed in HCT116 cells (with 
high endogenous MTMR7 protein) using Abs against MTMR7 and RAB9 (late endosome marker). Quantification of stained slides revealed a higher RAB9 fluorescence 
intensity (FI) in cellular regions with high MTMR7 FI. Data are means of absolute FI ± S.E. (n = 6 fields, *p = 0.0051 MTMR7 high vs. low FI, paired t-test, n = 2). 
Colour legend: green = MTMR7, red = RAB9, blue = nuclei (DAPI); original magnification 630x, Scale bar = 10 μm. B-C, MTMR7 also colocalizes with the ER and 
early endosomes. HEK293T cells (with low endogenous MTMR7 protein) were transfected with FLAG-tagged MTMR7 full-length (FL) plasmid for 48 h, followed by 
IF staining with calnexin (B) or RAB5 (C). Increased FI for calnexin (ER marker) and RAB5 (early endosome marker) was detected in cellular regions with high 
MTMR7 FI as compared to regions with low MTMR7 FI. Data are means of absolute FI ± S.E. (panel B: n = 6 fields, *p = 0.0049; panel C: n = 5 fields, *p = 0.0171; 
MTMR7 high vs. low FI, paired t-test, n = 2). Colour legend: green = Calnexin/RAB5, red = FLAG-MTMR7, blue = nuclei (DAPI); original magnification 630x, Scale 
bar = 10 μm. D, MTMR7-GFP colocalizes with RAS proteins. SW480 cells (with low endogenous MTMR7 protein) were transfected with GFP-tagged MTMR7 FL 
plasmid for 48 h, followed by IF staining with pan-RAS p21 Ab. The RAS FI was higher in cellular regions with high MTMR7 FI. Data are means of absolute FI ± S.E. 
(n = 13 fields, *p = 0.0297 MTMR7 high vs. low FI, paired t-test, n = 2). Colour legend: green = GFP-MTMR7, red = pan-RAS, blue = nuclei (DAPI); original 
magnification 400x, Scale bar = 10 μm. E-F, Endogenous MTMR7 colocalizes with RAS proteins. HCT116 cells (with high endogenous MTMR7 protein) were 
subjected to IF staining with MTMR7 and pan-RAS p21 Abs. (E) Representative images. Colour legend: green = pan-RAS, red = MTMR7, blue = nuclei (DAPI); 
original magnification 630x, Scale bar = 20 μm. (F) Correlation diagram of red (MTMR7) and green (pan-RAS) pixel intensities of n = 24 images containing n = 196 
cells (r = 0.966 M1 = 0.847 & M2 = 0.986). 
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%) or presence (by 133 ± 33 %) of FCS (*p < 0.05 MTMR7 vs. EV, 
2wayANOVA, Bonferroni’s multiple comparisons test, n = 3) (Fig. 2C). 
Thus, MTMR7 inhibits ERK1/2 signaling, resulting in lowered tran-
scriptional activity of immediate early genes relevant for cancer cell 
proliferation. 

3.4. MTMR7 redistributes RAS at cellular membranes through 
electrostatic effects 

To address if MTMR7 affects the level and subcellular distribution of 
RAS, cells (HCT116, SW480, HEK293T) were transfected with EV or 
MTMR7 FL plasmid for 48 h, serum-deprived for overnight, followed by 
stimulation with FCS (20 % v/v) for 0–180 min before subcellular 
fractionation (SCF). Western blot analyses demonstrated that MTMR7 
overexpression exerted a trend for decreased pan-RAS protein levels in 
the insoluble fraction (~10–30 %) which contained cytoskeleton, matrix 
and membrane proteins (HCT116: p = 0.0467 EV vs. MTMR7, 2way-
ANOVA, n = 3 per cell line) (S2). However, no translocation of RAS 
protein to the soluble, cytosolic fraction was observed. 

To substantiate these findings, we performed IF microscopy on 
SW480 cells, which were transfected with GFP-tagged MTMR7 FL 
plasmid for 48 h before fixation and staining. The FI of pan-RAS protein 
was reduced at the cellular periphery in GFP positive MTMR7- 
transfected cells compared to GFP negative cells (*p < 0.05 GFP + vs. 
GFP-, t-test, n = 3) (Fig. 3A). This data confirmed that MTMR7 over-
expression lowers the recruitment of RAS proteins to cellular 
membranes. 

Previous studies have shown that changing the electrostatic mem-
brane potential results in detachment of RAS proteins from cellular 
membranes with subsequent inactivation in the cytosol [9]. Specifically, 
potassium chloride (KCl) triggers rapid depolarisation of the plasma 
membrane [9], resulting in fewer negative charges at the inner leaflet of 
the membrane. This again reduces the electrostatic forces for binding of 
the positively charged lysine-rich HVR of K-RAS4B, the major oncogenic 
variant in cancers [10]. We therefore tested the impact of MTMR7 on the 
amount of pan-RAS protein at cell membranes in the presence KCl. 

To this end, HEK293T cells were transfected with EV or MTMR7 FL 
plasmid for 48 h, followed by an overnight serum-deprival and subse-
quent incubation with 50 mM KCl for 0–30 min. Western blot analyses 
on total cell lysates revealed that, upon MTMR7 overexpression, KCl 
reduced pan-RAS protein levels within 0–5 min by 20–25 % compared to 
the EV control. After 30 min, KCl further reduced RAS protein to the 
level of the MTMR7-transfected cells (*p < 0.05 MTMR7 vs. EV, 2way-
ANOVA, Bonferroni’s multiple comparisons test, n = 3) (Fig. 3B, left). 

(caption on next column) 

Fig. 2. MTMR7 inhibits RAS signaling. A, MTMR7 reduces RAS GTPase ac-
tivity and pan-RAS protein levels. KRAS-mutated GI cancer cell lines 
(SW480, HCT116, PaTu8902, AGS) were transfected with empty vector (EV) or 
MTMR7 FL plasmid for 48 h, followed by GST-pulldown from total cell lysates 
using RAL-GDS as a bait for precipitation of active GTP-bound RAS proteins, 
which were then detected by Western blot with pan-RAS p21 Ab (specific for N- 
, H- and K-RAS). ERK1/2 or β-actin were not (except for AGS) precipitated by 
RAL-GDS and served as a control for equal loading (input). Representative 
images and quantifications. O.D. values from band in gels are calculated as % 
± S.E. (*p < 0.05 MTMR7 vs. EV, One sample t-test, n = 3–5 per cell line). B, 
MTMR7 inhibits EGF-stimulated ERK1/2 signaling. Cells (SW480, 
HEK293T) were transfected with EV or MTMR7 FL plasmid for 48 h, followed 
by serum-deprival for overnight (~16 h), and were then stimulated with EGF 
(50 ng/mL) for 0–30 min. Representative Western blots and quantitative ana-
lyses from total cell lysates. O.D. values from bands in gels are means ± S.E. (at 
time point = 5 min: *p = 0.044 MTMR7 vs. EV, t-test, n = 3 per cell line). C, 
MTMR7 inhibits c-FOS promoter transcription. HEK293T cells were co- 
transfected with SRE-driven c-FOS luciferase reporter gene plasmid together 
with EV or MTMR7 FL and incubated in absence (− /− ) or presence of FCS (20 
% v/v) for 48 h. Luciferase activity in total cell lysates was normalized to the 
protein content and calculated as % ± S.E. compared with day 0 (*p < 0.05 
MTMR7 vs. EV, 2wayANOVA, Bonferroni’s multiple comparisons test, n = 3). 
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In contrast to KCl, blockage of inward sodium ion channels, by e.g., 
amiloride, induces rapid hyperpolarisation of the plasma membrane, 
resulting in more negative charges at the inner leaflet of the phospho-
lipid bilayers, thus enhancing the electrostatic forces for binding of the 
HVR of K-RAS4B to membranes. Previous studies have shown that this 
leads to pronounced recruitment and activation of membrane-bound 
RAS [9]. We therefore tested Na+ channel blockage as above for KCl. 
HEK293T cells were transfected with EV or MTMR7 FL plasmid, 
respectively, and treated with or without amiloride (0.1 mM) for 0–30 

min. Western blot analysis on total cell lysates demonstrated that 
MTMR7 failed to reduce pan-RAS protein in presence of amiloride 
(Fig. 3C, left). Western blotting also confirmed that in 
MTMR7-transfected cells phosphorylation of ERK1/2 was reduced by 
KCl (Fig. 3B, right) but not by amiloride (Fig. 3C, right). 

Taken together, MTMR7 reduces the amount of RAS protein at 
cellular membranes. Moreover, membrane depolarisation imitates the 
effect of MTMR7 overexpression, whereas membrane hyperpolarisation 
reverses it. These findings suggest that electrostatic interactions could 

Fig. 3. MTMR7 inhibits binding of RAS to membranes. A, MTMR7 reduces membrane localization of RAS proteins. SW480 cells were transfected with GFP- 
MTMR7 FL plasmid for 48 h before IF microscopy. Fluorescence intensity (FI) was measured at the cellular periphery and the perinuclear region. Given are the 
ratios between the peripheral and perinuclear RAS FI. Note that the FI for RAS was reduced in single GFP-MTMR7 FL positive cells (white square). Data are mean 
relative FI ± S.E. (*p < 0.05 GFP + vs. GFP-, t-test, n = 3). Colour legend: red = pan-RAS p21 Ab, green = GFP, blue = nuclei (DAPI); Original magnification 400x, 
Scale bar = 10 μm. B, MTMR7 reduces RAS protein upon membrane depolarisation by KCl. HEK293T cells were transfected with EV or MTMR7 FL plasmid for 
48 h, followed by an overnight serum-deprival and subsequent incubation with 50 mM KCl for 0–30 min. Representative images and quantitative analyses from 
Western blots on total cell lysates. O.D. values were calculated as % ± S.E. of untreated EV control (*p < 0.05 MTMR7 vs. EV, 2wayANOVA, Bonferroni’s multiple 
comparisons test, n = 3). C, MTMR7 does not reduce RAS protein upon membrane hyperpolarisation by Na þ channel blocker amiloride. HEK293T cells were 
transfected as in B and subsequently incubated with 0.1 mM amiloride for 0–30 min. Representative images and quantitative analyses from Western blots. O.D. values 
were calculated as % ± S.E. of untreated EV control (n.s. MTMR7 vs. EV, 2wayANOVA, Bonferroni’s multiple comparisons test, n = 3). 
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play a role in inhibition of RAS by MTMR7. However, which domains in 
the two proteins account for their interaction remained elusive. 

3.5. The enzymatic activity of MTMR7 is dispensable for RAS inhibition 

To characterise the protein domain(s) in MTMR7 responsible for the 
observed effects on RAS, we asked whether inhibition of downstream 
ERK1/2 signaling depends on the enzymatic activity of the catalytical 
(HCS) domain of MTMR7, and hence the cellular PI(3)P pool. HEK293T 
cells were transfected with the SRE reporter together with EV or MTMR7 
FL plasmid for 6 h, then serum-starved overnight and stimulated with 
FCS (20 % v/v) for additional 48 h. In addition, PI(3)P was depleted 
using 1 μM of the PIK3C3/VPS34 inhibitor SAR405. Notably, PI(3)P 
depletion had no effect on the transcriptional activity of the SRE (S3). 
Thus, the enzymatic activity of MTMR7 seems dispensable for inhibition 
of the RAS-ERK1/2 pathway. 

3.6. The charged CC domain of MTMR7 is disordered and a candidate for 
RAS interaction 

We next focused on the C-terminal domain of MTMR7, searching for 
highly charged regions. Using IDDomainSpotter [49] (S4), we observed 
that the CC domain harbours both highly negatively and highly posi-
tively charged regions (Fig. 4A). The CC domain is responsible for het-
erodimerization with MTMR9, which in turn enhances the phosphatase 
activity of MTMR7 [12]. Therefore, this domain may be a candidate for 
the interaction with RAS proteins. 

The fragmental structures of some MTMs have been solved, but not 
that of MTMR7, and the CC domain was never included in any structural 
analyses due to its disorder [50]. We produced the CC domain (M7-CC, 
aa 514-554) as a recombinant protein in bacteria and compared its 
properties to the myristoylated MT peptide used in our previous study 
[14]. To improve purification, we added seven and four N- and C-ter-
minal flanking residues, respectively (Fig. 4B). 

Fig. 4. MT peptide and MTMR7 coiled coil domain (M7-CC) are disordered and can form helical dimers. A, Domain structure of MTMR7 FL enzyme. B, Sequences of 
the MT peptide and the M7-CC domain with numbering as in MTMR7 FL protein. Hydrophobic residues are in black and bold, basic residues in blue and acidic 
residues in red. MT is myristoylated at the N-terminus (Myr) and amidated at the C-terminus. Blue boxes mark the canonical CC domain aa sequence of MTMR7. C, 
Secondary structure of MT as a function of concentration measured by far-UV CD. D, Percentage helicity of MT as a function of concentration calculated from θ222 nm 
at different temperatures. E, Secondary structure of M7-CC as a function of concentration measured by far-UV CD. F, 15N,1H-HSQCs of increasing concentrations of 
15N -M7-CC. G, SCS of Cα-atoms as a function of sequence (M7-CC at 160 μM). Boxes mark transient helical regions. H, Peak intensity ratios at different M7-CC 
concentrations relative to the intensity at 40 μM, normalized to the intensity of K554. I, Non-normalized intensity changes of selected residues. J, SDS PAGE gel 
of M7-CC in oxidizing and reducing conditions at increasing concentrations. K, Cartoon representation of the model of the M7-CC parallel dimer stabilized by a 
cysteine bridge (shown as sticks). The canonical CC region is coloured in blue. Potential salt bridges are shown as dashed line, the hydrophobic core as transparent 
yellow spheres. 
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Far-UV circular dichroism (CD) spectroscopy on the myristoylated 
MT revealed that the peptide adopted a largely disordered structure at 
low concentrations. Notably, its helicity increased with higher peptide 
concentrations (Fig. 4C). At all temperatures tested, the peptide had a 
helical content of ~9 % at the lowest concentration, matching the ~12 
% predicted by Agadir [31–33]. Helicity increased with elevated peptide 
concentration to 55 %, 52 % and 38 % at 10 ◦C, 20 ◦C and 37 ◦C, 
respectively (Fig. 4D), and occurred in an apparent three-state reaction, 
where the helicity first reached a plateau and then continued to increase 
under continued peptide addition. For each dataset, two Kd values were 
extracted giving Kd values of 130–157 μM and 250–340 μM, respec-
tively. A comparable behaviour was observed for the recombinant 
M7-CC protein (Fig. 4E). This observation underscored its validity as a 
model for the MT peptide, despite being longer and not lipidated. In the 
M7-CC protein, helicity rose from 23 % to 56 % when the concentration 
was increased from 20 μM to 154 μM. This data shows that the 
MTMR7-CC domain can dimerize and likely also form higher order 
structures. 

3.7. Monomeric MTMR7-CC directly interacts with the globular domain 
of K-RAS 

To enable interaction analyses with K-RAS, we used nuclear mag-
netic resonance (NMR) spectroscopy. The NMR chemical shifts of all but 
the three N-terminal residues of the 15N,13C-M7-CC protein were 
assigned at a final concentration of 160 μM (BMRB, ID: 52269). The 
secondary structure content was derived from the secondary chemical 
shifts (SCSs) of the Cα atoms revealing two transient helical stretches 
with consecutive positive values: One N-terminally of the canonical CC 
sequence (W517-L521) and one in its C-terminal half (L535-K547) 
(Fig. 4G). The overall helical content based on NMR shifts was 17 %, 
corresponding to the disordered monomer observed by CD. 

Increasing the concentration of M7-CC led to consistent loss of NMR 
peak intensity covering the entire peptide (Fig. 4F, H-I), indicating a 
chemical exchange with an ‘NMR-invisible’ state. Above a concentration 
of 160 μM, four new peaks emerged, identified as the four C-terminal 
residues including the C552 residue. The increase in helicity observed in 
CD, along with the reduction of NMR peak intensities, suggested that the 
M7-CC domain formed concentration-dependent oligomers of higher 
helicity than the disordered monomers. To investigate whether parallel 
or anti-parallel dimers formed, we exploited the C-terminal C552 res-
idue. In parallel dimers, the C552 would form a disulphide bond at 
oxidizing conditions. M7-CC at different concentrations were oxidized 
with air or H2O2, then analysed by SDS-PAGE and compared to reduced 
samples (Fig. 4J). Only the monomer band was visible in all reduced 
samples. For all oxidized samples, two bands were visible, one of the 
monomer and one of a higher mass, corresponding to a dimer. A model 
of a parallel M7-CC dimer was then built using CCBuilder and optimized 
using the YASARA webserver (Fig. 4K). As depicted, the structure is 
stabilized by a hydrophobic core of leucines and isoleucines and by salt 
bridges between the residues E539 and R541 and K525 and E527, 
located in positions “e” and “g” of the heptad repeat. 

To address a direct interaction between MTMR7-CC and K-RAS, we 
produced the K-RAS WT and the K-RASG12V variant as recombinant 
proteins, both as FL enzyme and as the globular domain (GD), which 
lacked the HVR (ΔHVR). After confirming the folding of K-RAS and K- 
RASG12V by CD (S5), these proteins were loaded with different nucleo-
tide cargo (GDP and the non-hydrolysable GTP analogue GTPγS) and 
added individually to the 15N-M7-CC domain. NMR chemical shift per-
turbations (CSPs) and changes in peak intensities as a function of the K- 
RAS concentration were then compared with an NMR spectrum of the 
15N-M7-CC domain without K-RAS. 

For both K-RAS variants, the FL protein interacted only weakly with 
the M7-CC domain, as evident from the subtle CSPs shown in Fig. 5A 
(left). To test whether those weak interactions may occur in presence of 
the HVR, we added a K-RAS HVR mimicking peptide to the 15N-M7-CC 

protein. However, this interaction was even weaker than the one 
observed with the FL protein (Fig. 5A, right), and only visible at a 20- 
fold molar excess of the peptide. This result suggested that the HVR 
hinders rather than facilitates the interaction of M7-CC with FL K-RAS. 
We therefore intended to detach the HVR from the GD of the FL WT 
protein by increasing the salt concentration from 50 to 150 mM. Under 
these conditions, we observed binding of the M7-CC domain to the GDP- 
loaded FL K-RASWT protein, but not to its GTP-loaded state (S6). 

To elucidate this in detail, the interactions of the M7-CC domain with 
the ΔHVR protein variants of K-RASWT and K-RASG12V were probed in 
the GDP and GTP-loaded states, respectively. A loss of NMR peaks and 
large CSPs was already visible at a low molar ratio (1:2) of M7-CC and K- 
RASΔHVR proteins (Fig. 5B). Plotting the intensity loss per residue 
(Fig. 5C) revealed that both K-RAS variants interacted with the M7-CC 
domain via the same two interaction sites (IA1 and IA2) on MTMR7. 
IA1 included residues T518 – E527 and IA2, A537 – Q546. The strongest 
overall intensity loss was observed for the GDP-loaded K-RASWT, the 
weakest for the GTP-loaded K-RASG12V variant. This finding suggests a 
direct interaction between the M7-CC domain and the GD of K-RASWT/ 

G12V, whereas the HVR of K-RAS hinders the interaction. Thus, in sum-
mary, the MTMR7-CC domain exists as a disordered monomer at low 
concentrations and can form a parallel helical dimer at higher concen-
trations. Both the N- and the C-terminal ends of the MTMR7-CC domain 
directly interact with the GD of K-RASWT/G12V and prefer the GDP-bound 
over the GTP-bound states. 

3.8. The MT peptide inhibits proliferation of KRAS-mutated cancer cells 
in vitro 

Based on the direct interaction of K-RAS with the M7-CC domain 
observed by NMR, we next asked whether the synthetic MT peptide can 
phenocopy the effect of the MTMR7 FL enzyme in cancer cells. Four 
human cancer and HEK293T cell lines were cultured for 48 h in the 
presence of increasing concentrations of MT peptide, and the viability 
was measured by MTT assay (Fig. 6A). IC50 values were extracted from 
sigmoidal dose-response curves (HCT116: 0.1 μM; HEK293T: 0.13 μM; 
AGS: 0.11 μM; SW480: 0.12 μM). Time-dependent responses were 
measured over 24–72 h in the presence of MT or a scrambled control 
(SC) peptide (both at 1 μM), and viability measured as in A (Fig. 6B and 
C). Compared with the SC peptide, the MT peptide inhibited cell growth 
within 48–72 h in SW480 (by 166 ± 46 %), HCT116 (220 ± 65 %), AGS 
(94 ± 24 %), PaTu8902 (105 ± 21 %) and HEK293T (59 ± 25 %) (*p <
0.05 MT vs. SC, 2wayANOVA, Bonferroni’s multiple comparisons test, n 
= 3–5 per cell line). Thus, the MT peptide mimics growth inhibition in 
the same set of cell lines as achieved before by overexpression of the 
MTMR7 FL enzyme [15]. 

3.9. The MT peptide inhibits EGF-stimulated ERK1/2 signaling 

To explore if the MT peptide also phenocopies inhibition of RAS- 
ERK1/2 signaling exerted by the MTMR7 FL enzyme, the cell lines 
(SW480, HCT116, HEK293T) were incubated with MT or SC peptide 
(both at 1 μM) for 24 h, followed by serum deprival overnight and 
subsequent stimulation with EGF (50 ng/mL) for 0–30 min. Western blot 
analyses on total cell lysates showed a reduced phosphorylation of 
ERK1/2 in all cell lines tested (*p < 0.05 MT vs. SC, 2wayANOVA, 
Bonferroni’s multiple comparisons test, n = 3 per cell line) (Fig. 6D). 
However, no effect on the phosphorylation of AKT was seen (S7), indi-
cating that the peptide cannot substitute for all modes of action exerted 
by the FL enzyme. 

To analyse whether the observed effects of the MT peptide on 
signaling close to cell membranes would be propagated to the tran-
scriptional machinery in the nucleus, the cell lines (SW480, HCT116, 
HEK293T) were transfected with the c-FOS SRE luciferase reporter gene 
plasmid and treated with MT or SC peptide (both at 1 μM) for 24–48 h, 
respectively. All cell lines displayed a reduced activity of the c-FOS 
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Fig. 5. M7-CC directly interacts with K-RAS. A, 15N,1H-HSQC of 15N-M7-CC alone and with GDP-loaded FL K-RASWT at ratios of 1:2.5 and 1:12.5 (left) and 15N-M7- 
CC alone and with the HVR of K-RAS4B at a ratio of 1:20 (right). B, 15N,1H-HSQC of 15N-M7-CC alone and with GDP- (left) and GTPγS-bound (right) K-RASWT

ΔHVR at a 
ratio of 1:2. Below the respective 15N,1H-HSQC-spectrum, a section of a31P-1D-spectrum is shown, confirming the nucleotide cargo of the respective K-RASΔHVR. C, 
Peak intensities plotted as a function of the M7-CC sequence for titrations of the 15N-M7-CC with, from top to bottom: GDP-bound K-RASWT

ΔHVR, GTPγS-bound K- 
RASWT

ΔHVR, GDP-bound K-RASG12V
ΔHVR and GTPγS-bound K-RASG12V

ΔHVR. Protein/Peptide graphics were generated using biorender.com. 
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promoter upon treatment with the MT compared with the control pep-
tide (*p < 0.05 MT vs. SC, 2wayANOVA, Bonferroni’s multiple com-
parisons test, n = 3 per cell line) (Fig. 6E). Conclusively, we found that 
the MT peptide can mimic the effects of the MTMR7 FL enzyme, con-
firming the CC domain as the active region of MTMR7 responsible for 
inhibition of RAS-mediated signaling in vitro. 

3.10. The MT peptide reduces proliferation of murine GI cancer in vivo 

We finally assessed whether the MT peptide also inhibits tumour 
growth in vivo. To determine its biodistribution in tissues, the MT pep-
tide was labelled with 18F-radionuclide and injected (i.p.) into Wistar 
rats. Positron emission tomography (PET) imaging revealed a strong 
signal in the liver and the intestinal tract (Fig. 7A). An ex vivo bio-
distribution analysis was performed after 30, 60 and 90 min post in-
jection. This analysis confirmed the data acquired by PET and 
additionally showed an accumulation of the 18F-radionucleide in the 
urinary tract indicative of renal excretion (S7). 

We then resorted to an established mouse model of gastric cancer. 
The CEA424-SV40 TAg transgenic C57BL/6J mice express the viral 
oncogene SV40 large T-antigen (TAg) driven by a promoter derived from 
the human carcinoembryonic antigen (CEA) gene. They develop rapid- 
onset, highly proliferative intraepithelial carcinomas in the pyloric re-
gion of the stomach and the upper duodenum with 100 % penetrance 
[25]. 

For experimental studies, female animals (2 months of age, average 
body weight 20 g) were randomized into treatment and control groups 
(n = 4–8 per group). Mice were either left untreated (UT), injected with 
vehicle (VC) alone or with peptides (MT or SC) dissolved in DMSO/PBS 
and administered i.p. as a single dose of 30 mg/kg per day, 4 times per 
week for 2 weeks. First, formalin-fixed paraffin-embedded (FFPE) tissue 
sections from explanted stomachs were stained with haematoxylin and 
eosin (H&E) dyes and subjected to histopathological analysis (Fig. 7B). 
2D quantification of the tumour areas in the pylorus and the upper 
duodenum showed that the MT peptide decreased the tumour area by 33 
± 9 % compared to mice treated with the SC peptide (*p < 0.05 vs. MT, 
1wayANOVA, Holm-Sidak’s multiple comparisons test, n = 4–8 mice per 
group). Thus, the MT peptide can reduce tumour growth in vivo. 

To critically test this finding, in situ detection of gastric tumours in 
mouse stomachs was performed using magnetic resonance imaging 
(MRI) (Fig. 7C and D) [51]. Mannitol was instilled into the upper GI 
tract post mortem and followed by acquisition of T1/T2 and diffusion 
weighted images from the anatomic region comprising stomach, py-
lorus and duodenum. Overall, the MT peptide decreased the tumour 
volume by 21 ± 9 % compared to the vehicle control (VC) (n = 3 mice 
per group). Immunohistochemistry (IHC) detecting the proliferation 
marker Ki67 demonstrated that the number of Ki67+ cells was lowered 
by 62 ± 17 % upon treatment with the MT peptide compared with the 
SC peptide (*p < 0.05 vs. MT, 1wayANOVA, Holm-Sidak’s multiple 
comparisons test, n = 4–8 mice per group) (Fig. 7E). This data indi-
cated a reduced proliferation of tumour cells upon administration of 
the MT peptide. 

Upon activation, ERK1/2 translocate to the nucleus [52]. Therefore, 
the fraction of cells positive for nuclear ERK1/2 staining can be used as a 
surrogate marker for ERK1/2 signaling activity. To assess if the MT 
peptide exerts its inhibitory effects on the RAS-ERK1/2 cascade also in 
vivo, we performed IHC detecting ERK1/2. Positivity for nuclear ERK1/2 
was decreased by 35 ± 16 % as compared to the SC peptide (*p < 0.05 
vs. MT, 1wayANOVA, Holm-Sidak’s multiple comparisons test, n = 4–8 
mice per group) (Fig. 7F), a finding which is indicative of inhibition of 
the RAS-ERK1/2 pathway by MTMR7 in vivo. Consistent with the pre-
vious Western blot analyses in vitro (S7), the MT peptide also failed to 
inhibit the AKT pathway in vivo. This conclusion was drawn upon 
quantification of IHC staining against the phosphorylated S6 ribosomal 
protein (S6RP), a major downstream target of PI3K-AKT-S6 kinase 
signaling (S7). 

To test whether inhibition of ERK1/2 signaling can also be achieved 
in a mouse model of colorectal carcinogenesis, 11 weeks old C57BL/6J 
Apcmin/+ mice were treated with MT peptide or VC as indicated above. 
The positivity for nuclear ERK1/2 was again decreased by 47 ± 7 % as 
compared to the VC (*p < 0.05 vs. MT, t-test, n = 5 mice per group) 
(Fig. 7G), confirming the inhibition of ERK1/2 by the MT peptide. In 
conclusion, the MT peptide could be detected in the respective target 
organs, therein mimicking the inhibitory in vitro effects of the MTMR7 
FL enzyme on the RAS-ERK1/2 signaling cascade and tumour cell pro-
liferation in two independent mouse models of GI cancer. 

4. Discussion 

Members of the MTM family are generally described as survival 
phosphatases promoting cellular proliferation and preventing apoptosis 
[53,54]. Opposing this paradigm, we previously provided evidence that 
MTMR7 concomitantly disrupts both ERK1/2 and PI3K signaling and 
increases the transcriptional activity of PPARγ, resulting in decreased 
proliferation of human cancer cells [14,15]. Here, we demonstrated a 
novel role for MTMR7 as a direct inhibitor of mutant RAS, which is the 
major upstream regulator of these signaling axes. Furthermore, we 
identified the CC domain of MTMR7 as the region responsible for signal 
inhibition. We show that the CC domain directly interacts with the 
globular domain (GD) of K-RAS preferably in its GDP-bound state. Using 
an MTMR7 CC-mimicking peptide (MT), we confirmed its anti-tumour 
efficacy in GI cancers in vitro and in vivo. 

We localized the MTMR7 FL enzyme at endomembranes of endo-
somes and the ER, where it may lower the amount of PI(3)P and PI(3,5) 
P2. All RAS proteins require extensive posttranslational modifications 
for proper localization and signaling, and K-RAS binds to negatively 
charged membranes containing PS and PIPs at the endosomal 
compartment [4,10,45,55]. Our subcellular fractionation and IF exper-
iments suggest a detachment of RAS from these (endo)membranes. 
Interestingly, we could not find evidence for an increase of soluble RAS 
(S2) indicating a rapid degradation of cytoplasmic RAS. MTMs shift the 
balance of poly-phosphorylated inositol moieties exposed at the inner 
leaflet of membrane bilayers in the vicinity of other negatively charged 
phospholipids like PS, to a less phosphorylated state [10,45]. However, 

Fig. 6. MT peptide phenocopies MTMR7 FL on RAS inhibition. A, MT peptide reduces proliferation of human KRAS-mutated cancer cell lines. Concentration- 
dependent growth inhibition. Cells (HCT116, HEK293T, AGS, SW480) were treated with the concentrations indicated of the MT peptide. Viability was measured by 
MTT assay after 48 h. O.D. values were calculated as % viability ± S.E. compared with day 0. Curve fitting to sigmoidal dose response was done with Graphpad Prism 
software (HCT116: IC50 = 0.1 μM, Hill slope ~ − 11.86, n = 3; HEK293T: IC50 = 0.13 μM, Hill slope = − 2.5, n = 5; AGS: IC50 ~ 0.11 μM, Hill slope ~ − 13.20, n = 3; 
SW480: IC50 ~ 0.12 μM, Hill slope ~ − 8.73, n = 3). B-C, Time-dependent growth inhibition. Cells (SW480, HCT116, AGS, PaTu8902, HEK293T) were treated 
with MT or scrambled control (SC) peptide (both at 1 μM) for the indicated time periods. Data were calculated as in A (*p < 0.05 MT vs. SC, 2wayANOVA, Bon-
ferroni’s multiple comparisons test, n = 3 per cell line; HEK293T: n = 5). D, MT peptide lowers EGF-mediated ERK1/2 signaling. Cells (HCT116, SW480, 
HEK293T) were incubated with MT or SC peptides (both at 1 μM) for 24 h, followed by serum deprival for overnight and subsequent stimulation with EGF (50 ng/ 
mL) for 0–30 min. Representative images and quantitative analyses from Western blots. O.D. values from phosphorylated (P)-ERK1/2 were normalized to general 
ERK2 and calculated as -fold ± S.E. compared to the corresponding time point = 0 values (*p < 0.05 MT vs. SC, 2wayANOVA, Bonferroni’s multiple comparisons test, 
n = 3 per cell line). E, MT peptide inhibits c-FOS promoter transcription. Cells (HCT116, SW480, HEK293T) were transfected with SRE-driven c-FOS luciferase 
reporter plasmid together with MT or SC peptide (both at 1 μM). After 24 and 48 h, luciferase activity in total cell lysates was measured, normalized to the protein 
content and calculated as -fold ± S.E. compared with day 0 (*p < 0.05 MT vs. SC, 2wayANOVA, Bonferroni’s multiple comparisons test, n = 3 per cell line). 
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Fig. 7. MT peptide inhibits tumour growth in vivo. A, Biodistribution of the MT peptide. Representative averaged coronal PET images showing the abdominal 
region of a Wistar rat after tail-vein injection of 15.49 MBq of [18F]MT under baseline conditions. PET images were averaged to four timeframes of 15 min each. LV: 
liver, D: duodenum. The colour bar indicates minimum and maximum uptake. B, MT peptide reduces proliferation of murine gastric cancer in vivo. 2D 
quantification of tumour areas: CEA424-SV40 TAg mice were left untreated (UT) or treated with vehicle control (VC), MT or SC peptides (i.p., 30 mg/kg per day, 4 
times per week) for 2 weeks. H&E-stained FFPE tissue sections from stomachs were measured. Tumour areas were normalized to the area of the lamina muscularis 
mucosae and calculated as mean (μm2) ± S.E. (*p < 0.05 vs. MT, 1wayANOVA, Holm-Sidak’s multiple comparisons test, n = 4–8 mice per group). C, In situ 
detection of gastric tumours in mouse stomachs. T1/T2 and diffusion weighted images from CEA424-SV40 TAg mice treated with VC or MT peptide were 
analysed by MRI. Tumour volume in T2 weighted images was measured and calculated as mean (mm3) (n = 3 mice per group). D, Representative T2 weighted 
images (top) and H&E-stained FFPE tissue sections (bottom). The tumour is marked (circles with white or black dashed line; top). LV: liver, ST: stomach, D: 
duodenum, CL: colon. Black and white images representing the tumour areas used for planimetry are shown below the H&E sections. E, Quantification of tumour 
cell proliferation. FFPE tissue sections from CEA424-SV40 TAg mice, treated as above, were subjected to IHC using Ki67 Ab. Ki67+ cells were counted in the tumour 
area of five fields per animal at a magnification of 100x. The number of Ki67+ cells was normalized to the tumour area in μm2 visible in each field and calculated as 
mean ± S.E. (*p < 0.05 vs. MT, 1wayANOVA, Holm-Sidak’s multiple comparisons test, n = 4–8 mice per group). Original magnifications 100x, Scale bar = 200 μm. 
F, Quantification of active ERK1/2 in CEA424-SV40 TAg mice with gastric cancer. In FFPE tissue sections from E, the number of ERK1/2+ nuclei (= cells with 
active ERK1/2 signaling) was counted in five fields per animal at a magnification of 100x normalized to the tumour area in μm2 in the same field and calculated as 
mean ± S.E (*p < 0.05 vs. MT, 1wayANOVA, Holm-Sidak’s multiple comparisons test, n = 4–8 mice per group). Original magnifications 200x, Scale bar = 100 μm. G, 
Quantification of active ERK1/2 in Apc min/+ mice with intestinal cancer. Mice were treated with VC or MT peptide (i.p., 30 mg/kg per day, 4 times per week) for 
2 weeks. In FFPE tissue sections, numbers of ERK1/2+ nuclei were counted in five fields per animal at a magnification of 100x and presented as % ± S.E of all nuclei 
in tumour cells (*p < 0.05 vs. MT, t-test, n = 5 mice per group). Original magnifications 200x, Scale bar = 100 μm. 
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depletion of the MTMR7 substrate PI(3)P did not alter MTMR7-mediated 
inhibition of RAS signaling, and MTMR7 overexpression did not alter the 
overall membrane potential (S8). 

Thus, while MTMR7 and RAS proteins are localized at the same 
cellular compartments, the enzymatic activity of MTMR7 does not seem 
to be responsible for the inhibition of RAS signaling. 

Since the CC domain-mimicking peptide achieved a very similar ef-
fect to the MTMR7 FL protein and lacks both the catalytic (HCS) site of 
the phosphatase and the N-terminal membrane-binding PH-GRAM 
domain, we suggest that inhibition of the RAS-ERK1/2-FOS axis is 
mediated by direct binding of the CC domain of MTMR7 to RAS, rather 
than by a direct impact on the cellular PIP pool, which constitutes only a 
very small fraction of total phospholipids in eukaryotic cells [10]. Our 
NMR studies gave a first picture of where and how MTMR7 interacts 
with K-RAS4B. The interaction occurs with the GD mainly through a 
mixture of hydrophobic and electrostatic interactions, including, most 
notably, three out of the four positive charges within the CC sequence of 
MTMR7. This also makes it unlikely that it would be an oligomeric state 
of M7-CC that could bind RAS, as these residues were found to be 
necessary for CC formation (Fig. 5) making them unavailable for dimer 
formation. It was possible to facilitate the interaction by detaching or 
removing the HVR. The interaction remains to be extensively charac-
terized, but it seems plausible that the binding of the CC domain might 
efficiently stabilize the inactive GDP-bound state of K-RAS, as we saw 
much weaker binding to GTP-loaded K-RAS, and overexpression of 

MTMR7 FL enzyme led to a decrease of active, i.e., GTP-loaded RAS 
(Fig. 5A). The effect of the nucleotide-cargo on M7-CC binding that we 
observed in the WT, was more pronounced for K-RASG12V. M7-CC bound 
only very weakly to the GTP-bound state of K-RAS4BG12V, making the 
nucleotide dependency of the binding stronger for the cancer mutant 
than for the WT (Fig. 5C). Also, M7-CC binding to GDP-bound KRASG12V 

was weaker than to GDP-bound K-RASWT. 
Conformational dynamics describing sampling of an active-like state 

of GDP-bound K-RASG12V have already been investigated computation-
ally, incorporating NMR and crystallography data [56]. This is supported 
by our data, where M7-CC greatly favours binding to the GDP-bound and 
likely inactive K-RASWT with weaker binding to GDP-bound K-RASG12V, a 
variant which samples the active state more readily. We hypothesize that 
this sampling of both active and inactive states is a universal trait of 
K-RAS GDs, and that nucleotide binding merely shifts the likelihood of 
finding K-RAS4B in one or the other state (GDP for inactive, GTP for 
active). M7-CC may bind the GD only when it visits the inactive state and 
enable trapping of K-RAS in this state. This conclusion is supported by the 
observation that M7-CC binds to the GTP-bound K-RAS, but weaker than 
to the GDP-bound K-RAS. A similar preference for the GDP-state was 
observed for covalent inhibitors of K-RASG12C. The inhibitor ARS-853 
conjugates rapidly to C12 immediately after GTP-hydrolysis, preventing 
the exchange of the newly formed GDP with GTP [57]. Whether M7-CC 
just stabilizes the inactive state or also prevents nucleotide exchange, 
like ARS-853, needs to be further investigated. 

Fig. 8. MTMR7 binds directly to specific K-RAS states. MTMR7-CC prefers binding to GDP-bound K-RAS over GTP-bound K-RAS. GDP-bound K-RAS populates the 
inactive state, which would be stabilized by MTMR7-CC (upper panel). Within the cell (lower panel), this preference might translate to MTMR7-CC binding to GDP- 
bound RAS, leading to depletion of the active state from the RAS equilibrium, thereby lowering overall RAS levels over time. This illustration was generated using 
biorender.com. 
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The fact that we needed to detach the HVR from the GD by increasing 
the salt concentration or by removing it to observe an interaction with 
the K-RAS protein, may be a hint towards the M7-CC binding site: It 
strongly suggest that the CC domain of MTMR7 competes with the 
positively charged tail of K-RAS4B for the same binding sites on the GD, 
which may be more accessible in the inactive state. It has been shown 
that the HVR of K-RAS can interact with the GD of K-RAS through 
electrostatic interactions and does so with especially high affinity when 
K-RAS is in the GDP-bound, inactive state [24]. 

In conclusion, MTMR7 may inhibit (K)-RAS via interaction between 
its CC domain and the globular domain (GD) of RAS, stabilizing an 
inactive GDP-bound state, an effect accompanied by a reduction in 
membrane-bound RAS and a possible increase in its degradation [55] 
(Fig. 8). Consequently, lowered RAS activity and/or stability culminates 
in inhibition of proliferation of KRAS-mutated cancer cells, thus making 
K-RAS directly druggable for novel treatment interventions. Future 
studies are needed to fully elucidate the details of this mechanism and 
discern its relevance for the three human RAS genes (K/N/HRAS) and 
the K-RAS protein variants (KRAS4A/B), which make unique contribu-
tions to tumour formation in given organs and tissues. 

In its role as a potential future therapeutic, we also characterized the 
MT peptide. Biophysical studies on this synthetic peptide and the 
extended recombinant M7-CC domain showed that both are disordered 
at low concentrations with increasing folding at higher concentrations, 
stabilized in a two-step process. These results may contribute to a better 
understanding of the structural behaviour of the CC domain of MTMs in 
general. While homodimerization was so far not been shown for MTMR7 
[58], the oligomer appears dynamic as it cannot be directly observed by 
NMR and only forms at high concentrations. At cellular concentrations, 
homodimerization might be negligible in the cytosol, also considering 
the presence of MTMR9 as a competing heterodimerization partner. For 
the peptide as a potential drug, concentration-dependent structural 
changes could be either detrimental or favourable. For other lipidated 
therapeutic peptides, the oligomeric state affected protein binding af-
finity [59], and it will be important to decipher which stoichiometry is 
most beneficial therapeutically and how to stabilize this state further. 

The NMR results provide a starting point for this, identifying 
stretches within the M7-CC with higher helical propensity than others. 
Such trigger-sequence feature is common in CCs and is indispensable for 
folding [60], forming inter- and intramolecular salt bridges to stabilize 
the structure [61,62]. The longest of the helical stretches in M7-CC, also 
present in the MT peptide, covers the dominantly positively charged 
region shown to interact with K-RAS. Trigger sequences are of interest 
for CC optimization, since introducing or stabilizing them can increase 
stability [63]. Designing variants of the MT peptide with altered stability 
of the trigger sequence or covalently linked in dimers or tetramers, and 
subsequently investigating their effect on GI cancer cell growth, could be 
an important next step that could pave the way towards more specific 
and reliable peptide-based drugs for cancer therapy. 

A question remains as to whether the MT peptide can fully substitute 
for the MTMR7 FL enzyme regarding anti-tumoral efficacies in vitro and 
in vivo. We did observe lack of PI3K/AKT-inhibition by the peptide as 
opposed to the FL enzyme. Thus, the full tumour suppressor potential 
may result from a combination of the enzymatic and heterodimerization 
effects of MTMR7, e.g. by binding to CC partners like MTMR9 [12], 
PPARγ [14,15] or K-RAS. Future mutagenesis studies will be required to 
fine-map the interactome of MTMR7. Squelching of signaling hubs by 
adaptor or scaffolding molecules, as exemplified here by the leucine 
zipper-like CC domains of MTMR7, may be superior to direct covalent 
inhibition of RAS to prevent drug-induced resistance over prolonged 
treatment times, a major obstacle for almost all small molecule-based 
treatments, which have been found to favour selection of 
drug-resistant clones in tumours. However, the either unknown or 
complex pharmacodynamics and -kinetics of peptides and peptidomi-
metics (e.g., nutlins, exenatide) is a serious draw-back and a cause of 
failure and high attrition rates during pre/clinical development phases. 

In summary, we have shown that MTMR7 functions as a tumour 
suppressor, which, by directly targeting mutant K-RAS via its CC domain 
downstream of the EGFR, inhibits proliferation and survival pathways in 
KRAS-mutated cancer cells elicited by RAS effectors. Mimicking MTMR7 
may thus be a promising approach for treatment of KRAS-mutated tu-
mours as opposed to the currently used BRAF, MEK1/2 [64] or mTOR 
inhibitors, which by targeting single signaling tiers lead to compensa-
tory up-regulation, shunting and defective negative feed-back loops 
culminating in failure of clinical responses in patients [65,66]. Based on 
our previous evidence [15] that loss of MTMR7 is a frequent event in e. 
g., colorectal cancer, pharmacological replenishment of this tumour 
suppressor network by exogenous administration of cell-permeable 
MTMR7-CC mimicry peptide(s) [14,15] or future peptidomimetics 
may provide a rationale for destroying mutant RAS and re-sensitize 
RAS-mutated tumour cells to clinical therapies targeting the EGFR (e. 
g., cetuximab) [1,3], regimens otherwise limited to a small subgroup of 
RAS WT patients. 
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