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Abstract
Partial epithelial-mesenchymal transition (p-EMT) has recently been identified as a hybrid state consisting of cells with
both epithelial and mesenchymal characteristics and is associated with the migration, metastasis, and chemoresistance of
cancer cells. Here, we describe the induction of p-EMT in starved colorectal cancer (CRC) cells and identify a p-EMT gene
signature that can predict prognosis. Functional characterisation of starvation-induced p-EMT inHCT116, DLD1, andHT29
cells showed changes in proliferation, morphology, and drug sensitivity, supported by in vivo studies using the chorioallantoic
membrane model. An EMT-specific quantitative polymerase chain reaction (qPCR) array was used to screen for deregulated
genes, leading to the establishment of an in silico gene signature that was correlated with poor disease-free survival in CRC
patients alongwith the CRC consensusmolecular subtype CMS4. Among the significantly deregulated p-EMT genes, a triple-
gene signature consisting of SERPINE1, SOX10, and epidermal growth factor receptor (EGFR) was identified. Starvation-
induced p-EMTwas characterised by increasedmigratory potential and chemoresistance, aswell as E-cadherin processing and
internalisation. Both gene signature and E-cadherin alterations could be reversed by the proteasomal inhibitor MG132.
Spatially resolving EGFR expression with high-resolution immunofluorescence imaging identified a proliferation stop in
starved CRC cells caused by EGFR internalisation. In conclusion, we have gained insight into a previously undiscovered EMT
mechanism that may become relevant when tumour cells are under nutrient stress, as seen in early stages of metastasis.
Targeting this process of tumour cell dissemination might help to prevent EMT and overcome drug resistance.
© 2024 The Authors. The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of The Pathological Society of Great Britain and
Ireland.
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Introduction

Metastasis remains the leading cause of tumour-related
death in colorectal cancer (CRC) [1]. Although advances

inmolecular analysis using single-cell or omics approaches
have significantly improved our understanding of
tumour progression over the past decade, the mecha-
nisms underlying CRC metastasis remain unclear.

Journal of Pathology
J Pathol 2024
Published online 18 January 2024 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/path.6240

ORIGINAL ARTICLE

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0003-0482-531X
mailto:regine.schneider-stock@uk-erlangen.de
http://wileyonlinelibrary.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpath.6240&domain=pdf&date_stamp=2024-01-18


A well-known driver of cancer metastasis is the
epithelial-to-mesenchymal transition (EMT), a differ-
entiation program by which epithelial cells acquire
mesenchymal-like properties that are necessary for
physiological processes such as gastrulation, neural
crest development, and wound healing [2]. The canoni-
cal EMT is characterised by the downregulation of epi-
thelial markers through transcriptional repression by
master EMT regulators such as the Snail, Twist, and
Zeb transcription factor families [3]. Epithelial markers
include membrane proteins, most notably E-cadherin
(CDH1) [4], a widely recognised tumour suppressor
and calcium-dependent cell adhesion molecule of the
cadherin superfamily [5]. Loss of these markers triggers
cell de-adhesion and subsequently enables their migra-
tory and invasive potential [6].
EMT research has witnessed a significant resurgence

as recent studies have shed light on the existence of
hybrid states within the spectrum of epithelial and
mesenchymal cells, challenging the traditional binary
categorisation. These hybrid states, known as partial
EMT (p-EMT), are now recognised as more influential
in promoting metastatic cancer cell dissemination. They
enable a collective migration of metastatic cells, which
contrasts with the relatively ineffective single-cell
migration associated with complete EMT [7,8]. While
EMT has well-defined endpoints, cell states resulting
from p-EMT are vaguely described, as they do not
fit neatly into either category [9]. In addition, it is still
unclear whether p-EMT truly resembles a subset of
EMT or represents a mechanism with distinct endpoints
of their own [10]. Although the induction of EMT via
pathways such as the TGF-β pathway is well
established [11], there is still a lack of knowledge
regarding the driving mechanisms of p-EMT.
Cancer cells are well known for their ability to reca-

pitulate and exploit distinct developmental programs,
such as EMT, to cope with selective pressures of
environmental stress [11]. Recent studies have identified
the metabolic reprogramming of cancer cells as a regu-
lator of p-EMT [12–14]. Indeed, cancer cells often rely
on aerobic glycolysis and glucose availability rather than
oxidative phosphorylation, a phenomenon known as the
Warburg effect [15]. Uncontrolled cell growth leads
to disproportionate distribution of nutrients along the
tumour microenvironment (TME). Therefore, cancer
cells often face an imbalance between nutrient supply
and demand, especially in the centre of the tumour
mass [16]. Consequently, these cells must adapt their
metabolism according to the availability of nutrients
in the surrounding TME. Although nutrient starvation
by glucose and growth factor deprivation are known to
induce EMT [17–19], the molecular signature and
the nature of transdifferentiation have not yet been
described. Recently, the ‘EMTome’ portal has pro-
vided EMT- and p-EMT-related gene signatures in
different cancer types [20]. Here, a highly multiface-
ted nature for p-EMT is suggested, which differs in a
stimulus-dependent manner.

In this study, we aimed to gain insight into themolecular
mechanisms of p-EMT induced by nutrient deprivation-
mediated metabolic stress in different colon cancer cell
lines. We functionally characterised the starved cells
in vitro and in vivo and identified a specific triple-gene
signature that might identify patients at risk for metastasis.
Spatial analysis of these gene signature markers allowed
the interpretation of the underlying molecular mechanism.

Materials and methods

Cell culture and reagents
All cell lines (HCT116, DLD1, HT29, HCT116 p21�/�,
and LoVo were cultured under standard conditions
(37 �C, 5% CO2). HCT116, DLD1, HT29, and LoVo
cells were maintained in RPMI 1640 medium
supplemented with 10% FBS and 1% penicillin–
streptomycin (P/S, all PAN Biotech, Aidenbach,
Germany). HCT116 p21�/� cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco™, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS, 1% P/S, 1% sodium
pyruvate solution (Sigma-Aldrich, St. Louis, MO, USA),
and 1% MEM-Non-Essential Amino Acids solution
(Gibco). All cell lines were regularly tested for myco-
plasma contamination and authenticated by Multiplexion
(Heidelberg, Germany) [21]. For drug testing, DAPT
(Santa Cruz Biotechnology, Dallas, TX, USA), TAPI-2
(Abcam, Cambridge, UK), MG132 (Calbiochem, San
Diego, CA, USA), and 5-FU (Sigma-Aldrich) were
used. See Supplementary material and methods and
supplementary material, Table S1 for further details.

Cell viability assays
To determine the appropriate dose for the treatment of
cells with drugs, a crystal violet assay was carried out.
For this, cells were treated with various concentrations
of DAPT (10–150 μM), TAPI-2 (0.625–80 μM), and
MG132 (0.075–5 μM) for 48 h.

To determine the susceptibility of cells to 5-FU, cells
were treated with control or starvation medium combined
with MG132, 5-FU, or both for 48 h. After treatment, cell
viability was determined by crystal violet or 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assays. Details are given in Supplementarymaterials
and methods and in supplementary material, Table S1.

Cell starvation assay
Cells were incubated in the starvation medium
(described in supplementary material, Table S2) for the
indicated time points. Details of treatment procedures
are given in Supplementary materials and methods.

Cell migration assay
Prestarved cells were seeded into two-well culture
inserts (Ibidi, Martinsried, Germany). On the next day,
cells were treated with 1.0 μg/ml mitomycin C
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(Sigma-Aldrich) for 2 h prior to the removal of the cell
culture insert. Migration was documented at 0 and 24 h
after insert removal. Details are given in Supplementary
materials and methods.

Western blotting
Cell pellets were collected by scraping and lysed in urea
lysis buffer, and western blotting was performed as
described previously [22]. In brief, 30–60 μg of proteins
were separated by SDS-PAGE and transferred onto
nitrocellulose membranes (GE Healthcare, Chicago,
IL, USA). After blocking, the membranes were probed
with primary antibodies overnight. Details are given in
Supplementary materials and methods. All antibodies
are listed in supplementary material, Table S3.

Immunofluorescence and confocal imaging
Cells were seeded either on 8-well μ-slides (Ibidi) or on
cover slips. After treatment, cells were fixed with 4%
paraformaldehyde (PFA), permeabilised in 0.1% Triton
X-100 (in PBS) and blocked with 1% BSA solution.
Cells were incubated with the primary antibodies for 1 h
at room temperature (RT) and subsequently probed with
secondary antibodies for 30 min at RT. Cells were
counterstained with DAPI (Catalogue No. MBD0015,
Sigma-Aldrich) and with phalloidin (Catalogue No.
PHDH1-A, Cytoskeleton Inc., Denver, CO, USA).

For live cell cytoskeleton staining, cells were seeded
on cover slips and treated as indicated. After treatment,
cells were stained with Hoechst 33342 (Catalogue No.
14533, Sigma-Aldrich) and CellMask Green Actin
(Catalogue No. A57243, Invitrogen™, Waltham,
MA, USA) for 3 h. Transporter and pump blockers
probenicid (Catalogue No. P36400, Invitrogen™) and
verapamil (Catalogue No. CY-SC001, Cytoskeleton
Inc.) were added to the staining mixture to prevent any
loss of signal due to export of the dyes. After staining,
cells were fixed in 4% PFA and imaged.

Images were captured using a Nikon Ti2, CQ1Confocal
Imaging Cytometer (Yokogawa Life Sciences, Tokyo,
Japan), Stellaris 8 (confocal, Leica, Wetzlar, Germany), or
Zeiss laser scanning microscopy system (confocal, LSMT-
PMTObserver ZI, LSM 710; Carl Zeiss Inc., Oberkochen,
Germany). Details of antibody dilutions and methods are
provided in Supplementary materials and methods.

RT-qPCR
Total RNA was extracted as described previously [22]
using the QIAzol® Lysis Reagent in combination with the
RNeasyMini Kit according to the manufacturer’s instruc-
tions (both Qiagen, Hilden, Germany). A list of primers
is provided in supplementary material, Table S4. See
Supplementary materials and methods for more details.

RT2 profiler PCR array
Two micrograms of isolated total RNA were transcribed
into cDNA using RT2 First Strand Kit. RT2 Profiler PCR

Arrays for EMT gene panel (#PAHS-090ZD-0803,
Qiagen) were performed using the RT2 SYBR® qPCR
Mastermix (Qiagen) as described in the manufacturer’s
protocol. See Supplementary materials and methods
for more details. PCR results are summarised in sup-
plementary material, Table S5.

Chorioallantoic membrane (CAM) assay
The CAM assay was performed as described
previously [23]. In brief, fertilised specific pathogen-free
(SPF) chicken eggs (VALO Biomedia, Osterholz-
Scharmbeck, Germany) were incubated at 37 �C and 60%
humidity in an upright position. For starvation,
HCT116 cells were starved for 48 h. On embryonic devel-
opmental day 9, 1 � 106 cells of control and prestarved
adherent HCT116 cells were resuspended in Matrigel
(Corning® Inc., Corning, NY, USA) and transplanted
onto the CAM. CAM tumours were resected after 5 days
of in ovo growth and prepared for immunohistochemical
evaluation. See Supplementary materials and methods
for more details.

Immunohistochemistry
After deparaffinisation, haematoxylin and eosin (H&E),
Picro-Sirius red and immunohistochemistry (IHC) for
E-cadherin, EGFR, and SOX10 was performed using a
Ventana BenchMark Ultra (Ventana Medical Systems,
Inc., Oro Valley, AZ, USA) in combination with an
UltraView Universal DAB Detection Kit (Roche, Basel,
Switzerland) following the manufacturer’s instructions.
PAI-1 IHC staining was conducted manually. Details
for antibody dilutions and slide scanning are provided in
Supplementarymaterials andmethods and supplementary
material, Table S6.

In silico analyses
Details for the generation of the three-gene signature on
GSE39582 and its validation on three additional datasets
(GSE17536 [24], an RNA-Seq dataset [25,26], and the
TCGA COAD data set [27,28]), as well as gene signa-
ture association with clinical data and the EMTome
database are explained in detail in Supplementary
materials and methods. Differential gene expression
was investigated between high- and low-risk group
samples of the GSE39582 dataset using the limma
package [29], followed by Gene Set Enrichment
Analysis (GSEA). For this, we used the fast GSEA
(fGSEA) package with the hallmarks molecular signa-
ture database (MSigDB) after converting the microar-
ray probes into their respective ENTREZ gene IDs and
listing them by log-fold-change [30–32].

Statistical analyses
Statistical analyses were performed using GraphPad
Prism version 8.3.0 (GraphPad, San Diego, CA, USA).
Statistical testing, n-numbers, and p values for statistical
significance are described in the figure legends.

Partial EMT signature in starved colon cancer cells 3

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2024
www.thejournalofpathology.com

 10969896, 0, D
ow

nloaded from
 https://pathsocjournals.onlinelibrary.w

iley.com
/doi/10.1002/path.6240 by C

ochraneItalia, W
iley O

nline L
ibrary on [19/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.pathsoc.org
http://www.thejournalofpathology.com


Statistical significance was defined as p < 0.05. See
Supplementary materials and methods for more details.

Results

Nutritional restriction triggers mesenchymal
characteristics in CRC cell lines via proteasomal
processing of E-cadherin
Nutrient deprivation is a typical metabolic challenge to
which tumours are constantly exposed [33]. Bymimicking
these conditions in vitro using a standardised starvation
protocol consisting of reduced levels of glucose,
glutamine, and serum (supplementary material, Table S2),

we studied three colon cancer cell lines (HCT116,
DLD1, HT29) representing three different basal EMT
stages according to Tan et al [34] (Figure 1A). We
observed that upon starvation, all three epithelial cell
lines exhibited macroscopic EMT-like phenotypes with
impaired intercellular adhesion and reduced cell num-
bers (Figure 1B). Starved HCT116 and DLD1 cells
revealed elongated cell bodies with a few dense adherent
junctions and the formation of spike-like structures
between neighbouring cells. In HT29 cells, single
clusters of tumour cells were visible (Figure 1B). This
phenotypic switch was consistently reversed by the sub-
sequent incubation of the cells with nutrient-rich cell
culture medium (recovery) (Figure 1B), and our data show
that this increase in the mesenchymal population upon

Figure 1. Nutrient restriction triggers partial epithelial-mesenchymal transition (p-EMT) in colorectal cancer (CRC) cells. (A) Upper part:
brightfield control images and EMT score of the three colon cancer cell lines HT29, DLD1, and HCT116 used in this study. Overview images
scale bar, 100 μm; insert scale bar, 25 μm. Lower part: EMT score was extracted from Tan et al [34] and is presented as the Avg. generic EMT
score. Created using BioRender.com. (B) Representative images of 48 h starved and recovered (48 h starved plus 24 h recovered) CRC cell lines
HCT116, DLD1, and HT29. Overview image scale bar, 100 μm; insert scale bar, 25 μm. (C) Migration assay of HCT116 cells displaying
enhanced mobility of 48 h starved HCT116 cells (arrowheads) versus untreated controls (drawn borders of pushing front). Representative
images. Overview image scale bar, 500 μm; insert scale bar, 250 μm. (D) Representative western blots of HCT116, DLD1, and HT29 cells with
p21-knockout HCT116 cells (p21�/�) as mesenchymal positive control. The E-cadherin band was slightly shifted downward in 48 h starved
cells (St) compared to untreated controls (Con) and recovered cells (Rec, 48 h starved plus 24 h recovery). (E and F) RT-qPCR for (E) CD133 and
(F) NANOG expressed as fold-change of 48 h starved and recovered (48 h starved plus 24 h recovered) HCT116, DLD1, and HT29 cells
compared to non-starved controls (***p < 0.001, *p < 0.05, Mann–Whitney test).
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starvation was not caused by apoptosis (supplementary
material, Figure S1A–C).

To evaluate the migration pattern of starved CRC
cells, we performed a migration assay of starved
HCT116, DLD1, and HT29 cells. Consistent with our
hypothesis, nutrient starvation resulted in rough cellular
edges at the thrust front with an EMT-like single-cell
migration pattern, in contrast to the clustered migration
pattern observed in non-starved cells (Figure 1C, and
supplementary material, Figure S1D). Next, we exam-
ined the two classical canonical EMT markers in CRC
cells, E-cadherin and vimentin. Interestingly, a shift of
the E-cadherin band from 120 kDa to a smaller band
of �115 kDa was observed in starved HCT116, DLD1,
and HT29 cells (Figure 1D). None of the cell lines
showed any upregulation of vimentin (data not shown).
Next, we performed RT-qPCR for four different
stemness markers, CD133, NANOG, CD44, and OCT4
(Figure 1E,F and supplementary material, Figure S1E,F).
We found that CD133 and NANOG were upregulated in
HCT116 and DLD1 cells upon starvation with a decr-
ease in the recovery phase partly even below the levels
of controls (supplementary material, Figure S1E,F).
Interestingly, HT29 cells having higher per se basal
endogenous CD133 levels (supplementary material,
Figure S1G) showed a delay in the upregulation of
CD133 andNANOG upon starvation but had significantly
higher levels in the recovery phase (Figure 1E,F).

Our findings suggest that nutrient starvation triggers
p-EMT in HCT116, DLD1, and HT29 cells that cannot
be classified as either fully epithelial or fullymesenchymal.
Moreover, this starvation-induced p-EMT seems to
be accompanied by an acquisition of stem-cell-like
properties.

Starvation-induced E-cadherin expression pattern
in vivo
Next, we evaluated E-cadherin expression and localisation
in vivo using the CAM assay. We observed no signifi-
cant reduction in the volume of tumours generated from
starved cells compared to tumours generated from
control (non-starved) cells. No other macroscopic
differences were observed (supplementary material,
Figure S2A,B). H&E staining of tumour sections revealed
a highly invasive growth pattern of the ovografts derived
from prestarved cells (Figure 2A). These ovografts
exhibited a fingertip-like infiltrative growth pattern at
the tumour invasion front, whereas tumours generated
with control cells invaded the CAMwith a clear pushing
front (Figure 2A). Consistent with our in vitro studies,
we observed two major phenomena: first, a loss of
E-cadherin membrane association in starved ovografts
at the tumour centre (Figure 2B,C), and second, a loss of
membranous E-cadherin at the invasion front visible as a
loss of sharp linings (Figure 2B). Single cells or small
cell clusters showed a complete loss of E-cadherin
staining (Figure 2B, magnifications), with the latter
effects being more pronounced in prestarved ovografts.
We suggest that the loss of membrane-localised

E-cadherin may have led to a loss of intercellular
adhesion, facilitating migration into the tumour-adjacent
stroma.

E-cadherin processing is controlled by the
ubiquitin–proteasome system (UPS)
Given the central role of E-cadherin in intercellular
adhesion and EMT and the post-translational processing
observed in three different cell lines under starvation
conditions, we sought to identify the key regulatory
mechanisms involved in this process. E-cadherin is
known to be cleaved by the autophagy-associated
enzyme γ-secretase complex, an intramembranous
protease complex that has been directly linked to
EMT [35]. However, inhibition of γ-secretase with DAPT
(N-[N-(3,5-difluorophenacetyl)-l-alanyl]-s-phenylglycine
t-butyl ester) did not prevent the macroscopic mesenchy-
mal phenotype observed in 2D cell culture and did not
inhibit the formation of the 115 kDa cleaved form of
E-cadherin (Figure 2D,E, left panels). We next tested
TAPI-2, a broad-spectrum inhibitor of tumour necrosis
factor-alpha converting enzyme (TACE) and a potent
E-cadherin cleaving protease [36]. However, TAPI-2
also failed to reverse the elongated cell shape and
E-cadherin processing observed upon nutrient starvation
(Figure 2D,E, middle panels). Finally, we focused on the
ubiquitin–proteasome system (UPS), which is strongly
implicated in cell survival during nutrient deprivation [37].
To test whether the UPS is involved in starvation-induced
p-EMT, we used MG132 to inhibit proteasomal
degradation. Interestingly, MG132 treatment of HCT116
cells reverted the elongated cell shape to the cobblestone
shape characteristic of epithelial cells and prevented the
cleavage of E-cadherin (Figure 2D,E, right panels). All
inhibitor concentrations were optimised for HCT116
cells in separate crystal violet assays to ensure that
non-toxic concentrations were used for the treatments
(supplementary material, Figure S3A–C). Next, we
investigated the role of MG132 in E-cadherin trafficking
and analysed the subcellular localization of E-cadherin
by immunofluorescence. We observed an upregulation
and internalisation of E-cadherin in starved HCT116
cells, which was reversed by MG132 treatment
(Figure 2F). Taken together, our results strongly suggest
a critical role of the UPS in the starvation-induced
processing of E-cadherin.

A p-EMT-associated gene signature has prognostic
value for CRC patients
Next, we investigated whether starvation resulted in
changes in the expression of EMT-related genes. We
performed a qPCR array analysis of HCT116 cell RNA,
which included 84 EMT-related genes (supplementary
material, Figure S4A, and Table S5). After starvation,
21 out of 84 EMT-related genes were found to be signif-
icantly deregulated (p < 0.05, 1-fold regulation), with 15
of them being associated with a ≥2-fold expression change
(Figure 3A,B and supplementary material, Figure S4B).
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Consistent with previously described EMT gene
expression patterns, IL1RN and TSPAN13were repressed
by starvation, whereas microtubule-associated protein 1B
(MAP1B), plasminogen activator inhibitor-1, PAI-1
(SERPINE1), EGFR, and SRY-box transcription factor
10 (SOX10) levels were significantly upregulated.
Interestingly, the expression of EMT drivers such as
secreted phosphoprotein 1 (SPP1), secreted protein
acidic and rich in cysteine (SPARC), Gem nuclear
organelle associated protein 2, SIP1 (GEMIN2), and
regulator of G-protein signalling 2 (RGS2) were
upregulated, whereas the levels of the EMT repressors
CDH1 (E-cadherin), Occludin (OCLN), and Tissue

Factor Pathway Inhibitor 2 (TFPI2) were also increased.
These data further support the induction of a p-EMT
phenotype upon starvation in HCT116 cells. The rela-
tionship between the deregulated genes is shown as a
STRING analysis map (Figure 3C).

We analysed the correlation of the significantly differ-
entially expressed genes identified from the qPCR array
with disease-free survival (DFS) in the GSE39582 dataset
using Cox regression analysis [38] and then used
machine learning [39] to construct a multigene signature
(EGFR, SERPINE1, and SOX10) using regularised Cox
regression (supplementary material, Table S7). We used
DFS as clinical endpoint with the aim of excluding other

Figure 2. Starvation-induced modifications of E-cadherin expression pattern in vivo and in vitro. (A) H&E staining of control and starved
HCT116-derived CAM ovografts showing collective pushing of control cells and an invasive growth pattern of starved cells (all images
10% brightness, 10% contrast). Overview image scale bar, 200 μm; enlarged section scale bar, 50 μm. (B) Immunohistochemistry (IHC) for
E-cadherin in non-starved HCT116-derived control and starved ovografts. Representative sections of ovograft tumour centres (TCs) and
invasion fronts (IFs) were enlarged (all images 15% contrast). Overview image scale bar, 200 μm; enlarged sections scale bar 20 μm.
(C) Quantification of E-cadherin-positive tumour cells (TC) in control (Con; blue) and starved (St; yellow) ovografts shows a decrease of
E-cadherin in starved tumour cells grown on the CAM. Data are presented as median with 95% confidence interval (*p < 0.05,
Mann–Whitney test). (D) Representative western blots for E-cadherin in HCT116 cells with untreated 48 h control (Con) and 48 h starvation (St).
DAPT (25 μM) and TAPI-2 (20 μM) treatment did not prevent the mobility shift of the E-cadherin band in starved cells. MG132 (proteasome
inhibitor, 150 nM) prevented the processing of E-cadherin after starvation. (E) Representative images of 48 h starved HCT116 cells and their
corresponding controls. DAPT (25 μM) and TAPI-2 (20 μM) treatment did not prevent the starvation-induced p-EMT phenotype. MG132
(proteasome inhibitor, 150 nM) prevented spindle-cell formation and partly retained intercellular adhesion. Overview image scale bar
100 μm; insert scale bar 25 μm. (F) Representative confocal images of HCT116 cells with E-cadherin (green), DAPI (blue), and phalloidin
(F-Actin; red) in 48 h control and 48 h starvation condition showing upregulated, intracellular E-cadherin upon starvation which was
prevented by MG132 (proteasome inhibitor, 150 nM) treatment (all images +40% brightness). Scale bar, 25 μm. Images were taken using a
Zeiss laser scanning microscopy system (�63 objective; confocal, LSMT-PMT Observer ZI, LSM 710).
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external factors due to the slow progress of colon cancer
disease as highlighted by Delgado and Guddati [40]. All
three genes were also listed as mesenchymal genes in the
EMT portal dataset [41].

The risk score generated by the coefficients of
SERPINE1, EGFR, and SOX10 allowed us to calculate
a risk score for each patient, and survival analysis
showed significant DFS difference between high- and
low-risk groups based on the median of the risk score
(Figure 3D, and supplementary material, Figure S5A–C).
A similar survival difference using the same model was

replicated on GSE17536 and TCGA-COAD cohorts
(supplementary material, Figure S5D,E), while we saw
no survival difference in the fourth dataset (RNA-Seq
dataset [31], results not shown). The performance of
the machine learning model on the training set, the
test set, and the entire GSE39582 dataset is shown in
supplementary material, Figure S5F–H, and that of
GSE17536 and TCGA-COAD in supplementary
material, Figure S5I,J, respectively. We found strong pos-
itive correlations (Pearson, p < 0.05) between the expres-
sion of each signature gene and the risk score on all the

Figure 3. A gene signature consisting of EGFR, SERPINE1, and SOX10 that is derived from starvation-induced p-EMT identifies high-risk CRC
patients. (A) Heatmap showing significant deregulation of genes following 48 h of starvation (St) of HCT116 cells compared to control
condition (Con) in the RT2 Profiler PCR Array. Relative upregulation (red) and downregulation (green) values are expressed as saturation. In
total, 84 EMT-related genes were tested. (B) Fold-change values portraying the alteration of gene expression of 48 h starved HCT116 cells in
relation to non-starved controls. (C) STRING analysis (version 11.0) displaying the significantly deregulated genes derived from RT2 Profiler
PCR Array (fold-regulation ±2) analysis. Housekeeping genes were excluded. (D) Kaplan–Meier plot reporting the difference in disease-free
survival (DFS) of patients classified into high-risk (n = 259) and low-risk (n = 260) groups according to the three-gene signature (red: high
risk, blue: low risk, HR: 2.578, log-rank test p < 0.0001). (E) Correlations of signature genes with risk score for GSE39582 (n = 519). Pearson
correlation coefficients (rp) are shown on title of each plot separately. (F) Correlations of signature genes with risk score for the dataset from
Gagliardi et al (n = 76) [26]. Pearson correlation coefficients (rp) are shown on title of each plot separately. (G) Risk score values and the
corresponding CMS extracted from the GSE39582 dataset (n = 475). Overall significance was determined by One-Way ANOVA (p < 0.001)
followed by Tukey’s post hoc test (significance bars). (H) Risk score values and the corresponding CMS extracted from the Gagliardi et al
dataset (n = 76) [26]. Overall significance was determined by one-way ANOVA (p < 0.001) followed by Tukey’s post hoc test (significance
bars). (I) Expression levels of EGFR, SERPINE1, and SOX10 in CRC tissues from patients stratified by metastatic status. Patients were derived
from the colon adenocarcinoma (COAD) cohort of the EMTome database (n = 445, M0 = 325 andM1 = 65 samples respectively; 56 samples
had no M-stage classification). A t-test was used to test significance (significance bars). (J) GSEA enrichment plot representing EMT hallmark
obtained from GSEA analysis of high- versus low-risk score (supplementary material, Table S9 shows results for all the hallmarks).
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001).
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datasets tested (GSE39582, Figure 3E; RNA-Seq
dataset [31], Figure 3F; GSE17536; supplementary
material, Figure S6A; TCGA COAD, supplementary
material, Figure S6B).
Dependency analysis showed that the classification of

patients into the two risk groups based on the multigene
signature was independent of classical oncogene drivers
such as p53, KRAS, or BRAF (supplementary material,
Tables S8 and S9), but it was significantly correlated
with the consensus molecular subtype (CMS) clas-
sification in all patient cohorts, in particular with
CMS4 class (Figure 3G,H, and supplementary material,
Figure S6C,D). Data from the EMTome portal showed
that the expression of two out of the three genes used to
build the signature was associated with metastasis, while
SOX10 did not reach significance (Figure 3I).
Differential expression followed by GSEA on the

GSE39582 dataset showed EMT, angiogenesis, and
hypoxia among the most enriched hallmarks in the
high-risk group (Figure 3J and supplementary material,
Table S10). Finally, we performed an in silico analysis
correlating the expression of the four stemness markers
CD44,OCT4, CD133, and NANOGwith the risk groups
from the GSE39582 dataset. Interestingly, there were
significant but only weak inverse correlations for
CD133 and NANOG (CD133: rP = �0.19, p < 0.001;
NANOG: rP = �0.21, p < 0.001) and no correlation for
CD44 and OCT4 (CD44: rP = �0.06, p = 0.14; OCT4:
rP = 0.06, p < 0.19), suggesting that the triple mesen-
chymal gene signature is a highly dominant driver sig-
nature for worse DFS.

Combined EGFR, SERPINE1, and SOX10 upregulation
upon starvation is a general feature in CRC cell lines
and suppressed by UPS inhibition
Given the critical upregulated gene signature in HCT116
cells and its relevance to disease outcome and CMS
prediction in CRC patients, we investigated whether
the same signature could be observed in other CRC cell
lines undergoing starvation-induced p-EMT. We deter-
mined by qPCR the expression of EGFR, SERPINE1,
and SOX10 in non-starved, starved, and replenished
HCT116, DLD1, HT29, and LoVo cells (supplementary
material, Figure S7A–C). As expected, starvation gen-
erally resulted in the upregulation of the signature
genes, while subsequent replenishment resulted in
downregulation to levels observed in non-starved controls,
with only a few exceptions: SERPINE1 gene expression
was not upregulated by starvation in DLD1 cells, and
SOX10 and EGFR levels did not return to the non-starved
state after replenishment of the starved cells with complete
medium in HT29 and HCT116 cells, respectively.
Since we observed a reversal of EMT characteristics

in HCT116 cells upon inhibition of UPS with MG132,
we next examined the effect of proteasome inhibition on
the triple-gene signature by qPCR. We observed that
all three genes, EGFR, SERPINE1, and SOX10, were
downregulated in starved HCT116 cells treated with
MG132. A decreasing trend was observed for SOX10;

however, the difference did not reach statistical
significance (supplementary material, Figure S8A–C).
Thus, proteasome inhibition with MG132 in starved
HCT116 cells not only reversed the p-EMT phenotype
but also inhibited the expression of the signature genes.

EMT is known to be closely associated with
chemoresistance in CRC [42]. Therefore, we further
investigated whether the reversal of p-EMT with
MG132 could increase the sensitivity of starved cells
to 5-FU. As suggested by their phenotypic induction of
p-EMT along with reduced proliferative capacity,
starved HCT116 and HT29 cells were less sensitive to
5-FU in Crystal Violet and MTT assays (supplementary
material, Figure S8D–G). Notably, the combination of
5-FU with MG132 attenuated EMT-associated drug
resistance and increased the relative 5-FU toxicity in
starved HCT116 and HT29 cells (supplementary
material, Figure S8D–G). Thus, inhibition of UPS via
MG132 prevents starvation-induced p-EMT initiation,
preserves epithelial characteristics, and thus sensitises
CRC cells to 5-FU treatment.

The starvation-induced triple-gene signature
triggers an invasive tumour growth pattern in vivo
Next, we analysed the expression of proteins of our
triple-gene signature and their spatial distribution by
immunohistochemistry in vivo in the CAM model.
PAI-1, which is encoded by the SERPINE1 gene and
physiologically involved in extracellular matrix
processing [43], was upregulated at the tumour invasion
front in control ovografts. Consistent with the increased
SOX10 expression in vitro, the nuclear staining of
SOX10 was increased in starved ovografts compared to
their non-starved counterparts (Figure 4A,B). Moreover,
CAM ovografts derived from prestarved HCT116 cells
showed strong PAI-1 expression throughout the whole
tumour (Figure 4C,D) and showed a remarkable reduction
of collagen fibres using Picro-Sirius red staining
(Figure 4E). Using western blotting, we also showed a
clear upregulation of PAI-1 in all three cell lines upon
starvation (Figure 4F). In contrast to the increased
expression of EGFR observed at the mRNA level
in vitro, the protein levels of EGFR were found
decreased in starved cells in vivo in CAM ovografts and
in vitro using western blotting (Figure 5A–C), along with
a loss of membrane association of EGFR (Figure 5A). In
control ovografts, the strong EGFR membrane associa-
tion was visible but reduced at the invasion front (stars),
whereas in ovografts derived from prestarved cells, we
found a decrease in EGFR signals and an internalisation
in the tumour centre and at the tumour margins seen as an
accumulation of single dots in the cytosolic compartment
(Figure 5D). Notably, a few cell clusters showed a com-
plete loss of EGFR staining (black arrows) (Figure 5D).
Similar to our observation in CAM ovografts, confocal
microscopy revealed that the EGFR protein was
internalised upon starvation in 2D culture of HCT116
and DLD1 cells, whereas it was translocated back to
the membrane upon treatment of starved cells with
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MG132 (Figure 5E,F). Thus, increased EGFR transcrip-
tion may ensure the availability of the EGFR protein,
although post-translational regulatory mechanisms
appear to determine the actual fate of the protein.

Juxtacrine EGFR signalling controls nutrient-
efficient proliferation in starvation-induced p-EMT
Since EGFR is a key regulator of cell proliferation [44],
we aimed to further investigate its role in starvation-
induced p-EMT. First, we examined by western blotting
the protein levels of two target genes of the EGFR signal-
ling cascade, total Cyclin D1 and c-Myc. Indeed, both
markers were repressed upon starvation (Figure 6A), and
their levels increased to the control levels when the cells
recovered from nutrient stress in all three cell lines
(Figure 6A).

To evaluate the role of EGFR internalisation in
starved cells, we monitored the proliferation of these
cells by live imaging microscopy in HCT116 and HT29
cells. We observed that the starved cells underwent cell
division mostly after cell–cell contact between individual
mesenchymal cells (Figure 6B,C and supplementary
material, Movies S1–S3). Examples of these ‘EMT
kisses’ after starvation are shown in Figure 6C,D.
Interestingly, from time to time in starved HCT116
cells, we observed the phenomenon of asymmetric cell

division, which was described as the predominant cell
division mode for progenitor and stem cells [45].
Here, one daughter cell showed the mesenchymal
phenotype, while the other one was round and non-
proliferating (Figure 6E and supplementary material,
Movie S4).
Taken together, we suggest that the spatial regulation

of EGFR with internalisation and recycling plays an
important role during starvation-induced p-EMT and
provides nutrient-depleted tumour cells with an extraor-
dinarily high plasticity despite the limited availability of
nutrients. The general working model of our findings is
shown in Figure 6F.

Discussion

Recently, partial or intermediate EMT phenotypes with
co-expression of epithelial and mesenchymal markers
have attracted much attention due to their high level of
plasticity and importance for metastasis [10,34,46].
However, it is still unclear why tumour cells initiate
EMT but stop at a certain stage during the transition from
epithelial to mesenchymal phenotype. Both endogenous
and extrinsic stromal/extracellular matrix-associated
drivers of p-EMT are poorly understood, making

Figure 4. Immunohistochemistry (IHC) staining for the signature proteins SOX10 and PAI-1. (A) SOX10 IHC staining showed increased nuclear
staining in starved HCT116-derived CAM ovografts. Overview image scale bar, 200 μm; enlarged section scale bar, 20 μm. (B) Quantification
of SOX10-positive tumour cells (tumour centre) in control (blue) and starved (yellow) ovografts shows increase of SOX10 in starved tumour
cells grown on the CAM. Data are presented as median with 95% confidence interval (ns., Mann–Whitney test). (C) PAI-1 (encoded by
SERPINE1) IHC staining showing ubiquitous upregulation of PAI-1 in starved HCT116-derived CAM ovografts compared to margin-
accentuated expression in controls. Overview image scale bar, 200 μm; enlarged section scale bar, 20 μm. (D) PAI-1 histoscore of tumour
cells (tumour centre) in control (blue) and starved (yellow) ovografts shows increase of PAI-1 in starved tumour cells grown on the CAM. Data
are presented as median with 95% confidence interval (ns., Mann–Whitney test). (E) Picro-Sirius red staining reveals degraded extracellular
collagen in starved HCT116-derived ovografts. Overview image, scale bar 200 μm; enlarged section, scale bar 20 μm. (F) Representative
western blots for PAI-1 in control (Con), starved (St), and recovered (Rec) HCT116, DLD1, and HT29 cells show an upregulation of PAI-1 upon
starvation.
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therapeutic targeting of tumour cells undergoing p-EMT a
major challenge [47].
The rationale of our study was to model tumour cell

escape under nutrient-depleted conditions. Such meta-
bolically challenging conditions occur at many stages of
tumour development (i.e. when the microenvironment is
changing, in the circulation, in the peritoneal cavity, in
the unprepared extracellular matrix (ECM) environment
of a distant organ, or at the tumour invasion front) [48-
50]. Hypothetically, cancer cells exposed to nutrient-
deficient conditions could initiate the p-EMT program
to enhance mobility and ‘escape’ from intratumoural
nutrient deprivation. Aggressive tumour cells not only
need to escape from nutrient deprivation but also have to
survive, maintain their cell population, stop proliferat-
ing, and adapt, which could lead to the activation of a
transdifferentiation program that relies on the high cel-
lular plasticity of cancer cells. Epigenetic alterations
seem to be crucial for the reversibility of EMT

phenotypes [51]. We have identified nutrient deprivation
in CRC cells as a trigger of p-EMT and aggressive
growth behaviour. However, our observation window
was limited regarding the time-scale of starvation and
the reversibility from p-EMT since cells will die when
extending the starvation trigger.

It is hotly debated whether EMT is accompanied by
the acquisition of stem-like properties. Cell division is
critical for gaining stemness during EMT; stem cell prop-
erties can also develop later during the time frame of
EMT induction. Similarly, when removing the EMT-
inducing trigger, mesenchymal features are known to
disappear faster than stem cell properties. This might be
one explanation on why HT29 cells showed an increase
in stem-like properties with a time delay only during the
recovery phase, when the cell cycle had restarted.

In contrast to previous studies linking EMT with
the downregulation of the epithelial marker E-cadherin
via master EMT transcription factors, we observed

Figure 5. Alteration of EGFR expression and subcellular localisation depending on MG132. (A) EGFR IHC staining showing a loss of EGFR
membrane association in starved HCT116-derived CAM ovografts. Overview image scale bar, 200 μm; enlarged section scale bar, 20 μm.
(B) Quantification of EGFR-positive tumour cells (tumour centre) in control (blue) and starved (yellow) ovografts shows a decrease of EGFR in
starved tumour cells grown on CAM. Data are presented as median with 95% confidence interval (**p < 0.01, Mann–Whitney test).
(C) Representative western blots for p-EGFR and EGFR in control (Con; untreated 48 h), starved (St; 48 h), and recovered (Rec; 48 h starved
plus 24 h recovery) conditions. Western blots depict the degradation/internalisation of EGFR during starvation. #GAPDH of EGFR is the same
as used in Figure 6A. (D) Representative sections of centre and invasion front from HCT116-derived ovografts. While EGFR is strongly
expressed at the tumour centre of controls (stars) and lost at the front (black arrows), starved tumours show a ubiquitous reduction of EGFR
staining. Overview image scale bar, 200 μm; enlarged section scale bar, 20 μm. Black arrows represent cell clusters with complete loss of
EGFR staining. (E) Representative confocal images of HCT116 cells with EGFR (green) and DAPI (blue) staining in 48 h control and 48 h
starvation with and without MG132 treatment (150 nM) (all images +20% brightness, +25% contrast). Scale bar, 10 μm. Images were taken
using a Stellaris 8 confocal microscope (�63 objective, Leica). (F) Representative confocal images of DLD1 cells with EGFR (green) and DAPI
(blue) staining in 48 h control and 48 h starvation with and without MG132 treatment (150 nM) (all images +25% brightness, +5% contrast).
Scale bar, 10 μm. Images were taken using a CQ1 Confocal Imaging Cytometer (�40 objective; Yokogawa).
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proteasome-dependent E-cadherin processing that was
highly dependent on nutrient availability. The identified
p-EMT-associated triple-gene signature (including
EGFR, SERPINE1, and SOX10) had high prognostic
relevance and could be a marker for the identification
of a well-adapted and highly aggressive tumour
subpopulation.

Many attempts to classify the different EMT transdif-
ferentiation states have been reported. The seminal paper
by Tan et al described a generic EMT score to assess the
extent of EMT for tumours and cancer cell lines [34].
Recently, Vasaikar et al released the EMTome portal, a
database of EMT signatures derived from multiple
sources, such as cell lines, patient-derived xenografts,
or patients [41]. In parallel to these broad and useful
analytical resource, we report a nutrient-dependent
p-EMT signature. Complementary to classical gene
expression analysis, our approach of linking p-EMT to
a gene signature consisting of EGFR, SERPINE1, and

SOX10 associates this phenomenon to the prognosis of
CRC patients. All three genes have been listed as mes-
enchymal genes in the EMTome database. In addition,
SOX10 is known to be an essential marker for heteroge-
neity and stemness in melanoma, affecting cell-type
specification and lineage differentiation [52,53];
however, its role in CRC is not yet known. Serpine1, also
known as plasminogen activator inhibitor 1 (PAI-1), is a
45 kDa glycoprotein with a cleavage site for uPA. Upon
docking of uPA to its receptor (uPAR), PAI-1 promotes
the internalisation of this complex by binding to the
endocytosis machinery [54]. PAI-1 hasmultiple functions
in cancer but has been mostly associated with a poor
clinical outcome and chemotherapy resistance [55].
High PAI-1 expression was associated with tumour pro-
gression in an azoxymethane dextran sulphate-sodium
model of colorectal carcinogenesis [56]. In support of
these findings, we observed strong PAI-1 expression at
the tumour invasion front in CAM ovografts.

Figure 6. Juxtacrine EGFR signalling controls nutrient-efficient proliferation in starvation-induced p-EMT. (A) Representative western blots
for proliferation-associated proteins Cyclin-D1 and c-Myc in HCT116, DLD1, and HT29 cells with untreated 48 h control (Con), 48 h starvation (St),
and recovery (Rec; 48 h starved plus 24 h recovery) conditions. #GAPDH of Cyclin D1 is the same as used in Figure 5C. (B) Snapshots of a movie
of starved HCT116 cells (supplementary material, Movie S1). Transdifferentiated HCT116 cells divide upon cell contact (black arrows). Scale
bar 50 μm. (C) Snapshots of a movie of starved HCT116 (upper panels) and HT29 cells (lower panels; supplementary material, Movies S2 and S3).
Transdifferentiated HCT116 and HT29 cells divide upon cell contact. Scale bar, 50 μm. (D) Snapshots of a movie of starved HCT116 cells
presenting an asymmetric cell division (supplementary material, Movie S4), which results in one rounded and one elongated spindle-like cell
(black arrows). (E) Schematic model of starvation-mediated processing of E-cadherin and EGFR. Under starvation conditions, epithelial tumour
cells ‘flee’ from the nutrient-restricted environment by acquiring a distinct triple-gene signature and a mesenchymal phenotype. Membranous
E-cadherin (green triangles) is degraded by the proteasome, resulting in processed cytosolic E-cadherin (green trapezia). Membranous EGFR
(blue triangles) is severely degraded by the proteasome, thereby shifting EGFR from the membrane to the cytosol and further decreasing
its availability. Upon intercellular contact (‘EMT kiss’), juxtacrine EGFR signalling occurs, thereby providing a cell proliferation stimulus.
Ub: ubiquitin residues. Created with BioRender.com.
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In this study, nutrient deprivation caused an increase
in E-cadherin protein levels. However, the function of
E-cadherin as a cell adhesion molecule was lost, as
evidenced by impaired intercellular adhesion. For the
first time, we have identified the proteasome as an essen-
tial regulator of starvation-induced p-EMT. Proteasome
inhibition byMG132 treatment prevented the processing
and cytosolic translocation of E-cadherin and averted
phenotypic mesenchymal differentiation. This seems to
provide the tumour cells with extremely high plasticity
compared to classical EMT, where E-cadherin must be
synthesised in the reverse process of mesenchymal-
to-epithelial transition. This novel proteasome-mediated
early EMT mechanism is proposed to be an effective
alternative to the well-known transcriptional repression
of E-cadherin [57]. Another accompanying mechanism
appears to be the downregulation and internalisation of
the EGFR protein. Although we observed an increase in
EGFR mRNA expression in vitro as a member of the
triple-gene signature, the in vivo staining of EGFR
showed a controversial picture. In particular, at the
tumour invasion front, EGFR membrane association
was decreased, and EGFR appeared to be located in the
cytosolic compartment. Previous studies showed that
nutrient deprivation leads to a minimization of cellular
metabolism in the terms of energy efficiency [58]. Since
EGFR confers proliferation and metabolic activity,
sustained activation of the receptor during starvation in
cancer cells may lead to their death. It was reported that
epithelial cells that are not able to stop the cell cycle show
massive aneuploidy due to errors in cytokinesis [59].
These mitotic defects were shown to disappear after
withdrawal of the EMT trigger transforming growth
factor beta (TGFβ), but genomic alterations persisted
and further increased tumour aggressiveness [59].
Comaills et al (2016) described this phenomenon as
‘incompatibility of EMT and cellular proliferation’ [59].
Accordingly, they found a higher proportion of
multinucleated cells in mesenchymal circulating tumour
cells (CTC) compared to epithelial CTCs of metastatic
breast cancer. Interestingly, such mesenchymal CTCs
were characterised by high PAI-1 expression, a marker
we have identified in starvation-induced p-EMT. Partial
EMT was also described in other pathological condi-
tions, such as chronic kidney disease, where the partial
EMT program seemed to arrest injured damaged tubular
epithelial cells in the G2 phase, limiting their repair
capacity and regeneration and finally leading to chronic
fibrosis [60]. Finally, the observed reduction in EGFR
downstream signalling may indicate a transient reduc-
tion in proliferative signalling in favour of quiescence,
drug resistance, and survival. Increased EGFR transcrip-
tion upon nutrient deprivation may ensure the replenish-
ment of the EGFR protein.
Another interesting, but rather coincidental, observation

of the current study was cell division upon intercellular
contact. Obviously, this is juxtacrine EGFR signalling,
which has been described as an energy-efficient prolifera-
tionmechanism [61]. Therefore, we suggest that the spatial
regulation of EGFR with internalisation and recycling

most likely further stabilises the p-EMT status. While
lysosomal degradation is known to attenuate EGFR
signalling, recycling of the receptor to the plasma mem-
brane may prolong the signal [62].

We have accidentally observed asymmetric cell divi-
sion upon starvation. This phenomenon has been
described as a self-renewal mechanism during stem cell
proliferation [45]. One daughter cell commits to the
cell fate to be a mesenchymal cell, while the other
daughter cell maintains the stem cell identity [63]. This
theory could explain the high phenotypic heterogeneity
despite similar gene expression levels [64,65]. Taken
together, our data paint a highly complex and multifac-
eted picture of starvation-induced p-EMT.

Our strategy to define a starvation-induced p-EMT
signature could be clinically translated to predict the
DFS of CRC patients. The triple-gene signature of
upregulated EGFR, SERPINE1, and SOX10 identifies
cancer cells that undergo p-EMT and are therefore at a
high risk of metastasis. This further supports the asso-
ciation between p-EMT and poor disease outcome
described in previous studies [47]. In contrast, Zheng
et al (2015) described in pancreatic cancer that EMT
suppression does not change metastasis capability
of primary tumours, but it sensitises the tumours to
gemcitabine treatment, both in vitro and in vivo. This
effect was suggested to be caused by the increased pro-
liferation after EMT suppression [66]. In our study,
we observed an attenuated proliferation during the
starvation-induced p-EMT differentiation program. We
suggest that the reduced proliferation made the cells less
sensitive to 5-FU, a clinically used drug that needs
replication forks (i.e. proliferative cells) to be effective.
Furthermore, tumours from high-risk CRC patients
identified by the proposed gene signature were
strongly associated with the CMS4 category, which
is characterised by mesenchymal gene expression,
therapy resistance, and development of distant metas-
tases [28]. Although the CMS classification is of evi-
dent prognostic relevance, its predictive benefit has not
yet been translated into clinical practice [67].

Finally, the spatial view of the p-EMT signature
revealed a completely novel p-EMT regulatorymechanism
involving proteasomal processing and internalisation of
E-cadherin and EGFR. Our risk-predictive triple-gene
signature may be an important piece of the puzzle in
understanding the early steps of CRC metastasis.
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