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Abstract: Bone morphogenetic proteins (BMP) are phylo-
genetically conserved signaling molecules of the trans-
forming growth factor-beta (TGF-beta) superfamily of 
proteins, involved in developmental and (patho)physi-
ological processes, including cancer. BMP signaling has 
been regarded as tumor-suppressive in colorectal cancer 
(CRC) by reducing cancer cell proliferation and invasion, 
and by impairing epithelial-to-mesenchymal transition 
(EMT). Here, we mined existing proteomic repositories 
to explore the expression of BMPs in CRC. We found that 
the BMP antagonist gremlin-1 (GREM1) is secreted from 
heterotypic tumor-host cell interactions. We then sought 
to investigate whether GREM1 is contextually and mecha-
nistically associated with EMT in CRC. Using immunohis-
tochemistry, we showed that GREM1-expressing stromal 
cells harbor prominent features of myofibroblasts (i.e., 
cancer-associated fibroblasts), such as expression of 
α-smooth muscle actin and laminin-beta-1, and were in 
contextual proximity to invasion fronts with loss of the 
tight junction protein occludin and parallel nuclear accu-
mulation of β-catenin, two prominent EMT hallmarks. 
Furthermore, in vitro assays demonstrated that GREM1-
dependent suppression of BMP signaling results in EMT 
induction, characterized by cadherin switching (loss of 

E-cadherin-upregulation of N-cadherin) and overexpres-
sion of Snail. Collectively, our data support that GREM1 
promotes the loss of cancer cell differentiation at the can-
cer invasion front, a mechanism that may facilitate tumor 
progression.
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Introduction
Bone morphogenetic proteins (BMPs) are a group of phylo-
genetically conserved signaling molecules, which belong 
to the transforming growth factor-β (TGF-β) superfamily 
of proteins, and were initially shown to induce endochon-
dral bone formation (Chen et al., 2004). During embryonic 
life, BMPs are responsible for neurogenesis, hematopoie-
sis, reduction of limb bud outgrowth and formation of 
osteoblast and chondrocyte precursors (Kishigami and 
Mishina, 2005). After birth, BMPs are involved in skeletal 
homeostasis, mainly by promoting the maintenance of 
bone mass (Miyazono et al., 2005). BMP signaling is medi-
ated through type I and type II serine/threonine kinase 
receptors. Upon ligand binding, the type II receptor forms 
a heterodimer with type I receptor and the constitutive 
kinase of the type II receptor activates the type I receptor. 
Such activation may initiate signal transduction through 
phosphorylation of downstream factors [i.e., mothers 
against decapentaplegic (Smads)], which further causes 
their translocation into the nucleus, where they inhibit 
or activate transcription of target genes (Miyazono et al., 
2005).

In the normal colon, BMPs are primarily produced 
by epithelial cells to sustain epithelial phenotype and 
polarity at the level of the colonic crypt (Hardwick et al., 
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2004). However, this pathway has been considered as a 
major barrier to the development of intestinal cancer, 
and various mechanisms, including genetic, epigenetic  
and/or extracellular ones, seem to be conscientious for its 
impairment (Hardwick et al., 2008). The most important 
hallmark acquired from BMP-suppression seems to be the 
disruption of the epithelial phenotype, possibly through 
the deployment of epithelial-to-mesenchymal transition 
(EMT) (Hardwick et al., 2004; Karagiannis et al., 2012b), 
an event that is quite critical for the effective propaga-
tion of the metastatic cascade (Kalluri, 2009; Kalluri and 
Weinberg, 2009; Hanahan and Weinberg, 2011). Despite 
an inhibitory effect of BMPs on the Wnt pathway that has 
been previously documented (He et  al., 2004; Bertrand 
et  al., 2012), the exact contribution of BMPs and their 
antagonists in CRC progression, and especially EMT, are 
only poorly understood.

Currently, high-throughput proteomics coupled to 
mass spectrometry and bioinformatics play key roles in 
the identification, quantification and characterization 
of proteins in complex biological samples (Kulasingam 
and Diamandis, 2008; Karagiannis et al., 2010), and their 
emergence has benefited cancer research (i.e., oncopro
teomics) with a plethora of opportunities for rationalized 
diagnosis and management (Jain, 2008; Karagiannis 
et  al., 2010). Using proteomics, we previously defined 
protein expression signatures with potential involvement 
in tumor-host cell interactions (Karagiannis et al., 2012a), 
and subsequently targeted the BMP pathway as potential 
mediator of cancer progression (Karagiannis et al., 2013; 
Karagiannis et al., 2014c). Here, we perform meta-mining 
of these proteomic repositories to explore the expression 
levels of BMPs and their regulators and show that the BMP 
antagonist gremlin-1 (GREM1) is strongly expressed in CRC 
desmoplastic invasion fronts. Further, we provide prelimi-
nary evidence that GREM1 is not only contextually cor-
related with cancer cells undergoing EMT in tissues with 
invasive colorectal carcinomas, but that it also mediates 
EMT by specifically disrupting the BMP7-dependent pro-
motion of epithelial phenotype in vitro.

Results

Proteomic and in silico investigations of the 
BMP pathway in colorectal cancer

Using a well-established mass spectrometry-based 
method for proteomic analysis of cancer cell supernatants 
(i.e., ‘secretome analysis’) (Kulasingam and Diamandis, 

2008), we had previously delineated secretome pro-
files from 13 CRC cell lines (Karagiannis et  al., 2014b). 
We retrieved these data, to examine in vitro secretion of 
BMP2, BMP4 and BMP7 in CRC. BMP2 was absent in all 
13 CRC secretomes, BMP4 was identified in all but the 
RKO secretome and BMP7 was identified in five out of 
the 13 CRC secretomes, namely the SW1116, SW480, 
SW620, LS174T and Colo205 ones (Figure 1A). In each 
case, the mean spectral counts of both BMP4 and BMP7 
were higher in the SW1116 cell line, the earliest (Duke’s 
Stage A) stage among the 13 cell lines (Figure 1A). Notably, 
BMP4 and BMP7 secretion displayed a significant reduc-
tion (p < 0.025; Holms-corrected, Jonckheere-Terpstra test) 
across the increasing Duke’s-based staging of the CRC cell 
lines (Figure 1B), and this occurred in a replication error 
(RER) status-independent (p > 0.025, Holms-corrected 
Mann-Whitney U-test) fashion (Figure 1C). Further, we 
investigated BMP2, BMP4 and BMP7 gene-expression pro-
files in a cDNA array consisting of 24 CRC patients matched 
with normal colonic mucosal tissue adjacent to the tumor 
(Figure S3A–C). Consistently, BMP2 showed a significant 
(p < 0.007; Holms-corrected Wilcoxon test) ∼4.5-fold down-
regulation in cancer compared to normal tissues, while 
BMP4 and BMP7 were significantly (p < 0.007; Holms-cor-
rected Wilcoxon test) upregulated (∼1.4-fold and ∼12-fold, 
respectively) (Figure 1D). We verified gene-expression of 
the BMP receptors type IA (BMPR1A), IB (BMPR1B) and II 
(BMPR2) in this patient array, but none of these receptors 
showed differential expression (Figure 1D; Figure S3D–F).

Given that BMP pathway suppression is strongly doc-
umented in sporadic CRC (Kodach et al., 2008), we consid-
ered that the aberrant secretion of BMPs by colon cancer 
cells both in vitro and in patient tissues was paradoxical. 
Thus, we initially sought to verify in silico that progression 
of CRC is characterized by significant overexpression of 
BMPs and further examined the translational impact of 
these expressional perturbations in advanced CRC. First, 
we performed gene-expression meta-analysis (Geneves-
tigator) and found ∼3.1-fold increase in the expression 
of both BMP4 and BMP7, and ∼2.2-fold decrease in the 
expression of BMP2 in colon adenocarcinoma/carcinoma 
compared to control tissues (Figure 1D). Representative 
heatmaps from studies showing discriminatory differences 
in BMP2, BMP4 and BMP7 gene-expression between colon 
cancer and healthy control tissues are shown (Figure S4). 
Second, we incorporated survival data from two large 
datasets totaling 326 (Loboda et al., 2011) and 232 (Smith 
et al., 2009) CRC patients, respectively, to perform gene-
expression-based survival analysis (Goswami and Nak-
shatri, 2013). This meta-analysis demonstrated that the 
increased expression of BMP2, BMP4 and BMP7 is each 
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Figure 1 In vitro proteomic and in silico investigations of BMPs in colorectal cancer.
(A) Mean normalized spectral counts of BMP4 and BMP7 in 13 cell lines. (B) Mean normalized spectral counts of BMP4 and BMP7 in various 
stages (Duke’s system) of CRC. Analysis performed by Jonckheere-Terpstra test. (C) Mean normalized spectral counts of BMP4 and BMP7 
by mismatch repair (RER+ and RER-) status. Analysis performed by Mann-Whitney U-test. (D) Relative gene-expression levels of BMP2, 
BMP4 and BMP7, as well as BMPR1A, BMPR1B and BMPR2 between cancer lesions and adjacent healthy areas of CRC patients (cDNA array). 
Asterisks denote statistical significance, p < 0.007, Wilcoxon test. (E) Mean fold difference of BMP2, BMP4 and BMP7 across all available 
microarray experiments of the Genevestigator knowledgebase. (F) Kaplan-Meier metastasis-free survival of the Loboda cohort (Loboda 
et al., 2011), stratified according to the median of the combined BMP2, BMP4 and BMP7 expression scores. (G) Mean normalized spectral 
counts of GREM1 and FST in the Colo320HSR cell line. (H) Relative gene-expression levels of FST and GREM1 between cancer lesions and 
adjacent healthy areas of CRC patients (cDNA array). Asterisks denote statistical significance, p < 0.007, Wilcoxon test. (I) Scatter plots 
demonstrating correlation between gene-expression levels of FST or GREM1 and each one of the three major BMPs (BMP2, BMP4 and BMP7) 
in CRC patients (cDNA array). Statistical significance is shown with p < 0.05, Spearman’s ranked correlation coefficient.
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independently associated with worse overall survival in 
colon cancer, and additionally, their increased expression 
is mildly associated with worse metastasis-free survival in 
colon cancer, when all three BMPs are combined in one 
analysis (Figure 1E, p < 0.1). Given the above, the claim 
about tumor-suppressive properties of BMP signaling in 
CRC seems to be paradoxical at first sight, however, all 
these observations are in concordance with current lit-
erature (Bendtsen et al., 2004; Sääf et al., 2007; Hardwick 
et al., 2008; Kodach et al., 2008; Slattery et al., 2011a,b).

In an attempt to explain this deviation, we reasoned 
that despite the significant increase in the expression of 
the first messengers (i.e., BMPs), the BMP pathway is most 
probably disrupted via mechanisms exclusive of BMP4/7 
downregulation at the diseased tissue level. As most sig
naling pathways in mammalian cells also target their own 
antagonists/inhibitors for transcription (negative feed-
back loop), we first examined the possibility that BMP4/7-
expressing CRC cell lines also expressed BMP antagonists. 
Using the 13 CRC secretome datasets, we examined the 
expression of two highly selective BMP antagonists, known 
to bind to and dimerize with BMPs with strong affinity [i.e., 
gremlin-1 (GREM1) and noggin (NOG)], and one less selec-
tive BMP antagonist that binds to BMPs with less affinity 
[i.e., follistatin (FST)] (Gazzerro and Canalis, 2006; Beites 
et  al., 2009). With the exception of the Colo320HSR cell 
line, which secreted small amounts of GREM1 and FST, 
none of the remaining CRC cell lines expressed detectable 
amounts of any of the BMP antagonists at the proteome 
level (Figure 1G). We then investigated the expression of 
GREM1 and FST in the 24-patient cDNA array (Figure S3G, 
H), and found that FST was significantly (p < 0.007; Holms-
corrected Wilcoxon test) downregulated by ∼8-fold, while 
GREM1 was significantly (p < 0.05; Holms-corrected Wil-
coxon test) upregulated by ∼2-fold in neoplastic compared 
to normal colonic tissue (Figure 1H). Despite the differ-
ences in GREM1/FST expression levels between cancerous 
and normal colon, when we assessed all possible corre-
lations between BMP2/4/7 and GREM1/FST expression 
in a pair-wise fashion (Figure 1I), we only came across a 
loose inverse correlation between BMP7 and FST (p < 0.05, 
r = -0.44; Spearman’s ranked correlation), whereas no sig-
nificant associations between GREM1 and BMP expression 
were found.

The BMP antagonist Gremlin-1 is produced 
by CAFs in desmoplastic invasion fronts

Overall these observations contradict the speculation that 
GREM1 may act on an autocrine feedback loop to suppress 

BMP signaling in CRC. On this basis, along with supportive 
literature evidence (Sneddon et al., 2006; Sneddon, 2009; 
Karagiannis et  al., 2012b, 2013), our next speculation 
was that GREM1 acts in a paracrine, instead of autocrine, 
fashion to suppress BMP signaling in CRC and more pre-
cisely is expressed/secreted by the desmoplastic micro-
environment. In our previous study (Karagiannis et  al., 
2012a), we had generated in vitro cocultures of SW480/
SW620 colon cancer cells with the 18Co normal colonic 
fibroblasts. By performing high-throughput secretome 
analysis, we had proposed a secreted 152-protein signa-
ture coined with the term ‘desmoplastic protein dataset’ 
(DPD). By confirming the presence of GREM1 in this sig-
nature, we observed that this BMP antagonist was entirely 
absent from monocultures (Figure 2A). Normalized quan-
titative values of additional BMP suppressors and antago-
nists (i.e., FST, FSTL3 and HTRA3), are also indicated in 
Figure 2A.

For verification, we reproduced these mono- and 
cocultures (Karagiannis et  al., 2012a) and measured 
GREM1 levels with an immunoassay. GREM1 was secreted 
by SW480/18Co (SW480Co) and SW620/18Co (SW620Co) 
cocultures (∼15 ng/ml), while only small levels were 
observed in the control monocultures (SW480, SW620 
and 18Co) (Figure 2B). Moreover, when we stimulated 
18Co normal colonic fibroblasts with 2-day superna-
tants derived from either SW480 or SW620 cell lines, we 
observed a ∼4-fold increase in GREM1 gene-expression 
levels in both cases, suggesting that colonic fibroblasts 
may elicit increased GREM1 expression in response to par-
acrine signals (Figure 2C). As negative control, the stimu-
lation of SW480 and SW620 colon cancer cells with 2-day 
supernatant derived from 18Co cells resulted in non-signif-
icant increase of GREM1 (Figure 2C). A similar pattern was 
observed for two additional BMP suppressors/inhibitors, 
FST and HTRA3 (Figure 2C). Furthermore, when we mined 
the literature for supportive data, we found one study 
(Navab et al., 2011), in which the authors had compared 
transcriptome profiles of cell lines derived from either 
CAFs or their normal fibroblastic counterparts (NFs) from 
patients with non-small lung cell carcinoma (NSCLC). By 
investigating gene-expression levels of GREM1 in these 
data, we found that GREM1 was ∼6-fold upregulated in 
CAFs compared to NFs (Figure 2C).

We then retrieved a patient cohort of 30 invasive CRC 
cases (Karagiannis et al., 2014a,c), from which we selected 
42 areas, either encompassing healthy/normal (n = 21) or 
pathologic/desmoplastic (n = 21) stromata (Figure 2D). When 
we compared GREM1 expression levels between these two, 
we found a significant (p < 0.05; Wilcoxon test) increase of 
GREM1 expression in the pathologic/desmoplastic stromata 
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Figure 2 Gremlin-1 is expressed in the desmoplastic tumor-host cell interface of colorectal cancer.
(A) Normalized spectral counts of GREM1, FST, FSTL3 and HTRA3, four BMP suppressors/antagonists, in three monoculture supernatants 
(SW480, SW620, 18Co) and the respective coculture supernatants (SW480/18Co and SW620/18Co). Proteomic data for this analysis were 
derived from our previous study (Karagiannis et al., 2012a). (B) GREM1 protein levels were assessed in conditioned media, after recapitu-
lating the experimental conditions described in our previous study (Karagiannis et al., 2012a). Note that only basal levels of GREM1 were 
detected in monoculture supernatants using a specific GREM1 immunoassay. (C) Relative GREM1, FST and HTRA3 gene-expression levels in 
indirect cocultures (stimulation with conditioned media). The last bar in the graph depicts differences in GREM1 expression levels between 
cancer-associated fibroblasts and normal fibroblasts in the Navab study (Navab et al., 2011). Bars demonstrate fold-difference of GREM1 
gene expression in stimulated versus non-stimulated cells. Asterisks denote statistical significance, p < 0.05, Mann-Whitney U-test. (D) 
Schematogram and proof-of-concept immunohistochemical figure (β-catenin), explaining the design of the immunohistochemical study, 
showing the areas from which normal and pathologic stromata were selected for further scoring. (E) Mean expression score of GREM1, as 
assessed through immunohistochemistry in pathologic and normal stromata of CRC patients. Asterisk denotes statistical significance, 
p < 0.05, Wilcoxon test. (F) IHC snapshots from 1 CRC patient, demonstrating prominent difference in the stromal expression of GREM1 
between normal and pathologic interfaces. Note the slight GREM1 expression around the colonic epithelium (mucosa), corresponding to the 
pericryptal myofibroblasts, and serving as positive control. All original magnifications  × 200; except for the last  × 400.

(Figure 2E), further indicating that GREM1 secretion in the 
tumor microenvironment is primarily elicited in the des-
moplastic response. One prominent example of increased 
GREM1 expression in CAFs as opposed to adjacent healthy 
tissue is illustrated in Figure 2F.

GREM1 is contextually secreted in desmoplas-
tic interface with EMT-pertaining phenotype

The downward margins of epithelial tumors are charac-
terized by dedifferentiation, local invasion and migration 
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of cancer cells, while the surrounding stroma is conceptu-
alized as a niche-supportive source (Sneddon and Werb, 
2007). In such areas, EMT-promoting factors dominate 
over the EMT-suppressive ones, and are believed to render 
self-renewal and other malignant properties to the cancer 
cells (Scheel and Weinberg, 2012). Interestingly, the BMP 
pathway has been implicated in the regulation of differen-
tiation equilibriums in a variety of contexts and epithelial-
mesenchymal interactions, such as in the maintenance of 
stem cell niches in the bottom of healthy intestinal crypts 
(He et al., 2004; Ishizuya-Oka, 2005; Kosinski et al., 2007). 
To support the notion that GREM1 may also identify as 
a niche factor, we made observations in patient tissues, 
whereby we examined the relationship between stromal 
GREM1 expression and EMT induction. We extended our 
observations in three distinct areas of cancer invasion, 
namely the submucosal invasion fronts (SIFs), the iso-
lated tumor nests (TNs), and areas of deep cancer inva-
sion, such as cancer cell cohorts invading the muscularis 
externa (IIFs).

Our initial observations were made in areas where 
cancer cells have already penetrated the muscularis 
mucosa and invade into the submucosal connective 
tissue in a finger-like projection pattern (Figure 3A; 
middle panel), here referred to as SIFs. Histologically, 
the EMT-pertaining SIFs significantly differed from the 
EMT-quiescent ones, with most striking difference the 
absence of pseudoglandular formation and the poor dif-
ferentiation in the former ones (Figure 3A). Notably, the 
EMT-pertaining contexts appeared in the form of tumor-
budding in many cases, which are small groups of one 
to five cancer cells that have detached from the inva-
sion front (Zlobec and Lugli, 2011; Mitrovic et al., 2012). 
Either reflecting to EMT-pertaining or EMT-quiescent, all 
the areas selected bore a purely desmoplastic microen-
vironment as assessed by the prominent co-expression 
of α-SMA/LAMB1 and absence of h-CALD to exclude the 
possibility of smooth muscle cell invasion (Figure 3B). 
However, GREM1 was more significantly (p < 0.05; Mann-
Whitney U-test) expressed in the EMT-pertaining areas, 
when compared to the EMT-quiescent ones (Figure 3B,C). 
Figure 3D demonstrates the pseudoglandular formation 
of the cancer cell cohort, the moderate-to-well differenti-
ation of individual cancer cells, the membranous expres-
sion of β-CAT and the strict expression of OCLN in tight 
junctions (white arrows) in the GREM1-negative EMT-qui-
escent SIF, contradicting it at the same time with the loss 
of glandular appearance, the poor differentiation, the 
strong nuclear translocation of β-catenin and the absent-
to-low OCLN immunoreactivity in the GREM1-positive 
EMT-pertaining SIF.

We performed a relevant analysis in TNs, which 
are invasive fronts characterized by isolated multicel-
lular aggregates, possibly detached from larger cancer 
cell cohorts invading the stroma (Figure 4A). These TNs 
might be associated with a passive, invasion-independ-
ent metastatic pathway, initiated by their intravasation 
after getting enveloped by endothelial cells of sinusoi-
dal vasculature (Sugino et al., 2002, 2004; Kukko et al., 
2010). A careful observation of the 42 selected TNs 
revealed that the cancer cell cohorts were circumscribed 
by ECM-enriched envelopes, whose structure was pos-
sibly of a combination of desmoplastic and sinusoidal 
nature. Specifically, they were positive for LAMB1, and 
remarkably circumscribed by very thin α-SMA-positive 
and h-CALD-positive sheath (Figure 4B; yellow arrows). 
Most of these TNs (n = 31) presented with prominent 
OCLN and β-CAT gradients (Figure 4C; upper panels), 
however a few (n = 11) were categorized in the EMT-qui-
escent phenotype. Stromal GREM1 expression around 
these TNs was mild and variable in most cases, but 
focal expression in a few cancer cells in their periphery 
was also prominent (Figure 4B). We found that GREM1 
expression was significantly higher (p < 0.05; Mann-
Whitney U-test) around EMT-pertaining compared to 
EMT-quiescent areas (Figure 4C).

As explained, IIFs are characterized by collective inva-
sion/migration of cancer tissue into the muscularis externa 
in an interdigital pattern (Figure 5A). Careful observation 
of 28 selected IIFs revealed that cancer cell cohorts were 
circumscribed by ECM-enriched sheaths of low-to-medium 
thickness. These ECM-enriched sheaths were of myofibro-
blastic/CAF nature, as they retained the typical signa-
ture of LAMB1+/α-SMA+/h-CALD- (Figure  5B). Therefore, 
these cohorts do not come in direct contact with smooth 
muscle tissue, but they seem to migrate alongside CAFs. 
Two additional hallmarks of desmoplastic reaction were 
present in these sheaths. First, the myofibroblastic cells 
focally expressed the marker of proliferation Ki-67 (Figure 
5B). Indeed, it is known that desmoplasia is not only char-
acterized by abundant deposition of ECM components 
but also by the molecular recruitment and proliferation of 
myofibroblasts around cancer cells (Kunz-Schughart and 
Knuechel, 2002a). Second, there was a prominent popu-
lation of CD31+ cells (Figure 5B). This finding may suggest 
that increased angiogenesis is invoked within these migra-
tory regions, through mechanisms by which CAFs secrete 
proangiogenic factors (Orimo et al., 2005; Watnick, 2012). In 
addition, the scattering pattern of these CD31+ cells implies 
the deployment of a de novo angiogenic program in this 
area, rather than invasion of such enormous cancer cell 
cohorts in pre-existing blood vessels. GREM1 expression 
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Figure 3 Association of GREM1 expression with EMT in submucosal invasion fronts (SIFs). (A) Illustration explaining the selection of SIFs. 
The cartoon on the middle demonstrates the design of selection, while the figures on the left and right demonstrate examples of SIFs (β-CAT 
staining), with the left being an EMT-quiescent, while the right being an EMT-pertaining one. Original magnifications  × 40. (B) Set of figures 
of the two selected areas shown in panel A, indicating the staining of each of the specified markers. In both EMT-pertaining and EMT-quies-
cent snapshots, the peritumoral stroma is characterized by the desmoplastic signature (α-SMA+/LAMB1+/h-CALD-). Note that GREM1 immu-
noreactivity is noted in the EMT-pertaining SIF only. White arrows indicate immunoreactivity of the specified marker. All original magnifica-
tions  × 200. (C) Mean GREM1 expression score between EMT-pertaining and EMT-quiescent SIFs. Asterisk indicates p < 0.05; Mann-Whitney 
U-test. (D) Topographic association of GREM1 expression with EMT. The EMT-quiescent SIF (upper set of figures) demonstrates the following 
characteristics: membranous staining of β-CAT, strong OCLN expression in tight junctions (white arrows) and absence of GREM1 immu-
noreactivity in the desmoplastic stroma. The EMT-pertaining SIF (lower set of figures) demonstrates the following characteristics: nuclear 
staining of β-CAT, loss of OCLN expression from the tight junctions and focal GREM1+ in both the stromal and the epithelial compartment of 
the tumor. All original magnifications  × 400.

in these desmoplastic sheaths was variable but detectable 
in most cases (Figure 5B). We compared the expression 
levels of GREM1 in IIFs and found that GREM1 expression 
was significantly higher (p < 0.05; Mann-Whitney U-test) 
around EMT-pertaining compared to EMT-quiescent areas 
(Figure 5C).

GREM1 has been recently linked to the regulation of 
angiogenesis in a BMP-independent/VEGFR-dependent 

mechanism, in both healthy and neoplastic states (Stabile 
et al., 2007; Mitola et al., 2010; Chen et al., 2012; Mulvihill 
et al., 2012; Ravelli et al., 2012). Interestingly, our immu-
nohistochemical observations suggested that GREM1+ 
desmoplastic microenvironments were also angiogenic 
(i.e., Figure 5B). The potential of CAFs in eliciting angio-
genic responses through SDF1/CXCL12 and/or VEGF secre-
tion has been well-documented (Kunz-Schughart and 
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Figure 4 Association of GREM1 expression with EMT in isolated tumor nests (TNs).
(A) Illustration explaining the selection of TN areas. The upper cartoon illustration demonstrates the design of selection, while the figure 
below demonstrates an example of TN (β-CAT staining). Original magnification  × 250. (B) Topographic association of GREM1 expression 
with EMT. The EMT-pertaining cancer cell cohorts of the TNs demonstrate prominent EMT gradation with the following characteristics: focal 
nuclear staining of β-CAT in the periphery with parallel membranous expression in the core of the cells (right panel) and progressive loss 
of OCLN from the core to the periphery of TNs (left panel). The cartoon schematic in the low-left corner shows the gradation of the EMT 
process, as implied from the panels above. The graph in the low-right corner demonstrates statistically significant difference of GREM1 
expression in the TN envelopes between EMT-pertaining and EMT-quiescent TNs. Asterisk indicates p < 0.05; Mann-Whitney U-test. All origi-
nal magnifications  × 300. (C) Set of figures of the selected TN shown in panel (A), indicating the staining of each of the specified markers 
(panel above) and a cartoon illustration (panel below), which demonstrates topographical overlap of the expression of the corresponding 
protein with that of GREM1. GREM1 is mildly expressed in stromal cells comprising the envelope and focally by cancer cells at the periphery 
of these TNs. The TN envelopes are LAMB1+, and remarkably have very thin α-SMA+ and h-CALD+ layer around them (yellow arrows). All 
original magnifications  × 200.

Knuechel, 2002b; Orimo et  al., 2005). We exploited the 
possibility that GREM1 might serve as an alternative angio
genesis mediator. To achieve so, we compared GREM1 
protein expression levels between hypo- and hypervascu-
larized stromata (Figure 6A). A total of 168 invasive fronts 
were selected in an unbiased way by using the β-CAT 
stain and they were scored for stromal GREM1 expression. 
These areas were then mapped to the endothelial marker 
CD31, from which the pixilated areas corresponding to 

immunoreactivity were calculated in a software-assisted 
fashion, and were subsequently ranked with increas-
ing score to get categorized into densely-angiogenic 
(high-CD31) or sparsely-angiogenic (low-CD31) areas, 
using the median as cut-off (Figure 6B). Interestingly, 
there was a significant increase (p < 0.05; Mann-Whitney  
U-test) in the mean GREM1 expression in high-CD31 
compared to low-CD31 areas (Figure 6C). However, we 
noticed that endothelial cell recruitment is not necessarily 
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Figure 5 Association of GREM1 expression with EMT in intramuscular invasion fronts (IIFs).
(A) Illustration explaining the selection of IIFs. The cartoon on the left demonstrates the design of selection, while the figure on the middle 
demonstrates an example of IIF (β-CAT staining). The demarcated yellow-squared area is further shown magnified (original magnifica-
tion  × 200) with both β-CAT and OCLN staining on the far right. (B) Set of figures of the selected IIF shown in panel A, indicating the staining 
of each of the specified markers (panel above) and a cartoon illustration (panel below), which demonstrates topographical overlap of the 
expression of the corresponding protein with that of GREM1. GREM1 is expressed in the thin desmoplastic, peritumoral sheath, as the 
cancer cell cohorts invade into the muscularis externae. This sheath is LAMB1+, α-SMA+ and h-CALD- (upper panels). The desmoplastic 
sheath is especially distinguished easily in the h-CALD panel, as a thin layer between cancer and muscle cells. Also, the cancer cells and 
their peritumoral stroma show some variable degree of proliferation (Ki-67 staining), while the peritumoral sheath is focally CD31+, indicat-
ing increased angiogenesis. All original magnifications  × 200. (C) Topographic association of GREM1 expression with EMT. The EMT-pertain-
ing cancer cell cohorts of the IIFs demonstrate prominent EMT gradation with the following characteristics: nuclear staining of β-CAT in the 
periphery with parallel membranous expression in the core of the cells (upper panel). The cartoon schematic shows this gradation of the 
EMT process, as implied from the differential localization of β-CAT staining in such cancer cell cohorts (middle panel). The graph demon-
strates statistically significant difference of GREM1 expression in the desmoplastic sheaths between EMT-pertaining and EMT-quiescent 
IIFs. Asterisk indicates p < 0.05; Mann-Whitney U-test. Original magnification  × 400.

accompanied by structuring into tubes (i.e., vasculogen-
esis), and as such, it is quite unclear whether these CD31+ 
cells are indeed endothelial cells that are transforming 

into cancer-associated endothelium or are endothelial 
cells that undergo endothelial-to-mesenchymal transition 
(Zeisberg et al., 2007). In each case, peritumoral stromata 
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Figure 6 Association of GREM1 expression with hypervascular invasion fronts (HIFs).
(A) Cartoon illustration explaining the selection of hypovascular and hypervascular invasion fronts (HIFs). (B) Ranking of 168 selected 
areas with increasing vascular intensity, according to their CD31 expression score, as calculated through the pixilated area in a computer-
assisted fashion. The median of CD31 expression score was used as a cut-off to divide the selected areas into hypervascularized (high-
CD31) and hypovascularized (low-CD31) invasion fronts. (C) Mean GREM1 expression score between hypo- and hypervascularized invasion 
fronts (i.e., low-CD31 vs. high-CD31). Asterisk demonstrates p < 0.05; Mann-Whitney U-test. (D) Set of figures from representative hypovas-
cularized (upper set of figures) or hypervascularized (lower set of figures) areas, indicating the staining of each of the specified markers 
(i.e., α-SMA/LAMB1/h-CALD, β-CAT, LAMA3, Ki-67 and CD31), along with GREM1. Note that GREM1 staining is more focal in the hypovas-
cularized, while a mild GREM1 blushing dominates both epithelial and stromal compartments in the hypervascularized areas. All original 
magnifications  × 200.

of both hypo- and hypervascular invasion fronts were 
characterized by aberrant desmoplasia and absence of 
LAMA3 immunoreactivity (Figure 6D). GREM1 was only 
expressed focally in the hypovascular invasion fronts, 
whereas it tended to dominate the entire tumoral and per-
itumoral compartment (i.e., mild blush) in hypervascular 
states (Figure 6D).

The BMP7-GREM1 axis triggers the EMT 
switch to regulate cancer cell phenotype

Overall, the presented immunohistochemical data cor-
relate the increased GREM1 expression in CAFs with the 
occurrence of an EMT phenotype in carcinoma cells of the 
desmoplastic interface. Along with supportive literature 
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evidence (Michos et al., 2004; Kosinski et al., 2007; Sääf 
et  al., 2007), which collectively indicates that GREM1 
has been causatively associated with the occurrence and 
maintenance of the mesenchymal phenotype in a number 
of developmental processes, as well as in mesenchymal 
and cancer stem cell niches, we sought to investigate 
through in vitro assays whether our observed correlations 
in the immunohistochemical studies reflect to causation.

First, phenotypic EMT assays were performed in HT29 
colon cancer cells, as their ability to grow in colonies and 
their relatively well-differentiated phenotype (Ahmed 
et  al., 2013) could provide safe assessment of an active 
EMT process. In addition, this cell line has been used for 
EMT studies in the past (Cai et al., 2013), which provided 
guidance for the current investigations. Morphological 
assessment of the epithelial/mesenchymal phenotype 
ratio in BMP7/GREM1 stimulation assays revealed that the 
addition of GREM1 alone, or in combination with BMP7, 
was able to cause some degree of disruption of cell-to-cell 
adhesion in HT29 colonies, and promoted the mesenchy-
mal phenotype, especially in cancer cells that lined the 
periphery of the colonies (Figure 7A). Quantification with 
blinded observers demonstrated a significant decrease 
(p < 0.05, Jonckheere-Terpstra test) in the percentage of cells 
with epithelial phenotype after treatment with GREM1 in 
a dose-dependent fashion (Figure 7B; upper panel). This 
remained significant even with the parallel administration 
of 50 ng/ml of BMP7 (Figure 7B; upper panel). However, 
the addition of BMP7 alone did not significantly affect 
the epithelial phenotype or ability of HT29 cells to form 
their typical cohorts/colonies (Figure 7A), an observation 
that further strengthens the notion that BMP7 promotes 
the integrity and maintenance of the epithelial phenotype 
(Motoyama et al., 2008). As subjective to a certain extent, 
these results were further confirmed through computer-
assisted determination of cell circularity index (Figure 7B; 
lower panel), as previously described (Shen et al., 2014). 
In particular, the mean circularity index of HT29 cells was 
significantly reduced (p < 0.05; Jonckheere-Terpstra test), 
following treatment with either GREM1 alone or combi-
nation of GREM1 and BMP7, and remained intact (p > 0.05, 
Jonckheere-Terpstra test) following treatment with BMP7 
alone (Figure 7B; lower panel).

Second, we determined the transcription status of two 
independent EMT machineries, the cadherin switch (i.e., 
simultaneous overexpression of the epithelial E-cadherin 
and downexpression of the mesenchymal N-cadherin) 
and EMT-promoting transcription factors, such as Snail-1 
(Tse and Kalluri, 2007; Kalluri, 2009; Kalluri and Weinberg, 
2009). During assay optimization, we noted that stimula-
tion with TGF-β (5 ng/ml), a cytokine known to induce EMT 

in CRC and other cancers (Bates and Mercurio, 2005), was 
able to induce the cadherin switch and Snail-1 overexpres-
sion (data not shown), thus confirming previous studies (Li 
et al., 2010; Cai et al., 2013; Hirakawa et al., 2013) that have 
established the HT29 cell line as a model system for studying 
EMT induction. We then noticed that stimulation of HT29 
cells with BMP7 alone caused a significant (p < 0.025, Holms-
corrected Jonckheere-Terpstra test) shift of the cadherin 
switch towards a non-EMT phenotype, in a dose-dependent 
fashion (Figure 7C). Moreover, stimulation with GREM1 alone 
caused a small, but significant (p < 0.025, Holms-corrected 
Jonckheere-Terpstra test) shift towards the EMT phenotype, 
in a dose-dependent fashion (Figure 7C), confirming that 
the BMP7/GREM1 axis could regulate EMT. However, the fact 
that the cadherin switch was not altered severely by GREM1 
stimulation alone (E-cadherin was decreased by ∼1.3-fold, 
while N-cadherin was increased by ∼1.8-fold with a single 
dose of 1000 ng/ml GREM1) prompted us to speculate that 
there may not be adequate levels of endogenously-secreted 
BMP7 in this in vitro setting. Let alone, most studies that 
have induced EMT in HT29 cells have observed significant 
results in ∼8 days post stimulations, and our experiments 
were terminated in 2 days post-treatment. To circumvent this 
issue, we investigated the effect of GREM1 stimulation after 
co-stimulation with 50 ng/ml of BMP7. In this case, we again 
observed a statistically significant (p < 0.025, Holms-cor-
rected Jonckheere-Terpstra test) shift of the cadherin switch 
towards the EMT phenotype (Figure 7C). This particular 
experiment was also verified at the protein expression level, 
in which E-cadherin reduction was very prominent, while 
N-cadherin increase occurred slower and to a less extent, 
following the administration of GREM1 in a dose-dependent 
manner in HT29 cells (Figure 7D).

Coincidentally, the gene-expression level of the EMT-
initiating transcription factor Snail (SNAI1) was inversely 
correlated with BMP7 (p < 0.05, r = -0.46; Spearman’s corre-
lation coefficient), when all possible correlations with the 
BMPs were tested (Figure 7E). Mean levels of Snail gene 
expression were higher in cancerous lesions compared 
to normal colonic mucosa in the CRC-patient cDNA array 
(Figure 7F, Figure S3I). On this basis, when we stimulated 
HT29 cells with increasing doses of either BMP7 (0.5, 5 
and 50 ng/ml) or GREM1 (10, 100 and 1000 ng/ml), we 
observed significantly lower expression of SNAI1 in the 
former, and significantly higher expression of SNAI1 in 
the latter case (both were shown with p < 0.05, Holms-
corrected Jonckheere-Tersptra test) (Figure 7G). Concord-
antly, a dose-dependent SNAI1 overexpression (p < 0.05, 
Holms-corrected Jonckheere-Tersptra test) was also 
observed in HT29 cells treated with a single dose of 50 ng/
ml of BMP7, following increasing doses of GREM1 (10, 100 
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and 1000 ng/ml) (Figure 7G). However, the comparative 
SNAI1 expression values in BMP7/GREM1-treated HT29 
cells were lower than those of GREM1 alone (Figure 7G), 
an observation which confirms (along with all the data 
presented in this section) that GREM1 probably antago-
nizes BMP7 to induce EMT, at least in this in vitro model 
system.

Discussion
In our previous review (Karagiannis et al., 2010), we men-
tioned that the cancer secretome has significant potential 
for diverse applications in oncoproteomics. Such proteins 
might represent putative tumor biomarkers or therapeutic 
targets. Consequently, proteomic strategies for secretome 

Figure 7 Regulation of EMT by the BMP7/GREM1 axis in vitro.
(A) Representative snapshots of HT29 cells, after stimulation with varying doses of BMP7 (0.5, 5 and 50 ng/ml), GREM1 (10, 100 and 
1000 ng/ml) or both (BMP7 at 50 ng/ml; GREM1 at 10, 100 and 1000 ng/ml). All original magnifications  × 400. (B) Mean percentage of cell 
population with an epithelial phenotype (upper graph) and mean circularity index (lower graph) of each of the experimental conditions 
demonstrated in panel (A). Asterisks denote statistical significance, p < 0.05, Jonckheere-Terpstra test. (C) Mean gene-expression levels 
of E-cadherin and N-cadherin, after recapitulating the experimental conditions demonstrated in panel (A). All bars indicate relative E- and 
N-cadherin expression values to the respective non-treated control. Asterisks denote statistical significance, p < 0.007, Jonckheere-Terpstra 
test. (D) Flow cytometry of HT29 cells treated with a single dose of 50 ng/ml BMP7 and increasing doses of GREM1 (from left to right: 10 ng/
ml, 100 ng/ml and 1000 ng/ml). (E) Scatter plots demonstrating correlation between the gene-expression levels of SNAI1 and each one of 
the three major BMPs (BMP2, BMP4 and BMP7) in CRC patients (cDNA array). Statistical significance is shown with p < 0.05, Spearman’s 
Ranked Correlation test. (F) Relative gene-expression levels of SNAI1 between cancer lesions and adjacent healthy areas of CRC patients 
(cDNA array). Asterisk denotes statistical significance, p < 0.007, Wilcoxon test. (G) Mean gene-expression levels of Snail (SNAI1) in HT29 
cells, after recapitulating the experimental conditions demonstrated in panel (A). All bars demonstrate relative values to the non-treated 
control. Asterisks denote statistical significance, p < 0.007, Jonckheere-Terpstra test.
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analysis have been extensively deployed over the past few 
years. These efforts generated a large amount of informa-
tion awaiting deeper mining and careful interpretation. 
By combining secretome data from multiple CRC cell line 
monocultures, as well as from cocultures, we defined a 
secreted signature of BMP antagonists, as key element of 
CRC progression. We demonstrated that the BMP antago-
nist GREM1 is contextually expressed by CAFs in the colon 
cancer microenvironment, and may promote EMT in vitro.

In CRC, BMP signaling has been regarded as generally 
portraying tumor-suppressive capabilities, such as reduc-
ing cancer cell proliferation, invasion, motility, and antag-
onizing EMT (Bendtsen et al., 2004; Nishanian et al., 2004; 
Beck et al., 2006, 2007; Beppu et al., 2008; Wu et al., 2008; 
Bertrand et al., 2012). Remarkably, a wide range of tumor-
promoting features has also been reported (Deng  et  al., 
2007a,b; Grijelmo et al., 2007; Kang et al., 2009; Lorente-
Trigos et al., 2010). These seemingly conflicting observa-
tions support the notion that the BMP pathway affects 
cancer progression depending on cell type and context. 
For instance, Owens et  al. demonstrated that disruption 
of BMP receptor type II (BMPR2) in breast tumor cells may 
promote metastasis, through increased tumor cell prolif-
eration, invasion, migration and EMT (Owens et al., 2011). 
Interestingly, the same group reported that an active BMP 
signaling in CAFs may enhance mammary carcinoma cell 
invasion (Owens et al., 2013).

Carcinomas are multifaceted tissues, and they not 
only comprise of tumor cells but also of a wide variety of 
stromal cells, including fibroblasts, immune and endothe-
lial cells among others, as well as components of the 
extracellular matrix. Paracrine interactions between those 
and carcinoma cells may assist in the development and 
progression of cancer (Bissell and Radisky, 2001; Elen-
baas and Weinberg, 2001; Bhowmick and Moses, 2005; 
Hanahan and Weinberg, 2011). Our IHC observations dem-
onstrated strong expression of the BMP antagonist GREM1 
in CAFs of the invasion front. Cancer cells in such areas 
deploy a specialized molecular and pathological EMT 
signature (De Wever et al., 2008), which may be respon-
sible for local invasion and their detachment in form of 
small cohorts, known as ‘tumor-buds’ (Karagiannis et al., 
2014c). To which extent, CAF-triggered BMP antagonism 
may facilitate the process of tumor-budding remains to be 
elucidated.

Using in vitro EMT assays, based on the expression 
of the EMT-initiating transcription factor Snail and the 
‘cadherin switch’, we have shown that BMP7 promoted 
cancer cell differentiation (i.e., inhibition of EMT), and 
that GREM1 could antagonize this effect. Despite clear evi-
dence from developmental studies, the regulation of cell 

differentiation in the cancer setting has been a subject of 
major speculation for the BMP pathway (Chen et al., 2004; 
Gazzerro and Canalis, 2006; Bertrand et  al., 2012). Such 
debates have arisen due to the documented difficulty of 
studying the role of the BMP pathway in cancer progres-
sion, as there is: (a) a broad spectrum of BMP ligands/
receptors/antagonists in the tumor microenvironment 
which may compensate for one another and which may or 
may not be interconnected under the same downstream 
pathway; (b) a wide variety of canonical/non-canonical 
downstream effects; (c) heterogeneous regulation of their 
expression profile; and (d) a complicated intracellular 
interactome of the signaling relay from the receptor level 
down to the transcription factor/co-regulator level (Chen 
et al., 2004; Gazzerro and Canalis, 2006; Bertrand et al., 
2012).

It has been suggested that GREM1 preferentially 
shifts the differentiation state of cancer cells toward a 
more mesenchymal and stem-like phenotype, which may 
also promote their maintenance within tumor hierarchy 
(Sneddon et al., 2006; Yan et al., 2014). In contrast, BMPs 
may trigger and promote the differentiation of stem cells in 
many settings (Xu et al., 2005; Kosinski et al., 2007; Zhang 
et al., 2011). As such, our current observations support a 
more generic hypothesis that BMP antagonists may define 
a niche for a self-renewing population in certain cancers 
(Sneddon and Werb, 2007). Actually, recent evidence has 
connected the acquisition of cancer stem cell (CSC) (or 
cancer-initiating cell) traits, following an EMT program 
(Alison et  al., 2012; Scheel and Weinberg, 2012). The 
current study is not intended, at this point, to bridge the 
space between CSCs and EMT-pertaining invasion fronts, 
as being the exact same cancer subpopulation, despite 
the fact that this notion has already been suggested in the 
‘hallmarks of cancer’ (Hanahan and Weinberg, 2011). The 
origins of CSCs within a solid tumor have not yet been clar-
ified, and may well vary from one tumor type to another. 
However, the induction of the EMT program in certain 
model systems is sufficient by itself to provide ‘stemness’ 
in the target population, including the characteristics that 
define the stem-like phenotype, i.e., self-renewal capabil-
ity and specific antigenic properties. Such notion may not 
only suggest that the EMT program can enable cancer cells 
to physically disseminate from primary tumors, but also 
confer self-renewal ability on them, which may be crucial 
for clonal expansion (Brabletz et  al., 2005; Spaderna 
et al., 2007). Therefore, upon generalization, this connec-
tion raises a corollary model: the heterotypic signals that 
trigger EMT, such as those released from the desmoplastic 
stroma (i.e., GREM1), could be sufficient and/or necessary 
for creating and maintaining CSC niches (Sneddon and 
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Werb, 2007; Sell, 2010; Scheel and Weinberg, 2012; Yan 
et al., 2014).

Besides being noticed in the desmoplastic context, 
GREM1-mediated inhibition of BMP7 has also been 
reported in pulmonary fibrosis (Myllärniemi et al., 2008), 
diabetic nephropathy (Lappin et al., 2002; Murphy et al., 
2002) and pauci-immune glomerulonephritis (Mezzano 
et al., 2007). Therefore, GREM1 might have a more generic 
function in the adult organism, by supporting and regu-
lating fibrosis of diseased tissues.

Given the reported BMP signaling pathway cross-talk 
and non-canonical signaling relays (von Bubnoff and Cho, 
2001), it should be mentioned that the exact downstream 
signaling events were not elucidated in the current study. 
Additionally, in many cases CRC undergoes a molecular 
pathway that causes genetic instability in microsatellite 
loci attributable to alterations in the DNA mismatch repair 
genes, such as MLH1, MSH2, MSH6 and PSM2 (Ilyas et al., 
1999; Markowitz and Bertagnolli, 2009; Boland and Goel, 
2010). This molecular pathway has been shown to affect 
many canonical signal transduction pathways through 
genetic silencing because of the high frequency of muta-
tions, such as the TGF-β superfamily pathways (Ilyas et al., 
1999). In such cases, BMPs may signal through non-canon-
ical downstream pathways. As such, the downstream 
effects of the newly reported BMP7/GREM1 axis should 
be investigated with caution. However, our stimulation 
experiments were performed in HT29 cells, a microsatel-
lite stable colon adenocarcinoma cell line, capable of pro-
ducing carcinoembryonic antigen (von Kleist et al., 1975). 
Therefore, our subsequent co-stimulation assays, where 
HT29 cells were co-treated with a single dose of BMP7 and 
varying doses of GREM1, suggest that the BMP7/GREM1 
axis might also signal through the canonical pathway.

Our immunohistochemical observations addition-
ally demonstrated focal GREM1 staining in TNs, possibly 
reflecting areas of vascular invasion. Vascular invasion 
comprises a unique model of migration-independent 
metastasis, according to which TNs/buds are dynamically 
and passively enveloped by the sinusoidal cancer-associ-
ated endothelium (Sugino et al., 2004). Our studies have 
demonstrated that GREM1 is present in this remodeled 
endothelium, further suggesting that it could potentially 
participate in vascular remodeling and intravasation of 
tumor emboli within the vessels. In a supportive fashion, 
GREM1 has been previously associated with angiogenesis 
in a BMP-independent fashion (Stabile et al., 2007; Mitola 
et al., 2010).

Future efforts should encompass understanding of 
the causative implication of GREM1-mediated BMP dis-
ruption in CRC metastasis, using relevant in vivo models. 

GREM1-/- mice have been utilized in a number of develop-
mental studies, but die of complete renal agenesis shortly 
after birth (Khokha et al., 2003; Michos et al., 2007), an 
issue that renders this background inappropriate for 
studying CRC. However, it has been shown that heterozy-
gous GREM1+/- mice are both viable and healthy, can grow 
normally and show no differences from wild type GREM1+/+ 
mice or vulnerability to any disease (Roxburgh et  al., 
2009). This animal model has been successfully used to 
study the implication of GREM1 in diabetic nephropa-
thy (Roxburgh et al., 2009), and could be utilized in our 
context.

In summary, we have reported a possible implication 
of GREM1 with CRC progression. Our tissue-expression 
and in vitro studies converge to the preferential expres-
sion of GREM1 in peritumoral stromal sheaths composed 
of CAFs. These GREM1-expressing CAFs may participate 
in a paracrine signaling conversation with the proximal 
invasion front, resulting in BMP-signal suppression and 
possibly EMT. To which extent this process could lead to 
local invasion and tumor-budding formation needs to be 
addressed in the future.

Materials and methods
Cell culture

The HT29 (HTB-38), SW480 (CCL-228), SW620 (CCL-227) and RKO 
(CRL-2577) colon cancer cell lines, as well as the normal colonic fibro-
blasts 18Co (CCD-18Co), were obtained from ATCC, Rockville, MD. 
Cells were maintained in their favorable growth medium, according 
to the manufacturer’s instructions, in a modified atmosphere of 5% 
CO2 in a humidified incubator at 37°C. All experiments were con-
ducted within  < 3 passages from the initiation of all cultures.

Gene-expression analysis of BMP signaling components 
using real-time PCR

The TissueScan Colon Cancer cDNA Array III was used (Origene, 
Rockville, MD) for determining gene-expression levels of members of 
the BMP pathway in a commercially available cohort of CRC patients. 
This array consists of CRC tissues from 24 patients, matched with nor-
mal colonic mucosal tissue adjacent to the tumor. For assessment of 
gremlin-1 expression in ‘indirect’ colon cancer cocultures, we stimu-
lated cancer cells with fibroblast medium and vice-versa. Stimulation 
media (SW480, SW620 and 18Co) were collected under serum-free 
conditions, as previously described (Karagiannis et al., 2014a). Co-
cultured cells were stimulated for 2 days with media containing 50% 
stimulation medium and 50% fresh medium. RT-PCR was performed 
by using 1X SYBR green reagent (Applied Biosystems, Burlington, 
ON) as previously described (Saraon et al., 2012, 2013), and transcript 
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levels of β-actin, BMP-2, -4, and -7, BMPR1A, -1B and 2, GREM1 and 
FST were measured on a 7500 ABI System. Forward (F) and reverse 
(R) primer sequences utilized for each gene are listed in Table 1.

GREM1 immunoassay

SW480, SW620 and 18Co cells were seeded in triplicates in 6-well 
plates (DMEM, 10% FBS), in mono- or cocultures (SW480Co/
SW620Co) up to ∼50–60% confluence, as described (Karagiannis 
et al., 2012a). CM from all wells were then replaced with 2 ml serum-
free DMEM. CM were collected after 2 days and GREM1 concentration 
was measured with a commercially available immunoassay (Invitro-
gen), using the manufacturer’s instructions.

Alkaline phosphatase assay

Alkaline phosphatase (ALP) activity was used to demonstrate 
active BMP signaling in various CRC cell lines, and was determined 
by para-nitrophenylphosphate (p-NPP) hydrolysis, as previously 
described (Souvannavong et  al., 1995; Akcakaya et  al., 2007). In 
brief, following the termination of BMP7 stimulation experiments, 
cancer cells were washed twice with PBS and cell viability was 
assessed by exclusion of 0.5% Trypan Blue dye (data not shown). 
Approximately 500 000 cells in each condition were centrifuged for 
5  min at 750 g, and their supernatants were discarded. Then, the 
cell pellets were suspended in 100 ml substrate buffer (10 mm dieth-
anolamine, 0.5 mm MgCl2, pH 10.5), and 1 mg/ml p-NPP was added. 
The mixture was incubated for 20  min at room temperature. The 
reaction was stopped with 50  ml 2  N NaOH. Optical density (OD) 
was measured at 405 nm. The optimization experiment showed 
that treatment with increasing doses of BMP7, increased the ALP 
activity of HT29, SW480 and SW620 in a dose-dependent fashion, 
whereas RKO cells served as negative control (Figure S1). As such, 
we validated previous literature (Beck et al., 2006; Grijelmo et al., 
2007; Deng et al., 2009; Kang et al., 2009) demonstrating that HT29, 
SW480 and SW620 cells could be used as an efficient in vitro model 
system for BMP signaling studies.

Morphological and computer-assisted assessment of 
EMT

HT29 cells were seeded in triplicate in 12-well plates (DMEM, 10% 
FBS), to ∼50% confluence and were then stimulated with rhTGF-β 
(Sigma-Aldrich) or rhBMP7 (Sigma-Aldrich) or rhGREM1 (Sigma-
Aldrich) or combinations for 2 days, under serum-free conditions. 
Evaluation of EMT incidence was performed through two independ-
ent methods: operator-subjective and computer-assisted. For the 
former, three wells per experimental condition were fixed in 4% 
paraformaldehyde and stained with 0.5% crystal violet, as described 
(Karagiannis et al., 2014a). Five snapshots from each well (to a total 
of 15 pictures per experimental condition) were given to four blinded 
observers for independently assessing the percentage of cell popu-
lation with epithelial phenotype. Score values of each experimental 
condition were combined for all snapshots from all different observ-
ers in one final mean score per experimental condition. For the lat-
ter, one-well per experimental condition was subjected to circularity 
index analysis, using ImageJ. Based on pixel analysis of cell shape in 
a cell-by-cell basis, a perfect circle gives an index of 1.0, whereas the 
more polygonal, spindle-shaped or ellipsoid one shape is, the closer 
to 0.0 the index becomes. In brief, comparison of circularity indexes 
among the various experimental conditions was performed. For each 
condition, the circularity of approximately 120–150 individual cells 
was calculated, and a mean index was determined. As HT29 cells 
tend to grow in colony configuration in vitro, at least three independ-
ent colonies/areas were selected in each experimental condition for 
evaluating the circularity of the cells. According to one study using 
the method (Shen et al., 2014), it is presumed that cells with small 
circularity index are more mesenchymal, thus representing popula-
tions that have possibly undergone EMT.

Gene-expression analysis of EMT markers using real-
time PCR

In addition to the morphological and computer-assisted assessment 
of EMT, the same experimental conditions were reproduced to assess 
specific EMT markers in the gene-expression level. As such, 2 days 

Table 1 Forward and reverse (5′→3′) primers for RT-PCR.

Gene   Forward primer   Reverse primer

GAPDH   GTCTCCTCTGACTTCAACAGCG   ACCACCCTGTTGCTGTAGCCAA
BMP2   TGTATCGCAGGCACTCAGGTCA   CCACTCGTTTCTGGTAGTTCTTC
BMP4   CTGGTCTTGAGTATCCTGAGCG   TCACCTCGTTCTCAGGGATGCT
BMP7   GAGTGTGCCTTCCCTCTGAACT   AGGACGGAGATGGCATTGAGCT
BMPR1A   CTTTACCACTGAAGAAGCCAGCT   AGAGCTGAGTCCAGGAACCTGT
BMPR1B   CTGTGGTCACTTCTGGTTGCCT   TCAATGGAGGCAGTGTAGGGTG
BMPR2   AGAGACCCAAGTTCCCAGAAGC   CCTTTCCTCAGCACACTGTGCA
FST   AGCAGCCAGAACTGGAAGTCCA   CCGATTACAGGTCACACAGTAGG
GREM1   TCATCAACCGCTTCTGTTACGGC   CAGAAGGAGCAGGACTGAAAGG
HTRA3   CAAGAAGTCGGACATTGCCACC   CGTTGTCACTGTGTTCTGTAGGG
SNAI1   TGCCCTCAAGATGCACATCCGA   GGGACAGGAGAAGGGCTTCTC
E-CAD   GCCTCCTGAAAAGAGAGTGGAAG   TGGCAGTGTCTCTCCAAATCCG
N-CAD   CCTCCAGAGTTTACTGCCATGAC   GTAGGATCTCCGCCACTGATTC
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after BMP7/GREM1 stimulation, HT29 cells were collected using non-
enzymatic dissociation buffer (EDTA), and subjected to RNA extrac-
tion and cDNA synthesis, as previously described (Saraon et al., 2013; 
Karagiannis et  al., 2014a). RT-PCR was performed using 1X SYBR 
green reagent (Applied Biosystems) and transcript levels of Snail 
(SNAI1), E-cadherin (CDH1) and N-cadherin (CDH2) were measured 
on a 7500 ABI System. Forward (F) and reverse (R) primer sequences 
utilized for each gene are listed in Table 1.

Flow cytometry

HT29 cells were cultured in 6-well plates (106 cells per well) to 75% con-
fluence and subjected to stimulating conditions according to the ques-
tion asked. Cells were detached using a non-enzymatic EDTA-based 
cell dissociation buffer and suspended in 0.5 ml PBS, fixed for 10 min 
at 37°C to a final concentration of 4% formaldehyde and eventually 
chilled on ice for 1 min. Following that, cells were aliquoted into 100 μl 
of incubation buffer (PBS, 0.5% BSA) and AF647-E-CAD [E-cadherin 
(24E10) Rabbit mAb (Alexa Fluor 647 Conjugate) (Cell Signaling Tech-
nology)] or PE-N-CAD [PE anti-human CD325 (N-cadherin) Antibody 
(Biolegend)] were added at concentrations of 1 μg/ml and 0.5 μg/ml, 
respectively. The tubes were incubated for 1 h, at room temperature. 
Flow cytometric analysis was carried out in the FACS Calibur flow 
cytometry system (Becton-Dickinson). Optimization of the antibodies 
was performed through antibody titrations in non-stimulated cells, 
using serial dilutions of E- and N-cadherin.

Retrieval of proteomic datasets and quantitative investi-
gations

Secretome analysis of 13 CRC cell lines (HT29, SW480, SW620, 
HCT116, LoVo, RKO, LS180, LS174T, Colo320HSR, Colo205, DLD1, 
WiDr and SW1116) was previously described (Karagiannis et  al., 
2014b). Secretome analysis of cocultures between SW480/SW620 
colon cancer cell lines with normal colonic fibroblasts 18Co was pre-
viously described (Karagiannis et al., 2012a). These proteomic data-
sets were retrieved from supplemental material of these studies, and 
a previous method (Collier et al., 2011) was used to normalize total 
spectral counts.

In silico investigations

Gene-expression meta-analysis Gene-expression meta-analysis 
was performed with Genevestigator (https://www.genevestigator.
com), a web tool compiled with data from public repositories. The 
default platform Human133_2 (i.e., Human Genome 47k Array) was 
selected. Lists with official gene names were used as input, and all 
available probes mapped back to these gene IDs were selected for 
further analysis. The perturbations tool was used to investigate rela-
tive expression of specific gene probes between colon cancer and 
normal tissues. Fold-differences from multiple probes of the same 
gene were all combined in one score, and these were subsequently 
averaged from multiple studies to create one mean x-fold difference 
per gene. Representative heat maps were exported for visualization 
purposes.

Gene expression-based survival analysis Survival analysis was per-
formed using PROGgene (http://www.compbio.iupui.edu/proggene), 
a web tool compiled with data from public repositories, such as GEO, 
EBI Array Express and The Cancer Genome Atlas, encompassing 64 
patient series from 18 cancer types (Goswami and Nakshatri, 2013). 
In the process of performing survival analysis and creating prognos-
tic plots, the web-based tool uses median gene-expression value to 
divide samples into ‘High’ and ‘Low’ gene expression groups, and 
subsequently uses survival data to create Cox proportional hazards 
models, by including hazard ratios and long rank p-values (Goswami 
and Nakshatri, 2013). The meta-analysis comprised of a total of two 
studies (Smith et al., 2009; Loboda et al., 2011) (Loboda, GSE28814; 
Smith, GSE17536 and GSE17537), which included microarray data 
from 326 (Loboda), 55 (Smith; training dataset) and 177 (Smith; vali-
dation dataset) patients.

Immunohistochemical investigations

Retrieval of immunohistochemical cases Evaluation of protein 
expression and localization was performed in 30 archived cases 
of invasive CRC, for the following proteins/markers: β-catenin 
(β-CAT), occludin (OCLN), platelet/endothelial cell adhesion mol-
ecule (PECAM/CD31), α-smooth muscle actin (α-SMA), h-caldesmon 
(h-CALD), laminin-α3 (LAMA3), laminin-β1 (LAMB1), ki-67 antigen 
(Ki-67) and gremlin-1 (GREM1). For more information on the patient 
cohort, the staining process, the antibodies used, as well as the 
evaluation and scoring system, along with the negative and positive 
controls used in each case, please refer to our previous publications 
(Karagiannis et al., 2014a,c).

Comparison of GREM1 expression between normal and desmoplastic 
stromata We identified certain areas of the colonic mucosa bearing 
healthy colonic crypts, along with their pericryptal and submucosal 
stromata, all juxtaposed close to neoplastic lesions. These stromata 
were further evaluated as healthy/normal, after confirming negative 
immunoreactivity for α-SMA/h-CALD/LAMB1, to exclude the possi-
bility of a reactive, cancer-associated stroma (i.e., CAFs). For each 
normal stroma selected in this way, the most proximal cancer inva-
sion front was also identified for comparative purposes, and in this 
case, its respective peritumoral stroma was confirmed as desmoplas-
tic, through strong immunoreactivity for α-SMA/LAMB1, and parallel 
negative immunoreactivity for h-CALD. A total of 42 stromata, half of 
which were considered as ‘normal stromata’ (n = 21), while the other 
half as ‘pathologic/desmoplastic stromata’ (n = 21), were finally incor-
porated in this study, and were evaluated for GREM1 expression.

Categorization of immunohistochemical areas according to their 
EMT status Specific inquiries were performed to link the topo-
graphical juxtaposition of GREM1 with contextual dedifferentia-
tion (i.e., EMT-related phenomena) in desmoplastic interfaces. The 
areas selected in each case were subdivided into ‘EMT-pertaining’ 
and ‘EMT-quiescent’ to demonstrate an active or non-active dedif-
ferentiation process, respectively. Criteria for designating the areas 
as ‘EMT-pertaining’ were the following two prominent hallmarks of 
EMT (Kalluri and Weinberg, 2009): (I) cancer cells positioned at the 
periphery of the cohorts presented with nuclear accumulation of β-
CAT, while those in the core of the cohorts with membranous, and (II) 
the expression levels of occludin (OCLN) may or may not present with 
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similar gradation; however, a progressive loss in the expression of 
OCLN in these cancer cells, when compared to control areas (i.e., nor-
mal colonic mucosa) and earlier invasion areas should be present. 
A failure to fulfill either of these two criteria categorized the areas 
as ‘EMT-quiescent’. Representative figures, which clearly portray the 
differences between cells expressing nuclear β-CAT translocation, as 
well as the OCLN gradation, are shown in Figure S2.

Investigation of GREM1 expression in submucosal invasion fronts 
(SIFs) Areas of early cancer invasion, here termed as ‘submucosal 
invasion fronts’, with the typical appearance of cancer cell cohorts 
penetrating the submucosa after completely invading the muscularis 
mucosae, were selected. These areas were identified using a combi-
nation of β-catenin, LAMA3 and OCLN to spot the epithelial cancer 
cell cohorts, and α-SMA/h-CALD and LAMB1 to clearly demarcate the 
presence of peritumoral desmoplastic lesions in the parallel absence 
of smooth muscle cells belonging to the muscularis externa. A total 
of 110 SIFs were found in these 30 archived cases, for which co-
assessment of β-CAT localization and OCLN gradation successfully 
categorized them into 58 ‘EMT-pertaining’ and 52 ‘EMT-quiescent’ 
areas.

Investigation of GREM1 expression in tumor nests (TNs) Submu-
cosal areas of isolated, cancer cell aggregates with absence of glan-
dular or pseudoglandular architecture, also known as TNs, were 
selected. Such aggregates might have possibly detached from a larger 
cancer cell cohort/collective invading the stroma through a poorly 
understood mechanism of pathogenesis (Weiss and Ward, 1983). The 
most attractive speculation is that of a stiffness-mediated discon-
nection through intense mechanical and reciprocal interactions of 
cancer collectives with the tumor-associated stroma (Werfel et  al., 
2013). The fate of these smaller TNs is currently unknown, despite 
preliminary evidence has been linking them with a passive, inva-
sion-independent metastatic pathway, initiated by intravasation of 
tumor nests enveloped by endothelial cells of sinusoidal vasculature 
(Sugino et al., 2002, 2004; Kukko et al., 2010). A total of 42 TNs were 
identified in these archived cases, and they were further subdivided 
into 31 ‘EMT-pertaining’ and 11 ‘EMT-quiescent’ areas, using the co-
assessment of β-CAT translocation and OCLN gradation.

Investigation of GREM1 expression in intramuscular invasion fronts 
(IIFs) Areas of deep cancer invasion, here termed as ‘intramuscular 
invasion fronts’, which present with the typical appearance of finger-
like projections penetrating the smooth muscle layer (i.e., muscularis 
externa) were selected. These areas were identified using a combi-
nation of β-catenin, LAMA3 and OCLN to spot the epithelial cancer 
cell cohorts, and α-SMA/h-CALD to clearly demarcate the muscularis 
externa. A total of 28 IIF areas were found in these archived cases, for 
which the co-assessment of β-CAT translocation and OCLN gradation 
successfully categorized them into 21 ‘EMT-pertaining’ and seven 
‘EMT-quiescent’ areas.

Investigation of GREM1 expression in hypo- and hypervascular 
invasion fronts (HIFs) Vascular density was assessed by computer-
assisted measurement of pixels in CD31-positive areas, as elsewhere 
described (Rooijens et  al., 2004). Four to eight areas, encompass-
ing a total of 168, were selected from the archived cases in an unbi-
ased manner (i.e., through β-CAT). These invasion fronts were then 
mapped to their respective CD31 stains, and pictures were taken in 

low power field ( × 40) to assess vascular density. These pictures were 
uploaded into ImageJ software, where the CD31-positive area was 
measured in each case independently. The 168 areas were ranked 
from lower to higher, and subdivided into hypovascular (CD31-low; 
n = 84) and hypervascular (CD31-high; n = 84) invasion fronts (HIFs), 
with the median serving as cut-off.

Statistical analysis

Statistical analysis was performed in SPSS (version 20). Statistical 
differences were assessed with the following non-parametric tests: 
(a) Jonckheere-Terpstra test for multiple independent groups, (b) 
Mann-Whitney U-test for two independent groups, and (c) Wilcoxon 
test for two matched (paired) groups. All aforementioned data were 
shown as means with standard errors. Correlations were tested with 
the Spearman’s ranked correlation coefficient. These data were pre-
sented as scatter plots with p-values and coefficient of determination 
(r2). Statistical significance was shown at the 0.05 level, and when-
ever necessary, p-values were adjusted for multiple-hypothesis test-
ing, using Holms-correction.
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