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Abstract
The bone morphogenetic protein (BMP) pathway promotes differentiation and induces 
apoptosis in normal colorectal epithelial cells. However, its role in colorectal cancer 
(CRC) is controversial, where it can act as context-dependent tumor promoter or tumor 
suppressor. Here we have found that CRC cells reside in a BMP-rich environment 
based on curation of two publicly available RNA-sequencing databases. Suppression 
of BMP using a specific BMP inhibitor, LDN193189, suppresses the growth of se-
lect CRC organoids. Colorectal cancer organoids treated with LDN193189 showed 
a decrease in epidermal growth factor receptor, which was mediated by protein deg-
radation induced by leucine-rich repeats and immunoglobulin-like domains protein 
1 (LRIG1) expression. Among 18 molecularly characterized CRC organoids, suppres-
sion of growth by BMP inhibition correlated with induction of LRIG1 gene expression. 
Notably, knockdown of LRIG1 in organoids diminished the growth-suppressive effect 
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1  |  INTRODUC TION

Bone morphogenetic protein ligands are members of the TGF-β 
superfamily, which trigger intracellular signaling via specific recep-
tors upstream of common SMAD4 proteins. Transforming growth 
factor-β has been extensively studied for its role in cancer patho-
genesis, including CRC, especially in the epithelial–mesenchymal 
transition.1,2 However, the role of BMP ligands in cancer has been 
studied less extensively. In the normal colorectal epithelium, BMP2, 
4, and 7 are secreted from stromal cells, such as myofibroblasts, 
which promote the differentiation of epithelial cells and suppress 
the stemness of epithelial stem cells at the crypt base.3,4 In CRC, 
BMPs are reported both as tumor-suppressing and tumor-promoting 
molecules, depending on the study. Beck et al. reported that BMP 
signaling is intact and suppresses the growth of human colon cancer 
cell lines.5 Lombardo et al. revealed that BMP4 induces differenti-
ation of human CRC stem cells.6 In contrast, Lorente-Trigos et al. 
reported that BMP signaling promotes the growth of xenograft tu-
mors derived from primary human CRC.7 More recently, Yokoyama 
et al. reported that autocrine BMP4 signaling is a therapeutic target 
in CRC cell lines.8 In addition to the context dependencies of the 
BMP effect that have been discussed in various cancers,9,10 these 
controversies might represent intertumor heterogeneity among the 
CRC population. One possible explanation for the latter is that the 
mutation status of SMAD4 and TP53 is suggested to determine cell 
fate by BMP.11 However, further studies on the heterogeneous ef-
fects of BMPs are warranted.

Epidermal growth factor receptor is a receptor tyrosine kinase 
important for the survival and proliferation of intestinal and col-
orectal epithelial cells. Therefore, the regulation of EGFR signaling is 
critical for the pathology of CRC. Indeed, molecular-targeted drugs 
for EGFR, such as cetuximab and panitumumab, are clinically used 
for treating advanced CRC with WT KRAS.12 We have reported that 
KRAS mutant CRC can be characterized into two groups: a partially 
responsive group, in which cetuximab had a substantial growth in-
hibitory effect, and a resistant group, in which no effect was ob-
served.13 The CRC cells in the partially responsive group showed a 
combined effect of cetuximab and trametinib, a MEK inhibitor, both 
in vitro and in vivo. These observations support targeting EGFR, 

even in KRAS mutant CRC. However, selecting a sensitive case is 
essential because cancer is a highly heterogeneous disease.

To address the heterogeneity of cancer, more researchers have 
been utilizing the 3D organoid culture technique in recent years. 
Patient-derived organoids retain the physiological features of paren-
tal cancer cells and reflect the heterogeneity of disease subgroups.14 
We have reported and utilized a method for organoid preparation, 
the CTOS method, which prepares cancer organoids with high pu-
rity, yield, and viability by retaining cell–cell interactions through-
out the procedure.14,15 In this study, the effect of BMP inhibition 
was evaluated using a panel of patient-derived CRC organoids es-
tablished using the CTOS method. A group of CRC organoids sensi-
tive to BMP inhibition was further investigated for the mechanism 
of growth suppression, and the possibility of a combination therapy 
was explored.

2  |  MATERIAL S AND METHODS

2.1  |  Patient samples and animal studies

This study was approved by the Institutional Ethics Committees at 
Osaka International Cancer Institute (1,712,225,296, 1,803,125,402) 
and Kyoto University (R1575, R2444) and was carried out in ac-
cordance with the Declaration of Helsinki. The surgical specimens 
were obtained from Osaka International Cancer Institute and Kyoto 
University after obtaining written informed consent.

The animal studies were approved by the Institutional 
Animal Care and Use Committee of Kyoto University and Osaka 
International Cancer Institute and were carried out according to in-
stitutional guidelines.

2.2  |  Generation and treatment of 
xenograft tumors

To expand the organoids, they were injected into NOD/SCID mice 
(CLEA Japan) to generate s.c. xenograft tumors. For the in vivo treat-
ment studies, a mixture of 1000 organoids in Matrigel (Corning Inc.) 
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of LDN193189. Furthermore, in CRC organoids, which are susceptible to growth sup-
pression by LDN193189, simultaneous treatment with LDN193189 and trametinib, an 
FDA-approved MEK inhibitor, resulted in cooperative growth inhibition both in vitro 
and in vivo. Taken together, the simultaneous inhibition of BMP and MEK could be a 
novel treatment option in CRC cases, and evaluating in vitro growth suppression and 
LRIG1 induction by BMP inhibition using patient-derived organoids could offer func-
tional biomarkers for predicting potential responders to this regimen.
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was transplanted into the flank of BALB/cAJcl-nu/nu mice (CLEA 
Japan). LDN193189 (Sigma-Aldrich) solution was prepared in water 
and given daily to mice at 3 mg/kg i.p. Trametinib solution was pre-
pared in 0.5% methyl cellulose with 0.2% Tween-80 and given using 
oral gavage at 0.3 μg/kg every other day. The s.c. xenograft volume 
was calculated using the formula: volume = (width)2 × (length)/2, and 
treatment was started when the volume exceeded 300 mm3. Mice 
with an excessive tumor volume (>2000 mm3) were killed for ethical 
reasons.

2.3  |  Organoid preparation, culture, and 
cryopreservation

Organoid preparation of CRC patient tissue and xenograft tumors 
was carried out using the CTOS method as previously described.13,15 
Briefly, the tumor specimens were mechanically and enzymatically 
digested, and the small fragments trapped by 100 μm or 40 μm cell 
strainers (BD Falcon). They were then collected, cultured, and pas-
saged in suspension in StemPro hESC (Invitrogen) as 3D organoids. 
Organoids were cryopreserved using CS10 (BioLife Solutions), fol-
lowing the manufacturer's instructions.

2.4  |  Vector construction and gene transfer

Tet-pLKO-puro was a gift from Dmitri Wiederschain (plasmid #21915; 
Addgene). Oligos for the LRIG1 shRNA coding sequence (shLRIG1-
Fw, C​CGG​​TC​C​A​CA​​CGG​​AC​C​G​CC​​TAT​​AA​A​C​TC​​GAG​​TT​T​A​TA​​GGC​​GG​
T​CCGTGTGGATTTTTG; shLRIG1-Rev, A​ATT​​CA​A​A​AA​​TCC​​AC​A​C​GG​​
ACC​​GC​C​T​AT​​AAA​​CT​C​G​AG​​TTT​​AT​A​GGCGGTCCGTGTGGA) were 
annealed and cloned into the tet-pLKO-puro vector using the AgeI 
and EcoRI cloning sites. The shRNA constructs were introduced into 
organoids using lentiviral transduction with the spin infection tech-
nique.16 Organoids were selected with 2.0 μg/mL puromycin (#ant-
pr-1; InvivoGen), and the transcription of shRNAs was induced with 
2.0 μg/mL doxycycline hyclate (#D9891; Sigma-Aldrich).

2.5  |  Organoid growth assay

Organoid growth was evaluated in GF-free medium (Advanced 
DMEM/F12 [Gibco, Thermo Fisher Scientific] supplemented with 1× 
GlutaMax [Gibco]) or StemPro medium (StemPro hESC; Invitrogen) 
containing 2.5% Matrigel GFR (BD Biosciences). Organoids were 
used for the growth assay 2 days after passage. Approximately 10 
organoids (φ70–100 μm) per well in a 96-well plate were used for 
each condition. For the assays, LDN, trametinib (Selleck Chemicals), 
recombinant human EGF (PeproTech), recombinant human HRG 
(PeproTech), and bafilomycin A1 were added at the indicated doses 
and time points. To quantify the viability of organoids, an ATP assay 
was carried out using CellTiter-Glo (Promega). Chemiluminescence 
values were obtained using a GloMax Discover Microplate Reader 

(Promega). Organoids were cultured for 5 days, and the relative ATP 
levels were adjusted with the initial numbers of organoids. GraphPad 
Prism 9 software (GraphPad Software) was used to draw sigmoidal 
dose–response curves.

Additional information for materials and methods are described 
in Data S1.

3  |  RESULTS

3.1  |  Colorectal cancer cells reside in BMP 
ligand-rich environment

First, we profiled BMP pathway gene expression in CRC tissues 
using two publicly available databases. Using RNA-sequencing data 
from cancerous and normal tissues registered in TCGA17 and nor-
mal tissues registered in Genotype-Tissue Expression (GTEx),18 we 
found that in normal colorectal tissues, among the major BMPs (2, 4, 
and 7) of the intestine, BMP4 and BMP7 expressions were increased 
in CRC tissues. In contrast, BMP2 expression was lower than that 
in normal tissues (Figure 1A). In addition, single-cell RNA sequenc-
ing data were used to analyze the status of the BMP pathway by 
cell lineage, and analysis of pooled single-cell gene expression data 
from nine CRC patients19 revealed that BMP4 was mainly expressed 
in fibroblasts and epithelial tumor cells (Figures 1B,C and S1-S9.). In 
contrast, BMP7 was produced by various types of cells, including 
malignant cells and hematopoietic cells, such as T cells and B cells 
(Figure 1B,C). The expression of ID1 and 2, major targets of the BMP/
SMAD pathway, was upregulated in epithelial cell clusters, suggest-
ing that the BMP pathway is active in cancer cells (Figure 1D). These 
results suggest that the BMP pathway is involved in the develop-
ment of the microenvironment in CRC, based on gene expression 
analysis of clinical tissue-derived samples.

3.2  |  Inhibition of BMP pathway suppresses 
CRC organoid growth with decreased EGFR

To investigate the role of the BMP pathway in CRC cells, the CRC 
organoid panel (Table  S1) was tested for growth inhibition in a 
defined medium without growth factors using LDN, a BMP receptor 
inhibitor. Colorectal cancer organoids were confirmed to produce 
BMP4 protein, which can accumulate during the culture period 
(Figure S2A), supporting the autocrine production of BMP ligands 
by CRC cells indicated from omics data (Figure  1C). Significant 
suppression of ID1 by LDN and recombinant BMP-inhibitory protein 
Noggin support that the BMP pathway is active in these CRC 
organoids and LDN is effective (Figure S2B). We found that the effects 
of LDN varied among organoids from different cases (Figure 2A,B). 
This phenomenon was confirmed with Noggin; the growth of C45 
and CB3 LDN-sensitive organoids was significantly inhibited by 
Noggin, whereas that of C75 and C166 LDN-resistant organoids was 
not (Figure 2C). Next, the time course of the activation status of the 
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signaling pathway was evaluated in these LDN-sensitive and LDN-
resistant organoids. As expected, LDN suppressed phosphorylation 
of SMAD1/5, which are key signaling molecules of the BMP/SMAD 
pathways downstream of BMP receptors (Figure  2D). The level 

of EGFR, a major receptor tyrosine kinase in the pathogenesis 
of CRC,20 decreased in these CRC organoids treated with LDN, 
especially after long-term treatment (48 h, Figure  2D). Phospho-
ERK1/2 was suppressed by LDN in these organoids (Figure  2D). 

F I G U R E  1  Bone morphogenetic protein (BMP) pathway is active in clinical colorectal cancer (CRC) tumors. (A) Box and whisker plots of 
BMP2, BMP4, and BMP7 expression (transcripts per million [TPM]) in normal colon (normal n = 41) and colorectal adenocarcinoma (COAD 
n = 308) tissue specimen. p values calculated by Student's t-test are indicated. (B–D) Uniform Manifold Approximation and Projection 
(UMAP) for the single-cell RNA-sequencing data of nine CRC patients' specimens. Cell types corresponding to each cluster are designated on 
the UMAP (B). More detailed cluster labeling is presented in Figures S1-S9.. (C) BMP4 and BMP7, as well as (D) ID1 and ID2 expression levels, 
are plotted on the UMAP. Areas enclosed by red dotted lines indicate clusters of epithelial cells. CPM, counts per million.
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Another LDN-sensitive organoid C307 also showed the suppression 
of EGFR and pERK by LDN, but three other LDN-resistant organoids, 
C97, C120, and C324, showed no change by LDN (Figure S3). Note 
that LDN-resistant C166 showed downregulation of EGFR and pERK 
more clearly than CB3, an LDN-sensitive organoid. These results 
indicate that suppression of EGFR/MEK/ERK by LDN was predicted 
to be the mechanism of growth inhibition, which is a required but 
not sufficient factor for determining the LDN sensitivity. Also, it 
is worth mentioning that LDN did not directly suppress the EGF-
mediated EGFR activation and downstream ERK phosphorylation 
(Figure  S4A). Therefore, we investigated the effect of MEK/
ERK activation on LDN treatment. LDN193189 treatment in the 
presence of EGF (Figure  2E) attenuated the growth suppression 
effect of LDN. Addition of exogeneous EGF effectively stimulated 
ERK phosphorylation in LDN-treated organoids even with the 
decreased total EGFR (Figure S4B). Similarly, HRG, a ligand of HER3, 
also attenuated the effect of LDN (Figure  2F). Furthermore, the 
effect of LDN on the growth of CRC organoids was examined using a 
medium containing a cocktail of GFs (insulin-like GF, hepatocyte GF, 
and HRG).15,21 Compared to the medium without GFs (Figure 2A), 
the growth inhibition by LDN was generally much lower (Figure 2G). 
These results suggest that LDN inhibits CRC organoid proliferation 
by suppression of MEK/ERK through downregulation of EGFR as an 
upstream event.

3.3  |  Inhibition of BMP induces LRIG1-mediated 
degradation of EGFR

Next, we investigated the mechanisms underlying the downregu-
lation of the EGFR/MEK pathway by BMP inhibition. Despite the 
decreased EGFR protein levels, EGFR mRNA expression was only 
slightly downregulated in C45 and C75 organoids treated with 
LDN or Noggin and was not altered in C166 organoids (Figure 3A). 
In addition, Noggin treatment upregulated the expression of EGFR 
in CB3 organoids (Figure 3A). These results indicate that the sup-
pression of organoid growth by BMP inhibition was not due to the 
transcriptional regulation of EGFR. We evaluated the induction of 
several other negative regulators of the EGFR/MEK pathway by 
BMP inhibition. Epidermal growth factor receptor is regulated at 
the post-translational level, and ligand-stimulated EGFR proteins are 
endocytosed either to be degraded or recycled.22,23 Some negative 
regulators of EGFR, including LRIG124 and ERRFI1 (MIG-6),25 are 
known to trigger this degradation machinery. LRIG1 expression in-
creased over time (Figure S5) and was highly upregulated after 48 h 
of LDN treatment in C45 and CB3 organoids (Figure 3B), and slightly 
upregulated in C75 organoids (1.47-fold). However, ERRFI1 was not 
upregulated in any of the organoids evaluated (Figure S6). Lysosomal 
degradation, led by ubiquitination, has been reported as a mechanism 
by which LRIG1 degrades EGFR.26,27 Indeed, EGFR was highly ubiq-
uitinated in the C45 organoid following LDN treatment (Figure 3C). 
Moreover, bafilomycin A1, a lysosomal inhibitor, inhibited the down-
regulation of EGFR by LDN (Figure 3D) and growth suppression by 

LDN (Figure 3E). Noggin also induced LRIG1 expression and EGFR 
downregulation, confirming this effect is through suppression of the 
BMP pathway (Figure 3F). LRIG1, a pan-ErbB negative regulator, did 
not induce a robust decrease of HER2 or HER3 proteins (Figure 3F). 
These results indicate that EGFR degradation was involved in the 
LDN-induced growth suppression of CRC organoids and further 
suggest that LRIG1 induction is responsible for the LDN effect.

3.4  |  Induction of LRIG1 by BMP inhibition 
suppresses growth of CRC organoids

In the 18 CRC organoid lines, LRIG1 induction by LDN was inversely 
correlated with the relative growth of organoids with versus without 
LDN in the medium (Figure 4A), suggesting that LRIG1 is involved in 
LDN-induced growth suppression. However, induction of the ERK 
negative feedback factor DUSP5, which is reportedly involved in the 
growth suppression of CRC cell lines treated with LDN,8 was not 
correlated with LDN-induced growth suppression in these 18 CRC 
organoids (Figure S7). Next, induction of the Wnt target genes was 
evaluated because the Wnt pathway is crucial in CRC pathogenesis. 
In addition, LRIG1 is a marker of intestinal and colorectal epithelial 
stem cells, which have high Wnt activity,24,28 and can be regulated 
by Wnt through MYC.29 Induction of LGR5, a Wnt target stem cell 
marker gene, was correlated with organoid growth under LDN treat-
ment, and the induction of LRIG1 and LGR5 was highly correlated 
(Figure S8). However, the induction of two major Wnt target genes, 
AXIN2 and MYC, was not correlated with the growth of CRC orga-
noids treated with LDN (Figure S7). These results suggest that LRIG1 
induction is independent of Wnt activation and is regulated by the 
same mechanism as LGR5.

To confirm the involvement of LRIG1 in LDN-induced growth 
suppression, LRIG1 was knocked down by inducible shRNA in C45 
organoids, in which LRIG1 induction by LDN was the most robust 
(Figure  4A). LRIG1 KD abrogated the downregulation of EGFR by 
LDN in the C45 organoids (Figure  4B). Accordingly, the inhibition 
of ERK phosphorylation was slightly reversed. In addition, growth 
suppression by LDN was inhibited by the LRIG1 KD in CRC organoids 
(Figure 4C,D). Collectively, the growth inhibition of CRC organoids 
by the BMP inhibitor was, at least in part, mediated by the induction 
of the EGFR negative regulator, LRIG1.

3.5  |  Combined inhibition of BMP and MEK 
cooperatively suppresses growth of in vitro 
MEK-dependent CRC organoids

As mentioned above (Figure 2E–G), the growth-inhibitory effect of 
BMP inhibition was attenuated in the GF-rich microenvironment, 
possibly due to the strongly stimulated signaling pathways, such 
as MEK/ERK. The potential of CRC cells to respond to BMP inhibi-
tion is attenuated or even masked by the presence of excess GFs. 
Therefore, we investigated whether BMP inhibition combined with 
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MEK inhibition showed an additional effect in LDN-sensitive CRC 
organoids. Trametinib, a specific FDA-approved MEK inhibitor, was 
used as a single agent to treat the 15 CRC organoids. Trametinib 
treatment resulted in variable growth inhibitory effects on these 

organoids under GF-free conditions (Figure  5A). The growth in-
hibitory effects of LDN and trametinib were positively correlated 
(Figure  5B). The organoids were then treated with trametinib and 
LDN. As expected, LDN-sensitive organoid lines showed an additive 

F I G U R E  3  Bone morphogenetic protein (BMP) inhibition induces LRIG1-mediated degradation of epidermal growth factor receptor 
(EGFR). (A,B) Gene expression of EGFR (A) and LRIG1 (B) in colorectal cancer organoids treated with LDN193189 (LDN) or Noggin. 
Expression level was normalized to control (Ctrl) in each organoid. n = 3 for each condition. Data are presented as mean + SD. Statistical 
comparisons were made for each control condition. (C) Co-immunoprecipitation (IP) analysis of lysates from C45 organoids treated 
with 0.1 μM LDN compared to untreated control (Ctrl). Samples were immunoblotted (IB) with EGFR, ubiquitin, and β-actin (ACTB) Abs. 
Input lysates were used as loading controls. (D) Immunoblotting analysis of C45 organoid cultured for 48 h with LDN at the indicated 
concentration (nM) in the presence (+) or absence (−) of 5 nM bafilomycin A1. Proteins were detected with indicated Abs. (E) Cell viability 
assay results for C45 organoids. Organoids were treated with 0.1 μM LDN with or without 5 nM bafilomycin A1 (BAF). Data are presented 
as mean + SD. N = 3. (F) Immunoblotting analysis of C45 organoid cultured with 0.1 μM LDN or 250 ng/mL Noggin for 48 h. Proteins were 
detected with indicated Abs. *p < 0.05, **p < 0.001, t-test with Bonferroni correction. HER, human epidermal growth factor receptor; NS, not 
significant.

F I G U R E  2  Inhibition of the bone morphogenetic protein (BMP) pathway suppresses colorectal cancer (CRC) organoid growth. (A) 
Dose–response curves of LDN193189 (LDN) in 18 CRC organoid lines cultured in growth factor-free medium. (B) Bright-field images of CRC 
organoids cultured in the presence (lower panels) or absence (Ctrl, upper panels) of 0.1 μM LDN for 5 days. Scale bar, 100 μm. (C) Cell viability 
assay results for CRC organoids. Organoids were treated with 0.1 μM LDN or 100 ng/mL Noggin. Number of replicates is indicated below 
the organoid names. Data are presented as mean + SD. Statistical comparisons were made for each control condition. (D) Immunoblotting 
analysis of CRC organoids cultured in the presence (LDN) or absence (−) of 0.1 μM LDN for the indicated time (h). Proteins were detected 
with indicated Ab. (E–G) Cell viability assay results for C45 organoids. Organoids were treated with 0.1 μM LDN with or without 50 ng/mL 
epidermal growth factor (EGF) (n = 5 for each condition, E) or heregulin (HRG) at the indicated concentration (n = 3 for each condition, F). 
Data are presented as mean + SD. (G) Dose–response curves of LDN in 16 CRC organoid lines cultured in StemPro hESC medium. *p < 0.01, 
t-test with Bonferroni correction. ACTB, β-actin; EGFR, EGF receptor; NS, not significant.
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effect of these two inhibitors (Figure 5C, upper). Western blot analy-
sis confirmed that ERK phosphorylation was suppressed more by the 
combined treatment than by each single agent (Figure 5D). Of note, 
organoids resistant to LDN failed to show a clear combination effect 
(Figure 5C, lower). The combined effect was confirmed using LDN 
treatment with an additional MEK inhibitor, PD 0325901 (Figure 5E). 
Furthermore, given that C166 is an in vitro MEK-independent orga-
noid (Figure 5A,E), it is not surprising that C166 is resistant to growth 
inhibition by LDN, despite robust suppression of EGFR and pERK 
(Figure 2D). These results indicate the heterogeneity of the depend-
ency on MEK/ERK signaling among CRC organoid lines and support 
the association of the LDN effect with in vitro MEK dependency.

3.6  |  LDN193189 enhanced growth-inhibitory 
effect of trametinib in xenograft tumors of 
LDN-sensitive CRC organoids

To evaluate the ability of LDN to suppress the growth of CRC cells 
in vivo, mice with C45 xenograft tumors were treated with LDN. 
LDN193189 had no inhibitory effect on tumor growth (Figure  6, 
upper left), which corresponds to the in vitro results obtained in 
GF-rich environments. The combined effects of LDN and trametinib 
were evaluated in vivo. Trametinib showed an enhanced growth-
inhibitory effect on C45 xenograft tumors when combined with 
LDN. Similarly, the growth of CB3 xenograft tumors was suppressed 

F I G U R E  4  Induction of LRIG1 by bone morphogenetic protein (BMP) inhibition is involved in the growth suppression of colorectal 
cancer (CRC) organoids. (A) Scatter plot showing the correlation of growth and LRIG1 induction in the presence of 0.1 μM LDN193189 
(LDN) relative to LDN-free condition. Each dot represents an individual CRC organoid line (n = 18). r, Spearman's rank correlation coefficient; 
p = 0.000195, Spearman's rank correlation test. (B) Immunoblotting analysis of C45 organoid with inducible shLRIG1 cultured for 48 h 
with LDN and at the indicated concentration (nM) in the presence (+) or absence (−) of doxycycline (DOX). Proteins were detected with 
indicated Abs. (C) Cell viability assay results for C45 and CB3 organoids with inducible shLRIG1. Organoids were treated with 0.1 μM LDN 
in the presence (+) or absence (−) of DOX for 5 days. Data are presented as mean + SD. n = 5. *p < 0.05, t-test with Bonferroni correction. (D) 
Representative bright-field images of C45 organoids with inducible shLRIG1. Organoids were treated with 0.1 μM LDN in the presence (+) or 
absence (−) of DOX for 5 days. Scale bar, 100 μm. ACTB, β-actin; Ctrl, control; EGFR, epidermal growth factor receptor; NS, not significant.

F I G U R E  5  Combined inhibition of bone morphogenetic protein (BMP) and MEK cooperatively suppresses the growth of the in vitro 
MEK-dependent colorectal cancer (CRC) organoids. (A) Dose–response curves of trametinib in 15 CRC organoid lines cultured in growth 
factor-free medium. (B) Scatter plot showing the correlation of the organoid growth treated with 50 nM LDN193189 (LDN) and with 10 nM 
trametinib relative to the drug-free condition. Each dot represents an individual CRC organoid line (n = 15). r, Spearman's rank correlation 
coefficient; p = 0.00082, Spearman's rank correlation test. (C) Cell viability assay results for the in vitro MEK-dependent (upper) and 
-independent (lower) organoids. Organoids were treated with trametinib at indicated doses in the absence (dark gray) or presence (light gray) 
of LDN for 5 days. Data are presented as mean + SD. n = 3. *p < 0.05 compared with drug-free control, one-way ANOVA with post-hoc Tukey 
test. (D) Immunoblotting analysis of C45 organoid cultured for 48 h with LDN and trametinib. Proteins were detected with indicated Abs. (E) 
Cell viability assay results for in vitro MEK-dependent (C45 and CB3) and -independent (C75 and C166) organoids. Organoids were treated 
with 10 nM PD-0325901 (PD) in the absence (dark gray) or presence (light gray) of LDN for 5 days. Data are presented as mean + SD. n = 3. 
*p < 0.05 compared with drug-free control in each organoid line, one-way ANOVA with post-hoc Tukey test.
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more efficiently by trametinib combined with LDN than by 
trametinib alone (Figure 6, lower left). However, LDN alone had no 
effect. Notably, the combined effect of LDN and trametinib was 
not observed in C75 and C166 organoids, reflecting the results 
of the in vitro organoid growth assay (Figure  6, upper and lower 
right). Therefore, in CRC cells that are more dependent on MEK/
ERK pathway activation, the simultaneous inhibition of the BMP and 
MEK pathways can be a potent therapeutic target.

4  |  DISCUSSION

In this study, we found that CRC is a BMP-rich environment and that 
BMP inhibition suppresses the growth of select populations of CRC 
organoids through LRIG1-mediated EGFR downregulation. The ef-
fect of BMP inhibition varied among CRC organoids, which could be 
masked by high levels of environmental GFs. Accordingly, simultane-
ous inhibition of BMP and MEK resulted in a combined effect both 
in vitro and in vivo, especially in CRCs that are dependent on MEK 
activation.

Several studies have shown that the BMP/SMAD pathway reg-
ulates EGFR signaling; BMP2 suppresses EGFR signaling during 

chondrocyte maturation,30 and BMP signaling downregulates 
EGFR in astrocytes31 and gastric cancer cells.32 All these previ-
ous reports have shown that the active BMP pathway suppresses 
EGFR, although the underlying mechanisms are unknown. In the 
present study, we found that, contrary to these previous findings, 
BMP inhibition downregulated the total EGFR level in some CRC 
organoids. We determined that one possible mechanism of this 
phenomenon is the posttranscriptional downregulation—not tran-
scriptional regulation—of the EGFR protein by LRIG1. In the intes-
tine and colon, LRIG1 is a marker for epithelial stem cells28 and 
a subpopulation of the interstitial cells of Cajal.33 Functionally, 
LRIG1 induces Cbl-dependent ubiquitination of the ErbB receptor 
family, which induces lysosomal degradation.24 Therefore, LRIG1 
can serve as a tumor suppressor in many cancer types. The ex-
pression of LRIG1 is correlated with a better prognosis in several 
cancers, including non-small-cell lung cancer,34,35 breast can-
cer,24,36 and hepatocellular carcinoma.37 Although its expression 
is significantly lower in CRC than in normal colorectal tissue,24,38 
LRIG1 expression is not a prognostic biomarker in CRC at the 
protein and mRNA levels.38,39 This low LRIG1 expression might 
be due to the suppression of LRIG1 by BMP, which is known to 
suppress the expression of murine intestinal epithelial stemness 

F I G U R E  6  LDN193189 (LDN) 
enhanced the growth-inhibitory effect 
of trametinib in xenograft tumors 
of LDN-sensitive colorectal cancer 
(CRC) organoids. Growth curves of 
subcutaneous tumors generated by 
four CRC organoid lines (in vitro MEK-
dependent group: C45 and CB3; in 
vitro MEK-independent group: C75 and 
C48). Blue, treated with vehicle; orange, 
LND (3 mg/kg) alone; green, trametinib 
(0.3 mg/kg) alone; purple, combination of 
LDN (3 mg/kg) and trametinib (0.3 mg/
kg). Mean ± SD is shown. n = 4–6 in each 
treated group. *p < 0.05, trametinib 
monotherapy versus combination; one-
way ANOVA with post-hoc Tukey test.
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genes, including Lrig1 and Lgr5, through SMAD-mediated repres-
sion.40 This is supported by our finding that BMP inhibition up-
regulates the expression of LRIG1 and LGR5 in CRC organoids. In 
addition, the degree of LRIG1 induction by BMP inhibition was 
correlated with sensitivity to LDN and combination therapy with 
LDN and trametinib in vitro and in vivo. Note that knockdown of 
LRIG1 with shRNA did not provide complete rescue from LDN-
induced suppression of pERK and growth inhibition. This sug-
gests the existence of additional mechanisms, which should be 
addressed in future studies. Whether BMP is a tumor suppressor 
or promoter in CRC is controversial.5–8 Such complexities in BMP 
signaling have been described in various cancers.9,10 As CRC or-
ganoids showed varying responses to BMP inhibition in our study, 
one possible explanation for the controversy regarding the role 
of BMP in CRC is the heterogeneous nature of the disease. Bone 
morphogenetic protein is likely a tumor promoter in a certain pop-
ulation of CRC and can be a therapeutic target in such CRC cases.

Although BMP inhibition reduced the growth of CRC organ-
oids in vitro, the addition of a MEK inhibitor was required to see in 
vivo growth inhibition. Both exogenous EGF and HRG could atten-
uate the growth-inhibitory effects of BMP inhibition, suggesting 
that endogenous ERBB ligands and/or alternative growth signaling 
pathways might be activated upon BMP blockade. Meanwhile, tar-
geting the EGFR/RAS/RAF/MEK pathway is a major strategy for 
the treatment of advanced CRC. Recently, combination therapies 
targeting more than one molecule in the same pathway have been 
used in clinical trials, such as targeting EGFR and MEK in KRAS 
WT patients41 and targeting EGFR and BRAF in BRAF-mutant pa-
tients.42 Inhibition of BMP could be an option for indirectly sup-
pressing EGFR in combination with MEK inhibitors. Inhibition of 
BMP is a possible candidate for clinical combination therapy, but 
it is essential to select potential responders carefully because of 
the heterogeneous response. The mutation status of frequently 
mutated genes in CRC, including APC and KRAS, did not show a 
clear correlation with the in vitro response to LDN (Figure  S9). 
The LDN-sensitive organoid lines, C45 and CB3, were both APC 
and KRAS mutants. In line with our previous report that these or-
ganoid lines are partially sensitive to cetuximab,13 these organ-
oids were dependent on EGFR signaling despite constitutively 
active KRAS mutations. SMAD4 mutations, which are detected in 
10% of CRC specimens according to the TCGA database,17 inhibit 
SMAD-mediated signaling by TGF-β and BMP.43 Colorectal cancer 
organoids with SMAD4 mutations tended to show less sensitivity 
to LDN and LRIG1 induction (Figure S9), suggesting that LRIG1 in-
duction by LDN is a SMAD4-dependent event. Based on the result 
from the present study, the SMAD4 wild CRC, which increases 
LRIG1 expression responding to BMP inhibition, is the potential 
responder to BMP/MEK inhibition treatment, irrespective of the 
KRAS mutant status. Further accumulation of CRC cases is needed 
in the future study to evaluate the correlation between mutation 
status and sensitivity to LDN/trametinib combination treatment.

Taken together, these findings lead to the establishment of 
the BMP/SMAD pathway as a therapeutic target, especially in 

combination with a MEK inhibitor. Organoids prepared from patient 
tumor tissues are an optimal model to dissect intertumor hetero-
geneity. Notably, the organoid model allows the detection of bio-
chemical responses to external stimuli, which cannot be assessed 
using single timepoint snapshot data. An “organoid assay”, such as in 
vitro LDN sensitivity or LRIG1 induction by LDN, could be useful in 
predicting prognosis and therapeutic efficacy. Nevertheless, a larger 
cohort study is necessary to clarify the heterogeneity of the CRC 
response to BMP.
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