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Bone morphogenetic protein (BMP) antagonists have been increasingly

linked to the development of colorectal cancer (CRC). BMP signalling

operates in opposition to the WNT signalling pathway, which sustains

stem-cell maintenance and self-renewal of the normal intestinal epithelium.

Reduced BMP and elevated WNT signalling lead to expansion of the

stem-cell compartment and the hyperproliferation of epithelial cells, a

defining characteristic of CRC. Chordin-like-2 (CHRDL2) is a secreted

BMP antagonist, with overexpression linked to poor prognosis and vari-

ants in the gene shown to be associated with an elevated CRC risk. How-

ever, the detailed mechanism by which CHRDL2 contributes to CRC is

unknown. In this study, we explored the impact of CHRDL2 overexpres-

sion on CRC cells to investigate whether CHRDL2’s inhibition of BMP

signalling intensifies WNT signalling and enhances the cancer stem-cell

phenotype and response to treatment. Our research approach combines 2D

cancer cell lines engineered to inducibly overexpress CHRDL2 and 3D

organoid models treated with extrinsic CHRDL2, complemented by RNA

sequencing analysis. CHRDL2 was found to enhance the survival of orga-

noids and CRC cells during chemotherapy and irradiation treatment due

to activation of DNA damage response pathways. Organoids treated with

secreted CHRDL2 exhibited elevated levels of stem-cell markers and

reduced differentiation, as evidenced by diminished villi budding. RNA-seq

analysis revealed that CHRDL2 increased the expression of stem-cell

markers, WNT signalling and other well-established cancer-associated

pathways through BMP inhibition. These findings collectively suggest that

CHRDL2 overexpression could affect response to CRC therapy by enhanc-

ing DNA repair and the stem-cell potential of cancer cells, and its role as a

biomarker should be further explored.
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1. Introduction

Colorectal cancer (CRC) ranks as the third most prev-

alent cancer globally, with over 1 million reported

cases in 2020 by GLOBOCAN [1]. Originating from

mutations within intestinal epithelial cells, CRC leads

to the formation of polyps, adenocarcinomas and

eventually metastatic cancer. Although many signalling

pathways are disrupted in CRC, the WNT/b-catenin
signalling pathway is the most commonly affected,

overactive in nearly all CRC cases [2].

WNT signalling is the fundamental pathway regulat-

ing intestinal stem-cell (ISC) proliferation and fate.

WNT activation is localised at the base of the intesti-

nal crypt, where it controls ISC fate and renewal, a

vital component of intestinal maintenance [3]. Cryptal

ISCs are organised hierarchically, with rapidly prolifer-

ating ISCs residing at the bottom of crypts and more

slowly proliferating or regenerative ISCs slightly dis-

placed from the base of the crypt at the +4 position

[4,5]. A third more mature subset of rapidly proliferat-

ing cells migrates further up the crypt into the transit

amplifying (TA) zone. ISCs are identified by the

expression of the LGR5+ marker, and slow-cycling

cells in the +4 position have previously been identified

by the presence of the BMI1+ marker, as well as

HPOX and TERT, but with conflicting data about the

specific markers and role for these cells [6].

WNT signalling transduces by sequestering the b-
catenin destruction complex, raising intracellular b-
catenin levels, and activating stem-cell and oncogenic

pathways in stem-cell crypts [7,8]. Disruption of WNT

signalling eliminates progenitor phenotypes within the

crypts and results in crypt loss [9]. Despite the need for

WNT signalling to maintain the intestinal lining and

crypt formation, sustained or elevated WNT signalling

can cause hyperproliferation and oncogenic transforma-

tion in ISCs [10]. WNT signalling has been shown to

work in a counter gradient to BMP signalling, which is

found in the intestinal villi and promotes cellular differ-

entiation and maturation [10–12]. These gradients of

BMP and WNT signalling are a major controlling fac-

tor in crypt-villi architecture and intestinal homeostasis.

In contrast to WNT signalling, BMP signalling is

localised in the differentiated compartment of the

crypt/villi and aids in cellular differentiation, prolifera-

tion and migration [13]. BMPs have been shown to have

paradoxical effects in cancer, with specific ligands acting

to inhibit and promote tumorigenesis in different tissues

and contexts [14–17]. BMPs belong to the TGF-b super-

family and bind to a complex of transmembrane

serine-threonine kinase receptors I and II (BMPRs I and

II) [18]. This initiates phosphorylation of the type I

receptor by the type II receptors, triggering phosphory-

lation of a receptor-associated SMAD that subsequently

complexes with SMAD4 and translocates to the nucleus

to regulate gene transcription [19]. While epithelial and

mesenchymal cells express BMPs and their receptors,

BMP antagonists are primarily found in the mesen-

chyme. In the intestine, they are largely expressed by

intestinal cryptal myofibroblasts and smooth muscle

cells. These antagonists block BMP signalling in the

stem-cell compartment, maintaining high levels of WNT

signalling and therefore the stem cells [11].

BMP antagonists can bind directly to BMPs or their

receptors [20]. Some well-studied BMP antagonists

include Noggin, which has been implicated in promot-

ing skin and breast cancer tumorigenesis, and the

Gremlins (GREM1 and 2), with repression of GREM1

shown to inhibit tumour cell proliferation. The Chor-

din family of proteins have also been implicated in

CRC, including Chordin, Chordin-like 1 (CHRDL1)

and Chordin-like 2 (CHRDL2) [21–24]. One of the

best-studied BMP antagonists, Noggin, has previously

been shown to inhibit BMP signalling in a mouse

model, resulting in the formation of numerous ectopic

crypts perpendicular to the crypt-villus axis [12]. Simi-

larly, overexpression of GREM1 in Hereditary mixed

polyposis syndrome (HMPS) leads to the persistence

or reacquisition of stem-cell properties in

LGR5-negative cells outside the stem-cell niche.

Ectopic crypts, enhanced proliferation and intestinal

neoplasia [25]. Together, this suggests that abolition of

BMP signalling through its antagonists leads to the

formation of stem-like qualities in intestinal epithelial

cells, leading to oncogenic transformation.

CHRDL2 is a BMP antagonist which prevents BMP

ligands 2, 4 and 6, from interacting with their cognate

cell-surface receptors [22,26]. CHRDL2 has been

shown to bind directly to BMPs, preventing signalling

though phospho SMAD1/5. Furthermore, CHRDL2

inhibits the effects of BMP signalling on proliferation

inhibition and apoptosis [27]. CHRDL2 mRNA upre-

gulation has been observed in colon, breast, liver and

prostate cancer [27,28] and high levels predict poor

prognosis and correlate with increased tumour size

and later TNM stages [27]. CHRDL2 has been

highlighted as a potential circulating protein bio-

marker for CRC, in which genetically predicted higher

levels of CHRDL2 were associated with an increased

risk of CRC [29]. CHRDL2’s precise functional role in

these cancers is not always clear but it has been shown
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to increase cellular proliferation, migration and inva-

sion in osteosarcoma cell lines by regulation of the

PI3k/AKT pathways through binding to BMP9 [30].

However, the role of BMP signalling in cancer, and

therefore, the effect of BMP inhibition by CHRDL2 in

cancer remains poorly characterised.

In this study, we used CRC cell lines engineered to

stably overexpress CHRDL2 in an inducible manner,

to investigate the cellular and transcriptional pathways

activated by CHRDL2 expression and BMP inhibition.

We have shown that CHRDL2 has measurable effects

on cell proliferation and significantly changes the

response to DNA-damaging chemotherapy. To gain

deeper insights into CHRDL2’s role in stem-cell main-

tenance and differentiation, we cultivated 3D intestinal

organoids supplemented with secreted forms of

CHRDL2. Collectively, our findings suggest that

CHRDL2 modulates stem-cell pathways in CRC,

potentially impacting the response to common chemo-

therapeutic interventions.

2. Materials and methods

2.1. Cell culture and maintenance

Immortalised human colorectal adenocarcinoma cell

lines Caco-2 (RRID:CVCL_0025), COLO 320 (RRID:

CVCL_1989), LS180 (RRID:CVCL_0397) and RKO

(RRID:CVCL_0504) were acquired from ATCC and

authenticated by STR analysis (Eurofins, Ebersberg,

Germany) within 3 years of use for this study. Cell-line

morphology was continually checked to ensure authen-

ticity. All experiments were performed with

mycoplasma-free cells. Cells were maintained in Gibco

Dulbecco’s modified Eagle medium (DMEM) (Merck,

Gillingham, UK) supplemented with 10% fetal bovine

serum (FBS) (Merck), and 1% penicillin–streptomycin

(Merck). Cells were grown in a humidified atmosphere

at 37 °C with 5% CO2. Subculturing was performed

every 72 h to maintain a cell confluency of <80%.

2.2. Generation and validation of CHRDL2

overexpressing cell lines

CHRDL2 full-length cDNA (Genecopoeia GC-H1938,

Caltag Buckingham, UK) was cloned into pCW57.1

(Addgene #41393, Watertown, MA, USA) using Gate-

way technology (Invitrogen, Thermo Fisher, Waltham,

MA, USA), followed by validation by Sanger sequenc-

ing and restriction digest. The vector was then trans-

fected into HEK293 cells along with viral packaging

vectors (2nd generation system—pCMV-dR8.2 and

pCMV-VSV-G) using Lipofectamine 2000 (Invitrogen,

Fisher Scientific, Loughborough, UK). Virus-containing

media was collected, sterilised and titres measured (Go-

Stix, Takara Bio, London, UK). The cell lines CACO2,

COLO320, LS180 and RKO were transduced, and cells

with integrated pCW57.1-CHRDL2 were selected with

puromycin. To confirm overexpression, doxycycline was

added at (0.1 lg�mL�1, 1 lg�mL�1 (CHRDL2+) or

10 lg�mL�1 (CHRDL2++) RNA was extracted

(RNeasy, QIAGEN, Manchester, UK) and quantified

by real-time reverse transcriptase polymerase chain reac-

tion (qPCR) using TaqMan technology

(Hs00248808_m1) according to the manufacturer proto-

col (Applied Biosystems, Fisher Scientific, Loughbor-

ough, UK). Each assay was repeated in triplicate.

2.3. Western blot

For intracellular protein detection, cells were lysed by

resuspension in RIPA buffer. For secreted protein

expression, cells given doxycycline expression at

10 mg�mL�1 were incubated for 72 h. Media was col-

lected and concentrated through Amicon� Ultra centrif-

ugal filters (Merck) with a pore size of 30 kDa. Media

was then diluted 1:25, 1:25 and 1:100 with RIPA buffer.

For intracellular proteins, 30 lg of protein were loaded

per sample. Protein samples were separated via 4–12%
sodium dodecyl sulfate polyacrylamide gel electrophore-

sis under denaturing conditions and then transferred

onto the nitrocellulose membrane (Millipore, Merck,

Gillingham, UK) under 20 V. Membranes were blocked

with 5% milk for 1 h at room temperature. Membranes

were then incubated with primary antibody in TBST-

5% BSA overnight at 4 °C. Membranes were then

washed with TBST. Secondary antibody was added for

1 h at room temperature. Membranes were imaged

through incubation with Enhanced chemiluminescence

(ECL). The ratio of optical density of the bands was

measured by a gel image analysis system (Bio-Rad,

Watford, UK) and normalised to B-actin as a loading

control. For extracellular protein detection, ponceau

stains were quantified and used as a loading control.

The following antibodies were used: CHRDL2 (1:1000,

Catalogue number: AF2448, Bio-techne, Abingdon,

UK), P-SMAD1/5 (1:1000. Catalogue number: #9516,

Cell Signalling, Danvers, MA, USA), Goat anti-mouse

(1:2000. Catalogue number: ab205719, Abcam, Cam-

bridge, UK), Goat anti-rabbit (1:5000. Catalogue num-

ber: p0448, Dako, Agilent, Stockport, UK).

2.4. Cell proliferation assay

To assess cellular proliferation during CHRDL2 overex-

pression, cells were plated at a density of 5 9 103 cells per
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well in 96-well plate with 8 replicates per condition:

DMSO control, CHRDL2+ or CHRDL2++ treatments.

Cellular proliferation was assessed via MTS assay (CellTi-

ter 96� Promega, Southampton, UK) at 24, 48 and 72 h.

2.5. Flow cytometry

COLO320 cells were plated in six-well plates at a den-

sity of 1 9 105 cells/well under standard media condi-

tions, supplemented with DMSO or CHRDL2++
treatments. For chemotherapy flow cytometry analysis,

cells were treated with 25 lM Oxaliplatin. Cells were

grown for 48 h before harvesting by trypsinisation and

washed once with cold PBS. To investigate cell-cycle

progression, cells were resuspended in either a PBS

control or Hoechst 33 342 (62 249; Thermo Scientific,

Fisher Scientific, Loughborough, UK) diluted in PBS

and incubated at 37 °C for 2 h with slight agitation.

Finally, samples were pelleted and resuspended in PBS,

and flow cytometry analysis was performed using the

ACEA Novocyte system (Agilent). The percentages of

cells in phases of the cell cycle were analysed through

Novocyte software. To investigate the proportion of

Ki67+ cells, cells were incubated with Ki67 BV711

(407-5698-80; Thermo Scientific) for 20 min prior to

analysis. To investigate apoptosis, cells were stained

with Zombie Aqua (423 101; BioLegend, London UK)

and annexin-V antibody (V13242, Thermo Scientific)

for 30 min each at room temperature. Subsequently,

cells were washed once with PBS and analysed by flow

cytometry using the manufacturer’s software.

2.6. Colony formation assay

To assess the ability of single cells to generate colonies

and cell survival ability, a clonogenic assay was

performed. Cells were plated at 100 cells per well of a

6-well plate. Cells were treated with doxycycline treat-

ment as before in varying concentrations of

10 lg�mL�1, 1 lg�mL�1 and 0.1 lg�mL�1 or DMSO.

Plates were incubated for 2 weeks until visible colonies

were formed. Every 72 h, doxycycline and DMSO

treatments were refreshed. After 2 weeks, cells were

fixed with >98% methanol at �20 °C and stained with

crystal violet stain (0.5%, in 20% methanol). Colonies

were counted through IMAGEJ.

2.7. Drug dose–response assay

To assess the ability of cell lines to withstand treatment

from commercial chemotherapy drugs, a drug dose–
response curve was performed. Chemotherapy drugs

used were as follows: 5-fluorouracil (5FU), irinotecan

and oxaliplatin (Merck). A serial dilution was per-

formed in standard cell culture media to give a range of

concentrations (5FU 0–10 000 lM, oxaliplatin

0–4000 lM, irinotecan 0–500 lM). Cells from culture

were seeded on a 96-well plate at a density of 2 9 105 in

100 lL standard media with 10 mg�mL�1 doxycycline

and incubated for 24 h. PBS was added in the surround-

ing wells to prevent evaporation of media. The media

was then aspirated, and 100 lL of the diluted drug with

10 mg�mL�1 doxycycline was added to the correspond-

ing well and incubated for 72 h. An MTS assay (CellTi-

ter 96� Promega) was then performed as above to

measure the numbers of surviving cells present. Results

were analysed using GraphPad Prism. Nonlinear regres-

sion was used to calculate IC50 values.

2.8. Radiation

To assess the effect of radiation on our CHRDL2

overexpressing cells, RKO cells were plated at a den-

sity of 1 9 105 in 10 cm round dishes and treated with

DMSO control or CHRDL2++ doxycycline treat-

ment. After 24 h, cells were irradiated using x-ray irra-

diation at 0 GY, 2 GY, 4 GY and 6 GY. The media

and CHRDL2++ treatment were refreshed, and cells

were incubated under standard conditions for a further

48 h. Subsequently, cell number was counted using

Trypan blue cell viability assay (T10282, Thermo Sci-

entific, Fisher Scientific).

2.9. Immunofluorescence

For cellular protein detection, cells were plated on cov-

erslips and grown to ~70% confluency. Cells were

fixed with methanol, and the cellular membrane was

permeabilised with TRITON 9 0.5% for 5 min. Cells

were blocked with 1% BSA for 1 h at 37 °C, and then

incubated with primary antibodies in 1% BSA for 1 h

at 37 °C. A secondary antibody was then added to

cells for 1 h at 37 °C. 5 lL of mounting media with

DAPI (VECTASHIELD� WZ-93952-27; Cole-

Parmer, St. Neots, UK) was then placed onto the cov-

erslips, and coverslips were fixed onto slides for imag-

ing. Images were obtained using a Leica DM4000

system, and corrected total cell fluorescence was

obtained using IMAGEJ. The following antibodies were

used: H2AX (1:50; Catalogue number: ab195188,

Abcam), ATM (1:50; Catalogue number: ab2354,

Abcam), P53 (1:800. Catalogue number: 25275, Cell

Signalling), B-catenin (1:100. Catalogue number:

610154, BD biosciences, CA, USA), Ki67 (1:100. Cata-

logue number: D3B5, Cell signalling), Rad21 (1:100.

Catalogue number: ab992, Abcam), Ku70 (1:100.
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Catalogue number: 2172, Abcam), Alexa Fluor Goat

anti-mouse AF488 (1:50. Catalogue number: A-11001,

Abcam) and Alexa Fluor Goat anti-rabbit AF568

(1:50. Catalogue number: A-11011, Abcam).

2.10. Comet assay

COLO320 cells were plated at a density of 1 9 105 in

with DMSO control or CHRDL2++ doxycycline and

treated with IC50 oxaliplatin. After 72 h, cells were

harvested and diluted in PBS at a density of 104/mL.

Cell suspension was mixed 1:5 with low-gelling aga-

rose, and 100 lL was placed on Polylysine coated

slides dipped in 1% agarose (Merck) and allowed to

set. A further 100 lL low-gelling agarose (Merck) was

placed on top and allowed to set. Cell lysis was then

performed by submerging slides in lysis buffer (2% N-

lauroylsarcosine sodium salt (Merck), 0.5 M

NA2EDTA (Merck) and 0.1 mg�mL�1 proteinase K)

for 1 h. Slides were then washed in Electrophoresis

buffer for 1.5 h (90 mM Tris Buffer (Fisher Fisher Sci-

entific, Loughborough, UK), 90 mM boric acid

(Merck) and 2 mM NA2EDTA). Slides were placed in

an electrophoresis tank and submerged in electropho-

resis buffer, under 20 V current for 40 min. Slides

were then stained with 1% SYBR SAFE (Invitrogen,

Fisher Scientific) in TBE for 20 min, before dehydra-

tion through submersion in 70%, 90% and 100% eth-

anol. Slides were visualised by Leica DM4000 system,

and tails were measured using IMAGEJ.

2.11. Organoid preparation, culture and

maintenance

Organoids were maintained in a humified atmosphere at

37 °C with 4% CO2. Organoids were grown in ADF

media as described: Advanced DMEM/F12, 2 mM GLU-

TAMAX, 1 mM N-acetylcysteine and 10 mM HEPES,

supplemented with 1% PS, 10% B27 and 5% N2.

Growth factors were also given to the media surrounding

the basement membrane extract (Cultrex, Bio-Techne,

Minneapolis, MN, USA): 1% Mouse recombinant Nog-

gin (PeproTech, London, UK), 1% mouse recombinant

EGF (Invitrogen, Fisher Scientific) and 5%Recombinant

human R-spondin (PeproTech, London, UK)).

Organoids were generated from wild-type mice

(C57BL6/J, acquired from Charles River, Cambridge,

UK) of both sexes aged between 6 and 12 weeks. Mice

were housed together in individually ventilated cages

supplied with bedding, enrichments and ad libitum

access to food and water. All procedures were carried

out in accordance with the UK Home Office ‘Animals

(Scientific Procedures) Act 1986’ and with approval

from the Brunel University Animals Welfare and Ethi-

cal Review Board and under the personal, project and

establishment licences I0578EED1, PDF0B94C3

and XEC0493FD, respectively. Briefly, crypts were iso-

lated from murine small intestine and washed with

PBS. Villi and differentiated cells were scraped off

intestine using a glass microscope slide. Sections of

intestine were cut into 2 mm segments and transferred

to ice-cold PBS. Pipettes were coated in FBS, and intes-

tinal segments were washed through pipetting up and

down to dislodge single cells and debris. PBS was

removed, and washes were repeated 5 times. Segments

were then resuspended in 2.5 mM EDTA/PBS to loosen

crypts and rotated at 4 °C for 30 min. The supernatant

was then removed, and segments were resuspended in

ADF media. The entire volume was pipetted up and

down several times, and then, the supernatant removed

and centrifuged for 5 min at 1200 rpm at 4 °C. The

supernatant was removed, and the resulting pellet was

resuspended in 10 mL ADF media and passed through

a 70 lm cell strainer into a clean 15 mL falcon tube.

The tube was then centrifuged for 2 min at 600 rcf at

4 °C so that single cells will not be included in the pel-

let, and the supernatant was removed. This was

repeated 3 times. Finally, the pellet was resuspended in

50 lL ADF media and 100 lL Cultrex, and pipetted

40 lL/well. Passaging of organoids was repeated every

48 h and consisted of transferring organoid to a 15 mL

conical tube, pipetting up and down to break up orga-

noids. Organoids were then centrifuged for 2 min at

600–800 rpm at 4 °C and then resuspended in ADF

with Cultrex as described previously.

2.12. Organoid chemotherapy treatment

Organoids were plated in triplicate in a 24-well plate

and treated with 5FU at 0.5, 1 and 5 lM 5FU. After

96 h, images were taken of each well, and the number

of live organoids was counted blind by an independent

researcher.

2.13. Organoid immunofluorescence staining

Organoid samples were prepared for staining by

removal of growth media and pelleted through centri-

fugation at 600 g. Organoids were then fixed through

resuspension in 500 lL neutral buffered formalin

(Merck) for 10 min, before pelleting at 400 g and

resuspension in 70% ethanol for 1 min. Organoids

were then pelleted at 400 g and resuspended in 50 lL
of low-gelling agarose (Merck) and incubated on ice

for 30 min, before embedding in paraffin blocks using

standard protocols. Sectioning of organoids was
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performed at 5 lM through standard microtome sec-

tioning and left to dry on slides.

Slides containing organoid sections were dewaxed

through xylene (Fisher Scientific, Loughborough, UK)

submersion for 5 min and rehydrated through submer-

sion in ethanol at 100%, 90% and 70% for 5 min. Anti-

gen retrieval was performed by submerging slides in

boiling 10 mM sodium citrate buffer (Merck), before

washing with PBS. Samples were then blocked through

the addition of Goat serum (Zytochem Plus, 2bscienti-

fic, Kirtlington, UK) for 1 h. Primary antibodies diluted

in PBS were added for 1 h, and secondary antibodies

were incubated for 1 h in the dark. Coverslips were

mounted using VECTASHIELD Vibrance [TM] Anti-

fade Mounting Medium with DAPI (2bscientific, Kir-

tlington, UK) for imaging. Slides were visualised by the

Leica DM4000 system. Organoid staining was scored on

a scale of 1–5 by an independent blinded researcher.

The following antibodies were used: OLFM4 (1:200;

Catalogue number: 39141, Cell Signalling), Alexa Flour

Goat anti-rabbit AF568 (1:50; Catalogue number: A-

11011, Abcam) and B-catenin (1:100; Catalogue num-

ber: 610154, BD Biosciences, CA, USA).

2.14. RNA-seq

Samples for RNA-seq analysis were prepared by

culturing cells in standard media conditions with over-

expression of the CHRDL2 gene through doxycycline-

inducible expression. Doxycycline was given in quanti-

ties of 10 lg�mL�1, 1 lg �mL�1 and 0.1 lg �mL�1 or

DMSO control as described previously.

RNA-seq was performed by the Oxford Genomic

centre. Data for bioinformatics analysis were given in

the format of fastq raw reads. Data were analysed

using the open-source software package Tuxedo Suite.

TOPHAT2 and BOWTIE2 were used to map paired-end

reads to the reference Homo sapiens genome build

GRCh38. GENCODE38 was used as the reference

human genome annotation.

Aligned reads were filtered for quality using Sam-

tools with the minimum selection threshold of 30.

Transcript assembly and quantification were done

through Cufflinks, and differential expression analysis

was achieved through the use of Cuffdiff software.

Differential expression was expressed in the form of

log2 fold change between sample and control.

2.15. Data visualisation and R

Data were cleaned, and significant data were extracted

using R software. Graphs were generated using R stu-

dio 4.1.0 using libraries GGPLOT2 and HEATMAP2.

Gene-set-enrichment analysis was performed using

the GSEA software 4.2.3. The Chip annotation plat-

form used was Human_Ensembl_Transcript_ID_

MSigDB.v7.5.1.chip.

Gene sets used:

• c6.all.v7.5.1.symbols.gmt

• h.all.v7.5.1.symbols.gmt

• GOBP_REGULATION_OF_BMP_SIGNALING_

PATHWAY

• enplot_REACTOME_PI3K_AKT_SIGNALING_IN_

CANCER_13

• enplot_GOMF_BMP_RECEPTOR_BINDING_58

• WP_NRF2_PATHWAY.v2023.1.Hs.

3. Results

3.1. CHRDL2 overexpression reduces cellular

proliferation and enhances migration through

WNT activation

To determine the effects of CHRDL2 on colorectal

cancer cells, we transduced four extensively charac-

terised CRC cell lines with a virally packaged

doxycycline-inducible overexpression system for full-

length CHRDL2 cDNA. Colorectal adenocarcinoma

cell lines were deliberately chosen to encompass a

range of CHRDL2 and BMP expression levels, as well

as genetic mutations: CACO2 and LS180 (moderate

CHRDL2), COLO320 and RKO (very low) (Fig. S1A–
C). Doxycycline was given in 3 concentrations to cell

lines: 0.1 lg�mL�1 (CHRDL2), 1 lg�mL�1

(CHRDL2+) or 10 lg�mL�1 (CHRDL2++) (Fig. 1A)

to induce expression. qPCR and western blotting con-

firmed overexpression of CHRDL2 at the RNA and

protein levels, respectively (Fig. 1B,C, Fig. S1D). BMP

antagonism was shown through assessing levels of

phosphorylated SMAD 1/5 (Fig. 1D, Fig. S1E). Bands

were normalised to total SMAD1 levels. Conditioned

media from CHRDL2-overexpressing cell lines was

also collected, and secreted CHRDL2 protein was

found to be present in the media (Fig. 1B, Fig. S1F).

Increased proliferation is a hallmark of cancer cells.

Therefore, we measured the effects of CHRDL2 over-

expression on cellular proliferation in our cell lines. As

seen in Fig. 1E, cell growth was slightly reduced dur-

ing overexpression of CHRDL2 in LS180 and RKO

(P < 0.0114, P < 0.0181). As seen in Fig. 1F,

CHRDL2 overexpression decreased the proportion of

proliferating cells, marked by Ki67+ (Fig. S2A,

P < 0.05). This is further supported by a reduction in

Ki67 immunofluorescence staining (P < 0.005)
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(Fig. S2B,C). In Ki67+ populations, CHRDL2

increased the number of S phase cells and lowered the

proportion in G2 phase, possibly reflecting a decreased

rate of proliferation (Fig. S2D). Investigation of the

colony forming competency (clonogenicity) of

CHRDL2 overexpressing cells revealed that clonogenic

potential was reduced (Fig. 1G). This was found in all

four tested cell lines (Fig. S2E, P < 0.01). Overall, con-

trary to our hypothesis, CHRDL2 overexpression

appears to reduce proliferation and colony formation.

Migratory ability is a further measure of stem-cell

competency, so to measure this in cells with CHRDL2

overexpression, COLO320 cells were seeded in trans-

well inserts. The number of cells migrating through a

porous membrane to the lower chamber was quanti-

fied. As seen in Fig. 1H, CHRDL2 overexpression sig-

nificantly increased the number of migrated cells

(P < 0.0449), suggesting increased migratory ability, a

hallmark of cancer stem cells. This is supported by an

increase in the expression of IQGAP1 P < 0.0005

(Fig. 1I, Fig. S2F), a marker of adherence which is

associated with the metastatic competency of cancer

cells [31].

Next, we investigated whether CHRDL2 expression

increased the propensity of epithelial cells to gain these

stem-like qualities through upregulation of WNT sig-

nalling through BMP inhibition. Increased WNT sig-

nalling was shown by enhancement of B-catenin

staining in the nuclei over cytoplasmic staining. As

seen in Fig. 1J,K, CHRDL2 overexpression increased

B-catenin nuclear localisation, a hallmark of WNT sig-

nalling (P < 0.005, Fig. 1K), confirming the hypothesis

that CHRDL2 increases WNT signalling through

BMP inhibition.

These data, along with the reduction in SMAD

phosphorylation, confirm CHRDL2 as a BMP antago-

nist and therefore increases cellular WNT signalling.

This appears to result in enhanced migratory ability,

however, also supports a slower-growing cellular

phenotype.

3.2. CHRDL2 increases resistance to common

chemotherapy

Another characteristic of cancer stem cells is resistance

to chemotherapy [32]. In light of this, our study aimed

to evaluate the response of our experimental cell lines

to the three most common chemotherapy agents

employed in the treatment of CRC.

We treated CHRDL2++ cells with chemotherapy

drugs, 5-Fluorouracil (5FU), irinotecan and oxaliplatin

and assessed cellular response via MTS assay.

Figure 2A shows the reduction in cell number with

increasing chemotherapy concentration (lM). Control

cell lines were plotted together with cell lines with

CHRDL2 overexpression, and the half maximal inhibi-

tory concentration (IC50) values were calculated

(Fig. 2A,B; Fig. S3). CHRDL2 overexpression signifi-

cantly increased resistance to chemotherapy in all cell

lines (P < 0.01) as shown by elevated IC50 values

(Fig. S3). Average increases in IC50 values during

CHRDL2 overexpression for each drug and cell line

can be observed in Fig. 2B. The greatest increase in

survival (exhibited by ratios of IC50s) was seen in

COLO320 cells treated with oxaliplatin, which had a

3.6-fold increase. Cells treated with the IC50 value of

5FU had decreased expression of P-SMAD1/(Fig. 2C),

compared with untreated CHRDL2 overexpressing

cells (Fig. 1D). This indicates that the cells with the

highest CHRDL2 expression were able to survive the

chemotherapy (Fig. 2C, Fig. S4A).

Flow cytometry of COLO320 cells treated with oxa-

liplatin (Fig. 2D) showed a clear increase in the num-

ber of cells in S phase (in both control and

CHRDL2++ cells) compared to the untreated cells

(Fig. S2D). This is probably due to stalling of replica-

tion forks due to DNA damage exerted by chemother-

apy and activation of the S/G2 checkpoint.

Interestingly, cells with CHRDL2 overexpression dis-

played a smaller increase in cells stalled in S Phase

compared to controls and therefore showed a greater

proportion present in G1 phase. This is the opposite

of that of untreated cells, where CHRDL2 increased

the number of cells in S Phase possible due to slower

cell division. Further flow cytometry analysis following

chemotherapy treatment revealed CHRDL2 overex-

pression decreased the number of cells that had

entered early apoptosis (P < 0.05) (Fig. 2E) demon-

strating that CHRDL2 overexpressing cells have the

ability to evade apoptosis.

Secreted CHRDL2 from conditioned media was

also used on our parental non-CHRDL2 expressing

cell lines to assess paracrine signalling. Conditioned

media was harvested from corresponding cell lines

with the inducible CHRDL2 transgene and the paren-

tal control cells. Induction of CHRDL2 to generate

conditioned media was carried out using the same

concentration and duration of doxycycline treatment

as the cells in Fig. 2A. Again, secreted CHRDL2

increases cellular survival during chemotherapy in the

same manner as our intracellular CHRDL2 overex-

pression system, P < 0.005 with elevated IC50 values

(Fig. 2F,G).

To further analyse the survival capabilities of

CHRDL2 overexpressing cells during chemotherapy,

Ki67 staining was performed. As seen in Fig. 2H,
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CHRDL2 overexpression significantly increased the

number of proliferating cells during treatment with a

low dose (IC25) of chemotherapy drug oxaliplatin.

This is supported by flow cytometry analysis

(P < 0.0055, Fig. S4B) and an upregulation in Ki67

(P < 0.0064, Fig. S4C).
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Resistance to irradiation, along with chemotherapy

resistance, is also attributed to more aggressive cancers

that evade treatment. ICSs have been shown to have

increased resistance to irradiation; therefore, we sought

to measure the effects of CHRDL2 overexpression on

cell survival during X-ray irradiation. Cells were trea-

ted with 0 GY, 2 GY, 4 GY or 6 GY X-ray irradia-

tion, and cell viability was assessed. As seen in Fig. 2I,

CHRDL2 overexpression increased cell survival at

4GY and 6GY radiation (P < 0.03, P < 0.02).

3.3. CHRDL2 overexpression decreases DNA

damage during chemotherapy treatment

Next, we investigated the mechanism through which

CHRDL2 promotes cell survival during chemotherapy

treatment. The chemotherapy agent oxaliplatin is known

to cause DNA intra-strand cross-linking, resulting in

double-strand breaks (DSBs), cell-cycle arrest and apo-

ptosis [33]. Therefore, quantification of DSBs in cells

treated with oxaliplatin was performed on COLO320

CHRDL2++ cells using immunofluorescence staining

of cH2AX and Ku70. Quantification of DNA repair

proteins ATM and RAD21 was also performed to

assess whether CHRDL2 protects cells from DNA dam-

age through upregulation of DNA repair pathways.

Figure 3A images show DSBs in cells treated with a

low dose of oxaliplatin (approx. IC25) after 24-, 48-

and 72-h posttreatment. Quantification using ImageJ

demonstrated that CHRDL2 overexpressing cells had

significantly fewer cH2AX foci compared to the con-

trol at each time point (Fig. 3B P < 0.01, t-test). This

difference was notably increased at 72 h compared to

24 h. This suggests that CHRDL2 does not necessarily

protect cells from DNA damage but rather acts to

accelerate the repair of DNA damage when compared

to control cells. Similarly, after 72 h there was a

decrease in the presence of Ku70, which binds to DSBs

to facilitate nonhomologous end-joining (NHEJ), in

COLO320 CHRDL2 cells (P < 0.0057, Fig. 3C and

Fig. S4D). This further confirms a reduction in DNA

damage through CHRDL2 upregulation.

This is supported by Fig. 3D and E, in which we

observed significantly (P < 0.0001) increased ATM

and RAD21 (P < 0.0023) in CHRDL2 overexpressing

cells compared to the control, suggesting upregulation

of DSB damage response pathways in which ATM

serves as a master transducer. Furthermore, we have

shown increased expression of ERCC1 and PCNA,

which serve in the repair of DNA crosslinks and

single-strand breaks (SSBs), as well as ARTEMIS,

which is involved in DSB repair through NHEJ

(Fig. S5). This suggests a global upregulation of DNA

repair pathways by CHRDL2 overexpression following

chemotherapy treatment.

DSB marker cH2AX is also known to accumulate

during cellular senescence. However, since we found

no difference in P53 expression (a marker of senes-

cence, Fig. S5) in our CHRDL2 overexpressing cells, it

is likely that upregulation of DNA damage pathways

in CHRDL2++ cells protects against DNA damage

by chemotherapy.

We have further demonstrated the ability of

CHRDL2 overexpression to reduce DNA damage

Fig. 1. Inducible CHRDL2 overexpression in colorectal cancer (CRC) cell lines alters proliferation and migration. (A) Table of doxycycline

treatment used: briefly control cells were treated with dimethyl sulfoxide (DMSO), test cells were treated with doxycycline at: 0.1 lg�mL�1

(CHRDL2), 1 lg�mL�1 (CHRDL2+) or 10 lg�mL�1 (CHRDL2++) to induce expression from the CHRDL2 transgene. (B) Western blotting of

corresponding protein levels of CHRDL2 in cell lines with lentiviral overexpression, and secreted CHRDL2 present in cell culture media.

Representative image, N = 3. (C) qPCR of mRNA levels of CHRDL2 expressed as fold change in 4 experimental cell lines. Cell lines were

grown with doxycycline at: 0.1, 1 or 10 lg�mL�1 to induce expression. T-test; RKO DMSO-10 lg�mL�1 P < 0.01, COLO320 DMSO-

10 lg�mL�1 P < 0.05, CACO2 DMSO-10 lg�mL�1 P < 0.01, LS180 DMSO-10 lg�mL�1 P < 0.01. N = 3, t-test. (D) Western blotting of

SMAD1/5 phosphorylation in cell lines overexpressing CHRDL2. Representative image, N = 3. (E) MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide)) assay of cellular proliferation of CHRDL2 cell lines. In COLO320 cells, two-way ANOVA between Control and

CHRDL2++ was P < 0.0118. LS180 cells two-way (analysis of variance) ANOVA between Control and CHRDL2 = P < 0.0107. Control and

CHRDL2++ P < 0.0114. RKO cells Control and CHRDL2++ P < 0.0181. One-way ANOVA at 96 h was also performed: CACO2 P < 0.44,

COLO320 P < 0.0411, LS180 P < 0.121, RKO P < 0.0476. N = 3. (F) Flow cytometry analysis of COLO320 cells given CHRDL2++

overexpression using Ki67 antibody staining as a marker of proliferating cells. Proportion of Ki67 cells decreased with CHRDL2++

overexpression. Representative image N = 3. (G) Crystal violet staining of colonies of RKO cells treated with 1 lg�mL�1 and 10 lg�mL�1

doxycycline to induce CHRDL2 expression. Representative image N = 3. (H) Crystal violet staining of migrated COLO320 cells with

10 lg�mL�1 doxycycline to induce CHRDL2 expression. Quantification on IMAGEJ shows significant increase in number of migrating cells

with CHRD2++, t-test P < 0.0449. N = 3. (I) Immunofluorescence staining of IQGAP1 on COLO320 cells with 10 lg�mL�1 doxycycline to

induce CHRDL2 expression. N = 3. (J) Immunofluorescence staining B-catenin on RKO cells with 10 lg�mL�1 doxycycline to induce

CHRDL2 expression. N = 3. (K) Quantification of B-catenin nuclear staining over cytoplasmic staining on RKO cells with 10 lg�mL�1

doxycycline to induce CHRDL2 expression N = 3. T-test P < 0.0001. In all panels *P < 0.05, **P < 0.01, ****P < 0.0001, ns, P > 0.05. Error

bars given as � SEM. Scale bar indicates 25 lM.
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during chemotherapy by alkaline comet assay, as

observed in Fig. 3F and G. Cells were treated in the

same manner with IC25 oxaliplatin. We observed cells

with CHRDL2 overexpression had shorter ‘tails’ to

their comets, showing less fragmented or damaged

DNA. Quantification using ImageJ confirmed this,
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with CHRDL2++ cells having significantly decreased

tail length compared to control cells (P < 0.0001).

Here, we have shown that not only does CHRDL2

overexpression reduce DNA damage during chemo-

therapy, but it also results in activated DNA repair

pathways, clearing DNA damage. This allows our can-

cer cell models to increase their survival capabilities

during chemo- and radiotherapy.

3.4. CHRDL2 decreases organoid budding and

increases stem-cell markers

CRC cell lines exhibit a multitude of abnormalities,

characterised by numerous mutations, heightened

WNT signalling, and impaired DNA repair mecha-

nisms. Consequently, we also explored the impact of

CHRDL2 overexpression on normal ISCs within an

organoid model, aiming to shed light on the role of

CHRDL2 in tumour initiation.

To replicate the stem-cell niche and overexpression

of CHRDL2 paracrine signalling, which typically orig-

inates from mesenchymal cells, we established murine

intestinal organoids, providing a three-dimensional

platform for modelling the effects of CHRDL2. These

organoids were exposed to secreted forms of CHRDL2

in the form of conditioned media obtained from our

cell lines. As a control, conditioned media from paren-

tal (non-CHRDL2 expressing) cells undergoing doxy-

cycline treatment was also collected.

Small intestinal organoids showcase distinct mor-

phological features, characterised by a villi-bud-like

configuration, with the outer epithelial layer forming

distinct protrusions and invaginations. Prior investiga-

tions have examined the gene expression profiles of

intestinal organoids, revealing that epithelial cells

within the ‘buds’ of the organoids exhibit crypt-like

expression patterns, while the evaginations display

villus-like expression [34].

As seen in Fig. 4A, upon the addition of extrinsic

CHRDL2 to organoids, a noticeable reduction in the

number of differentiated buds was observed (P < 0.001)

(Fig. 4A,B). Organoids developed smaller and more cir-

cular characteristics, suggesting slower growth similar to

our observations in cell lines (P < 0.001) (Fig. 4A,C).

This is supported by the presence of olfactomedin-4

(OLFM4), a marker for LGR5+ stem cells and down-

stream target of WNT signalling [35], which was

increased in CHRDL2-treated organoids (P < 0.0010)

(Fig. 4D,E). As seen in Fig. 4F, in control organoids, b-
catenin is localised to the outer cellular membrane (blue

arrow), whereas upon extrinsic CHRDL2 treatment, b-
catenin can be observed in the cytoplasm and nucleus of

organoid cells (red arrow). Moreover, as illustrated in

Fig. 4G, we observed a significant increase compared to

the controls (P < 0.05) in the expression of stem cell

markers LGR5 (indicating crypt CBCs) and BMI1

(slow-cycling crypt stem cells), and also SOX9 and

MSI1. Furthermore, we have shown an enhancement of

WNT signalling through the observed increase in b-
catenin nuclear localisation.

CHRDL2-treated organoids exhibited resistance to

chemotherapy treatment, as observed in Fig. 4H,I. At

5 lM 5FU, control organoid numbers diminished to

less than half of untreated samples whereas CHRDL2-

treated organoids showed little to no death. Taken

with the increased stem-cell markers, these findings

collectively suggest that exposing intestinal organoids

to CHRDL2 diminishes differentiation through

increased WNT signalling and enhances stem-cell num-

bers, leading to increased chemotherapy resistance.

Fig. 2. CHRDL2 overexpression increases resistance to common colorectal cancer (CRC) chemotherapies. (A) Drug dose–response curves

using CACO2 cells and 5-fluorouracil (5FU), COLO320 cells and Irinotecan, and LS180 and RKO cells and oxaliplatin N = 3. Two-way

(analysis of variance) ANOVA was used to find differences between curves, P < 0.0068, P < 0.0001, P < 0.0006, P < 0.005, respectively.

(B) Table of ratio differences in IC50 values between cells treated with 10 lg�mL�1 doxycycline (CHRDL2++) and control for each

chemotherapy drug and cell line. N = 3. (C) Western blotting of SMAD1/5 phosphorylation in cell lines overexpressing CHRDL2 through

addition of doxycycline at 1 lg�mL�1 (CHRDL2+) or 10 lg�mL�1 (CHRDL2++) and treated with 10 lM 5FU. Representative image N = 3. (D)

Flow cytometry analysis of COLO320 cells treated with oxaliplatin and CHRDL2 overexpression. CHRDL2 increased the number of cells in

G1 phase. (t-test P < 0.003), and decreased cells in S phase (t-test, P < 0.05) N = 3. (E) Flow cytometry analysis of COLO320 cells treated

with oxaliplatin and CHRDL2 overexpression stained with Annexin-5 as a marker of apoptosis. Quantification of cell percentages of live,

apoptotic and dead cells in COLO320 cells treated with oxaliplatin and given CHRDL2 overexpression. CHRDL2 increased the % of live cells

(t-test P < 0.03) and decreased the % of early apoptotic cells (P < 0.023). N = 3. (F) Drug dose–response curves of CACO2 and RKO cells

with CHRDL2 conditioned media and oxaliplatin N = 3. Two-way ANOVA was used to find differences between curves, P < 0.005,

P < 0.0001. (G) Average IC50 values for chemotherapy drug oxaliplatin, on cell lines CACO2 and RKO with CHRDL2 conditioned media.

Conditioned media was harvested from corresponding cell lines and administered to parental cell lines to mimic CHRDL2 paracrine signalling

at the same level of the doxycycline-inducible expression system. CHRDL2 against control t-test P < 0.0305. N = 3. (H)

Immunofluorescence staining of Ki67 on COLO320 cells treated with 5 lM oxaliplatin. (I) Cell count after irradiation of RKO cells

overexpressing CHRDL2++ N = 3. T-test 4GY: P < 0.038, 6GY: P < 0.0241. In all panels *P < 0.05, ns, P > 0.05. Error bars given as �
SEM. Scale bar indicates 25 lM.
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Fig. 3. CHRDL2 overexpression decreases DNA damage during chemotherapy treatment and enhances expression of DNA repair

pathways. (A) Representative image of immunofluorescence of cH2AX on COLO320 cells treated with 5 lM oxaliplatin at 24, 48 and

72 h. Foci indicated by red arrows N = 3. (B) Quantification of cH2AX foci in COLO320 cells overexpressing CHRDL2 treated with 5 lM

oxaliplatin at 24, 48 and 72 h. Cells were treated with (dimethyl sulfoxide) DMSO control reagent, or 10 lg�mL�1 Doxycycline to induce

CHRDL2 (CHRDL2++) overexpression. T-test; 24 h P < 0.0001, 48 h P < 0.01, 72 h P < 0.0001. N = 3. (C) Immunofluorescence

staining of Ku 70 on COLO320 cells treated with 5 lM oxaliplatin. Representative images N = 3. (D) Immunofluorescence staining of

ATM and RAD21 on COLO320 cells treated with 5 lM oxaliplatin. Representative images N = 3. (E) Quantification of ATM and RAD21

staining on COLO320 cells. Immunofluorescence given as Corrected Total Cell Fluorescence (CTCF). Cells were treated with DMSO

control reagent, or doxycycline to induce CHRDL2++ overexpression. T-test; P < 0.0001 and P < 0.0023, respectively. N = 3. (F) Comet

assay of RKO cells treated with IC50 Oxaliplatin. Cells were then treated with CHRDL2 ++ overexpression or a control representative

image N = 3. (G) Quantification of Comet assay, t-test P < 0.0001. N = 3. In all panels **P < 0.01, ***P < 0.001, ****P < 0.0001, ns,

P > 0.05. Error bars given as � SEM. Quantification carried out using ImageJ. Scale bar indicates 25 lM in panels A, C and D. Scale bar

indicates 75 lM in panel F.
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3.5. CHRDL2 enhances cancer stem-cell

pathways

To elucidate pathways in which CHRDL2 overexpres-

sion acts, RNA-seq analysis on CACO2 cells given

CHRDL2+ and CHRDL2++ treatment was per-

formed with DMSO-treated cells as a baseline. Differ-

ential expression analysis was carried out on RNA-seq

data (Fig. 5A). 76 and 145 differentially expressed

genes were identified in the CHRDL2 + and

CHRDL2++ groups, respectively, at P < 0.05

(Fig. 5B). From this, we selected the 22 genes that

were differentially expressed in both CHRDL2+ and

CHRDL2++ vs control cells for downstream analysis

(Fig. 5C). qPCR was used to confirm expression

changes in biological replicates in both CACO2 and

COLO320 cells (Fig. 5D).

Gene-set-enrichment analysis (GSEA) on the entire

RNA-seq dataset revealed upregulation of the hall-

mark WNT signalling pathway (P < 0.001) and enrich-

ment of genes that modulate the frequency, rate or

extent of the activity of the BMP receptor signalling

pathway (P < 0.05). Furthermore, BMP-specific target

gene ID1, which is induced upon BMP stimulation,

was downregulated in our data set by CHRDL2 over-

expression. APOA4, APOB and APOC3, which have

been shown to be induced specifically by BMP 2 and

4, were also reduced by CHRDL2 overexpression [36].

This suggests that CHRDL2 overexpression results in

the direct reduction of BMP signalling mediated by

BMP 2 and 4. This increase in WNT signalling and

modulation of BMP signalling (Fig. 5E) verifies

CHRDL2’s role as a BMP antagonist in colon cancer

cells. The MYC signalling pathway and LEF1 signal-

ling, which are downstream transducers of WNT sig-

nalling, were also upregulated.

We further investigated stem-cell markers LGR5

and LGR6, as well as B lymphoma Mo-MLV inser-

tion region 1 homologue (BMI1) and showed upregu-

lation by QPCR, with LGR6, a WNT transducer,

also upregulated in RNA-seq data in the

CHRDL2++ treatment (Fig. 5F). We noted that

BMI1 pathways were also highlighted by GSEA

(Fig. S6) a stem-cell defining pathway and correlating

with our Q-PCR data.

GSEA revealed upregulation of the cancer hallmark

pathways, epithelial to mesenchymal transition (EMT)

(P < 0.001), and angiogenesis, which are frequently

upregulated in metastatic colorectal cancers (Fig. S6).

DNA repair pathways were also significantly upregu-

lated including key DSB repair genes BRCA1, RAD51

and RAD52, supporting our findings with respect to

chemo/radiotherapy resistance (P < 0.05). There was

also significant upregulation of RAF and MTOR sig-

nalling, which are often modulated during cancer pro-

gression. Furthermore, cell cycle-related genes

upregulated by Rb knockout were also upregulated by

CHRDL2, suggesting an increase in cell-cycle protein

signalling (Fig. S6). Gene ontology analysis supports

these findings with enrichment in biological processes

such as cellular adhesion, apoptosis and differentiation

(Fig. S7).

Interestingly, several genes that are involved in

metabolism and oxidative stress were deregulated by

CHRDL2, including TXNIP and ENOX1, which

affect reactive oxygen species, ADM2 and PCK2,

involved in metabolic stress, and PCK2 important for

glucose-independent metabolism. GSEA analysis also

showed a deregulation in glycolysis signalling and a

reduction in oxidative phosphorylation.

Genes involved in cancer cell invasion, CTSK and

LOXL4, were also upregulated, enhancing our obser-

vations on EMT pathway markers. Further migration

and invasion phenotypic observations could be due to

stimulation of the RAS/RAF/MEK/ERK due to upre-

gulation of both ANKFN1 and EGR1 [37]. Again,

this is corroborated by GSEA analysis, which shows

an enrichment for RAF signalling pathways (Fig. S7).

We also found upregulation of MAPK10, which has

been shown to inhibit apoptosis, which links to our

observed increase in survivability. However, we also

saw a downregulation of DUSP6, which activates

dephosphorylated MAPK10.

There was also evidence of deregulation of several

immune and inflammatory pathway markers by

CHRDL2 overexpression. IL15 is involved in immune

cell infiltration to tumour sites, and CEBP stimulates

Inflammatory marker IL6. IL2 signalling was also

upregulated in our GSEA data, suggesting an increase

in immune infiltration (Fig. S6). ITH1, which has been

shown to stabilise ECM during inflammation, was

downregulated in our data and has also been shown to

be lost in many cancer types. This would suggest an

increase in immune and inflammation pathways by

CHRDL2 overexpression.

There was an observed a downregulation of genes

that are highly expressed in the healthy intestinal lin-

ing and mucosa, such as NCALD and TIFF1.

NCALD, a calcium sensor, is found abundantly

expressed in the intestinal tract, as well as TIFF1,

which aids in the generation of the intestinal mucosa.

This could signify a dedifferentiation of our cancer

epithelial cells.

In summary, the differentially expressed genes and

pathways due to CHRDL2 upregulation included

stem-cell maintenance, metabolic changes, invasion,
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migration and EMT processes, DNA repair and

immune infiltration. These are all well characterised

processes in cancer progression as well as treatment

response, highlighting CHRDL2 as an important can-

didate for further biomarker and therapeutic target

studies.
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4. Discussion

The role of BMP signalling in cancer is well studied

but often paradoxical; with BMP signalling shown to

be necessary to prevent cancer-associated WNT signal-

ling and ISCs from exiting intestinal crypts [12,25].

Conversely, it can also play a role in promoting

tumorigenesis [16]. It is clear, however, that BMP

antagonists play an important functional role in regu-

lating BMP signalling and therefore could be a key

biomarker in cancer progression [20]. In this study, we

have confirmed that CHRDL2 represses BMP signal-

ling in CRC cells, leading to elevated WNT signalling,

and causes changes in cell growth, response to chemo-

therapy and stem-cell characteristics.

Previously, CHRDL2 has been shown to bind to

BMP2 and 9 to block BMP-mediated SMAD1/5 phos-

phorylation signalling [27,30]. Patient survival studies

have shown CHRDL2 overexpression predicts poor

prognosis in CRC patients, and mRNA expression is

elevated in patient tumour tissues compared to a con-

trol. Variation near CHRDL2 has also been implicated

as a cause of increased CRC risk in genome-wide asso-

ciation (GWAS) studies [38,39]. Knockdown studies of

CHRDL2 have been shown to inhibit proliferation

and migration in CRC, gastric cancer and osteosar-

coma, and overexpression promotes cellular prolifera-

tion, migration and clonogenicity [27,30]. Since other

secreted BMP antagonists, Noggin and GREM1, have

also been shown to enhance tumorigenesis and modu-

late intestinal cell stemness, we suggest that CHRDL2

acts in a similar manner and that this is via the BMP

pathway [21,23,25].

Here we have used doxycycline-inducible models to

overexpress CHRDL2 at a variety of levels to investi-

gate the transcriptional and behavioural effects of this

gene. We have shown that as a BMP antagonist,

CHRDL2 reduces the level of phosphorylated

SMAD1/5/9 level, indicative of reduced BMP signal-

ling, In addition, we have shown increased WNT sig-

nalling upon CHRDL2 addition in both cell lines and

organoid models, demonstrated through localisation of

b-catenin to the nucleus.

Despite previous reportings of CHRDL2 increasing

proliferation, we found a small decrease in prolifera-

tion in our CRC cell lines, which is reflected by a

reduction in Ki-67+ cells and reduced colony growth.

We also observed enhanced cell migration through a

porous membrane of CHRDL2 overexpressing cells.

CSCs have long been shown to harbour increased

migratory potential, supporting our findings of

increased stem-like qualities during CHRDL2 overex-

pression. This is reflected in our RNA-seq data, which

shows enrichment for the EMT pathway, which relies

on enhanced migratory and invasion properties of can-

cer cells.

Next, we identified increased resistance to the three

most common forms of chemotherapy used to treat

CRC, again reinforcing the propensity for survival

during CHRDL2 overexpression in our CRC cell

model. Standard of care for all but the early stages of

CRC relies on the use of chemotherapy in combina-

tion with surgical procedures. 5-Fluorouracil (5FU) is

currently the cornerstone of chemotherapy treatment

used to treat CRC [40,41] and is used in combination

with either Oxaliplatin, a diamino cyclohexane plati-

num compound that forms DNA adducts (Known as

FOLFOX) or Irinotecan, a topoisomerase I inhibitor

(known as FOLFIRI) [42]. In each cell line we tested,

there was an increase in survival during chemotherapy

treatment, regardless of the mechanism of action of

the three chemotherapy agents. This was also seen in

organoids treated with secreted CHRDL2, which had

increased survival capabilities after 5FU exposure

Fig. 4. Secreted CHRDL2 decreases murine small intestinal organoid differentiation and increases stem-cell marker expression. (A) Image of

murine-derived organoids treated with conditioned media containing secreted forms of CHRDL2 compared to conditioned media from

control cells with no CHRDL2 overexpression representative images N = 3. (B) Quantification of buds per organoid in CHRDL2-treated

murine organoids compared to a control. T-test P < 0.0001 N = 3. (C) Quantification of average organoid diameter in CHRDL2-treated

murine organoids compared to a control. T-test P < 0.001 N = 3. (D) Immunofluorescence staining of OLFM4 protein on murine organoids

treated with secreted CHRDL2 compared to a control after 1-week representative images N = 3. (E) Quantification of immunofluorescence

scoring of OLFM4 on murine organoids treated with secreted CHRDL2 compared to a control. T-test P < 0.0001 N = 3. (F)

Immunofluorescent staining of b-catenin localisation in murine small intestinal organoids upon CHRDL2 addition and a control

Representative images N = 3. (G) qPCR of stem-cell markers from CHRDL2-treated murine organoids compared to a control. T-test SOX9

P < 0.0014, LGR5 P < 0.04, P < 0.043, BMI1, P < 0.49, P < 0.0113, MSI1 P < 0.0067, P < 0.009. N = 3. (H) Images of murine-derived

organoids treated with conditioned media containing secreted forms of CHRDL2 compared to a control and 5-fluorouracil (5FU). Image taken

96-h posttreatment representative images N = 3. (I) Quantification of number of live organoids in CHRDL2-treated organoids compared to a

control. N = 3. Two-way ANOVA comparing the number of live organoids in control and CHRDL2-treated groups at all drug concentrations,

P < 0.0442. In all panels *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, P > 0.05. Error bars given as � SEM. Scale bar indicates

1000, 200, 50 and 40 lM in panel A. Scale bar indicates 50 lM in panel D and F. Scale bar indicates 1000 lM in panel H.
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compared to a control. Chemotherapy resistance was

confirmed through flow cytometry analysis that

showed CHRDL2 overexpression reduced the number

of cells that entered apoptosis and also increased the

number of proliferating cells remaining after treat-

ment. Additionally, we have shown that CHRDL2

overexpression increases cell survival during irradiation

treatment, which can be used concurrently with che-

motherapy in the treatment of CRC.

We observed upregulation of several key DNA

repair proteins, such as RAD21, ATM, PCNA,

ERCC1, ARTMEIS and BRCA1 signalling during

chemotherapy of CHRDL2 overexpressing cells indi-

cating hyperactive DNA damage response pathways.

This is likely to be a factor in the accelerated clearing

of DSBs as marked by the significantly faster reduc-

tion in cH2AX foci and Ku70. DNA damage repair

genes were also shown to be upregulated by our

RNA-seq data, as shown by GSEA, although these

cells had not been exposed to any chemotherapy, and

therefore, we would expect only baseline DNA repair

activity. Exactly which repair pathways are upregu-

lated in response to CHRDL2 cells undergoing chemo-

therapy, and whether these are error prone or

accurate, is an important question that remains to be

addressed. In general, enhanced DNA damage

response activation is also a hallmark of CSCs, which

has been shown extensively to aid CSCs survival fol-

lowing conventional treatments, allowing the return of

cancer in patients and worsened prognosis [43–45].
Through comprehensive RNA-seq analysis and

qPCR validation, we have shown that CHRDL2 over-

expression increased WNT signalling and expression of

stem-cell markers, including LGR5, BMI1, LGR6, and

SOX9 in 2D and 3D models. These data collectively

suggest that CHRDL2 enhances stem-cell capacity

through increased WNT signalling and therefore inten-

sifies a stem-cell like phenotype.

However, CHRDL2 does not enhance proliferation

and clonogenicity, suggesting that it could preferen-

tially support cancer stem cells that are slower cycling

as opposed to the hyperproliferative cancer stem cells.

Within the intestinal crypt, normal stem cells are

arranged in a hierarchy, with rapidly proliferating stem

cells or crypt base columnar cells (CBCs) at the base

of the crypt. A separate population of stem cells lies in

the +4 position, which appear to cycle more slowly

[4,5]. Although the data are inconsistent, some studies

propose that these slow-cycling stem cells at the +4
position are marked by BMI1, which was upregulated

in our RNA-seq and qPCR data, raising the possibility

that CHRDL2 enhances this slow-cycling stem-cell

phenotype. Slow-cycling CSCs have also been shown

to be radiation resistant, similar to our CHRDL2

overexpressing cells [46,47]. There is some conflicting

evidence for the role of these slow-cycling stem cells

with a number of publications proposing that they are

key for regeneration of the intestine after injury [5,48].

However, more recent studies show that LGR5+ CBCs

are also able to fulfil this role, or suggest that the two

populations support each other to facilitate tissue

repair [6].

Our organoid models treated with secreted

CHRDL2 further confirmed our increased stem-like

hypothesis. When mouse organoids were treated with

CHRDL2, they showed a significant reduction in dif-

ferentiated bud formation, creating a smaller, spherical

stem-like phenotype compared to controls. Immunoflu-

orescence staining of the stem-cell marker OLFM4

showed upregulation in organoids treated with

CHRDL2. Furthermore, stem-cell markers LGR5,

MSI1, BMI1 and SOX9 were increased following

CHRDL2 treatment, showing that inhibition of extra-

cellular BMP signalling can directly increase stemness

in normal intestinal cells. In a recent study, another

BMP antagonist, GREM1, is upregulated in the intes-

tinal stroma in response to injury, resulting in repro-

gramming/dedifferentiation in intestinal epithelial cells

to drive repair [49]. Conversely, treatment of human

intestinal organoids with BMPs, despite causing no

major morphological differences, resulted in reduced

expression of stem-cell markers, including OLFM4

[36]. Thus, inhibition of BMP signalling through

CHRDL2 or other antagonists may indeed force

Fig. 5. RNA-seq analysis demonstrates that CHRDL2 expression enhances cancer stem cell and other cancer hallmark pathways. RNA-seq

analysis of CACO2 cells treated with 1 lg�mL�1 (CHRDL2+) or 10 lg�mL�1 (CHRDL2++) compared to control (dimethyl sulfoxide) DMSO-

treated cells N = 3. (A) Volcano plot of differentially expressed genes from cells with CHRDL2 overexpression (CHRDL2+ and CHRDL2++)

from RNA-seq analysis. Expressed as Log2 Fold change against control. (B) Bar plot of significantly differentially expressed genes in

CHRDL2+ and CHRDL2++ cells. Genes included pass the threshold of P < 0.001 for CHRDL2+ and P < 0.001 for CHRDL2++. (C) Intersect

of highly differentially expressed genes in both the CHRDL2+ and CHRDL2++ treated groups P < 0.05. 21 genes were differentially

expressed in both groups. (D) qPCR validation of differentially expressed genes from RNA-seq data in CACO2 and COLO320 cells N = 3. (E)

GSEA plots of differentially expressed pathways in CACO2 cells treated with CHRDL2++. (F) qPCR validation of stem-cell markers in

CACO2 and COLO320 cells N = 3. T-test; CACO2 BMI1 P < 0.05, CACO2 LGR6 P < 0.05, COLO320 LGR5 P < 0.01. N = 3. In all panels

*P < 0.05, **P < 0.01, ns, P > 0.05. Error bars given as � SEM.
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cancer cells in the colon into a more stem-like state,

and while this may not increase the proliferation rate,

it could increase the longevity and survival of these

cells during treatment with DNA-damaging therapies.

Through RNA-seq analysis, we have also shown dif-

ferential expression of other cancer biomarkers by

CHRDL2, such as EGR1, REG4 and TFF1, which

have been shown to regulate proliferation, migration

and metastasis. Furthermore, CHRDL2 was found to

differentially impact several key cancer pathways,

including the EMT pathway, MYC, MTOR, PI3/AKT

and RAF. For example, DDIT4 is a regulator of

MTOR and was upregulated by CHRDL2 and EGR1,

which acts through PI3K/AKT, was downregulated by

CHRDL2. Indeed, CHRDL2 has previously been

shown to act via PI3K/AKT in osteosarcoma [30].

While the changes in BMP and WNT signalling shown

in our GSEA analysis suggest that the effects of

CHRDL2 in our system work directly through inhibi-

tion of BMP, it is not possible to rule out that some

pathways are affected by BMP-independent actions of

CHRLD2. Indeed, Wang et al. suggest that CHRDL2

can directly alter phosphorylation and activity of YAP

in gastric cancer cell lines, which merits further explo-

ration (Wang et al., 2022). These data provide new

avenues of research into the mechanism that CHRDL2

and potentially other BMP antagonists may exert their

effects. Unravelling the pathways modulated by

CHRDL2 and other BMP antagonists will undoubt-

edly drive future investigations in cancer research.

5. Conclusions

Our findings suggest that CHRDL2 should be further

explored as a potential biomarker for increased che-

motherapy resistance in CRC. This would necessitate a

deeper understanding of the mechanism of resistance

and also accurate determination of the pattern of over-

expression of CHRDL2 during tumorigenesis and ther-

apy. In summary, our data strongly suggest that

CHRDL2, by inhibiting BMP signalling and augment-

ing WNT signalling, promotes stem-cell properties in

cancer cells, thus contributing to cancer progression

and potentially therapeutic resistance.
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Fig. S2. Quantification of cell cycle analysis, cell prolif-

eration by Ki67, clonogenic assays and IQGAP1

expression.

Fig. S3. Summary of IC50 values for CHRDL2 over-

expressing cells treated with chemotherapy.

Fig. S4. Quantification of P-SMAD1/5 protein, Ki67

immuno-fluorescence and flow analysis of COLO320

cells, and Ku70 immunofluorescence analysis in

CHRDL2 overexpressing cells treated with

chemotherapy.

Fig. S5. Immunofluorescence based analysis of DNA

damage repair pathway proteins in CHRDL2 overex-

pressing cells treated with chemotherapy.

Fig. S6. GSEA plots identifying disrupted pathways in

CHRDL2 overexpressing cells as assessed by RNA

sequencing.

Fig. S7. PANTHER Overrepresentation Test/GO

Ontology analysis of RNA sequencing data from

CHRDL2 overexpressing cells.
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