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ABSTRACT
Chordin (CHRD) is a secreted protein important in early development, yet a role for CHRD in human 
disease has not been identified. In this study we investigated CHRD in cancer and normal adult tissues 
using the wealth of genome-wide data available in public databases. We found that Chordin is amplified 
in the DNA of specific cancers such as lung squamous cell and others, although copy number variation did 
not strictly correlate with higher mRNA expression. In some cancers, such as renal and stomach carcino-
mas, increased CHRD expression significantly correlated with poor survival. In normal adult human tissues, 
CHRD mRNA was highest in hepatocytes. Crossveinless-2/BMPER, a component of the Chordin morpho-
genetic pathway expressed at the opposite side in embryos, was expressed in liver stellate cells. This raises 
the intriguing possibility that a BMP gradient might be established in the extracellular matrix of the space 
of Disse that surrounds portal sinusoid capillaries.
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Introduction

Chordin (CHRD) is a Bone Morphogenetic Protein (BMP) 
antagonist that plays a crucial role during development. 
Isolated initially from the Spemann organizer in the dorsal 
region of the Xenopus gastrula, CHRD protein is profusely 
secreted and is required for the inductive activities of trans-
planted Spemann organizer tissue.1–3 CHRD binds BMPs in 
the extracellular space and prevents them from binding to their 
cognate receptors.4 CHRD is a reversible inhibitor of BMPs, 
which is cleaved at two specific sites by Tolloid metalloprotei-
nases releasing active BMP in the ventral side of the embryo.5 

The CHRD/Tolloid/BMP morphogenetic pathway establishes 
a dorsal-ventral gradient of BMP signaling which, remarkably, 
spans the entire embryo in most bilateral animal embryos, and 
even in the cnidarians.6,7

At the opposite pole of the embryo, the Crossveinless-2 
(CV2) protein, renamed BMP Binding Endothelial Regulator 
(BMPER) in humans, has a structure related to that of CHRD.8 

CHRD binds BMP through four Cysteine-rich von Willebrand 
factor C (vWF-C) domains, while BMPER/CV2 has five. The 
main difference is that while CHRD diffuses readily through 
the extracellular matrix, BMPER/CV2 remains tethered to 
glypicans on the plasma membrane through a vWF-D 
domain.9,10 CV2 serves to concentrate CHRD/Tolloid/BMP 
complexes on the ventral side of the embryo, where they are 
readily cleaved by Tolloids releasing BMPs to achieve maximal 
BMP signaling.9 The Chordin-CV2 regulatory gradient takes 
place not only in the gastrula embryo but also in organogenesis 
of the cross-veins of the Drosophila wing and the developing 
vertebral bodies of the mouse.11,12 Despite the evolutionarily 

conserved role of CHRD in development, surprisingly, this 
gene has not been associated with specific human diseases.

In this paper, we examine the expression of CHRD in 
human cancers and adult tissues making use of the plethora 
of genome-wide data available in databases such as the Human 
Protein Atlas (HPA), Cancer Genome Atlas (TCGA), cBio 
Cancer Genomics Portal (cBioPortal), Dependency Map 
(DepMap), and Genotype-Tissue Expression (GTEx) 
portals.13–17 We found that the CHRD gene is specifically 
amplified in the DNA of lung squamous cell carcinoma, ovar-
ian, uterine, and esophageal carcinoma. In the adult human, 
CHRD expression is highest in liver. Single-cell RNA- 
sequencing (scRNA-seq) showed that CHRD is synthesized in 
hepatocytes, while the related protein CV2/BMPER is 
expressed specifically in hepatic stellate (also known as Ito) 
cells, raising the possibility of a gradient of CHRD/BMP activ-
ity in normal liver tissue.

Results and discussion

CHRD is amplified in specific cancers

Available CHRD alteration frequencies were extracted from 
4,417 patients across 11 TCGA studies in the cBioPortal for 
Cancer Genomics (Figure 1a). CHRD was amplified (in red) in 
40% of patients in three independent lung squamous cell car-
cinoma studies, providing validation for CHRD amplification 
in this type of cancer (Figure 1a). Lung squamous cell carci-
noma patients harbored few CHRD point mutations (in green), 
suggesting amplification as the primary mode of CHRD invol-
vement in cancer. CHRD was amplified to a lesser degree in 
patients with cutaneous squamous cell carcinoma and pan- 
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Figure 1. CHRD amplification in cancer does not correlate with higher mRNA expression. (a) Alteration frequencies indicate that CHRD DNA amplification is most 
common across pulmonary cancer subtypes. CHRD amplification was observed across multiple cancers except skin cutaneous melanoma and small cell lung cancer. This 
data was extracted from the cBioportal for Cancer Genomics and encompasses 4,417 patients across 11 TCGA studies. (b) A diversity of cancers harbor gain-of-function 
CHRD CNVs in 3,968 patients from 33 TCGA studies. CHRD CNVs are primarily gain-of-function with uveal melanoma serving as the only exception. (c) Chordin 
amplification is not significantly associated with increased mRNA expression in a subset of lung squamous cell carcinoma. Lung squamous cell carcinoma, which 
possesses high CHRD DNA amplification (red circles), had comparable CHRD mRNA expression compared to tumors with infrequent amplification (thyroid carcinoma). 
This pattern differs from what is observed in a well-established amplified oncogene, MYC, in which DNA amplification correlates with higher mRNA expression. In these 
data from TCGA, red and blue circles in the boxplot indicate the presence or absence of amplification, respectively. The black center line denotes the median value (50th 

percentile), while the red and blue boxes contain the 25th to 75th percentiles of the dataset. The black whiskers denote the 5th and 95th percentiles, and values beyond 
these upper and lower bounds are considered outliers. The single red asterisk indicates a p-value <.05 obtained via two-tailed Student’s t-test.
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lung cancer (≈20% of patients). Interestingly, CHRD was 
mutated but not amplified in small cell lung cancer, suggesting 
differing roles for CHRD between pulmonary cancer subtypes. 
Pancreatic cancer and lung adenocarcinoma patients had 
a lower rate (<15%) of CHRD copy number variations 
(CNV), with pancreatic cancers primarily harboring CHRD 
amplification, and lung adenocarcinomas having equal propor-
tions of CHRD point mutations and amplification (Figure 1a).

CHRD copy number variations (CNVs) were further ana-
lyzed in the genomes of 3,968 cancer patients across 33 TGCA 
studies available in the NCI Genomic Data Commons portal 
(Figure 1b). The majority of CHRD CNVs resulted in gain (in 
red) of chromosomal material, with uveal melanoma as the sole 
exception. Lung squamous cell carcinoma patients possessed 
the greatest number of CHRD gain CNVs (88% of all patients), 
while 70–75% of endocervical adenocarcinoma, ovarian serous 
cystadenocarcinoma, neck squamous cell carcinoma, uterine 
carcinoma, and esophageal carcinoma patients presented 
CHRD gains in CNVs. Uterine corpus endometrial carcinoma 
patients exclusively had CHRD gain CNVs (58%), in contrast 
to uveal melanoma patients who exclusively had CHRD loss 
CNVs (55%). Lung adenocarcinoma patients were the only 
group with an equal proportion of CHRD gain and loss 
CNVs. We conclude that the majority of CHRD CNVs are 
from the gain category, implicating CHRD amplification in 
specific types of cancers.

CHRD amplification does not correlate with higher mRNA 
expression

We next searched whether copy number amplification of 
CHRD expression correlated with increased mRNA expres-
sion. The correlation between mRNA expression and DNA 
amplification was analyzed in 982 samples from lung squa-
mous and thyroid carcinoma TCGA studies (Figure 1C). Lung 
squamous cell carcinoma was chosen due to its high frequency 
of CHRD amplification (red circles), while thyroid carcinoma 
was selected because of its infrequent CHRD amplification. 
The average CHRD mRNA expression in lung squamous cell 
carcinoma was 73 RPKM (log2 = 6.2) with the 25th and 75th 

percentile defined by 37 RPKM (log2 = 5.2) and 128 RPKM 
(log2 = 7), respectively. Samples with CHRD expression above 
861 RPKM (log2 = 9.75) were considered significant outliers, of 
which there were nine samples. Similarly, the average CHRD 
expression in thyroid carcinoma was 56 RPKM (log2 = 5.8) 
with the 25th and 75th percentile defined by 26 RPKM (log2 =  
4.7) and 74 RPKM (log2 = 6.22), respectively. Thyroid carci-
noma samples with CHRD expression above 268 RPKM (log2  
= 8.07) were considered significant outliers, of which there 
were 0 samples. Similar CHRD expression in the presence 
and absence of amplification suggested that CHRD amplifica-
tion is not correlated with higher mRNA expression (Figure 1c, 
plots on the left side). In contrast, DNA amplification of the 
well-established oncogene MYC in the same lung squamous 
cell carcinomas significantly correlated with higher mRNA 
expression (Figure 1c, right side box plots). Lung squamous 
cell carcinoma possessed a significantly higher MYC mRNA 
expression of 2,702 RPKM (log2 = 11.4) compared to thyroid 
carcinoma with an average MYC mRNA expression of 294 

RPKM (log2 = 8.2) (p < .05, two-tailed Student’s t-test). From 
this comparison with MYC, we conclude that CHRD does not 
behave as a standard oncogene.

High CHRD expression correlates with decreased survival 
in renal and stomach carcinomas

We next examined whether CHRD expression levels corre-
lated with cancer survival according to data available 
through the Human Protein Atlas (HPA).13 Only pan-lung 
cancer data was available for lung cancer, and we were 
unable to ascertain specifically lung squamous cell carci-
noma; differences in pan-lung survival were not significant. 
A different situation arose when we analyzed data for CHRD 
RNA expression and survival curves from 877 renal carci-
noma patients (Figure 2a). The average CHRD expression in 
renal carcinoma was 1.8 FPKM, with the 75th percentile 
defined at 2.5 FPKM. Of the 877 patients, 259 were categor-
ized into the “high expression” group due to their CHRD 
expression above the upper whisker (5.4 FPKM). The 
remaining 618 patients constituted the “low expression” 
group. The renal carcinoma Kaplan-Meier plot from patients 
with high and low CHRD expression had 5-year survival 
rates of 55% and 74%, respectively (p = 6.1 × 10−7). The sur-
vival probability widens after 10 years, as patients with high 
and low CHRD expression experienced survival rates of 37% 
and 64%, respectively. Thus, survival analysis suggest that 
high CHRD mRNA expression is prognostic and unfavorable 
in renal carcinoma (Figure 2a).

We also examined survivability curves and CHRD RNA 
expression data from 354 stomach carcinoma patients 
(Figure 2b). The average CHRD expression was 1.4 FPKM, 
with the 75th percentile defined at 2.2 FPKM. Of the 354 
patients, 188 were categorized into the “high expression” 
group since their CHRD expression values were above the 
95th percentile (4.5 FPKM) and considered outliers. The 
remaining 166 patients constituted the “low expression” 
group. Survivability analysis of stomach carcinoma patients 
with high and low CHRD expression had 5-year survival 
rates of 23% and 52%, respectively (p = .0055), suggesting that 
high CHRD expression has unfavorable prognosis. Unlike in 
renal carcinoma, the 10-year survival rate was comparable 
between high and low CHRD expression groups in stomach 
carcinoma. Notably, high CHRD expression was also signifi-
cantly correlated with decreased survival in cervical, colorectal, 
pancreatic, and urothelial cancers. We conclude that high 
CHRD expression may serve as a negative prognosis marker 
in some cancers.

Single-cell CHRD expression in hepatocytes and BMPER/ 
CV2 in hepatic stellate (Ito) cells suggests a possible BMP 
signaling gradient in adult liver tissue

CHRD mRNA expression was assessed in a consensus dataset 
created by combining the HPA, GTEx, and FANTOM tran-
scriptomic databases available through the HPA. Notably, 
CHRD expression was highest across gastrointestinal struc-
tures (liver, kidney, pancreas), neural tissues (cerebellum, cor-
tex, hippocampus), and reproductive organs (cervix, 
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endometrium, ovary, vagina) in adult human tissues 
(Figure 3a). CHRD expression was highest in liver tissue at 
130 normalized transcripts per million (nTPM). This was 
nearly 4-fold greater than its expression in cervix (40 nTPM) 
and endometrium (35 nTPM), while other organs had a CHRD 
expression of 20 nTPM or lower (Figure 3a).

Single-cell CHRD RNA expression was analyzed via UMAP 
(uniform manifold approximation and projection) in hepatic 
tissue (Figure 3b). CHRD expression was exclusively found in 
hepatocytes clusters, which are highlighted in the accompany-
ing heatmap indicating their significant z-scores (Figure 3b). 
No other hepatic cell type possessed comparable or significant 
CHRD expression levels.

Interestingly, when single-cell CV2/BMPER expression 
(which marks the high side of the CHRD/BMP signaling gra-
dient) was analyzed in the same hepatic cell samples, CV2/ 
BMPER was strongly and significantly expressed in stellate 
cells (c-4) and absent in hepatocytes (Figure 3c). This is 

represented in the UMAP plot by the presence of green dots 
and absence of blue ones. Kupffer cells (c-3) and B-cells (c-6) 
had low BMPER/CV2 expression, but these values were not 
statistically significant via z-score analysis (Figure 3c).

We conclude from this single-cell analysis of publicly avail-
able databases that Chordin is expressed at high levels by adult 
human hepatocytes. CV2/BMPER, which is normally 
expressed at the high end of BMP gradients during develop-
ment, is specifically expressed in stellate cells. The possible 
physiological significance of this cellular distribution is exam-
ined below.

Significance of the observations

While the role of CHRD protein and its regulation during early 
development has been extensively studied, there is a lack of 
information regarding its functional role in the adult. In this 
study, we analyzed chrd mutations in cancer. Data in DepMap 
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Figure 2. High CHRD expression correlates with decreased survival in renal and stomach carcinoma. (a) Box and whisker plot of CHRD RNA expression in renal 
carcinomas from 877 patients. Values above the black whisker (95th percentile) denote outliers and are colored in red. High CHRD RNA expression (≥6 RPKM) is 
significantly correlated with decreased survival probability. Kaplan-Meier plots of patients with high and low CHRD expression possessed a 5-year survival rate of 55% 
and 74%, respectively (p = 6.1 × 10−7). (b) Box and whisker plot of CHRD RNA expression in stomach carcinomas from 354 patients. High CHRD RNA expression (≥5 
RPKM) is significantly correlated with decreased survival probability. Kaplan-Meier plots of patients with high and low CHRD expression possessed a 5-year survival rate 
of 23% and 52%, respectively (p = .0055). The double red asterisks indicate an obtained p-value <.001 via two-tailed Student’s t-test.
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from solid tumors in 66,162 patients indicate that missense and 
silent mutations are distributed uniformly throughout the chrd 
gene and stop mutations are rare, suggesting that CHRD is 
unlikely to be a tumor suppressor. Interestingly, the chrd gene 
was found to be amplified in specific subsets of cancers, parti-
cularly in lung squamous cell carcinoma. (Figure 1). Kaplan- 
Meier plots of high and low chrd mRNA expression indicated 
that at least in some cancers, such as renal and stomach 
carcinoma (and cervical, colorectal, pancreatic, and urothelial 
cancers as well), high expression is correlated with significantly 
decreased survivability. We conclude that although chrd does 
not behave as a strong oncogene such as MYC, it may serve as 
a possible cancer biomarker, particularly if the increased 
mRNA levels were reflected in protein levels in blood samples, 
for which commercial detection kits exist.18

CHRD is expressed in adult tissues, with the highest levels 
reached in liver. Of interest for biomarker purposes, CHRD 
protein is found in blood plasma.19 Using publicly available 
scRNA-seq data, we found that CHRD is specifically expressed 
in hepatocytes, which are the likely origin of the CHRD protein 
in the circulation. Chordin in blood might function in systemic 
cellular processes, such as hematopoiesis and immune or 

inflammatory responses in which BMPs are involved.20 In 
order to be secreted into the portal circulation sinusoid capil-
laries, proteins from hepatocytes must traverse the extracellular 
matrix located in the perisinusoidal space of Disse, where the 
liver stellate cells are located. Stellate cells are enigmatic endo-
derm-derived cells adjacent to the sinusoid portal capillaries.21

Our observation that CV2/BMPER, is expressed specifically 
in hepatic stellate cells (also called Ito cells), is potentially of 
physiological interest. In a number of developmental systems 
CV2 is expressed at the high end of BMP gradients, while the 
BMP antagonist Chordin is secreted from the low BMP end. In 
the Xenopus gastrula, CV2 is expressed in the ventral side while 
Chordin is secreted by dorsal Spemann-Mangold organizer 
tissue.6 In the developing wing crossveins, which require max-
imal BMP signaling, CV2 is expressed in the crossvein itself.11 

As shown in Figure 4, Cv2 has structural similarities to 
Chordin, in particular vWF-C domains that act as BMP bind-
ing modules. Unlike Chordin/BMP complexes, CV2 is unable 
to diffuse and remains attached to the plasma membrane via 
glypicans in its cells of origin.10 Since CV2 binds Chordin/BMP 
complexes and facilitates Chordin cleavage by Tolloid metallo-
proteinases, it functions as a sink that activates BMP signaling.9 
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Figure 3. Single-cell CHRD expression in hepatocytes and BMPER/CV2 in hepatic stellate (Ito) cells suggests a BMP-signaling gradient in adult liver tissue. (a) Tissues with 
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The scRNA-seq data raise the exciting possibility that a CHRD/ 
BMP morphogenetic gradient may be formed in the space of 
Disse in normal liver tissue. The genomic observations pre-
sented here indicate that CHRD may not only be involved in 
embryonic signaling gradients, but also in adult tissue home-
ostasis and cancer progression.

Understanding the prognostic relevance of CHRD expres-
sion across cancers subtypes may influence therapeutic deci-
sions. Here, we have provided a clinical context for CHRD, 
analyzing its amplification status across cancers, and relating 
its mRNA expression to survival outcomes in gastric and 
renal carcinoma. Other chordin-like proteins have been 
investigated in the context of cancer. A study in breast 
cancer determined that Chordin-like 1 (CHRD-L1) – 

a CHRD-like protein containing only 3 BMP-binding CR 
modules – acts as a negative regulator of malignant breast 
cancer phenotypes through BMP signaling inhibition.22 They 
reported that high CHRD-L1 expression inhibited BMP- 
induced migration in breast cancer and was associated with 
prolonged survival outcomes.22 Another report showed that 
CHRD inhibited BMP-induced migration in ovarian cancer 
cell lines.23 In lung adenocarcinoma, CHRD-L1 was recently 
highlighted as a prognostic biomarker and promising ther-
apy target.24 Low CHRD-L1 correlated with poor clinico-
pathologic features and patient survival (p < .001).24 The 
study suggested that CHRD-L1 may serve as a potential 
therapy target via cell cycle regulation, and may improve 
the effectiveness of immunotherapy by regulating immune 
infiltration.24 Another CHRD relative, Chordin-like 2 
(CHRD-L2) has recently been suggested as a clinical biomar-
ker that promotes cell proliferation through the YAP/TAZ 
pathway in gastric cancer.25 Serum CHRD-L2 levels were 
distinctly upregulated in gastric cancers. The increased 
CHRD-L2 expression in serum was highest among poorly 
and undifferentiated gastric cancers, and significantly corre-
lated with shorter patient survival.25

In conclusion, the present study indicates the potential 
clinical utility of CHRD as a biomarker that merits further 
exploration. Targeting CHRD in specific cancers may hold 
therapeutic promise. The results also suggest that a finely regu-
lated CHRD-BMP-CV2 morphogenetic gradient could be 
a determinant of adult tissue homeostasis warranting further 
investigation.

Materials and methods

Online genomic resources

CHRD alteration frequencies from 4,417 patients across 11 
TCGA studies were extracted and analyzed via the cBioPortal 
for Cancer Genomics. CHRD CNV data was acquired from the 
NCI Genomic Data Commons portal and included 3,968 
patients across 33 TCGA studies. Barplots in Figure 1 were 
created using the package ggplot2 via the coding program 
R-Studio.26,27 Box and whisker plots of CHRD and MYC 
amplification were created in R-Studio package ggplot2 from 
TCGA data acquired through the cBioPortal database. 
Logarithmic (log2) fold-changes were used as input and 
acquired by the ratio of CHRD/MYC mRNA expression in 
lung/thyroid carcinoma over their expression in healthy tissue.

CHRD RNA expression in renal and stomach carcinoma 
was downloaded from the Human Protein Atlas (HPA) and 
reanalyzed via DESeq2 in R-Studio.28 For reproducibility pur-
poses, the data was screened to include only TCGA datasets. 
Both CHRD renal and stomach carcinoma datasets possessed 
a male-to-female bias of 2:1. Box and whisker plots were 
generated in the R-studio package BoxPlotR using fragments 
per kilobase of exon per million mapped fragments (FPKM) 
values as input.29 Renal and stomach carcinoma Kaplan-Meier 
plot data were extracted from the Human Protein Atlas (HPA) 
and reanalyzed for significance in Excel via a two-tailed 
Student’s t-test. Patients were classified into two expression 
groups, low and high, based on the FPKM value of CHRD. 
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We then examined the correlation between CHRD expression 
level and patient survival via Kaplan-Meier survival 
estimators.13 Genes with a p-value lower than 0.001 in Kaplan- 
Meier analyses were defined as prognostic genes. Genes with 
a median expression less than FPKM 1 were lowly expressed 
and classified as un-prognostic.

CHRD mRNA expression in healthy tissues was extracted 
from the HPA. Normalized transcript per million (nTPM) values 
are from a consensus dataset created by combining the HPA, 
GTEx, and FANTOM transcriptomic databases using the internal 
normalization pipeline.13 For the HPA and GTEx transcriptomics 
datasets, the average TPM value of all individual samples for each 
tissue was used to estimate CHRD expression level. TPM values 
of all samples within each data source were normalized separately 
using trimmed mean of M values (TMM) to allow for between- 
sample comparisons. The resulting normalized transcript expres-
sion values, denoted nTPM, were calculated for each gene in 
every sample.13 The summary barplot was generated in R-Studio.

Hepatic CHRD scRNA-seq data was derived from a meta- 
analysis of literature on scRNA-sequencing from single cell 
databases including only healthy human tissue.13 To ensure 
that single-cell dataset best represented their corresponding 
tissue, the following selection criteria were applied to avoid 
technical bias. First, only single-cell transcriptomic datasets 
based on Chromium single cell gene expression platform 
from 10× Genomics were considered. Secondly, only scRNA- 
sequencing performed on single-cell suspension from tissues 
without pre-enrichment of cell types were considered. 
Thirdly, only studies with > 4,000 cells and 20 million read 
counts were included, and only datasets whose pseudo-bulk 
transcriptomic expression profile is highly correlated with 
the transcriptomic expression profile of the corresponding 
HPA tissue bulk sample were analyzed.13 CHRD and 
BMPER/CV2 hepatic scRNA-seq data was extracted from 
Bioproject GSE115469.30

CHRD and BMPER/CV2 scRNA-seq data was analyzed 
using Uniform Manifold Approximation and Projection 
(UMAP) analysis. UMAP is a dimensionality reduction tool 
used to visualize and understand high dimensional datasets by 
constructing a high dimensional graph of the data and then 
optimizing a low-dimensional graph to be as structurally simi-
lar as possible, allowing one to effectively visualize clusters of 
data points and their relative proximities.31 UMAP analysis 
was used instead of the t-SNE analyses due to its increased 
speed and better preservation of global structure.31 In the 
UMAP plots, each dot corresponds to an individual cell. 
UMAP plots were recreated in R-Studio by comparing 
CHRD and BMPER/CV2 sc-RNAseq values across all hepatic 
cell types in the library. The heatmaps in Figure 3 were recre-
ated in R-Studio using scRNA-seq RPKMs of CHRD and 
BMPER/CV2 as input. Z-scores were obtained from the 
RPKMs by calculating the mean, variance, and standard devia-
tion of CHRD and BMPER/CV2 expression in each cell type by 
using the gplots v3.0.1 package available in R-Studio.
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