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ANKRD1 and SPP1 as diagnostic markers and
correlated with immune infiltration in biliary

atresia
Meng Kong, PhD?, Teng Ma, MDP, Bo Xiang, PhD®"

Abstract N\
The diagnosis of biliary atresia (BA) remains a clinical challenge, reliable biomarkers that can easily distinguish BA and other forms of \
intrahepatic cholestasis (IC) are urgently needed.

Differentially expressed genes were identified by R software. The least absolute shrinkage and selection operator regression and
support vector machine algorithms were used to filter the diagnostic biomarkers of BA. The candidate biomarkers were further
validated in another independent cohort of patients with BA and IC. Then CIBERSORT was used for estimating the fractions of
immune cell types in BA. Gene set enrichment analyses were conducted and the correlation between diagnostic genes and immune
cells was analyzed.

A total of 419 differentially expressed genes in BA were detected and 2 genes (secreted phosphoprotein 1 [SPP1] and ankyrin
repeat domain [ANKRD1]) among them were selected as diagnostic biomarkers. The SPP1 yielded an area under the curve (AUC)
value of 0.798 (95% confidence interval [Cl]: 0.742-0.854) to distinguish patients with BA from those with IC, and ANKRD1 exhibited
AUC values of 0.686 (95% ClI: 0.616-0.754) in discriminating BA patients and those with IC. Further integrating them into one variable
resulted in a higher AUC of 0.830 (95% CI: 0.777-0.879). The regulatory T cells, M2 macrophages cells, CD4 memory T cells, and
dendritic cells may be involved in the BA process. The ANKRD1 and SPP1 was negatively correlated with regulatory T cells.

In conclusion, the ANKRD1 and SPP1 could potentially provide extra guidance in discriminating BA and IC. The immune cell
infiltration of BA gives us new insight to explore its pathogenesis.

Abbreviations: ANKRD1 = ankyrin repeat domain 1, AUC = area under the curve, BA = biliary atresia, Cl = confidence interval,
DEGs = differentially expressed genes, GSEA = gene set enrichment analyses, IC = intrahepatic cholestasis, LASSO = least absolute

shrinkage and selection operator, SPP1 = secreted phosphoprotein 1, SVM = support vector machine.
Keywords: biliary atresia, CIBERSORT, diagnostic, immune cells

1. Introduction

Biliary atresia (BA) is a serious neonatal disease, which eventually
leads to cholestatic liver cirrhosis due to the inflammation and
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progressive fibrosis of intrahepatic and extrahepatic bile ducts.!!

In a proportion of BA patients have no other option but to undergo
liver transplantation.!”! Differentiation between BA and other
forms of intrahepatic cholestasis (IC) is difficult. The current gold
standard for the diagnosis of BA is exploratory laparotomy or
intraoperative laparoscopic cholangiography, but this is an
invasive examination method for children.®! Abdominal ultra-
sound and hepatobiliary scintigraphy may be helpful in differenti-
ating BA from other forms of IC. However, the accuracy of
abdominal ultrasound is limited due to the experience of the
operator.*l And the specificity of hepatobiliary scintigraphy is
rather low.”! Some non-BA children have to underwent an
exploratory laparotomy or laparoscopic surgery for definite
diagnosis. Therefore, the simple, effective noninvasive biomarkers
to provide clues for the early diagnosis of BA are urgently needed,
which has great significance to simplify the diagnostic process.

The continuous development of gene chip and high-through-
put sequencing technology provides important clues for
uncovering diagnostic biomarker associated with BA. One study
used a specially designed multi-gene panel that can correctly
detect large indels simultaneously and made a potential genetic
diagnosis in 22% patients with IC.!°! Another previous study
reported that gene sequence analysis assigned a molecular
diagnosis in 27% patients with idiopathic cholestasis.””! A
national research reported a molecular diagnosis in 26%
neonatal and infantile IC.®! Tt is clear that the molecular
diagnostics will become increasingly important and may become
an early differential diagnostic method to BA.
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In recent years, more and more studies have shown that
immune cell infiltration plays an important role in the occurrence
and development of BA.”! Some scholars show that dendritic
cells regulate natural killer cell activation and epithelial injury in
experimental BA."%" A previous study show that infiltration of
polarized macrophages associated with liver fibrosis in infants
with BA.'""Yl Therefore, a systematically discrimination of the
liver immune infiltration in BA children, and a comprehensive
evaluation of the liver immune microenvironment in BA, is
helpful to clarify the reason of BA. It is also helpful to lay a
theoretical foundation for preventing the occurrence of BA and
improving the prognosis of BA, and provides new clues and new
perspectives on the prevention or treatment of the disease.

In this study, gene expression data of BA from the public
database were download. Then we performed bioinformatics
analysis and used machine learning algorithms to further screen
and determine!*?! the diagnostic biomarkers of BA. Subsequently,
using CIBERSORT algorithm, we conduct a comprehensive
evaluation of BA immune infiltration. In addition, the correla-
tions between diagnostic biomarker and immune cells were
analyzed to better understand the molecular immune mechanism
during the development of BA.

2. Materials and methods

2.1. Data preprocessing and differentially expressed
genes (DEGs) screening

The ethics committee of west China Hospital of Sichuan University
approved the study. Gene expression data of BA or the other forms
of IC were downloaded from the public data platform Gene
Expression Omnibus, which included GSE46960 (64 BA samples,
14 diseased control samples, and 7 normal control samples),
GSE15235 (samples from 47 patients with BA), and GSE119600
(90 primary biliary cholangitis samples and 45 primary sclerosing
cholangitis samples). The inclusion and exclusion criteria or the age
of the children included in the study can been seen in previous
studies.['>* Raw data were download through the “GEOquery”
package of R software, R 3.6 (New Zealand), and the robust multi-
array analysis algorithm was used for background correction and
data normalization. We first explore the differentially expressed
genes (DEGs) on the discovery cohort (GSE46960). DEGs were
screened by the Linear Models for Microarray Data (limma)
package in R software. DEGs with P < .05 and |log,FC| > 2 were
considered statistically significant.

2.2. Screening and verification of diagnostic markers

In order to select the candidate diagnostic genes from DEGs, 2
kinds of feature selection methods, including least absolute
shrinkage and selection operator (LASSO) logistic regression and
support vector machine (SVM)-recursive feature elimination,
were used to build diagnostic panels to discriminate BA and other
forms of IC. The “glmnet” package in R software was applied to
perform the LASSO algorithm.!"*! The diagnostic value of
candidate genes in BA were classified and analyzed by SVM
classifier of R package ¢1071.1"®) The GSE46960, GSE15235,
and GSE119600 datasets were then combined as validation
cohort, and The batch effect of the validation cohort was
removed by the “Remove Batch Effect” function from limma
package."”! Principal component analysis plot was generated
after the inter-sample correction.!'®! The validation cohort
consisted of 111 BA samples and 149 non-BA samples. The
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diagnostic efficiency of the candidate gene markers (sensitivity,
specificity) was analyzed using the receiver operating character-
istics curve based on this validation cohort. Ultimately, the
overlapped genes extracted from LASSO algorithm and SVM
methods were regarded as the final diagnostic feature.

2.3. Gene set enrichment analysis

Enrichment analysis was performed on the GSE46960 gene sets
using GSEA (https://www.gsea-msigdb.org/gsea/login.jsp).[**!
Annotated gene sets h.all.v7.1.entrez.gmt was downloaded
from the MsigDB database as the reference gene sets. We carried
out GSEA and identified differentially regulated hallmark gene
sets between normal and BA samples. The random classification
frequency was performed with 1000 permutations. The related
pathways statistically enriched in each group were selected
when the false discovery rate was <0.25 and the nominal
P<.0S.

2.4. Evaluation of immune cell infiltration

For estimation of the abundance of immune cells in BA samples,
we uploaded the gene expression matrix data to CIBERSORT
web portal (http://cibersort.stanford.edu/). After deleting samples
with P> .03, a reference set with 22 sorted immune cell subtypes
(LM22) was used and finally obtained the immune cell infiltration
matrix. In order to illustrate this correlation of 22 immune cell, a
heatmap format generated by the corrplot package of R Studio
software. A box plot was generated to illustrate immune cell
infiltration difference using R Studio software. Next, Spearman
correlation analysis was used to evaluate relationships between
candidate diagnostic genes and different immune cell subsets.
Correlations were calculated using “ggstatsplot” package in
CRAN  (https://cran.r-project.org/web/packages/ggstatsplot/in
dex.html). The ggplot2 package in R platform was used to
visualize.

3. Results

3.1. Data preprocessing and DEGs screening

Based on the cutoff criteria in the methods, total 419 DEGs were
identified when the BA compared with normal control, including
225 upregulated genes and 194 downregulated genes. When the
BA compared with diseased control, there were 18 DEGs,
including 15 upregulated genes and 3 downregulated genes. A
total of 16 genes overlapped among the 2 set, and the overlapped
DEGs was shown in the heatmap (Fig. 1).

3.2. Screening and verification of diagnostic markers

In our study, we obtained 8 potential diagnostic genes (ankyrin
repeat domain [ANKRD1], VCAN, LUM, ITGA2, MMP7,
EPCAM, secreted phosphoprotein 1 [SPP1], CCL2) that were
screen out through LASSO algorithm in the overlapped DEGs
(Fig. 2A). By SVM-recursive feature elimination analysis, a total
of 3 genes (SERPINE1, ANKRD1, SPP1) were screen out as the
most important variable to provide diagnosis method for BA
(Fig. 2B). Finally, a total of 2 genes (ANKRD1, SPP1)
simultaneously recommended by the 2 algorithms were defined
as the final diagnostic related genes. The mRNA expression of
ANKRD1 (Fig. 2C) and SPP1 (Fig. 2D) was increased in BA
tissues when compared with other forms of IC and normal
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Figure 1. Heat maps show the expression of 16 genes in GSE46960. (BA=biliary atresia, DC =diseased control, other forms of intrahepatic cholestasis, NC =
normal control; levels of gene expression are shown as color variation from red [high] to blue [low]).

control. In order to explore the diagnostic efficiency of ANKRD1
and SPP1 for BA, a total of 111 cases of BA and 149 non-BA
specimens from 3 merged datasets (GSE46960, GSE15235, and
GSE119600) were included in our study as test cohort.
Additionally, principal component analysis plot was generated
after the batch effects among those 3 eligible datasets were
adjusted by “Remove Batch Effect” function (Fig. 2E). The area
under the curve (AUC) of ANKRD1 for the diagnosis of BA was
0.686 (95% confidence interval [CI]: 0.616-0.754) with a
sensitivity of 86.58%, a specificity of 60.36%. The AUC of SPP1
for the diagnosis of BA was 0.798 (95% CI: 0.742-0.854) with a
sensitivity of 69.80%, a specificity of 77.48%. Additionally,
when ANKRD1 and SPP1 were fitted into 1 variable, the
combined diagnostic genes also achieved a well diagnosis
performance in BA from the validation cohort (Fig. 2F), the
AUC was 0.830 (95% CI: 0.777-0.879) with a sensitivity of
71.81%, a specificity of 80.18%.

3.3. Gene set enrichment analysis

GSEA was used to conduct biological function and key pathway
enrichment analysis, we compared levels of signaling pathway
enrichment between the BA and normal samples in GSE46960.
Gene sets were found to be activated in BA were mainly involved
in immunological processes such as TNF-a signaling via NF-kB,

inflammatory response, and IL2-STATS signaling. In addition,
signaling pathways related to the bile acid metabolism,
cholesterol homeostasis and fatty acid metabolism were sup-
pressed in the BA group (Fig. 3). This finding initiate our
hypothesis that the inflammatory response plays a pivotal role in
BA and whether ANKRD1 and SPP1 are involved in immune-
related biological processes.

3.4. Immune cell infiltration results

The barplot showed that the infiltration rates of M2 macrophages
cells (green), resting CD4 memory T cells (yellow) and resting
dendritic cells (blue) in each sample were relatively high (Fig. 4A).
The correlation heatmap indicated that there existed difference in
immune cell infiltration pattern between BA and DC groups
(Fig. 4B). For instance, Regulatory T cells (Tregs) had a
significant negative correlation with naive CD4T cells (r=—
0.66), while the correlation between regulatory T cells (Tregs)
and resting CD4 memory T cells in BA was very high (r=0.68).
The box plot showed that the infiltration ratio of activated Mast
cells, resting CD4 memory T cells and gamma delta T cells in BA
samples was significantly higher than that in diseased control
samples (P <.05), while the infiltration ratio of naive B cells and
resting Mast cells in BA samples was lower than that in DC
samples (P<.05) (Fig. 4C). Besides, the immune correlation
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Figure 2. Screening and verification of diagnostic markers. (A) Least absolute shrinkage and selection operator (LASSO) regression to screen diagnostic markers.
Different colors represent different genes. (B) Support vector machine (SVM) to screen diagnostic markers. (C) The difference of ankyrin repeat domain 1 (ANKRD1)
expression in biliary atresia (BA), other forms of intrahepatic cholestasis (DC) and normal control (NC). (D) The difference of SPP1 expression in biliary atresia (BA),
other forms of intrahepatic cholestasis (DC) and normal control (NC). (E) PCA cluster plot after batch effects correction. (F) Receive operating characteristic (ROC)

plots.

analysis showed that SPP1 was positively correlated with resting
CD4 memory T cells (r=0.501, P=.02) and negatively correlated
with regulatory T cells (r=—0.611, P=.02) (Fig. 5A); ANKRD1
was positively correlated with resting CD4 memory T cells (r=
0.512, P=.03) and negatively correlated with regulatory T cells
(r=-0.362, P=.03) (Fig. 5B).

4. Discussion

Early diagnosis and intervention of BA in infants are of great
significance. Preoperative diagnostic methods include liver biopsy
or cholangiography is complicated and invasive, which will bring
more potential harm to suspected infants. Thus, the development
of simple and effective diagnostic biomarkers, has the potential to
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Figure 4. Evaluation and visualization of immune cell infiltration. (A) The bar plot
of immune cell infiltration in biliary atresia. (B) Correlation heat map of 22 types
of immune cells (blue represents a positive correlation, red represents a
negative correlation, the darker the color, the stronger the correlation). (C) The
box plot of the proportion of 22 types of immune cells (blue represents other
forms of intrahepatic cholestasis group, red represents biliary atresia group).

significantly shorten and simplify BA diagnosis process. In this
study, we find and validated a diagnostic biomarker to
discriminate between BA and other forms of IC, which might
provide a novel and promising field in the diagnosis of BA.
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In the present study, BA datasets were downloaded from Gene
Expression Omnibus and screened for DEGs. Total 16 overlap
DEGs were screened from GSE46960 datasets. Then, SVM and
LASSO regression methods were applied to filter the DEGs.
Finally, SPP1 and ANKRD1 that may be related to the diagnosis
of BA were found by the 2 machine learning method.
Additionally, when ANKRD1 and SPP1 were fitted into 1
variable, the combined diagnostic genes achieved a well diagnosis
performance in BA, the AUC was 0.830 with a sensitivity of
71.81%, a specificity of 80.18%. The SPP1, also called
osteopontin, is a protein coding gene. The protein encoded by
this gene is secreted, acts as a cytokine involved in enhancing
production of IFN-y and IL-12 and reducing production of IL-
10.12%7 SPP1 can induce Th1 cytokine activity and promote
fibrogenesis, both of which has previously been linked to the
pathogenesis of human BA."*!I' A previous study showed that a
modest upregulation of SPP1 expression in rotavirus infected
cholangiocytes, and the SPP1 high-expressing cells in the liver are
cholangiocytes.”*! Similar with our findings, we also find SPP1
was upregulated in BA. Another previous research showed that
SPP1 mRNA and protein expression were significantly increased
in BA when compared with other cholestatic diseases, which
leads to biliary proliferation and hepatic portal fibrosis.**! A
research group had reported that SPP1 protein levels were
increased in BA, with the most striking increases observed in
Kupffer cell and hepatic stellate cells in the necrotic areas, which
correlates with liver fibrosis.**! Given that SPP1 encoded
proteins often interact with BA, we believe that SPP1 is likely
to be involved in the pathological process of BA and is a
promising serum diagnostic biomarker. The ANKRD1 is a
protein coding gene, localized to the nucleus of endothelial cells
and is induced by IL-1 and TNF-« stimulation.!*’! In hepatitis C
virus (HCV)-infected cells, the upregulation of ANKRD1
expression is mediated through altered calcium homeostasis
and endoplasmic reticulum stress. The protein expression level of
ANKRD1 could be increased by various stresses, which may be
associated with virus infection in the liver.'"” ANKRD1
dysregulation is associated with various viral replications and
ANKRDL1 is one of the 50 highly upregulated genes during acute
HCV infection.*®! In B cells, ANKRD1 is involved in HIV
replication through the interaction with gp120.*”! In addition,
ANKRD1 is upregulated in all 3 common types of human
papillomavirus infections.'*®! The ANKRD1 gene expression in
activated hepatic stellate cells was completely dependent on YAP,
has been directly associated with liver fibrosis and regenerative
processes in other tissues.!*”) Therefore, we hypothesis that
ANKRD1 might play an important role in the progression of BA.
The results suggested that SPP1 and ANKRD1 probably be a
potential diagnostic biomarker in BA, further studies are still
needed to evaluate the diagnostic accuracy in clinical applica-
tions.

Gene set enrichment analysis was used to perform pathway
enrichment analysis. Gene sets were found to be activated in BA
were mainly involved in immunological processes such as TNF-a
signaling via NF-kB, inflammatory response, and IL2-STATS
signaling. Previous work showed that the expression of TNFa are
up-regulated in the liver tissue of BA model mice and the over
expression of TNFa eventually lead to bile duct epithelial cell
damage and bile duct obstruction, but the molecular mechanism
is unclear.”**! One laboratory reported that the IL2 plays a role in
the pathogenesis of BA and is associated with increased
infiltration of CD8+ T cells.®!! Accumulating evidence show
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that NF-kB activation plays an important role in the pathogenesis
of BA.®?! The results of previous literature are consistent with
our gene set enrichment analysis results, suggesting that the
bioinformatics analysis results of our research are relatively
accurate. The above results suggest that the immune response
plays an important role in BA, so CIBERSORT algorithms were
used to explore the relationship between BA and immune cell
infiltration. We found that the infiltration rates of M2 macro-
phages cells, resting CD4 memory T cells and resting dendritic
cells in BA were relatively high. M2 macrophages are thought to
associate with increased fibrogenesis and a previous study
demonstrated that M2 macrophages are significantly increased in
BA livers."!! The dendritic cells secreted IL-6 and paralyze the
Treg cells, which lead to the increase of Th17 cells and
contributed to bile duct injury.*3! However, there is no research
conducted on the role of resting CD4 memory T cells in BA. In
addition, in our study, regulatory T cells had a significant
negative correlation with naive CD4 T cells, while the correlation
between regulatory T cells and resting CD4 memory T cells in BA
was positive. The specific mechanisms underlying these associ-
ations require further exploration. Besides, the immune correla-
tion analysis showed that SPP1 was negatively correlated with
regulatory T cells. The ANKRD1 was negatively correlated with
regulatory T cells. Studies have shown that regulatory T cells play
important roles in BA through inhibiting Th1 cell-mediated bile
duct injury in murine.®* Therefore, we speculate that SPP1 and
ANKRD1 reduces regulatory T cells, participating in the
occurrence and progress of BA. The functional consequences
of these complex interactions between genes and immune cells
require further research.

In conclusion, the present study identified potential diagnostic
genes (SPP1 and ANKRD1) of BA. Furthermore, we screened out
immune cells that may be closely related to the occurrence and
progress of BA. In addition, SPP1 and ANKRD1 was negatively
correlated with regulatory T cells. The SPP1 and ANKRD1
exhibited great promise and might serve as a noninvasive
biomarker in discriminating BA and other forms of IC.
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