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1  |  INTRODUC TION

Severe aplastic anemia (SAA) is a syndrome of severe bone marrow 
failure characterized by pancytopenia.1 Multiple etiologies of SAA 
have been proposed. Previous study found that the dysregulation 
of T cells, especially hyperfunction of activated CD8+ T cells (CTLs) 
played an important role in pathogenesis of SAA.1,2 Our research 

found that activated CTLs in SAA patients damage hematopoietic 
cells through perforin, granzyme B pathway, Fas/FasL pathway, and 
TNF- related apoptosis- inducing ligand (TRAIL) pathway.3,4 Vitro 
research suggested that CTLs in SAA patients have a killing effect 
on normal bone marrow hematopoietic stem/progenitor cells, gran-
ulocytes, and monocytes.5 The number of regulatory cells (Tregs), 
CTLA- related antigen 4 (CTLA- 4) expressed by Tregs, and the 
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Abstract
Background: Severe aplastic anemia (SAA) is a syndrome of severe bone marrow fail-
ure due to hyperfunction of CD8+ T cells. While, the genetic background of SAA is 
still unknown. In this study, we tried to explore the possible genetic variants in CD8+ 
T cells of SAA patients.
Methods: We performed whole- exome sequencing (WES) in CD8+ T cells of 4 SAA 
patients and 7 normal controls. The mutations that existed in SAA but not in NCs 
were identified as candidate genes. Then, we compared them with genes in the en-
riched KEGG pathway of differently expressed genes (DEGs) from previous RNA- seq. 
After analyzing the types of mutations, we identified possible pathogenic genes and 
validated them by RT- PCR. Finally, we compared them with the autoimmune disease- 
related genes in DisGeNET database to select the most possible pathogenic genes.
Results: We found 95 candidate mutant genes in which, 4 possible pathogenic genes 
were identified: PRSS1, KCNJ18, PRSS2, and DGKK. RT- PCR results showed that 
compared with NCs, PRSS1 and KCNJ18 mRNA expression was significantly in-
creased in SAA patients (p < 0.05), PRSS2 was also increased in SAA patients but 
without statistical difference, and DGKK gene could not be detected by RT- PCR in 
SAA patients. In addition, PRSS1 was associated with autoimmune diseases from the 
DisGeNET database.
Conclusion: The mutations of PRSS1, KCNJ18, PRSS2, and DGKK, especially PRSS1 in 
CD8+T cells, may be involved in the immune pathogenesis of SAA.
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expression of Foxp3 protein were decreased in SAA patients.6 The 
reason that caused unbalance between CTL and Tregs was still not 
fully understood.

Along with the development of sequencing technology, several 
human leukocyte antigen (HLA) alleles have been reported to be as-
sociated with SAA by whole- exome sequencing (WES) such as HLA- 
A*33:03, HLA- A*68:01, HLA- B*14:02, and HLA- B*40:02 alleles.7 
Yoshizato et al.8 investigated 156 SAA patients and found that these 
patients had multiple somatic mutations, such as BCOR/BCORL1, 
PIGA, DNMT3A, and ASXL1. Whether CD8+ T cell abnormalities 
are also caused by genetic mutations is still unknown. Although the 
human exon region which holds the protein coding information, only 
makes up 1%– 2% of the total genome, it concentrates on pathogenic 
mutation sites for most diseases.9 Therefore, we aim to explore ab-
normal mutations of CD8+T lymphocytes in SAA patients by using 
WES technology, search for new pathogenic genes, and identify the 
possible molecular mechanism of SAA.

2  |  MATERIAL S AND METHODS

2.1  |  Patients

WES was performed in 4 SAA patients and 7 normal controls (NCs). 
And RNA sequencing (RNA- seq) was included in 11 SAA patients and 
10 NCs. The clinical features of these 15 AA patients were shown 
in Table S1, who were diagnosed in the Hematology Department of 
Tianjin Medical University General Hospital from 2017 to 2019. The 
subsequent RT- PCR experiment enrolled 12 SAA patients and 13 NCs 
who were hospitalized in our department from September 2020 to 
February 2021. The study was approved by the Ethics Committee of 
Tianjin Medical University. Informed written consent was obtained 
from all patients in accordance with the Declaration of Helsinki.

2.2  |  Isolation and purification of CD8+T 
lymphocytes

Peripheral blood mononuclear cells (PBMNCs) from SAA patients 
and NCs were sorted by density gradient centrifugation using Ficoll- 
Paque Plus solution (solarbio, P8610). CD8+ T cells were purified 
by using CD8/MACS separators (Miltenyi Biotec) and the extrac-
tion method was carried out as recommended by the manufac-
turer. After detection by the multiparameter flow cytometry (BD 
Biosciences) and analysis using the Cell Quest software program 
(Version 3.1, Becton Dickinson), the cell was used for the subse-
quent experiments.

2.3  |  WES and selection of candidate genes

The DNA was extracted according to the operational instructions 
of the genome extraction kit (TIANamp Micro DNA Kit, TIANGEN). 

The qualified genomic DNA sample was randomly fragmented by 
Covaris technology and each resulting qualified captured library 
was then loaded on BGISEQ- 500 sequencing platforms, and we per-
formed high- throughput sequencing.

The bioinformatics analysis began with the sequencing data. First, 
all clean data of each sample was mapped to the human reference ge-
nome GRCh37/HG19. Burrows- Wheeler Aligner (BWA) software was 
used to do the alignment. We followed recommended Best Practices 
for variant analysis with the Genome Analysis Toolkit (GATK, https://
www.broad insti tute.org/gatk/guide/ best- pract ices). The mean se-
quencing depth on target regions was 138.03×. In addition, the strict 
data analysis quality control system (QC) in the whole pipeline was 
built to guarantee qualified sequencing data. The SnpEff tool (http://
snpeff.sourc eforge.net/SnpEff_manual.html) was applied to perform 
a series of annotations for variants. The final variants and annotation 
results were used in the downstream advanced analysis.

Remove	variants	with	MAF	≥	1%	according	to	allele	frequency	
from	the	1000	Genome	Project	control	database.	3′/5′	prime	UTR	
variants, intron variants, and intergenic variants have been removed 
without further analysis. Finally, we selected variants that were 
present in SAA patients but absent in controls.

2.4  |  GO and KEGG pathway enrichment 
analysis of candidate genes

In order to identify the biological pathways, we performed enrich-
ment analysis using Metascape (http://metas cape.org),10 which is a 
convenient and reliable website that provides comprehensive gene 
list annotation and enrichment analysis resources for experimental 
biologists.

For each given gene list, pathway and process enrichment 
analysis has been carried out with the following ontology sources: 
GO Biological Processes (BP), GO Cellular Components (CC), GO 
Molecular Functions (MF), and KEGG Pathway. All genes in the ge-
nome have been used as the enrichment background. Terms with a 
p- value <0.05, a minimum count of 3, and an enrichment factor >1.5 
(the enrichment factor is the ratio between the observed counts and 
the counts expected by chance) were collected and grouped into 
clusters based on their membership similarities.

2.5  |  Analysis of KEGG enrichment pathway of 
differently expressed genes and the genes in the 
enrichment pathway

Our research group previously used RNA- seq to study the differently 
expressed genes (DEGs) of peripheral blood CD8+ T cells in 11 SAA 
patients and 10 NCs. We sorted CD8+T lymphocytes and extracted 
total RNA of each sample using TRIzol Reagent (Invitrogen Life 
Technologies). Then, mRNA sequencing was performed by Illumina 
HiSeq. Finally, differential expression analysis was performed by 
DESeq2 package.11 R (version 4.0.2) package ggplot2 was used to 

https://www.broadinstitute.org/gatk/guide/best-practices
https://www.broadinstitute.org/gatk/guide/best-practices
http://snpeff.sourceforge.net/SnpEff_manual.html
http://snpeff.sourceforge.net/SnpEff_manual.html
http://metascape.org
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paint a volcano plot. padj < 0.05 were set to select differential ex-
pressed genes. In this article, we used Metascape to analyze the 
KEGG enrichment pathway of the DEGs and the PathCards database 
to discover the genes in the enrichment pathway. Finally, observe 
whether the genes in the pathway overlap with the candidate genes 
of WES.

2.6  |  RNA isolation, cDNA synthesis, and real- time 
quantitative reverse transcriptase PCR

Total RNA was extracted from the purified CD8+T cells using TRIzol 
reagent (Invitrogen Life Technologies). The extracted RNA was re-
verse transcribed using the reverse transcription kit (TaKaRa), ac-
cording to the manufacturer's instructions. Gene expressions were 
analyzed by real- time quantitative PCR. β- Actin was used as the 
house- keeping gene for standardizing the expression of target mRNA. 
The primers used for this analysis are listed in Table S2. Reactions 
were performed using the Bio- Rad iQ5 Real- Time System and SYBR 
Premix Ex Taq (TaKaRa). The relative expression levels of target 
genes were calculated using the 2−ΔΔCt method. All analyses were 
performed using the SPSS 20.0 software. The quantitative data were 
presented as mean ± SD (mean ± standard deviation). Differences in 

quantitative parameters between groups were determined using the 
t test. p < 0.05 was considered statistically significant.

2.7  |  Analysis of genes associated with 
autoimmune diseases

DisGeNET is a discovery platform containing one of the largest 
publicly available collections of genes and variants associated with 
human diseases.12- 14 DisGeNET integrates data from expert curated 
repositories, GWAS catalogs, animal models, and scientific literature. 
Enter "Autoimmune Diseases," select "Summary of Gene- Disease 
Associations," and download genes related to autoimmune diseases.

3  |  RESULTS

3.1  |  WES and candidate genes analysis

According to the method mentioned above, we found 95 candidate 
mutant genes (SNP and Indel had 13 of the same genes) which were 
identified in cases but not in controls (Figure 1A). Mutation distribu-
tions of SNP and Indel were shown in Figure 1B.

F I G U R E  1 The	discovery	process	
of candidate mutant genes and 
distribution of mutations. (A) Schematic 
representation of the filter strategies used 
in our study. (B) Mutation distributions of 
SNP and InDel. Different colors indicate 
the frequency of different types of gene 
variants
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3.2  |  GO and KEGG pathway enrichment 
analysis of candidate genes

The GO- BP, GO- MF, and GO- CC analysis demonstrated that the can-
didate genes were concentrated in taste receptor activity, detection 
of chemical stimulus involved in sensory perception, collagen meta-
bolic process, signaling adaptor activity, hemostasis, alcohol biosyn-
thetic process, ribonucleoprotein complex biogenesis, meiotic nuclear 
division, myeloid leukocyte migration, positive regulation of innate 
immune response and so on (Figure 2A, Table S3). Additionally, the 
KEGG enrichment analysis indicated that the candidate genes were 
enriched in 3 pathways, which involved in taste transduction, olfac-
tory transduction, and protein digestion and absorption pathways. 
(Figure 2B, Table S4). To further capture the relationships between the 
terms, we used Metascape to create a network plot. The network was 
visualized using Cytoscape5, where each node represents an enriched 
term and was colored first by its cluster ID (Figure 2C) and then by 
its p- value (Figure 2D). We also used Metascape for protein– protein 
interaction enrichment analysis. The resultant network contained the 
subset of proteins that form physical interactions with at least one 
other member in the list. Pathway and process enrichment analysis 
has been applied to each MCODE component independently, and the 
three best- scoring terms by p- value have been retained as the func-
tional description of the corresponding components, shown in the ta-
bles underneath corresponding network plots within Figure 2E.

3.3  |  Comparison of candidate genes with genes 
in the enriched KEGG pathway of DEGs

Our research group previously used RNA- seq to study the DEGs of 
peripheral blood CD8+ T cells and found 189 DEGs (36 up- regulated 
and 153 down- regulated genes) (Figure 3A). KEGG enrichment analy-
sis indicated that the DEGs were enriched in 62 pathways (p < 0.05). 
To further show the relationship between terms, we used Metascape 
to create a network plot, which was colored by its cluster ID or p- 
value (Figure 3B,C). We also used Metascape for protein- protein 
interaction enrichment analysis (Figure 3D). Through the platform 
PathCards (https://pathc ards.genec ards.org/), we searched for the 
genes in the 62 KEGG pathways, and compared them with the can-
didate mutant genes (n = 95) of WES. PDE5A, AQP7, DGKK, AVPR2, 
KCNJ18, IQSEC1, PRSS1, PRSS2, FZD8, and KSR2 genes were found 
(Table S5). After analyzing the types of mutations, it was found that 
the mutations of PRSS1, KCNJ18, PRSS2, and DGKK could affect the 
amino acid structure of proteins (Table 1).

3.4  |  PRSS1, KCNJ18, PRSS2, and DGKK mRNA 
expression levels in CD8+T cells of SAA patients

RT- PCR results showed that the mRNA expression level of PRSS1 
was significantly increased in CD8+T cells of SAA patients compared 

F I G U R E  2 Enrichment	and	interaction	analysis	of	candidate	genes.	(A)	GO	enrichment	pathway	analysis	and	(B)	KEGG	enrichment	
pathway analysis of candidate genes. Bar graph of enriched terms across input gene lists, colored by p- values. (C) Network plot of enriched 
terms for candidate genes. Colored by cluster ID, where nodes that share the same cluster ID are typically close to each other. (D) Network 
plot of enriched terms for candidate genes. Colored by p- value, where terms containing more genes tend to have a more significant p- value. 
(E) Protein- protein interaction network and MCODE components identified in the gene lists

https://pathcards.genecards.org/
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to NCs (5.518 ± 4.201 vs. 2.414 ± 1.808; p < 0.05; Figure 4A). The 
same for KCSNJ18, the mRNA levels of SAA patients and NCs were 
2.873 ± 2.158 and 1.445 ± 1.110, respectively (p < 0.05; Figure 4B). 
For PRSS2, the mRNA expression level of PRSS2 in CD8+T cells of 
SAA patients was higher than that in NCs, but without statistical 
difference (2.113 ± 2.141 vs. 1.207 ± 0.8312; p > 0.05; Figure 4C). 
Moreover, we found that DGKK gene expression could not be de-
tected in CD8+T cells of SAA patients, but could be detected in NC 
group by RT- PCR.

3.5  |  Comparison of significant mutations with 
genes associated with autoimmune diseases

We downloaded 1758 autoimmune disease- related genes from the 
platform of DisGeNET and observed whether the genes overlap with 
the 4 possible pathogenic mutations (PRSS1, KCNJ18, PRSS2, and 
DGKK). PRSS1 gene was found as the overlapping gene. According 
to the results of WES, the mutation site of PRSS1 gene in SAA pa-
tients was c.508A>G, and amino acid changes corresponded to p. 
Lys170Glu (Figure 5).

4  |  DISCUSSION

SAA was regarded as an autoimmune disease, and the initial research 
on its pathogenesis mainly focused on immunity. Young15 found that 
the number of activated effector T lymphocytes (mainly CD8+T cells) 
in SAA patients increased and their function was hyperactive. Later, 
it was discovered that part of SAA patients had poor immunotherapy 
in clinical work. And with the development of next- generation se-
quencing technology, some researchers gradually discovered that 
certain gene mutations affected the condition and prognosis of 
SAA patients. WES technology utilizes its high- throughput charac-
teristics to efficiently discover mutations in protein coding regions 
of all genes. Moreover, there were few studies on the WES of SAA 
patients, and even fewer studies focused on the major immune ab-
normal cells of SAA patients, such as CD8+T cells. Therefore, we 
targeted CD8+T cells of SAA patients by WES technology to look 
for possible pathogenic mutations, and laid a foundation for further 
large- scale experimental verification in SAA patients.

We performed GO and KEGG enrichment analysis on 95 candi-
date mutant genes which existed in CD8+ T cells of SAA patients but 
not in NCs. It was shown that they were enriched in the process of 

F I G U R E  3 Enrichment	and	interaction	analysis	of	DEGs	between	SAA	patients	and	NC.	(A)	Volcano	plot	of	gene	expression	profile	data	
in SAA patients and NCs. (B) Network plot of enriched terms for DEGs. Colored by cluster ID, where nodes that share the same cluster ID 
are typically close to each other. (C) Network plot of enriched terms for DEGs. Colored by p- value, where terms containing more genes tend 
to have a more significant p- value. (D) Protein- protein interaction network and MCODE components identified in the gene lists
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taste and olfactory, positive regulation of innate immune response, 
myeloid leukocyte migration, hemostasis, protein digestion, and 
absorption pathways and so on. Previous studies have shown that 
patients with rheumatoid arthritis (RA) have similar pathway abnor-
malities. Ying Li et al.16 used WES technology to study the patho-
genic genes of RA patients and analyzed the enrichment pathways 
of the pathogenic genes. These pathogenic genes were also found to 
be enriched in the pathways such as olfactory transduction, protein 
digestion, and absorption, which were similar to the pathways found 

in our study, may be related to the incidence of RA. Seven genes 
involved in the olfactory transduction pathway were associated with 
the progression of RA. However, whether these pathways play a role 
in the pathogenesis of SAA patients and how they affect the patho-
genesis of SAA needs further experimental verification.

Our research group previously discovered 189 DEGs in SAA pa-
tients through RNA- seq. In this paper, we performed KEGG enrich-
ment pathway analysis on them. Furthermore, the genes in each 
pathway were further searched and compared with 95 candidate 

Gene Function Transcript Chr

PDE5A Upstream gene variant NM_001083.3 chr4

AQP7 Synonymous variant NM_001170.1:p.Pro113Pro/c.339G>A
NM_001170.1:p.Asn94Asn/c.282C>T

chr9

DGKK Frameshift variant NM_001013742.3:p.
Gly1020_Leu1021fs/c.3060_3061insC

chrX

AVPR2 Upstream gene variant NM_000054.4 chrX

KCNJ18 Synonymous variant NM_001194958.2:p.Gly99Gly/c.297C>T chr17

NM_001194958.2:p.Ile105Ile/c.315C>T

NM_001194958.2:p.Asn199Asn/c.597C>T

NM_001194958.2:p.Ser266Ser/c.798G>A

NM_001194958.2:p.Asp291Asp/c.873C>T

NM_001194958.2:p.Asp397Asp/c.1191C>T

NM_001194958.2:p.Gly418Gly/c.1254C>T

Missense variant NM_001194958.2:p.Gly145Ser/c.433G>A

NM_001194958.2:p.Thr290Met/c.869C>T

NM_001194958.2:p.Arg285Trp/c.853C>T

Inframe deletion NM_001194958.2:p.
Glu333del/c.997_999delGAG

IQSEC1 Splice acceptor variant NM_001134382.2:c.2977delG chr3

PRSS1 Missense variant NM_002769.4:p.Lys170Glu/c.508A>G chr7

Synonymous variant NM_002769.4:p.Leu189Leu/c.567T>C

PRSS2 Missense variant NM_002770.2:p.Val3Ala/c.8T>C
NM_002770.2:p.Pro4Ser/c.10C>T

chr7

Upstream gene variant NM_002770.2

FZD8 Upstream gene variant NM_031866.2 chr10

KSR2 Upstream gene variant NM_173598.4 chr12

TA B L E  1 Analysis	of	gene	mutation	
types, in which red marks represent 
significant mutations

F I G U R E  4 The	mRNA	expression	levels	of	4	candidate	genes.	(A)	The	relative	mRNA	levels	of	PRSS1was	significantly	increased	in	CD8+T 
cells of SAA patients compared to NCs (p < 0.05). (B) The relative mRNA levels of KCNJ18 was significantly increased in CD8+T cells of SAA 
patients compared to NCs (p < 0.05). (C) The relative mRNA levels of PRSS2 was increased in CD8+T cells of SAA patients compared to NCs 
but without statistic difference
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mutant genes, 10 shared genes including PDE5A, AQP7, DGKK, 
AVPR2, KCNJ18, IQSEC1, PRSS1, PRSS2, FZD8, and KSR2 were 
found. After analysis of the mutational types, 4 possible patho-
genic mutations were found, including PRSS1, KCNJ18, PRSS2, 
and DGKK, because they could affect the amino acid structure of 
proteins. Further GO- BP analysis of these genes was performed. 
Although PRSS1 and PRSS2 were both part of the trypsinogen 
gene cluster located in the β locus of the T cell receptor, they en-
code different trypsinogens and participate in different biological 
processes. For example, PRSS1 is involved in the process of co-
balamin metabolism (vitamin B12) and proteolysis, while PRSS2 
participates in the antimicrobial humoral response and neutrophil 
activation involved in immune response. KCNJ18 encoded a mem-
ber of the inwardly rectifying potassium channel family. DGKK is 
involved in the process of platelet activation and intracellular sig-
nal transduction.

Due to the limited sample size of this experiment, we would like 
to further prove the correlation between genes and AA through 
public databases. However, there is no specialized database for AA. 
Considering that AA is one of the typical autoimmune diseases, and 
autoimmune diseases often have a similar state of immune hyper-
function. Therefore, we downloaded the currently known genes that 
are clearly related to autoimmune diseases in the DisGeNET data-
base and did an intersection analysis with the 4 pathogenic genes 
that had been screened. We found the common gene PRSS1.

As mentioned above, PRSS1 is a gene that encodes trypsino-
gen. This gene and several other trypsinogen genes are localized 
to the T cell receptor beta locus on chromosome 7. We firstly 
searched for the mutation rate of PRSS1 gene in normal people 
and found that PRSS1 mutation is very rare in the normal popu-
lation. Sequencing of the PRSS1 gene in 200 French, 82 German, 
420 Chinese, 28 Korean, and 150 Brazilians found the p.E79K 
variant in only one French and one Brazilian individual. Recently, 
1000 German normal controls were sequenced, and the p.V123L 

mutation was only found in one subject.17 Another study found 
no PRSS1 mutation in 220 Chinese Han individuals.18 Then, we 
further searched the literature for the effect of PRSS1 gene mu-
tation on autoimmune diseases. Autoimmune pancreatitis (AIP) 
is considered to be an immune- mediated inflammatory process 
targeting the pancreatic epithelial components. The serum of 
patients with AIP contained high titers of autoantibodies against 
trypsinogen PRSS1.19 Multiple mutation types of PRSS1 gene 
were related to the occurrence of AIP, such as p. Leu81Met, 
PRSS1:ivs2+56_60delCCCAG, p.K92N, p.R116C, p.T137 M, and 
p.C139F.20- 22 Later, the effect of the mutation was further verified 
in a mouse model. The study23 found that the levels of HSP70 and 
NRF2 in mice expressing PRSS1R122H were increased, and the 
level of chymotrypsin C (CTRC) was decreased. Pancreata from 
mice that express PRSS1R122H had more DNA damage, apoptosis, 
and collagen deposition and increased trypsin activity and infiltra-
tion by inflammatory cells than mice that express PRSS1 or control 
mice. We speculated that the SAA patients may have the muta-
tion of this pathogenic gene, which affected the up- regulation or 
down- regulation of mRNA expression, thus further affecting the 
translation of proteins and eventually leading to the occurrence 
of diseases. Therefore, we performed an RT- PCR experiment to 
verify our hypothesis. Results showed that the expression levels 
of PRSS1- mRNA in CD8+T cells of SAA patients were significantly 
increased than normal controls (p < 0.05). We hypothesized that 
the mutations of PRSS1 may play an important role in the patho-
genesis of SAA.

The mRNA expression of the other 3 genes was also examined 
in SAA patients. Results showed that the mRNA expression levels 
of KCNJ18 and PRSS2 in CD8+T cells of SAA patients were in-
creased. However, DGKK could not be detected in CD8+T cells of 
SAA patients by RT- PCR, but could be detected in NC group. So, 
we suspected that the mutation resulted in the silencing of DGKK 
expression in CD8+T cells of SAA patients.

F I G U R E  5 Schematic	representation	of	the	structure	of	PRSS1.	cDNA	mutation	and	amino	acid	change	have	been	listed	in	the	text	box	of	
blue
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5  |  CONCLUSIONS

In summary, our study is the first time for the analysis of CD8+ cells 
in SAA patients by WES technology. The mutations revealed in these 
genes (PRSS1, KCNJ18, PRSS2, and DGKK), especially PRSS1 may be 
involved in the pathogenesis of SAA.
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