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Ningning Cao1,2,3, Huan Shi1,2,3, Chan Chen1,2,3, Lisong Xie1,2,3, Zhijun Wang1,2,3, Lingyan Zheng1,2,3, 
Chuangqi Yu1,2,3

1Department of Oral and Maxillofacial Surgery, College of Stomatology, the Ninth People’s Hospital, School of Medicine, Shanghai Jiaotong 

University, Shanghai, China; 2National Clinical Research Center of Oral Disease, Shanghai, China; 3Shanghai Key Laboratory of Stomatology & 

Shanghai Research Institute of Stomatology, Shanghai, China

Contributions: (I) Conception and design: C Yu; (II) Administrative support: C Yu; (III) Provision of study materials or patients: N Cao; (IV) 

Collection and assembly of data: N Cao; (V) Data analysis and interpretation: N Cao; (VI) Manuscript writing: All authors; (VII) Final approval of 

manuscript: All authors.

Correspondence to: Chuangqi Yu. 639 Zhizaoju Road, Shanghai 200011, China. Email: yucq616@163.com; yucq1508@sh9hospital.org.

Background: Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by 
reduced exocrine gland (principally the salivary and lacrimal glands) activity caused by chronic lymphocytic 
infiltration. Although pSS has been closely associated with an increased risk of mucosa-associated 
lymphoid tissue (MALT) lymphoma, the dynamic epigenetic changes in the gland cells that accompany the 
pathogenesis are not entirely understood. 
Methods: In this study, we harvested tissue samples from the labial gland with (LG_pSS) or without pSS 
(LG_NC) before MALT development, as well as the parotid gland with tumor tissues (PG_MALT) and 
paracancerous tissues (PG_NC) of two pSS patients with MALT lymphoma, and conducted RNA-seq and 
ChIP-seq for tri-methylated histone 3 lysine 4, 9, 27, 36, and 79 (H3K4/9/27/36/79me3). 
Results: Transcriptome landscapes indicated two outcomes of pSS progression with or without MALT 
lymphoma represented by distinct populations of differentially expressed genes and their functions. 
Furthermore, the epigenetic atlas of genome-wide H3K4/9/27/36/79me3 was in different stages for various 
samples, indicating that the variance of H3K4me3 was the earliest event, followed by selective alterations of 
H3K9/27/36/79me3. These four epigenetic modifications determine the final outcome of pSS progression.
Conclusions: Our results not only advance the understanding of the dynamics of pSS progression and 
highlight the importance of epigenetic alterations in regulating transcription during this pathological 
process, but also identify potential therapeutic targets for pSS treatment and lymphoma intervention.
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Introduction

Primary  S jögren’s  syndrome (pSS)  i s  a  sys temic 
autoimmune disease characterized by a reduction in the 
function of exocrine glands, mainly salivary and lacrimal 
glands, caused by chronic lymphocytic infiltration, 
elevated proinflammatory cytokine levels, and circulating 

autoantibodies (1). Based on the classification criteria of the 
American-European Consensus Group, pSS has a prevalence 
of approximately 0.4% in the general population and is 
far more prevalent in females than in males (2). The main 
clinical manifestations of pSS are dry mouth and dry eyes. 
Xerostomia is the foremost oral manifestation, presenting in 
94% of patients with SS (3). pSS progression can also lead to 
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more problems involving the oral cavity, including atrophy 
of the tongue papillae, abnormal taste sensation, oral pain, 
pararthria, dysphagia, oral mucosal ulcers, periodontal 
disease, oral fungal infections, and parotid enlargement. 
Some reports have assessed the alterations in voice, speech, 
swallowing, smell, and taste as well as their effects on the 
quality of life (4). Moreover, approximately 30–50% of pSS 
patients have a significantly elevated risk of extra-glandular 
manifestations including non-Hodgkin lymphoma of the 
B-cell series, such as mucosa-associated lymphoid tissue 
(MALT) lymphoma (5,6). Clinically, pSS is characterized 
by elevated rheumatoid factor (RF) levels, erythrocyte 
sedimentation rate (ESR), and the production of both organ-
specific and nonspecific autoantibodies, including anti-SSA, 
anti-SSB, anti-nuclear antibody (ANA), and anti-centromere 
antibodies (ACA) (7). Although both the etiology and the 
pathogenesis of pSS remain unclear, genetic predispositions, 
environmental factors, and epigenetic mechanisms can 
contribute to disease progression.

Epigenetics involves inheritable and reversible processes 
that govern gene expression without altering the DNA 
sequence. Histones with N-terminal lysine, arginine, and 
serine residues that are regulated by multiple chemical 
modifications have been well-documented as indicators of 
DNA methylation and chromatin accessibility that affect 
gene expression. Previous studies have indicated that pSS 
susceptibility variants are specifically associated with mono-
methylated histone 3 lysine 4 (H3K4me1), acetylated 
histone 3 lysine 27 (H3K27ac), and tri-methylated histone 
3 lysine 36 (H3K36me3) for promoters and enhancers 
in salivary gland cells and immunocytes (8,9). However, 
dynamic profiles of other covalent histone modifications are 
unknown in pSS occurrence and progression.

In this study, we harvested human salivary gland 
tissues from pSS patients with MALT lymphoma and 
conducted RNA sequencing (RNA-seq) and chromatin 
immunoprecipi tat ion sequencing (ChIP-seq)  for 
tri-methylated histone 3 lysine 4, 9, 27, 36 and 79 
(H3K4/9/27/36/79me3) to investigate the dynamic changes 
and coordinated interplays of these complex epigenetic 
codes, thereby elucidating their influence on gene expression 
during the progression from pSS to MALT lymphoma. Our 
high-throughput data were valuable in highlighting the 
importance of epigenetic alterations in the pathogenesis of 
pSS, as well as identifying potential targets for therapeutic 
intervention of pSS. This article has been presented in 
accordance with the MDAR reporting checklist (available at 
https://dx.doi.org/10.21037/atm-21-1754).

Methods

Clinical specimen harvesting and handling

Two female patients admitted to the Department of Oral 
and Maxillofacial Surgery at the Ninth People’s Hospital, 
School of Medicine, Shanghai Jiao Tong University, 
between 2012 and 2018 were enrolled in this study. They 
were diagnosed with pSS based on the classification 
criteria of American-European Consensus Group (2002 
version) (10). Both patients had their labial gland tissues 
harvested to examine lymphocyte infiltration at the first 
diagnosis of pSS; their parotid glands with and without 
lymphoma lesions were excised followed by the second 
diagnosis of local MALT lymphoma. The tissues to be 
used in subsequent experiments were stored at −80 ℃ 
immediately after harvesting. This study was approved by 
the Committee of Ethics, Faculty of Medicine, Shanghai 
Jiao Tong University (SH9H-2019-T159-2). Informed 
consent was obtained from all participants. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013).

RNA-seq data processing

Total RNA was extracted and the quality of all samples 
was evaluated using an Agilent bioanalyzer 2100 (Agilent, 
Santa Clara, CA, USA). The samples had an average RNA 
integrity number (RIN) of 9.4 with a minimum of 7.5. From 
each sample, 5 μg of RNA was used for library preparation 
using the NEBNext Ultra Directional RNA Library Prep 
Kit by Illumina (NEB, Ipswich, MA, USA), following the 
manufacturer’s instructions. Libraries were pooled and 
PE150 was sequenced using the Illumina HiSeq 2500 
platform. Raw read quality was evaluated using FastQC. 
Adapters and low-quality bases with a quality score of lower 
than 15 were trimmed from the raw RNA-seq reads. After 
trimming, reads shorter than 30 bp were discarded. The 
clean reads were aligned with the human reference genome 
hg38 using STAR (2.3.0) and assembled and quantified 
using Hisat2 (0.5.4p5). The differentially expressed genes 
(DEGs) were identified using the DESeq2 package in 
R. In order to be considered a DEG, there had to be a 
two-fold change in expression levels between samples 
adjusted using the Benjamini & Hochberg (BH) method. 
Transcription levels were then converted to logarithms 
(log2) of the normalized counts. Gene annotation was 
described using the Ensembl genome browser database 
(http://www.ensembl.org/index.html). The ClusterProfiler 
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package in R and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis were used 
to annotate the DEGs with gene ontology (GO) terms.  
P values below 0.05 were considered statistically significant.

ChIP-seq data processing

The sample containing 5×106 cells was ground in liquid 
nitrogen, dissolved in lysis buffer [20 mM Tris-HCl  
(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 
1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin,  
1 mM PMSF, and 1 mM protease inhibitor cocktail 
(Solarbio, Beijing, China)] and placed on ice for 30 min. 
After the genomic DNA was broken into 200–500 bp 
fragments by sonication, 10% of each whole lysate was 
saved. The rest of the lysate was divided into five parts, 
dissolved into 1 mL of lysis buffer, and incubated overnight 
with 1 μg IP-grade antibodies against H3K4me3 (Cat. 
No. 9751, Cell Signaling Technology, Beverly, MA, USA), 
H3K9me3 (Cat. No. 13969, Cell Signaling Technology), 
H3K27me3 (Cat. No. 9733, Cell Signaling Technology), 
H3K36me3 (Cat. No. 4909, Cell Signaling Technology), or 
H3K79me3 (Cat. No. 74073, Cell Signaling Technology). 
This was followed by a protein-A beads pull down at  
4 ℃ for 2 h. The DNA adhered to the beads as well as the 
input DNA were purified using phenol chloroform, and the 
concentration of purified DNA was determined using the 
Nano Drop 2000 (Thermo Fisher Scientific, Waltham, MA, 
USA). The DNA was repaired up to the 3' dA overhang and 
then ligated with adapters. The libraries were assembled 
after eliminating the unligated adapters and an appropriate 
size was selected for SE75 sequencing using the Illumina 
Hiseq2500 platform. After trimming adaptors from the 
raw ChIP-seq reads and filtering out low-quality reads, the 
remaining reads were mapped to the hg38 genome using 
the Bowtie 2 (v2.2.6) algorithm. Peaks were called using 
MACS2 (2.1.1) with a P value cutoff of 0.01, the different 
binding domains were analyzed based on an FDR value of 
less than 0.05 and annotated using DiffBind. The peaks on 
certain genomic loci were visualized using the Integrative 
Genomics Viewer (IGV). GO and KEGG analyses were 
performed as described in the previous section.

Data availability

The raw data that support the findings of this study have 
been deposited in the ArrayExpress database (https://www.

ebi.ac.uk/arrayexpress/) and assigned with an accession 
number E-MTAB-10339/10340. Any other data are 
available from the corresponding authors upon request.

Results

Transcriptome profiling in the salivary gland cells of pSS 
patients

The two female patients we focused on in this study 
were diagnosed with pSS and mainly presented with 
oral symptoms without any other complications such as 
cryoglobulinemia, hypergammaglobulinemia, or allergic 
purpura. The age at diagnosis of pSS was 35 years for 
patient A and 54 years for patient B. The focus score for 
patient A was 1 and that for patient B was 2. There was 
no Epstein Barr virus infection in either patient. The oral 
dryness VAS score for patient A was 5 and that for patient 
B was 6. The age at diagnosis of MALT was 37 years for 
patient A and 57 years for patient B. Both patients A and B 
had an oral dryness VAS score of 6. At the diagnosis of pSS 
and MALT, both anti-SSA and anti-SSB were positive; RF 
levels and ESR were abnormally elevated in both patients. 
The detailed results are presented in Table 1.

Two repeated sequencing libraries were established from 
the labial gland tissue samples from both pSS patients with 
(LG_pSS) or without (LG_NC) lymphocyte infiltration. 
Two repeated sequencing libraries were established from 
the parotid glands with (PG_MALT) and without (PG_
NC) MALT lymphoma tissues for these two patients who 
eventually developed MALT lymphoma. In order to broadly 
assess transcriptome alterations and changes in epigenetic 
regulation of gene expression during pSS progression, 
RNA-seq and ChIP-seq were conducted and the data 
were analyzed (Figure 1A). The alignment of data and the 
correlations with duplications in each group are summarized 
in Table S1, which indicated that only biological materials 
with the best quality were used in this study.

Principal component analysis (PCA) of the RNA-seq 
data indicated that four distinct clusters of samples could 
be separated by the first and second principal components 
(Figure 1B). As recently described in extranodal marginal 
zone lymphoma of MALT type, the vast proportion of cells 
were still defined as gland cells (11). Therefore, RNA-seq 
data could truly reflect the expression profile of gland cells 
in PG_MALT. Apart from LG_NC, the other three clusters 
were more relevant to each other, indicating more similar 
transcriptome patterns between the gland cells from pSS 
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and MALT compared to those from the negative control. 
The expression profiles also suggested that PG_NC and 
PG_MALT seemingly had a completely different direction 
of pSS progression from that of LG_pSS, differing based on 
the first principal component. PG_NC harvested from the 
second diagnosis of the same pSS patients were behind LG_
pSS in terms of time course. Therefore, it was reasonable to 
conclude that PG_NC and PG_MALT might have resulted 
from pSS progression.

Moreover, given the differences between the treated 
samples and the control, we also performed a comparative 
analysis among four clusters of samples that included 1,236 
DEGs between LG_pSS and LG_NC, 233 DEGs between 
PG_NC and LG_NC, 1,557 DEGs between PG_MALT 
and LG_NC, 1,427 DEGs between PG_NC and LG_pSS, 
1,516 DEGs between PG_MALT and LG_pSS, and 1,244 
DEGs between PG_MALT and PG_NC. We then obtained 

correlation coefficients by comparing the aforementioned 
DEGs (Figure 1C). We noticed that there were two routes: 
the first from LG_NC to LG_pSS to PG_NC (Route 1); the 
second from LG_NC to LG_pSS to PG_MALT (Route 2). 
Both routes demonstrated a relatively tight correlation 
among each other, whereas the global transcriptome 
changes across these two developmental routes had a lesser 
correlation. Although DEGs between PG_NC vs. PG_
MALT were large in number, their correlation with DEGs 
from other comparisons was extremely low.

Finally, GO analysis of intersected DEGs (Figure 1D) 
revealed that GO terms of “inflammatory response”, 
“infection”, and “cytokines” were overlapped across Routes 
1 and 2. DNA methylation, heterochromatin, cell apoptosis, 
cavitation, and fibrosis particularly occurred on Route 1, 
whereas DNA damage response, cell adhesion, and T cell 
co-stimulation only occurred on Route 2 (Figure 1E).

The above results indicated two putative outcomes of 
pSS progression involving a large number of different genes 
and functions.

Dynamic profiles of covalent histone modifications during 
pSS progression

Next, we focused on the tri-methylation of histone 3 at 
specific lysine residues to explore the mechanism underlying 
transcriptional regulation during pSS progression. Overall 
trends for H3K36/79me3 were not evident; the genome-
wide peaks for H3K4me3 were significantly downregulated, 
whereas those for H3K9/27me3 were upregulated during 
pSS progression (Figure 2A). Furthermore, metagene 
profiles displayed on tiled regions revealed that the 
H3K4/9/27me3 enrichments were majorly on the 
promoters, and the H3K36me3 also appeared at the 3' 
untranslated regions (3' UTRs) next to the promoters, 
whereas H3K79me3 only existed in the gene body  
(Figure 2B). We specifically focused on the DEGs from 
Routes 1 and 2 in order to investigate the relevance of 
epigenetic regulation. The Pearson correlation between 
changes in gene expression and the different histone 
patterns was calculated. There was a strong positive 
correlation between H3K4me3 and gene expression in 
Routes 1 and 2, as well as a strong negative correlation 
between H3K9me3 and gene expression in Route 1 (r≥0.3 
or ≤−0.3), whereas the other correlations were relatively 
weak (−0.3<r<0.3) (Figure 2C). All the analyzed correlations 
were statistically significant (P<0.05), suggesting that these 
epigenetic modifications might contribute to modulating 

Table 1 General information, main clinical and serological 
characteristics of the patients

General information, main clinical and 
serological characteristic

Patient A Patient B

Female/male Female Female

At diagnosis of pSS

Age at diagnosis (years) 35 54

Focus score of labial glands 1 2

EBV infection (positive/negative) (−) (−)

Oral dryness VAS score 5 6

Anti-SSA/Ro (positive/negative) (+) (+)

Anti-SSB/La (positive/negative) (+) (+)

Rheumatoid factors (IU/mL ± SD) 61.2 56.3

Erythrocyte sedimentation rate  
(mm/h ± SD)

40 30

At diagnosis of MALT

Age diagnosed as MALT (years) 37 57

oral dryness VAS score 6 6

Anti-SSA/Ro(positive/negative) (+) (+)

Anti-SSB/La(positive/negative) (+) (+)

Rheumatoid factors (IU/mL ± SD) 47.7 43.6

Erythrocyte sedimentation rate  
(mm/h ± SD)

35 33

(+) means positive; (−) means negative. pSS, primary Sjögren’s 
syndrome; EBV, Epstein-Barr virus; VAS, Visual Analogue Scale.
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Figure 1 Transcriptome landscape of pSS development. (A) Schematic illustration of the comprehensive analysis. (B) Global transcriptome 
analysis based on 16 RNA-seq reads for LG_NC, LG_pSS, PG_NC, and PG_MALT. (C) The distribution of correlation coefficients among 
DEGs from two-group comparisons. The displayed count of DEGs depends on the group with fewer DEGs. (D) The intersection of DEGs 
of the comparison among LG_NC, LG_pSS, PG_NC and PG_MALT. (E) Bubble plots for the enriched GO functions of DEGs. pSS, 
primary Sjögren’s syndrome; LG_NC, labial gland with negative lymphocyte infiltration; LG_pSS, labial gland with positive lymphocyte 
infiltration; PG_NC, paracancerous parotid gland tissues; PG_MALT, parotid gland with MALT lymphoma tissues; H3K4/9/27/36/79me3, 
tri-methylated histone 3 lysine 4, 9, 27, 36, and 79; DEGs, differentially expressed genes.

gene expression during pSS progression.

Causality and priority of histone modifications in pSS 
pathogenesis

We further compared the correlations among the histone 
modifications for all DEGs (Figure 3A). Interestingly, our 
observations indicated potential connections among histone 
modifications. First, H3K4me3 was roughly associated 
with H3K9/27/36/79me3 for all DEGs, which implied 
that H3K4m3 was the most extensively used epigenetic 
regulation mechanism for gene expression on the genomic 
scale. Second, the enrichment of H3K9/27me3 shared 
one group of DEGs, whereas H3K36/79me3 concurrently 
appeared on another population of DEGs; these two groups 
of DEGs had no tight relevance with each other. For the 
comparison between PG_NC and PG_MALT, all the 

histone modifications displayed poor relevance. Moreover, 
we analyzed the temporal effects of these five histone 
modifications on the change in expression for all DEGs 
in Route 1 and Route 2 of pSS progression (Figure 3B). 
H3K4me3 was the first histone modification from LG_
NC to LG_pSS, followed by H3K9me3, H3K36me3, 
H3K79me3, and H3K27me3. Unexpectedly, H3K27me3 
and H3K36me3 were likely to contribute to the most 
powerful force and regulate gene expression at the stages 
from LG_pSS to PG_NC. Likewise, H3K9me3 and 
H3K27me3 majorly impacted the expression of DEGs 
at the stages from LG_pSS to PG_MALT. The gene 
browser views of AQP1 [log2(fold change) =−2.53, P<0.001] 
(Route 1) and TRAF6 [log2(fold change) =1.82, P<0.001] 
(Route 2), were exemplified to verify this novel regulatory 
model (Figure 3C,D). These results demonstrate that 
H3K9/27/36/79me3 could control the expression of a 

Lymphocytic 
infiltration (−)
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Figure 2 Overview of genome-wide histone modifications in pSS progression. (A) Total peak numbers of the histone modifications 
H3K4/9/27/36/79me3 in different pSS samples. *P<0.05. (B) Metagene profiles of genome-wide H3K4/9/27/36/79me3 during pSS 
progression. (C) Pearson correlation analysis between transcription levels and different histone modifications for all DEGs in Routes 1 and 
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TES, transcription end site; PCC, Pearson correlation coefficient.

specific group of DEGs based on the genome-wide layout 
of H3K4me3 in pSS.

Discussion

A previous retrospective study has suggested that MALT 
lymphoma is a significant yet minor portion of pSS in 
salivary gland lymphoma (12), indicating that MALT 
lymphoma is one possible rather than the inevitable ending 
of pSS. Our study determines that even in one individual, 
the expression profiles in the salivary glands suffering 
from pSS exhibit heterogenous outcomes as time goes on  
(Figure 1B). We presume that it may depend on the 
surrounding status of chronic inflammation caused by the 
invasion of lymphocytes. However, our analysis suggests 
that the transcriptome landscapes and involved biological 
functions of PG_NC and PG_MALT were less associated 
with each other (Figure 1C,E). The secretory function 

of salivary glands, which can be used to reliably evaluate 
the severity and classification of pSS (13), supports 
our GO enrichment analysis, wherein salivary glands 
atrophy and cavitation usually appear in PG_NC but not 
in the early stage of LG_pSS, as suggested by reduced 
expression of CCND2 (14), SFRP1 (15), and IGF-1 (16). 
While the secretory function may not be appropriate to 
be used to evaluate the glands with MALT lymphoma, 
parotid gland swelling accompanied with recurrent 
infection and persistent pain is highly associated with 
MALT, displaying irregular expression of IL-17 (17) and  
BCL-2 (18). Consistently, we observed that H3K9me3 and 
H3K27me3 of Bcl-2 significantly decreased in PG_MALT 
compared to those in PG_NC and LG_pSS, indicating 
that histone alterations indeed influence gene expression 
in pSS progression. Moreover, both cell adhesion and 
DNA damage response imply that these gland cells with 
MALT lymphoma escape from programmed cell death and 
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are potentially inclined to undergo a malignant change. 
An important finding of this study is that the different 
outcomes of pSS progression can be distinguished based on 
the distinct global transcription patterns.

Of various histone codes, we mainly focused on the 
dynamic changes and interplays for tri-methylation of 
histone 3 at lysine residues 4, 9, 27, 36, and 79 during pSS 
development. Among active genes, general observations 
include H3K4me3 at the promoters (19), H3K36me3 at 
the promoters and the 3' UTR (20), as well as H3K79me3 
enriched in the gene body (21). H3K9me3 and H3K27me3 
are linked to transcriptional repression (22). The 
overall trends of H3K4me3 decrease and H3K9/27me3 
increase have been documented characterizations of 
heterochromosome and gene silencing in salivary gland 

cells with pSS progression irrespective of the direction in 
which they go (Figure 2A,B). H3K4/9/27me3 can be used as 
important histone benchmarks to determine the severity of 
pSS. Although genome-wide alterations have no difference, 
significant correlations with gene transcription indicate 
that the changes in H3K36/79me3 become balanced with 
the concurrent up and downregulation of target genes 
(Figure 2C). Histone lysine methylation is coordinated by 
the histone methyltransferase (HMT) and demethylase 
(KDM) families that can specifically recognize methylated 
residues. These enzymes may be crucial in some important 
life processes or play a bridging role in the regulation of 
chromatin function. Based on the limited data, we were 
unable to determine the activities of these enzymes in 
pSS; however, we assume that small molecular inhibitors 

Figure 3 Regulatory effects of different histone modifications on gene expression. (A) The closer analysis among different histone 
modifications on DEGs. (B) The effects of histone modification changes on gene expression during pSS progression. Gene browser views 
of histone modifications on AQP1 (C) and TRAF6 (D). pSS, primary Sjögren’s syndrome; H3K4/9/27/36/79me3, tri-methylated histone 3 
lysine 4, 9, 27, 36, and 79; PCC, Pearson correlation coefficient. AQP1, aquaporin 1; TRAF6, TNF receptor associated factor 6.

H3K4me3 H3K9me3 H3K27me3 H3K36me3 H3K79me3

1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

1: LG_NC
2: LG_pSS
3: PG_NC
4: PG_MALT

4.0
3.0
2.0
1.0
0.0

−1.0
−2.0
−3.0
−4.01

−1

P
C

C

−4.0    −3.0   −2.0   −1.0      0.0     1.0      2.0      3.0     4.0

A
A

A

A
A

B C

B

C

B

B

B

C

CC

H3K4me3
H3K9me3
H3K27me3
H3K36me3
H3K79me3

A: LG_NC/LG_pSS
B: LG_pSS/PG_NC
C:LG_pSS/PG_MALT

Log2 (Fold changes of histone modifications)

H3K4me3                   H3K9me3                         H3K27me3                       H3K36me3                      H3K79me3
AQP1

LG_NC

LG_pSS

PG_NC

PG_MALT

TRAF6

LG_NC

LG_pSS

PG_NC

PG_MALT

H
3K

79
m

e3
 H

3K
36

m
e3

 H
3K

27
m

e3
 H

3K
7m

e3
 H

3K
4m

e3

lo
g2

 (F
ol

d 
ch

an
ge

s 
of

 D
E

G
s)

A B

C

D



Cao et al. H3K4/9/27/36/79me3 in pSS

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(13):1044 | https://dx.doi.org/10.21037/atm-21-1754

Page 8 of 10

of HTM or HDM are likely to relieve the severity of pSS, 
which needs to be explored in future studies.

The interplay among different histone modifications in 
our findings suggests that H3K4me3 correlates with other 
four histone modifications and is a fundamental epigenetic 
modification for transcriptional regulation on the genomic 
scale (Figure 3A), which is consistent with the previous studies 
on the crosstalk between H3K4me3 and H3K27me3 (23), 
H3K36me3 (24) as well as H3K79me3 (25). Moreover, the 
change in H3K4me3 is among the earliest events in the 
pathological process from LG_NC to LG_pSS; however, it 
is not the primary contributor to gene transcription changes 
(Figure 3B). The most likely explanation is that H3K4me3 
alteration might create a unique chromosomal environment 
of mutual exclusivity for H3K9/27me3 or a synergetic effect 
on H3K36/79me3 to facilitate the recruitment of more 
epigenetic regulators and transcription factors for the target 
gene. Therefore, a variation in H3K4me3 can be considered 
as an advanced diagnostic indicator for early intervention 
at the initial stage of pSS in clinical trials. H3K27me3 
and H3K36me3 seemingly play crucial roles in regulating 
gene activation or silencing to result in the outcomes of 
pSS progression (Figure 3B). Finally, selective changes in 
H3K9/27/36/79me3 enrichments on target genes in PG_
NC or PG_MALT determine the final progression of Route 
1 or Route 2 (Figure 3C,D). The mechanism underlying 
this interesting discovery needs to be further investigated 
by studying the specific functions of multiple epigenetic 
regulatory enzymes in gland cells.

There are still certain shortcomings in our study such 

as the limited sample size as well as the less abundant types 
of pSS. Besides MALT lymphoma, other extraglandular 
complications of pSS are likely to reflect other routes 
of pSS progression. Moreover, identification of more 
epigenetic signatures may help advance our understanding 
of the molecular mechanisms involved in pSS pathogenesis 
and progression. The target genes and signaling pathways 
affected by different epigenetic modifications will be 
validated in future studies in order to develop therapeutic 
strategies through epigenetic intervention in pSS.

Conclusions

Overall, our study reveals a novel pathological change in 
pSS from the global transcriptome alterations regulated 
by a coordinated epigenetic mechanism (Figure 4). Our 
study advances the understanding of pSS pathogenesis, 
gives an insight into the putative molecular theory for pSS 
progression, and provides a potential therapeutic strategy 
for pSS treatment.
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Supplementary

Table S1 The basic information of the sequencing data

Sample Total clean reads Mapped reads Mapped ratio (%)

H3K27me3_LG_NC1_1 12421315 11826334 95.21

H3K27me3_LG_NC1_2 12554906 11908328 94.85

H3K27me3_LG_NC2_1 9189725 8599745 93.58

H3K27me3_LG_NC2_2 8318477 8024835 96.47

H3K27me3_LG_pSS1_1 12518028 11097232 88.65

H3K27me3_LG_pSS1_2 10704097 9593012 89.62

H3K27me3_LG_pSS2_1 12264599 11353339 92.57

H3K27me3_LG_pSS2_2 9494718 8324969 87.68

H3K27me3_PG_MALT1_1 10727604 9939125 92.65

H3K27me3_PG_MALT1_2 11212905 10607408 94.6

H3K27me3_PG_MALT2_1 11637582 10897432 93.64

H3K27me3_PG_MALT2_2 11042229 10215166 92.51

H3K27me3_PG_NC1_1 11906281 11346686 95.3

H3K27me3_PG_NC1_2 8983909 8458350 94.15

H3K27me3_PG_NC2_1 12109803 11296024 93.28

H3K27me3_PG_NC2_2 9799927 9039453 92.24

H3K36me3_LG_NC1_1 10134543 9476811 93.51

H3K36me3_LG_NC1_2 11285629 10871446 96.33

H3K36me3_LG_NC2_1 11028095 10173418 92.25

H3K36me3_LG_NC2_2 9785097 8378000 85.62

H3K36me3_LG_pSS1_1 12313684 11113100 90.25

H3K36me3_LG_pSS1_2 11662994 10992372 94.25

H3K36me3_LG_pSS2_1 13464833 12166823 90.36

H3K36me3_LG_pSS2_2 10409879 9533367 91.58

H3K36me3_PG_MALT1_1 11807989 10829107 91.71

H3K36me3_PG_MALT1_2 11134413 10194669 91.56

H3K36me3_PG_MALT2_1 11471383 10421751 90.85

H3K36me3_PG_MALT2_2 11583009 10491890 90.58

H3K36me3_PG_NC1_1 11157486 10025001 89.85

H3K36me3_PG_NC1_2 10001058 9354990 93.54

H3K36me3_PG_NC2_1 9771135 9444779 96.66

H3K36me3_PG_NC2_2 11645669 11119285 95.48

H3K4me3_LG_NC1_1 10497878 10023374 95.48

H3K4me3_LG_NC1_2 12956871 11966966 92.36

H3K4me3_LG_NC2_1 11151666 9759938 87.52

H3K4me3_LG_NC2_2 9585605 8647174 90.21

H3K4me3_LG_pSS1_1 8135170 7783731 95.68

H3K4me3_LG_pSS1_2 11427033 9855816 86.25

H3K4me3_LG_pSS2_1 8798285 7790002 88.54

H3K4me3_LG_pSS2_2 9607430 8666863 90.21

H3K4me3_PG_MALT1_1 11573237 10141628 87.63

H3K4me3_PG_MALT1_2 13699554 12520022 91.39

H3K4me3_PG_MALT2_1 15776265 14525207 92.07

H3K4me3_PG_MALT2_2 15299285 13414413 87.68

H3K4me3_PG_NC1_1 14775920 13351521 90.36

H3K4me3_PG_NC1_2 13419801 11842974 88.25

H3K4me3_PG_NC2_1 17202572 15084935 87.69

H3K4me3_PG_NC2_2 16538162 14824808 89.64

H3K79me3_LG_NC1_1 7287105 6578798 90.28

H3K79me3_LG_NC1_2 12133736 10964044 90.36

H3K79me3_LG_NC2_1 10791464 10094335 93.54

H3K79me3_LG_NC2_2 9233819 7819198 84.68

H3K79me3_LG_pSS1_1 13055988 11324764 86.74

H3K79me3_LG_pSS1_2 10488452 8568016 81.69

H3K79me3_LG_pSS2_1 12342496 11295852 91.52

H3K79me3_LG_pSS2_2 12134713 11390855 93.87

Table S1 (continued)
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Table S1 (continued)

Sample Total clean reads Mapped reads Mapped ratio (%)

H3K79me3_PG_MALT1_1 9755618 8442512 86.54

H3K79me3_PG_MALT1_2 13840720 11720322 84.68

H3K79me3_PG_MALT2_1 15273115 13480051 88.26

H3K79me3_PG_MALT2_2 10137804 9251760 91.26

H3K79me3_PG_NC1_1 11440652 9684512 84.65

H3K79me3_PG_NC1_2 11041191 9680916 87.68

H3K79me3_PG_NC2_1 13586111 12709807 93.55

H3K79me3_PG_NC2_2 10569698 9771686 92.45

H3K9me3_LG_NC1_1 11807087 10136384 85.85

H3K9me3_LG_NC1_2 10467439 9551538 91.25

H3K9me3_LG_NC2_1 11949499 11753527 98.36

H3K9me3_LG_NC2_2 10113708 9670728 95.62

H3K9me3_LG_pSS1_1 9487750 8305576 87.54

H3K9me3_LG_pSS1_2 11193537 10676396 95.38

H3K9me3_LG_pSS2_1 7495057 6766537 90.28

H3K9me3_LG_pSS2_2 8184974 7493344 91.55

H3K9me3_PG_MALT1_1 12417136 11011516 88.68

H3K9me3_PG_MALT1_2 10389753 9375713 90.24

H3K9me3_PG_MALT2_1 10092561 8546381 84.68

H3K9me3_PG_MALT2_2 11971184 11410933 95.32

H3K9me3_PG_NC1_1 8695226 8204815 94.36

H3K9me3_PG_NC1_2 9960821 8831264 88.66

H3K9me3_PG_NC2_1 7789105 6572447 84.38

H3K9me3_PG_NC2_2 12322274 11140568 90.41

Input_LG_NC1_1 10687084 10138837 94.87

Input_LG_NC1_2 9607026 9091129 94.63

Input_LG_NC2_1 11453558 9687419 84.58

Input_LG_NC2_2 10564572 9640172 91.25

Input_LG_pSS1_1 11543180 9774765 84.68

Input_LG_pSS1_2 9956362 9096132 91.36

Input_LG_pSS2_1 9293157 8658434 93.17

Input_LG_pSS2_2 9577407 8291161 86.57

Input_PG_MALT1_1 11276982 10677047 94.68

Input_PG_MALT1_2 10989345 10232179 93.11

Input_PG_MALT2_1 8645343 8348808 96.57

Input_PG_MALT2_2 9092083 7908294 86.98

Input_PG_NC1_1 10742748 9630874 89.65

Input_PG_NC1_2 8111688 7490333 92.34

Input_PG_NC2_1 12775088 11201197 87.68

Input_PG_NC2_2 8526339 7618284 89.35

RNA_LG_NC1_1 23544420 22023450 93.54

RNA_LG_NC1_2 22512306 20175529 89.62

RNA_LG_NC2_1 23801222 22723027 95.47

RNA_LG_NC2_2 20217070 18933286 93.65

RNA_LG_pSS1_1 22653752 20442746 90.24

RNA_LG_pSS1_2 31910250 28645831 89.77

RNA_LG_pSS2_1 23775038 22027573 92.65

RNA_LG_pSS2_2 34067562 31880425 93.58

RNA_PG_MALT1_1 28421768 24911680 87.65

RNA_PG_MALT1_2 21169010 17707877 83.65

RNA_PG_MALT2_1 27285844 24985647 91.57

RNA_PG_MALT2_2 26684236 23922418 89.65

RNA_PG_NC1_1 22975044 20348996 88.57

RNA_PG_NC1_2 26542524 22449667 84.58

RNA_PG_NC2_1 21917158 19063544 86.98

RNA_PG_NC2_2 20845048 19189951 92.06
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