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Surgical Management
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Objectives: Takayasu Arteritis (TA) is a highly specific vascular inflammation and
poses threat to patients’ health. Although some patients have accepted medical
treatment, their culprit lesions require surgical management (TARSM). This study aimed
at dissecting the transcriptomes of peripheral blood mononuclear cells (PBMCs) in these
patients and to explore potential clinical markers for TA development and progression.

Methods: Peripheral blood were collected from four TA patients requiring surgical
management and four age-sex matched healthy donors. Single cell RNA sequencing
(scRNA-seq) was adopted to explore the transcriptomic diversity and function of their
PBMCs. ELISA, gPCR, and FACS were conducted to validate the results of the analysis.

Results: A total of 29918 qualified cells were included for downstream analysis. Nine
major cell types were confirmed, including CD14% monocytes, CD8" T cells, NK
cells, CD4™ T cells, B cells, CD16™ monocytes, megakaryocytes, dendritic cells and
plasmacytoid dendritic cells. CD14* monocytes (50.0 vs. 39.3%, p < 0.05) increased in
TA patients, as validated by FACS results. TXNIP, AREG, THBS1, and CD163 increased
in TA patients. ILs like IL-6, IL-6STP1, IL-6ST, IL-15, and IL-15RA increased in TA group.

Conclusion: Transcriptome heterogeneities of PBMCs in TA patients requiring surgical
management were revealed in the present study. In the patients with TA, CD14+
monocytes and gene expressions involved in oxidative stress were increased, indicating
a new treatment and research direction in this field.

Keywords: takayasu arteritis, single-cell RNA sequencing, monocytes, CD163, clinical marker
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scRNA-Seq in Takayasu'’s Arteritis

INTRODUCTION

Takayasu arteritis (TA), which prevails in East Asia, is a highly
specific vasculitis that exclusively involves the large arteries and
the main branches. In its early stage, patients with TA are barely
manifest specific symptoms or signs, making the diagnosis very
challenging. However, during the disease progression or in its
late stage, the culprit lesion can lead to severe organ ischemia,
such as cerebral infarction and myocardial infarction. This may
be due to that these patients with TA in early stage are not timely
diagnosed and treated.

Currently, medical treatment for TA mainly includes
glucocorticoids (Comarmond et al, 2017), methotrexate
(Hoffman et al., 1994), and mycophenolate mofetil (Li et al,
2016; Dai et al, 2017). In recent years, biological agents such
as tocilizumab (Zhou et al., 2017) and infliximab (Torp et al.,
2021) have also been used as candidate drugs for TA. However,
the active inflammation of some patients cannot be effectively
controlled following medical treatment; thus, the stenosis of
the culprit vessels continues to progress, and these patients
with TA ultimately requiring surgical management, including
endovascular treatment and open surgical repair (Chen et al,,
2018; Diao et al., 2020).

Recently, pathological studies investigated on the role of
CD4" T cells and interleukin (IL)-6 signaling pathway in
the development and progression of TA (Sagar et al, 1992;
Saadoun et al., 2015; Misra et al., 2016). IL-6 promotes the
differentiation of CD4" T cells into Th17 cells, which then
secrete cytokines, such as IL-17, IL-21, and IL-22, and induce
an autoimmune response (Ruzt et al., 2013; Sutherland et al,
2013; Camporeale and Poli, 2018). Current medical treatment
are based on these mechanisms. However, as mentioned
previously, it remains unclear why the culprit lesions still
progress in patients with TA requiring surgical management
(TARSM), even though these patients have already accepted
medical drugs.

Nowadays, single-cell RNA sequencing (scRNA-seq), a high-
throughput technology, has been utilized to dissect cellular
heterogeneities in many immune diseases at the single-cell level
(Papalexi and Satija, 2018; See et al., 2018). This new technology
may provide a more precisely method to explore immune disease
in different clinical stages. In this study, we adopted this state-
of-the-art technique to dissect the transcriptomes of peripheral
blood mononuclear cells (PBMCs) in patients with TARSM
and explore potential clinical markers for the development and
progression of TA.

MATERIALS AND METHODS

Study Participants

Four female patients (27.75 & 7.75 years old) who were
admitted to Beijing Hospital Vascular Surgery Department from
October 2019 to May 2020 were diagnosed with TA according
to the American College of Rheumatology standard suggested
by the American Rheumatism Association in 1990 (Arend
et al, 1990). All patients including 3 active and 1 inactive

had accepted medical treatment, but their clinical presentations
still deteriorated and finally underwent surgical repair. Detailed
clinical descriptions of the four patients and four age-sex-
matched healthy donors are presented in Supplementary Table 1.
The surgical classification of the patients with TA is also described
in Supplementary Table 1. Peripheral blood samples were
collected from the patients and healthy donors and used for
scRNA-seq experiments. On the other hand, seven blood samples
from outpatients with TA were collected for fluorescence-
activated cell sorting (FACS), and four of the samples were used
for quantitative PCR (qPCR).

Written consent was obtained from patients, healthy
individuals, or their families. All the contents of this study met
the relevant requirements of the ethics committee of Beijing
Hospital. All experiments involving human samples were
performed in accordance with the relevant regulations and
current guidelines.

Single-Cell Suspensions Preparation

Density gradient centrifugation method was performed to
obtain PBMCs. Phosphate buffered saline (PBS; Solarbio, P1022-
500) was used to dilute the whole blood sample at a ratio
of 1:1, and then the sample was added into a tube with
approximately 2/3 volume of Ficoll (GE Healthcare, 17-1440-
02). After centrifugation at 400x g for 35 min, three layers
were obtained based on the size and density. The middle cell
suspension layer was transferred into a new 15-ml centrifuge
tube, added with PBS, and then centrifuged at 300x g for 7 min.
The supernatant was discarded, the pellet containing PBMCs
was washed twice and then resuspended in PBS to obtain a
final concentration of 1 x 10° cells/ml. Viability staining using
0.4% Trypan blue solution (Sigma, T8154) was performed, and
viable cells were counted under a microscope. The experimental
procedure is shown in Figure 1A.

Single Cell RNA Sequencing

Single-cell suspensions were then loaded onto microfluidic
devices, and scRNA-seq libraries were constructed according to
the Singleron GEXSCOPETM protocol using the GEXSCOPETM
Single-Cell RNA Library Kit (Singleron Biotechnologies).
Individual libraries were diluted to 4 nM and pooled for
sequencing. Pools were sequenced on an Illumina HiSeq X with
150 bp paired-end reads.

Data Analysis

The Seurat package (v.4.0.1) (Butler et al., 2018; Stuart et al,
2019) was used for quality control (QC), processing, and analysis.
Each Seurat object was generated with genes that were expressed
in more than three cells. QC conditions were set as follows:
(Comarmond et al., 2017) genes within 200 and 3,000, and
(Hoffman et al., 1994) the percentage of mitochondrial genes
less than 20% were included for downstream analysis. After QC,
the remaining cells were used for further analysis. A total of
29,918 qualified cells were included in the computational analysis.
Among them, the case (TA) group had 8,965 cells, and the healthy
control (HC) group had 20,953 cells.
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The CellCycleScoring function was used to calculate the
cell cycle phase scores. SCTransform (Hafemeister and Satija,
2019) was adopted to reduce potential batch effects or technical
variations. The principal component analysis was set at 1:20, and
unsupervised cell clustering was performed.

The FindAllMarkers function with default settings was used
to obtain the differentially expressed genes (DEGs) specific
in each cluster, and the representative markers (genes with
the high avg logFC and adjusted p-value < 0.05) were then
chosen for cluster labeling. DEGs between TA and HC in each
cluster were identified using the FindMarkers function with
the MAST method.

To determine the differences in cell composition between TA
and HC, we used 2 analyses to analyze the differences in the
composition ratios of various cell types, and cells with higher
composition ratios in TA were used. GraphPad Prism (v.8.0.2)
was also used to plot the figures.

Fluorescence-Activated Cell Sorting

FACS was used to test some significant markers and cell
composition identified by scRNA-seq analysis. Another seven
confirmed PBMCs from patients with TARSM were collected
from Beijing Hospital outpatients. All samples were used for
cell type and CD163 analyses. The antibodies included CD45
APC/Fire810 (HI30, 304076), CD3 FITC (SK7, 344803), CD4
PE/Cy7 (SK3, 344611), CD8 APC/Cy7 (SK1, 344713), CD19
PE/Dazzle 594 (SJ25C1, 363031), CD16 Brilliant Violet 650
(3G8, 302041), CD14 Brilliant Violet 785 (M5E2, 301839), CD56
Brilliant Violet 750 (5.1H11, 362555), and CD11c Alexa Fluor®
647 (S-HCL-3, 371525). All antibodies were obtained from
BioLegend. FACS was conducted using Cytek Aurora, and data
were analyzed using SpectroFlo software (v.2.2.0.4).

Enzyme-Linked Immunosorbent Assay
Serum samples were collected from TA and HC, and cytokine
levels of thioredoxin-interacting protein (TXNIP), amphiregulin
(AREG), Thrombospondin-1 (THBS1), and CDI163 were
measured using a 96T human ELISA kit (Dogesce, DG94224Q,
DGY6088Q, DG11739H, DGY6191Q).

Quantitative PCR

Total RNA was isolated from TA and HC groups using the
RNAprep pure Cell/Bacteria Kit (TIANGEN, DP430), and
reverse transcription was performed using the FastKing RT
Kit (TTANGEN, KR116). Four mRNA genes (TXNIP, AREG,
THBS1, and CD163) were amplified using qPCR, and the
primer pairs were: TXNIP (Yang et al., 2019) (F: 5'-GCCACA
CTTACCTTGCCAAT-3; R: 5-TTGGATCCAGGAACGCTA
AC-3), AREG (Hachim et al., 2020) (F: 5-GAGCACCT
GGAAGCAGTAAC-3; R: 5-GGATCACAGCAGACATAAA
GGC-3'), THBS1 (Khosravi et al, 2019) (F: 5-AGGACTG
CGTTGGTGATGTA-3'; R: 5-TCAGGCACTTCTTTGCACTC
AT-3'), and CD163 (Sanhurjo et al, 2018) (F: 5-CACCAGT
TCTCTTGGAGGAACA-3’; R: 5-TTTCACTTCCACTCTCC
CGC-3'). The qPCR was conducted using SuperReal PreMix Plus
(SYBR Green) (TTANGEN, FP205).

Statistic Statement

We compared cell proportion of PBMCs between TARSM and
healthy Ctrl. We also compared the levels of RNA and protein
in these two groups. The statistical analysis of scRNA-seq were
performed by R studio (v.1.2.1335) and results of cell proportion,
ELISA, FACS and qPCR were managed by GraphPad Prism
(v.8.0.2). All tests were two-sided and a p-value < 0.05 was
considered to be significant.

RESULTS

scRNA-Seq Analysis of Blood Samples

We analyzed PBMCs from four patients with TA and four
healthy controls. After QC, a total of 29,918 qualified cells were
included for downstream computational analysis, among which
8,965 cells were from TA group and 20,953 cells from HC group.
A preliminary estimation of the cell composition in each sample
revealed a similar distribution for each cluster (Figure 1B and
Supplementary Figures 1A,B). Data from the eight samples were
integrated for further analysis.

Eight Major Cell Types

After unsupervised clustering, 10 clusters were initially obtained
and identified by typical markers highly expressed in each cluster,
including CD14" monocytes (cluster 0), CD8' T/natural killer
(NK) cells (cluster 1), CD4T T cells (cluster 2), B cells (cluster
3), CD16™ monocytes (cluster 4), megakaryocytes (cluster 7),
dendritic cells (cluster 8), plasmacytoid dendritic cells (cluster
9), and undefined cells (clusters 5 and 6) (Figures 1C-E,
Supplementary Figure 1C, and Supplementary Table 2).

To distinguish CD8™ T cells and NK cells, we further analyzed
cells from Cluster 1 (Figure 2A and Supplementary Table 3) and
obtained CD8% T cells (subcluster 0) and NK cells (subcluster 1)
according to the gene expression of each subcluster (Figure 2B
and Supplementary Figure 2A).

Analysis of CD4" T cells was also conducted (Figure 2C
and Supplementary Table 4). According to the gene expression
of each subcluster, we obtained five cell populations, including
memory CD4% T cells (subcluster 0) using TMSB4X, LTB,
GIMAP?7, 1L32, and MYLI2A; naive CD4" T cells (subcluster
1) using CCR7, CXCR4, MAL, and SARAF; cytotoxic CD4" T
cell (subcluster 2) using GZMA, GZMB, GZMH, and CCL5; early
TCR response (subcluster 3) using EGR1, FOSB, FOS, IER2; and
unidentified cluster using TAOK1 and LINC01681 (Ding et al,,
2020; Figure 2C and Supplementary Figure 2).

Cellular Proportions of TARSM and HC

Next, we compared the cellular proportions between TA and HC
groups. As shown in Figure 2D, compared with those in HC
group, memory CD4" T cells in TA group increased (54.57 vs.
42.04%, p < 0.05). Meanwhile, the proportion of naive CD4™"
T cells (14.93 vs. 30.62%, p < 0.05) and cytotoxic CD41 T cell
decreased (11.57 vs. 13.32%, p < 0.05), moreover, CD4" T cells
(10.6 vs. 14.4%, p < 0.05), CD8" T cells (7.2 vs. 9.9%, p < 0.05),
and NK cells (5.5 vs. 7.0%, p < 0.05) (Figure 2E).
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The data also revealed that CD14" monocytes (50.0 vs. 39.3%,
p < 0.05) and B cells increased significantly (15.5 vs. 11.8%,
p < 0.05), while CD16™ monocytes (4.6 vs. 7.1%, p < 0.05),
megakaryocytes (0.3 vs. 1.1%, p < 0.05), dendritic cells (0.6 vs.
0.9%, p < 0.05), and plasmacytoid dendritic cell (0.2 vs. 0.9%,
p < 0.05) populations decreased in patients with TARSM.

Transcriptomics Altered in TARSM

We then explored DEGs between the two groups. In TA group,
251 genes were significantly highly expressed (avg_logFC > 0.25
and adjusted P-value < 10~ !%; Supplementary Table 5). We also
performed the same analysis in each cell type to explore the DEGs
between the TA and HC groups. Four differentially expressed
genes (TXNIP, AREG, THBS1, and CD163) were selected for
further analysis (Figure 3A). Results revealed that CD163, AREG,
THBSI1, and TXNIP have higher expression in CD14" and
CD16™ monocytes.

We also performed gene orthology (GO) analysis in each
cluster, and pathway analysis based on the DEGs was conducted
using GO in CD14" monocytes. Among these, binding of
the receptor for advanced glycation end products (RAGE) was
observed in CD14™ monocytes (Figure 3B) and dendritic cells
(DCs) (Supplementary Figure 3A), indicating that this receptor
pathway may be widely activated in antigen-presenting cells
(APCs) of patients with TARSM.

Interleukin Family Genes in TARSM

Since IL family genes play significant roles in TA diseases (Mirault
et al., 2017), we next explored how ILs changed from HC group
to TA group. We listed the IL- or IL-related genes included
in our datasets and explored their expression in the cell types
among PBMCs. As shown in Figure 4A, each cell type possessed
highly expressed IL-related gene clusters. For example, IL-1R2,
IL-5, IL-17RA, and IL-1RAP were highly expressed in CD147
monocytes. Then, we also compared the expression of these genes
between the two groups. We observed that some IL genes were
highly expressed in TA group such as IL-6, IL-6STP1, IL-6ST,
IL-15, IL-15RA, IL-18, IL-18RAP, and IL-18R1 (Figures 4B,C).
We also observed that IL-6 was highly expressed in B cells and
CD16" monocytes. In addition, IL-6 levels significantly increased
in CD16 monocytes of TA group (Supplementary Figure 3B).
However, how the IL genes contribute to the progression of TA
remains to be elucidated.

FACS Revealed Similar Results

We then utilized FACS to validate our observations from
the scRNA-seq results. First, different cell types were used
in this study, and the results are shown in Figure 5 and
Supplementary Figure 4. Nine antibodies were used for
identification (Supplementary Figure 4A). We compared the
proportion of monocytes and B cells between TA and HC
groups and observed that the proportion of monocytes increased
(13.34 + 5307% vs. 531 + 4.836%, p = 0.0121), but the
difference in that of B cells was not significant (12.40 & 9.822%
vs. 15.71 £+ 11.60%, p = 0.5755) in TA group (Figure 5A).
Then, we used the integrated median fluorescence intensity
(iMFI) value (Darrah et al,, 2007) to compare and assess the

expression of CD163 in the membrane of APCs (Supplementary
Figures 4B,C) and found that CD163 was highly expressed in
both monocytes (33,272 &+ 18,904 vs. 6,252 £ 1,505, p = 0.0292)
and DCs (12,619 =+ 6,188 vs. 2,943 £ 1,580, p = 0.0231) in TA
group (Figure 5B).

Quantitative PCR and ELISA

We also evaluated the expression of TXNIP, AREG, THBS1, and
CD163. First, qPCR was performed, as shown in Supplementary
Figure 5A. All four genes showed higher expression in TA
group than in HC group, which was consistent with scRNA-
seq. Then, we validated their expression by ELISA, as shown
in Supplementary Figure 5B. Results showed that the levels of
TXNIP (3.862 £ 0.4976 ng/ml vs. 3.478 + 0.3369 ng/ml) and
AREG (186.4 = 26.33 pg/ml vs. 168.5 £ 20.34 pg/ml) were higher
in TA group, which was similar to scRNA-seq results. However,
THBSI1 (64.32 £ 13.48 ng/ml vs. 69.38 &= 4.524 ng/ml) and CD163
(122.4 £ 10.21 ng/ml vs. 124.9 + 11.28 ng/ml) levels were lower,
indicating they were not increased in serum.

DISCUSSION

At present, research on the pathogenesis of TA has mainly
focused on genes (Terao, 2016) and proteins (Mirault et al.,
2017) of the peripheral blood of patients, especially in T cells
(Regnier et al., 2020). However, it remains unclear how the other
types of inflammatory cells in the peripheral blood contribute
to the progression and development of TA. Kotaro found that
IL-1 pathway expression was elevated in the peripheral blood
of patients with refractory large vessel vasculitis by analyzing
bulk-seq data, but the author failed to elucidate the relationship
between the IL-1 pathway and different types of immune cells
(Matsumoto et al., 2021). Compared with bulk-seq, scRNA-
seq technology can analyze the transcriptome in each cell type,
which provides more comprehensive information on the function
of different inflammatory cells. To the best of our knowledge,
this is the first time that scRNA-seq was used to detect the
pathogenesis in the peripheral blood of patients with TA and
identify potential cell markers.

In this study, it was revealed that the proportion of monocytes
in patients with TARSM was higher in TA group than in HC
group, which was similar in other immune-related diseases such
as tuberculosis (Naranbhai et al., 2014), rheumatoid arthritis
(Du et al,, 2017), and vitiligo (Demirbas et al., 2020). This
phenomenon observed in this study might be due to the following
mechanism: (a) CD14" monocytes trigger immune responses,
and (b) CDI163 can inhibit the activation and proliferation
of lymphocytes and reduce the absolute value of lymphocytes
(Baeten et al., 2004). CD163 is a transmembrane scavenger
receptor (Law et al., 1993) and is known to be elevated in patients
with systemic lupus erythematosus (Borgia et al., 2018), systemic
juvenile idiopathic arthritis (Minoia et al., 2015), and Kawasaki
disease (Garcia-Pavon et al., 2017). CD163 is also considered
as a potential marker for macrophage activation syndrome,
which promotes the transition from monocytes/macrophages
to M1 proinflammatory macrophages (Porcheray et al., 2005;
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Avcin et al., 2006). In the present study, the elevated CD163 in
APC membranes in patients with TA indicates that these cells are
in an active state of inflammation, suggesting that APCs may play
an important role in patients with TARSM and they are activated
even earlier than CD4™ T cells.

Other cell markers highly expressed in the APCs of patients
with TA were also analyzed, including TXNIP, THBS1, and
AREG. Among these three markers, TXNIP and AREG showed

consistent results in ELISA. TXNIP is a binding protein of
thioredoxin (TXN) and can inhibit the antioxidant capacity
of TXN and promote cell stress (Tinkov et al., 2018). TXNIP
promotes the formation of reactive oxygen species (ROS)-
NLRP3 inflammasomes by inhibiting the transfer of ROS by
TXN, thereby increasing the concentration of IL-18 (Kim et al,,
2019), which has also been shown to increase in patients
with TARSM (Alibaz-Oner et al., 2015). NLRP3 inflammasomes
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are mainly secreted by activated macrophages (Kelley et al,
2019). At the same time, TXNIP is a negative regulator of
thioredoxin, a key antioxidant protein to remove reactive oxygen
and promote DNA repair (Lu and Holmgren, 2014). It means
the high expression of TXNIP would results in a severe oxidative

stress in the patients body (Yu et al, 2013). The increased
expression of TXNIP in TARSM monocytes is closely related to
their function.

AREG, as one of the main ligands of the EFGR pathway,
mainly participates in the regulation of proliferation,
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apoptosis, and metastasis of various cells (Berasain and
Avila, 2014). AREG expression is mainly elevated in pathological
conditions, such as cirrhosis (Perugorria et al, 2008) and
chronic obstructive pulmonary disease (Val et al, 2012).
Recent studies on mouse models of glomerulonephritis
also showed that AREG can enhance the function of Treg
cells, inhibit the growth of CD4™ T cells, and promote the
recruitment of myeloid cells, proliferation, and cytokine
secretion of M1 cells (Melderis et al., 2020). The increase in
AREG in patients with TARSM might serve as an activation
signal for monocytes.

Recent studies have shown the important roles of IL family
genes in the progression of TA. Among them, IL-6 has received
the most attention (Sagar et al., 1992), and anti-IL-6R biologics
have also been widely used in clinical practice (Zhou et al.,
2017). In this study, IL-6 was not only highly expressed in
APCs, but also in B cells and even autocrine in CD4™" T cells,
indicating that B cells and CD4™ T cells may have other unknown
functions in TA. Interestingly, IL-15 and its receptor gene IL-
15RA, which are widely expressed in a variety of cells (Patidar
et al,, 2016) and play a bridge between innate immunity and
adaptive immunity (Pagliari et al., 2013), were also detected in
our study. IL-15 can also activate the maturation and functional
expression of T cells, DCs, and NK cells (Mattei et al., 2001;
Saikh et al., 2001; Ali et al., 2015). In this study, IL-15 and its
receptor IL-15RA were both highly expressed in APCs, indicating
that their antigen presentation function is activated. IL-18 is
mainly synthesized by APCs; meanwhile, its receptor genes, IL-
18Ra and IL-18Rp, are expressed in T cells and DCs. The main
function of this pathway is to activate the NF-kB pathway and
promote the synthesis of IFN-y in Thl cells (Nakanishi et al.,
2001; Dinarello et al., 2013; Turner et al., 2014). As previously
mentioned, IL-18 has been proven to be elevated in patients
with TA (Minoia et al.,, 2015). In this study, IL-18 was found
to be highly expressed in the DCs of patients with TA, and
its receptor gene was highly expressed in CD8' T/NK cells,
indicating that the IL-18 pathways may also occur in the PBMCs
of patients with TARSM.

RAGE is a cell transmembrane receptor used to recognize
and bind AGEs (Schmidt et al., 1992). AGEs refer to a
kind of glycosylated molecules produced by oxidative stress
or metabolism, which include not only cytokines but also
some metabolites. After RAGE recognizes and binds to the
corresponding ligand, it can activate the NF-kB pathway,
thereby promoting the secretion of cytokines by inflammatory
cells, such as IL-6 and TNF-a (Shen et al., 2020). By the
way, the activation of RAGE and NFkB also send a message
to reactive oxidant species (ROS), a key role in oxidative
stress, by NADPH oxidase (Daffu et al.,, 2013). In this study,
according to the GO analysis results of different cell types,
it was found that APCs, such as CD14" monocytes and
DCs, have prominent expression of RAGE pathways, indicating
that activation of this pathway may be an important reason
for APC activation.

Both TXNIP and RAGE are closely related to oxidative
stress. Oxidative stress has been proposed as a root cause
in development of many cardiovascular diseases, including

atherosclerotic (Marchio et al, 2019), aneurysm (Emeto
et al, 2016) and even TA (Mahajan et al., 2010). In human
vessel, endothelial cells have become the major character
of antioxidative, and the secreted endothelial nitric oxide
synthase (eNOS) can produce NO, a vasoprotective molecule
that can resist oxidation and inhibit the immune response
of blood vessel walls (Forstermann et al, 2017). However,
as the body is in an immune response or infection state,
NADPH oxidase produced by immune cells can directly
act on endothelial cells, destroy the stability of eNOS
and inhibit the activity of NO, which finally produce a
large amount of superoxide anion (Ghosh et al, 2017).
The high expression of TXNIP and RAGE in monocyte
suggested that oxidative stress may also be a cause of vascular
intimal damage, and the trigger role played by monocyte
cannot be ignored.

As previously mentioned, this is the first study to explore
transcriptomics using scRNA-seq techniques in patients with
TARSM. However, some limitations of this study should not
be ignored. First, it is hardly to find TARSM patients without
medical treatment for the following reasons: (a) For these
patients, they are still unable to control the inflammatory activity
even after receiving medical treatment, causing the disease
progressing, and the vascular lumen continues to narrow, which
finally to be occluded, then surgical treatment is required. (b)
For the treatment strategy, medical therapy is still the first
choice for TA treatment, while surgical operation is mainly
for patients who have complications such as insufficient blood
supply due to vascular occlusion. Second, the number of patients
in this study was also limited, both in the scRNA-seq studies
and in the validation studies, such as ELISA, gPCR, and FACS.
In addition, the scRNA-seq technique adopted in this study
only reflected a snapshot scene for this complex disease, and
how the culprit lesion evolves requires further demonstration
by longitudinal studies. Another issue that remains to be
elucidated is the role of ILs in TA; that is, the correlation
between the observation of ILs in this study and clinical
studies needs to be explored and established. A validation
cohort from another center would be an important next step in
future research.

CONCLUSION

In conclusion, we wused single-cell RNA technology to
detect peripheral blood cells in patients with TARSM. Our
study showed that the proportion of CD14" monocytes,
function, and functional receptors increased in patients
with TARSM after medical treatment, which suppressed
CD4" T cell function. Moreover, monocytes have become
a major factor in inflammation, and the inhibition of
monocyte population and function can be used as a
new direction for medical treatment. We also found that
TXNIP and AREG can be used as diagnostic markers for
TA development and progression, and highly expressed
CD163 may be an important characteristic of APCs in
patients with TARSM.
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Supplementary Figure 1 | (A) tSNE of 8 samples. (B) Composition of 8 samples.
The cell composition and cluster distribution were similar in 8 sample, which
allowed for further analysis. (C) Feature plot of 16 cell markers.

Supplementary Figure 2 | (A) Feature plot for CD8+ T/NK cell clusters. (B)
Dotplot for CD4+ T cells.

Supplementary Figure 3 | (A) GO analysis of DC. RAGE pathway can be found
with higher expression in TA group in both CD14+ monocytes and DCs. (B) The
comparation of ILs expression in each cell type between TA and Ctrl group.

Supplementary Figure 4 | FACS results. (A) The flow charts of FACS. We used 9
following antibodies to confirm each cell type found in scRNA-seq: CD4+ T cell
(CD45+ CD3+ CD4+), CD8+ T cell (CD45+ CD3+ CD8+), NKT cell (CD45+ CD3+
CD56+), B cell (CD45+ CD3- CD19+), NK cell (CD45+ CD3- CD56+), CD14+
monocyte (CD45+ CD3- CD14+ CD16-), CD16+ monocyte (CD45+ CD3- CD14+
CD16+), DC (CD45+ CD3- CD14- CD19- CD16- CD56- CD11C+). (B) The
expression of CD163 on monocyte membrane. I, Il, Ill, IV are TA group and V, VI,
VII, VIl are Ctrl group. These figures show that the crests of curves in TA group are
closer to the right side than Ctrl group, which means CD163 have a higher
expression on TA patients” monocyte surface. (C) The expression of CD163 on
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Lung cancer is the leading cause of cancer death worldwide. Cisplatin is the major DNA-
damaging anticancer drug that cross-links the DNA in cancer cells, but many patients
inevitably develop resistance with treatment. Identification of a cisplatin sensitizer might
postpone or even reverse the development of cisplatin resistance. Halofuginone (HF), a
natural small molecule isolated from Dichroa febrifuga, has been found to play an antitumor
role. In this study, we found that HF inhibited the proliferation, induced GO/G1 phase arrest,
and promoted apoptosis in lung cancer cells in a dose-dependent manner. To explore the
underlying mechanism of this antitumor effect of halofuginone, we performed RNA
sequencing to profile transcriptomes of NSCLC cells treated with or without
halofuginone. Gene expression profiing and KEGG analysis indicated that PISK/AKT
and MAPK signaling pathways were top-ranked pathways affected by halofuginone.
Moreover, combination of cisplatin and HF revealed that HF could sensitize the
cisplatin-resistant patient-derived lung cancer organoids and lung cancer cells to
cisplatin treatment. Taken together, this study identified HF as a cisplatin sensitizer and
a dual pathway inhibitor, which might provide a new strategy to improve prognosis of
patients with cisplatin-resistant lung cancer.

Keywords: lung cancer, patient-derived organoid, halofuginone, PI3BK/AKT, MAPK

INTRODUCTION

Lung cancer is the most commonly diagnosed cancer (11.4% of the total cases) and the leading cause
of cancer death (18% of the total cancer deaths) worldwide (Sung et al., 2021). Although obvious
progression has been made in surgical and pharmacological therapies for lung cancer, relapses of
lung cancer are frequently documented with stronger drug resistance than primary tumor (Chen H.-
Z. et al., 2021). Up to now, platinum and its derivatives are still the major choice for chemotherapy
against cancers. However, platinum-based chemotherapy drugs are often confronted with the
problem of drug resistance, and the cancers with drug resistance are usually incurable.
Therefore, finding novel sensitizers which can be used in combination with platinum to improve
the clinical utility of platinum has attracted close attention from researchers in oncology,
pharmacology, and chemistry worldwide.
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Increasing evidence suggests that the development of platinum
resistance requires orchestration of multiple signaling pathways,
including the PI3K/AKT and MAPK pathway (Fang et al., 2017;
Liang et al,, 2019). Inhibition of key pathways responsible for
platinum resistance with a single multi-pathway inhibitor might
result in better efficacy with low toxicity than combination of
inhibitors targeting individual pathway (Chen et al., 2016; Sanchez
et al,, 2019). Therefore, phenotypic screening of large chemical
libraries in clinically relevant disease models could be used to fulfill
this purpose. The establishment of a 3D preclinical model, which
could well recapitulate the derived primary tumor and portray the
in vivo response more accurately, is urgently needed to screen
potential natural molecules to resolve the issue of cisplatin
resistance. Patient-derived organoids (PDOs) are novel
preclinical models and closely resemble their primary tumors in
both historical features and molecular characteristics, which have
attracted more and more attention in both high-throughput drug
screening, personalized drug design, and companion diagnostics
for patients (Puca et al., 2018; Ooft et al., 2019; Pasch et al., 2019;
Shi et al., 2019; Driehuis et al., 2020; Yao et al., 2020).

Halofuginone (HF) is a febrifugine-derivative alkaloid extracted
from Dichroa febrifuga. It has been reported that HF possesses
marked antimalarial (Hewitt et al., 2017), anti-coccidial (Matus and
Boison, 2016), and anticancer activities (Akhtar et al., 2018; Xia et al.,
2018). The anticancer properties of HF might be attributed to
promote infiltration of favorable immune cells (Huang and
Brekken, 2019), suppressing pathways on Smad3/TGF- (Cui
et al, 2016), AKT/mTOR, and/or p53 signaling (Akhtar et al.,
2018; Xia et al., 2018), preventing the differentiation of fibroblasts
to myofibroblasts and the transition of epithelial cells to
mesenchymal cells in mammals, inhibiting prolyl-tRNA
synthetase, activating the amino acid starvation response,
preventing the differentiation of TH17 cells to blunt autoimmune
responses, and triggering the autophagy (Chen et al., 2017; Xia et al,,
2018). However, the evidence on the response of PDOs to HF in
modeling the in vivo drug response remains missing.

In this study, we evaluated the effects of HF on cisplatin-
resistant lung cancer PDOs and cells to determine whether it
acted as a sensitizer. RNA sequencing of NCI-H1299 and NCI-
H460, two lung cancer cell lines, treated with HF exhibited
significant transcriptional alterations of genes involved in
PI3K/AKT and MAPK signaling pathways. In vitro functional
assays showed strong growth inhibition of HF. Thus, we proposed
a hypothesis that HF exhibited anticancer properties in lung
cancer cell lines by the dual regulation of MAPK and PI3K/AKT
signaling pathways. Of note, HF exhibited a synergy effect with
cisplatin in our studied cell lines. Taken together, our
investigation illustrated that HF is a promising anticancer hit
and sensitizer for cisplatin in lung cancer.

MATERIALS AND METHODS

Tissue Processing and Organoid Culture

Lung cancer organoids were derived from surgery samples or
transbronchial biopsies of lung cancer patients at Beijing Chest
Hospital, Capital Medical University, Beijing, China. The
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study has got the approval of the Ethical Committee of
Beijing Chest Hospital, Capital Medical University (Trial
No. 11, 2020). Patients participating in this study signed
informed consent forms. On arrival, tumor tissues were
washed with cold PBS, cut into small pieces, washed with
Advanced DMEM/F12 (Thermo Fisher Scientific, Waltham,
MA, United States; containing 1x Glutamax, 10 mM HEPES
and antibiotics), and digested with collagenase (Sigma-
Aldrich, Cat #C9407, 2mg/ml) for 1-2h at 37°C. After
washing twice with fresh medium (2% fetal calf serum,
FCS) and centrifugation (400 rcf, 4 min), dissociated cells
were seeded into growth factor reduced Matrigel (Corning,
Cat # 356252) with the presence of Advanced DMEM/F12 at
37°C for 30 min. Next, the surface of the solidified mixture of
cell suspension/Matrigel was sealed with complete human
organoid medium (HOM, 500pL), which comprised
Advanced DMEM/F12 supplementing with series additives
as described by Lampis et al. (2017) and Puca et al. (2018),
replacing every 3 days. When the organoids ranged up to
200-500 pm in diameter (about 1 week), organoids were
dissociated and passaged weekly using TrypLE Express
(Gibco, Grand Island, NY, United States). The PDOs (2 x
10° cells/tube, P3) were frozen using the Recovery Cell Culture
Freezing Medium (Gibco) and stored at —80°C before drug
screening.

Compound Screening

A collection of almost 1,100 natural products were obtained
from MedChemExpress (Shanghai, China). The natural product
library was reformatted into 96-well source plates with
concentration of 3.3 mM for automated robotic screening. At
parallel, the cells were also treated with an equal volume (0.1%)
of DMSO as a negative control and 1 uM final of staurosporine
(MCE, shanghai, China) as a positive control. Plate-to-plate
normalization and assay quality control were calculated
according to them. A 3D cell viability assay was
implemented, which determines the number of cell viability
according to the ATP level using commercially available
luminescence detection reagent (CellTiter-Glo 3D, #G9683,
Promega, Madison, WI). In brief, organoids were processed
as described earlier and plated in a 96-well low binding assay
plate at a density of 6,000 cells per well in 50 uL comprising 10%
growth factor reduced Matrigel. Additional 40 pL culture
medium without Matrigel was added. Organoids were
maintained in medium described earlier and drugged 2 days
later by adding 10 pL culture medium comprising 33 uM natural
product to get a final concentration of 3.3 uM (Supplementary
Figure S1A). The assay was terminated at day 5 by adding 50 pL
CellTiter-Glo. Assay quality and robustness were evaluated with
the signal window (SW) and Z factor. Triplicate wells treated
with staurosporine and vehicle solution (DMSO) were
employed as bottom wells and top wells, respectively
(Supplementary Figure S1B). The assay showed the signal
windows (SW) were much larger than 10, and the Z factor
values were between 0.5 and 1, which indicated that the assay
was qualified for high-throughput screening (Supplementary
Figures S1C,D).
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Cell Lines and Cell Culture
Human lung cancer cell lines NCI-H1299 (ATCC Cat# CRL-

5803, RRID: CVCL_0060) and NCI-H460 (ATCC Cat# HTB-
177, RRID: CVCL_0459) were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, United States).
Cells were maintained in RPMI-1640/1641/1642 medium
(Gibco) supplemented with 10% FCS (Gibco) and 1%
penicillin-streptavidin (Gibco) at 37°C in 5% CO..

Cell Viability Assay and Foci Assay

NCI-H460 (0.75 x 10° cells/well) and NCI-H1299 (0.75 x 10
cells/well) cell lines were seeded into 96-well plates and treated
with vehicle or HF for 1, 3, and 5 days. After incubation, cell
viability was detected using luminescence detection reagent
(CellTiter-Glo, #G9243, Promega, Madison, WI). The
CellTiter-Glo assay determines the number of viable cells in
culture by quantifying ATP, which indicates the presence of
metabolically active cells. Luminescence readout is directly
proportional to the number of viable cells in culture. As for
the foci assay, NCI-H460 (2 x 10 cells/well) and NCI-H1299 (2 x
10 cells/well) were seeded into 6-well plates, treated with HF as
the way of cell viability assay, then fixed and stained the cells with
crystal violet solution, and took photos with a camera and bright-
field microscope. Each vial of frozen cells was thawed and
maintained for a maximum of 10 passages.

Analysis of Cell Cycle Arrest and Apoptosis
The cell cycle and apoptosis were detected as previously described
(Shi et al., 2018). Cells were cultured and treated with DMSO and
HF (0.05 and 0.2 uM) in both NCI-H460 and NCI-H1299 for
24 h, followed by single staining with PI (Beyotime) for cell cycle
analysis and double staining with PI and Annexin V-FITC
(Beyotime) for apoptosis analysis. Data analysis was performed
using NovoExpress v1.3.4.

Western Blot Analysis

A standard Western blot analysis of whole-cell protein lysates was
performed using primary antibodies against cleaved PARP, PARP
(Cell Signaling Technology, #9542, 1:1,000, RRID:AB_2160739),
cleaved caspase-3 (Cell Signaling Technology Cat# 9661, 1:1,000,
RRID:AB_2341188), caspase-3 (Cell Signaling Technology Cat#
9662, 1:1,000, RRID:AB_331439), cylclinD1 (Cell Signaling
Technology Cat# 2978, 1:1,000, RRID:AB_2259616), p27 (Cell
Signaling Technology Cat# 3686, 1:1,000, RRID:AB_2077850),
p21 (Cell Signaling Technology Cat# 2947, 1:1,000, RRID:
AB_823586), pRb (Cell Signaling Technology Cat# 8516, 1:
1,000, RRID:AB_11178658), and Rb (Cell Signaling
Technology Cat# 9309, 1:1,000, RRID:AB_823629) to check
the changes of apoptosis and GO/G1 phase markers. As well,
for the alteration of effectors, the signaling pathways were
examined with the primary antibodies including p-AKT1/2
(Cell Signaling Technology Cat# 4060, 1:1,000, RRID:
AB_2315049), AKT1/2 (Proteintech Cat# 10176-2-AP, 1:2000,
RRID:AB_2224574), p-ERK (Cell Signaling Technology Cat#
4370, 1:1,000, RRID:AB_2315112), and ERK (Proteintech Cat#
16443-1-AP, 1:2000, RRID:AB_10603369). Equal amounts of
protein, which were blotted with an anti-p-actin antibody
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(Proteintech Cat# 60008-1-Ig, 1:2000, RRID: AB _2289225),
was used as loading control.

RNA-Seq Analysis

NCI-H460 and NCI-H1299 cells were incubated with DMSO or
HF (0.05 and 0.2 uM) for 48 h; after harvest, total RNA was
isolated using the TriZolTM UP Plus RNA Kit. RNA was sent to
BGI (Beijing, China) for sequencing and analysis. In brief, after
total RNA was fragmented into short fragments, mRNA was
enriched using oligo (dT) magnetic beads, followed by cDNA
synthesis. Double-stranded cDNA was purified and enriched by
PCR amplification, after which the library products were
sequenced using BGIseq-500. The heatmap of DEGs (log, FC>
1, p <0.001) and KEGG analysis (log, FC> 1, p < 0.05) in NSCLC
cell lines were performed by the BGI using the Dr. TOM
approach, a customized data mining system from BGI. Altered
(upregulated or downregulated) expression of genes was
expressed as log, FC, which represents log-transformed fold
change (log, FC = log, [B] —log, [A], while A and B represent
values of gene expression for different treatment conditions).

Dual Drug Combination Assay
NCI-H1299 and NCI-H460 cells were plated in 96-well plates and
treated with various concentrations of cisplatin or/and HF, either
alone or in combination, for 72 h. Cell viability was determined as
described before. The synergy effect was evaluated by measuring
the ICso and highest single agent (HSA) reference model (Yadav
et al, 2015). In addition, Western blotting analysis and flow
cytometry assay were performed to detect the effect of drug
combination on signaling pathways and cell cycle arrest.
Cisplatin-resistant PDOs (PDO-R1 and PDO-R2) were
derived from two cisplatin-resistant patients and were plated
in 96-well plates and treated with various concentrations of HF
and cisplatin. Synergistic effects were observed under a
microscope, and Western blotting assay was performed to
detect the effect of drug combination on signaling pathways.

Statistical Analysis

Data statistical analysis was performed using GraphPad Prism
8.0. The HF ICs, values were analyzed using non-linear
regression (curve fit). The cell cycle and apoptosis data were
analyzed using Excel using Student’s t test. A p value < 0.05 was
considered as statistically significant. All data subjected to
statistical evaluations were gathered with at least three
independent repeats of experiments.

RESULTS

Compound Screening and the
Characterization of Cisplatin-Resistant
NSCLC PDOs

PDOs have been reported for applications in preclinical drug
discovery (Raja et al., 2016; Huang et al., 2017; Choudhury
et al.,, 2020; Maloney et al., 2020; Skardal et al., 2020). A Two-
stage screening strategy was employed whereby almost 1,100
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natural products were primarily screened in 1 PDO and then
validated in six PDO models which completed by K2
Oncology Co., Ltd. (Beijing 100061, P.R. China). The
screening process is illustrated in Supplementary Figures
S1A-D, and the results showed that HF is exactly one of
the top hits with strong anticancer potential (Supplementary

Figure S1E). Then we performed further anticancer effect
verification of HF in two cisplatin-resistant lung cancer PDOs.
The clinical information and data of these two PDOs are
summarized in Figure 1A. Both patients were treated with the
platinum-based regimen, and the RECIST evaluation was
performed after two cycles (Figure 1B). The cisplatin
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FIGURE 2 | Halofuginone significantly inhibited cell growth in NCI-H460 and NCI-H1299 cells. (A,B) The dose-response curves and IC50 values of halofuginone in
NCI-H460 and NCI-H1299, respectively. (C,D) Cell proliferation suppression in NCI-H460 and NCI-H1299 with the treatment of halofuginone at the concentration of
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Frontiers in Cell and Developmental Biology | www.frontiersin.org

21

November 2021 | Volume 9 | Article 773048


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

resistance were maintained after PDOs were successfully
established (Figures 1C,D).

HF Inhibited Cell Growth in Lung Cancer

Cell Lines

Next, we verified the effect of HF in lung cancer cell lines, NCI-
H1299 and NCI-H460. NCI-H460 showed partial cisplatin
sensitivity, but the maximal inhibition rate was very limited
(Figure 4B). NCI-H1299 is a cisplatin-resistant lung cancer
cell line (Fan et al, 2020) (Chen M. et al, 2021), and its
cisplatin resistance is also validated in this study (Figure 4D).
The dose-response curve of HF in both cell lines exhibited
identical 1Csq (0.07 uM) (Figures 2A,B). The significant dose-
dependent and time-dependent inhibition of HF on lung cancer
cell proliferation were observed in both cell lines (Figures 2C,D).
In addition, HF remarkably suppressed colony formation of the
two cell lines in a dose-dependent manner (Figures 2E-H). Thus,
these results indicated a remarkable growth inhibition of HF in
lung cancer cell lines.

HF Induced GO/G1 Phase Arrest and

Apoptosis in Lung Cancer Cell Lines

To explore the reasons for growth inhibition of lung cancer cells
by HF, cell cycle distribution, and apoptosis induction were
evaluated on HF-treated lung cancer cell lines. Through flow-
cytometry assay, we noticed a dose-dependent GO/G1 phase
arrest (Figures 3A-D) in both NCI-H1299 and NCI-H460
following 24-h treatment of HF. Additionally, HF induced
dose-dependent apoptosis in both cell lines (Figures 3E-H).
In detail, both the early and late apoptosis were significantly
induced by HF (Supplementary Figure S2). Cyclin D1 (Sherr,
1996; Lukas et al., 1996) and p21 (Cheng et al., 1999; Pestell et al.,
1999) are two canonical cell cycle markers for the G1 phase.
Western blotting confirmed GO/G1 phase arrest with the
decreased cyclin D1 expression and increased p21 expression
in accordance with the flow cytometry tendency (Figure 3I).
PARP (Lu et al, 2019) and caspase (Julien and Wells, 2017)
activation are the key events of apoptosis, and the expression
levels of their full-length and cleaved forms were examined with
Western blotting. The decreased PARP and caspase 3 and the
increased cleaved PARP and cleaved caspase3 suggested that HF
induced apoptosis in a dose-dependent manner as well
(Figure 3J). Taken together, HF induced GO/G1 phase arrest
and apoptosis in a dose-dependent manner in NCI-H460 and
NCI-H1299, which well explained the significant lung cancer cells
growth inhibition.

HF Sensitized Lung Cancer Cell Lines to
Cisplatin

To further investigate the impact of HF on cisplatin resistance in
lung cancer, lung cancer cell lines, NCI-H1299 and NCI-H460,
were employed for the dural drug synergy test. NCI-H1299 shows
resistance to cisplatin, with ICs, larger than 100 mM and
maximal inhibition rate smaller than 10%. NCI-H460 showed
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limited response to cisplatin, with maximal inhibition rate of
about 20%, which induced the absolute ICs, larger than 10 mM
and indicated a very low efficacy (Figures 4B,D). The synergy
effect was evaluated by measuring the ICs, and the highest single
agent (HSA) reference model (Yadav et al., 2015). With the
existence of HF, significant left shift of dose-efficacy curve
and decrease in 1Cso were observed (Figures 4B,D). By adding
5,14, and 41 nM of HF, the ICs of cisplatin decreased from larger
than 10 mM to 8, 2.4, and 0.4 uM for NIC-H460 and 9, 2.5, and
0.5uM for NCI-H1299, respectively. Consistently, by adding
serial diluted cisplatin to HF, the ICs, of HF also decreased,
respectively (Figures 4A,C). To further analyze the synergy effect
of cisplatin with HF, synergy score matrixes were calculated with
the highest single agent (HSA) reference model. The average
synergy score of cisplatin with HF is 21.585 and 24.851 for NCI-
H1299 and NCI-H460, respectively. The HSA synergy scores
were visualized with heatmap (red areas in the model graph) and
3D hillmap (Figures 4E-H). These data suggest the synergic
effect of HF and cisplatin in lung cancer cell lines.

To further explore the potential value and the underlying
synergy mechanism of HF with cisplatin, 1 and 10 uM of cisplatin
and 50 and 200 nM HF were selected for cell cycle, apoptosis, and
pathway markers detection using Western blot in NCI-H460 and
NCI-H1299. When HF was combined with 1 uM of cisplatin,
significant GO/G1 phase arrest was observed with the increase in
p21 and p27 and the decrease in p-Rb and cyclin D1 in a dose-
dependent manner (Figure 5 upper). HF combined with 10 uM
of cisplatin showed similar trend but a stronger dose-dependent
synergistic effect than low-dose cisplatin. In addition, the
apoptosis markers also showed similar synergy effect with the
indicator of caspase 3 and cleaved caspase 3 (Figure 5 middle).
Similar tendency of GO/G1 phase arrest was further approved
using flow cytometry with cell models treated with cisplatin alone,
HF alone, and cisplatin combined with HF (Figures 6A-C).
Obviously, cisplatin alone barely changed the cell cycle
progression, but HF could induce prominent GO/G1 phase
arrest at 200 nM. Altogether, these data demonstrated that HF
would be a potential cisplatin sensitizer via GO/G1 phase arrest
and apoptosis.

HF Altered Genome-Wide Gene Expression

in Lung Cancer Cell Lines

RNA sequencing was performed to profile gene expression in
both NCI-H460 and NCI-H1299 with the treatment of HF at
0.05 and 0.2 uM, respectively. (The datasets presented in this
study can be found in online repositories. The names of the
repository and accession number can be found below: http://
www.ncbi.nlm.nih.gov/sra, accession number PRJNA769938).
In both cell lines, >4000 genes were differentially expressed
under the two concentrations. We observed substantial overlap
between the two cell lines with regard to the genes that were
differentially expressed following incubation with HF-1798
genes (DEGs, log,FC > 1, p < 0.001) were shared in NCI-
H460 and NCI-H1299 with the treatment of different
concentration of HF (Figure 7A). In addition, HF led to
alterations of 5478 DEGs in NCI-H460 cells and 3523 DEGs
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FIGURE 6 | Halofuginone/cisplatin combination significantly induced GO/G1 arrest in NCI-H1299 and NCI-H460 cells (0 = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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in NCI-H1299 cells versus each corresponding control group
(Figures 7B,C). The KEGG analysis of the DEGs revealed
enrichments of cancer-associated pathways, including PI3K/
AKT and MAPK signaling pathways (Figures 7D,E). Moreover,
the genes related with PI3K/AKT and MAPK signaling
pathways were sensitive to HF exposure (Figures 7F,G,L)).

HF Blocked PISK/AKT Signaling Pathway in

Lung Cancer Cell Lines

Upregulation of p-AKT might enhance tumor progression and
mediate resistance to drugs (Liu R. et al., 2020), and it has been
well known that the binding of ligand to a transmembrane
receptor, receptor tyrosine kinase (RTK), activates both PI3K/
AKT and MAPK pathways to promote cell survival (Cao et al.,
2019). Herein, we hypothesized that dual inhibition on the two
pathways would exert a more stable and stronger growth and
survival suppression than targeting individual pathway. The
ratio of p-AKT (S473) to total Akt examined by Western blot
was decreased by HF in a dose-dependent manner (Figure 5
lower). Here, the observed downregulation of p-Akt in our
cisplatin-resistant lung cancer cell lines by HF, indicating
possible tumor suppression. Together, HF inhibited the
cisplatin-resistant cell models growth via blocking the
PI3K/AKT signaling pathway.

HF Blocked MAPK Signaling Pathway in

Lung Cancer Cell Lines

The identical analysis and assays as before were performed to
examine the effect of HF on the MAPK signaling pathway, which
includes a small G protein (Ras) and three protein kinases (Raf,
Mek, and Erk) and is activated with translocation of Erk (MAPK)
to the nucleus (McCain, 2013). In protein level, p-Erk/Erk
examined by Western blot exhibited dose-dependent decrease
with the exposure of HF (Figure 5 lower). Activation of the
MAPK signaling pathway would strengthen tumor progression
and mediate drug resistance as well (Cocco et al., 2019; Li et al,,
2019). The decline of p-Erk1/2 indicated the potential activity of
HF in lung cancer suppression. Thus, HF inhibited the cell
models growth simultaneously via blocking the MAPK
signaling pathway.

HF Sensitized Cisplatin in
Cisplatin-Resistant PDOs

To study the response to the combination treatment of
cisplatin and HF, the efficiency of tumor destruction was
observed under a microscope, and exposure of PDOs to HF
and combination of cisplatin and HF led to substantially
reduced survival (Figure 8A). In addition, significant
p-AKT (S473) and p-ERK decrease via Western blot
appeared in cisplatin and HF combination groups compared
to single drug treatment groups or control group (Figures
8B-E). Therefore, the results suggested that HF had the
capacity to expand its sensitizer effect for cisplatin to
preclinical cisplatin-resistant PDO models.

Halofuginone Sensitize Cisplatin-Resistant Lung Cancer

DISCUSSION

Cisplatin is one of the most widely used chemotherapy agents in
the treatment of lung tumors. The mechanism of action for
cisplatin is considered as damaging DNA and inhibiting DNA
synthesis. However, cancer cells would develop multi-type
resistance to overcome DNA damage and synthesis
suppression to diminish the therapeutics efficacy (Liao et al.,
2020; Yang et al., 2020). Therefore, combination strategy with
cisplatin and cisplatin sensitizer will be of promising clinical
value. Accumulating evidence has indicated that activation of cell
proliferation and survival pathways, such as PI3K/AKT and
MAPK signaling pathways, contribute to cisplatin resistance (],
2013). PDOs of cancers derived from cisplatin-resistant tumor
tissue can be used to facilitate discovery of anticancer leading
compounds for their close morphological and genetic features of
the original tumor (Lancaster and Knoblich, 2014; Weeber et al.,
2015; Boretto et al., 2019; Ooft et al., 2019; Ubink et al., 2019).
Besides, the (pre)clinical efficiency and safety of multi-target
natural products with potential capacity for multi-target drug
discovery have been characterized by more and more studies
(Koeberle and Werz, 2014; Chen et al., 2016; Gongalves and
Romeiro, 2019; Liu X. et al., 2020; Ren et al., 2020). Especially, for
some complicated diseases, such as acute ischemic stroke (Chen
et al, 2016), tissue plasminogen activator is the only FDA-
approved drug for treatment, but its clinical use is limited by
the narrow therapeutic time window and severe side effects.
Adjunct therapies via a multi-target strategy are warranted in
reducing the side effects and extending tissue plasminogen
activator’s therapeutic time window with the consideration of
the unsatisfaction of single target modulating. In addition,
phenotype alteration induced by multi-target natural products
could provide valuable information for drug combination
(Sanchez et al., 2019).

Previous studies have reported that HF exhibited anticancer
effects on various tumor types (Cui et al., 2016; Koohestani et al.,
2016; Chen et al., 2017; Tsuchida et al., 2017; Akhtar et al., 2018;
Xia et al., 2018; Huang and Brekken, 2019; Kunimi et al., 2019),
which strongly supports the hypothesis that the therapeutic
potential of HF is mainly through inducing anti-proliferation,
autophagy, and apoptosis. However, the role and underlying
mechanism of HF in cisplatin-resistant lung cancer cells have
rarely been investigated. In this study, HF was found to be one of
the top hits among 1,100 natural products in reducing cell
viability of PDO models established by K2 Oncology Co., Ltd.
(Beijing 100061, China).

Mechanically, we observed HF remarkably induced G0/G1
phase arrest and apoptosis in lung cancer cell lines.
Subsequently, RNA sequencing was introduced for gene
expression profiling regulated by HF. DEG analysis and
KEGG analysis indicated that PI3K/AKT, MAPK, and p53
signaling pathways were affected. HF was once reported as a
positive control drug that showed modest interaction of
—6.91 kcal/mol having a Ki value of 8.61 uM with unbound
p53 but expressed significant inhibition (Ki = 3.88 uM) against
p21WeTVCPL with binding energy of -7.38kcal/mol. A

multiplex analysis of phosphorylation of diverse
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FIGURE 8| Synergy effects of halofuginone and cisplatin on cell viability of PDO. (A) Microphotograph images of cisplatin-resistant PDOs (PDO-R1 and PDO-R2) at
indicated time points of treated by cisplatin alone, halofuginone alone, and cisplatin/halofuginone combination. (B-E) the expression levels of pAKT and p-ERK were
detected by Western blotting in cisplatin-resistant PDOs treated with cisplatin, halofuginone alone, and halofuginone/cisplatin combination (n = 3) ("o < 0.05, **p < 0.01,
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components of signaling cascades revealed that HF induced
changes in P38 MAPK activation and increased
phosphorylation of c-Jun and p53. Our data exhibited
significantly p27 and p21 increase, p-Rb and cyclin D1
decrease with the combination of cisplatin and HF. p27 and

p21 are two downstream effectors of PI3K/AKT that led to GO/
G1 phase arrest. Moreover, the p53 signaling pathway is a
downstream part of the p38/MAPK signaling pathway which
contributed to GO/G1 phase arrest. As the GO/G1 phase is the
most sensitive period for tumor cells to cisplatin, disruption of
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the cell cycle at this period might be part of the reasons for
cisplatin-resistant sensitization.

HF dose-dependently suppressed Akt and ERK signaling
pathways, which indicated that HF suppressed the cisplatin-
resistant cells by the dual targeting of PI3K/AKT and MAPK
signaling pathways. Moreover, the combination study between
cisplatin and HF qualitatively evaluated in lung cancer cell lines
showed increased sensitivity to cisplatin with HF exposure, and the
combination of cisplatin with both Akt inhibitor and ERK inhibitor
also simulated this phenomenon. To further validate the preclinical
synergy, two cisplatin-resistant PDO models were employed with
the treatment of vehicle, HF alone, cisplatin alone, or HF combined
with cisplatin. Additionally, the growth inhibition and dual signaling
pathway suppression in the HF alone group and combination group
in cisplatin-resistant PDOs were in line with that in lung cancer cell
lines. Thus, HF might be a potential sensitizer to cisplatin by its dual
pathway targeting effects.

Although this study showed that HF suppressed the cisplatin-
resistant cells by the dual targeting of PI3K/Akt and MAPK
signaling pathways, a broader insight into its multi-mechanistic
nature requires a system-wide screening approach. As we all
know, resistance to cisplatin is attributed to three molecular
mechanisms: increased DNA  repair, altered cellular
accumulation, and increased drug inactivation. One of the
most predominant mechanisms is the increase in DNA
damage repair, among which nucleotide excision repair (NER)
and mismatch repair (MMR) are included. Wang et al. indicated
that HF significantly promoted DNA damage-related protein
g-H2AX, pATM, and pATR expression in human esophageal
cancer cell lines (Wang et al., 2020), informing HF is probably
involved in the balance of DNA damage and DNA repair which
decide cell death versus survival. So, further studies are required
to examine the influence of HF on DNA damage repair.

P53 signaling is also associated with cisplatin resistance based
on the literature evidence, and it was reported that HF could
decrease the expression of p53 to suppress the migration and
invasion in breast cancer cells (Xia et al., 2018). In this study, the
RNAseq also indicted that the p53 pathway was regulated by HF
treatment. The effect of HF on the p53 pathway will be further
investigated in follow-up studies, which may provide a new vision
of HF on p53 pathway drug discovery. There is still no specific
p53 agonist in clinical development, which restricts the clinical
translation of this study. By understanding the dural inhibitor
effect to these pathways also provides evidence the clinical
application of PI3Ki/AKTi and ERKi in cisplatin-resistant lung
cancer.

Collectively, natural product has a huge multi-target library
for synergy study and multi-target lead finding. By high-
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Alternative end joining (A-EJ) catalyzes substantial level of antibody class switch
recombination (CSR) in B cells deficient for classical non-homologous end joining,
featuring increased switch (S) region DSB resection and junctional microhomology
(MH). While resection has been suggested to initiate A-EJ in model DSB repair
systems using engineered endonucleases, the contribution of resection factors to
A-EJ-mediated CSR remains unclear. In this study, we systematically dissected the
requirement for individual DSB resection factors in A-EJ-mediated class switching with
a cell-based assay system and high-throughput sequencing. We show that while CtIP and
Mre11 both are mildly required for CSR in WT cells, they play more critical roles in
mediating A-EJ CSR, which depend on the exonuclease activity of Mre11. While DNA2
and the helicase/HRDC domain of BLM are required for A-EJ by mediating long S region
DSB resection, in contrast, Exo1’s resection-related function does not play any obvious
roles for class switching in either c-NHEJ or A-EJ cells, or mediated in an AlID-independent
manner by joining of Cas9 breaks. Furthermore, ATM and its kinase activity functions at
least in part independent of CtIP/Mre11 to mediate A-EJ switching in Lig4-deficient cells. In
stark contrast to Lig4 deficiency, 53BP1-deficient cells do not depend on ATM/Mre11/
CtlIP for residual joining. We discuss the roles for each resection factor in A-EJ-mediated
CSR and suggest that the extent of requirements for resection is context dependent.

Keywords: DNA double-strand breaks repair, alternative end joining, class switch recombination, DSB end
resection, microhomology

INTRODUCTION

Mature B cells undergo immunoglobulin heavy chain (IgH) class switch recombination (CSR) to
mediate different antibody effector functions. CSR replaces the initially expressed u constant gene
(Cp) with a downstream constant gene through genomic DNA recombination (Xu et al., 2012). In
the mouse IgH locus, six independently transcribed Cy genes, Cy3, Cyl, Cy2b, Cy2a, Ce, and Ca, line
up to 200 kb downstream of Cp.. A long and repetitive intronic switch region (4-12 kb) with tandem
G-rich repeat sequences on the non-template strand lies between each Cy gene and its I promoter.
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Stimulating B cells with combinations of activators and cytokines
directs CSR to particular Cy genes by modulating germline
transcription to recruit AID, which introduces into S regions
multiple C to U mutations that are subsequently converted to
staggered double-strand breaks (DSBs) by base excision and
mismatch repair with yet unclear mechanisms (Hwang et al,
2015; Yuand Lieber, 2019). CSR is completed by joining donor Sy
and acceptor S region DSBs in a deletion-preferred fashion to
promote antibody production (Dong et al., 2015).
AlID-initiated S region DSBs are efficiently repaired by the
classical non-homologous end joining (c-NHE]) pathway, which
simply aligns and religates two broken ends with minor
modification. Ku/DNA-PKcs and Lig4/XRCC4 complexes are
the core components of c-NHE] and depletion of any of these
factors in mature B cells significantly, but not completely reduces
CSR efficiency (Boboila et al., 2010; Boboila et al., 2012). In fact,
CSR to IgG in cells deficient for Ku, Lig4, or both can still occur at
levels to ~30% of WT cells with altered kinetics, strongly
implicating alternative end joining (A-EJ) pathways for
residual switching (Yan et al, 2007; Boboila et al., 2010).
Sanger and high-throughput sequencing of the junctions of
residual Sp-Sx joins revealed elevated usage of microhomology
(MH) sequences (usually 1-5 bp in length) shared between donor
and acceptor DSBs in the absence of Ku and/or Lig4, indicating
that A-EJ preferred microhomology-mediated end joining
(MME]). It is noteworthy that MH represents a significant
feature but does not serve as a defining factor for A-EJ, as
NHE] repair in WT cells also utilizes MH in a significant
portion of junctions. It has been proposed that PARP1 and
the Lig3/XRCC1 complex are requisite A-EJ factors (Frit et al.,
2014). Early evidence supporting this notion came from ligation
of DNA substrates with protruding overhang ends (Vogel et al.,
2003; Audebert et al., 2004). However, in vivo study with activated
primary B cells only revealed a rather minor role for PARP1 in
MH usage and no impact on IgG switching efficiency per se
(Robert et al., 2009). In addition, conditional knockout of XRCC1
in both WT and Lig4-deficient B cells did not affect either CSR or
chromosomal translocations (Boboila et al., 2012). The latter
finding raised the possibility that DNA ligase I also plays a role in
A-EJ, which was supported by later studies that deleting either
nuclear Lig3 or Ligl in Lig4-deficient CH12F3 cells conferred no
additional CSR defect than Lig4 deletion alone. As mammals only
have these three ligases, this suggests that Ligl and Lig3 are
redundant in A-EJ (Lu et al., 2016; Masani et al., 2016). As Ligl
and nuclear-form Lig3 deletion alone in WT did not render the
cells obvious defect in end joining and CSR (Han et al., 2014;
Masani et al., 2016), whether and how A-EJ occurs in WT cells are
currently difficult to assess and awaits more careful dissection.
AlD-initiated S region DSBs also trigger activation of DNA
damage response (DDR) kinase Ataxia telangiectasia-mutated
(ATM), which phosphorylates a series of downstream substrates
including histone variant, H2AX, MDCI1, 53BP1, etc., that
assemble into macromolecular foci surrounding DSBs to
amplify damage signals and tether DSB ends for efficient
repair (Xu et al,, 2012). Deficiency for DDR factors has been
shown to severely impair end joining during V(D)J
recombination (Helmink et al, 2011; Zha et al., 2011; Liu
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et al.,, 2012; Oksenych et al., 2013) and leads to impaired CSR
at 30-50% of corresponding wild type cells and accumulation of
substantial AID-dependent IgH breaks, indicating a role for
ATM/H2AX in the joining phase of CSR (Reina-San-Martin
et al., 2004; Franco et al., 2006; Boboila et al., 2012). Ablation
of 53BP1 results in the most profound CSR defect where only
about 5% of wild type switching level is observed accompanied by
increased intra-S joining and IgH specific break burden (Manis
et al,, 2004; Ward et al,, 2004; Reina-San-Martin et al., 2007;
Bothmer et al, 2011). Recently, Rifl has been identified as a
phosphor-53BP1-associating effector protein that suppresses
DSB resection, a 5’->3' nucleolytic process to expose 3’ single-
stranded overhangs at broken ends (Escribano-Diaz et al., 2013;
Zimmermann et al, 2013); accordingly, Rifl-deficient cells
display largely impaired CSR to downstream S regions (Callen
et al,, 2013; Chapman et al., 2013; Di Virgilio et al., 2013). In this
regard, ATM-dependent DDR has been shown to promote
¢c-NHE] during CSR at least in part by preventing extensive
S-region DSBs end resection and MME] (Yamane et al., 2013;
Dong et al.,, 2015; Panchakshari et al., 2018).

It has been well documented that 5’->3' DSB end resection is
required for homologous recombination (HR) and MME] of DSB
repair in yeast and higher eukaryotes (Symington, 2016). While
HR requires longer homology to the sequence around DSB ends
for base pairing, MMEJ may, in principle, involve shorter
resection to expose MH sequences for annealing. DSB
resection is initiated by the coordinated action of DNA
nuclease complex MRN and CtIP. MRN complex consists of
RAD50, NBS1, and Mrell that renders the complex
endonuclease and 3'-5' exonuclease activity, an orientation
opposite to the ongoing resection (Garcia et al., 2011). Recent
study revealed that Mrell uses its endonuclease activity to nick
DNA at 3’ downstream vicinity of DSB and its exo-activity to
degrade DNA strand towards the break to expose single-stranded
DNA (Paull, 2018). While Mrel1 has been shown to be critical for
both c-NHEJ and A-EJ-mediated CSR (Dinkelmann et al., 2009),
the exact role for CtIP in CSR is less clear (Lee-Theilen et al., 2011;
Bothmer et al., 2013; Liu et al., 2019). Human CtIP encodes a 5'-
flap endonuclease on branched DNA structure that participates
in resection initiation mainly by stimulating Mrell’s
endonuclease activity independent of its endonuclease activity
(Sartori et al., 2007; Makharashvili et al., 2014), and CtIP
phosphorylation at T855 by ATM is critical for its role in
resection (Peterson et al, 2013; Wang et al, 2013). A recently
identified exonuclease EXD2 has been shown to functionally interact
with MRN to accelerate DSB resection with its 3'-5" exonuclease
activity and is required for efficient HR (Broderick et al., 2016), but
its role in MME]/A-E] remains to be exploited. After Mrel1/CtIP-
mediated initiation to degrade up to hundred nucleotides close to
the break, helicase BLM/WRN and endonuclease DNA2 switches on
to promote long range resection up to tens of kilobases away from
the break, and this activity appears redundant with exonuclease
Exol (Symington, 2016).

The observation that both lig4 ™ and 53bp1™"~ cells exhibit
greatly increased DSB resection and similarly elevated MH usage
in Sp-Sx junctions raised the question of which activities are
involved in S region DSB resection in these cells and whether DSB

Frontiers in Cell and Developmental Biology | www.frontiersin.org

34

November 2021 | Volume 9 | Article 767624


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sun et al.

resection accounts for all or part of CSR defect. In this regard,
thorough investigation on the role for DSB resection in A-EJ-
mediated CSR is still lacking. In this study, we systematically
examined the requirements for each individual protein involved
in DSB resection machinery in activated B cells proficient or
deficient for Lig4 or 53BP1. Our results revealed that resection
factors play important roles in A-E] mediated CSR, and ATM
kinase activity with CtIP/Mrell in A-EJ. In addition, although
both Lig4 and 53BP1 deficiency lead to c-NHE] defect with
remarkably similar MH patterns (Panchakshari et al., 2018),
their need for DSB resection to assist residual joining varied
greatly. In summary, our work indicated that B cells harness
multiple DSB resection activities to engage A-EJ-mediated CSR in
a context-dependent manner.

MATERIALS AND METHODS

Cell Culture

All of CH12F3 cell lines in this study were cultured with in RPMI
1640 (10-040-CV, Corning) supplemented with 15% FBS
(FSP500, ExCell Bio), 100 mM B-mercaptoethanol (0482-
250 ml, Amresco), 20 uM HEPS (25-060-CI, Corning), 2 mM
L-Glutamine (25-005-CI, Corning), 1x MEM non-essential
amino acid (25-025-CI, Corning), 1 mM sodium pyruvate (25-
000-CI, Corning), 1x penicillin streptomycin (30-002-CI,
Corning). 293T and Phoenix Ampho were maintained in
DMEM (10-013-CV, Corning) supplemented with 10% FBS
(ExCell Bio) and 1x penicillin streptomycin.

Plasmids

PSpCas9(BB)-2A-GFP (pX458) plasmid was obtained from
Addgene (#48138). All the gRNA oligonucleotides were cloned
into pX458. All the oligonucleotides sequences were listed in
Appendix information, Supplementary Table S1. pMSCV-IRES-
GFP II (pMIG 1II) plasmid was obtained from Addgene (#52107).
pLKO.1 puro plasmid was obtained from Addgene (#8453).
pMD2.G and psPAX2 plasmids were kindly gifted by the
F.W.A. laboratory.

Construction of Gene Knockout Cell Lines.
The gene deletion strategies were performed according to the
essential domain of genes reported (Taccioli et al., 1998; Babbe
et al., 2009; Schaetzlein et al., 2013; Broderick et al., 2016;
Panchakshari et al., 2018; van Wietmarschen et al., 2018). WT
CHI12F3 cell line or its mutants were nucleofected with a pair of
pX458 vector with two gRNAs flanking one or two exons using
the 4D Nucleofector Kit (solution SF, protocol CA-137; Lonza).
At 24-48 h post-nucleofection, the GFP positive cells were sorted
with Beckman Coulter MoFlo Astrios EQs and plated into 96-well
plates. Single cell clones were marked and screened by PCR.
Positive clones were further confirmed by western blot analysis or
T-A cloning and sequencing.

Antibody

The primary antibodies used in this study were as follows: anti-
ATM Rabbit antibody (D2E2, #2873, Cell Signaling Technology),
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anti-y-Tubulin antibody (#5886, Cell Signaling Technology),
anti-Mrell Antibody (#4895, Cell Signaling Technology), anti-
DNA-PKcs (G-12, SC-390849, Santa Cruz), anti-CtIP (D-4, SC-
271339, Santa Cruz), anti-EXD2 antibody (20138-1-AP,
Proteintech), anti-phospho KAP1 (S824) antibody (A304-
146A-M, Bethyl Laboratories), anti-p-Actin antibody (66009-1-
Ig, Proteintech), anti-AID monoclonal antibody (mAID-2, 14-
5959-82, eBioscience), and anti-Flag M2 antibody (F1804-50UG,
Sigma-Aldrich). The antibodies for flow cytometry analysis were
anti-Mouse 1gM-APC (17-5790-82, eBioscience), anti-Mouse
IgA-PE (12-4204-83, eBioscience), and anti-Mouse 1gG1-PE
(406608, Biolegend).

Chemicals and DNA Damaging Treatments
Mirin (M9948-5 MG, Sigma-Aldrich), PFM01 (SML1735-5mg,
Sigma-Aldrich), Ku55933 (SML 1109-5mg, Sigma-Aldrich), and
AZD1390(S8680-5 mg, Selleck) were dissolved in DMSO and
stored at —20°C. Cells were exposed to X-rays generated by a Rad
Source RS2000 Irradiator (160 kv, 25 mA) to induce DNA damage.

Short Hairpin RNA-Mediated Gene
Silencing

ShRNAs specific to Mrell, CTIP, and DNA2 were cloned into
pLKO.1 puro vector. All the shRNA sequences were listed in
Appendix information, Supplementary Table S1. The plko.1
vector cloned with specific sShRNA sequence and the packaging
plasmids pMD2. G and psPAX2 were co-transfected into
HEK293T cell to produce lentiviruses with polyethylenimine (PEI)
transfection reagent. Cell supernatants were collected after 48 h post-
transfection and filtered with a sterile 0.45-pum syringe filter to remove
cell debris. The lentiviruses were concentrated by virus precipitation
Solution (ExCell Bio) and resuspended in complete medium.
CHI2F3 or its mutants were infected with lentivirus by
centrifuging at 32°C 1,000xg 60 min. After transduction for 48 h,
the cells were selected with 0.5 pg/ml puromycin for 5-7 days.

EXO1"WTEXO1EK Rescue Experiment

The EXO1 cDNA sequence was obtained using reverse
transcription from total RNA extracted from WT CH12F3 cell
line. EXO1 mutants EXO1"® was obtained with site-directed
mutagenesis. The C terminus of cDNA was added with 3x flag tag
by two sequential PCR rounds. The EXO1/EXO1"%-3x flag were
cloned into pMIG II. Retrovirus vector pMIG II-EXO1%"/
EXO1%¥-3x flag were transfected into Phoenix Ampho cell to
produce retrovirus with PEI. Retrovirus was concentrated as
lentivirus did. EXO1-deficient CHI12F3 were transduced with
retrovirus by centrifuging at 32°C 1,000xg for 60 min. After
transduction for 3-4 days, the GFP positive cells were sorted
with Beckman Coulter MoFlo Astrios EQs. To confirm the
expression of EXO1W'/EXO1®® in EXOl-deficient CHI2F3
was rescued, the infected cells were lysed for western blot
analysis with anti-flag primary antibody.

Class Switch Recombination Assay
WT CHI2F3 cell line or its mutants at a density of 5 x 10* cells/
mL or 1 x 10° cells/mL were stimulated with 1 pg/ml anti-CD40
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(16-0401-86, eBioscience), 20 ng/ml 1L4 (214-14, PeproTech),
and 1 ng/ml TGF-f (96-100-21-10, PeproTech) for 72 h. Cells
were collected and analyzed by flow cytometry. Data were
presented as mean + SD from independent experiments
(Student’s t-test, *p < 0.05, **p < 0.01, **p < 0.001, ***p <
0.0001, n. s indicates non-significant differences).

Cas9-Initiated Class Switch Recombination

Assay

For CRISPR/Cas9-initiated CSR (Cas-CSR) in CHI2F3 cells,
sgRNAs targeting up- and down-stream S regions (Sp and
Sy1) were transfected into CHI12F3 cells via electroporation.
SgRNAs were cloned into px458 plasmids. After transfection,
CSR to IgG will increase gradually. CSR level to other Ig in KO
cells was normalized to the GFP + ratio of 24 h after transfection.

Western Blotting

Cells were collected and lysed in RIPA buffer with fresh
proteinase inhibitors. The cell lysate was centrifuged and
quantified by the BCA assay (23225, Thermo). The collected
cell lysate was denatured by boiling in loading buffer at 100°C for
10 min, loaded into the wells of SDS/PAGE to separate, and
transferred to PVDF membranes (IPVH00010, Merck). The
membranes were blocked by 5% skim milk in PBST for 1h at
room temperature, probed with indicated primary antibodies
overnight at 4°C, washed 3 times with PBST, incubated with
recommended HRP-conjugated second antibody (7074s, Cell
Signaling Technology) for 1h at room temperature, washed
3 times with PBST, and visualized with HRP substrate
peroxide solution.

Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent (15596026,
Invitrogen). RNA was reverse transcribed into cDNA by the
reverse transcription system (RR037A, Takara). SYBR Premix Ex
Taq kit (RR820A, Takara) was used to perform qRT-PCR on
LightCycler480 Real-Time PCR System (Roche). Relative gene
expression levels were obtained based on the 27**“* method with
Hprt as internal reference control. Primers for qRT-PCR are
listed in Supplementary Table S1.

HTGTS

HTGTS libraries were constructed as described (Dong et al,
2015). Briefly, genomic DNA of CHI12F3 or its mutants were
extracted after stimulation for 3 days. The genomic DNA was
sonicated and amplified by LAM-PCR with 5’ Sp biotin primer
(5'-CAGACCTGGGAATGTATGGT-3"). The Biotinylated
products of PCR were captured by Dynabeads MyOne
streptavidin  C1 beads (Invitrogen), ligated with bridge
adapters on-bead. The ligated products were amplified by
second-PCR to add adaptor. Then, the products of PCR were
blocking with endonuclease Afill to remove germline genomic
DNA fragment. The third round PCR was performed to add
Mlumina Miseq-compatible adapters to conduct MiSeq
sequencing. The HTGTS data were analyzed as described
(Dong et al, 2015; Panchakshari et al, 2018). Data were
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presented as mean + SEM (Student’s t-test, *p < 0.05, **p <
0.01, **p < 0.001).

Statistical Analysis

Statistical analysis was performed in GraphPad Prism 7.01. Data
was reported as mean and SD except that the HTGTS analysis was
reported as mean and SEM. Unpaired two-tailed Student ¢ test or
two-way ANOVA was used to examine the significant difference
between samples. The asterisks stand for significant differences
(*p < 0.05, ¥*p < 0.01, **p < 0.001, ***p < 0.0001, n. s indicates
non-significant differences).

Data and Code Availability

HTGTS sequencing data have been deposited at the Sequence
Read Archive (SRA) with a project #PRJNA728565, with an
access URL:https://dataview.ncbi.nlm.nih.gov/object/
PRJNA728565.

RESULTS

Mre11 and CtIP are Required for A-EJ
Mediated Class Switch Recombination

to IgA

Previous reports indicated that germline deletion of Mrell or
CtIP confers early embryonic lethality in mice, and mutant MEF
cells showed altered proliferation and genome instability (Buis
et al., 2008; Chen et al., 2005). To first examine the role of Mrell
in class switching, we utilized two different short hairpin RNAs
(shRNA) expressed from lentiviral vectors to silence its
expression in mouse mature B cell lymphoma cell line
CHI12F3 that can be stimulated to specifically undergo isotype
switching to IgA (Figure 1A). ShRNA-mediated knock down of
Mrell expression in CH12F3 appears not affecting the overall
proliferation of cells (Supplementary Figure S1A). When
stimulated by the combination of aCD40/IL-4/TGF-p,
shMrell cells showed similar level of mature Ip and Ia
germline transcription, and the protein level of AID was not
perturbed by Mrell silencing (Supplementary Figures
S1B,S1C). IgA expression in shMrell cells showed a mild
defect by surface staining (Figures 1B,C, Supplementary
Figure S2A). To distinguish whether the endonuclease or
exonuclease of Mrell is involved in CSR by c-NHE], we
treated CH12F3 cells with small chemical inhibitor Mirin or
PEMOL1 that specifically inhibit Mrell’s exo- or endonuclease
activity, respectively (Shibata et al., 2014), and discovered that
only Mirin, but not PFMO01 treatment conferred a mild but
significant defect in IgA levels (Figure 1D, Supplementary
Figure S2B). Next, we used three different shRNA to silence
expression of CtIP in CH12F3 cell (Figure 1E). While CtIP
knockdown did not affect the Iy and Ia germline
transcription, AID protein level and cell proliferation rate did
exhibit small decline by shCtIP-3# (Supplementary Figures
S1D-F). However, all three shCtIP-infected cells showed
similar IgA levels at around 70-80% of values of WT,
implying that CtIP contributes to class switching in WT cells
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FIGURE 1 | Mre11 and CtIP are essential for A-EJ mediated CSR. (A) Western blot analysis of Mre11 expression in WT and Lig4™~ CH12F3 cells transduced with
lentivirus expressing the indicated shRNA. (B) Representative flow cytometry analysis of CSR to IgA in Mre11-silenced WT and L/g4
switching efficiency in Mre11-silenced WT and Lig4~~ cells normalized to that scramble control. Data were presented as mean + SD from six independent experiments
(Student’s t-test, “p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, n. s. (p > 0.05) indicates non-significant differences). (D) Normalized CSR to IgA in WT and

Lig4'/ ~ cells pretreated with 10 uM exonuclease inhibitor (Mirin), 10 uM endonuclease inhibitor (PFMO01). Data were presented as mean + SD from six independent
experiments (Student’s t-test, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, n. s. (o > 0.05) indicates non-significant differences). (E) Western blot analysis of CtIP

" cells. (C) Quantification of IgA

(Continued)

Frontiers in Cell and Developmental Biology | www.frontiersin.org

37

November 2021 | Volume 9 | Article 767624


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sun et al.

DSB Resection Promotes A-EJ CSR

FIGURE 1 | expression in WT and Lig4’/ ~ cells transduced with lentivirus expressing the indicated shRNA. (F) Representative flow cytometry analysis of IgA switching in
CtIP-knockdown WT and Lig4 ™~ cells. (G) Quantification of IgA CSR efficiency in CtIP knockdown WT and Lig4 ™~ cells. CSR was assayed at 72 h after stimulation with
a-CD40/IL-4/TGF-pB. Scramble represented control shRNA targeting a non-mouse sequence. Data were presented as mean + SD from six independent experiments
(Student’s t-test, *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001, n. s. (p > 0.05) indicates non-significant differences).

largely independent of AID protein regulation. A recent study
reported EXD2 as an exonuclease that functions with Mrell for
DSB resection and HR (Broderick et al., 2016). We generated
EXD2 knockout CH12F3 cells by CRISPR/Cas9 (Supplementary
Figures S3A-S3C), and surface staining indicated that EXD2 was
not required for IgA switching by c-NHE] (Supplementary
Figure S3D).

To further investigate whether these resection initiation
proteins are required for CSR by A-EJ, we knocked-down
Mrell in Lig4 /- CHI2F3 cells (Figure 1A). Again, Mrell
silencing in Lig4”" cells did not change IwTIa germline
transcription and AID protein level, or overall proliferation
(Supplementary Figures S1A-S1C). As previously reported,
Ligd™" cells switched to IgA at an efficiency about ~30% of
that of WT CHI2F3 cells. Mrell silencing by two different
hairpin RNAs significantly further reduced IgA levels by about
one third to half (Figures 1B,C). Treating Lig4 "~ cells with either
Mirin or PEMO1 also reduced IgA switching levels to close to 50%
of DMSO-treated control cells (Figure 1D, Supplementary
Figure S2B). Similarly, shRNA-mediated knockdown of CtIP
in Lig4 ™" cells further impairs IgA switching by more than 50%
(Figures 1F,G, Supplementary Figure S2C). A rather mild effect
on A-E] was observed by Exd2 deletion in Lig4”" cells
(Supplementary Figures S3C,S3D), suggesting that the
stimulation of Mrell’s exonuclease activity by Exd2 is
negligible during B cell class switching. Taken together, these
data suggest that while efficient CSR in wild type cells requires
Mrell/CtIP to various extent, Mrell and CtIP play more
important roles in A-EJ-mediated CSR.

S-S Joining Pattern and MH Usage in
c-NHEJ and A-EJ in the Absence of Mre11
or CtIP

To further explore the molecular signature of end joining in cells
deficient for Mrell or CtIP, we utilized High Throughput
Genome-wide Translocation Sequencing (HTGTS) to
characterize Sp-Sa junctions and MH usage pattern in
stimulated CH12F3 wild type and mutant cells (Figure 2A).
HTGTS with a 5° Sy anchor primer fine-maps joining from
AlD-initiated DSBs occurring in upstream Sp to those in Sa
region and genome wide. Consistent with no or moderate defect
in c-NHEJ CSR by FACS in WT CH12F3 cells, Mrell or CtIP
knockdown cells showed nearly no difference in the percentage of
Sp-Sa joining compared with scramble controls (Supplementary
Figure S4). When examining junctions mapped to the Sa region
for details, however, we indeed observed a small but significant
decrease in the ratio of direct versus inversional Sp-Sa joining in
shMrell cells (Figures 2B,C). The percentages of junctions
falling into Ca represents joining of Sp to Sa DSBs resected
into distal region (Figure 2A). In shMrell cells, we observed a

small but significant increase in the Sa DSBs long resection
(Figure 2D), and MH usage of Sp-Sa joining showed a slight
decrease in “blunt” (MH = 0) and increase in MH = 1 joins
(Figure 2E), consistent with a role for Mrell in activating DDR
kinase ATM that is critical for suppressing resection and MH
usage. In contrast, CtIP-silenced CH12F3 cells showed identical
Sa DSB resection and MH pattern in Sp-Sa junctions compared
with control cells (Figures 2D,E), indicating that CtIP does not
play a critical role in the joining step of c-NHE]-mediated CSR.

We then analyzed S-S joining pattern of Mrell or CtIP-
silenced Lig4”~ cells with HTGTS. Scramble control virus
transduced Ligd ™ cells had significantly decreased in direct
Sa joining and concomitant decrease in the ratio of direct
versus inversional Sa junctions (Figures 2B-D). Mrell or
CtIP  knockdown further decreased direct Sa joining
percentage, consistent with IgA surface staining data
(Figure 2B). Interestingly, we found no significant difference
in Ca distal junctions and MH usage between Lig4 ™~ cells
infected with scramble or shMrell/shCtIP virus (Figures
2D,E), indicating that while Mrell/CtIP is partly required for
A-EJ events in Lig4-deficient cells, they are not required for the
long resection activity into Ca region in these cells. In addition,
we indeed discovered an obviously decreased ratio of direct versus
inversional Sa junctions in shCtIP infected Lig4 "~ cells (Figures
2B,C), implicating a unique role for CtIP in A-E] in this context.

BLM/DNA2-Mediated Long-Range
Resection is Required for A-EJ Class Switch

Recombination

To study the role of long range DSB resection factors in CSR, we
first deleted Exol by CRISPR/Cas9 in CHI2F3 cells
(Supplementary Figures S5A,B). Consistent with previous
reports, IgA switching in Exol knockout cells in both WT and
Lig4™"~ backgrounds was extremely low (Supplementary Figure
S5C) due to severe defect in mismatch repair that is critical to
convert AID-initiated lesions into DSBs (Bardwell et al., 2004).
Except for its exonuclease activity, Exol also has a structural
function to facilitate the assembly of high-order protein complex.
The Exo1*'% mutation that is exonuclease-dead has been shown
to retain mismatch repair activity but is defective in DSB
resection and HR-related functions (Schaetzlein et al., 2013).
We thus reintroduced the Exol®™'%% (referred to as Exol®®
hereafter) mutation by retrovirus back to ExoI-deleted WT
and Lig4 "™ cells (Supplementary Figure S5D), and both
Exol™" and Exo1®* fully rescued the near-null IgA switching
in not only Exol” cells, but also Ligd”’~ Exol™ cells
(Figure 3A, Supplementary Figure S5E), indicating that
exonuclease-embedded DSB resection function of Exol is not
required for either c-NHE] or A-EJ-mediated CSR. To further test
whether Exol plays any role in joining of non-AID initiated
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sequenced by HTGTS. Joining from 5’ Sy bait DSB to Sa broken end reading in the telomere to centromere orientation are designated as deletion and represent
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FIGURE 2 | (C) The ratio of deletion versus inversion for Sa junctions in Mre11/CtlP-silenced WT and Lig4 ™~ cells. Data were presented as mean + SEM (Student’s t-test,
*p < 0.05, *p < 0.01, **p < 0.001, n. s. (p > 0.05) indicates non-significant differences). (D) Percentage of long resection junctions in Mre11/CtIP-silenced WT and
L/'g4’/ " cells. Data were presented as mean + SEM (Student’s t-test, “o < 0.05, n. s. (p > 0.05) indicates non-significant differences). (E) The MH pattern of Sp-Sa
junctions in Mre11/CtIP-silenced WT and Lig4~~ cells. HTGTS analyses were performed with indicated cells stimulated with a-CD40/IL-4/T GF-p for 72 h. Data were

presented as mean + SEM.

DSBs, we introduced simultaneous blunt end breaks at Sy and
Syl by CRISPR/Cas9 (Supplementary Figure S5F) and tested
switching to IgG1 in WT, Lig4 ", Exol™’~, or double-mutant cells
at 24, 48, and 72 h post-transfection. After normalization with
transfection efficiency, efficient joining of Su-Cas9 DSBs to Sy1-
Cas9 breaks generated 40-60% of IgG1+ cells; as expected, Lig4
ablation reduced IgG1 switching efficiency by more than half to
only 10-20% (Figure 3B, Supplementary Figures S5G,5H). In
addition, we found that Exol deletion in either in WT or Lig4 '~
cells did not reduce Cas9-mediated IgGl switching than the
corresponding controls (Figure 3B). Taken together, we
conclude that Exol is not required for joining AID or Cas9-
generated DSBs by either c-NHE] or A-EJ pathways.

We then asked whether DNA2/BLM-mediated long range
resection is required for efficient A-E]. Two specific shRNA
efficiently knocked down the mRNA expression of DNA2 by
50-70% in both wild type and Ligd”~ CHI2F3 cells
(Supplementary Figure S6A); accordingly, the IgA CSR
efficiency in WT cells was slightly decreased by about 20%, and
Ligd™™ cells with shDNA2 exhibited an IgA CSR decline by 30%
(Figure 3C, Supplementary Figure S6H). This deficiency can be at
least partly attributed to impaired proliferation caused by DNA2
knockdown in WT and Lig4_/ ~ cells (Supplementary Figure S6B).
To test the role of BLM in A-EJ, we first deleted with CRISPR/Cas9
the exon 8 of Blm gene upstream of the helicase domain; this
mutation rendered ablation of BLM by premature termination of
translation (Babbe et al., 2009) (Supplementary Figures S6C,S6D).
The resultant BLM“"*** cells were indistinguishable in IgA
switching compared with WT cells, whilst BLM*Pi<*¢ in the
Ligd™"~ background slightly but significantly reduced IgA CSR
compared to control cells (Supplementary Figure S6E). Due to
severe slow proliferation caused by helicase domain disruption, we
generated another Bl mutation by Cas9 to delete the exon 19 that
encodes Helicase-and-RNaseD-like-C-terminal (HRDC) domain of
BLM (Supplementary Figures S6F,G). The HRDC domain
interacts with the ATPase domain of BLM that may affect its
helicase activity (Newman et al,, 2015) and has been shown to be
required for annealing of complementary single-strand DNA and
Holliday junction resolution (Wu et al., 2005; Newman et al., 2015;
van Wietmarschen et al., 2018). Although BLM**°© CH12F3 cells
proliferate and switch to IgA normally, BLM*"®PC in Liga /"
background displayed a substantial decrease in CSR efficiency
(Figure 3D, Supplementary Figures S6l), indicating that the
HRDC domain of BLM is required for A-EJ, but not c-NHEJ-
mediated class switching.

To gain more insights on the mechanism of how BLM
participates in A-EJ, we performed HTGTS assay in WT and
Liga™" cells with BLM*™®P€ mutation and analyzed the pattern
of S-S joining and MH in these cells (Supplementary Figure S7).
Compared with WT cells, the BLM*™®P® mutant exhibited a

slightly decrease in the proportion of Sa junctions and a mild
increase in junctions involving long Sa resection (Supplementary
Figures S7B,C). When examining MH pattern of Sp-Sa
junctions, we recovered no significant difference between WT
and BLM*"®P¢ mutant cells (Supplementary Figure S7D). In
contrast, a significant decrease in the proportion of long Sa
resection junctions in Lig4 ™ cells with BLM*"®P¢ mutation
was observed (Figures 3E,F), indicating the HRDC activity is
required for the joining of long-resected Sa breaks in Lig4 ™~ cells.
Similar to aforementioned cells in WT background, no significant
difference in the MH profile in Sp-Sa junctions was observed in
BLM“HRPC cells compared with the corresponding Ligd ™~
control (Figure 3G).

ATM Kinase Activity is Required for Both
c-NHEJ and A-EJ-Mediated Class Switch

Recombination

AlID-initiated DSB recruits and activates ATM. While ATM
positively regulates c-NHE]J-mediated CSR, its role in A-E]J has
not been carefully examined. To this end, we first applied a highly
selective ATM inhibitor AZD1390 that suppressed c-NHE]
mediated CSR at low concentrations with no effect on germline
transcription and AID expression (Figure 4A, Supplementary
Figures S8C,E). Treating Lig4 '~ cells with AZD1390 further
reduced IgA switching by about half (Figure 4A). The CSR
reduction by AZDI1390 treatment in Ligd”~ cells was
phenocopied by Atm knockout (Figure 4B, Supplementary
Figure S8A). In addition, we observed more phosphorylation
of KAP1 that was ATM-dependent in IR-irradiated Lig4-deficient
cells compared with WT control, indicating persistent ATM
activation in A-EJ cells (Supplementary Figure S8B). Together,
we concluded that ATM kinase activity is required for both
¢-NHEJ and A-EJ-mediated CSR.

We then examined the Sp-Sa joining pattern with ATM deletion
and ATM kinase inhibition by the HTGTS assay. Atm knockout or
kinase activity inhibition in CHI12F3 cells similarly resulted in
increased Sa DSBs resection, increased MH usage, and decreased
ratio of deletional versus inversional Sp-Sa joining (Figures 4C-E).
Surprisingly, in Lig4"~ cells with Atm ablation, although the
percentage of Sa deletional joining over total IgH junctions
decreased (Supplementary Figures S8F-H) that was consistent
with further reduced IgA surface expression than Ligd 7~ cells by
flow cytometry, other parameters including Sa DSBs long resection,
MH usage, and ratio of deletional versus inversional Su-Sa junctions
remained unchanged compared with controls (Figures 4C-E). We
concluded that while ATM plays important roles in both c-NHE] and
A-EJ-mediated CSR, it did not appear to control Sa long resection in
Lig4-deficient cells. We also examine the potential role of another
PIKK, DNA-PKcs in CSR. Consistent with the reported role of DNA-
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FIGURE 3 | Long resection factors BLM/DNA2 are involved in A-EJ mediated CSR. (A) Normalized CSR to IgA in Exo1-deficient B cell reconstituted with retrovirus
expressing indicated constructs. Data were presented as mean + SD from four independent experiments (Student’s t-test, “p < 0.05, *p < 0.01, **p < 0.001, ***p <
0.0001, n. s. (p > 0.05) indicates non-significant differences). (B) Efficiency of switching to IgG1 with CRISPR/Cas9 targeting Sp and Sy1, respectively, in Exo1-deficient
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differences). (C) Normalized IgA CSR efficiency in DNA2-silenced WT and Lig4’/ ~ cells. Data were presented as mean + SD from four independent experiments
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FIGURE 3 | domain deleted WT and Lig4’/ ~ cells. Data were presented as mean + SD from six independent experiments (Student’s t-test, *p < 0.05, *p < 0.01, **p <
0.001, ***p < 0.0001, n. s. (o > 0.05) indicates non-significant differences). (E) Linear distribution of pooled Sp-Sa junctions recovered from HTGTS libraries with CSR
activated Lig4’/ = BIm*"RPC cells. Numbers (N) indicated experiment repeats. (F) Percentage of long resection junctions in Lig4’/ = BIm*"RPC cells. Data were presented
as mean + SEM (Student’s t-test, *p < 0.05, n. s. (p > 0.05) indicates non-significant differences). (G) The MH pattern of Su-Sa junctions in Lig4™~ BIm*"RPC cells. Data
were presented as mean + SEM.
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PKcs in promoting c-NHE] to IgG in primary mouse B cells (Franco
etal., 2008; Callén et al., 2009), while deleting DNA-PKcs by CRISPR/
Cas9 (Supplementary Figures S9A-D) significantly diminished IgA
in WT CHI2F3 cells, knocking out DNA-PKcs in Ligd /"~ cells did
not further reduce IgA CSR (Supplementary Figure S9E), indicating
that DNA-PKcs does not play a role in A-EJ.

ATM Functions Independently of Mre11/
CtIP in Promoting A-EJ

Previous reports suggested ATM may promote DSBs resection
through phosphorylating CtIP as the CtIP-T859A mutant

compromised resection and HR repair (Peterson et al., 2013;
Wang et al., 2013). To investigate the relationship between ATM
and Mrell/CtIP in end joining during CSR, we first silenced
Mrell or CtIP expression by shRNA in ATM '~ cells
(Supplementary Figure S10A). While shMrell in ATM
cells showed only a mild effect on IgA + cells by surface
staining, silencing CtIP slightly decreased (~20%) IgA
switching compared with scramble control (Figure 5A).
However, in Ligd’~ ATM ™~ cells, silencing either Mrell or
CtIP (Supplementary Figure S10B) conferred significantly
more defect in CSR up to 50% lower than scramble control, a
phenotype much more severe than that in Atm deletion alone
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FIGURE 6 | Mre11/CtIP and ATM are not required for CSR in 53bp1~'~ cells. (A) Silencing Mre11/CtIP did not affect IgA CSR in 53bp71~~ cells. Data were
presented as mean + SD from six independent experiments (Student’s t-test, n. s. (o > 0.05) indicates non-significant differences). (B) Normalized IgA switching efficiency
in Atm-deleted 53bp71~~ cells. Data were presented as mean + SD from six independent experiments (Student’s t-test, n. s. (o > 0.05) indicates non-significant
differences). (C) Linear distribution of pooled Sp-Sa junctions recovered from HTGTS libraries with CSR activated Mre11/CtIP-silenced and ATM knockout
53bp17~~ cells. Numbers (V) indicated experiment repeats. (D) Percentage of long resection junction in Sp-Sa junctions recovered from HTGTS libraries with Mre11/
CtlP-silenced and ATM-deficient 53bp 77~ cells. CSR and HTGTS analysis were assayed at 72 h after stimulation with a-CD40/IL-4/T GF-B. Data were presented as
mean + SEM (Student’s t-test, *p < 0.05, *p < 0.01, n. s. (o > 0.05) indicates non-significant differences).

(Figure 5B), suggesting that Mrel1 and CtIP function in part via
different pathways than ATM in promoting A-EJ in Lig4-
deficient cells.

To further confirm the above observation, we treated Mrell or
CtIP-silenced WT or Lig4 ™ cells with DMSO or AZD1390
before stimulating them for CSR. Consistent with
aforementioned findings, silencing only CtIP but not Mrell in
DMSO-treated WT cells resulted in a mild IgA switching defect
(Figure 5C). As expected, ATMi treatment decreased IgA

switching of scramble control cells compared with DMSO
treatment; no significant difference in switch efficiency was
observed between ATMi-treated control and shMrell cells
(Figure 5C). In contrast, ATMi-treated shCtIP cells showed
further IgA defect than scramble control cells under the same
treatment (Figure 5C). These data confirmed an epistatic effect
between ATM and Mrell, and a non-overlapping function of
ATM and CtIP in c-NHE]-mediated cells. In stark contrast,
ATMi treatment indeed caused more severe switching defect
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in Lig4 ™~ cells infected with either shMrel1 or shCtIP compared
with that of scramble control (Figure 5D). Taken together, these
data implicated that while ATM and Mrell are epistatic in
c-NHEJ-mediated CSR, it functions at least in part
independent of Mrell and CtIP in promoting A-EJ-mediated
CSR in Ligd™ cells.

Less Dependency on Mre11/CtIP-Mediated
Resection for Class Switch Recombination
in 53bp1~'~ Cells

Ours and others’ previous reports had indicated that 53BP1-
deficient B cells underwent greatly impaired CSR characterized by
significantly increased S region DSB resection and MH usage in
S-S junctions (Bothmer et al, 2013; Dong et al, 2015),
representing a scenario similar to A-EJ comparing to c-NHE]
factor ablation. To investigate whether Mrell/CtIP-mediated
resection plays any role in A-EJ in 53BP1-deficient cells, we
first silenced these two factors with lentiviral expressed shRNA
(Supplementary Figure S11A) and stimulated them for
switching. However, in contrast to what we observed in
Lig4™" cells, silencing Mrell or CtIP in 53bp1™"" cells did not
lead to further defect in IgA switching compared with that of
scramble control (Figure 6A). ATM kinase inhibition by
AZDI1390 in 53bpI~"" cells resulted in very mild, if there was
any, additive decline in switching than DMSO controls
(Supplementary Figure S11B). Similarly, Atm gene knockout
by CRISPR/Cas9 in 53bpl~~ cells (Supplementary Figures
$11C,D) did not change its switching efficiency (Figure 6B),
suggesting that ATM and its kinase activity are not required for
A-EJ in this setting.

We also deleted resection factor EXD2 in 53bp1™~’~ cells and
results showed EXD2 depletion did not further reduce IgA
switching (Supplementary Figures S11E,F). Similar to the
observations with WT CHI2F3 cells, deleting Exol in
53bpl”~ nearly completely abolished switching, and re-
introducing either EXO1"" or Exo1®'%X mutants back to the
53bp1™~ Exol™’~ double-mutant cells restored IgA switching to
the 53bp1~'" level (Supplementary Figures S11G-1I), suggesting
that Exol-mediated DSB resection was not required for A-EJ in
53BP1-deficient cells. Taken together, it appears that neither
short-range nor long-range resections factors were critical for
A-EJ in 53BP1-deficient cells, and the requirement for resection
activity in A-EJ-mediated CSR is context dependent.

To gain more insight into the effect of Mrell/CtIP and ATM
kinase on class switch in 53bpI™" cells, we applied HTGTS assay
with Mrel1/CtIP-silenced or Atm-deleted 53bp1~"~ cells. Consistent
with the IgA FACS staining data, HTGTS revealed similar levels of
Sp-Sat joining in all cells with shMrell or shCtIP or ATM deletion
compared with 53bp1~”~ control cells (Supplementary Figures
S12A,B). Surprisingly, we found that Mrell or CtIP silencing did
not change the overall pattern of Sa joining in 53bp1~"~ cells in that
deletional versus inversional Sa joins and levels of SaDSB resection
were similar in shMrell and shCtIP-infected 53bpl™" cells
compared with those in scramble control cells (Figures 6C,D,
Supplementary Figure S12C). However, we indeed observed a
significant increase in the percentage of direct junctions and
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junctions with 1 base pair of microhomology sequences in
shMrell cells (Supplementary Figure S12D), implicating that
Mrell and CtIP may have different roles in mediating MH-
mediated joining in this context. Atm gene deletion, on the other
hand, resulted in significantly decreased Sa DSB long resection
without changing MH usage in Sa junctions (Figures 6C,D,
Supplementary Figure S12D). Taken together, we concluded
that while only ATM activity is required for Sa DSB resection in
53BP1-deficient cells, neither Mrel1/CtIP nor ATM is required for
the residual switching in this setting.

DISCUSSION

Our previous studies reported elevated S region DSB resection
and MH usage in 53bpI™~'~ or Lig4 '~ than that in wild type cells
(Dong et al., 2015; Panchakshari et al., 2018). In this study, we
continue to demonstrate that DSB resection factors together with
ATM play important roles in meditating A-EJ in the absence of
Lig4. Based on the findings from this study and others’ reports, we
summarize the roles of each individual factor in CSR in the
absence of Lig4 or 53BPI. Consistent with a prior report
(Dinkelmann et al., 2009), the mild increase in resection and
MH usage in Mrell-silenced cells that resembled (but not as
severe) ATM-deficient cells supports the notion that Mrel1 has a
minor role in meditating c-NHE] in wild type B cells through
activating ATM-dependent DDR. In contrast, CtIP deficiency
impaired CSR but the nearly identical resection and junctional
MH as control cells indicates that CtIP is not strictly required for
end joining in WT cells. The mild CSR defect in CtIP-deficient
WT cells had been attributed to impaired cellular proliferation or
AID expression (Lee-Theilen et al., 2011; Liu et al., 2019). Our
data that several shCtIP clones with different proliferation rates
and AID levels showed similar efficiency indicated other
mechanisms may underlie CtIP’s role in CSR. An interesting
hypothesis is that CtIP facilitates DSB end bridging independent
of resection initiation, as a recent study suggested (Oz et al.,
2020), likely through multimerization (Wang et al., 2012; Andres
et al., 2015; Davies et al., 2015). Furthermore, our data clearly
supported roles for Mrel1/CtIP in A-EJ-mediated CSR in Ligd ™/~
cells. However, it appeared that Mrell/CtIP silencing did not
affect S region DSB long resection indicated by the distal Ca
junctions in HTGTS assay. As AID-initiated Sa breaks are highly
enriched in the core, joining of Sa breaks into Ca would require
an Sa DSBs to be resected over a thousand base pairs away from
the core region. Thus, the lack of change in Ca junctions in
shMrel1/shCtIP cells can be explained as that they do not affect
Sa DSB “long” resection, and their potential roles in mediating Sa
short resection in Lig4-deficient cells cannot be ruled out. In
addition, CtIP may have additional Mrell-independent roles in
A-EJ in Ligd™" cells in the same fashion in WT cells. In this
regard, we indeed found that shCtIP Lig4 ™~ cells showed further
decreased ratio of Sa direct versus inversional junctions that was
not seen in shMrel1 cells, indicating CtIP can participate in A-E]J
by promoting deletional Su-Sa joining independent of Mrell.
As Mrell or CtIP silencing further reduced but not completely
abolished CSR, there exists Mrel1/CtIP-independent A-EJ activities
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in Lig4-deficient cells that include BLM/DNA2-mediated long range
resection, as deleting Blm or silencing DNA2 in Ligd ™ cells reduced
residual switching. BLM may participate in A-EJ-mediated CSR
through two mechanisms. First, it contributes to S region DSB
resection in Ligd /" cells by using its helicase activity and in
conjunction with DNA2. However, the severe proliferation defect
due to impaired S phase DSB repair in Lig4-deficient CSR-activated
cells hindered further investigation on this function. Second, BLM
may promote resection-generated ssDNA to anneal with each other
by its HRDC domain (Wu et al., 2005). We cannot prove or exclude
at this point the possibility that the HRDC domain may affect the
helicase activity through intramolecular interaction (Newman et al,,
2015). To our surprise, the DSB resection activity of Exol is not
strictly required for A-EJ in this context, an observation consistent
with a prior report that the separation-of-function mutation
Exo1"'®* can still support A-EJ activity in an I-Scel-based assay
system (Schaetzlein et al,, 2013). This finding was further confirmed
by a CRISPR/Cas9-mediated end joining assay that does not rely on
Exo1 to generate S region DSBs, supporting the notion that Exol and
associated resection activity is not required for A-EJ in general.

Corresponding to a recent report (Wang et al.,, 2020), our data
demonstrated that ATM and its intrinsic kinase activity were required
for both c-NHE] and A-EJ-mediated CSR, and there were no obvious
differences between ATM kinase inhibition and Atm deletion in A-EJ
efficiency in Lig4-deficient cells. In c-NHE], ATM functions in part to
recruit 53BP1-Rifl to prevent BRCA1/CtIP-mediated S region DSB
resection. However, we did not find significant changes in Sa DSBs
resection and MH usage in Atm deleted or kinase inhibited Lig4 /™
cells. Prior reports have suggested that ATM promotes CtIP-
dependent DSB resection by direct phosphorylation (Wang et al,
2020), our finding with additive CSR impairment in Lig4-deficient
cells defective with both ATM and CtIP clearly indicated that ATM
activates additional targets in A-EJ other than CtIP.

Lastly, our data revealed the differential needs for Mrell/CtIP/
ATM between Lig4-deficient and 53BP1-deficient cells that could
stem from the readiness of these cells to undergo resection. In Lig4-
deficient cells, 53BP1 is still present at DSBs to recruit Rifl to
counteract CtIP-mediated resection in G1, and a fraction of cells
may proceed to S/G2 phase for CtIP/BRCA1 to block Rifl
recruitment to enable resection (Daley and Sung, 2013; Di Virgilio
et al, 2013). It is thus conceivable that silencing Mrell or CtIP in
Ligd™™ cells can lead to resection inhibition and dampen A-EJ
efficiency. On the other hand, in 53bp1™" cells the requirement
for CtIP to exclude 53BP1/Rifl becomes minimal as resection
suppression by Rifl has been canceled out. Consistent with the
minimal effect of resection on CSR efficiency we observed in
53bp1™" cells, a recent report revealed that resection can be
largely uncoupled with CSR (Sundaravinayagam et al., 2019) and
suggested that higher order chromatin structure by 53BP1
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As the most prevalent internal modification in mRNA, N°-methyladenosine (mPA) plays
broad biological functions via fine-tuning gene expression at the post-transcription level.
Such modifications are deposited by methyltransferases (i.e., m°A Writers), removed by
demethylases (i.e., m®A Erasers), and recognized by mPA binding proteins (i.e., m°A
Readers). The mPA decorations regulate the stability, splicing, translocation, and
translation efficiency of mMRNAs, and exert crucial effects on proliferation, differentiation,
and immunologic functions of immunocytes, such as T lymphocyte, B lymphocyte,
dendritic cell (DC), and macrophage. Recent studies have revealed the association of
dysregulated m°A modification machinery with various types of diseases, including AIDS,
cancer, autoimmune disease, and atherosclerosis. Given the crucial roles of m°A
modification in activating immunocytes and promoting DNA repair in cells under
physiological or pathological states, targeting dysregulated m®A machinery holds
therapeutic potential in clinical application. Here, we summarize the biological functions
of m®A machinery in immunocytes and the potential clinical applications via targeting m°A
machinery.

Keywords: m®A (N®-methyladenosine), immunocyte, epigenetics, immunotherapy, DNA repair

INTRODUCTION

While RNA modification was first identified in 1970s, it becomes a research focus in recent years. It
broadly exists in different species, including fungi (Bodi et al., 2015), plants (Yue et al., 2019), and
animals (Yoon et al,, 2017; Xia et al., 2018). During the past decades, researchers have found that
RNA methylation is a widespread modification in coding sequence and non-coding sequence
(Huang et al., 2020), most of which are located at the amine group outside ring, special nitrogen and
carbon positions of purine and pyrimidine, and the oxygen atom of the 2'-OH moiety (Liu and Jia,
2014). If classified by the modified position, RNA methylation mainly consists of N°-
methyladenosine (m°®A), 5-methylcytosine (m°C), N”-methylguanosine (m’G), etc, among
which m’G cap at the 5'end of RNA sequence has been rigorously studied for decades
(Devarkar et al., 2016; Pandolfini et al., 2019). However, m°A modification, representing the
most abundant modification, needs further study.

As reported, m°A modifications are localized in the conversed DRACH motifs (D = G/A/U, R =
G/A, H = A/U/C). The distribution of m°A is usually in the coding and 3’ untranslated regions,
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especially enriched in the upstream of stop codon in mRNA
(Roundtree et al., 2017). Recent researches find that m°A
modification is also an important biological mark of
endogenous circular RNA (circRNA) (Chen et al, 2019).
Moreover, m°A modification in IncRNA can regulate the
efficiency of glycolysis (Liu ] et al, 2019) or promote
oncogenesis (Chen et al,, 2020). Since m®A modification is
dynamic and reversible, the biological function and molecular
mechanism of m°A modification have become a research hotspot
in many medical fields.

WRITERS, ERASERS, AND READERS

The most momentous breakthrough in this field is the discovery
of the m®A machinery involved in m®A modification, including
“Writers,” “Erasers” and “Readers,” performing the function of
methyltransferase, demethylase, and recognizing the m°A
structure, respectively. They dynamically regulate the
homeostasis of m°A and its functions in cells.

Writers

With the function of forming m®A structure, “Writers” protein is
a 1 MDa complex composed of multiple subunits, containing
Methyltransferase like-3 (METTL3) (Liu et al, 2014),
Methyltransferase like-14 (METTL14) (Weng et al, 2018),
Wilm’s Tumor 1-associating protein (WTAP) (Ping et al,
2014; Sorci et al, 2018), etc. METTL3 is responsible for
catalyzing the transfer of methyl group with the support of
S-adenosyl-methionine (SAM) in many types of RNA
including mRNA and miRNA, while METTLI4 is a catalytic
cofactor capable of recognizing and binding the target mRNA.
WTAP is in charge of recruiting the targeting RNA and locating
the METTL3/METTL14/WTAP complex into the nuclear
speckles, which is relevant to the prognosis and cisplatin
resistance (Ma et al.,, 2021) of cancer and the infiltration of T
lymphocyte within tumors (Li H et al, 2020). New subunits,
termed RBM15/RBM15B (Knuckles et al., 2018), KIAA1429 (Lan
et al,, 2019), ZFP217 (Song et al., 2019), and ZC3H3 (Silla et al.,
2020), have been identified, and their functions involve in the
recruitment, m®A modification of mRNA or IncRNA, and
regulation of the m°A catalytic efficiency. Different types of
“Writers” may interact with each other, as a result of which
may influence the progression of some diseases such as colorectal
cancer (Chen H et al., 2021).

Erasers

The m®A structure can be erased by the “Erasers” protein. Fat mass
and obesity-associated protein (FTO) (Jia et al, 2011) was
supposed to be the first demethylase discovered, whose
existence confirmed the reversibility of m°A modification. FTO
and the second identified “Erasers” called AlkB Homolog 5
(ALKBH5) (Zheng et al, 2013) jointly counter the mC®A
modification of “Writers,” thus maintaining the homeostasis of
m°A level in cells, whereas the distribution of the two proteins are
tissue-specific. The amino acid sequence HXDXnH and
RXXXXXR (X = any amino acid) with demethylase activity are

mCA, Immunocytes and DNA Repair

contained in their mutual AlkB domain. Both of them remove the
m°A methylation from mRNA with the Fe (II)/a-ketoglutarate-
dependent dioxygenase (Fedeles et al., 2015). The demonstration of
“Writers” and “Erasers” initiates a new branch, namely, m°A
research, in the field of epigenetics. Recent studies on ALKBH5
gradually elucidate its multiple functions in disease progressing
and therapeutic efficacy, including CD4" T cell pathogenicity in
autoimmunity (Zhou et al,, 2021), anti PD-1 response in tumor
treatment (Li N et al.,, 2020), glucocorticoid resistance in T-cell
acute lymphoblastic leukemia cell treatment (Gong et al,
2021), etc.

Readers

The level of m®A in cells is dynamically modulated by “Writers”
and “Erasers,” while “Readers” can recognize the m°A structure
and regulate the subsequent cell processes such as translation
and stability of mRNA. The YTH domain-containing family is
the first confirmed component of “Readers,” characterized by
the YTH domain at C terminus. YTHDF1~3 and YTHDC1~2
(Kasowitz et al., 2018; Zhou et al., 2020) are identified as m°A
binding proteins, among which researches concerning YTHDF
are more detailed. Generally speaking, the aforementioned m°®A
“Readers” proteins have the same function of binding the
m®A-modified mRNA with the consensus YTH domain at C
terminus, while YTHDF1 promote translation by binding the
m®A at translation initiation site (Zhuang et al., 2019);
YTHDEF2, characterized by the P/Q/N-rich domain at N
terminus, recruits the CCR4-NOT deadenylase complex and
brings the target mRNA to cytoplasmic P bodies (Du et al.,
2016), resulting in the destabilization of mRNA (Paris et al,
2019); YTHDEF3 is also related to mRNA decay, but it is
regarded to have a synergistic effect on YTHDF1 and
YTHDF2 (Ni et al,, 2019). In contrast to YTHDF, additional
Readers such as insulin-like growth factor 2 mRNA-binding
proteins (IGF2BPs) (Hanniford et al., 2020) can uniquely
stabilize the target mRNA, while the eukaryotic initiation
factor 3 (elF3) (Meyer et al., 2015; Wolf et al, 2020) can
promote cap-independent translation of mRNA with 5'-UTR
m°A modified. Moreover, other m°A Readers like ELAVLI
(Zhang et al., 2017) are being studied recently.

ROLES OF M®A MODIFICATION IN
IMMUNOCYTES

Immunocytes play a crucial role in a variety of bioprocesses, such
as recognizing and presenting the pathogen and immune
response, whose depletion or dysfunction is the important
pathological basis of tumorigenesis, viral infection, and
autoimmune diseases, etc. Previous researches focused on the
function of m°®A in cancer cells, including endometrial cancer
(Liu et al., 2018), breast cancer (Cai et al., 2018), bladder cancer
(Cheng et al., 2019), hepatocellular cancer (Zhao X et al., 2018),
nasopharyngeal cancer (Zhang et al., 2018), glioblastoma stem
cells (Cui et al., 2017), acute myeloid leukemia (Cui et al., 2017),
etc. Nevertheless, recent m°A researches on T lymphocyte, B
lymphocyte, DC, and macrophage broaden our cognition
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FIGURE 1 | m®A decoration contributes to the regulation of Tn differentiation and Treg function both through JAK-STATS pathway. m®A modifications in Soc7,
Soc3, and Cish mRNA accelerate their degradation, thus decreasing the expression of SOCS. As a consequence, through the JAK/STATS pathway, IL-7 induced
differentiation of Tn and IL-2 induced suppressive function of Treg are both influenced afterwards.

towards the human immune system, which are the latest  phosphorylation of STATS5, then the IL-7 mediated JAK-STATS5

achievements of m®A modification. pathway will be blocked, and thus the differentiation of Tn is
suffocated. However, because Mettl3™'~ strengthen ERK and APK
T Lymphocyte pathway simultaneously, no obvious increase in T cell apoptosis

T lymphocyte is the executant of human adaptive immune  can be observed. Follow-up study (Tong et al., 2018) found that
system, which is related to antitumor immunity and  Tn homeostasis of Mettl3”"; CD4-Cre mice can be destroyed and
autoimmune diseases. Furthermore, T lymphocyte is likely to  have colitis 3 months after being born, because Treg’s
have interaction with neural stem cells, thus inhibiting its  suppression of effector T cell is faulted. During this process,
proliferation and resulting in age-related brain disease (Dulken  genetic depletion of Mettl3 reduces the m°A modification of Socs
et al, 2019); the abnormal level of m5C, another form of RNA ~ mRNA, then stabilizes mRNA, and upregulates its expression.
methylation, in CD*" T lymphocytes may have a potential link  High level SOCS protein inhibits IL-2-STAT5 pathway, resulting
with the pathogenesis of systemic lupus erythematosus (SLE)  in the dysfunction of Treg. Additionally, it is demonstrated that
(Guo G et al,, 2020). According to the differences in functionand ~ Treg can strengthen type-II DC’s ability of presenting antigen
phenotype, T lymphocyte can be divided into subtypes including ~ (Binnewies et al., 2019), enhance antitumor response, and
naive T cell (Tn), cytotoxic T cell, regulatory T cell (Treg), helper ~ improve prognosis of checkpoint blockade such as PD-1 block
T cell (Th), etc., which is mainly driven by the stimulation of =~ immunotherapy (shown in Figure 1).
inflammation factor such as interleukin (IL) and tumor necrosis Another study (Lu et al., 2020) unveils the function of Mettl14
factor (TNF). Recently, bile acid has been proved to be an  in T lymphocytes. In this research, CD4-Cre*"® Mettl14™™*
accessional regulator of Th17 (Hang et al, 2019) and Treg  conditional knockout mice have found to develop spontaneous
differentiation. The newly discovered subtype termed  colitis due to the increased level in Thl cytokines, such as IFN-y
exhausted T cell (Tex) along with its key transcription factor ~ and TNF-a. Follow-up studies show that RORyt expression in
called thymocyte selection-associated high mobility group box  Mettl14 deficient Tregs is downregulated compared to the wild-
(TOX) (Scott et al,, 2019) is a breakthrough in antitumor study,  type Tregs and the induction efficacy of Mettl14 deficient Tn to
although the connection between Tex and m°A remains to be  iTreg is obviously impaired. As a consequence, both the reduction
explored. of iTregs, whose function has reported to be controlling the
Studies focusing on m°A in T lymphocyte mark the initiation ~ experimental colitis, and the dysfunctional Mettl14 deficient
of m°A study in adaptive immune field. Li F-B et al. (2017) found ~ Tregs lead to the development of spontaneous colitis. With the
that 5 weeks after transplant of wild type Tn, Rag ™~ mice develop ~ function of METTL3 in T follicular helper cell differentiation
colitis due to the differentiation of Tn into effector T cell, whereas  being clarified recently (Yao et al., 2021), plenty of evidences have
Rag ™'~ mice with Mett]3™~ transplanted exhibit no sign of similar ~ persuade us that m°A may play an irreplaceable role in all
symptoms and no T cell infiltration or inflammation inside spleen ~ subtypes of T cells.
and colon can be observed. FACS shows the dysfunction of Furthermore, in acute myeloid leukemia (AML), FTO
Mettl3™~ Tn differentiation. Molecular biology studies indicate  inhibition can lead to downregulation of leukocyte
that Socl, Soc3, and Cish mRNA are stabilized owing to thelackof =~ immunoglobulin-like receptor subfamily B member 4
m®A modification; afterwards, elevated SOCS protein inhibits the (LILRB4), render AML cells vulnerable to activated T cells,
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and simultaneously overcome hypomethylating agent (HMA)-
induced immune evasion. FTO’s function in anti-tumor
immunity, especially its function in T cells, can be a
promising therapeutic strategy in the field of m®A research (Su
et al., 2020).

In addition, when CD4" T cell is infected by the Human
Immunodeficiency Virus (HIV), both HIV RNA and intrinsic
RNA will be obviously increased (Lichinchi et al., 2016)
independent replication. Only gpl120 will
upregulate the level of m®A without influencing the
expression of Writers and Erasers (Tirumuru and Wu,
2019). The m°A modification position of HIV RNA mainly
distributes at 3’-UTR (Kennedy et al., 2016), which is directly
involved in the regulation of viral mRNA nuclear export and
protein synthesis. The m°A modification machinery, such as
YTHDF (Tirumuru et al., 2016), METTL3/METTL14, and
ALKBHS5 (Lichinchi et al., 2016), act as a crucial regulator of
this process. The m®A modification of HIV RNA will affect the
expression of viral proteins including p55 (the product of gene
gag) and Rev, consequently impacting the viral infectivity and
replication, while suppressing the expression of IFN-I in
monocytic cells and macrophages at the same time (Chen S
et al., 2021). Therefore, antibodies neutralizing gp120 or
CD4" probably have the potential to counter HIV. Besides,
Fu et al. (2019) for the first time applied HIV transgenic rats
for m°A research and elucidated the role of m°A modification
in mRNA in chronic HIV diseases, especially neurologic
disorder (shown in Figure 2).

In conclusion, the effect of YTHDF2 on virus remains to be
ascertained or can be bidirectional (Toro-Ascuy et al., 2016; Lu W
etal, 2018); YTHDEF3 weakens the viral infectivity and inhibits the
viral replication. Uniquely, YTHDF3 can be incorporated into the

of virus

virion and still keep its antiviral activation, but the HIV protease
can cleave the virion containing YTHDF3. This mechanism
prevents HIV from being killed thoroughly and provides a new
thought for HIV treatment (Jurczyszak et al., 2020).

All the researches above reveal that m°A along with associated
protein can alter the stability of mRNA and regulate nuclear
export and translation of mRNA, thus influencing the bioprocess
of T cell with different phenotype and promoting the progression
of certain diseases.

B Lymphocyte
B lymphocyte is involved in the humoral immunity by producing
antibodies. Applying bioengineering technology to design special
improbable immunogen can induce the synthesis of antibodies
with high affinity, which have the potential to treat virus
infection, such as HIV (Saunders et al, 2019). A recent
clinical study suggests that m°A modification is closely related
to the oncogenesis and progress of mantle cell lymphoma (Zhang
W et al., 2019). Mantle cell lymphocyte is a kind of non-hodgkin
B cell lymphoma characterized by aggressive phenotype and
rapid rate of progression. After analysis of 123 samples of
clinical patients, the hazard ratios of YTHDF3, METTLS3,
FTO, METTL14, ALKBH5, YTHDF2, and WTAP are below 1,
while those of YTHDF1, KIAA1429, and ELAVLL1 are above 1,
among which the maximum is ELAVL while the minimum is
YTHDEF3, implying that ELAVL and YTHDF3 might be the most
important regulators of mantle cell lymphoma. Moreover, “m°®A
index” is proposed to evaluate the prognosis of patients. Without
much available biology research data, this statistical study directs
a path for the following m°A research concerning B lymphocyte.
Recent studies have shown that the deletion of Mettl14 can
decrease the m°A level in developing B cells and inhibit some
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important processes, such as the IL-7-induced Pro-B cell
proliferation and the transition to the Large Pre-B Stage,
which depends on the function of YTHDE2 (Zheng et al,
2020) (shown in Figure 3). However, the Large-Pre-B-to-
Small-Pre-B  Transition depends on METTLI14, but is
independent of YTHDF1 or YTHDEF2 (shown in Figure 3).

The pathogenesis of diffuse large B-cell lymphoma (DLBCL),
which is the most common subtype of lymphoma derived from B
lymphocytes, has been illustrated to have a link with upregulated
METTL3 and the m®A level of the mRNA of pigment epithelium-
derived factor (Cheng et al., 2020), while PIWI-interacting RNAs
have been identified to function in this process recently (Han
et al.,, 2021). The association between B lymphocytes and other
m°A methylation-related proteins remains to be explored.

Besides, Kaposi’s sarcoma (KS) is evidently associated with
infection of HIV and Kaposi’s sarcoma-associated herpesvirus
(KSHV). KSHV shows strong lymphotropic and invades B cells in
the circulation (Myoung and Ganem, 2011). During this process,
m°A Reader protein YTHDF2 plays a positive role in KSHV
replication (Hesser et al., 2018). However, inconsistent with its
feature in vivo, KSHV exhibits weaken infectivity and
proliferation in B cells lines in vitro, so the role of m°A and
associated protein in the oncogenesis of KS remains to be
explored.

DC

As the bridge between the innate and adaptive immune, DCs
function as antigen-presenting cells and can also produce VEGF-
a for the recruitment of neutrophil to control cutaneous bacterial

infections (Janela et al., 2019). Therefore, DCs play a core role in
the eradication of pathogen and inducement of immune
tolerance. It has been evidenced that the dysfunction of DC
activation is involved in the progression of multiple
inflammation, cancer, and autoimmune diseases. Tyrosine
kinase AXL can induce the expression of PD-1. IFN-y and IL-
4 can respectively promote and inhibit the production of IL-12;
thus, blockade of IL-4 receptor can strengthen antitumor
response by expanding the infiltration of T lymphocyte at
tumor position (Maier et al., 2020). Though the association
between the suppression of DCs and extracellular
m°®A-modified RNA has been confirmed for decades (Kariko
et al, 2005), studies concerning m°A in DCs are still at its
infant stage.

Wang H et al. (2019) found that total level of m®A in DCs is
increasing parallel with its maturation. The distribution of m°A is
mainly located in NLR, TNF, and NF-«kB pathways, which are
responsible for the induction of co-stimulatory factors and pro-
inflammation factors which promote maturation of DCs.
METTL3 was involved in this physiological process. Distinct
from most of the previous laboratory findings, the
fundamental mechanism is the upregulation of translation
efficiency, but not the stability of mRNA (Wang H et al,
2019) (shown in Figure 4).

Han et al. (2019) discovered the connection between
upregulated translation and YTHDF1. The depletion of
YTHDF1 in DCs will limit the expression of lysosomal
protease, which decelerates the degradation of antigen, thus
improving DCs’ ability of presenting antigen and activating

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2021 | Volume 9 | Article 794754


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhou et al.

mPA, Immunocytes and DNA Repair

Immature DC

Methylation
o

| w43

Translation

Maturation

antigen and interaction with T lymphocytes are strengthened.

FIGURE 4 | METTL3 up-regulates the expression of CD40, CD80, and IL-12, which promote the maturation of immature DC. In the end, its ability of presenting

Mature DC
° ° T Lymphocyte
[ ]
~O.
= A
A DU o ©
- o e
Al
[ J
METTL3
& mea ® IL12
Y coao | cpaoL
4 coz2s

Mature DC

YTHDF1@* os®
Translationl(+) &b
00
cQ
' CQ v —Gor

"R'g l ‘

antigen impaired.

«s, Phagocytosis

FIGURE 5 | YTHDF1 increases the level of cathepsin in mature DCs, which accelerates the cleavage of antigens in phagosome, making DCs’ ability of presenting

Infected cell

? mea

® Antigen

bYTHDF1
Phagosome

C Cathepsin

cQ
Vo

e Decomposed Antigen

Lysosome

CD8" T cell. This suggests a new mechanism of immune escape
as well as an important reason for weak antitumor immune
response in certain clinical cases (Han et al.,, 2019) (shown in
Figure 5).

Macrophage

Macrophage is a kind of innate immune cell dwelling in
various tissues with multiple subtypes, which can be
classified into classically activated macrophages (M1) and
alternatively activated macrophages (M2). Early researches
have implied the possibility of m°A weakening immune
response (Durbin et al., 2016). However, recent researches
indicate that m°A modification plays an important role in
antivirus, negative feedback control of macrophage activation
(Du et al., 2020), and the polarization of macrophages. Roles

of m®A Writers, Erasers, and Readers in macrophages are
summarized in Table 1.

In detail, “Writers” METTL3 catalyzes the m°A methylation at
coding sequence (CDS) and 3'-UTR of STATI mRNA, facilitating
the polarization of M1, but having opposite impact on M2 (Liu Y
et al, 2019). Another study has also illustrated METTL3’s
function in promoting M1 differentiation, which afterwards
benefits bone marrow mesenchymal stem cells (Lei et al,
2021). Moreover, METTL3 can methylate hnRNPA2B1 and
Cgas, Ifil6, and Sting mRNA simultaneously, and then the
affinity of hnRNPA2B1 to three mRNA above is improved,
which ultimately increases the production of IFN-B and
amplifies the immune response to DNA virus (Wang L et al,
2019). In addition, METTL3 deficiency have proved to impede
the activation of macrophages through TLR4 signaling pathway
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TABLE 1 | Roles of mPA Writers, Erasers, and Readers in macrophages.

m°A regulator Cell subtype Target genes
Writers
METTL3 M1 STAT1
M2 STAT1
M1/M2 Cagas, Ifi16, Sting, hnRNPA2B1
Irakm
METTL14 M1/M2 Ebi3
Erasers
FTO M1 STAT1
M2 STAT6, PPAR-y
ALKBH5 M1/M2 Mavs, Traf3, Traf6é
Readers
YTHDF2 M1/M2 STAT1, PPAR-y
MAP2K4, MAP4K4
YTHDF3 FOX O3
IGF2BP2 TSC1, PPAR-y

by stabilizing Irakm transcripts (Tong et al, 2021). As for
METTLI14, there is also indirect evidence indicating its
function in suppressing CD8" T cell dysfunction and tumor
growth (Dong et al., 2021).

After knockout of “Erasers” FTO, the polarization of both M1 and
M2 can be inhibited, during which the expression of STAT1 in M1
was decreased, while the degradation of STAT6 and PPAR-y mRNA is
increased (Gu et al, 2020). Furthermore, ALKBH5 demethylate
DDX46-binded Mavs, Traf3, and Traf6 mRNAs, leading to the
retention of these mRNAs inside nuclear, indirectly inhibiting
translation and reducing the production of IFN. In the end,
antiviral activation of macrophages is weakened (Zheng et al., 2017).

Knockdown of “Readers” YTHDEF2 can stimulate the expression of
STATI (Huangfu et al,, 2020) and PPAR-y mRNA (Gu et al., 2020),
while forced expression of YTHDF2 could destabilize MAP2K4 and
MAP4K4 mRNA and activate the NF-kB and MAPK pathway (Yu
et al,, 2019), which will facilitate LPS-induced osteoclastogenesis and
inflammatory response (Fang et al., 2021). YTHDEF3 was regarded as a
negative regulator of antivirus. With the assistance of PABP1 and
elF4G2, YTHDEF3 can bind the translation initiation site of FOXO3
mRNA and promote translation. As a result, the expression of IFN-
stimulated genes is inhibited, which weakens the immunity response
to Vesicular stomatitis virus (VSV) (Zhang Y et al., 2019). Moreover,
another reader IGF2BP2 has also proved to be associated with the
phenotypic activation of macrophage (Wang X et al., 2021).

Researches focusing on m°A modification in macrophages reveal
its association with some diseases. The occurrence of atherosclerosis
(AS) has proved to be linked with m°A modification. During this
progress, ox-LDL induces the expression of DDX5 in macrophages
and limits the function of METTL3 which transfers the methyl group
to macrophages scavenger receptor A (MSRI) mRNA. Ultimately,
MSRI mRNA is stabilized, and more MSRI is synthesized. Uptake of
more lipids further facilitates the formation of foam cells, resulting in
the progression of AS (Zhao W et al., 2018). In another study, Zhang X
et al. (2021) has also identified the function of METTL3 in promoting
ox-LDL-induced inflammation and mitochondrial dysfunction by
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Biological function

Promote polarization

Inhibit polarization

Increase the production of IFN-B Amplify the immune response to DNA virus
Promote activation

suppress CD8" T cell dysfunction and tumor growth

Promote polarization

Inhibit translation and production of IFN

Impede macrophage activation

Inhibit the expression of pro-inflammatory cytokine and inflammatory response
Impede the expression of IFN-stimulated genes and immunity response to VSV
regulate macrophage phenotypic activation and inflammatory diseases

methylating ~ peroxisome  proliferator-activated ~ receptor-y
coactivator 1-alpha (PGC-la) mRNA with the assistance of
YTHDEF2. Intriguingly, m5C, another form of RNA methylation,
can deteriorate AS induced by hyper-homocysteinemia (Wang et al,
2017), while acute coronary syndrome, whose main pathological basis
is AS, is also related to the m°A modification of circ-0029589 in
macrophage (Guo M et al,, 2020).

The dysfunction of m°A in macrophages is also a pathogenesis
factor of autoimmune diseases. Wang J et al. (2019) found that in
patients with rheumatoid arthritis, METTL3 in macrophages is
obviously improved and positively associated with CRP and ESR.
Moreover, lipopolysaccharide (LPS) can stimulate the expression
of METTL3 in macrophages and then slack the immune response
to inflammation through NF-kB pathway (Wang ] et al., 2019).
Other autoimmune diseases such as osteoarthritis (Liu Q et al.,
2019) and SLE (Li et al, 2018) show possibility of having
connection with m°A dysfunction in macrophages.

THE APPLICATION OF M®A MODIFICATION
AND ITS DEVELOPMENT PROSPECT

Given the identification of aberrant m°A modification in various
diseases, targeting m®A machinery in specific cells can be
regarded as a new treatment for viral infection, cancer, and
autoimmune diseases. However, changes in m°A levels in
different diseases are lack of consistency, so treatment
targeting m®A should be supposed to modulating m°®A level to
normal level, instead of simply accelerating or decelerating m°A
modification (Wang et al., 2018).

mCA-Associated Proteins Modulating DNA
Repair

Plenty of researches have confirmed the correlation between m°A and
DNA repair in different situations. Zhang et al. have reported the
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TABLE 2 | m®A-associated proteins in DNA repair.
m°®A regulator
Writers

METTL3

METTL14

KIAA1429
Erasers

FTO
ALKBHS5

Readers

YTHDCH
YTHDF2
IGF2BP2

METTL3-m°A-YTHDCI axis which promotes the double-strand
breaks by modulating DNA-RNA hybrid accumulation (Zhang
et al, 2020). Other researches indicate that accumulation of the
three-stranded R-loops, formed by RNA: DNA hybrid and single
stranded DNA, is regulated by YTHDE2 (Abakir et al, 2020),
METTL3, and tonicity-responsive enhancer binding protein
(TonEBP) (Kang et al, 2021). More surprisingly, the arginine
substrates of METTLI14 itself at intrinsically disordered C terminus
can also be methylated. It proved to be an initial signal of interaction
between METTL14 and RNA polymerase II, which will afterwards
implement the m®A modification of target mRNA. Subsequent studies
have confirmed that METTL14 arginine methylation is associated
with the enhanced translation of DNA repair genes (Wang Z et al,
2021). Recent studies even clarified the correlation between DNA
damage repair and m°A-modified retrotransposable element (RTE)
RNAs, in which intronic Long Interspersed Element-1 (LINE-1)
interacts with the hosting gene transcription, resulting in the
downregulation of its expression (Xiong et al, 2021). KIAA1429
was also recently discovered to have close links with the
modulation of response to cisplatin in germ cell tumor by
interfering with DNA damage response (Miranda-Gongalves et al,,
2021).

As for Erasers, the homologs of AlkB (ALKBHs), which originally
function as repair proteins in E. coli, are also important regulators of
DNA repair and m®A modification at the same time in mammalian
cells (Miiller et al., 2017; Miiller et al., 2018). Recently, the ERK/JNK/
ALKBH5-PTMs/m°A axis has been reported to participate in the
regulation of ROS-induced DNA damage response, in which progress
IGF2BP also plays a part in extending mRNA half time (Yu et al,
2021). METTL3 and FTO can jointly regulate the m®A modification
in RNA at DNA damage sites induced by ultraviolet. The function of
DNA polymerase k (Pol k), which is the key DNA repair enzyme,
require the catalytic activity of METTL3, implying the m°A
modification directs the recruitment of Pol k to the DNA damage
sites (Xiang et al., 2017). Furthermore, METTL14 has proved to play a
tumor-suppressive role in ultraviolet-induced skin tumorigenesis
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(Yang et al,, 2021). All the m®A-associated proteins which regulate
DNA repair are summarized in Table 2.

In conclusion, since m®A, along with its associated proteins,
plays an important role in the pathogenesis and facilitating DNA
repair, attaching m®A-targeted therapy to traditional chemo- or
radiotherapy may improve the prognosis of some diseases such as
carcinoma through two mechanisms.

Medication Targeting m°A

Abnormally elevated m°®A level is the feature of most malignant
tumor, so developing new drugs inhibiting m°A modification is
the most fundamental idea to treat these diseases. Actually, this
kind of drugs has been developed for decades. 3-Deaza-
Adenosine  (DAA) with its analogue can  block
S-adenosylhomocysteine (SAH) hydrolase, which results in the
accumulation of SAH and feedback suppression of SAM (Chiang,
1998). So DAA can indirectly inhibit the m°A modification of
mRNA. However, since DAA can suppress the m®A modification
in many physiological or pathological processes, there will be
many unexpected side effects, such as the prevention of T
lymphocyte activation, hypotensive effect, and activation of
gene expression. At present, DAA is mainly used for the
treatment of AIDS (Kennedy et al., 2016).

Moreover, some diseases like acute myeloid leukemia
(AML) are characterized by the aberrant decrease of mPA
(Li Z et al., 2017). Rhein (Chen et al., 2012), curcumin (Lu
N et al., 2018), meclofenamic acid (Huang et al., 2015), and
Saikosaponin-D (Sun et al., 2021) can inhibit the function of
FTO by binding the active site of FTO or m°A position of
mRNA. Two emerging small molecules targeting FTO
demethylase called FB32 and FB32-2, which can
dramatically inhibit the progression of AML cells in vitro
and in vivo, have been developed recently (Huang et al,
2019). Coupled with the latest advancement called
STM2457, which is a highly potent and selective first-in-
class catalytic inhibitor of METTL3 (Yankova et al., 2021),
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we can foresee that the era of treating AML or other diseases
featured by m°A level unbalance using m°®A-targeted method
is coming.

Immunotherapy Targeting m°A

Although solid researches data is unavailable, the regulatory
function of m°A modification to immunocytes makes it
possible for m®A to be a new target for immunotherapy. It has
been demonstrated that m°A is a regulator of Tn differentiation,
T lymphocyte homeostasis (Li H-B et al., 2017), and suppressive
function of Tregs (Tong et al., 2018). Recent studies have found
that loss of METTL3 in myeloid cells reprograms the
macrophages and increases Treg infiltration into tumors by
influencing the YTHDF1-mediated translation of SPRED2 (Yin
et al, 2021). Therefore, inhibiting mRNA m°A modification of
Tregs at tumor site or myeloid cells can motivate the antitumor
activation of CD8" T cell, which can be a promising immunotherapy.
Meanwhile, inhibiting mRNA m°A modification in Tn can reduce
the formation of effector T cell, which is helpful for the treatment for
autoimmune diseases. Furthermore, regulating the expression of
METTL3 (Wang H et al, 2019) and YTHDF1 to a suitable level
can improve DCs’ ability of presenting tumor neoantigen. More
importantly, depletion of YTHDF1 and blockade of checkpoint have
a synergistic effect on strengthening antitumor immunity (Han et al,
2019),and ALKBHS5 (Li N et al., 2020) and METTL3/14 (Wang et al.,
2020) have also proved to regulate anti PD-1 response. So as for
patients resistant to the PD-1 immunotherapy, targeting m°A can be
a new alternative treatment. Since m°A decoration of viral double-
stranded RNA can also downregulate the innate sensing pathway of
antiviral response (Qiu et al,, 2021), immunotherapy targeting m®A is
bound to be a promising therapy for various diseases including viral
infections, autoimmune disorders, cancers, etc.

DISCUSSION

As the most abundant post-transcriptional mRNA modification in
mammals, m°A is involved in the occurrence of several diseases.
Recently, an enormous amount of m°A related studies in
immunocytes highlight the fact that targeting m°A can be a
promising new treatment strategy for viral infection, cancer, and
autoimmune diseases. However, in different cell lines, diseases,

REFERENCES

Abakir, A., Giles, T. C., Cristini, A., Foster, J. M., Dai, N., Starczak, M., et al.
(2020). N6-methyladenosine Regulates the Stability of RNA:DNA Hybrids
in Human Cells. Nat. Genet. 52 (1), 48-55. d0i:10.1038/s41588-019-0549-x

Binnewies, M., Mujal, A. M., Pollack, J. L., Combes, A. ]., Hardison, E. A,, Barry, K. C.,
et al. (2019). Unleashing Type-2 Dendritic Cells to Drive Protective Antitumor
CD4+ T Cell Immunity. Cell 177 (3), 556-571. doi:10.1016/j.cell.2019.02.005

Bodi, Z., Bottley, A., Archer, N, May, S. T., and Fray, R. G. (2015). Yeast m6A
Methylated mRNAs Are Enriched on Translating Ribosomes during Meiosis,
and under Rapamycin Treatment. PLoS One 10, €0132090. doi:10.1371/
journal.pone.0132090

Cai, X., Wang, X, Cao, C,, Gao, Y., Zhang, S., Yang, Z, et al. (2018). HBXIP-
elevated Methyltransferase METTL3 Promotes the Progression of Breast

mCA, Immunocytes and DNA Repair

even different types of the same diseases, the changes of m°A level,
as well as functions of three m°A-associated enzymes lack
consistency. Moreover, m°A modification is widely involved in a
variety of cellular processes and medication targeting m°A is not
selective. All these reasons indicate that clinical treatment via
targeting m°A modification may be not safe enough. Thus,
there is unmet need to develop more sophisticated techniques
for m®A detection (Dai et al., 2018; Castellanos-Rubio et al., 2019).
Moreover, detailed studies on disease mechanisms are required to
realize the clinical application of m°A-targeting treatment.
Pharmaceutical researches on drugs with high selectivity or
combination of existing drugs and targeted drug delivery system
can also promote the accurate treatment of diseases through the
mCA-targeting method. Some recent experimental results have
indicated the promising prospects of this field (Zhu et al., 2021).
Last but not least, m®A modification is supposed to be highly
relevant to gut microbiota (Jabs et al., 2020), heat shock proteins
(Feng et al., 2020), sepsis (Sun et al., 2020; Xing et al., 2021), and
pulmonary hypertension (Pan et al., 2020) and even peripheral
nerve injury (Zhang L et al, 2021). These studies can provide
valuable experimental basis for development of new treatments.

AUTHOR CONTRIBUTIONS

WL and NS contributed to the design of the topic. MZ and JZ
searched and organized the relevant papers. MZ and JZ wrote the
first draft of the manuscript. MZ drew the figures and tables in the
manuscript. WL and NS contributed to the polish of the
manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

This work was supported by Medical Research Project of Health
Commission of Heibei Province. Development of a novel HER2-
targeting CAR-T and its efficacy and safety in solid tumors (No.
20200037). Natural Science Foundation of Hebei Province.
GM-CSF rich exosomes from local X-ray irradiated breast
tumors mediate lung metastasis by enhancing MDSC
recruitment (No. H2020206424).

Cancer via Inhibiting Tumor Suppressor Let-7g. Cancer Lett. 415, 11-19.
doi:10.1016/j.canlet.2017.11.018

Castellanos-Rubio, A., Santin, I., Olazagoitia-Garmendia, A., Romero-Garmendia,
I, Jauregi-Miguel, A., Legarda, M., et al. (2019). A Novel RT-QPCR-Based
Assay for the Relative Quantification of Residue Specific m6A RNA
Methylation. Sci. Rep. 9 (1), 4220. doi:10.1038/s41598-019-40018-6

Chen, B, Ye, F.,, Yu, L, Jia, G., Huang, X., Zhang, X,, et al. (2012). Development of
Cell-Active N6-Methyladenosine RNA Demethylase FTO Inhibitor. J. Am.
Chem. Soc. 134 (43), 17963-17971. doi:10.1021/ja3064149

Chen, H,, Yao, J., Bao, R,, Dong, Y., Zhang, T., Du, Y., et al. (2021). Cross-talk of
Four Types of RNA Modification Writers Defines Tumor Microenvironment
and Pharmacogenomic Landscape in Colorectal Cancer. Mol. Cancer 20 (1), 29.
doi:10.1186/512943-021-01322-w

Chen, S., Kumar, S., Espada, C. E., Tirumuru, N., Cahill, M. P., Hu, L., et al. (2021).
N6-methyladenosine Modification of HIV-1 RNA Suppresses Type-I

Frontiers in Cell and Developmental Biology | www.frontiersin.org

57

December 2021 | Volume 9 | Article 794754


https://doi.org/10.1038/s41588-019-0549-x
https://doi.org/10.1016/j.cell.2019.02.005
https://doi.org/10.1371/journal.pone.0132090
https://doi.org/10.1371/journal.pone.0132090
https://doi.org/10.1016/j.canlet.2017.11.018
https://doi.org/10.1038/s41598-019-40018-6
https://doi.org/10.1021/ja3064149
https://doi.org/10.1186/s12943-021-01322-w
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhou et al.

Interferon Induction in Differentiated Monocytic Cells and Primary
Macrophages. Plos Pathog. 17, €1009421. doi:10.1371/journal.ppat.1009421
Chen, S., Zhou, L., and Wang, Y. (2020). ALKBH5-mediated m6A Demethylation
of IncRNA PVT1 Plays an Oncogenic Role in Osteosarcoma. Cancer Cel Int 20,
34. doi:10.1186/s12935-020-1105-6

Chen, Y. G,, Chen, R., Ahmad, S., Verma, R,, Kasturi, S. P., Amaya, L., et al. (2019).
N6-Methyladenosine Modification Controls Circular RNA Immunity. Mol. Cel
76 (1), 96-109. doi:10.1016/j.molcel.2019.07.016

Cheng, M., Sheng, L., Gao, Q., Xiong, Q., Zhang, H., Wu, M,, et al. (2019). The m6A
Methyltransferase METTL3 Promotes Bladder Cancer Progression via AFF4/
NF-Kb/MYC Signaling Network. Oncogene 38 (19), 3667-3680. doi:10.1038/
541388-019-0683-z

Cheng, Y., Fu, Y., Wang, Y., and Wang, J. (2020). The m6A Methyltransferase METTL3 Is
Functionally Implicated in DLBCL Development by Regulating m6A Modification in
PEDF. Front. Genet. 11, 955. doi:10.3389/fgene.2020.00955

Chiang, P. K. (1998). Biological Effects of Inhibitors of S-Adenosylhomocysteine
Hydrolase. Pharmacol. Ther. 77 (2), 115-134. doi:10.1016/s0163-7258(97)
00089-2

Cui, Q,, Shi, H,, Ye, P, Li, L., Qu, Q,, Sun, G,, et al. (2017). m 6 A RNA Methylation
Regulates the Self-Renewal and Tumorigenesis of Glioblastoma Stem Cells. Cel
Rep. 18 (11), 2622-2634. doi:10.1016/j.celrep.2017.02.059

Dai, T., Pu, Q., Guo, Y., Zuo, C.,, Bai, S., Yang, Y., et al. (2018). Analogous Modified
DNA Probe and Immune Competition Method-Based Electrochemical
Biosensor for RNA Modification. Biosens. 114, 72-77.
doi:10.1016/j.bios.2018.05.018

Devarkar, S. C., Wang, C., Miller, M. T., Ramanathan, A, Jiang, F., Khan, A. G,,
et al. (2016). Structural Basis for m7G Recognition and 2'-O-Methyl
Discrimination in Capped RNAs by the Innate Immune Receptor RIG-I.
Proc. Natl. Acad. Sci. USA 113 (3), 596-601. doi:10.1073/pnas.1515152113

Dong, L., Chen, C., Zhang, Y., Guo, P., Wang, Z., Li, J., et al. (2021). The Loss of
RNA N6-Adenosine Methyltransferase Mettll4 in Tumor-Associated
Macrophages Promotes CD8+ T Cell Dysfunction and Tumor Growth.
Cancer Cell 39 (7), 945-957. doi:10.1016/j.ccell.2021.04.016

Du, H., Zhao, Y., He, J., Zhang, Y., Xi, H, Liu, M,, et al. (2016). YTHDF2
Destabilizes m6A-Containing RNA through Direct Recruitment of the CCR4-
Not Deadenylase Complex. Nat. Commun. 7, 12626. doi:10.1038/
ncomms12626

Du, J., Liao, W., Liu, W., Deb, D. K., He, L., Hsu, P. J., et al. (2020). N6-Adenosine
Methylation of Socs1 mRNA Is Required to Sustain the Negative Feedback
Control of Macrophage Activation. Developmental Cel 55 (6), 737-753.
doi:10.1016/j.devcel.2020.10.023

Dulken, B. W., Buckley, M. T., Navarro Negredo, P., Saligrama, N., Cayrol, R.,
Leeman, D. S,, et al. (2019). Single-cell Analysis Reveals T Cell Infiltration in
Old Neurogenic Niches. Nature 571 (7764), 205-210. doi:10.1038/s41586-019-
1362-5

Durbin, A. F., Wang, C., Marcotrigiano, J., and Gehrke, L. (2016). RNAs
Containing Modified Nucleotides Fail to Trigger RIG-I Conformational
Changes for Innate Immune Signaling. mBio 7, e00833-16. doi:10.1128/
mBio.00833-16

Fang, C., He, M., Li, D, and Xu, Q. (2021). YTHDF2 Mediates LPS-Induced
Osteoclastogenesis and Inflammatory Response via the NF-Kb and MAPK
Signaling ~ Pathways.  Cell ~ Signal. 85, 110060. doi:10.1016/
j.cellsig.2021.110060

Fedeles, B. I, Singh, V., Delaney, J. C, Li, D., and Essigmann, J. M. (2015). The
AlkB Family of Fe(II)/a-Ketoglutarate-dependent Dioxygenases: Repairing
Nucleic Acid Alkylation Damage and beyond. J. Biol. Chem. 290 (34),
20734-20742. doi:10.1074/jbc.r115.656462

Feng, Y., Hu, Y., Hou, Z, Sun, Q. Jia, Y., and Zhao, R. (2020). Chronic
Corticosterone Exposure Induces Liver Inflammation and Fibrosis in
Association with m6A-Linked post-transcriptional Suppression of Heat
Shock Proteins in Chicken. Cell Stress and Chaperones 25 (1), 47-56.
doi:10.1007/s12192-019-01034-7

Fu, Y., Zorman, B., Sumazin, P., Sanna, P. P., and Repunte-Canonigo, V. (2019).
Epitranscriptomics: Correlation of N6-Methyladenosine RNA Methylation and
Pathway Dysregulation in the hippocampus of HIV Transgenic Rats. PLoS One
14, €0203566. doi:10.1371/journal.pone.0203566

Gong, H,, Liu, L., Cui, L., Ma, H., and Shen, L. (2021). ALKBH5-mediated m6A-
demethylation of USP1 Regulated T-cell Acute Lymphoblastic Leukemia Cell

Bioelectron.

mCA, Immunocytes and DNA Repair

Glucocorticoid Resistance by Aurora B. Mol. Carcinogenesis 60 (9), 644-657.
doi:10.1002/mc.23330

Gu, X,, Zhang, Y., Li, D, Cai, H,, Cai, L., and Xu, Q. (2020). N6-methyladenosine
Demethylase FTO Promotes M1 and M2 Macrophage Activation. Cell Signal.
69, 109553. doi:10.1016/j.cellsig.2020.109553

Guo, G., Wang, H., Shi, X,, Ye, L., Yan, K., Chen, Z,, et al. (2020). Disease
Activity-Associated Alteration of mRNA M5 C Methylation in CD4+
T Cells of Systemic Lupus Erythematosus. Front. Cel Dev. Biol. 8, 430.
doi:10.3389/fcell.2020.00430

Guo, M, Yan, R,, Ji, Q., Yao, H., Sun, M,, Duan, L, et al. (2020). IFN Regulatory
Factor-1 Induced Macrophage Pyroptosis by Modulating m6A Modification of
Circ_0029589 in Patients with Acute Coronary Syndrome. Int.
Immunopharmacology 86, 106800. doi:10.1016/j.intimp.2020.106800

Han, D, Liu, J., Chen, C,, Dong, L., Liu, Y., Chang, R,, et al. (2019). Anti-tumour
Immunity Controlled through mRNA m6A Methylation and YTHDFI in
Dendritic Cells. Nature 566 (7743), 270-274. doi:10.1038/s41586-019-0916-x

Han, H,, Fan, G, Song, S., Jiang, Y., Qian, C. a,, Zhang, W., et al. (2021). piRNA-
30473 Contributes to Tumorigenesis and Poor Prognosis by Regulating m6A
RNA Methylation in DLBCL. Blood 137 (12), 1603-1614. doi:10.1182/
blood.2019003764

Hang, S., Paik, D., Yao, L., Kim, E., Trinath, J,, Lu, J., et al. (2019). Bile Acid
Metabolites Control TH17 and Treg Cell Differentiation. Nature 576 (7785),
143-148. doi:10.1038/541586-019-1785-2

Hanniford, D., Ulloa-Morales, A., Karz, A., Berzoti-Coelho, M. G., Moubarak, R. S.,
Séanchez-Sendra, B., et al. (2020). Epigenetic Silencing of CDRlas Drives
IGF2BP3-Mediated Melanoma Invasion and Metastasis. Cancer Cell 37 (1),
55-70. doi:10.1016/j.ccell.2019.12.007

Hesser, C. R., Karijolich, J., Dominissini, D., He, C., and Glaunsinger, B. A. (2018).
N6-methyladenosine Modification and the YTHDF2 Reader Protein Play Cell
Type Specific Roles in Lytic Viral Gene Expression during Kaposi’s Sarcoma-
Associated Herpesvirus Infection. Plos Pathog. 14, €1006995. doi:10.1371/
journal.ppat.1006995

Huang, H., Weng, H., and Chen, J. (2020). m6A Modification in Coding and Non-
coding RNAs: Roles and Therapeutic Implications in Cancer. Cancer Cell 37
(3), 270-288. do0i:10.1016/j.ccell.2020.02.004

Huang, Y., Su, R, Sheng, Y., Dong, L., Dong, Z., Xu, H., et al. (2019). Small-
Molecule Targeting of Oncogenic FTO Demethylase in Acute Myeloid
Leukemia. Cancer Cell 35 (4), 677-691. doi:10.1016/j.ccell.2019.03.006

Huang, Y., Yan, ], Li, Q. Li, J., Gong, S., Zhou, H., et al. (2015). Meclofenamic Acid
Selectively Inhibits FTO Demethylation of m6A over ALKBH5. Nucleic Acids
Res. 43 (1), 373-384. doi:10.1093/nar/gkul276

Huangfu, N., Zheng, W., Xu, Z., Wang, S., Wang, Y., Cheng, ], et al. (2020). RBM4
Regulates M1 Macrophages Polarization through Targeting STAT1-Mediated
Glycolysis.  Int.  Immunopharmacology 83, 106432.  doi:10.1016/
j.intimp.2020.106432

Jabs, S., Biton, A., Bécavin, C., Nahori, M.-A., Ghozlane, A., Pagliuso, A., et al.
(2020). Impact of the Gut Microbiota on the m6A Epitranscriptome of Mouse
Cecum and Liver. Nat. Commun. 11 (1), 1344. d0i:10.1038/s41467-020-15126-x

Janela, B., Patel, A. A., Lau, M. C,, Goh, C. C,, Msallam, R., Kong, W. T,, et al.
(2019). A Subset of Type I Conventional Dendritic Cells Controls Cutaneous
Bacterial Infections through VEGFa-Mediated Recruitment of Neutrophils.
Immunity 50 (4), 1069-1083. doi:10.1016/j.immuni.2019.03.001

Jia, G., Fu, Y., Zhao, X,, Dai, Q., Zheng, G., Yang, Y., et al. (2011). N6-
methyladenosine in Nuclear RNA Is a Major Substrate of the Obesity-
Associated FTO. Nat. Chem. Biol. 7 (12), 885-887. d0i:10.1038/nchembio.687

Jurczyszak, D., Zhang, W., Terry, S. N., Kehrer, T., Bermudez Gonzalez, M. C,,
McGregor, E., et al. (2020). HIV Protease Cleaves the Antiviral m6A Reader
Protein YTHDFS3 in the Viral Particle. Plos Pathog. 16, €1008305. doi:10.1371/
journal.ppat.1008305

Kang, H. J., Cheon, N. Y., Park, H,, Jeong, G. W., Ye, B. ., Yoo, E. ], et al. (2021).
TonEBP Recognizes R-Loops and Initiates m6A RNA Methylation for R-Loop
Resolution. Nucleic Acids Res. 49 (1), 269-284. doi:10.1093/nar/gkaal162

Karikd, K., Buckstein, M., Ni, H., and Weissman, D. (2005). Suppression of RNA
Recognition by Toll-like Receptors: the Impact of Nucleoside Modification and
the Evolutionary Origin of RNA. Immunity 23 (2), 165-175. doi:10.1016/
jimmuni.2005.06.008

Kasowitz, S. D., Ma, J., Anderson, S. J., Leu, N. A, Xu, Y., Gregory, B. D,, et al.
(2018). Nuclear m6A Reader YTHDCI1 Regulates Alternative Polyadenylation

Frontiers in Cell and Developmental Biology | www.frontiersin.org

58

December 2021 | Volume 9 | Article 794754


https://doi.org/10.1371/journal.ppat.1009421
https://doi.org/10.1186/s12935-020-1105-6
https://doi.org/10.1016/j.molcel.2019.07.016
https://doi.org/10.1038/s41388-019-0683-z
https://doi.org/10.1038/s41388-019-0683-z
https://doi.org/10.3389/fgene.2020.00955
https://doi.org/10.1016/s0163-7258(97)00089-2
https://doi.org/10.1016/s0163-7258(97)00089-2
https://doi.org/10.1016/j.celrep.2017.02.059
https://doi.org/10.1016/j.bios.2018.05.018
https://doi.org/10.1073/pnas.1515152113
https://doi.org/10.1016/j.ccell.2021.04.016
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1016/j.devcel.2020.10.023
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1128/mBio.00833-16
https://doi.org/10.1128/mBio.00833-16
https://doi.org/10.1016/j.cellsig.2021.110060
https://doi.org/10.1016/j.cellsig.2021.110060
https://doi.org/10.1074/jbc.r115.656462
https://doi.org/10.1007/s12192-019-01034-7
https://doi.org/10.1371/journal.pone.0203566
https://doi.org/10.1002/mc.23330
https://doi.org/10.1016/j.cellsig.2020.109553
https://doi.org/10.3389/fcell.2020.00430
https://doi.org/10.1016/j.intimp.2020.106800
https://doi.org/10.1038/s41586-019-0916-x
https://doi.org/10.1182/blood.2019003764
https://doi.org/10.1182/blood.2019003764
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1016/j.ccell.2019.12.007
https://doi.org/10.1371/journal.ppat.1006995
https://doi.org/10.1371/journal.ppat.1006995
https://doi.org/10.1016/j.ccell.2020.02.004
https://doi.org/10.1016/j.ccell.2019.03.006
https://doi.org/10.1093/nar/gku1276
https://doi.org/10.1016/j.intimp.2020.106432
https://doi.org/10.1016/j.intimp.2020.106432
https://doi.org/10.1038/s41467-020-15126-x
https://doi.org/10.1016/j.immuni.2019.03.001
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1371/journal.ppat.1008305
https://doi.org/10.1371/journal.ppat.1008305
https://doi.org/10.1093/nar/gkaa1162
https://doi.org/10.1016/j.immuni.2005.06.008
https://doi.org/10.1016/j.immuni.2005.06.008
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhou et al.

and Splicing during Mouse Oocyte Development. Plos Genet. 14, e1007412.
doi:10.1371/journal pgen.1007412

Kennedy, E. M., Bogerd, H. P., Kornepati, A. V. R,, Kang, D., Ghoshal, D., Marshall,
J. B., et al. (2016). Posttranscriptional M 6 A Editing of HIV-1 mRNAs
Enhances Viral Gene Expression. Cell Host ¢ Microbe 19 (5), 675-685.
doi:10.1016/j.chom.2016.04.002

Knuckles, P., Lence, T., Haussmann, I. U., Jacob, D., Kreim, N., Carl, S. H., et al.
(2018). Zc3h13/Flacc Is Required for Adenosine Methylation by Bridging the
mRNA-Binding Factor Rbm15/Spenito to the m6A Machinery Component
Wtap/F1(2)d. Genes Dev. 32 (5-6), 415-429. doi:10.1101/gad.309146.117

Lan, T, Li, H., Zhang, D., Xu, L., Liu, H,, Hao, X,, et al. (2019). KIAA1429
Contributes to Liver Cancer Progression through N6-methyladenosine-
dependent post-transcriptional Modification of GATA3. Mol. Cancer 18 (1),
186. d0i:10.1186/512943-019-1106-z

Lei, H., He, M., He, X,, Li, G., Wang, Y., Gao, Y., et al. (2021). METTL3 Induces
Bone Marrow Mesenchymal Stem Cells Osteogenic Differentiation and
Migration through Facilitating M1 Macrophage Differentiation. Am.
J. Transl Res. 13 (5), 4376-4388.

Li, H.-B,, Tong, J., Zhu, S., Batista, P. J., Duffy, E. E., Zhao, J,, et al. (2017). m6A
mRNA Methylation Controls T Cell Homeostasis by Targeting the IL-7/
STAT5/SOCS Pathways. Nature 548 (7667), 338-342. doi:10.1038/nature23450

Li, H,, Su, Q, Li, B, Lan, L., Wang, C,, Li, W., et al. (2020). High Expression of
WTAP Leads to Poor Prognosis of Gastric Cancer by Influencing Tumour-
associated T Lymphocyte Infiltration. J. Cel Mol Med 24 (8), 4452-4465.
doi:10.1111/jcmm.15104

Li, L.-J., Fan, Y.-G.,, Leng, R.-X,, Pan, H.-F., and Ye, D.-Q. (2018). Potential Link
between M 6 A Modification and Systemic Lupus Erythematosus. Mol.
Immunol. 93, 55-63. doi:10.1016/j.molimm.2017.11.009

Li, N, Kang, Y., Wang, L., Huff, S,, Tang, R., Hui, H,, et al. (2020). ALKBH5
Regulates Anti-PD-1 Therapy Response by Modulating Lactate and Suppressive
Immune Cell Accumulation in Tumor Microenvironment. Proc. Natl. Acad.
Sci. USA 117 (33), 20159-20170. doi:10.1073/pnas.1918986117

Li, Z., Weng, H,, Su, R, Weng, X,, Zuo, Z, Li, C, et al. (2017). FTO Plays an
Oncogenic Role in Acute Myeloid Leukemia as a N 6 -Methyladenosine RNA
Demethylase. Cancer Cell 31 (1), 127-141. doi:10.1016/j.ccell.2016.11.017

Lichinchi, G., Gao, S., Saletore, Y., Gonzalez, G. M., Bansal, V., Wang, Y., et al.
(2016). Dynamics of the Human and Viral m6A RNA Methylomes during HIV-
1 Infection of T Cells. Nat. Microbiol. 1, 16011. doi:10.1038/nmicrobiol.2016.11

Liu, J., Eckert, M. A., Harada, B. T., Liu, S.-M.,, Lu, Z., Yu, K,, et al. (2018). m6A
mRNA Methylation Regulates AKT Activity to Promote the Proliferation and
Tumorigenicity of Endometrial Cancer. Nat. Cel Biol 20 (9), 1074-1083.
doi:10.1038/s41556-018-0174-4

Liu, J., and Jia, G. (2014). Methylation Modifications in Eukaryotic Messenger
RNA. J. Genet. Genomics 41 (1), 21-33. doi:10.1016/j.jgg.2013.10.002

Liu, J., Yue, Y., Han, D., Wang, X,, Fu, Y., Zhang, L, et al. (2014). A METTL3-
METTL14 Complex Mediates Mammalian Nuclear RNA N6-Adenosine
Methylation. Nat. Chem. Biol. 10 (2), 93-95. doi:10.1038/nchembio.1432

Liu, J., Zhang, X., Chen, K., Cheng, Y., Liu, S., Xia, M., et al. (2019). CCR7
Chemokine Receptor-Inducible Lnc-Dpf3 Restrains Dendritic Cell Migration
by Inhibiting HIF-la-Mediated Glycolysis. Immunity 50 (3), 600-615.
doi:10.1016/j.immuni.2019.01.021

Liu, Q., Li, M, Jiang, L., Jiang, R, and Fu, B. (2019). METTL3 Promotes
Experimental Osteoarthritis Development by Regulating Inflammatory
Response and Apoptosis in Chondrocyte. Biochem. Biophysical Res.
Commun. 516 (1), 22-27. doi:10.1016/j.bbrc.2019.05.168

Liu, Y., Liu, Z,, Tang, H., Shen, Y., Gong, Z., Xie, N., et al. (2019). The N6-
Methyladenosine  (m6A)-Forming Enzyme METTL3 Facilitates M1
Macrophage Polarization through the Methylation of STATI mRNA. Am.
J. Physiol. Cel Physiol 317, C762. doi:10.1152/ajpcell.00212.2019

Lu, N, Li, X,, Yu, ], Li, Y., Wang, C,, Zhang, L., et al. (2018). Curcumin Attenuates
Lipopolysaccharide-Induced Hepatic Lipid Metabolism Disorder by
Modification of M6 A RNA Methylation in Piglets. Lipids 53 (1), 53-63.
doi:10.1002/1ipd.12023

Lu, T. X,, Zheng, Z., Zhang, L., Sun, H.-L., Bissonnette, M., Huang, H., et al.
(2020). A New Model of Spontaneous Colitis in Mice Induced by Deletion
of an RNA m6A Methyltransferase Component METTL14 in T Cells. Cell
Mol.  Gastroenterol. Hepatol. 10 (4), 747-761. doi:10.1016/
j.jcmgh.2020.07.001

mCA, Immunocytes and DNA Repair

Lu, W, Tirumuru, N,, St. Gelais, C., Koneru, P. C,, Liu, C., Kvaratskhelia, M., et al.
(2018). N6-Methyladenosine-binding Proteins Suppress HIV-1 Infectivity and
Viral Production. J. Biol. Chem. 293 (34), 12992-13005. doi:10.1074/
jbc.ral18.004215

Ma, H., Shen, L, Yang, H, Gong, H. Du, X, and Li, J. (2021). m6A
Methyltransferase  Wilms’ Tumor 1-associated Protein Facilitates Cell
Proliferation and Cisplatin Resistance in NK/T Cell Lymphoma by
Regulating Dual-specificity Phosphatases 6 Expression via m6A RNA
Methylation. IUBMB Life 73 (1), 108-117. doi:10.1002/iub.2410

Maier, B., Leader, A. M., Chen, S. T., Tung, N., Chang, C., LeBerichel, J., et al.
(2020). A Conserved Dendritic-Cell Regulatory Program Limits
Antitumour Immunity. Nature 580 (7802), 257-262. doi:10.1038/
541586-020-2134-y

Meyer, K. D., Patil, D. P., Zhou, J., Zinoviev, A., Skabkin, M. A., Elemento, O., et al.
(2015). 5" UTR m6A Promotes Cap-independent Translation. Cell 163 (4),
999-1010. doi:10.1016/j.cell.2015.10.012

Miranda-Gongalves, V., Lobo, J., Guimardes-Teixeira, C., Barros-Silva, D.,
Guimardes, R, Cantante, M., et al. (2021). The Component of the m6A
Writer Complex VIRMA Is Implicated in Aggressive Tumor Phenotype,
DNA Damage Response and Cisplatin Resistance in Germ Cell Tumors.
J. Exp. Clin. Cancer Res. 40 (1), 268. doi:10.1186/s13046-021-02072-9

Miiller, T. A, Struble, S. L., Meek, K., and Hausinger, R. P. (2018). Characterization
of Human AlkB Homolog 1 Produced in Mammalian Cells and Demonstration
of Mitochondrial Dysfunction in ALKBHI-Deficient Cells. Biochem.
Biophysical Res. Commun. 495 (1), 98-103. doi:10.1016/j.bbrc.2017.10.158

Miiller, T. A., Tobar, M. A,, Perian, M. N., and Hausinger, R. P. (2017). Biochemical
Characterization of AP Lyase and m6A Demethylase Activities of Human AlkB
Homologue 1 (ALKBH1). Biochemistry 56 (13), 1899-1910. doi:10.1021/
acs.biochem.7b00060

Myoung, J., and Ganem, D. (2011). Infection of Lymphoblastoid Cell Lines by
Kaposi’s Sarcoma. J. Virol. 85 (19), 9767-9777. doi:10.1128/jvi.05136-11

Ni, W,, Yao, S., Zhou, Y., Liu, Y., Huang, P., Zhou, A, et al. (2019). Long
Noncoding RNA GAS5 Inhibits Progression of Colorectal Cancer by
Interacting with and Triggering YAP Phosphorylation and Degradation and
Is Negatively Regulated by the m6A Reader YTHDEF3. Mol. Cancer 18 (1), 143.
doi:10.1186/512943-019-1079-y

Pan,Y.Y, Yang,J. X, Xu, Y. F., and Mao, W. (2020). Yin Yang-1 Suppresses CD40
ligand-CD40 Signaling-mediated Anti-inflammatory Cytokine Interleukin-10
Expression in Pulmonary Adventitial Fibroblasts by Promoting Histone H3
Tri-methylation at Lysine 27 Modification on Interleukin-10 Promoter. Cell
Biol Int 44 (7), 1544-1555. doi:10.1002/cbin.11351

Pandolfini, L., Barbieri, I., Bannister, A. J., Hendrick, A., Andrews, B., Webster, N.,
et al. (2019). METTL1 Promotes Let-7 MicroRNA Processing via m7G
Methylation. Mol. Cel 74 (6), 1278-1290. doi:10.1016/j.molcel.2019.03.040

Paris, J., Morgan, M., Campos, J., Spencer, G. J., Shmakova, A., Ivanova, L, et al.
(2019). Targeting the RNA m6A Reader YTHDF2 Selectively Compromises
Cancer Stem Cells in Acute Myeloid Leukemia. Cell Stem Cell 25 (1), 137-148.
doi:10.1016/j.stem.2019.03.021

Ping, X.-L., Sun, B.-F., Wang, L., Xiao, W, Yang, X., Wang, W.-],, et al. (2014).
Mammalian WTAP Is a Regulatory Subunit of the RNA N6-Methyladenosine
Methyltransferase. Cell Res 24 (2), 177-189. doi:10.1038/cr.2014.3

Qiu, W.,, Zhang, Q., Zhang, R, Lu, Y., Wang, X,, Tian, H,, et al. (2021). N6-
methyladenosine RNA Modification Suppresses Antiviral Innate Sensing
Pathways via Reshaping Double-Stranded RNA. Nat. Commun. 12 (1),
1582. doi:10.1038/s41467-021-21904-y

Roundtree, I. A., Evans, M. E,, Pan, T.,, and He, C. (2017). Dynamic RNA
Modifications in Gene Expression Regulation. Cell 169 (7), 1187-1200.
doi:10.1016/j.cell.2017.05.045

Saunders, K. O., Wiehe, K., Tian, M., Acharya, P., Bradley, T., Alam, S. M., et al.
(2019). Targeted Selection of HIV-specific Antibody Mutations by Engineering
B Cell Maturation. Science 366, €7199. doi:10.1126/science.aay7199

Scott, A. C,, Diindar, F., Zumbo, P., Chandran, S. S., Klebanoff, C. A., Shakiba, M.,
et al. (2019). TOX Is a Critical Regulator of Tumour-specific T Cell
Differentiation. Nature 571 (7764), 270-274. doi:10.1038/s41586-019-1324-y

Silla, T., Schmid, M., Dou, Y., Garland, W., Milek, M., Imami, K., et al. (2020). The
Human ZC3H3 and RBM26/27 Proteins Are Critical for PAXT-Mediated
Nuclear RNA Decay. Nucleic Acids Res. 48 (5), 2518-2530. doi:10.1093/nar/
gkz1238

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2021 | Volume 9 | Article 794754


https://doi.org/10.1371/journal.pgen.1007412
https://doi.org/10.1016/j.chom.2016.04.002
https://doi.org/10.1101/gad.309146.117
https://doi.org/10.1186/s12943-019-1106-z
https://doi.org/10.1038/nature23450
https://doi.org/10.1111/jcmm.15104
https://doi.org/10.1016/j.molimm.2017.11.009
https://doi.org/10.1073/pnas.1918986117
https://doi.org/10.1016/j.ccell.2016.11.017
https://doi.org/10.1038/nmicrobiol.2016.11
https://doi.org/10.1038/s41556-018-0174-4
https://doi.org/10.1016/j.jgg.2013.10.002
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1016/j.immuni.2019.01.021
https://doi.org/10.1016/j.bbrc.2019.05.168
https://doi.org/10.1152/ajpcell.00212.2019
https://doi.org/10.1002/lipd.12023
https://doi.org/10.1016/j.jcmgh.2020.07.001
https://doi.org/10.1016/j.jcmgh.2020.07.001
https://doi.org/10.1074/jbc.ra118.004215
https://doi.org/10.1074/jbc.ra118.004215
https://doi.org/10.1002/iub.2410
https://doi.org/10.1038/s41586-020-2134-y
https://doi.org/10.1038/s41586-020-2134-y
https://doi.org/10.1016/j.cell.2015.10.012
https://doi.org/10.1186/s13046-021-02072-9
https://doi.org/10.1016/j.bbrc.2017.10.158
https://doi.org/10.1021/acs.biochem.7b00060
https://doi.org/10.1021/acs.biochem.7b00060
https://doi.org/10.1128/jvi.05136-11
https://doi.org/10.1186/s12943-019-1079-y
https://doi.org/10.1002/cbin.11351
https://doi.org/10.1016/j.molcel.2019.03.040
https://doi.org/10.1016/j.stem.2019.03.021
https://doi.org/10.1038/cr.2014.3
https://doi.org/10.1038/s41467-021-21904-y
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1126/science.aay7199
https://doi.org/10.1038/s41586-019-1324-y
https://doi.org/10.1093/nar/gkz1238
https://doi.org/10.1093/nar/gkz1238
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhou et al.

Song, T., Yang, Y., Wei, H,, Xie, X,, Lu, J., Zeng, Q., et al. (2019). Zfp217 Mediates
m6A mRNA Methylation to Orchestrate Transcriptional and post-
transcriptional Regulation to Promote Adipogenic Differentiation. Nucleic
Acids Res. 47 (12), 6130-6144. doi:10.1093/nar/gkz312

Sorci, M., Ianniello, Z., Cruciani, S., Larivera, S., Ginistrelli, L. C., Capuano, E., et al.
(2018). METTL3 Regulates WTAP Protein Homeostasis. Cell Death Dis 9 (8),
796. doi:10.1038/s41419-018-0843-z

Su, R, Dong, L,, Li, Y., Gao, M., Han, L., Wunderlich, M., et al. (2020). Targeting
FTO Suppresses Cancer Stem Cell Maintenance and Immune Evasion. Cancer
Cell 38 (1), 79-96. doi:10.1016/j.ccell.2020.04.017

Sun, K, Du, Y., Hou, Y., Zhao, M., Li, J., Du, Y., et al. (2021). Saikosaponin D
Exhibits Anti-leukemic Activity by Targeting FTO/m6A Signaling. Theranostics
11 (12), 5831-5846. doi:10.7150/thno.55574

Sun, X, Dai, Y., Tan, G, Liu, Y., and Li, N. (2020). Integration Analysis of m6A-
SNPs and eQTLs Associated with Sepsis Reveals Platelet Degranulation and
Staphylococcus aureus Infection Are Mediated by m6A mRNA Methylation.
Front. Genet. 11, 7. doi:10.3389/fgene.2020.00007

Tirumuru, N., Zhao, B. S., Lu, W,, Lu, Z., He, C,, and Wu, L. (2016). N(6)-
methyladenosine of HIV-1 RNA Regulates Viral Infection and HIV-1 Gag
Protein Expression. eLife 5, €15528. doi:10.7554/eLife.15528

Tirumuru, N., and Wu, L. (2019). HIV-1 Envelope Proteins Up-Regulate N6-
Methyladenosine Levels of Cellular RNA Independently of Viral
Replication. J. Biol. Chem. 294 (9), 3249-3260. doi:10.1074/
jbc.ral18.005608

Tong, J., Wang, X, Liu, Y., Ren, X., Wang, A., Chen, Z,, et al. (2021). Pooled
CRISPR Screening Identifies m6A as a Positive Regulator of Macrophage
Activation. Sci. Adv. 7, eabd4742. doi:10.1126/sciadv.abd4742

Tong, J., Cao, G., Zhang, T., Sefik, E., Amezcua Vesely, M. C., Broughton, J. P., et al.
(2018). m6A mRNA Methylation Sustains Treg Suppressive Functions. Cel Res
28 (2), 253-256. doi:10.1038/cr.2018.7

Toro-Ascuy, D., Rojas-Araya, B., Valiente-Echeverria, F., and Soto-Rifo, R. (2016).
Interactions between the HIV-1 Unspliced mRNA and Host mRNA Decay
Machineries. Viruses 8 (11), 320. doi:10.3390/v8110320

Wang, H., Hu, X,, Huang, M,, Liu, J., Gu, Y., Ma, L,, et al. (2019). Mettl3-mediated
mRNA m6A Methylation Promotes Dendritic Cell Activation. Nat. Commun.
10 (1), 1898. doi:10.1038/541467-019-09903-6

Wang, J., Yan, S., Lu, H., Wang, S., and Xu, D. (2019). METTL3 Attenuates LPS-
Induced Inflammatory Response in Macrophages via NF-Kb Signaling
Pathway. Mediators Inflamm. 2019, 3120391. doi:10.1155/2019/3120391

Wang, L., Hui, H., Agrawal, K., Kang, Y., Li, N,, Tang, R,, et al. (2020). m6 A RNA
Methyltransferases METTL3/14 Regulate Immune Responses to Anti-PD-1
Therapy. EMBO J. 39, €104514. doi:10.15252/embj.2020104514

Wang, L., Wen, M., and Cao, X. (2019). Nuclear hnRNPA2BI Initiates and
Amplifies the Innate Immune Response to DNA Viruses. Science 365,
eaav0758. doi:10.1126/science.aav0758

Wang, N., Tang, H., Wang, X., Wang, W, and Feng, J. (2017). Homocysteine
Upregulates  interleukin-17A  Expression via NSun2-Mediated RNA
Methylation in T Lymphocytes. Biochem. Biophysical Res. Commun. 493 (1),
94-99. doi:10.1016/j.bbrc.2017.09.069

Wang, S., Chai, P, Jia, R, and Jia, R. (2018). Novel Insights on m6A RNA
Methylation in Tumorigenesis: a Double-Edged Sword. Mol. Cancer 17 (1), 101.
doi:10.1186/512943-018-0847-4

Wang, X, Ji, Y., Feng, P., Liu, R,, Li, G., Zheng, J., et al. (2021). The m6A Reader
IGF2BP2 Regulates Macrophage Phenotypic Activation and Inflammatory
Diseases by Stabilizing TSC1 and PPAR y. Adv. Sci. 8 (13), 2100209.
doi:10.1002/advs.202100209

Wang, Z., Pan, Z., Adhikari, S., Harada, B. T., Shen, L., Yuan, W., et al. (2021). m(6)
A Deposition Is Regulated by PRMT1-Mediated Arginine Methylation of
METTL14 in its Disordered C-Terminal Region. EMBO J. 40 (5), e106309.
doi:10.15252/emb;j.2020106309

Weng, H., Huang, H., Wu, H,, Qin, X,, Zhao, B. S., Dong, L., et al. (2018).
METTL14 Inhibits Hematopoietic Stem/Progenitor Differentiation and
Promotes Leukemogenesis via mRNA m6A Modification. Cell Stem Cell 22
(2), 191-205. doi:10.1016/j.stem.2017.11.016

Wolf, D. A, Lin, Y., Duan, H., and Cheng, Y. (2020). eIF-Three to Tango: Emerging
Functions of Translation Initiation Factor eIF3 in Protein Synthesis and
Disease. J. Mol. Cel Biol 12 (6), 403-409. doi:10.1093/jmcb/mjaa018

mCA, Immunocytes and DNA Repair

Xia, H., Zhong, C., Wu, X, Chen, J., Tao, B., Xia, X,, et al. (2018). Mett]3 Mutation
Disrupts Gamete Maturation and Reduces Fertility in Zebrafish. Genetics 208
(2), 729-743. doi:10.1534/genetics.117.300574

Xiang, Y., Laurent, B., Hsu, C.-H., Nachtergaele, S., Lu, Z., Sheng, W., et al. (2017).
RNA m6A Methylation Regulates the Ultraviolet-Induced DNA Damage
Response. Nature 543 (7646), 573-576. doi:10.1038/nature21671

Xing, Y., Cheng, D., Shi, C., and Shen, Z. (2021). The Protective Role of
YTHDF1-Knock Down Macrophages on the Immune Paralysis of Severe
Sepsis Rats with ECMO. Microvasc. Res. 137, 104178. doi:10.1016/
j.mvr.2021.104178

Xiong, F., Wang, R, Lee, J.-H,, Li, S., Chen, S.-F,, Liao, Z., et al. (2021). RNA m6A
Modification Orchestrates a LINE-1-Host Interaction that Facilitates
Retrotransposition and Contributes to Long Gene Vulnerability. Cel Res 31
(8), 861-885. doi:10.1038/s41422-021-00515-8

Yang, Z., Yang, S., Cui, Y-H., Wei, J., Shah, P., Park, G,, et al. (2021). METTL14
Facilitates Global Genome Repair and Suppresses Skin Tumorigenesis. Proc.
Natl. Acad. Sci. U S A. 118 (35), €2025948118. doi:10.1073/pnas.2025948118

Yankova, E., Blackaby, W., Albertella, M., Rak, J., De Braekeleer, E., Tsagkogeorga,
G,, et al. (2021). Small-molecule Inhibition of METTL3 as a Strategy against
Myeloid Leukaemia. Nature 593 (7860), 597-601. doi:10.1038/s41586-021-
03536-w

Yao, Y, Yang, Y., Guo, W,, Xu, L,, You, M., Zhang, Y.-C,, et al. (2021). METTL3-
dependent m6A Modification Programs T Follicular Helper Cell
Differentiation. Nat. Commun. 12 (1), 1333. doi:10.1038/s41467-021-21594-6

Yin, H., Zhang, X,, Yang, P, Zhang, X., Peng, Y., Li, D,, et al. (2021). RNA m6A
Methylation Orchestrates Cancer Growth and Metastasis via Macrophage
Reprogramming. Nat. Commun. 12 (1), 1394. doi:10.1038/s41467-021-
21514-8

Yoon, K.-J,, Ringeling, F. R,, Vissers, C., Jacob, F., Pokrass, M., Jimenez-Cyrus, D.,
et al. (2017). Temporal Control of Mammalian Cortical Neurogenesis by m6A
Methylation. Cell 171 (4), 877-889. doi:10.1016/j.cell.2017.09.003

Yu, F., Wei, J., Cui, X,, Yu, C,, Ni, W., Bungert, J., et al. (2021). Post-translational
Modification of RNA m6A Demethylase ALKBH5 Regulates ROS-Induced
DNA Damage Response. Nucleic Acids Res. 49 (10), 5779-5797. d0i:10.1093/
nar/gkab415

Yu, R, Li, Q,, Feng, Z., Cai, L., and Xu, Q. (2019). m6A Reader YTHDF2 Regulates
LPS-Induced Inflammatory Response. Ijms 20 (6), 1323. doi:10.3390/
ijms20061323

Yue, H., Nie, X, Yan, Z., and Weining, S. (2019). N6-methyladenosine Regulatory
Machinery in Plants: Composition, Function and Evolution. Plant Biotechnol. J.
17 (7), 1194-1208. doi:10.1111/pbi.13149

Zhang, C,, Chen, L., Peng, D., Jiang, A., He, Y., Zeng, Y., et al. (2020). METTL3 and
N6-Methyladenosine Promote Homologous Recombination-Mediated Repair
of DSBs by Modulating DNA-RNA Hybrid Accumulation. Mol. Cel 79 (3),
425-442. doi:10.1016/j.molcel.2020.06.017

Zhang, J., Kong, L., Guo, S., Bu, M., Guo, Q,, Xiong, Y., et al. (2017). hnRNPs and
ELAVL1 Cooperate with uORFs to Inhibit Protein Translation. Nucleic Acids
Res. 45 (5), 2849-2864. doi:10.1093/nar/gkw991

Zhang, L., Hao, D., Ma, P., Ma, B., Qin, J., Tian, G., et al. (2021). Epitranscriptomic
Analysis of m6A Methylome after Peripheral Nerve Injury. Front. Genet. 12,
686000. doi:10.3389/fgene.2021.686000

Zhang, P., He, Q., Lei, Y., Li, Y., Wen, X,, Hong, M., et al. (2018). m6A-mediated
ZNF750 Repression Facilitates Nasopharyngeal Carcinoma Progression. Cel
Death Dis 9 (12), 1169. doi:10.1038/s41419-018-1224-3

Zhang, W., He, X,, Huy, ], Yang, P., Liu, C., Wang, J., et al. (2019). Dysregulation of
N6-Methyladenosine Regulators Predicts Poor Patient Survival in Mantle Cell
Lymphoma. Oncol. Lett. 18 (4), 3682-3690. doi:10.3892/01.2019.10708

Zhang, X,, Li, X, Jia, H., An, G,, and Nj, J. (2021). The m6A Methyltransferase
METTL3 Modifies PGC-1a mRNA Promoting Mitochondrial Dysfunction and
oxLDL-Induced Inflammation in Monocytes. J. Biol. Chem. 297, 101058.
doi:10.1016/j.jbc.2021.101058

Zhang, Y., Wang, X,, Zhang, X, Wang, J., Ma, Y., Zhang, L., et al. (2019). RNA-
binding Protein YTHDF3 Suppresses Interferon-dependent Antiviral
Responses by Promoting FOXO3 Translation. Proc. Natl. Acad. Sci. USA
116 (3), 976-981. doi:10.1073/pnas.1812536116

Zhao, W., Wang, Z., Sun, Z,, He, Y., Jian, D., Hu, X,, et al. (2018). RNA Helicase
DDX5 Participates in oxLDL-Induced Macrophage Scavenger Receptor 1

Frontiers in Cell and Developmental Biology | www.frontiersin.org

60

December 2021 | Volume 9 | Article 794754


https://doi.org/10.1093/nar/gkz312
https://doi.org/10.1038/s41419-018-0843-z
https://doi.org/10.1016/j.ccell.2020.04.017
https://doi.org/10.7150/thno.55574
https://doi.org/10.3389/fgene.2020.00007
https://doi.org/10.7554/eLife.15528
https://doi.org/10.1074/jbc.ra118.005608
https://doi.org/10.1074/jbc.ra118.005608
https://doi.org/10.1126/sciadv.abd4742
https://doi.org/10.1038/cr.2018.7
https://doi.org/10.3390/v8110320
https://doi.org/10.1038/s41467-019-09903-6
https://doi.org/10.1155/2019/3120391
https://doi.org/10.15252/embj.2020104514
https://doi.org/10.1126/science.aav0758
https://doi.org/10.1016/j.bbrc.2017.09.069
https://doi.org/10.1186/s12943-018-0847-4
https://doi.org/10.1002/advs.202100209
https://doi.org/10.15252/embj.2020106309
https://doi.org/10.1016/j.stem.2017.11.016
https://doi.org/10.1093/jmcb/mjaa018
https://doi.org/10.1534/genetics.117.300574
https://doi.org/10.1038/nature21671
https://doi.org/10.1016/j.mvr.2021.104178
https://doi.org/10.1016/j.mvr.2021.104178
https://doi.org/10.1038/s41422-021-00515-8
https://doi.org/10.1073/pnas.2025948118
https://doi.org/10.1038/s41586-021-03536-w
https://doi.org/10.1038/s41586-021-03536-w
https://doi.org/10.1038/s41467-021-21594-6
https://doi.org/10.1038/s41467-021-21514-8
https://doi.org/10.1038/s41467-021-21514-8
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1093/nar/gkab415
https://doi.org/10.1093/nar/gkab415
https://doi.org/10.3390/ijms20061323
https://doi.org/10.3390/ijms20061323
https://doi.org/10.1111/pbi.13149
https://doi.org/10.1016/j.molcel.2020.06.017
https://doi.org/10.1093/nar/gkw991
https://doi.org/10.3389/fgene.2021.686000
https://doi.org/10.1038/s41419-018-1224-3
https://doi.org/10.3892/ol.2019.10708
https://doi.org/10.1016/j.jbc.2021.101058
https://doi.org/10.1073/pnas.1812536116
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhou et al.

Expression by Suppressing mRNA Degradation. Exp. Cel Res. 366 (2), 114-120.
doi:10.1016/j.yexcr.2018.03.003

Zhao, X., Chen, Y., Mao, Q. Jiang, X., Jiang, W., Chen, ], et al. (2018).
Overexpression of YTHDF1 Is Associated with Poor Prognosis in Patients
with Hepatocellular Carcinoma. Cbm 21 (4), 859-868. d0i:10.3233/cbm-170791

Zheng, G., Dahl, J. A, Niu, Y., Fedorcsak, P., Huang, C.-M,, Li, C. ], et al. (2013).
ALKBHS5 Is a Mammalian RNA Demethylase that Impacts RNA Metabolism
and Mouse Fertility. Mol. Cel 49 (1), 18-29. doi:10.1016/j.molcel.2012.10.015

Zheng, Q., Hou, J., Zhou, Y., Li, Z., and Cao, X. (2017). The RNA Helicase DDX46
Inhibits Innate Immunity by Entrapping mé6A-Demethylated Antiviral
Transcripts in the Nucleus. Nat. Immunol. 18 (10), 1094-1103. doi:10.1038/
ni.3830

Zheng, Z., Zhang, L., Cui, X.-L., Yu, X,, Hsu, P. J,, Lyu, R,, et al. (2020). Control of
Early B Cell Development by the RNA N6-Methyladenosine Methylation. Cel
Rep. 31 (13), 107819. doi:10.1016/j.celrep.2020.107819

Zhou, B., Liu, C., Xu, L., Yuan, Y., Zhao, J., Zhao, W., et al. (2020). N 6 -
Methyladenosine Reader Protein YT521-B  Homology Domain-
Containing 2 Suppresses Liver Steatosis by Regulation of mRNA
Stability of Lipogenic Genes. Hepatology 73 (1), 91-103. doi:10.1002/
hep.31220

Zhou, J., Zhang, X., Hu, J., Qu, R,, Yu, Z,, Xu, H,, et al. (2021). m6A Demethylase
ALKBHS5 Controls CD4+ T Cell Pathogenicity and Promotes Autoimmunity.
Sci. Adv. 7, eabg0470. doi:10.1126/sciadv.abg0470

Zhu, X. ], Feng, J. Q., Zheng, M. Z., Yang, Z. R., Zhao, L., Zhang, W, et al.
(2021). Metal-Protein Nanoparticles Facilitate Anti-VSV and HIN1

mPA, Immunocytes and DNA Repair

Viruses through the Coordinative Actions on Innate Immune
Responses and METTL14. Macromol Biosci. 21, €2000382. doi:10.1002/
mabi.202000382

Zhuang, M., Li, X,, Zhu, J., Zhang, J., Niu, F,, Liang, F., et al. (2019). The m6A
Reader YTHDF1 Regulates Axon Guidance through Translational Control of
Robo3.1 Expression. Nucleic Acids Res. 47 (9), 4765-4777. doi:10.1093/nar/
gkz157

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commerecial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhou, Liu, Zhang and Sun. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

61

December 2021 | Volume 9 | Article 794754


https://doi.org/10.1016/j.yexcr.2018.03.003
https://doi.org/10.3233/cbm-170791
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1038/ni.3830
https://doi.org/10.1038/ni.3830
https://doi.org/10.1016/j.celrep.2020.107819
https://doi.org/10.1002/hep.31220
https://doi.org/10.1002/hep.31220
https://doi.org/10.1126/sciadv.abg0470
https://doi.org/10.1002/mabi.202000382
https://doi.org/10.1002/mabi.202000382
https://doi.org/10.1093/nar/gkz157
https://doi.org/10.1093/nar/gkz157
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

-.\' frontiers

in Cell and Developmental Biology

REVIEW
published: 21 February 2022
doi: 10.3389/fcell.2021.828657

OPEN ACCESS

Edited by:
Teng Ma,
Capital Medical University, China

Reviewed by:

Kun Xiong,

Central South University, China
Lili Yang,

Tianjin Medical University Cancer
Institute and Hospital, China
Hiroshi Maekawa,

Northwestern University,

United States

*Correspondence:
Degui Wang
wangdegui@lzu.edu.cn

These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Signaling,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 03 December 2021
Accepted: 27 December 2021
Published: 21 February 2022

Citation:

Shen R, Liu D, Wang X, Guo Z, Sun H,
Song Y and Wang D (2022) DNA
Damage and Activation of cGAS/
STING Pathway Induce Tumor
Microenvironment Remodeling.

Front. Cell Dev. Biol. 9:828657.

doi: 10.3389/fcell.2021.828657

Check for
updates

DNA Damage and Activation of cGAS/
STING Pathway Induce Tumor
Microenvironment Remodeling

Rong Shen'", Disheng Liu?", Xiaoning Wang?, Zhao Guo ', Haonan Sun?, Yanfeng Song’ and
Degui Wang'*

’School of Basic Medical Sciences, Lanzhou University, Lanzhou, China, ?The First Hospital of Lanzhou University, Lanzhou,
China, 2School of Medicine, Shandong University, Jinan, China

DNA damage occurs throughout tumorigenesis and development. The immunogenicity of
DNA makes it an immune stimulatory molecule that initiates strong inflammatory
responses. The cGAS/STING pathway has been investigated as a critical receptor in
both exogenous and endogenous DNA sensing to activate the innate immune response.
Growing lines of evidence have indicated that activation of the cGAS/STING pathway is
critical in antitumor immunity. Recent studies have demonstrated the outstanding
advancement of this pathway in tumor-combined immunotherapy; accordingly,
increased studies focus on exploration of STING pathway agonists and analogues.
However, current studies propose the potential use of the cGAS/STING pathway in
tumor initiation and metastasis. Here, we review the molecular mechanisms and activation
of the cGAS/STING pathway, and the relationship between DNA damage and this
pathway, particularly highlighting the remodeling of immune contexture in tumor
environment (TME) triggered by cascade inflammatory signals. A detailed
understanding of TME reprogramming initiated by this pathway may pave the way for
the development of new therapeutic strategies and rational clinical application.

Keywords: DNA damage, cGAS/STING, interferon, immune response, TME, remodeling, oncotherapy

1 INTRODUCTION

The tumor environment (TME) is known as a highly dynamic and constantly evolving system that is
hard to predict. Interactions between various types of cells or cells with non-cells affect tumor growth
and progression. In the process of tumor progression and oncotherapy, the DNA damage of tumor
cells occurs frequently induced by various stresses; meanwhile, the immune system is activated
continuously. DNA damage has been concluded as a critical factor in immune activation. Currently,
inflammation response has become an important characteristic of tumor, and abnormal
inflammatory mediator expression has been considered to be directly related to tumor prognosis
(Qu et al,, 2018; Greten and Grivennikov, 2019). The tumor could affect all systems in an organism,
including the immune system, and when combined with radiotherapy or chemotherapy, it may lead
to the collapse of the immune system. Experimental and clinical studies have suggested that a great
part of deaths occurring in cancer are related to chronic infections, which are unmanageable and
frequently in an advanced tumor stage. Indeed, interactional signals produced by tumor cells and
immune cells in TME induce the changes of TME and build a tumor “preferred” TME to support
growth and metastasis (Hinshaw and Shevde, 2019; Chen et al, 2021). Throughout the tumor
process, the TME continues to evolve and reconstruct in the context of DNA damage, and the host

Frontiers in Cell and Developmental Biology | www.frontiersin.org 62

February 2022 | Volume 9 | Article 828657


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.828657&domain=pdf&date_stamp=2022-02-21
https://www.frontiersin.org/articles/10.3389/fcell.2021.828657/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.828657/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.828657/full
http://creativecommons.org/licenses/by/4.0/
mailto:wangdegui@lzu.edu.cn
https://doi.org/10.3389/fcell.2021.828657
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.828657

Shen et al.

struggles against the tumor persistently. Researchers have
attempted to reveal the relationship among DNA damage,
inflammation, and tumors, but it remains unclear.

The ¢cGAS/STING pathway, a cytosolic DNA receptor, has
been regarded as an important mechanism to regulate
inflammation-driven tumor progression (Ahn et al, 2014).
The cyclic GMP-AMP synthase (cGAS) is known due to its
specific ability of recognizing and responding to cytosolic
DNA in a DNA-sequence-independent but DNA-length-
dependent manner (Sun et al, 2013). STING is an adaptor in
innate immune which inherits the activation signal of cGAS and
triggers downstream immune inflammatory response to protect
the host. The function of the cGAS/STING pathway in eliciting
immunity against exogenous pathogenic microorganisms has
been extensively reported. Recent lines of evidence have
extended the role of this pathway to cancer, senescence, and
autophagy. In this review, we focus on the dichotomous roles of
c¢GAS/STING in TME remodeling and its profound influence as a
potential therapeutic strategy against cancer.

2 OVERVIEW OF THE CGAS/STING
PATHWAY

c¢GAS, a 522-amino-acid protein, contains an unstructured
positively ~ charged = domain  (N-terminal) and a
nucleotidyltransferase domain (C-terminal), both of which are
working to bind with DNA. The N-terminal domain is reported
to be involved in ¢cGAS nuclear translocation (Gentili et al., 2019).
The C-terminal domain contains two lobes with an active site as
the catalytic domain of cGAS. The N-terminal domain contributes
to the separation of the cGAS/DNA complex to mediate the cGAS
activation once bound with DNA (Du and Chen, 2018). After
binding with DNA, cGAS assembles into a dimer, which is formed
by two DNA fragments embedded into two cGAS molecules to
maintain a stable active state. It was reported that the longer DNA
performed more efficiently in ¢cGAS activation and promotion of
c¢GAS/DNA complex formation (Zhou et al., 2018).

It has been concluded that cGAS is located in the cytoplasm
and is kept isolated from self-DNA in the nucleus and
mitochondria to prevent cGAS activation. However, recent
studies presented that cGAS could be observed in the nucleus
in case of DNA damage (Liu H et al.,, 2018; Zierhut et al.,, 2019).
What is more, it was indicated that cGAS was mainly localized in
the nucleus but strictly separated from chromatin (Volkman
et al., 2019). However, the mechanisms through which ¢cGAS
could remain inactive in the nucleus remain unclear. It is
speculated that the predominant localization of cGAS in the
nucleus might be a preparation for rapid response to guarantee
sufficient signaling under conditions of DNA exposure (Hopfner
and Hornung, 2020).

After binding with DNA, the cGAS dimer catalyzes ATP and
GTP into 2',3'-cyclic GMP-AMP (cGAMP), a second messenger,
to activate stimulator of interferon genes (STING) at the
endoplasmic reticulum (ER) and initiate STING re-localization
in the cytoplasm. STING is a 40-kDa protein with four
transmembrane domains in ER, which are responsible for
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binding kinase TANK-binding kinase 1 (TBK1) (Zhang et al.,
2020). Upon binding to cGAMP, STING is activated through
transforming the structure from a higher-order oligomerization
to tetramers (Shang et al., 2019; Zhao et al., 2019). Then, STING is
transferred from ER to Golgi, where STING recruits and activates
TBK1, and then promotes interferon regulatory factor 3 (IRF3)
and NFkB translocation into the nucleus and conducts
transcriptional function further (Li et al, 2013; Liu et al,
2015; Zhang et al., 2019).

3 ACTIVATION OF THE CGAS/STING
SIGNALING PATHWAY

3.1 cGAS Recognizes DNA Fragment
cGAS/STING pathway response is concluded to be activated via
DNA fragments. It is clear that the DNA source of pathogenic
microorganisms is the primary factor of the pathway activation.
Recent studies indicated that cGAS can also interact with
endogenous self-DNA fragments, including nuclear DNA,
mitochondrial DNA, micronucleus, and chromatin free in
cytoplasm.

It has been confirmed that cGAS could combine with double-
stranded DNA (dsDNA), single-stranded DNA (ssDNA), and
RNA-DNA hybrids in the cytoplasm (Herzner et al, 2015;
Luecke et al., 2017). Various exogenous DNA that could bind
with ¢cGAS were suggested, including bacteria, viruses, and
parasites (Hahn et al., 2018; Cohen et al., 2019; Song et al.,
2020). cGAS expression is also detected in the nucleus; it is
assumed that exogenous DNA from viruses might be identified in
the nucleus by cGAS, due to the increased accessibility as the virus
replicates in the nucleus (Lahaye et al.,, 2018). The exogenous
DNA released into intercellular space could also activate immune
cells and neighboring cells to initiate the defense response of the
host (Nandakumar et al., 2019).

Recently, increasing lines of evidence indicate that endogenous
self-DNA plays a crucial role in activating the cGAS/STING
pathway, which is closely linked to health and disease. Self-DNA
is commonly packaged or restricted in the nucleus and
mitochondria to constrain the contact with ¢cGAS (Boyer et al,
2020; Michalski et al., 2020). A recent study indicated that cGAS was
not free in the cytoplasm but localized on the plasma membrane
through the N-terminal domain (Barnett et al, 2019). If these
restrictions are violated, thus triggering self-DNA or cGAS
release into cytoplasm, judged as mislocation, a rapid and intense
inflammatory reaction would be initiated via the cGAS/STING
pathway (Zhang et al, 2019). Normally, the self-DNA
mislocation could be induced by various stress factors, such as
ultraviolet light, ionizing radiation, DNA damage agents, and
replication stress; the subsequent DNA repair failure and cell
death are the other important sources of free self-DNA
(Bhattacharya et al., 2017; Mackenzie et al., 2017). In the process,
increased genomic instability leads to exposure of chromatin and
formation of abnormal micronucleus, which are also regarded as the
agonist of the cGAS/STING pathway (Figure 1).

Another potential source of self-DNA in the cytoplasm is
mitochondrial DNA (mtDNA) (Figure 1). Mitochondrial
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FIGURE 1| The cGAS/STING signaling pathway. cGAS consists of an N-terminal domain and a C-terminal domain that contains two lobes and a catalytic domain.
The tumor cells are damaged under various stresses (the box on the right); the free self-DNA from the nucleus, mitochondria, and dying tumor cells bind to and activate
cGAS, and catalyze the synthesis cGAMP. cGAMP binds to and changes the conformation of STING, and then STING transfers from ER to Golgi apparatus and is
phosphorylated by adjacent activated TBK1. Subsequently, IRF3 and NFxB are phosphorylated by TBK1 and translocate into the nucleus to regulate IFN-I and

degeneration and membrane potential reduction is the primary
cause of mtDNA leaking into the cytoplasm. Studies have
performed that the opening of mitochondrial permeability
transition pore (mPTP) could lead to mtDNA release; voltage-
dependent anion channel 1 (VDACI) oligomers were also
involved in the process through formation of pores in the
mitochondrial outer membrane (Kim ] al., 2019).
Consistently, a  recent study showed that the
hyperinflammatory responses were induced in amyotrophic
lateral sclerosis through ¢cGAS/STING pathway activation via
mPTP- and VDACI1-mediated mtDNA release (Yu et al., 2020).
In the process, the dimer in the mitochondrial outer membrane
was formed by bax and bak, which contribute to open the pores
on the membrane and free mtDNA from the mitochondrial
matrix (White al,, 2014; McArthur al., 2018).
Simultaneously, the mitochondrial cytochrome c is also leaked
into the cytoplasm and activates caspases to cleave cGAS and
IRF3 to block inflammatory reactions (White et al, 2014;
McArthur et al., 2018).

3.2 Activation of the cGAS/STING Pathway

The C-terminal of cGAS contains a motif with zinc ion binding
module, which is involved in DNA binding and cGAS

et

et et

dimerization. The pocket between two lobes is the pivotal
binding site of substrates (Hopfner and Hornung, 2020). Once
cGAS binds with DNA, the pocket structure of cGAS would
transform to cyclize ATP and GTP into cGAMP (Figure 1). The
cGAMP contains two phosphodiester bonds; one connects 2'-
hydroxyl of GMP to 5'-phosphate of AMP, and another connects
3'-hydroxyl of AMP to 5'-phosphate of GMP(Ablasser et al.,
2013a; Zhang et al, 2013). Therefore, this unique isomer
determines the specific activation of cGAS by dsDNA,
although the ssDNA could also bind with cGAS, but the lack
of specific phosphodiester bonds makes the activation impossible
under the circumstances (Zhang et al., 2020).

Recent studies reported that interaction of cGAS and dsDNA
induced the formation of micrometer-sized liquid-like droplets
through liquid-liquid phase separation, in which c¢GAS was
activated (Du and Chen, 2018). These lipid-like droplets
enhance c¢GAMP generation through increasing the
concentrations of reactants, and the process is reported to be
dynamic and reversible, which is proposed to initiate or terminate
inflammatory response to DNA in a timely manner (Du and
Chen, 2018).

The cGAMP binds with STING to form a polymer, in which
the pocket conformation of STING would be changed from an
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open roof to a closed conformation (Shang et al., 2012; Zhang
et al., 2013). Subsequently, STING leaves ER and transfers to the
Golgi apparatus in the form of COP-II vesicles, where the STING
dimer would be phosphorylated by the adjacent activated TBK1
but not the one bound itself (Liu et al, 2015). The
phosphorylation of this complex provides a docking site for
recruiting IRF3 via binding with the positively charged surface
of IRF3, and then IRF3 is phosphorylated by TBK1; thus, the
dimerized IRF3 translocates into the nucleus and turns on
interferon-I (IFN-I) and inflammatory cytokines (Tao et al.,
2016). Another alternative mechanism is to activate NFxB
downstream of this pathway, but the contradictory models in
the process have been previously proposed (Konno et al., 2013;
Fang et al,, 2017; de Oliveira Mann et al., 2019) (Figure 1).

4 DNA DAMAGE AND CGAS/STING

As the storage bank of genetic information, maintaining the
integrity of DNA is of importance. Emerging lines of evidence
have suggested that the cGAS/STING pathway plays a pivotal role
in regulating DNA damage response and genomic instability,
which is involved in the progression of multiple diseases
including cancer.

4.1 DNA Damage Response and Genomic
Instability

DNA damage of cells can be induced by exogenous and
endogenous stress; cells establish a complex DNA damage
response (DDR) system in the process, which involves
multiple interactive or independent signaling pathways, and
much of them remain unclear. Various cell biological
processes are in connection with DDR, such as cell cycle
regulation, DNA damage repair, cell metabolisms, senescence,
and apoptosis. Timely and appropriate DDR has a positive effect
on maintaining integrity and correctness of genome.

Genomic instability is an important indicator in disease events
particularly in cancer, which has been observed in a variety of
malignancies and precancerous lesions, and is related to
prognosis, therapy, and overcome (Liu X et al, 2017; Kim J. H
et al., 2019; Bao et al,, 2021). Genomic instability elevation could
be due to the defect of DDR and increased replication stress.
Normally, the intracellular random errors produced by
replication or stress exposure would trigger cell cycle
checkpoints and DNA damage repair system to correct and
rescue to ensure genetic stability. The abnormal damage
response and repair could induce genomic instability
occurrence through breaking the limited fidelity of DNA. It is
realized that most of the human tumors are associated with
genomic instabilities, which also indicate the tumor stage,
metastasis, and recurrence (Chan-Seng-Yue et al, 2020; Bao
et al., 2021). Genomic instability is related to the resistance of
chemotherapy and radiotherapy in a clinical setting, such as taxol,
5-fluorouracil, and epirubicin used in breast cancer, colon cancer,
and osteosarcoma (Telli et al., 2016; Hoglander et al., 2018). The
increased genomic instability, abnormal chromosome copy
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numbers, and chromosome deficiency have also been verified
in some metastasis of tumors (Pailler et al., 2015; Bakhoum et al.,
2018).

As another result of DNA damage, small fragments of DNA
leak out of the nucleus in mitosis and form the membrane-
packaged micronuclei (Hintzsche et al, 2017). As mentioned
previously, micronucleus is a pivotal source of self-DNA, through
which cGAS is activated and triggers downstream signaling
pathway to initiate inflammatory immune response. cGAS is
confirmed to be co-localized with yH2AX, a DNA damage
marker. Furthermore, researchers showed that the co-
localization of cGAS with yH2AX did not exist only in
micronuclei in the cytoplasm; it was also observed that cGAS
was transferred into the nucleus and localized at the sites of
damaged dsDNA (Liu H et al.,, 2018). The DDR to micronuclei
that connected with the cGAS/STING pathway might guide the
fate selected by cells to deal with, rescue or elimination;
consequently, the irreparable DNA damage of cells leads to
apoptosis but failed rescue induces mutation and tumor
eventually (Gulen et al., 2017).

4.2 Interaction of the cGAS/STING Pathway

and Tumor

Increased number of studies reveal the crucial role of the cGAS/
STING pathway in innate antitumor immunity; however,
evidence on the cGAS/STING pathway promoting tumor
progression is also emerging.

The DNA of tumor cells is commonly released in the process
of rapid proliferation and antitumor therapy; subsequently, cGAS
recognizes the DNA source and responds quickly to activate
STING and downstream cascade reaction to eliminate tumor cells
through innate immune response (Wang et al, 2020).
Researchers have shown that micronuclei are widespread in
tumor cells and tumor stroma. Antigen-presenting cells (APC)
are initiated and regulated by IFN-I, and then the tumor antigens
yield to CD8 T cells and natural killer (NK) cells (Woo et al., 2014;
Marcus et al.,, 2018). Recent studies have performed that the
cGAS/STING pathway is activated in APC via free DNA in
tumor, which renders tumor vulnerable to immunological
surveillance (Marcus et al, 2018). cGAS/STING pathway
activation in tumor cells forms an obstacle to the early-stage
tumors through upregulating IFN-I and inflammatory cytokines
for antitumor immunity, which is also closely related to induction
of tumor cell senescence (Dou et al., 2017).

On the other hand, the tumor cells need to evade this signaling
pathway detection to survive in the harsh living environment;
thus, IFN-I deletion and the cGAS/STING axis are observed to be
disrupted in tumors (Gajewski and Corrales, 2015). Previous
studies showed that the cGAS/STING pathway could be rendered
defectively by various mechanisms, such as the interrupted
translocation from ER to Golgi, abnormal methylation at
promoter regions of c¢GAS and STING, and improper
posttranslational modification of these proteins (Xia et al,
2016a; Xia et al, 2016b). A recent study suggested that
hypoxia in TME could inactivate the cGAS/STING pathway
and induce immunosuppression through targeting an
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FIGURE 2 | Remodeling of TME induced by DNA damage. DNA damage of tumor cells leads to dsDNA, thus activating the cGAS/STING signaling pathway and
promotes IFN generation in several kinds of cells. The APC activation can be induced through endocytosis of tumor-derived dsDNA, cGAMP, or extracellular vesicle.
Then, APCs initiate CD8" T cells, NK cells, and macrophages to enhance the immune response in TME. The Treg cell activation induced by tumor cells performs immune
suppression to T-cell proliferation and functions through anti-inflammatory factors. The tumor cells also induce IDO1 expression to enhance amino acid
metabolism, thus suppressing T-cell function. STING activation promotes normalization of tumor vasculature and increases migration of T cells across endothelial barrier
and enhances antitumor immunity. In addition, cGAS/STING pathway activation in fibroblasts affects the differentiation of fibroblasts to CAFs.

epigenetic factor NCOA3 by hypoxia-responsive miRNAs, which
was necessary for basal levels of cGAS expression (Wu et al,
2017). As expected, restoring cGAS expression recovered the
anti-tumor immune response (Wu et al, 2017). In addition,
cGAS/STING pathway activation has also been indicated to
regulate intrinsic cellular programs, including inducing tumor
cell autophagy, apoptosis, necroptosis, and pyroptosis
(Vanpouille-Box et al., 2018; Li et al.,, 2019; Zhang et al., 2020).

It seems certain that the success of radiotherapy and
chemotherapy in tumor therapy is closely related to the innate
immune signaling partially mediated by the cGAS/STING
pathway. Meanwhile, evidence that the cGAS/STING pathway-
mediated immune inflammation contributed to tumorigenesis,
progression, and metastasis in some tumors was proposed; thus,
the application involved in this pathway in oncotherapy became

more complicated (see below). In general, the tumor
immunotherapeutics need to achieve a rational balance
between promoting potent antitumor response and preventing
inflammation-mediated tumor progression.

5 REMODELING OF TME INDUCED BY DNA
DAMAGE THROUGH THE CGAS/STING
PATHWAY

5.1 Alternation of Metabolites in TME

The TME is as a nutrient-rich soil affording nutrition to tumor
cell growth after reconstruction by tumor, in which the antitumor
immunity is restrained. Proteins and amino acids are crucial for
tumor proliferation and reconstruction of TME, which could
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remodel tumor stroma and angiopoiesis as the tumor develops, to
construct a proper environment for its growth (Bose et al., 2020;
Hou et al., 2020; Winkler et al., 2020). The catabolism of amino
acid tryptophan (Trp) is a common feature in antitumor
immunity defeat (Garber, 2018; Mitchell et al., 2018). Trp can
be catabolized by indoleamine 2,3 dioxygenase (IDO) enzyme
produced from tumor cells; the metabolic kynurenine has been
confirmed to suppress T-cell proliferation and function (Liu Y
et al.,, 2018; Mitchell et al., 2018; Takenaka et al., 2019). Arginine
(Arg) is catabolized into L-ornithine by arginase (ARG1) as well
as nitric oxide synthetase (NOS), which performs
immunoregulation of M2 macrophages and myeloid-derived
suppressor cells (MDSCs); L-ornithine could mediate the
tumor cell proliferation and suppression of antitumor
immunity via converting into polyamines (Roci et al, 2019;
Fultang et al,, 2020; Carriche et al., 2021; Miska et al., 2021).

The increased cell death in TME induces the DNA release and
cGAS/STING pathway activation to initiate innate immunity
subsequently. The innate immune cells could produce IFN-I
(IFN-a and IFN-B) and IFN-II (IFN-y), which stimulate
downstream gene production including gene encoding
enzymes to catabolize Trp and Arg, inflammatory cytokines,
and transforming growth factor-f (TGF-B) (Weiner, 2009).
Both IFN-a and IFN-y could induce IDO1 expression, but
IDOL1 is restrained by the regulation factors of IFN-f (Liu Y
etal., 2017; Du et al., 2019; Shi et al., 2019; Cheng et al., 2020). In
addition, the Trp catabolism is increased in cancer patients, as a
precursor of 5-hydroxytryptamine, and its overexpression could
lead to emotion changes and depressive behaviors in patients
(Tang et al., 2020; Karmakar and Lal, 2021). IFN-y promotes the
inducible NOS (iNOS) expression, while cytokines IL-4 and IL-13
stimulate ARG1; moreover, TGF-f enhances both IDO1 and
ARG response (Boutard et al., 1995; Ji et al., 2019; Baier et al.,
2020). The current studies have indicated that these pathways are
all involved in remodeling the expression of metabolites in TME
that is activated via tumor-associated inflammation, and interfere
with tumor therapy and prognosis; however, whether more
metabolites play a synergy role in this process remains to be
clarified.

5.2 Implication to Immune Cells in TME
5.2.1 Antigen-Presenting Cell (APC)

APC:s play a critical role in the uptake and processing of antigens
and then present to T cells for immune response. Generally, the
damaged and dying non-tumorigenic cells could avoid activation
of APCs to prevent the autoinflammatory disease because of
chronic cytokine production. It has been confirmed that antigen
presentation on the surface of tumor cells could be enhanced in
radiotherapy and chemotherapy, and then T cells recognize
antigen presented on major histocompatibility complex I
(MHC-I) and respond rapidly.

Recent studies suggested that multiple oncotherapies were
related to activation of the cGAS/STING pathway, as the
tumor-derived DNA was detected in the cytoplasm of the
tumor-infiltrating dendritic cells (DCs); meanwhile, tumor-
specific antigen presentation and cytotoxic T-cell activation
were increased (Chen et al, 2016b; Deng et al, 2014; Wang
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et al., 2017) (Figure 2). In chemotherapy of ovarian cancer,
cisplatin exposure boosted tumor immunogenicity via
elevating calreticulin, MHC-I, antigen presentation, and T-cell
infiltration through activating the cGAS/STING pathway
(Grabosch et al, 2019). In the process of photodynamic
therapy (PDT), PDT enhanced MHC-II and CD80 expression
and induced maturation of DCs in an IFN-I-dependent manner
in melanoma (Lamberti et al., 2019). In TME, mtDNA of tumor
cells were ingested by DCs and activate cGAS to increase IFN-I
production in DC cytoplasm; inhibition of CD47 could suppress
mtDNA degradation by phagosomes, which contributes to
enhance antitumor adaptive immunity (Xu et al,, 2017).

The IFN-I plays an important role in activating innate and
adaptive immune through promoting maturation and activation
of DCs and macrophages, thus enhancing the antigen
presentation and T-cell infiltration (Figure 2). Manganese
(Mn?) is a potent activator of cGAS, which could be released
from mitochondria and Golgi and bind with c¢GAS in the
cytoplasm to enhance enzymatic activity of cGAS (Wang
et al, 2018). Mn*" treatment stimulates IFN-I and cytokine
production via the cGAS/STING pathway and improves
response to clinical immunotherapy in patients (Lv et al,
2020). In a recent study, Bacillus Calmette-Guérin (BCG)
instillations in urothelial carcinoma elevated STING and IFN
as well as pro-inflammatory molecules, thus promoting M1
macrophages and T-cell infiltration in tumor (Lombardo et al.,
2021). In addition, in non-muscle invasive bladder cancer,
expression of STING was higher in patients who responded to
BCG therapy, and elevated further after BCG treatment
(Lombardo et al.,, 2021).

Studies have performed that the STING agonist (2'3'-
cGAMP) could facilitate malignant B-cell apoptosis by
phosphorylation and activation of STING on mice fibroblasts;
subsequently, the tumor cell antigens are released to stimulate
immune response in this manner (Tang et al.,, 2016). A recent
study proposed that treatment with STING agonist decreased
tumor burden in high-grade serous carcinoma, and mice were
able to survive via the combination treatment of carboplatin,
STING agonist, and anti-PD-1. In the process, STING agonist
treatment enhanced IFN response, antigen presentation, and
MHC II expression (Ghaffari et al., 2018).

5.2.2 T Cell

In solid tumor therapy, T-cell-based immunotherapy made a
breakthrough but encountered multiple challenges; the specific
targetable tumor antigen presentation is of importance to T-cell
therapy (Lim and June, 2017; Sadelain et al., 2017). Current
studies indicate that spontaneous initiation of tumor antigen-
specific T cells is likely to be relevant to DC antigen presentation
and IFN-I production in host cells (Diamond et al., 2011).

A recent research indicated that the cGAS/STING cascade was
remarkably suppressed in peripheral blood CD8" T cells from
tumor patients, STING agonist treatment promoted CD8" T cell
stemness from patients with cancer; in addition, elevated STING
activation enhanced oncotherapy of CAR-T cells in a xenograft
model (Li W et al., 2020). In triple-negative breast cancer therapy,
the PARP inhibitor olaparib induced T-cell infiltration via the
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c¢GAS/STING pathway in tumor and paracrine activation of DCs
was enhanced in the process; furthermore, activation of the
pathway was more obvious in homologous recombination-
deficient tumor cells (Pantelidou et al., 2019). Consistently,
pro-inflammatory response and T-cell recruitment were
abolished after knockout of STING in tumor cells (Pantelidou
et al, 2019). In another study, CD8" T-cell infiltration in
engrafted melanoma was lower than that in wild-type mice,
but intratumoral injection of cGAMP facilitated immune
response. Mechanistically, the cGAS/STING pathway was
activated by STING agonist in endothelial cells instead of DCs
and other immune cells, thus promoting the trafficking and
infiltration of CD8* T cells into tumor (Demaria et al., 2015).

Based on the reported assay of immunogenic cell death and
T-cell activation, a DNA topoisomerase II inhibitor was proposed
to induce the protein HMGBI release and IFN-I expression in
tumor; subsequently, DCs were activated through both NFxB
activation and the STING-dependent IFN-I pathway, and then
T cells were recruited into the tumor to increase therapeutic
efficacy (Wang et al., 2019). Ataxia telangiectasia mutated (ATM)
is known as a critical factor in nucleus DNA damage repair;
surprisingly, blockade of ATM is indicated to facilitate immune
checkpoint blockade therapy. Mechanistically, inhibition of ATM
promotes mtDNA leakage into the cytoplasm and activates the
cGAS/STING  pathway via suppressing mitochondrial
transcription factor A (TFAM), thus enhancing T-cell
infiltration into TME subsequently (Hu et al., 2021). Another
critical kinase in DDR is ATR; the ATR inhibitor performs
radiosensitization to tumor alongside remarkable infiltration of
CD3" and NK cells in TME through activation of STING and
inducing IFN response (Dillon et al, 2019). Furthermore,
inhibition of RAD5I, a critical component in DNA double-
strand break repair, activated the cGAS sensing pathway and
improved CD8" T-cell infiltration via increasing cytosolic
dsDNA in small cell lung cancer (Jin et al., 2021). Majority of
studies display the positive function of the cGAS/STING pathway
in facilitating T-cell activation and recruitment in TME;
undoubtedly, the negative regulation of this pathway to T cells
is also presented (Figure 2) (see below).

5.2.3 Regulatory T Cell (Treg Cell)

Treg cells suppress immune reaction; generally, the ratio of Treg
and T cells keeps a dynamic change to maintain immune
response stability in the body. A previous study indicated that
Treg cells can activate and facilitate proliferation by tumor-
associated antigens in TME, which leads to immune tolerance
and treatment resistance of tumors (Ahmadzadeh et al., 2019)
(Figure 2). Combination therapy including STING agonist, anti-
PD-1, and anti-CTLA-4 led to significant tumor regression in
mice; the Treg cell ratio was suppressed obviously with increased
CD8" T cells in oropharyngeal cancers (Dorta-Estremera et al,,
2019). In a glioma study, using the tdTomato mice, it was
indicated that the IFN-I signal triggered by STING blocked
Treg cells and promoted CD8" T-cell response; furthermore,
the efficacy of OVA-targeted peptide vaccine was enhanced by
STING agonist (Ohkuri et al, 2014). A different opinion
presented that IFN-P transcript sustained in resistant tumors
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induced PD-L1 and NOS2 expression in tumors and DCs that
affected Treg cell accumulation in TME, thus enhancing the ratio
of CD8"T/Treg cells in the context of long-term anti-PD-1
treatment (Jacquelot et al.,, 2019).

5.3 Angiogenesis

In TME, tumor growth is dependent on angiogenesis and
competitive nutrition, and the chronic immune response
induces growth factors and results in angiogenesis and
suppression of antitumor. Multiple proangiogenic factors in
TME are involved in tumor angiogenesis to drive new blood
vessel formation (Jiang et al., 2020; Ronca et al., 2017). Tumor
blood vessels appear disorganized and immature, which reduces
chemotaxis of immune cells into TME but increases the distant
metastasis of tumor cells. A recent study proposed that T-cell
transendothelial migration was regulated by endothelial STING
in an IFN-I-dependent manner (Anastasiou et al., 2021). IFN-f
was proposed to downregulate VEGF expression and suppress
tumor angiogenesis (Takano et al., 2014), but it was also shown
that IFN-a and IFN-B promoted vasculogenic mimicry formation
and facilitated tumor growth (Jablonska et al., 2010; Yeh et al,
2018). Interestingly, STING activation plays a positive role,
including promoting normalization of tumor vasculature and
improving immune response in TME (Figure 2). Restoration of
vascular structure results in increased migration of T cells across
the endothelial barrier and enhances antitumor immunity (Yang
et al,, 2019). A genome-wide phenotype screen showed that
TBKI1, IRF3, and downstream signals were suggested to be the
necessary proangiogenic factors (Korherr et al., 2006). However,
another study showed that the activation of the cGAS/STING/
IRF3 pathway induced by palmitic acid treatment suppressed
angiogenesis mechanistically and activated IRF3 bound to the
promoter of mammalian Ste20-like kinases 1 (MST1) gene, thus
inhibiting endothelial cell proliferation (Yuan et al., 2017).

5.4 Reprogramming of Fibroblast in TME

Fibroblasts are of importance to maintain integrity in normal
tissues, whereas, in inflammatory response, fibrotic disease and
tumors are reprogrammed for different functions (Driskell and
Watt, 2015; Sahai et al., 2020). The metabolites and proteins
derived from tumor cells are indicated to alter the biological
characteristics of fibroblasts by remodeling their metabolism and
phenotype; in addition, studies have provided more evidence of
the key metabolic connection between tumor cells and cancer-
associated fibroblasts (CAFs) (Bertero et al., 2019; Li F et al., 2020;
Zhang et al., 2021). TBK1, downstream of the cGAS/STING
pathway, was recently reported as a potential regulator of
fibroblast activation; inhibition of TBK1 activity reduced a-
SMA stress fiber level and mitigated deposition of collagen
and fibronectin in fibroblasts (Aravamudhan et al., 2020). A
recent study that combined mass cytometry and single-cell
mRNA sequencing analysis proposed that expression of
CD105 was the distinctive indication in two diverse functional
fibroblasts in both healthy tissues and tumors (Hutton et al,
2021). Interestingly, results showed that TGF-p signaling was
enriched in CD105 positive cancer-associated fibroblasts (CAFs),
which were permissive for tumor growth (Figure 2). However, in
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CD105-negative CAFs, the STING1, NFkB, IL-6, TNF-a, JAK2,
and LTBR signals observed high expression and remarkably
performed tumor suppression (Hutton et al., 2021). In another
important research, IFN-B1 was specifically upregulated in CAFs
that contacted tumor cells through STING/IRF3 pathway
activation due to the transcytosis of tumor cell cytoplasm into
CAFs. Intriguingly, this reprogramming did not occur in CAFs
that have no contact with tumor cells, which resulted in two
different CAFs phenotypes and functions that coexisted in TME
(Arwert et al., 2020).

6 EMERGING PRO-TUMOR ROLE OF THE
CGAS/STING PATHWAY

The emerging lines of evidence show that the cGAS/STING
pathway performs positive facilitation on immune response in
tumors; nevertheless, current studies propose a potential
promotion of this pathway in tumor initiation, progression,
and metastasis (Chen et al., 2016a; Lemos et al., 2016).

Chronic and aberrant inflammation is closely related to
tumorigenesis and development. In inflammatory colitis
associated tumor model, deficiency of STING increased the
susceptibility to tumorigenesis (Ahn et al., 2015), but in a
non-inflammatory Lewis lung carcinoma (LLC), STING
activation induced tumor growth (Lemos et al,, 2016). It has
been indicated that activated the cGAS/STING pathway
accelerates initiation and activation of DCs and T cells, and
recent studies showed that STING activation suppressed
proliferation of T cells, which was independent with the
TBK1/IRF3/IFN-I axis downstream, but in a manner of NFxB
activation by the distinct C-terminal domain of STING in T cells
(Cerboni et al., 2017). The STING agonist treatment induced
initiation of IFN-I and T-cell-specific response involved in ER
stress and cell death pathways, but only STING activation without
cell antigen receptor would induce T-cell death in the process
(Larkin et al., 2017). Researchers evaluated the relationship of
STING expression and immune cell infiltration in malignant
tumor, and suggested that pan-cancer expression of STING was
positively correlated with immune cell infiltration including all
types of immune cells (An et al., 2019). Inhibition of cGAS or
STING expression in tumor cells could prevent metastasis in
animal models (Chen et al., 2016a; Bakhoum et al., 2018).

The tumor metabolite in TME, such as the amino acids
tryptophan and arginine, the common TME hallmarks in
clinical oncotherapy, are proposed to respond to IFN and
transforming growth factor-p (TGF-B) cytokines to suppress
antitumor immunity and promote tumorigenesis (Rodriguez
et al., 2007; Weiner, 2009; Opitz et al., 2011). An oral cancer
study displayed that the oxidized mtDNA in cytosol induced IFN
signaling through the cGAS/STING pathway and thus elevated
PD-L1 and IDO-1 expression, which inhibited T-cell function
through inducing IFN and IL-6 production from macrophages
(Cheng et al., 2020). Another study indicated that STING
activation did not impact cell viability in tongue squamous cell
carcinoma, but facilitated IL-10, IDO, and CCL22 production, the
immunosuppressive cytokines, thus inducing Treg cell
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infiltration and suppressing T-cell proliferation and activation
(Liang et al., 2015). As previously mentioned, IDO plays a
negative regulatory role in inflammatory response and T-cell
activation. In mouse (LCC) models with STING knockout,
suppressed IDO expression and MDSCs were observed,
because IFN contributed to IDO induction. Furthermore,
inhibition of IDO expression restrained tumor growth
effectively, indicating the crucial role of IDO in TING-
mediated tumor growth (Lemos et al., 2016). Therefore, IDO-
and metabolite-induced immunosuppression in TME is an
essential condition in the cGAS/STING pathway-involved
tumorigenesis (Lemos et al., 2016).

A previous study indicated that tumor metastasis in mice brain
was connected with the cGAMP transfer from tumor cells to
astrocytes in an adjacent paracrine and endocytosis manner; in
the process, the cGAS/STING pathway in astrocytes was activated
as well as IFN-a and TNF-a, which contributed to establish a
tumor growth advantage (Chen et al., 2016a). In addition, the
activation of the STING/IFN-I pathway was also indicated to
elevate CCR2 expression, and suppressive inflammation in colon
tumors through recruiting MDSCs, CCR2 blockage-mitigated
MDSC infiltration, and immunosuppression initiated by
STING activation enhanced oncotherapy (Liang et al., 2017).
Collectively, the potential immunosuppression of STING is
emerging and is drawing more attention; in addition, the
tumor cells surviving in antitumor therapy might change their
tolerance and benefit from TME, which could facilitate tumor
recurrence and metastasis. In this regard, sustaining dominance
of the immunogenic process while minimizing the pro-tumor
inflammation is of importance to oncotherapy.

7 THE CGAS/STING PATHWAY IN
ONCOTHERAPY

In the process of growth, progression, and therapy, the tumor
cells would undergo various stresses and induce immune
response to be removed in host. Recent studies propose that
the ¢cGAS/STING pathway plays crucial roles in antitumor
immune response and immune surveillance. In TME, the
tumor-derived DNA have been observed in APCs’ cytoplasm,
and immune response is amplified though antigen presentation-
induced recruitment of T cells and NK cells (Woo et al., 2014;
Corrales et al., 2016). In addition, cGAMP was reported to be
transmitted from cell to cell or to the extracellular area by some
transport-associated and gap junction proteins, such as SLC19A1,
CX43/CX45, LRRCS8, and MerTK (Ablasser et al., 2013b; Chen
etal,, 2016a; Luteijn et al., 2019; Zhou C et al., 2020; Zhou Y et al,,
2020).

The intensity of inflammation and the extent of cGAS/STING
activation should be the critical factors in determining whether
this pathway is antitumor or pro-tumor. Moreover, the genomic
instability of tumor cells is another considerable element in
cGAS/STING pathway-related pro-tumor and metastasis. In
tumor progression, some tumor cells evolve to escape the host
immune surveillance gradually; for example, the cGAS or STING
expression is silenced or neglected so that the signal transduction
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TABLE 1 | Clinical trials testing STING agonists in oncotherapy.

DNA Damage and TME Remodeling

Agonists Co-therapy Tumor types Phase NCT Number
DMXAA +Docetaxel Advanced solid tumors | NCT01285453
+Carboplatin + paclitaxel or docetaxel Advanced solid tumors | NCT01240642
+Carboplatin and paclitaxel HNSCC | NCT00674102
+Carboplatin and paclitaxel HNSCC /11 NCT00832494
+Carboplatin and paclitaxel HNSCC Il NCT00662597
+Docetaxel Prostate cancer Il NCT00111618
+Carboplatin and paclitaxel SCLC Il NCT01057342
ADU-S100 +Ipilimumab Advanced solid tumors | NCT02675439
+Spartalizumab Advanced solid tumors or lymphoma b NCT03172936
+Pembrolizumab HNSCC Il NCT03937141
MK-1454 +Pembrolizumab Advanced solid tumors or lymphoma | NCT03010176
+Pembrolizumab HNSCC Il NCT04220866
MK-2118 +Pembrolizumab Advanced solid tumors or lymphoma | NCT03249792
SB11285 +Atezolizumab Advanced solid tumors la/lb NCT04096638
GSKB745417 +Pembrolizumab Advanced solid tumors | NCT03843359
BMS-986301 +Nivolumab/ipilimumab Advanced solid tumors | NCT03956680
E7766 Single agent Advanced solid tumors, lymphomas, bladder cancer I/l NCT04144140

Abbreviations: HNSCC, head and neck squamous cell carcinoma, SCLC, small cell lung carcinoma.

cascade is interrupted and failed to trigger immune response (Xia
etal., 2016a). Furthermore, DNA methylation has been proposed
as a crucial factor to regulate the silencing of genes in tumor cells
(Lai et al., 2021). As the crucial cytosolic DNA sensor of tumors,
the ability to activate innate and adaptive immune responses of
the cGAS/STING pathway attracts much attention for
pharmacological target development. Currently, studies have
mainly focused on the agonists of the cGAS/STING pathway
and their usage as vaccine adjuvants for antitumor combined
immunotherapy. The effect of tumor immunotherapy depends
on expression of tumor-associated antigens and partially on
antigen presentation; the cGAS/STING pathway has been used
in combination immunotherapy in some tumors due to its
enhancement of APC function.

Co-delivery of c-di-GMP and chimeric antigen receptor T
(CAR-T) cells led to remarkably pancreatic tumor regression in
mice (Smith et al., 2017). Combination of anti-PD-L1 and
intramuscular injection of exogenous 2'3'-cGAMP suppressed
melanoma growth and increased survival of mice harboring
tumors (Wang et al, 2017). In pre-clinical models of ovarian
tumor and aggressive lung cancer, combination therapy including
anti-IL-10, 2'3'-cGAMP, and anti-PD-L1 targeting innate and
adaptive immunity dramatically decreased MDSCs and improved
DC activation and T-cell infiltration (Hartl et al., 2019). Breast
tumor patients with high expression of CD47 showed poor
survival and prognosis; cGAMP and anti-CD47 combination
therapy effectively suppressed tumor growth, whereas
monotherapy with anti-CD47 did not inhibit tumors (Kosaka

et al, 2021). The flavone-8-acetic acid derivative 5,6-
dimethylxanthenone-4-acetic acid (DMXAA), a selective
STING agonist of mice, has outstanding antitumor

characteristics in multiple tumor models (Curran et al., 2016;
Weiss et al., 2017; Liu et al.,, 2020; Xu et al., 2021). In addition,
ADU-S100, one of promising agonists of STING, exhibits
significant inhibition on colon tumor and ascites in the case of
synergistically cooperating with anti-PD-1 and anti-COX2 (Lee
etal., 2021), which is investigated in clinical phase I trials of solid

tumors and lymphomas (Sivick et al., 2018; Meric-Bernstam et al.,
2021).

Over the past decade, more efforts are focused on the
development of STING agonists that perform improved
stability and binding capacity on human STING, some of
which have been used in clinical trials of oncotherapy
(Table 1). Correctively, antitumor immune therapy requires
activating APCs by the cGAS/STING pathway as well as
enhancing tumor-associated antigen presentation to T cells to
improve efficiency.

8 CONCLUSION AND FUTURE
PERSPECTIVE

The DNA damage repair responses of cells have profound
influence on inflammatory response and tumorigenesis.
Defective DDR allows genomic instability and micronuclei
formation, the pivotal source of self-DNA, through which the
DNA sensor cGAS is activated and triggering downstream signal
cascade reaction; what is more, the variability of TME exacerbates
DNA damage and genomic instability. Accumulating studies
have elucidated the crucial role of the cGAS/STING pathway
in surveillance of free self-DNA. Emerging lines of evidence have
indicated that activation of the cGAS/STING pathway facilitates
antitumor immune responses effectively, except for the
established role in innate immunity under condition of
exogenous pathogens. Rapid progress has been acquired for
understanding the molecular basis and mechanisms in
antitumor immune responses, which provide novel insight and
references to guide oncotherapy.

Notably, the chronic activation of inflammatory via the cGAS/
STING pathway is closely related to tumorigenesis and
metastasis. Moreover, the intensity of inflammatory reaction
and cGAS/STING pathway activation in different cells lead to
the exact opposite results, whereby the TME is remodeled in the
process. The challenges promoting immunostimulatory effects of
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oncotherapy while blocking negative immunosuppression
remain insurmountable. Hence, how to grasp the internal
relationship among various objects in TME and balance the
activation status of the pathway in cells with antithetical
functions still needs in-depth investigation.

The discovery and investigation of the cGAS/STING pathway
in tumor therapy and TME provide a novel framework for future
therapeutic strategies. The inspiring potential of this pathway
activation promotes intense investigation for the development of
pharmacological compounds in this pathway. The agonists and
analogues have been used as immune adjuvants in combined
therapy such as chemotherapy, radiotherapy, and immune
checkpoint blockade in preclinical trials to enhance efficacy.
At present, the cGAS/STING pathway is considered to be a
promising therapeutic target that might turn the
immunologically “cold” tumor to a “hot” one. Although
effective drugs have been used in trials, potential problems
might hinder their application in the future. For example, the
chemical property restrains the penetrating capacity, delivery
mode, and bioavailability of drugs, including charged property,
hydrophilicity, and metabolism. In addition, the cytotoxicity and
narrow therapeutic windows restrict the application scope of
drugs. Therefore, strategies to develop and screen potential
agonists and to improve drug delivery carriers are urgently
needed. On the other hand, emerging preclinical and clinical
lines of evidence reveal that various antitumor drugs could
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Breast cancer type 1 susceptibility protein (BRCA1) is essential for homologous
recombination repair of DNA double-strand breaks. Loss of BRCA1 is lethal to
embryos due to extreme genomic instability and the activation of p53-dependent
apoptosis. However, the apoptosis is resisted in BRCA1-deficient cancer cells even
though their p53 is proficient. In this study, by analysis of transcriptome data of
ovarian cancer patients bearing BRCA1 defects in TCGA database, we found that
cAMP signaling pathway was significantly activated. Experimentally, we found that
BRCA1 deficiency caused an increased expression of ADRB1, a transmembrane
receptor that can promote the generation of CAMP. The elevated cAMP not only
inhibited DNA damage-induced apoptosis through abrogating p53 accumulation, but
also suppressed the proliferation of cytotoxic T lymphocytes by enhancing the expression
of immunosuppressive factors DKK1. Inhibition of ADRB1 effectively killed cancer cells by
abolishing the apoptotic resistance. These findings uncover a novel mechanism of
apoptotic resistance in BRCA1-deficient ovarian cancer cells and point to a potentially
new strategy for treating BRCA1-mutated tumors.

Keywords: BRCA1-deficient tumor, ADRB1, cAMP, apoptosis, immune suppression

INTRODUCTION

As a core homologous recombination (HR) factor, BRCA1 functions in the maintenance of genome
integrity (Deng and Brodie, 2000; Huen et al., 2010; Tarsounas and Sung, 2020). Loss of BRCA1
causes a failure of repairing DNA double-strand breaks (DSBs) and leads to the accumulation of
DNA lesions in cells (Eyfjord and Bodvarsdottir, 2005; Savage and Harkin, 2015). It has been
reported that BRCA1 deficiency in mice causes early embryonic death before day E7.5 because of
extreme genomic instability and p53-dependent apoptosis activation (Gowen et al., 1996; Hakem
etal., 1996; Ludwig et al., 1997). BRCA1 null primary mouse embryonic fibroblast cells display severe
growth arrest phenotypes and also activation of p53-depende nt apoptosis (Xu et al., 2001; Cao et al.,
2006; Drost et al., 2011; Zhu et al., 2011). On the other hand, women carrying BRCA I mutations have
a 50%-80% risk of developing breast cancer and a 40%-65% risk of developing ovarian cancer during
their lifetime (Eastson et al., 1995; Rahman and Stratton, 1998; King et al., 2003). Interestingly, these
BRCAI-mutated cancer cells resist apoptosis and proliferate smoothly (Elledge and Amon, 2002;
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Monteiro, 2003). This paradox can be partially explained by the
coexistence of p53 mutations which abrogates p53-dependent
apoptosis (Brodie and Deng, 2001; Aubrey et al., 2018; Hafner
et al., 2019). However, a considerable proportion of cancer cells
from BRCA1-deficient breast or ovarian cancer patients bear no
P53 mutations (Ramus et al., 1999; Greenblatt et al., 2001; Manie
et al., 2009; Jonsson et al., 2019). Thus, these cancer cells may
evolve unknown abilities for tumor survival.

Apoptosis is a programmed cell death process that can be
triggered by multiple stresses, such as DNA damage, cytotoxic
chemicals, and oxidative stress. Apoptosis is essential for the
elimination of genome-unstable cells and the maintenance of
homeostasis (Carneiro and El-Deiry, 2020). However, various
tumor types have developed specific approaches to alter apoptotic
pathways, leading to defects in apoptosis (Ghobrial et al., 2005).
Exploring the specific pathways that resist apoptosis in a certain
tumor will be conducive to discover novel targeted drugs. Recent
investigations reveal that cAMP participates in promoting cancer
cell proliferation, migration, invasion, and metabolism, and is a
potential apoptotic suppressor (Naderi et al., 2009; Sood et al.,
2010; Creed et al., 2015; Pon et al., 2016; Zhang et al., 2019). As an
intracellular second messenger, cAMP performs signal
transduction roles in many biological processes, such as gene
expression regulation, neurotransmitter synthesis, and cell
metabolism (Yan et al., 2016; Patra et al., 2021). Of note,
many proteins that can promote the generation of cAMP are
up-regulated in cancers (Sales et al., 2001; Chang et al., 2004;
Lehrer and Rheinstein, 2020).

In this study, by analyzing the transcriptome data from TCGA
database, we found that cAMP signaling pathway was
significantly activated in BRCAIl-defective ovarian cancer
patients. In addition, genes that involved in regulating this
pathway, such as ADRBI, a B-adrenocepter that can promote
the production of cAMP, were up-regulated in BRCA1-defective
ovarian cancer patients. When BRCA1 was knocked down in
ovarian cancer cell lines bearing wide-type BRCAIL, the
expression of ADRBI was significantly increased. ADRBI1
enhanced the level of cAMP in BRCA1 knock-down cells that
resisted p53-dependent apoptosis induced by DNA damage.
Moreover, cAMP could also induce the expression of DDK1,
which is a secreted factor that can suppress the cytotoxic T
lymphocytes to kill cancer cells. Inhibition of ADRB1 by its
selective inhibitor abrogated its ability to inhibit p53-
dependent apoptosis. In conclusion, our study uncovers an
underlying mechanism by which BRCA1-deficient cancer cells
resist apoptosis, and identifies possible therapeutic targets for
BRCAI1-mutated tumors.

MATERIALS AND METHODS

Bioinformatics Analysis

The integrated dataset containing clinical information, BRCA1
mutation information, transcriptome data of 594 ovarian cancer
patients (TCGA, Firehose Legacy) was acquired from the
cBioPortal database (https://www.cbioportal.org/). The overall
survival analysis between BRCAl-deficient and -proficient
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group, differentially expressed genes analysis between BRCA1-
deficient and -proficient group, gene expression correlation
analysis between BRCAI1 and DNA damage repair genes, and
gene mutation frequency analysis between BRCA1-deficient and
-proficient group were conducted using online tool in cBioPortal
(Cerami et al., 2012; Gao et al., 2013). Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of up-regulated and down-regulated genes were
performed by using the WebGestalt (http://www.webgestalt.
org/#) (Liao et al, 2019). Gene set enrichment analysis
(GSEA) was performed based on the normalized mRNA
expression data (RNA Seq V2 RSEM) using GSEA software
with  default setting  (http://www.broadinstitute.org/gsea)
(Mootha et al., 2003; Subramanian et al., 2005). Normalized
enrichment score (NES) and false discovery rate (FDR) of
each gene sets were calculated.

Chemicals and Antibodies

All chemicals were purchased from Sigma except for those
specifically ~mentioned. The CFSE (carboxyfluorescein
succinimidyl ester, HY-D0938), dobutamine (HY-15746),
atenolol (HY-17498), and epinephrine (HY-B0447B) were
purchased from MCE. The 8-CPT-cAMP (BML-CN130-0020)
was purchased from LDBIO. Anti-B-actin (66009-1-lg) antibody
was purchased from Proteintech. Anti-cleaved Caspase-3 (Asp175)
9664 antibody was purchased from Cell Signaling Technology.
Anti-Bax (6A7) (sc-23959) antibody was purchased from Santa
Cruz Biotechnology. Anti-ADRB1 (ab85037) and Anti-DKK1
(ab93017) antibody was purchased from Abcam. Anti-P53
(NB200-103) antibody was purchased from Novus. Anti-BRCA1
(PA5-88149) antibody, Alexa Fluor™ 647 Phalloidin (A22287),
Alexa FluorTM 488 goat anti-mouse IgG (A-11001), HRP goat
anti-mouse IgG (H + L) secondary antibody (32430), and HRP
goat anti-rabbit IgG (H + L) secondary antibody 31466) were
purchased from Thermo Fisher Scientific.

Plasmid Construction

To knockdown the expression of BRCA1I, oligos encoding BRCAI
shRNA was cloned into pLKO.1 plasmid. shRNA sequence was
designed using “shRNAs for Individual Genes” purchased from
Sigma Aldrich. The sequences of negative control (NC) and gene
targeting ShRNA were provided in Supplementary Table S2.

Cell Culture, Chemicals Treatment, and IR

Treatment

HEK-293T and A2780 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum (FBS), and 100 U/ml
penicillin-streptomycin in a 37°C incubator with 5% CO,.
OVCAR-5 and IGROV-1 cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS),
and 100 U/ml penicillin-streptomycin in a 37°C incubator with
5% CO,. For chemicals treatment, cells were incubated with
epinephrine (10 uM), dobutamine (10 uM), atenolol (50 uM),
ICI-118551 (50 uM), or 8-CPT-cAMP (200 uM) for 90 min
before ELISA experiments or IR treatment. For IR treatment,
cells were irradiated with a 137Cs source at a dose of 10 Gy. After
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18h, the cells were used for RTCA, flow cytometry,
immunofluorescence, and western blot experiments.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 30 min
followed by permeabilization with PBS containing 0.5% Triton-X-
100 for 25 min at room temperature. Cells were blocked with 1%
bovine serum albumin-supplemented PBS for 1h and then
incubated with the indicated primary antibodies (1:200-1:500)
diluted in 3% bovine serum albumin-supplemented PBS at 4°C
overnight. After washing three times in PBS containing 0.1% Tween
20 and 0.01% Triton-X 100, cells were incubated with an appropriate
fluorescent secondary antibody for 1 h at room temperature. After
washing three times, samples’ nuclear were stained with Hoechst
33342 (10 pg/ml) for 10 min and subsequently mounted on glass
slides. Images were acquired using a confocal laser scanning
microscope with a 63 x/1.40 oil objective (Carl Zeiss 880).

shRNA Lentivirus Generation and shRNA

Knockdown

For shRNA lentivirus generation, the pLKO.1 plasmid
comprising shRNA was co-transfected with the packaging
plasmids (psPAX2 and pMD2. G) into HEK293T cells using
Lipofectamine 3000™ according to the manufacturer’s protocol.
Six hours after transfection, the cells were washed and changed
with fresh growth culture media and incubated for another 48 h.
Then the culture media containing viral particles were harvested
and centrifuged at 3,000 xg for 5 min to remove the cell debris
and filtered by a 0.45-um filter. The viral supernatant was further
concentrated with a Centricon Plus-20 Centrifugal Filter at 4,000
xg. The concentrated lentivirus supernatant was aliquoted and
kept at -80°C before use. To knock down BRCAI mRNA in
indicated cells, 1 x 10° cells were seeded onto 6-well plates and
incubated at 37°C with 5% CO, until reaching 30-40%
confluence. The concentrated viral supernatant was added into
the culture medium at a multiplicity of infection (MOI) of 20.
After 72 h, puromycin was added to the medium at 1 ug/ml for
stable knock-down selection.

Western Blot

Total protein was extracted from cell lysate by RIPA buffer.
Protein samples were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrically transferred to polyvinylidene fluoride membranes.
Following transfer, the membranes were blocked in TBST
containing 5% skim milk for 1h at room temperature, and
then incubated with primary antibodies (1:500-1:1,000
dilution) overnight at 4°C. After washing in TBST three times,
the membranes were incubated at 37°C for 1 h with a 1:1,000
dilution of HRP-conjugated secondary antibody. Finally, protein
bands were visualized using an enhanced chemiluminescence
detection system (Amersham Biosciences).

cAMP ELISA
cAMP level was measured with Human cAMP ELISA Kit (Sino
BestBio, CK-E10885). In total, 5 x 10° cells were harvested,
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washed with PBS and lysed in 500 uL RIPA Lysis buffer
(Pierce, 89900) on ice for 20 min. Then the samples were
centrifuged at 1000 xg at 4°C for 15 min, and the supernatant
was used to measure cAMP concentration according to the
manufacturer’s protocol.

RT-gPCR

The total RNA of tumor cells was extracted by TRIzol reagent
(Gibco, 15596026) and 2 ug RNA of each sample was reverse
transcribed into cDNA with RevertAid RT Reverse Transcription
Kit (Thermo, K1691). RT-qPCR was performed on the
StepOnePlus system (ABI) with PowerUp™ SYBR™ Green
Master Mix (Thermo, A25742). Conditions of RT-qPCR were
95°C for 2 min; 95°C for 3s and 60°C for 30s for 40 cycles.
Relative expression values of each target genes were normalized to
mRNA expression of the housekeeping gene GAPDH. The
relative mRNA expression level was calculated through the
comparative cycle threshold method (2744“). The primers
were provided in Supplementary Table S2.

Cell Proliferation Assay by xCELLigence

RTCA System

Cell proliferation was assessed using the xCELLigence RTCA
system (Acea Bioscience, San Diego, CA, United States,
distributed by Roche Diagnostics) that allows long-term
monitoring of live cells in a noninvasive manner (Heinecke
et al,, 2014; Al Nakouzi et al., 2016). In brief, 5,000-10,000
cells were seeded in each well of E-16-well plates (Roche). Cell
proliferation was monitored for 40-70 h at 37°C in the incubator.
Microelectrodes on the bottom of plates were used to detect
impedance changes proportional to the number of adherent cells.
The impedance value of each well was automatically recorded by
Real-Time Cell Analyzer (RTCA) software. Two parallel wells
were included for each sample in one replicate, and three
independent replicates were conducted.

CD8" T Cells Proliferation Assay

Peripheral blood mononuclear cells (PBMCs) of human were
obtained from healthy volunteers and used for isolation of CD8"
T cells. The CD8" T cells were selected using the MagniSort™
Human CD8" T cell Enrichment Kit (Thermo fisher, 8804-6812-
74) according to the manufacturer’s protocol. 2 x 10” isolated
cells were labeled with CFSE and cultured in the 96-well plate.
After incubated with Human T-Activator CD3/CD28 Dynabeads
(Thermo fisher, 11161D) for 3 days, the CD8" T cells were
activated to proliferate. The activated CD8" T cells were
continuously co-cultured with the culture supernatant for
3 days. Then, the cells were collected and analyzed by flow

cytometry.

Flow Cytometry

For cell cycle analysis, cells were washed with PBS, trypsinized,
and centrifuged at 1,500 rpm for 3 min. Then the cells were
washed three times with 1% BSA in PBS at 1,500 rpm for
3 min followed by fixation in 70% ethanol at 4°C overnight.
The fixed cells were washed with ice-cold PBS twice and
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incubated with RNaseA (50 ug/ml) at 37°C for 30 min. After
staining with PI (10 ug/ml) for 30 min, a total of 10,000 cells of
each sample was analyzed by a FACSCalibur™ Flow Cytometer
(BD, Franklin Lakes, NJ, United States) and the data were
analyzed using FlowJo software. Cell apoptosis analysis was
performed using Annexin V-FITC/PI Apoptosis Detection Kit
(Vazyme, Nanjing, China). Briefly, cells were washed with PBS,
trypsinized, and centrifuged at 1,500 rpm for 3 min. Then the
cells were washed with PBS followed by staining with annexin
V-FITC and propidium iodide, a total of 10,000 cells of each
sample was analyzed using a BD FACScan flow cytometry system
(Becton Dickinson, Franklin, NJ, United States).

Statistical Analyses

All experiments were performed in triplicate unless indicated
otherwise. Means and standard deviations were plotted. Student’s
t-test was used for statistical analyses. p < 0.05 was considered
statistically significant. Statistical details are showed in figure
legends.

RESULTS

BRCA1 Deficiency is Associated With Poor
Survival Outcomes in Ovarian Cancer
Patients

Through the cBioPortal database (https://www.cbioportal.org/), we
obtained clinical information integrated with genome and
transcriptome data for ovarian cancer patients [Ovarian Serous

Cystadenocarcinoma (TCGA, Firehose Legacy)] (Cerami et al,
2012; Gao et al., 2013). A total of 606 tumor tissue samples from
594 patients, all with serous ovarian cancers, were recorded in this
dataset (Figure 1A, Supplementary Table S1). Of the 594 patients
83.2% were Caucasian, 5.7% were African American, and 3.4% were
Asian (Figure 1B). We found 12 patients with BRCAI mutations
based on the genome sequence data, and each of them carried one
type of BRCA1 mutation. Another 20 patients carrying a wild-type
BRCA1 gene had low levels of BRCA1 mRNA. Therefore, we
summarized the 32 cases with defective BRCA1 function
(BRCAIl-deficient group); 29 of them had corresponding
transcriptome data. A total of 275 cases carried the wild-type
BRCA1 gene and expressed normal levels of BRCA1 (BRCAI-
proficient group) (Figures 1A,C). Next, we compared the
survival status of ovarian cancer patients with or without BRCA1
deficiency. As shown in Figure 1D, cancer patients with defective
BRCA1 had significantly shorter overall survival outcomes than
those with normal BRCALI. This indicates that BRCA1 deficiency
predicts poor outcomes for ovarian cancer patients.

BRCA1 Deficiency Impairs DNA Damage
Repair in Ovarian Cancer Patients

Using the transcriptome data, we analyzed the correlation in
mRNA expression levels of the BRCAI gene and genes related to
DNA damage response among the ovarian cancer patients. We
found that BRCA1 expression was positively correlated with that
of each of the DNA damage responsive genes tested: PARPI,
RAD51API, E2F7, ATR, FBXO5, AURKA, E2F8, TIMELESS,
RADS51, and POLQ (Figure 2A). The results suggest that
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FIGURE 3 | Differentially expressed genes analysis between BRCA1-deficient and BRCA1-proficient ovarian cancer patients. (A) Volcano plot of differentially
expressed genes (fold change >1.5, p value <0.05) between BRCA1-deficient (n = 29) and -proficient (n = 275) patients. In total, 447 differentially expressed genes
including 176 up-regulated genes (red) and 271 down-regulated genes (blue) were identified in BRCA1-deficient ovarian cancer patients. (B) Rank plot of differentially
expressed genes according to gene expressing difference. The highest five up-regulated and down-regulated genes in BRCA1-deficient patients are labelled in the
left and right in the plot, respectively. (C) GO enrichment analysis of 176 up-regulated genes. The first lap indicates top 10 GO terms in “biological process,” “cellular
component,” and “molecular function,” the description of each item is listed in the right. p value and the number of the genes for corresponding GO terms are shown in
the second and the third laps, respectively. Enrichment factors of each GO term are shown in the fourth lap. (D) KEGG analysis of 176 up-regulated genes. Top 10 most
significantly pathways are shown in the plot. The color key from green to red represents the gene ratio. Dot size indicates the number of the genes in corresponding
pathway. (E) GO enrichment analysis of 271 down-regulated genes. The first lap indicates top 10 GO terms in “biological process,” “cellular component,” and “molecular
function,” the description of each item is listed in the right. p value and the number of the genes for corresponding GO terms are shown in the second and the third laps,
respectively. Enrichment factors of each GO term are shown in the fourth lap. (F) KEGG analysis of 271 down-regulated genes. Top six most significantly pathways are
shown in the plot. The color key from green to red represents the gene ratio. Dot size indicates the number of the genes in corresponding pathway. (G) Comparison of
ADRB1, ADCY2, BDNF, ADGRB1, and GNAL expression between BRCA1-deficient (n = 29, red) and -proficient (n = 275, blue) patients. (H) Comparison of DKK1
expression between BRCA1-deficient (n = 29, red) and -proficient (n = 275, blue) patients.

BRCAL1 deficiency may cause inadequate DNA damage repair due
to the lack of DNA damage repair factors in ovarian cancer cells.

To explore the effects of BRCA1 deficiency in the ovarian
cancer patients, we analyzed mRNA expression differences
between the BRCAIl-deficient and -proficient groups using
Gene set enrichment analysis (GSEA) (Mootha et al., 2003;
Subramanian et al., 2005). As shown in Figure 2B, gene sets
related to DNA damage responses were enriched in the BRCA1-
proficient group, including signal transduction in response to
DNA damage (NES = 1.55), positive regulation of response to
DNA damage stimulus (NES = 1.55), DNA damage response

signal transduction resulting in transcription (NES = 1.89),
regulation of DNA damage checkpoint (NES = 1.70), DNA
damage response signal transduction by p53 class mediator
(NES = 1.59), and regulation of response to DNA damage
stimulus (NES = 1.63). The positive NES value indicates that
genes in these gene sets are expressed lower in BRCA1-deficient
patients than in BRCA1-proficient patients, which suggests that
responses to DNA damage are attenuated in ovarian cancer cells
with defective BRCA1. The lack or deficiency of DNA damage
repair inevitably causes gene mutations, which are sources of
genome instability in cancer cells. Therefore, we further analyzed
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the gene mutations within the BRCA1-defective ovarian cancer
patients. As expected, the gene mutation frequency in the
BRCAI-deficient patients was much higher than that in patients
with normal BRCA1 (Figure 2C). However, extreme genome
instability caused by these mutations did not result in more
obvious apoptosis in the BRCA1-defective ovarian cancer patients
than that in patients with normal BRCA1 (Figure 2D). These results
indicate that BRCA1-deficient cancer cells may have mechanisms
that allow them to resist apoptosis, even in the presence of persistent
DNA damage and extreme genome instability.

cAMP Signaling is Significantly Activated in
the BRCA1-Deficient Ovarian Cancer
Patients

To uncover the mechanism underlying the apoptotic resistance of
BRCAl-deficient ovarian cancer cells, we analyzed the
differentially expressed genes (DEGs) between the BRCAI-
deficient and -proficient cases. We identified 447 DEGs (fold
change >1.5, p value <0.05), 176 up-regulated and 271 down-
regulated, in the BRCAl-deficient ovarian cancer patients
(Figure 3A). Also, we ranked the DEGs according to difference
in gene expression level (Figure 3B). The most significantly up-
regulated genes were DPP6, ADGRBI, SCGBIAI, SI00A7, and
RPS28, and the most significantly down-regulated genes were
BRCA1, NBR2, ZIC1, CDHI8, and LIN28B. Based on these
results, we can see that BRCAl-deficient ovarian cancer cells
expressed lower levels of BRCA1 mRNA as expected.

Next, we performed Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of the DEGs. The main enriched
molecular function terms for the up-regulated genes in
BRCAIl-defective ovarian cancer cells were “catecholamine
binding,” “oxidoreductase activity, acting on the CH-NH
group of donors,” “calcium-dependent protein binding,” “WW
domain binding,” “neurotransmitter transporter activity,” and
“cyclic nucleotide binding” (Figure 3C). KEGG analysis showed
that the most significantly enriched pathways were “GABAergic
synapse,” “cAMP signaling pathway,” “Cytokine production
involved in immune response,” and “Adrenergic signaling in
cardiomyocytes” (Figure 3D). In the down-regulated gene
analysis, molecular functions associated with “pattern
binding,” “dynein light chain binding,” “steroid dehydrogenase
activity,” “helicase activity,” and “organic acid transmembrane
transporter activity,” were enriched (Figure 3E). The “Protein
digestion and absorption,” “Signaling pathways regulating
pluripotency of stem cells,” “Cytokine-cytokine receptor
interaction,” and “ECM-receptor interaction” KEGG pathways
were obviously enriched (Figure 3F). When inspecting the results
above, we particularly noticed that genes involved in the ADRBI1-
mediated cAMP signaling pathway were dramatically up-
regulated in BRCA1-deficient ovarian cancer patients (Figures
3D,G). In addition, genes that participate in regulating this
pathway, including those involved in “catecholamine binding,”
“calcium-dependent protein binding,” and “cyclic nucleotide
binding,” were also dramatically up-regulated (Figure 3C).
These data demonstrate that cAMP signaling is significantly

» o«
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activated in BRCA1-deficient ovarian cancer patients. A series
of studies have illustrated that cAMP can inhibit cancer cell
apoptosis induced by DNA damage (Nishihara et al., 2003;
Naderi et al,, 2009). Besides, the expression of DKK1 in the
“cytokine production involved in immune response” pathway
was also elevated in BRCAIl-deficient ovarian cancer patients
(Figures 3D,H). DKK1 is a secreted factor that has immune
inhibitory effects through suppressing the proliferation of CD8"
T cells and NK cells, thus leading to immune evasion of cancer
cells (Chu et al, 2021). Therefore, BRCA1-deficient ovarian
cancer cells may develop two ways to resist cell death.

BRCA1 Knock-Down Induces Elevated
Expression of ADRB1 for an Increased
Generation of cAMP

We wanted to verify whether ovarian cancer cells express higher
levels of ADRB1 and upon BRCA1 knock-down. We selected
three ovarian cancer cell lines (OVCAR-5, IGROV-1, and A2780)
bearing wild-type BRCA1 (Stordal et al,, 2013) and knocked
down endogenous BRCA1l using lentivirus-based shRNA.
BRCA1 was successfully knocked down in the OVCAR-5,
IGROV-1, and A2780 cells upon treatment with the BRCAI-
targeting shRNA lentivirus, as determined by qPCR and western
blot analysis (Figures 4A,C). When BRCA1 was knocked down,
the mRNA and protein levels of ADRBI in the three ovarian
cancer cell lines increased compared with those in the control
groups (Figures 4B,C), indicating that BRCA1 knock-down
induces ADRBI expression in ovarian cancer cells.

In vivo, catecholamine hormones including norepinephrine
and epinephrine in the plasma can activate ADRB1, which can
promote adenylyl cyclase to synthesize cAMP (Pon et al., 2016).
In cultured cells, we found the level of cAMP is maintained at a
relatively low concentration in the absence of stimulating factors.
When stimulated ovarian cancer cells by the non-selective
adrenoreceptor agonist epinephrine, the cAMP level was
significantly elevated, indicating that activated adrenoreceptor
can promote the production of cAMP. When BRCA1l was
knocked down, cAMP generation was further increased
compared with the control group after epinephrine treatment
(Figure 4D). The enhanced effect on cAMP production in the
BRCA1-deficient cancer cells may be due to the overexpression of
ADRBIL. To test this, we treated the ovarian cancer cells with the
ADRBI selective agonist dobutamine. Dobutamine treatment
only induced mild cAMP production, indicating that ovarian
cancer cells with normal BRCA1 maintain relatively low levels of
ADRBI. However, cCAMP generation dramatically increased in
the ovarian cancer cells with knock-down of BRCAI after
dobutamine treatment. In addition, when we simultaneously
treated the BRCA1 knock-down ovarian cancer cells with
dobutamine and the ADRBI-specific antagonist atenolol, the
levels of cAMP decreased to the basal level, whereas the
ADRB2-specific antagonist ICI-118551 had no inhibitory effect
(Figure 4E). On the other hand, we also detected the mRNA
levels of DKK1 in BRCA1 knock-down ovarian cancer cell lines.
No significant difference of DKK1 expression was observed
between control and BRCA1l knock-down cancer cells
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FIGURE 4 | BRCA1 knock-down promotes ADRB1 expression and cAMP production in ovarian cancer cells. (A) gPCR analysis of BRCA1 knock-down efficacy by

shRNA lentivirus in OVCAR-5, IGROV-1, and A2780 ovarian cancer cells. KD: knock down. Data are presented as mean values +SD. p values were calculated by
unpaired two-tailed Student’s t-tests. (B) gPCR analysis of ADRB1 mRNA expression level in control and BRCA1 knock-down OVCAR-5, IGROV-1, and A2780 ovarian
cancer cells. Data are presented as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (C) Western blot analysis of BRCA1 and

ADRB1 proteins levels in control and BRCA1 knock-down OVCAR-5, IGROV-1, and A2780 ovarian cancer cells. B-actin was used as aloading control. (D) cAMP levels
were determined by ELISA in control and BRCA1 knock-down OVCAR-5, IGROV-1, and A2780 ovarian cancer cells treated with or without epinephrine. Data are
presented as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (E) CAMP levels were determined by ELISA in control and

BRCAT1 knock-down OVCAR-5, IGROV-1, and A2780 ovarian cancer cells treated with or without dobutamine, atenolol or ICI-118551. Data are presented as mean
values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (F) gPCR analysis of DKK1 mRNA expression level in control and BRCA1 knock-down
OVCAR-5, IGROV-1, and A2780 ovarian cancer cells. Data are presented as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (G)
gPCR analysis of DKK1 mRNA expression level in BRCA1 knock-down OVCAR-5, IGROV-1, and A2780 ovarian cancer cells treated with or without dobutamine. Data
are presented as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (H) Western blot analysis of DKK1 protein levels in cell pellets and
supernatant from BRCA1 knock-down OVCAR-5, IGROV-1, and A2780 ovarian cancer cells treated with or without dobutamine. f-actin was used as a loading control.

(Figure 4F). However, when the BRCA1 knock-down cells were
treated with dobutamine, the expressional level of DKK1 was
dramatically elevated (Figures 4G,H). Considering DKK1 is a
secreted protein, we also detected the protein level of DKK1 in the
culture medium. As expected, the protein level of DKKI in the
culture medium of dobutamine-treated BRCA1 knock-down
cancer cells was elevated (Figure 4H). The results demonstrate
that ovarian cancer cells deficient in BRCA1 express higher levels
of ADRBI, which promotes the synthesis of cAMP. The elevated

cAMP further induces the expression of DKKI in these
cancer cells.

Elevated cAMP Inhibits Apoptosis of
BRCA1 Knock-Down Ovarian Cancer Cells

and Proliferation of CD8" T Cells
To test the hypothesis that cellular cAMP suppress DNA damage-
induced apoptosis in BRCA1-deficient ovarian cancer cells, we
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FIGURE 5 | The effects of cAMP on apoptosis of BRCA1 knock-down ovarian cancer cells and proliferation of CD8* T cells. (A) Control and BRCA1 knock-down
A2780 cells were treated with or without dobutamine or 8-CPT-cAMP before IR irradiation, and the proliferation of these cells was monitored using the XCELLigence
RTCA system. Cell proliferation was automatically monitored 70 h (i.e., until the control cells reached a growth plateau). Control cells are shown by grey line, IR irradiated
controland BRCA1 knock-down cells are shown by green and cyan lines, dobutamine pre-treated control and BRCA1 knock-down cells irradiated by IR are shown

by pink and blue lines, 8-CPT-cAMP pre-treated BRCA1 knock-down cells irradiated by IR are shown by red line. Error bars represent the standard deviation. (B) Control
and BRCA1 knock-down A2780 cells were treated with or without dobutamine or 8-CPT-cAMP before exposed to 10 Gy IR. After 18 h, cell apoptosis analysis was
performed through flow cytometry. I: control cells without IR treatment, 11: control cells with IR treatment, Ill: dobutamine pre-treated control cells with IR treatment, IV:
BRCA1 knock-down cells with IR treatment, V: dobutamine pre-treated BRCA1 knock-down cells with IR treatment, VI: 8-CPT-cAMP pre-treated BRCA1 knock-down
cells with IR treatment. Q1: necrotic cells, Q2: early apoptotic cells, Q3: late apoptotic cells, Q4: viable cells. (C) Percentages of apoptotic A2780 cells, including early and
late apoptotic cells, in each group from (B). Three biologically independent replicates were performed. Data are presented as mean values +SD. p values were calculated
by unpaired two-tailed Student’s t-tests. (D) Cell cycle analysis was performed to detect the effects of dobutamine or 8-CPT-cAMP on cells that were treated as
described in (B) through flow cytometry. G1 phase: red, S phase: white, G2/M phase: blue. (E) Percentages of G1 phase, S phase, and G2/M phase cells in each group
from (D). Three biologically independent replicates were performed. Data are presented as mean values +SD. (F) The inhibitory effect of secretion of dobutamine pre-
treated BRCA1 knock-down A2780 cells on the proliferation of CD8* T cells in vitro. The proliferation of the cells was determined by CFSE dilution. Three biologically
independent replicates were performed. Data are presented as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests.
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treated BRCA1 knock-down A2780 ovarian cancer cells with
ionizing radiation (IR), which induces DNA double-strand
breaks (Shikazono et al., 2009). After exposure to 10 Gy IR,
the growth of the BRCAl knock-down A2780 cells nearly
ceased, whereas growth of IR-treated control cells was partially
recovered to grow (Figure 5A). This suggests that cell cycle arrest
or apoptosis induced by massive unrepaired DNA damage may
lead to the arrested growth of BRCA1 knock-down A2780 cells,
whereas cells with wild-type BRCA1 can recover after DNA
damage repair. When A2780 cells were incubated with
dobutamine or 8-CPT-cAMP (a membrane-permeable analog of
cAMP) before IR treatment, the proliferation of the cells could be
recovered to a large extent. As shown in Figure 5A, after incubation
with dobutamine, IR-treated control and BRCA1 knock-down A2780
cells could proliferate normally. Similar to the effect of dobutamine, 8-
CPT-cAMP also removed the inhibition on the BRCA1 knock-down
A2780 cells proliferation. This suggests that endogenous cAMP in
BRCA1 knock-down ovarian cancer cells can prevent cell death or cell
cycle arrest caused by DNA damage.

Next, we investigated the apoptosis of A2780 cells after IR
treatment using flow cytometry. Compared with control A2780
cells without IR treatment, which consisted of only 5.5% basal
apoptotic cells, the proportions of control and BRCA1 knock-
down A2780 cells that were apoptotic after IR treatment were
27.2 and 55.2%, respectively. This indicates that BRCA1 is
essential for DNA damage repair, and that the lack of BRCA1
causes dramatic apoptosis in ovarian cancer cells bearing massive
unrepaired DNA double-strand breaks. In contrast, in the
presence of dobutamine, the percentages of control and
BRCA1 knock-down A2780 cells that were apoptotic after IR
treatment decreased to 13.3 and 18.5%, respectively. Similar to
the effect of dobutamine, direct stimulation by 8-CPT-cAMP of
IR-treated BRCA1 knock-down A2780 cells decreased the
percentage of apoptotic cells to 13.25% (Figures 5B,C). At the
same time, we also performed cell cycle analysis to determine the
proportions of cells in each phase. The percentage of control
A2780 cells in G1 phase was 35.49%. After exposure to IR, the
percentages of control and BRCA1 knock-down A2780 cells in
G1 phase were 63.39 and 65.48%, respectively, indicating that
massive DNA damage arrested the cell cycle in G1. After
dobutamine treatment, the percentages of Gl cells in IR-
treated control and BRCA1 knock-down A2780 cells decreased
to 44.32 and 43.03%, respectively, suggesting that cAMP
terminated the cell cycle arrest caused by DNA damage.
Treatment with 8-CPT-cAMP decreased the percentage of IR-
treated BRCA1 knock-down A2780 cells in the G1 phase to
36.13%, a percentage similar to that of the control cells (Figures
5D,E). In addition, we tested whether DKK1 could inhibit the
proliferation of CD8" T cell in vitro. Considering that DDK1 is a
secreted protein, we collected culture supernatant of
BRCA1 knock-down A2780 cells that were treated with or
without dobutamine. Only the secretion of dobutamine treated
BRCA1 knock-down A2780 cells could inhibited the proliferation
of the CD8" T cells. The inhibitory effect could be compromised
by adding the DKK1 antibody, but not the control IgG
(Figure 5F), demonstrating that DKK1 can actually inhibit the
proliferation of CD8" T cells. In general, we demonstrate that

Apoptotic Resistance in BRCA1-Deficient Tumor

cAMP promoted by ADRBI abolishes cell cycle arrest and DNA
damage induced-apoptosis in BRCA1-deficient cancer cells. The
secreted DKK1 from BRCA1-deficient cancer cells on the other
hand confronts immune cells, assisting the apoptotic resistance.

cAMP Inhibits Apoptosis Through
Abrogating p53 Accumulation

Using immunofluorescence staining, we determined the level of pro-
apoptotic pore-forming protein BCL-2-associated X protein (BAX) in
A2780 cells. Consistent with the previous results of flow cytometry,
after exposure to IR, the BAX signal in A2780 cells was significantly
enhanced in comparison with that in the control cells, and the
percentages of BAX-positive cells in the two groups were 29.7 and
4.1%, respectively. As expected, a stronger BAX signal was detected in
the BRCALI knock-down cancer cells upon IR irradiation, and the
percentage of BAX-positive cells increased to 61.2%. If the cells were
treated with dobutamine beforehand, weaker BAX signals were
observed in the IR-irradiated control and BRCA1 knock-down
A2780 cells, and 13.7 and 14.5% cancer cells were BAX positive,
respectively. In addition, the inhibitory effect of 8-CPT-cAMP on
BAX protein accumulation was similar to that of dobutamine on the
IR-treated BRCAL1 knock-down ovarian cancer cells (Figures 6A,B).
Immunoblotting against BAX and the activated (cleaved) form of the
apoptotic executioner protein caspase-3 from A2780 ovarian cancer
cells further verified the above results (Figures 6C-E), confirming
that the inhibitory effect of cAMP on apoptosis of ovarian cancer cells
is dependent on its ability to inhibit the apoptosis pathway.
Because of the essential role of p53 in apoptosis regulation
(Carneiro and El-Deiry, 2020), p53 accumulation in response to
DNA damage might be inhibited by the enhanced cAMP in the
BRCA1-deficient ovarian cancer cells. After IR irradiation, p53
accumulation and caspase-3 cleavage were substantially elevated
in the BRCA1 knock-down ovarian cancer cells. Dobutamine or
8-CPT-cAMP treatment dramatically decreased the levels of p53
and cleaved caspase-3. However, the inhibitory effect of
dobutamine on p53 accumulation and caspase-3 cleavage was
abrogated by the ADRBI selective inhibitor atenolol (Figures
6F,G). The results show that cAMP antagonism of DNA damage-
induced apoptosis is dependent on the inhibition of p53
accumulation in the BRCA1-deficient ovarian cancer cells. We
also examined the inhibitory effects of cAMP on apoptosis in two
other ovarian cells lines (OVCAR-5 and IGROV-1) with knock-
down of BRCALI. IR-induced p53 accumulation and cleavage of
caspase-3 in these cancer cells could also be attenuated by
dobutamine (Figure 6H). In summary, these results show the
relationship between the inhibitory effect of cAMP on apoptosis
and DNA damage-induced p53 accumulation, BAX induction,
and cleavage of caspase-3, demonstrating that ADRB1-mediated
cAMP production negatively regulates DNA damage-induced
apoptosis of the BRCA1-deficient ovarian cancer cells.

DISCUSSION

BRCAL is an essential homologous recombination factor that
plays fundamental functions in DNA damage repair and genomic
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FIGURE 6 | The inhibitory effect of cCAMP on IR-induced apoptosis is p53 dependent. (A) Control and BRCA1 knock-down A2780 cells were treated as described
in Panel 5C. 18 h after IR, immunofluorescence staining of pro-apoptotic pore-forming protein BAX of each cells was performed. Scale bar, 25 pm. (B) Percentages of
BAX positive cells in each group from (A). At least 100 cells were included in each group. Three biologically independent replicates were performed. Data are presented
as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (C) Western blot analysis of BRCA1, ADRB1, BAX, and cleaved caspase-3
protein level in each group that were treated as described in (A). p-actin was used as a loading control. (D, E) Protein levels of BAX and cleaved caspase-3 in each group
from (C). The relative intensities of BAX and cleaved caspase-3 bands were quantified by ImageJ. The experiments were performed three times. Data are presented as
mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (F) BRCA1 knock-down A2780 cells were treated with or without dobutamine,
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was used as a loading control. (G) Protein levels of p53 in each group from (F). The relative intensities of p53 bands were quantified by ImagedJ. The experiments were
performed three times. Data are presented as mean values +SD. p values were calculated by unpaired two-tailed Student’s t-tests. (H) BRCA1 knock-down OVCAR-5
and IGROV-1 cells were incubated with or without dobutamine before exposed to 10 Gy IR. 18 h after IR, p53 and cleaved caspase-3 protein levels in each group were
determined by western blot. p-actin was used as a loading control.
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integrity maintenance (Huen et al., 2010). BRCA1 deficiency
results in defective DNA damage repair and accumulation of
DNA lesions that is lethal to embryos and primary mouse
embryonic fibroblast cells because of the activation of p53-
dependent apoptosis (Gowen et al., 1996; Hakem et al., 1996;
Ludwigetal., 1997; Xu et al.,, 2001). However, mutations in the
BRCA1 gene dramatically increase the incidence of breast and
ovarian cancers in women (Eastson et al., 1995; Rahman and
Stratton, 1998; King et al., 2003). In these patients, the
BRCAI-mutated cancer cells resist apoptosis and grow
normally even their p53 is proficient. Thus, the BRCAI-
deficient cancer cells may evolve some apoptotic resistance
skills in vivo. In this study, through retrospective analysis of
ovarian cancer patients’ transcriptome data, we found that
ovarian cancer cells in BRCA1-deficient patients expressed
higher levels of ADRB1, which can enable adenylyl cyclase to
generate cAMP. Consistent with the results above, when
BRCA1 was knocked down in BRCA1 wide-type ovarian
cancer cell lines, the cells expressed higher levels of
ADRBI1, which promoted the production of cAMP. The
elevated cAMP inhibited IR-induced cell apoptosis by
abolishing the function of p53. On the other hand, the
elevated cAMP also induced the expression of DDKI,
which inhibited the proliferation of CD8" T lymphocytes
that can promote the immune evasion of cancer cells.
When ADRBI1 was inhibited, the resistance ability of
BRCAI1-deficient ovarian cancer cells to p53-dependent
apoptosis was abrogated.

It is well known that p53 is the key factor located in the center
of the complex apoptosis pathway, which can be induced by
cellular stresses, such as DNA damage, cytotoxic chemicals, and
oxidative stress (Aubrey et al., 2018). Under normal conditions,
p53 is maintained at a low level through continuous degradation
by the proteasome. Upon a cellular stress, for example, persistent
or irreparable DNA damage, p53 is stabilized and aggregates in
the cell nucleus, where it initiates apoptosis to clear the cells with
defective genomes (Hafner et al., 2019; Carneiro and El-Deiry,
2020). Therefore, circumvention of the p53-based apoptosis
response is extremely important for the tumor formation and
progression, especially in BRCA1-deficient ovarian and breast
cancer cells, which are prone to accumulate DNA damages. In our
retrospective analysis of transcriptome data from BRCAI-
deficient ovarian cancer patients, we found that the DNA
damage repair-related pathways were severely attenuated, and
the gene mutation frequency was much higher than that in
patients with normal BRCAI, suggesting that BRCALl
deficiency caused inefficient DNA damage repair, leading to a
massive number of gene mutations and extreme genome
instability. However, no obvious increase in apoptotic signals
was detected in the BRCA1-deficient ovarian cancer patients,
indicating that apoptosis was inhibited in the BRCA1-deficient
ovarian cancer cells. Of course, mutation or deletion of p53 is the
most direct mechanism to resist apoptosis, but not all BRCA1-
deficient cancer patients carry defective p53 (Ramus et al., 1999;
Greenblatt et al., 2001; Manie et al., 2009; Jonsson et al., 2019).
We found that expression of ADRB1 in BRCA1-defective ovarian
cancer cells was activated by extracellular catecholamine

Apoptotic Resistance in BRCA1-Deficient Tumor

hormones. Activated ADRB1 generates abundant cAMP,
which inhibits DNA damage-induced apoptosis. Therefore, it
is also possible that characteristics of the specific physiological
environment in the ovarian tissue, such as the existence of
extracellular survival factors (e.g., extracellular catecholamine
hormones) and/or BRCAIl-defective ovarian cancer cells
expressing higher levels of anti-apoptosis factors (e.g., ADRBI)
overwhelm the p53-activated apoptosis.

In vivo, adrenergic receptors on the membranes of target cells
can be bound and activated by the catecholamine hormones
from the plasma, and then cAMP can be utilized to activate
downstream pathways that regulate the associated biological
processes (Antoni et al., 2006; Paravati et al., 2018). Studies have
shown that -adrenoreceptors, especially ADRB1 and ADRB2,
are highly expressed in pan cancers that significantly reduce the
overall survival of tumor patients (Lehrer and Rheinstein, 2020).
From this side, the poor outcomes of BRCA1-deficient ovarian
cancer patients are related to anti-apoptotic ability mediated by
ADRBI. In addition to ADRBI1, BRCAIl-deficient ovarian
cancer cells also express high levels of other factors related to
catecholamine-adrenoceptor-cAMP pathway regulation, such
as the adenylate cyclase ADCY2 and G protein-coupled
receptor ADGRB1. Considering the role of BRCAI in
regulating gene transcription (Mullan et al., 2006; Rosen
et al, 2006), we speculate that BRCAl may act as a
corepressor that inhibits the transcription of these genes.
Moreover, the elevated cAMP induces an increased
expression of the secretory protein DKKI, which was
reported to promote tumor growth and metastasis in several
tumor models (Kagey and He, 2017). In our study, we found that
DKKI1 secreted by BRCA1-deficient cancer cells could inhibit
CD8" T cells proliferation, which impaired CD8" T cells
activation. It has been reported that enhanced serum level of
DKKI1 is correlated with a poor prognosis in cancer patients
(Chu et al, 2021). This effect may result from the
immunoregulatory role of DKKI1 generating an
immunosuppressive  tumor  microenvironment through
suppressing the proliferation of CD8" T cells and other
immune cells, thus facilitating the immune evasion of cancer
cells. This enhances cAMP efficiency for apoptotic resistance in
cancer cells. In the future, chemicals that can block the activities
of these factors may be used as new therapeutic drugs against
BRCAI-mutated tumors.
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The repair of DNA damage is a complex process, which helps to maintain genome fidelity,
and the ability of cancer cells to repair therapeutically DNA damage induced by clinical
treatments will affect the therapeutic efficacy. In the past decade, great success has been
achieved by targeting the DNA repair network in tumors. Recent studies suggest that DNA
damage impacts cellular innate and adaptive immune responses through nucleic acid-
sensing pathways, which play essential roles in the efficacy of DNA repair targeted therapy.
In this review, we summarize the current understanding of the molecular mechanism of
innate immune response triggered by DNA damage through nucleic acid-sensing
pathways, including DNA sensing via the cyclic GMP-AMP synthase (cGAS), Toll-like
receptor 9 (TLR9), absent in melanoma 2 (AIM2), DNA-dependent protein kinase (DNA-
PK), and Mre11-Rad50-Nbs1 complex (MRN) complex, and RNA sensing via the TLR3/7/
8 and retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs). Furthermore, we will
focus on the recent developments in the impacts of nucleic acid-sensing pathways on the
DNA damage response (DDR). Elucidating the DDR-immune response interplay will be
critical to harness immunomodulatory effects to improve the efficacy of antitumor immunity
therapeutic strategies and build future therapeutic approaches.

Keywords: DNA damage and repair, DDR inhibitors, nucleic acid-sensing pathways, innate immunity,
immunotherapy

1 OVERVIEW OF DNA DAMAGE AND REPAIR NETWORK

Up until now, chemotherapy and radiotherapy have remained the important treatment options for a
variety of cancers (Hellmann et al., 2016; Chu et al., 2018; Qin et al., 2018; De Ruysscher et al., 2019;
Grassberger et al., 2019; Galluzzi et al., 2020; Huang and Zhou, 2020; McLaughlin et al., 2020). The
key mechanism of tumor cell death induced by standard chemotherapy and radiotherapy is DNA
damage, leading to cell-cycle arrest and death directly or after S-phase DNA replication in the cell
cycle. On the other hand, to deal with possible DNA lesions, tumors cells have evolved intricate repair
mechanisms, and the ability to repair therapy-induced DNA damage would influence the therapeutic
efficacy (Bouwman and Jonkers, 2012; Gavande et al., 2016). Here, we first overview the various types
of DNA damage caused by radiotherapy and chemotherapy and the corresponding DNA damage
repair pathways (see previous reviews for details) (Ciccia and Elledge, 2010; Giglia-Mari et al., 2011;
Pinder et al., 2013; Chatterjee and Walker, 2017; Cussiol et al., 2019; Souliotis et al., 2020).
Some commonly used potent chemotherapy compounds (cyclophosphamide, dacarbazine,
cisplatin, etc.) act by adding the alkyl groups to specific bases of DNA, yielding alkylated
products such as O2-alkylthymine, O4-alkylthymine, O6-methylguanine, and O6-ethylguanine
(Serrone et al, 2000; Emadi et al, 2009; Dasari and Tchounwou, 2014). Monofunctional
alkylating agents have one active moiety and can only modify a single base, while bifunctional
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alkylating agents have two reaction sites, which can crosslink
DNA to protein or another DNA base resulting in intra-strand
crosslinks or inter-strand crosslinks. Radiotherapy by ionizing
radiation (IR) can attack DNA directly by breaking the
phosphodiester bond and the deoxyribose, and other indirect
means have also been confirmed, for example, highly reactive
oxygen species (ROS) produced from water radiolysis could result
in the oxidization of the DNA desoxyribose moiety and the four
nitrogenous bases (Henner et al., 1982; Desouky et al.,, 2015).
Thereby, chemotherapy and radiotherapy can result in various
kinds of DNA damage including base damage, single-strand
breaks (SSBs), and double-strand breaks (DSBs). Among them,
DSBs are thought to be the most harmful to cell survival and are
the main mechanism to promote the therapeutic effect.

To remedy various DNA damage types, there has developed a
complex DNA damage response (DDR) network (Giglia-Mari
et al, 2011). The pathways involved in DNA damage repair
mainly include direct reversal, base excision repair (BER),
nucleotide excision repair (NER), non-homologous end joining
(NHEJ), and homologous recombination (HR) pathway. Direct
reversal, the simplest DNA repair pathway, depends primarily on
a single protein and does not involve nucleotide removal,
resynthesis, or ligation. For example, the O6-alkyl group of
guanines can be removed by O6-methylguanine DNA
methyltransferase (MGMT). BER and NER pathways take part
in the DNA SSBs repairment. BER often participates in the repair
of the small but highly mutagenic DNA lesions, which usually
significantly undermine genomic fidelity and stability (Dianov
and Hiibscher, 2013). The BER pathway is initiated with the
excision of the damaged base by any of 11 DNA glycosylases
(Krokan et al., 1997), after which the exposed gap will be filled by
a different set of proteins, among which the repair of single-base
gaps require the short-patch pathway while polybasic gaps are in
need of the long-patch pathway (Woodrick et al., 2017; Biau et al.,
2019; Caldecott 2020). The NER pathway involves multiple steps
requiring more than 30 proteins and is the main pathway used by
mammals to remove bulky DNA lesions, including numerous
chemical adducts, intra-strand crosslinking of DNA, and some
forms of oxidative damage. In the NER pathway, the damaged
bases are first recognized, then the DNA double-strand is
unwound, and then the excision repair complex will remove
the damaged bases followed by filling and ligating of the gap
(Gillet and Schirer, 2006; Shuck et al., 2008).

DSB is a highly toxic gene damage that seriously threatens
cellular homeostasis by affecting the transcription of genes, DNA
replication, and chromosome segregation. Failure in repairing
DSBs can lead to devastating chromosomal instabilities, and
result in the dysregulation of gene expression and an increased
hazard of carcinogenesis (Kryston et al., 2011). In human cells,
two pathways, HDR and NHE], take part in DNA DSBs repair
(Chang et al, 2017). HDR is generally considered to be
participated in DSBs repair only during the S and G2 phases
of the cell cycle given that it needs a homologous template to
replace the damaged DNA segment in the genome, but it has been
shown that centromeric DSBs in the G1 phase can activate the
HDR pathway to maintain centromeric integrity recently (Yilmaz
et al., 2021). The canonical HDR pathway is relatively slow but
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error-free, which needs numerous factors involved in homology
search, Holliday junction formation, DNA synthesis, and the final
DNA ligation (San Filippo et al., 2008; Krejci et al., 2012). Unlike
the HR pathway, the NHE] pathway does not need a DNA
template and is active throughout the whole cell cycle,
therefore it responds relatively quickly but is error-prone
(Chang et al., 2017). In NHE] pathway, four specific steps are
involved including DNA termini recognition, bridging of the
DNA ends, DNA end processing, and DNA ligation.

2 DNA REPAIR TARGETED THERAPY

Given that tumor cells could repair DNA damage induced by
chemotherapy and radiotherapy in order to survive, the use of
inhibitors of specific DNA repair pathways combined with DNA-
damaging treatment can be efficacious. Some DNA repair
inhibitors have been exploited as clinical agents targeting the
proteins involved in sensing and conducting DNA damage
signals as well as other proteins in DNA repair pathways
(Mateo et al., 2019; Cheng et al., 2022).

DNA damage sensor proteins are key functional proteins to
initiate repair and can sense multiple DNA damage signals, in
which poly (ADP-ribosyl) polymerase-1 (PARP-1) is widely
recognized to be the primary responder to SSBs while it could
also bind and signal DSBs (Li and Yu 2013; Ceccaldi et al., 2015;
Mateos-Gomez et al, 2015; Pandey and Black, 2021). After
rapidly detecting the DNA damage, PARP-1 synthesizes of
poly (ADP-ribose) (PAR) chains on itself and many different
proteins near the damage site initiating recruitment of DNA
repair complexes. The formation of the PAR chain can promote
the release of PARP-1 from the position where it binds to the
damaged DNA so that the other repair proteins could contact
with the damaged site. Inhibition of PARP will reduce the
synthesis of PAR chains, making PARP unable to dissociate
from damaged DNA, thus preventing the recruitment of other
repair proteins (Zandarashvili et al., 2020). The failure of PAR
chain formation and the release of PARP from damaged DNA
will lead to the enrichment of SSBs, which can be transformed
into single-sided DSBs during DNA replication (Bixel and Hays,
2015). However, in the cells with the absence of intact DSBs repair
pathways, such as in BRCA1 and BRCA2 mutated cells, the
persistent DSBs are toxic and even deadly. Many small
molecule PARP inhibitors (PARPi) targeting the catalytic
activity of PARP-1 are now approved and clinically used in
patients with breast, ovarian, prostate, and pancreatic cancers
deficient in other DDR components, and the expanded utilities of
small molecule PARP inhibitors in other cancer types are under
consideration (Ramakrishnan Geethakumari et al., 2017; Zimmer
et al.,, 2018; Hammel et al., 2020; Xie et al., 2020).

For DSBs, lupus Ku autoantigen protein (Ku) and the Mrell-
Rad50-Nbsl complex (MRN) play important roles. Ku is a
protein heterodimer composed of Ku70/Ku80, which takes
part in the NHE]J pathway and binds to DNA DSBs (Chen
et al, 2021). Upon recognition and binding of DSBs, Ku
recruits the DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) that assists in classical NHE] repair. A class of
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compounds has been developed that abrogates the Ku-DNA end
binding activity, inhibits cellular NHE], and enhances the cellular
activity of radiomimetic agents and IR (Gavande et al., 2020). The
MRN complex has nuclease activity and can bind DNA, so it can
participate in the initial detection and processing of DSB (Rupnik
etal., 2008), which is dependent on the nuclease activity of Mrel 1,
the central factor of the MRN complex with endonuclease activity
and 3'-5' exonuclease activity (Stracker and Petrini, 2011). Upon
bound to the damaged position, MRN recruits the DNA-damage
signaling kinase ataxia-telangiectasia mutated (ATM), activates it,
and triggers a series of signaling events that drive HR repair (Uziel
etal,, 2003). A class of inhibitors has been developed to selectively
block the nuclease activity of Mrell and prevent DNA damage
repair (Dupré et al., 2008).

DNA damage signaling proteins trigger multiple post-
translational modifications and the assembly of protein
complexes, which amplify and diversify the DNA damage
signals. Initially, one of three phosphatidylinositol-3 kinase-
related kinases (PIKKs): DNA-PKcs, ATM, or ATM- and
Rad3-Related (ATR) is activated by phosphorylation in
response to DNA damage (Woods and Turchi, 2013). DNA-
PKcs, forming a heterotrimeric complex with Ku, are required for
proper DSBs repair by NHE]. Using its activated kinase activity
after being bound to the DNA terminus, it will phosphorylate
itself and other target proteins to coordinates the NHE] pathway
(Falck et al, 2005; Uematsu et al., 2007). Following the
appearance of DSB, the MRN complex activates ATM, which
then phosphorylates histone H2AX as the main kinase (Burma
et al., 2001). ATM could also phosphorylate checkpoint kinase 2
(Chk2) and p53 to impact cell cycle regulation and cytotoxicity
(Cheng and Chen, 2010; Smith et al., 2010). ATR participates in
HR, NER, long-patch BER, postreplication repair, interstrand
cross-link repair, and replication fork restart after its activation by
replication protein A (RPA)-coated ssDNA (Cimprich and
Cortez, 2008). Several small molecules targeting three PIKKs
such as VX-984 and CC-115 for DNA-PKcs, AZD0156 for ATM,
VX-970, and AZD6738 for ATR are currently in different stages
of clinical trials (Munster et al., 2016; Foote et al., 2018; Pike et al.,
2018; Timme et al., 2018; Gorecki et al., 2020). In addition,
checkpoint kinase 1 (Chkl) and Chk2, protein kinases that lie
downstream of ATR and ATM, have also been utilized as
therapeutic targets for drug development (Jobson et al., 2009;
King et al., 2014).

3 NUCLEIC ACID-SENSING PATHWAYS
CONNECT DNA DAMAGE TO INNATE
IMMUNITY

Cancer chemotherapy and radiotherapy aim to induce catastrophic
DNA damage such as DSBs to cause cancer cell apoptosis, which can
further aggravate the degree of DNA damage and promote the
therapeutic effect when combined with DNA damage repair
inhibitors. According to the severity of the DNA damage, some
cancer cells directly initiate programmed cell death to clear the
damaged genome beyond endurance. Besides, nucleic acid released
from dying cells can activate the innate immune response of

NA Sensing Pathways and DDR

surrounding cells (Wang et al., 2021b). Even if DNA damage
does not directly kill cells, increasing evidence indicates that the
accumulation of nucleic acids in the cytoplasm caused by DNA
damage can also trigger an inflammatory response within the cells
(Nastasi et al.,, 2020). DNA damage-induced cytosolic nucleic acid
shares common receptors (pattern recognition receptors, PRRs) and
downstream effectors with those induced by viral or bacterial
infections (Takeuchi and Akira, 2010; Taffoni et al., 2021), which
are summarized below (Figure 1). And some agonists of these
nucleic acid-sensing pathways are already in clinical trials (Table 1).
Strikingly, recent research has indicated that the proteins that
participated in DNA repair also play active roles in innate
immune signaling.

3.1 DNA Sensing Pathways

3.1.1 Cyclic GMP-AMP Synthase

Normally, DNA is trapped in the nucleus and mitochondria and
rapidly degraded by nucleases in the cytoplasm and
endolysosomes. DNA-sensing receptors could detect increased
amounts of intracellular DNA. Currently, cyclic GMP-AMP
synthase (cGAS), a nucleotidyltransferase (NTase), is the most
widely accepted dsDNA sensor that acts followed by stimulator of
interferon genes (STING) performing multiple functions (Kuchta
et al., 2009; Sun et al.,, 2013; Wu et al., 2013). cGAS normally
resides to be inactive. Initial studies considered cGAS as a
cytoplasmic protein, in which ¢cGAS could not interact with
nuclear or mitochondrial DNA, but some recent works
indicate that cGAS also resides in the nucleus constitutively
(Gentili et al., 2019; Jiang et al., 2019; Volkman et al., 2019).
cGAS can be activated not only by viral or bacterial infection-
related DNA entering the cytoplasm but also by endogenous self-
DNA, including cytosolic DNA from nucleus and mitochondria,
DNA in cytoplasmic micronucleus, and chromatin in the nucleus
(Li X.-D. et al.,, 2013; West et al., 2015; Dou et al., 2017; Gliick
et al,, 2017; Harding et al.,, 2017; Mackenzie et al., 2017; Gratia
etal, 2019). Upon binding to DNA, cGAS assembles into a dimer
at an active state and converts ATP and GTP into the second
messenger cyclic GMP-AMP (cGAMP) (Ablasser et al., 2013;
Diner et al, 2013; Gao et al., 2013; Zhang et al.,, 2013). The
complete activation and stabilization of cGAS-DNA complexes
require DNA lengths to exceed a certain threshold, allowing two
or more cGAS molecules to bind to the same DNA to form
oligomeric structures or condensates (Li X. et al., 2013; Zhang J.-
Z. et al., 2014; Andreeva et al., 2017; Luecke et al., 2017; Du and
Chen, 2018; Hooy and Sohn, 2018). The cyclic-dinucleotide
sensor STING, an ~40kDa dimeric transmembrane protein
located in the endoplasmic reticulum (ER), could detect and
bind to cGAMP to make a conformational change, which results
in its translocation from the ER to the Golgi apparatus and the
activation of TANK-binding kinase 1 (TBK1) (Ishikawa and
Barber, 2008; Burdette et al., 2011; Liu et al., 2015; Ergun
et al., 2019; Shang et al,, 2019; Zhang et al., 2019; Zhao et al,,
2019). The activated TBK1 phosphorylates itself, STING, and the
interferon regulatory factor 3 (IRF3), after which the active IRF3
dimer is transported to the nucleus to activate the expression of
type I interferon genes. The cGAS-STING signaling can also lead
to the transcription of pro-inflammatory cytokines-related genes
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FIGURE 1 | DNA sensing pathways triggered by DNA damage. An abnormal increase of intracellular DNA could come from the nucleus, micronuclei, or
mitochondria after chemotherapy or radiation. DNA in endosomal may be from extracellular DNA of necrotic cells through endocytosis or cytoplasmic DNA through
autophagy. Sensors for DNA are shown in green, including cGAS, DNA-PK, MRN, AIM2, and RAD50 in the cytoplasm, and TLR9 in the endolysosome. Adaptor
molecules are shown in pink and downstream signaling molecules are shown in yellow. Activation of these pathways may result in the production of interferon (IFN)

and other cytokines, apoptosis, pyroptosis, autophagy, etc., cGAS, cyclic GMP-AMP synthase; DNA-PK, DNA-dependent protein kinase complex; MRN, Mre11-
Rad50-Nbs1 complex; AIM2, absent in melanoma 2; TLR9, Toll-like receptor 9; cGAMP, cyclic GMP-AMP; STING, stimulator of interferon genes; MYD88, myeloid
differentiation primary response protein 88; IRF3/7, interferon regulatory factor 3/7; NF-kB, nuclear factor-kB; NLRP3, NOD-, LRR- and pyrin domain-containing 3; LCD,
a lytic cell death program; dsDNA, double stranded DNA; ssDNA, single stranded DNA; mtDNA, mitochondrial DNA.

via nuclear factor-kB (NF-kB) (de Oliveira Mann et al., 2019). In
addition, STING is related to autophagy induction, however, its
functional mechanism still remains to be elucidated (Watson
etal,, 2012). Growing studies suggest that the activation of STING
can trigger cell death by various means. For example, STING
could facilitate respective programmed cell death by inducing the
production of many pro-apoptotic and pro-necroptotic
molecules (Paludan et al, 2019). Furthermore, the
accumulation of lysosomal STING could trigger lysosome
membrane permeabilization, leading to the release of
lysosomal hydrolases with cell death as a result (Gaidt et al,
2017). Besides, phosphorylated IRF3 downstream of STING can
stimulate apoptosis by reducing the Bcl-xL-dependent
suppression of the permeability of mitochondrial outer
membrane in mitotic cells (Zierhut et al., 2019; Xie et al., 2021).

3.1.2 Toll-Like Receptors 9

Toll-like receptors (TLRs) are important components of innate
immune responses induced by pathogenic microorganisms or tissue
injury (Moresco et al,, 2011). TLR, a highly conserved intracellular
transmembrane protein, has emerged as a key PRR in the past
20 years. It exists in multiple types of cells, such as T cells, B cells,

APC, epithelial cells, and endothelial cells (Chang 2010). All TLRs
possess a leucine-rich-repeat (LRR) domain binding ligand
extracellularly, a transmembrane domain, and a cytosolic Toll/IL-
1 receptor (TIR) homology domain (Delneste et al., 2007). In all
TLRs, TLRY is found specifically in the endosomes and can be
activated by single-stranded DNA containing unmethylated
cytidine-phosphate-guanosine (CpG) dinucleotides escaping from
the digestion of nucleases such as DNase II (Kumagai et al., 2008).
TLRY9 must undergo proteolytic processing in the endosomal
compartments to complete ligand-mediated dimerization and
activation (Majer et al, 2017). TLR9 not only triggers
plasmacytoid dendritic cells to produce type I IFN and activate
the polyclonal B cells through the myeloid differentiation primary
response protein 88 (MYD88) and interferon-regulatory factor 7
(IRF7) signaling pathway, but also induces the production of
inflammasome-related factors pro-interleukin-1f (pro-IL-1p) and
NOD-, LRR- and pyrin domain-containing 3 (NLRP3) via NF-xB
(Honda et al,, 2005; Zhang X. et al., 2014). According to a recent
study, TLR9 can sense mitochondrial DNA during mitophagy, and
induce C-X-C motif chemokine ligand 10 (CXCL10) expression and
CD8" T cell recruitment, which reveals a novel role of chemotherapy
in the innate immune response (Limagne et al., 2022).
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TABLE 1 | Summary of clinical trials of nucleic acid-sensing pathways-related agonists.

NA Sensing Pathways and DDR

PRR ClinicalTrials.gov Agent(s) Route of Cancer type(s) Clinical phase
Identifier administration of
development
STING NCT04144140 E7766 Intratumoral Lymphoma; advanced solid tumors Phase 1/1b
STING NCT04609579 SNX281 (or in combination with Intravenous Advanced solid tumor; advanced lymphoma  Phase 1
pembrolizumalb)
STING NCT05070247 TAK-500 (or in combination with Intravenous Select locally advanced; metastatic solid Phase 1
pembrolizumab) tumors
TLR NCT00960752 R848 gel (in combination with gp100 and  Intradermally and Melanoma Phase 2
MAGE-3 peptide vaccine) subcutaneously
TLR NCT02668770 MGN1703 (in combination with ipiimumab)  Subcutaneously and Advanced cancers; melanoma Phase 1
intratumoral injection
TLR3 NCT03734692 Rintatolimod (in combination with cisplatin  Intraperitoneal Ovarian cancer recurrent Phase 1;
and pembrolizumab) Phase 2
TLR7 NCT00899574 Imiquimod Cream Breast cancer; breast neoplasms Phase 2
TLR7 NCT00941811 Imiquimod Cream HPV Phase 2
TLR7 NCT01421017 Imiquimod (in combination with Cream Breast cancer; metastatic breast cancer; Phase 1;
cyclophosphamide or radiotherapy) recurrent breast cancer Phase 2
TLR7 NCT03416335 DSP-0509 (or in combination with Intravenous Neoplasms Phase 1;
pembrolizumalb) Phase 2
TLR7 NCT04101357 BNT411 (or in combination with Intravenous Solid tumor; extensive-stage small cell lung Phase 1;
atezolizumab, carboplatin and etoposide) cancer Phase 2
TLR7 NCT04338685 RO7119929 (in combination with Oral Carcinoma; hepatocellular; biliary tract cancer;  Phase 1
Tocilizumab) secondary liver cancer; liver metastases
TLR7 NCT04588324 SHR2150 (or in combination with Oral Solid tumor Phase 1;
chemotherapy plus PD-1 or CD47 Phase 2
antibody)
TLR7/ NCT00821652 Resiquimod (in combination with NY-ESO-  Subcutaneously Tumors Phase 1
8 1 protein vaccination)
TLR7/ NCT04278144 BDC-1001 (or in combination with Intravenous HER2 positive solid tumors Phase 1;
8 nivolumabe) Phase 2
TLR7/ NCT04799054 TransCon (or in combination with Intratumoral Advanced solid tumor; locally advanced solid  Phase 1;
8 pembrolizumab) tumor; metastatic solid tumor Phase 2
TLR7/ NCT04840394 BDBO018 (or in combination with Intravenous Advanced solid tumors Phase 1
8 pembrolizumab)
TLR8 NCT01294293 VTX-2337 (in combination with pegylated  Subcutaneously Ovarian epithelial; fallopian tube; peritoneal Phase 1
liposomal doxorubicin hydrochloride or cavity cancer
paclitaxel)
TLR8 NCT01334177 VTX-2337 (in combination with cetuximab) ~ Subcutaneously Locally advanced; recurrent; metastatic Phase 1
squamous cell cancer of head and neck
TLR8 NCTO1666444 VTX-2337 (in combination with pegylated  Intravenous Epithelial ovarian cancer; fallopian tube cancer;  Phase 2
liposomal doxorubicin) primary peritoneal cancer
TLR8 NCT01836029 VTX-2337 (in combination with Intravenous Carcinoma; squamous cell of head and neck  Phase 2
chemotherapy and cetuximab)
TLR8 NCT03906526 VTX-2337 (or in combination with Subcutaneously or Carcinoma; squamous cell Phase 1
nivolumabe) intratumoral injection
TLR9 NCT00185965 CPG 7909 (in combination with radiation Intratumoral Recurrent low-grade lymphomas Phase 1;
therapy) Phase 2
TLR9 NCT02254772 SD-101 (in combination with ipilimumab Intratumoral Recurrent low-grade B-cell ymphoma Phase 1;
and radiation therapy) Phase 2
TLR9 NCT02927964 SD-101 (in combination with lbrutinib and  Intratumoral Relapsed or refractory grade 1-3A follicular Phase 1;
radiation therapy) lymphoma Phase 2
TLR9 NCT03410901 SD-101 (in combination with anti-OX40 Intratumoral Low-grade B-cell non-hodgkin lymphomas Phase 1
antibody BMS 986178 and radiation
therapy)
TLR9 NCT03618641 CMP-001 (in combination with nivolumab)  Intravenous Melanomal; lymph node cancer Phase 2
TLR9 NCT03831295 SD-101 (in combination with anti-OX40 Intratumoral Advanced malignant solid neoplasm; Phase 1
antibody BMS 986178) extracranial solid neoplasm; metastatic
malignant solid neoplasm
TLR9 NCT04050085 SD-101 (in combination with nivolumab Intratumoral Chemotherapy-refractory metastatic Phase 1
and radiation therapy) pancreatic cancer
TLR9 NCT04270864 Tilsotolimod (in combination with Intratumoral Advanced cancer Phase 1
ipilimumab and nivolumab)
TLR9 NCT04387071 CMP-001 (in combination with Intratumoral Stage IV pancreatic; other cancers except Phase 1;
INCAGNO1949) melanoma Phase 2
(Continued on following page)
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TABLE 1 | (Continued) Summary of clinical trials of nucleic acid-sensing pathways-related agonists.

PRR ClinicalTrials.gov
Identifier
TLR9 NCT04401995
TLR9 NCT04708418
TLR9 NCT04935229
TLR9 NCT05220722

Agent(s)

Vidutolimod (in combination with
nivolumab)

CMP-001 (in combination with
pembrolizumab)

SD-101 (or in combination with nivolumab
or ipilimumab)

SD-101 (in combination with checkpoint
blockade)

Route of
administration

Subcutaneously and
intratumoral injection
Subcutaneously and
intratumoral injection
Pressure-enabled

Cancer type(s) Clinical phase
of

development

hepatic artery infusion

Pressure-enabled

hepatic artery infusion

Melanoma Phase 2
Operable melanoma Phase 2
Metastatic uveal melanoma in the liver Phase 1
Hepatocellular carcinoma; intrahepatic Phase 1;
cholangiocarcinoma Phase 2
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FIGURE 2 | RNA sensing pathways triggered by DNA damage. Aberrant increase of intracellular RNA could be from mitochondria after chemotherapy or radiation.
RNA in endosomal may be from extracellular RNA of necrotic cells through endocytosis or cytoplasmic RNA through autophagy. Sensors for RNA are shown in green,
including RIG-1 in the cytoplasm, and TLR3/7/8 in the endolysosome. Adaptor molecules are shown in pink and downstream signaling molecules are shown in yellow.
Activation of these pathways may result in the production of interferon (IFN) and other cytokines, etc. RIG-I, a retinoic acid-inducible gene I; TLR3/7/8, Toll-like
receptor 3/7/8; MAVS, mitochondrial antiviral signaling protein; TRIF, Toll-like receptor adaptor molecule 1; MYD88, myeloid differentiation primary response protein 88;
IRF3/7, interferon regulatory factor 3/7; NF-xB, nuclear factor-kB; dsRNA, double stranded RNA; ssRNA, single stranded RNA; mtRNA, mitochondrial RNA; mtDNA,
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3.1.3 Absent in Melanoma 2

The absent in melanoma 2 (AIM2), containing pyrin and HIN
domains, takes an important part in inflammasome activation as
the dsDNA-sensing receptor in the cytoplasm of cells
(Fernandes-Alnemri et al, 2009; Hornung et al., 2009). The
N-terminal pyrin domain (PYD) of AIM2 could interact with
apoptosis-associated speck-like protein (ASC), which possesses a
caspase recruitment domain (CARD) and a C-terminal HIN
domain sensing cytoplasmic DNA (Hornung et al, 2009;
Wang and Yin, 2017). The recruitment of ASC leads to the
generation of fibrilar super-structures, to which Caspase-1 is
bound by CARD-CARD interactions (Miao et al., 2011; Lugrin
and Martinon, 2018). The oligomerization of ASC leads to the
activation of some proteins such as the conversion of pro-IL-1p
into the biologically active IL-1f3. The inflammasome can also
trigger pro-inflammatory pyroptosis (Liang et al, 2020).
Gasdermins family proteins are the important factors
mediating inflammatory cell death (Kovacs and Miao, 2017),
in which Gasdermin D (GSDMD) can be cleaved by Caspase-1 to
release the N-terminal of Gasdermin so that it can polymerize and
cause perforation of the plasma membrane, allowing the
intracellular substance to leak out, causing cell death
(Lammert et al., 2020). It is well known that AIM2 can detect
dsDNA in the cytosol, but recent studies have found that AIM2
can also sense DSBs directly within the nucleus to induce
intestinal epithelial cells and bone marrow cells to initiate the
caspase-1-dependent death (Hu et al., 2016).

3.1.4 DNA-PK Complex

Recent findings reveal that some proteins in DNA repair also take
part in the sense of foreign DNA in the cytosol. DNA-dependent
protein kinase (DNA-PK) complex assembled from Ku70/Ku80
heterodimer and the kinase subunit (DNA-PKcs) can sense DNA
DSBs in response to repair the DNA damage in the NHE]
pathway, and Ku has also been reported to detect viral DNA
in human cells as a PRR to induce type I and type III interferons
or pro-inflammatory cytokines (Abe et al., 2019). DNA stimulates
the Ku complex to translocate into the cytoplasm and bind to the
dsDNA terminals using its middle domain independent of DNA
sequence (Sui et al., 2021a; Sui et al., 2021b). Numerous studies
have reported that STING is the downstream adaptor of Ku to
induce type I/III interferons and inflammatory cytokines via
phosphorylation of IRF3 (Sui et al, 2017). Ku complex is
abundantly expressed in aged human and mouse CD4"
T cells, and it recognizes accumulating cytoplasmic DNA in
the cytoplasm, which facilitates the recruitment of DNA-PKcs
and phosphorylation of the kinase ZAK, ultimately promoting
the proliferation and activation of CD4" T cells (Wang et al.,
2021a).

3.1.5 Mre11-Rad50-Nbs1 Complex

MRN complex consisting of two MREI11 subunits, two RAD50
units, and two NBS1 subunits, can sense and respond to DNA
damage firstly in DDR to orchestrate DDR response in DSBs and
replication fork collapse (Zhu et al., 2018; Tisi et al., 2020). The
hetero-hexamers MRN complex could conduct ATP hydrolysis of
RAD50, bind multiple DNA molecules, and link DNA molecules

NA Sensing Pathways and DDR

with exonuclease and endonuclease (Kondo et al., 2013). RAD50
could recognize cytosolic dsDNA and bind caspase-recruitment
domain (CARD?Y), a pro-inflammatory signaling adaptor, to its
zinc-hook region, which tends to recruit Bcl-10, leading to the
activation of NF-kB and the generation of pro-inflammatory
cytokine IL-1B (Roth et al., 2014).

3.2 RNA Sensing Pathways

3.2.1 Toll-Like Receptor 3/7/8

In mammalian cells, both single-stranded and double-stranded
RNA can be recognized by PRR as pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) (Figure 2). RNA from necrotic cells may be
internalized by cells via clathrin-dependent endocytosis, or it
can enter cells after complexation with peptides or within
immune complexes (Lovgren et al., 2004; Barrat et al., 2005;
Itoh et al., 2008; Ganguly et al., 2009). The activation of TLR, a
type I transmembrane protein, is required for inducing innate
and adaptive immune responses, among which TLR3 can
recognize double-stranded RNA and structured RNA
containing a partial stem in secondary structures of single-
stranded RNA, and TLR7/8 can recognize the fragments of
single-stranded RNA (Alexopoulou et al., 2001; Kariko et al,
2004; Cavassani et al., 2008; Tatematsu et al., 2013). Depending
on the intracellular compartments to recognize ligands,
discriminate self-and non-self-derived nucleic acids, TLRs
activate the downstream signaling pathways (Gay et al., 2014).
Upon ligand binding, the dimers of TLRs will emerge after
binding ligands to recruit the cytosolic adaptor proteins with
TIR domain, such as MyD88 and Toll-like receptor adaptor
molecule 1 (TRIF) (Yamamoto et al, 2003; Vyncke et al,
2016). The recruitment of MyD88 could activate NF-xB
through type I interferon induction by IRF7 and tumor
necrosis factor receptor-associated factor 6 (TRAF6).
Intriguingly, among the TLRs, only TLR3 could signal to
induce the generation of type I interferon and
proinflammatory cytokines by the recruitment of TRIF rather
than depending on MyD88 (Oshiumi et al., 2003).

3.2.2 (RIG-I)-Like Receptors

RLRs are composed of retinoic acid-inducible gene I (RIG-I),
melanoma differentiation-associated protein 5 (MDAS5), and
laboratory of genetics and physiology2 (LGP2), which can help
the innate immune system sense cytosolic RNA (Kang et al., 2004;
Yoneyama et al., 2004; Yoneyama et al., 2005; Ori et al., 2017).
RIG-T and MDAS5 contain two CARDs at the N-terminus, a
DExD/H box RNA helicase domain in the central and a
C-terminal domain (CTD), which mediate downstream
signaling by sensing RNA. MDAS5 preferentially recognizes
dsRNA longer than 1kb unlike RIG-I, which could bind
relatively short dsRNA (Kato et al., 2008; Goubau et al., 2014).
The CARD domains of RIG-I and MDA5 oligomerize after
binding to dsRNA and tend to interact with the CARD of
mitochondrial antiviral signaling protein (MAVS) (Kawai
et al, 2005; Seth et al, 2005). Then the oligomerization of
MAYVS occurs after binding to RIG-I or MDAS5 to form prion-
like aggregates, upon which the downstream signaling pathways
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can be activated (Hou et al., 2011). Besides, MAVS could trigger
the transcription of type I IFNs via IRF3 or IRF7 by activating
TBK1, and the transcription of inflammatory cytokines via NF-
kB by activating the IKK complex (IKKa, IKKP, NEMO)
(Goubau et al., 2013; Ori et al., 2017).

Recent research has found that the DNA fragments released
from ionizing radiation-induced double-strand DNA breaks
could activate both the cGAS/STING-dependent DNA-sensing
pathway and the MAVS-dependent RNA sensing pathway (Feng
et al., 2020). Interestingly, chemotherapeutic agents and ionizing
radiation can also lead to mitochondrial DNA double-strand
breaks (mtDSBs). After mtDNA breaks, BAX and BAK mediate
herniation, then the mitochondrial RNA will be released into the
cytoplasm, triggering the RIG-I-MAVS-dependent immune
response (Tigano et al., 2021). These studies suggest that DNA
damage can also activate innate immune responses through RNA
sensing pathways.

4 THE IMPACTS OF NUCLEIC
ACID-SENSING PATHWAYS ON DNA
REPAIR

4.1 Cyclic GMP-AMP Synthase-Stimulator

of Interferon Genes

As mentioned above, several DDR proteins, such as DNA-PK
and MRN complex, can not only can participate in the DNA
repair, but also take part in the onset of inflammatory
responses. Conversely, PRRs, first discovered to sense
immune-stimulatory nucleic acids, have also been found to
take part in the regulation of DDR. Previously, cGAS-STING
signaling was simply identified as a response pathway to
cytosol dsDNA, however, they have recently been found to
function in DNA repair, independent of interferon response.
c¢GAS could inhibit the repair of DNA DSBs by HR without
relying on STING and the catalytic activity of cGAS (Hopfner
and Hornung, 2020). There are two mechanisms for cGAS-
dependent HR inhibition. In one of them, because it has been
found at the sites of chromosomal damage marked by PARP1
and y-H2AX, cGAS could prevent the recruitment of proteins
necessary for the HR process by interacting with y-H2AX and
PAR (Liu et al., 2018). On the other hand, subsequent work
suggested that cGAS could prevent RAD51-DNA filaments to
pair and the broken DNA strand from invading into the
homologous strand by binding the homologous dsDNA
template to form oligomeric clusters (Jiang et al., 2019).
However, the detailed mechanism remains to be
investigated further.

STING has been confirmed to promote DDR and enable cell
survival without cGAS, though they are partners (Cheradame
et al,, 2021). Downregulation of STING increases cell death and
makes breast cancer cells more sensitive to genotoxic treatment.
Following chemotherapy regimens, some STINGs are found to be
located at the inner nuclear membrane and bind the NHE]
proteins DNA-PKcs, Ku70, and Ku80, suggesting that STING
may control NHEJ-mediated DNA repair by cooperating with
DNA-PK (Ferguson et al., 2012; Morchikh et al., 2017; Sui et al.,
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2017; Cheradame et al., 2021). Regrettably, its specific mechanism
remains unclear.

Recent research has proposed a novel mechanism that IR-
induced DNA damages would trigger the phosphorylation and
activation of phosphoribosyl pyrophosphate synthetases PRPS1/
2 via ATM and cGAS/STING/TBK1, which could promote the
synthesis of deoxyribonucleotide given that the PRPSs are the
rate-limiting enzymes. Then the increased deoxyribonucleotide
will help for DNA repair. Nevertheless, it remains to be clarified
how the cells respond to DNA damage via the cGAS-STING
pathway under different contexts (Kornberg et al., 1955; Hove-
Jensen, 1988; Liu et al., 2021).

4.2 Toll-Like Receptors

TLRs are the key members of the innate immune system,
functioning as the first line of defense against multiple
injurious substances (Trinchieri and Sher, 2007; Barton and
Kagan, 2009; Kawai and Akira, 2011). Recent literature has
shown that activation of TLRs could also promote DNA repair
by upregulating the expression of DNA repair genes, apart from
upregulating cellular defense systems. Upon TLRY stimulation,
there is a significant increase of mRNAs to participate in
adjusting cell cycles and DNA repair after CpG DNA is
injected into the abdominal cavity (Zheng et al, 2008;
Klaschik et al.,, 2010; Sommariva et al., 2011). And NER gene
expression is increased by treating bone marrow-derived cell lines
with the TLR7/8 agonist (Imiquimod) in vitro (Fishelevich et al.,
2011). It has been deduced that TLR signaling pathways may
result in transcriptional activation of DNA repair machinery
through direct and indirect mechanisms. The promoter
regions of many genes involved in DNA repair contain the
binding sites of activator protein-1 (AP-1) (Xiao et al, 1993;
Zhong et al., 2000). The transcriptional control of DNA repair
might be linked to TLR agonist treatment through the
transcriptional activation function of the AP-1. On the other
hand, DNA repair can be promoted because the activated TLR
could induce the generation of cytokines. The cytokines such as
IL-12 may be sensed by their appropriate cytokine receptor,
leading to the increased transcription levels of DNA repair
genes (Majewski et al., 2010). However, increased DNA repair
is detrimental for cancer treatment. The previous study has found
that TLR9 agonist treatment upregulates the genes associated
with DNA repair in immune cells but downregulates them in
tumor cells, which is contributed to the death of cancer cells
(Sommariva et al, 2011). Those conflicting data highlight the
need for further research into how immune versus stromal cells,
and normal versus cancerous cells respond to TLR agonists, as
well as related DNA repair and cell survival.

4.3 AIM2-Like Receptors

AIM2-like receptors (ALRs) are a large family of structurally related
proteins that are generally considered to act as intracellular DNA
sensors alerting the innate immune system. Recent studies reveal
that ALRs perform different functions outside the immune system. It
has been demonstrated that DNA breaks are repaired more
efficiently in mice and cells lacking ALRs (ALR™~ mice lack the
entire ALR locus containing all 13 ALR genes on Chromosome 13),
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resulting in the stronger resistance to the genotoxic effects of
irradiation and chemotherapy (Brunette et al., 2012; Gray et al,
2016; Jiang et al., 2021). Mechanistically, nuclear ALRs limit DNA
repair machinery access to damaged sites by binding the chromatin,
and self-oligomerization promoted chromatin compaction. These
findings reveal that ALRs could be the possible target for new
interventions against genotoxic tissue injury, but more research
into the different members of the ALR family is needed.

5 CONCLUSION AND FUTURE
PERSPECTIVE

Targeting DDR factors in tumors has achieved outstanding
success over the last decade, especially PARP inhibitors for
cancer therapy. Recently, we have gained an improved
understanding of the molecular mechanism of how DNA
damage is interconnected to cellular innate immunity, which
plays essential roles in the therapeutic efficacy of DNA repair
targeted treatments (Pantelidou et al., 2019). Damaged nucleic
acids also shape adaptive immune responses by activating innate
immune cells. Accumulation of nucleic acids from necrotic cells
can induce type I IFNs and other immune-regulatory cytokines
production from bystander cells [e.g., dendritic cells (DCs)] to
promote antitumor immunity through nucleic acid-sensing
pathways. The DCs activated by the type I IFNs secretion will
be transported to tumor-draining lymph nodes and cross-prime
naive CD8" T lymphocytes (Ellermeier et al., 2013; Duewell et al.,
2014; Klarquist et al., 2014; Woo et al., 2014). The cancer-induced
host response and tumor rejection relies heavily on the
immunological responses to danger DAMPs signals.

Immune checkpoint blockade (ICB), as a promising
therapeutic strategy, has made tremendous strides in recent
years providing an alternative to irradiation therapy or
traditional chemotherapies. Unfortunately, the efficacy of ICB
is limited to only a subgroup of cancer patients (depending on the
type of the tumor), with an overall response rate of about 20% for
all malignancies to date (Hargadon et al.,, 2018; Chowell et al,,
2021). ICB is effective in “hot” tumors with T cell infiltration
rather than in “cold” tumors lacking T cell infiltration (Petitprez
et al., 2020). Novel strategies for activating innate immunity
within the TME to promote the antitumor immune responses
have emerged in recent years, with the goal of eradicating the
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Shaun M. Christie *, Carel Fijen* and Eli Rothenberg*

Department of Biochemistry and Molecular Pharmacology, NYU Grossman School of Medicine, New York, NY, United States

V(D)J recombination is an essential mechanism of the adaptive immune system, producing
a diverse set of antigen receptors in developing lymphocytes via regulated double strand
DNA break and subsequent repair. DNA cleavage is initiated by the recombinase complex,
consisting of lymphocyte specific proteins RAG1 and RAG2, while the repair phase is
completed by classical non-homologous end joining (NHEJ). Many of the individual steps
of this process have been well described and new research has increased the scale to
understand the mechanisms of initiation and intermediate stages of the pathway. In this
review we discuss 1) the regulatory functions of RAGs, 2) recruitment of RAGs to the site of
recombination and formation of a paired complex, 3) the transition from a post-cleavage
complex containing RAGs and cleaved DNA ends to the NHEJ repair phase, and 4) the
potential redundant roles of certain factors in repairing the break. Regulatory (non-core)
domains of RAGs are not necessary for catalytic activity, but likely influence recruitment
and stabilization through interaction with modified histones and conformational changes.
To form long range paired complexes, recent studies have found evidence in support of
large scale chromosomal contraction through various factors to utilize diverse gene
segments. Following the paired cleavage event, four broken DNA ends must now
make a regulated transition to the repair phase, which can be controlled by dynamic
conformational changes and post-translational modification of the factors involved.
Additionally, we examine the overlapping roles of certain NHEJ factors which allows for
prevention of genomic instability due to incomplete repair in the absence of one, but are
lethal in combined knockouts. To conclude, we focus on the importance of understanding
the detail of these processes in regards to off-target recombination or deficiency-mediated
clinical manifestations.

Keywords: V(D)J rearrangements, DNA repair, nonhomologous end joining, chromatin 3D architecture,
recombinase activating gene

INTRODUCTION

An essential trait of an effective adaptive immune response is the generation of a diverse set of
antigen receptors. Developing lymphocytes undergo a process of regulated DNA cleavage and
subsequent repair, termed V(D)] recombination, to progress from progenitor cells to immature B or
T cells. In this review, we focus on the mechanism as it occurs in B cells, however, many aspects can
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FIGURE 1 | Classical mechanism of RAG initiated cleavage. Ig loci
segments are flanked by 12/23 RSS containing a heptamer and nonamer
sequence for RAG complex association. Synapsis of two RSS sites allows for
nicking, cleavage by transesterification, and hairpin formation to form the

post cleavage complex.

be applied to T cells. Genes for the production of heavy and light
chains of antigen receptors, termed variable (V), diversity (D),
and joining (J), are clustered on chromosome 14 and 2/22,
respectively, and require rearrangement to produce a large
repertoire of functional surface receptors (Little et al., 2015;
Roitt,  2000). Mechanistically, V(D)J
recombination occurs in three distinct phases: recognition
of recombination sites, induction of two double-strand
breaks, and repair of the broken DNA by ligating the
strands in a recombined configuration (Figure 1). In order
to avoid off-target effects, the V(D)] recombination process is
tightly regulated on a broad level by «cell lineage,
developmental stage, and cell cycle (Lin and Desiderio,
1994; Zhang et al., 2011; Little et al., 2015). Importantly,
defects in V(D)J] recombination can result in aberrant DNA
joining events or loss of function, which in turn can lead to
immunodeficiency and tumorigenesis, as we will describe in
this review (Villa and Notarangelo, 2019).

Central to V(D)] recombination are two lymphocyte specific
proteins: recombination activating genes (RAG) 1 and 2 (Teng
and Schatz, 2015; Lescale and Deriano, 2017). These proteins
were found to act as a tetrameric complex to mediate the cleavage
phase at specific recombination signal sequences (RSSs) (Bailin
etal,, 1999). A multitude of these RSSs flank the V(D)] regions on
the chromosome, allowing for a large variety of potential
rearrangements. Chromatin remodelers and histone modifications
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guide the RAG proteins in their search for RSSs, as we will discuss
in this review. RAGI contains the catalytic motif essential for
cleaving the DNA at the RSS, while RAG2 mediates and
enhances chromosomal binding (Lescale and Deriano, 2017).
Since the RAG proteins were first identified, evidence has
mounted that implicates them in more than just DNA
cleavage, with special roles for the complex in regulation and
the hand-off to the Non-Homologous End Joining (NHE])
repair pathway (Qui et al, 2001; Schultz et al, 2001; Lee
et al., 2004). As the name indicates, NHE] does not rely on a
homologous template for repair: on the contrary, it aims to
directly ligate two DNA ends together with minimal processing
(Lieber, 2010; Wang et al., 2020; Zhao et al., 2020). NHE] is the
preferred pathway for V(D)] recombination, since templated
Homologous Recombination would restore the original
sequence, while alternative end joining pathways are too
error-prone (Sallmyr and Tombkinson, 2018). Here, we will
describe how the cell ensures a proper transition from the
RAG-bound post-cleavage complex to the NHE] repair
complex. We also highlight some of the mechanisms the cell
puts in place to make the repair phase more robust, thereby
avoiding genomic instability.

In this review we aim to identify lingering gaps in the
knowledge base and establish the need for continued research
in the field due to the clinical implications of recombination
dysfunction.

The Fundamentals of V(D)J Recombination
Effective Recombination Controls Differentiation
Each antigen receptor produced through recombination in
B cells will contain a heavy (IgH) and light [IgL, (Igk or
Igh)] chain consisting of VDJ segments for IgH and V]
segments for IgL. These gene clusters extend over 3 Mb,
consisting of approximately 140 Vk, 4Jx, 38 VA, and 5]\
loci for use in the IgL and approximately 150 Vg, 9 Dy, and
4 Jy loci for use in the IgH (Jung et al., 2006; Ji et al., 2010;
Collins and Watson, 2018).

Due to expression and degradation mechanisms of the RAG
proteins discussed below V(D)J recombination is restricted to
GO0/G1 phase of the cell cycle. At this point the IgH locus can
undergo recombination, first between Dy-Jy segments before
Vy-DJy joining. Successful rearrangement of the three
segments allows for production of a pre-B cell receptor
(pre-BCR) and further differentiation to the small pre-B
stage where IgL rearrangement can begin. Gene usage
during this recombination step is skewed toward Igk
segments over Ig\ (2:1 up to 95:5) (Woloschak and Krco,
1987; Lycke et al., 2015). Surface expression of the BCR in the
immature B cell activates a checkpoint to determine whether
the receptor is autoreactive or non-functional. If either
condition occurs, secondary recombination of the Ig\ gene
segments is used to substitute light chains until the
autoreactivity is diminished. Molecular signatures of this
recombination event are the usage of more upstream V
regions and more downstream ] regions (Villa and
Notarangelo, 2019). Following proper reactivity, the mature
B cell is released from the bone marrow.
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RAG-Mediated DNA Cleavage
The heterotetrameric recombination complex that binds the
antigen receptor loci at RSSs is composed of two RAGI
subunits and two RAG2 subunits (Kim et al., 2015). Two
discrete RSSs, a heptamer and a nonamer, are required for
efficient binding and cleavage. Heptamer sequences follow the
pattern of CACAGTG, where only the first three nucleotides
are highly conserved and required for cleavage. The stronger
binding nonamer sequence, ACAAAAACC, contains several
conserved positions required for initial protein complex
interaction. RSSs are separated by a 12 or 23 base pair
spacer, which exhibits low conservation, but has the
potential to introduce a significant effect on recombination
efficiency (Hirokawa et al.,, 2020; Lee et al., 2003). Binding
must occur at a pair of RSSs following the 12/23 rule, forming
the paired complex (PC), which can be mediated by random
collision or locus contraction (see below) (Eastman et al,,
1996). Discussed later in the clinical manifestation section,
cryptic RSSs (cRSSs) are common throughout the genome and,
due to the sequence variation allowed by the RAG complex,
may induce off-target effects. For example, frequent RAG-
mediated DSBs in ¢-Myc rely only on the presence of the CAC
motif of an RSS heptamer (Hu et al., 2015). Upon binding to
DNA, the RAG complex induces a conformational change to
the 12- and 23-RSS sites to enable efficient cleavage by RAG1.
The recombination complex also utilizes high mobility group
box 1/2 (HMGB1/2) to promote DNA bending, enhancing
synapsis and cleavage. Once the PC is established, cleavage first
occurs on a single strand via a 5" nick at the heptamer-coding
flank junction. This allows for a direct transesterification
reaction where the 3’ hydroxyl group attacks the phosphate
of the bottom strand. Two cleavage events in the PC generate
four broken DNA ends, where two are covalently sealed coding
ends (CEs) and two are blunt signal ends (SEs). This reaction
takes place without a required external energy source, as the
hairpin formation energy is derived from the DNA breakage.
The RAG-DNA complex does not form a covalent
intermediate making it distinct from other site-specific
recombinases and is more similar to bacterial transposases
and HIV integrase than its mammalian counterparts (Little
et al.,, 2015). The nicking reaction can occur within minutes
but the hairpinning may require hours potentially indicating
simultaneous nick locations within the locus (Yu et al., 2004).
Upon cleavage the RAG complex stays associated with the
broken ends forming a post-cleavage complex (PCC). This
structure permits CEs to dissociate first, under the correct
conditions to enter the NHE] pathway. SEs are retained in the
complex until physical disassembly can occur due to RAG2
degradation, however, this process is only speculative (Mizuta
et al, 2002). Joined SEs ultimately create a non-replicative
episome which is routinely lost during cell division (Smith
et al., 2019). As discussed in the clinical manifestation section
regulation of this component is necessary as well, due to the
potential for translocation or other off-target effects if the
complex is retained.
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Non-Homologous End Joining

NHE] proceeds through a couple of seemingly simple steps. The
exposed DNA ends are first recognized by the Ku heterodimer, a
ring-shaped protein (Fell and Schild-Poulter, 2015). Together
with the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), Ku forms the DNA-PK holoenzyme (Yue et al., 2020). This
complex binds to the break site and acts as a scaffold for other
repair proteins. XRCC4 (together with its binding partner Ligase
IV) and XLF are recruited to the break site (Mcelhinny et al.,
2000) and aid the DNA ends in coming together, a transient
process called synapsis (Reid et al, 2015; Graham et al., 2017;
Zhao et al, 2019). Structural studies and super-resolution
microscopy have shown that XRCC4 and XLF can accomplish
this by forming filaments along the DNA, which helps bridge the
two ends (Hammel et al., 2010; Ropars et al., 2011; Mahaney et al.,
2013; Reid et al., 2015; Chen et al., 2021). Once the DNA ends are
aligned, Ligase IV seals the backbones to complete repair (Conlin
et al,, 2017). Over the years, it has become clear that a host of
accessory factors are implicated in NHE], some of which are
functionally redundant. We will discuss the best studied accessory
factors and the implications of their functional redundancies later
in this review.

If NHE] is unavailable, repair can proceed through Alternative
End Joining (alt-EJ). Alt-EJ is a less well-defined process that
involves a different set of proteins, most prominently DNA
Polymerase Theta (PolQ), that mediate microhomology-based
annealing of resected DNA ends (Sallmyr and Tomkinson, 2018).
Alt-EJ is exceptionally error-prone and usually only serves as a
backup pathway. It does not typically occur during V(D)]
recombination, since the hand-off of the break sites to the
NHE]J machinery is tightly arranged. Indeed, deficiency in core
NHE] factors often leads to cell death (Wang et al., 2020). If
certain key proteins in the hand-off fail, however, alt-E] may be
employed and lead to genome instability and disease.

With this three step process established there is still
information lacking on direct influences for the recruitment of
a RAG complex to RSS regions as well as subsequent pairing to
the partner RSS, regulation by non-catalytic regions of RAG
proteins, and certain redundant features of NHE]J factors during
the repair phase, each of which will be highlighted by the
following sections.

V(D)J Regulation by RAG Non-Core

Domains

RAGI and RAG2 each contain various domains, where the smallest
catalytically functional unit is denoted as the core region (Figure 2).
These truncated constructs have been used in reconstituted
functional studies due to their ease of purification. Deletion of
the non-core regions allowed for recombination activity to occur,
but at the cost of increased off-target effects and decreased efficiency
and diversity (Talukder et al., 2004). Therefore, non-core regions are
required for regulatory roles such as RSS recognition, complex
stability, and handoff to repair factors. Earlier research using core
proteins only and extrachromosomal substrates may require
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additional follow up studies to confirm physiological functions (Gigi
et al., 2014).

RAG1 Non-Core Domain Function

RAGI is a 1,040 aa protein consisting of a large N-terminal non-
core domain (aa 1-384), the core region (384-1,008), and a short
C-terminal non-core domain (1,008-1,040) (Schatz and
Swanson, 2011; Little et al.,, 2015; Lescale and Deriano, 2017;
Villa and Notarangelo, 2019). The functional core region contains
the essential sites for DNA/RSS binding, homo- and hetero-
dimerization and DNA cleavage (facilitated by D600, D708,
and E962). The nonamer binding domain (NBD) interacts
with the nonamer RSS, with the downstream dimerization and
DNA binding domain (DDBD) providing a site for RAG1 homo-
dimerization (Villa and Notarangelo, 2019). Regulation of
contact with the heptamer RSS, ssDNA, and RAG2 is
controlled by motifs within the central region. The C-terminal
core region contains nonspecific DNA binding activity to mediate
contact with the coding sequence flanking the RSS. A catalytic
triad within the central and C-terminal domains coordinates
metal ions (Mg”") to activate water for ssDNA nicking activity. A
zinc binding domain (ZBD) also spanning the central and
C-terminal regions (722-965) is important for interaction
with RAG2.

In order to understand potential interaction partners of RAGI,
Brecht et al. examined association via a proximity-dependent
biotin identification screening (Brecht et al., 2020). Results here
indicated interaction with multiple nucleolar factors suggesting
localization to this region of the nucleus outside of G1 cell cycle
phase. By sequestering the protein to the nucleolus, off-target
recombination events were dampened and genome stability was
promoted. Upon induced recombination and G1 cell cycle arrest,

RAGI was observed to be released from the nucleolar regions and
allowed to bind partner RAG2 and RSSs. Truncation of the full
length protein determined that two sequences within the
N-terminal non-core region were responsible for nucleolar
entry (residues 243-249) and export (1-215) (Brecht et al., 2020).

In addition to nucleolar localization, the N-terminal non-core
domains of RAGI are responsible for regulation of cellular
protein levels, mediation of interaction with other factors, and
coordination of zinc ions, all of which act to enhance
recombination activity. The zinc dimerization domain in this
region (265-380) acts as a counterpart to the core ZBD, but here
facilitates homo-dimerization (Lescale and Deriano, 2017).
Overlapping with this domain is a RING motif, at residues
264-389, which has the capability to act as an E3 ubiquitin
ligase for both autoubiquitylation and modification of other
proteins (Grazini et al, 2010). RAGI autoubiquitylation at
K233 has been shown to stimulate cleavage activity in a cell
free assay and exhibit post-transcriptional regulation in mice
studies (Singh and Gellert, 2015; Beilinson et al., 2021). Ubiquitin
modification of other proteins occurs at different stages of
recombination, such as polyubiquitylation of KPNA1 or the
monoubiquitylation of histones (discussed below). Sequestering
RAG1 after nuclear import may be achieved by KPNAIl
interaction with the basic motif Blla within residues 218-263,
only relieved by KPNAI1 ubiquitylation for sub-nuclear
localization (Simkus et al.,, 2009). However, follow up reports
have discussed ubiquitylation activity mediated by additional
complexes rather than the isolated RING region (discussed
below) (Kassmeier et al.,, 2012). At the C-terminus of RAGI1
the non-core region is only 32 residues, but inhibition of hairpin
formation is controlled by this motif (Grundy et al., 2010).
Interaction of the RAG complex with modified histones
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overcomes the inhibition possibly due to RAG2-mediated
conformation changes associated with RAG2 C-terminal regions.

RAG2 Non-Core Domain Function

RAG?2 is a 527 aa protein consisting of a core domain (1-351) and
a C-terminal non-core domain (352-527). The core region is
comprised of six Kelch-like motifs which form a six bladed 8-
propeller responsible for efficient DNA cleavage (Schatz and
Swanson, 2011; Little et al., 2015; Lescale and Deriano, 2017;
Villa and Notarangelo, 2019). The second and sixth f3-strands are
responsible for making contact with RAG1 (Little et al., 2015;
Villa and Notarangelo, 2019). On its own RAG2 is monomeric,
forming a 2:2 heterotetramer with RAG1 to form the RAG
recombination complex (Bailin et al., 1999). As with RAGI,
the non-core domain is not required for recombination
activity, but regulates various parts of the recombination
mechanism.

The RAG2 C-terminal non-core region is composed of two
main components, an acidic hinge (351-408) and a plant
homeodomain (PHD, 414-487). Although many studies have
reported the RAG2 non-core region spans residues 387-527,
assays with further truncations of the RAG2 core region have
displayed efficient recombination with only residues 1-351
(Coussens et al., 2013; Kim et al,, 2015). The acidic hinge,
linking core RAG2 and the PHD, contains a high
concentration of acidic residues contributing to flexibility of
the region. Neutralization of the residues severely reduces the
flexibility and leads to increased genomic instability as aberrant
repair begins to occur (Coussens et al, 2013). Two separate
regions within the acidic hinge are necessary to regulate
recombination activity. Serial truncations of the hinge by Wu
et al. lead to the discovery that the Igk locus was hypermethylated
upon deletion of residues 350-383 and occurred in a RAGI-
independent manner (Wu et al., 2017). Demethylation of the
chromosome in this context may assist in facilitating allelic
exclusion, preventing further recombination on the locus.
Coupled with this in the acidic hinge is an autoinihibitory
function by residues 388-405, where relief is required to
promote activity. As discussed below, histone recognition
mediates this inhibition, with mutations bypassing the
necessity for this interaction (Lu et al, 2015). The PHD
component is responsible for interactions with chromatin,
specifically at modified histones, based on full-length and
truncated constructs submitted to ChIP-seq experiments (see
below) (Teng et al., 2015). Mutations to this site, such as W453A,
result in overall loss of genome localization and reduced
recombination activity (Liu et al., 2007; Teng et al., 2015). At
the far C-terminus phosphorylation of T490 promotes cell cycle-
regulated degradation at the G1-S transition (Zhang et al., 2011).
RAG2 T490A mutation can lead to persistent accumulation
throughout the cell cycle as degradation is reduced. This
overexpression results in continuous opportunities for RSS/
cRSS target cleavage in the presence of RAG1 and
recombination intermediates. The mutation also plays a role in
stabilizing genomic interaction displayed by Rodgers et al. where
slowed diffusion, measured in live cells via fluorescence recovery
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after photobleaching, was indicative of stronger interactions with
modified histones (Rodgers et al., 2019).

Recruitment of RAGs to the Site of

Recombination

Histone Modification

To begin the process of recombination, RAG proteins must first
associate with an RSS within the Mb chromosomal antigen
receptor locus. The limiting of initial RAG binding can be
considered a regulatory mechanism to prevent DNA nicks at
random sites within the genome and may be facilitated solely by
3D diffusion to scan for sites rich in modified histones which
indicate active chromatin (Lovely et al, 2020). ChIP-seq
experiments by Teng et al. and Ji et al. determined the
binding pattern of RAG1 and RAG2 across V(D)] segments
and the entire genome revealing chromatin features which
may influence the recruitment of these proteins (Ji et al., 20105
Teng et al., 2015). Within the antigen receptor loci both RAG1
and RAG2 were observed to bind at J segments in the Igk locus
and both D and J segments in the IgH locus (Ji et al., 2010). In this
region, an RSS is necessary for strong binding with mutation to
the nonamer sequence reducing overall recruitment. Outside of
these loci, however, RAG1 localization is poorly indicated by RSS
presence alone, along with cRSSs and heptamers depletion from
observed binding sites suggesting that other chromatin features
may play a role in RAG complex recruitment. The genomic
localization of RAG2 is significantly broader with binding sites
dependent on regions with high levels of methylated histone 3
(H3K4me3) and physical association determined by co-
immunoprecipitation (Teng et al.,, 2015; Rodgers et al., 2019).
As noted above, interaction of RAG2 and H3K4me3 is facilitated
by the PHD of RAG2 (Matthews et al., 2007; Teng et al., 2015)
The necessity of H3K4me3 binding was then determined to be
due to autoinhibition of the RAG complex by RAG2 (Grundy
et al,, 2010). Stimulation with exogenous H3K4me3 relieved the
reduced binding and catalysis, with truncation of this site
uncoupling the necessity for histone recognition. Studies by Lu
et al. and Bettridge et al. determined allosteric conformational
changes occur to both RAG1, at the DDBD and catalytic region,
and RAG2 at the autoinhibitory region allowing for increased
accessibility (Lu et al., 2015; Bettridge et al., 2017). Mutations to
this region can bypass the need for histone recognition to
promote activity but will likely increase off-target effects (Lu
et al, 2015). While RAG2 and H3K4me3 display a linear
correlation of interaction, the non-linear correlation of RAG1
and H3K4me3 suggests additional features. Maman et al. used
additional ChIP-seq experiments to determine possible factors
for RAGI interaction (Maman et al., 2016). H3K4me3 overlap
with RAG1 was determined to be RAG2-histone dependent
making it insufficient to determine RAG1 binding throughout
the genome and the role methylation plays in off-target binding.
Another histone modification, H3K27Ac, was instead determined
to be RAG2 independent and more so influenced by N-terminal
regions of RAGI, but with little direct evidence the significance is
unclear (Maman et al., 2016).
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FIGURE 3 | segments to be brought into close proximity as the rosette
conformation is formed with varying loop sizes. (C) When proteins mediating
this contraction are dysregulated V(D)J recombination diversity may be
skewed towards one segment of the Vi region through collision (i) or
contraction (i, iv). Only under WAPL repression is diversity increased as
cohesin-mediated loop size increases due to cohesin retention on chroma-
tin (ii).

Pairing Through Locus Contraction

In addition to initial binding, the RAG-DNA complex must
associate with a second, partner RSS to perform
recombination. Regulation at this point is achieved through
the physical proximity of the V gene segments, which are
spread across over 2 Mb of DNA (Figure 3A). While
proximal segments may be paired via random collision, large
scale chromosomal conformational changes are utilized to direct
pairing at both central and distal regions within the loci, skewing
interaction partners and providing a diverse set of antigen
receptors (Figure 3B). Various mechanisms of chromosomal
looping enables regions to be brought into close proximity
during pro- and pre-B stages via proteins such as YY1, Ikaros,
Pax5 and CTCF.

Distal Vy utilization is facilitated by each of the proteins under
slightly different mechanisms. Within the IgH locus are enhancer
regions, intronic enhancer (iEy) and a 3’ regulatory region which
provide sites for contraction protein binding. Yin Yang 1 (YY1) is
a zinc finger protein with multiple functions in regards to
transcription activation and repression (Liu et al, 2007).
Knockouts of this protein during B-cell development yield a
block at the pro-B cell stage due to insufficient Vy-DJy
recombination without influencing expression of additional
V(D)J recombination components (Figure 3Ci). Using ChIP
and 3D DNA FISH Liu et al. were able to determine that YY1
binds to iEy sites to provide a node for locus contraction (Liu
et al.,, 2007). Deletion of iEy does not inhibit YY1 binding to the
overall chromosome loci, indicating that additional sequences
and factors influence the contraction (Guo et al, 2011). In
addition, YY1 may have heterotypic interactions with CTCF,
however, changes to rearrangement if CTCF levels are decreased
are not as pronounced as the knockdown of YY1 in reducing
recombination efficiency (Degner et al., 2011; Weintraub et al.,
2017). Ikaros, also a zinc finger protein, contributes various roles
in differentiation control and chromosome accessibility (Reynaud
et al., 2008). In a similar manner, reduction of Ikaros leads to
overall low Vi-DJy recombination with heavily skewed usage of
proximal Vi segments (Figure 3Ci). Pax5, a B-cell commitment
factor for differentiation, controls transcription, but also
functions by positioning chromatin towards the central
nuclear regions ensuring active chromatin is in an extended
state and promotes locus contraction (Ebert et al., 2011; Fuxa
et al., 2004). When Pax5 is deleted, cells will have characteristic
features of uncommitted progenitors, such as the ability to change
differentiation pathway following cytokine stimulation, and
exhibit reduced diversity due to a 50-fold reduction of distal V
recombination (Figure 3Ci). Contraction by Pax5 is mediated
through Pax5-activated intergenic repeats (PAIRs) over 750 kB of
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the distal Vg gene which allow for interaction with iEp sites
(Verma-Gaur et al., 2012). Via Bio-ChIP-chip Ebert et al. showed
that this mechanism is specifically lost in the pre-B cell stage
where other mechanisms must be used to promote distal gene
usage (Ebert et al., 2011).

CCCTC-binding factor (CTCF) is another zinc finger protein
with diverse functions for transcriptional control, but also
mediating chromosomal contacts across the genome (Phillips
and Corces, 2009; Degner et al., 2011). Deletion of CTCF reduces
overall B-cell maturation and arrests development at pre-B stage
for those progressing that far. Mediation of contraction here is
regulated by the presence of CTCF-binding elements (CBEs),
14bp conserved targets within the Ig loci (Hu et al, 2015).
Association of pairs of convergently oriented CBEs bound by
CTCEF and the cohesin complex form loop domains of the antigen
receptor loci restricting the V segments (Zhao et al., 2016; Zhang
et al., 2019). Cohesin, consisting of multiple subunits including
Rad21, will form loops of various sizes by extrusion of chromatin
in an ATP-dependent manner until reaching a CTCF bound CBE
(Ba et al, 2020). The loop extrusion process is dynamic and
allows for a subset of CTCF/cohesin formed loops to exist at any
given time enhancing genetic diversity (Degner et al., 2011). Large
chromosomal structural rearrangements also compete with the
short range collisional recombination which is extinguished
during CTCF downregulation as RAG proceeds to distal Vi
regions without obstruction therefore limiting diversity
(Figure 3Cii), yet in the Igk locus proximal usage is increased
(De Almeida et al., 2011; Ba et al., 2020; Zhang et al., 2022). In
contrast, deletion of cohesin subunit Rad21 eliminates all
recombination at most sites, except for proximal regions

which form a synapse due to collisional diffusion
(Figure 3Ci). Cohesin unloading is regulated by the
expression of WAPL throughout the cell cycle. Pax5

repression of the WAPL promoter during pro- and pre-B cell
stages allows for increased cohesin residence time on chromatin
extending loop sizes by circumventing CBE obstructions (Hill
et al., 2020; Dai et al., 2021). Under these circumstances, there is a
general increase of recombination at all sites (Figure 3Ciii). For a
comprehensive look into cohesin-mediated loop extrusion, we
refer the reader to the recent review by Zhang et al,, (2022).
Enhancer and intergenic regions of the antigen receptor loci
are also important for CTCF mediated loop extrusion as deletion
or mutation of these sites provides limited diversity and
dysfunction. iEp in the IgH locus is required for efficient
recombination, where deletion increases proximal gene usage
and reduced chromosomal relocation to the central nuclear
regions to limit total accessibility (Guo et al, 2011). The
intergenic control region 1 (IGCR1), between Vg and Dy
segments, contains CBEs to suppress Vi usage prior to Dy-Jy
rearrangement. Deletion of the IGCR1 region promotes proximal
Vu usage, but also induces off-target breaks spreading up to
120 kb upstream of the proximal Vi segments for potential cRSS
replacement (Figure 3Civ). CBEs within the Vy region prevent
distal usage past these segments in the absence of IGCRI1
regulation (Hu et al, 2015). The Vk-Jk locus contains
additional DNase hypersensitive (HS) regions which influence
chromosomal conformation change. Upon deletion of HS3-6
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there is only a moderate decrease of middle gene usage, with
overall insignificant changes to locus contraction. However, HS1-
2 deletion results in at least a 7-fold increase of proximal gene
usage with 3D DNA FISH indicating a 50% decreasing in overall
contraction of the Ig locus (Xiang et al., 2013).

Hand-Off of the Post-Cleavage Complex to

the DNA Repair Machinery

Cleavage by the RAG proteins triggers the DNA damage
response. A proper hand-off to NHE] machinery is essential
for successful recombination: alt-E] may lead to aberrant joining
events and genomic instability, especially in p53-deficient
environments. The idea that the role of the RAG proteins
extends beyond the cleavage step, came when several RAG
mutants were found to be proficient for cleavage but exhibited
aberrant joining (Qui et al., 2001; Schultz et al., 2001; Lee et al,,
2004). Exactly how the RAG proteins channel the repair to NHE]
is unclear, although three elements seem to be important for
pathway choice. The first is the dependence of RAG activity on
the cell cycle: by limiting recombination to G1, HR is not available
(Zhang et al., 2011). Moreover, expression of PolQ is very low in
GO and G1, limiting the possibilities for alt-EJ as well (Yu et al,,
2020). RAG2 residue T490 is a CDK phosphorylation site, that is,
instrumental in targeting RAG2 for breakdown when the cell
moves to S phase; indeed, the T490A mutation is enough to lead
to aberrant recombination (Zhang et al, 2011). The second
element is the ability of the RAG1 N-terminal domain to bind
a multi-protein complex, containing Ku, that steers repair to
NHE] (Raval et al., 2008; Kassmeier et al., 2012). Ku was recently
shown to suppress alt-EJ of RAG-induced DSBs, indicating it aids
in shepherding breaks to NHE] during V(D)] recombination
(Liang et al., 2021). Other proteins in the complex are VprBP,
DDB, Cul4A and Rocl: these act as a RING E3 ligase that can
ubiquitylate nearby proteins (Kassmeier et al., 2012). Disruption
of VprBP (by conditional excision of two exons) leads to defects
in recombination and increased mutations in the D and ]
segments in mice. Based on the mutational signature, the
authors suggest that VprBP specifically regulates terminal
transferase activity through a mechanism that involves
ubiquitylation of an unknown target, and thus suppresses
other error-prone repair pathways. The third element is the
stability of the PCC, which was found early on to influence
the choice of repair pathway: unstable PCCs are more prone to
lead to alt-EJ instead (Lee et al., 2004). Stability of the PCC seems
to be closely related to the conformation of the acidic hinge in the
RAG2 C-terminus, an intrinsically disordered domain with a high
negative charge. Mutations that neutralize this charge destabilize
the PCC and allow repair through alt-EJ (Coussens et al., 2013).
The RAG2 C-terminus has been shown to influence pathway
choice on more occasions (Corneo et al., 2007; Gigi et al., 2014;
Mijuskovic et al., 2015). The exact mechanism, however, still
remains unclear. Interestingly, the RAG2 C-terminus was found
to be redundant with XLF for what appears to be a function in
stabilization of DNA ends: mice that are deficient for XLF but
express the core RAG2 show severe defects in V(D)]
recombination which in turn leads to lower numbers of
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lymphocytes (Lescale et al., 2016a). This opens the intriguing
possibility that the RAG proteins interact with XLF in the
synaptic complex.

Although both proceed through NHE], the repair of coding
and signal ends is slightly different. Signal ends are blunt (Roth
et al., 1993), while coding ends are hairpins that need processing
(Roth et al,, 1992). After cleavage, the RAG proteins are more
likely to stay bound to the signal ends, at least in vitro (Ramsden
and Gellert, 1995; Livak and Schatz, 1996; Agrawal and Schatz,
1997; Hiom and Gellert, 1998). The sealed coding ends, which
will be quickly bound by Ku, are a target for DNA-PKcs (Figure
4A). Once this enzyme binds to the break site, it will act as a
regulator for further processing steps. As has recently been shown
through a crystal structure of DNA-PKcs, the hairpin DNA
substrate will trigger DNA-PKcs to phosphorylate itself, which
results in a large conformational change that creates room for the
Artemis endonuclease to bind (Liu et al., 2022). Artemis is
capable of opening the hairpins, which it does asymmetrically
to create a 3’ 2 nucleotide overhang (Ma et al., 2002; Karim et al.,
2020; Yosaatmadja et al, 2021). This overhang is the reason
repaired coding ends typically show indels; it serves as a substrate
for the TdT polymerase, which can add nucleotides to the
overhang without the need for a template (Motea and Berdis,
2010). As such, 3’ overhang elongation is an additional
mechanism to create diversity at V(D)J junctions. The two
ends, which may have diffused apart in the meantime, then
need to be brought together in a synaptic complex for repair
to proceed. The signal ends, on the contrary, are blunt and held
together by the RAG proteins, obviating the need for a pre-
processing step or formation of a synaptic complex. As a
consequence, the aforementioned interaction between XRCC4
and XLF to form filaments that bridge DNA ends is not necessary
for signal end repair (Roy et al., 2012). Signal end repair does,
however, need kinase activity from either DNA-PKcs or ATM,
probably to remove the RAG proteins from the break site (Zha
et al, 2011b; Gapud et al,, 2011; Gapud and Sleckman, 2011). In
the absence of filament formation, signal end repair is also more
dependent on XRCC4 than on XLF, which is in line with the role
of XRCC4 to carry Ligase IV to the break site.

Functional Redundancies and Newly
Identified Non-Homologous End Joining

Factors

The core factors Ku, XRCC4 and Ligase IV are absolutely
essential for NHE]: knock-outs of these genes in mice lead to
severe phenotypes or embryonic lethality (reviewed in Wang
et al., 2020 and Zhao et al., 2020) (Wang et al., 2020; Zhao et al.,
2020). There is, however, a considerable degree of functional
redundancy among most other NHE] factors. These
redundancies make repair more robust, and prevent genomic
instability associated with unrepaired breaks or alt-E] pathways
(Chang et al., 2017). A number of functional redundancies have
been identified in mouse models: while a single knock-out of a
redundant NHE] factor may only lead to a mild phenotype, a
more severe phenotype in a double knock-out suggests a
functional redundancy between those two NHE] factors. These
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redundancies have for years obscured the role some proteins play
in NHE]J, like XLF (Li et al., 2008) or the more recently identified
roles of PAXX (Ochi et al.,, 2015; Xing et al., 2015) and MRI
(Hung et al., 2018). For this reason, functional redundancies with
XLF have been particularly well studied and have shed some light
on the molecular mechanism of end joining. For a relatively
recent overview of the effect of single or double knock-outs in
NHE] we would like to refer to Wang et al., (2020). Here, we focus
on redundancies of XLF with some of the newly identified NHE]
factors PAXX and MRI, and with ATM and H2AX.

PAXX, a paralog of XRCC4 and XLF, was discovered not so
long ago as a player in NHE] (Ochi et al., 2015; Xing et al., 2015).
PAXX bears strong structural similarity to XRCC4 and XLF, but
is slightly smaller. Consistent with a role in DNA repair, PAXX is
recruited to damage sites; moreover, PAXX deficiency leads to an
increased sensitivity to ionizing radiation in human somatic
U20S cells (Ochi et al, 2015). The conserved C-terminal
region of PAXX binds to the N-terminal region of Ku80,
revealing a mechanism for PAXX recruitment to DSBs (Ochi
et al,, 2015; Liu et al., 2017). This interaction is essential, since
PAXX does not appear to have any DNA binding activity by itself.
Considering its similarity to XRCC4 and XLF, it was surprising to
find that PAXX does not participate in bridging of DNA ends.
Rather, its interaction with Ku seems to promote the
accumulation of XLF and Polymerase Lambda at DSBs
(Craxton et al, 2018), as well as to promote further
accumulation of Ku (Liu et al., 2017). In the context of simple
DSBs, PAXX function seems to be redundant with XLF, whereas
PAXX and XLF work together in the repair of more complex
breaks (Xing et al., 2015). Interestingly, PAXX is dispensable for
V(D)]J recombination in a mouse pro-B cell line, as long as XLF is
present (Kumar et al., 2016; Lescale et al., 2016b). This reveals a
functional redundancy between these two proteins in the context
of V(D)] recombination. Since XLF itself is redundant with ATM
in the same context, one might wonder if PAXX, in turn, is also
redundant with ATM. It turns out this is not the case, indicating
that these proteins act at more than one stage and only some
functions overlap (Kumar et al., 2016). Lescale et al. proposed a
two-tier model of an initial synapsis stage and a subsequent
ligation stage (Lescale et al., 2016b). In the synapsis stage, XLF
forms filaments with XRCC4, bridging the break site (Figure 4B).
ATM has a similar, but independent role. In the ligation stage,
XLF stabilizes the ligation complex. Here PAXX has a similar
function, thus creating the redundancy with XLF (Figure 4C).
Gaps due to incompatible ends can then be filled in by
Polymerase Lambda. In line with this redundancy, mouse
models showed that PAXX is dispensable for normal
development (Gago-Fuentes et al.,, 2018), but PAXX and XLF
double knock-out mice died as embryos (Balmus et al., 2016; Liu
et al., 2017; Abramowski et al., 2018). In summary, the role of
PAXX in NHE] fits with the general theme of redundancy.

Another recently identified player in NHE] is the Modulator of
Retroviral Infection (MRI). This small disordered protein
interacts with DNA-PKcs, Ku, PAXX, XLF and XRCC4
through its N-terminal domain and with ATM and the MRN
complex through its C-terminus (Arnoult et al.,, 2017; Hung et al.,
2018). MRI is thought to stabilize these other proteins on the
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DNA-PKcs

Artemis
XLF

XRCC4
LigaselV

ATM, RAG2 C-terminus, H2AX

FIGURE 4 | Schematic overview of Non-Homologous End Joining. (A) Broken DNA ends are recognized by Ku and DNA-PKcs. Hairpins in coding ends are
opened by the Artemis nuclease. (B) Ends are brought in close proximity in a process called synapsis. XLF and XRCC4 are thought to form filaments that mediate this
process. As discussed in the text, ATM, the RAG2 C-terminus and H2AX also have a role in synapsis. (C) Ends are ligated by Ligase IV. PAXX joins in this stage of repair.
Please note that, while care was taken to represent the architecture of the complexes as accurately as possible, many structural features still remain unknown.

chromatin around the break site, potentially by forming
multimeric structures through its disordered regions (Hung
et al., 2018). In mice, MRI deficiency alone does not result in
a detectable phenotype. However, MRI-/- XLF-/- and MRI-/-
DNA-PKcs-/- mice show embryonic lethality, while the double
knock-out MRI-/- PAXX-/- does not result in a severe phenotype
(Castaneda-Zegarra et al., 2020). This again indicates a degree of
redundancy between different repair factors; the severe
phenotype with DNA-PKcs and the milder phenotype with
PAXX suggests that the major role of MRI is relatively early
in repair, during the synapsis stage.

Interestingly, XLF is also functionally redundant with ATM
(Zha et al., 2011a; Xing and Oksenych, 2019). The ATM kinase is
an important regulator in NHE] and the DNA damage response
in general (Lee and Paull, 2021). It phosphorylates H2AX, which
alters the local chromatin architecture to create a favorable
environment for DNA repair processes. XLF also has
redundant functions with H2AX directly. Consistent with all
of this, the XLF/ATM redundancy only exists in the context of
chromatin, and does not occur in assays that utilize
extrachromosomal DNA (Zha et al., 2011a). It has been shown
that H2AX keeps break sites together (Yin et al., 2009), and is
therefore likely to have a role in the synapsis phase of repair,
where the redundancy with XLF would then originate. The exact
molecular mechanism, however, remains unclear. Rather than
interacting directly with the coding and signal ends,
phosphorylated H2AX could keep the double-strand breaks
together in a confined space by forming a biomolecular
condensate in the chromatin. The role of such condensates or
repair foci has received a lot of attention recently [reviewed in
(Fijen and Rothenberg, 2021)]. As discussed earlier, chromatin
remodeling is also a key process in the initiation of
recombination. Further research into the role of the chromatin
architecture and biomolecular condensates throughout the
recombination process could provide an interesting new
perspective on the regulation and efficiency of V(D)J
recombination.

Clinical Manifestation of V(D)J

Recombination Defects
While healthy cells should be able to restrict recombination
activity to G1 cell cycle phase, isolating RAG-mediated breaks

to prevent off-target repair pathways, the large number of
components involved during this mechanism can lead to
harmful implications. Various types of immunodeficiency and
potential tumorigenesis can be initiated by aberrant
translocations and deletions through RAG complex mutation
or deficiency.

Immunodeficiency

Deficiency in RAG proteins results in an overall lack of
recombination efficiency and diversity, with lower expression
leading to a harsher clinical outcome. This deficiency can lead to
phenotypes including combined
immunodeficiency (SCID), combined immunodeficiency with
granulomas or autoimmunity (CID-G/AI) and Omenn
Syndrome (OS) (Schwarz et al., 1996; Schuetz et al., 2008). For
an extensive analysis of the pathogenesis of these RAG-mediated
deficiencies we refer the reader to the recent review from
Bosticardo et al. (Bosticardo et al., 2021). SCID, and to the
lesser extent CID-G/AI, can cause major vulnerability to
minor infections, with current treatment through methods
such as bone marrow transplant (Buckley, 2004). Recent large
cohort studies for RAG deficiency show occurrence in 12% of
SCID cases and 42% of atypical SCID cases (Dvorak et al., 2019).
OS patients display a complex pathogenesis with symptoms
similar to SCID, except an estimated 90% of cases are due to
RAG mutations (Marrella et al., 2011). Over 60 naturally
occurring mutations resulting in immunodeficiency have been
mapped to just the core regions of RAGs with effects such as
destabilized structures between RAGs or other components,
decreased DNA binding, and catalytic deficiency (Kim et al,
2015). Two example mutations related to OS, V779M and
C328G in RAGI, reduce recombination through different
mechanisms, decreased cleavage efficiency and joint
formation, respectively (Grazini et al., 2010; Matthews et al.,
2015). Lee et al. and Tirosh et al. determined the recombination
efficiency of RAG1 and RAG2, respectively, using mutations
present in patient samples with varying disease type and severity
(Lee et al., 2014; Tirosh et al., 2019). A high density of mutations
occur in the NBD and mutations to this region or the heptamer
binding motif of RAG1 tend to exhibit significantly lower
activity even though the protein is catalytically active (Lee
et al,, 2014). In RAG2 samples, the overrepresentation occurs
in the PHD, affecting histone interaction and the autoinhibitory

several severe
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mechanism. Various mutations in RAGs may also circumvent
the checkpoints related to autoreactivity leading to reduced
functional circulating B-cells in addition to the reduced
repertoire (Villa and Notarangelo, 2019). As noted in
Figure 3, interfering with locus contraction leads to
decreased antigen receptor diversity and mutations to
proteins involved, such as cohesin subunits and Ikaros, have
been associated with immune disease (Bjorkman et al., 2018;
Kuehn et al., 2021). Recurrence of the same low activity
mutations in RAGs or other proteins required for
recombination could allow for prediction of disease severity
in newly diagnosed patients and potential for personalized
medicine for achieving a significant level of recombination
based on genotype.

Tumorigenesis
Human lymphomas can involve RAG-mediated deletions or
potential translocations between the Ig locus V(D)] segments and
non-Ig locus. The main area of concern is the presence of cRSSs
which mimic the RSS motif, but exist outside of the antigen receptor
loci (Onozawa and Aplan, 2012; Hu et al., 2015; Teng et al., 2015).
RAG-mediated cleavage at cRSS sites could be detrimental to cell
viability as uncontrolled regions are disturbed. Notch-1, a ligand
activator  transcription factor which transduces  signaling
information from the cell surface to the nucleus, contains 14
cRSSs within the 30 kb locus (Mijuskovic et al., 2015). N-terminal
truncation caused by cRSS-mediated deletion exhibits constitutive
ligand independent intracellular activity. Using ChIP-seq data from
Ji et al, RAG2-H3K4me-Notch-1 5 binding and colocalization
indicates that RAG-mediated cleavage has a high likelihood of
occurring in this region (Onozawa and Aplan, 2012). Multiple sets
of cRSSs are also involved in the deletion of Jakl exons 6-8, leading
to activation with multiple roles in cell growth and survival
(Mijuskovic et al., 2015). Additional RAG-mediated deletions
have occurred at Tratl, Phldal, Agpat9, CDKN2a/b, Ikaros, and
have been attributed to Tall-Sil fusion (Mullighan et al., 2008;
Onozawa and Aplan, 2012; Larmonie et al., 2013; Mijuskovic et al.,
2015). Even so, a majority of other oncogenic breakpoints detected
in lymphomas do not contain cRSS sites and may be due to event at
non-B form DNA structures (Raghavan et al., 2004).
Translocation due to off-target RAG-mediated events would be
more detrimental to cell viability, but have eluded direct detection
in the genome. Translocations themselves are common and likely
due to recombination events, but as of July 2019, there have been
no documented cases of leukemia and lymphomas which could be
traced directly to a RAG-mediated transposition event (Zhang
et al., 2017; Smith et al., 2019). Even translocations which involve
the antigen receptor loci, such as Bcl2-IgH or BCR-ABLI, lack
substantial evidence of initial RAG-mediated DSBs (Mossadegh-
Keller et al,, 2021; Yuan et al., 2021). This may be due to a lack of
ability to screen for these type of lesions as the limitations of some
sequencing methods may overlook certain breakpoint features,
however, recent improvements to next generation sequencing and
whole genome sequencing will allow for higher discovery rate of
these off-target RAG induced breaks (Nordlund et al, 2020;
Afkhami et al., 2021; Xiao et al., 2021). The excised signal circle
(ESC) complex consisting of the SEs, RAG proteins, and other
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factors is another source of potential reintegration into the genome
(Kirkham et al., 2019). This complex can be extremely dangerous
for oncogenic upregulation due to the presence of V region
adjacent promoters. More likely are asymmetric cleavage events
(“cut and run”), where a closed ESC binds and cleaves at a cRSS
before continuing on a series of unchaperoned DNA DSBs. These
events have yet to proven in vivo, yet acute lymphoblastic leukemia
patients have shown oncogenic activation through translocation
events, such as ETV6-RUNXI gene fusion, which could be
facilitated by RAG-mediated ‘cut and run’ events, however,
more research is necessary to understand a direct involvement
of RAGs in this type of tumorigenesis (Papaemmanuil et al., 2014;
Kirkham et al., 2019). In addition, translocation of the DNA
fragment of the ESC complex may not be due to new RAG-
mediated cleavage events, but instead insertion at independently
formed DSBs, leading to further genomic instability (Antoszewska-
Smith et al.,, 2017; Rommel et al., 2017).

CONCLUDING REMARKS AND OUTLOOK

Historically, focus on V(D)] recombination research has been on
the molecular mechanism of single recombination events, while
more recently the regulation has gained more attention. Efficient
V(D)]J recombination is dependent on a tight regulation of locus
recognition, DNA cleavage and repair. Here we discussed the
latest insights regarding target binding and robustness of the
NHE] pathway, but details of some key processes remain to be
established. RAG non-core domains have been only recently
studied for their regulatory roles, noted here is the importance of
these regions in sub-nuclear localization (PHD), efficient transition to
repair (acidic hinge), and maintenance of protein degradation
(RING). Additional research will be necessary to further
investigate these roles and potential allosteric mechanisms
influencing function. We discussed RSS binding and pairing, but
Maman et al. determine histone modification itself is not enough for
initial recruitment (Maman et al., 2016). Simple 3D diffusion may
account for RSS association, however, the choice of a partner RSS
may be influenced by several rounds of binding/release during locus
contraction. The role of local chromatin architecture and condensate
formation has been gaining significant traction lately, with the role of
disordered protein domains and long non-coding RNAs being
recognized (Fijen and Rothenberg, 2021). We see potential for
advanced imaging techniques to resolve the recruitment dynamics
and large-scale features of the recombination center and repair foci.
We noted here that the repair-associated kinases ATM and DNA-
PKcs are required for efficient recombination, but the specific
contribution of each and potential redundant roles remain poorly
understood. We anticipate that the phosphorylation profile of repair
factors has an impact on stability of the recombination complex,
joint formation, and repair factor recruitment. Dysregulation of
these events have significant influence on off-target breaks or repair
deficiency resulting in immunocompromising phenotypes and
potential tumorigenesis. Certain mutations and RAG-mediated
deletions are implicated in these disease states yet likely direct
involvement of RAGs in oncogenic translocations fails to be
detected. Extraction of this aberrant joining from the tumor
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genome proves challenging, but would be vital for clinical
therapeutics and personalized medicine.
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The diversification of B-cell receptor (BCR), as well as its secreted product, antibody, is a
hallmark of adaptive immunity, which has more specific roles in fighting against pathogens.
The antibody diversification is from recombination-activating gene (RAG)-initiated V(D)J
recombination, activation-induced cytidine deaminase (AID)-initiated class switch
recombination (CSR), and V(D)J exon somatic hypermutation (SHM). The proper repair
of RAG- and AlD-initiated DNA lesions and double-strand breaks (DSBs) is required for
promoting antibody diversification, suppressing genomic instability, and oncogenic
translocations. DNA damage response (DDR) factors and DSB end-joining factors are
recruited to the RAG- and AlD-initiated DNA lesions and DSBs to coordinately resolve
them for generating productive recombination products during antibody diversification.
Recently, cohesin-mediated loop extrusion is proposed to be the underlying mechanism of
V(D)J recombination and CSR, which plays essential roles in promoting the orientation-
biased deletional end-joining . Here, we will discuss the mechanism of DNA damage repair
in antibody diversification.

Keywords: antibody diversification, RAG-initiated V(D)J recombination, AlD-initiated CSR and SHM, DNA damage
repair, cohesin-mediated loop extrusion

INTRODUCTION

The B-cell receptor (BCR) and antibody comprise two pairs of immunoglobulin heavy (IgH) and
light (IgL) chains (Hwang et al., 2015). The N-terminal regions of IgH and IgL are the variable
regions, which form the antigen-binding domain of BCR. The C-terminal region of IgH is the
constant region that specifies the antibody effector function (Figure 1A) (Alt et al., 2013). In
developing B cells, V(D)J recombination generates highly diverse antigen receptor repertoires by
assembling the numerous IgH germline Vyy (variable), D (diversity), and Ji (joining) gene segments
in different combinations (Figure 1B). Also, IgL variable region exons are subsequently assembled by
joining Vi and J; segments (Ebert et al., 2015; Outters et al., 2015). In a given developing B cell, the
unique IgH and IgL chains generate sets of mature B cells that express a highly diverse repertoire of
BCR. In peripheral lymphoid organs, mature B cells can be activated by encountering antigens to
undergo IgH class switch recombination (CSR) (Figure 1C) and V(D)] exon somatic hypermutation
(SHM) (Figure 1D) to further diversify BCR/antibody affinity and function, enhancing antigen
elimination (Methot and Di Noia, 2017; Yeap and Meng, 2019).

The mouse IgH locus spans 2.7 Mb with more than 100 functional Vs in the 2.4 Mb distal region,
a 100 Kb intervening region, and a 60 Kb region with multiple Ds followed by 4 Jys (Figure 2A)
(Ebert et al., 2015). V(D)] recombination is initiated by the Y-shaped recombination-activating gene
(RAG) endonuclease (Liu et al., 2021). RAG is recruited to the V(D)J recombination center (RC),
which includes the Jiy-proximal DQ52, 4 Jis, and the intronic enhancer iEp (Teng and Schatz, 2015).
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RAG binds and cleaves the recombination signal sequences
(RSSs) (Kim et al., 2015; Ru et al., 2015; Kim et al., 2018; Ru
et al., 2018) that flank Vg, D, and Ji; gene segments (Figure 2B).
The two blunt RSS ends are fused by classical non-homologous
end-joining (C-NHE]) directly to generate RSS joins as excision
cycles, while the two coding ends are fused by C-NHE] to
generate the coding joins after DNA-PKcs and Artemis-
mediated removal of coding end-associated hairpins (Figures
2C-H) (Zhao et al., 2020). V(D)J recombination is ordered, with
Ds joining to Jys, prior to Vys joining to DJy intermediates to
form V(D)] exons (Figure 1B) (Alt et al., 2013).

After V(D)J recombination is completed, immature B cells
migrate to some peripheral lymphoid organs such as the spleen
and further develop to become mature B cells (Nagasawa, 2006).
Without stimulation or antigen activation, naive B cells express
the recombined V(D)] exon and its proximal Cp exons that
specify the IgM antibodies. Upon activation, mature B cells
undergo CSR to replace the donor Cp with one of the six sets
of constant region exons (Cys) that lie 100-200 kb downstream,
to change the antibody isotype with different pathogen-
elimination functions (Figure 1C) (Yeap and Meng, 2019).
Each Cy has an inducible (I) promoter exon, long (1-12 kb)
repetitive switch (S) region, and several Cy exons (Hwang et al.,
2015).  Activation-induced  cytidine = deaminase  (AID)
(Muramatsu et al., 2000) initiates CSR by generating
deamination lesions at frequent short DNA target motifs
within donor Sy, and a downstream acceptor S region (Hwang
et al., 2015). The lesions are converted into DNA double-strand

breaks (DSBs) by co-opting DNA damage repair factors. The
upstream S DSB ends are end-joined to the downstream
acceptor S region DSB ends to complete CSR by C-NHE] and
alternative end-joining (A-EJ) (Boboila et al., 2012; Methot and
Di Noia, 2017).

The switched and non-switched mature B cells can enter
the lymphoid germinal centers (GCs), where they are further
matured by introducing somatic hypermutation (SHM) into
the V(D)J exons (Figure 1D) (Pilzecker and Jacobs, 2019;
Roco et al.,, 2019). In response to antigen activation, AID
targets the same deamination motifs in V(D)] exons that are
mainly converted into mutational outcomes in GC B cells
(Hwang et al., 2015). The mutated V(D)] exons that have
higher binding affinity to the antigen are selected and
expanded (Lau and Brink, 2020). This SHM process allows
cellular selection to promote BCR/antibody affinity
maturation.

V(D)J RECOMBINATION

RAG Initiates DNA Breaks for V(D)J

Recombination

RAG endonuclease is a Y-shaped heterotetramer, which contains
two units of RAGI catalytic enzymes and two units of RAG2
regulatory co-factors (Kim et al., 2015; Ru et al., 2015; Kim et al.,
2018; Ru et al,, 2018). Both RAG1 and RAG?2 are required for the
physiological V(D)J recombination (Schatz et al., 1989; Oettinger

Frontiers in Cell and Developmental Biology | www.frontiersin.org

119

May 2022 | Volume 10 | Article 884873


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Luo et al. DNA Repair in Antibody Diversification
A Tel Vg (n>100) IGCR1 DQ52 Jus iEp Cys 3’RR 3°CBEs Cen
NI -

B 2.4Mb 100kb 60kb V(D)J recombination Lentel
& S c D
%8 - -
& HMGBl
. CACAGTG ACAAAAACC N di
’ 12RSS Coding  GTGTCAC -TGTTTTTTGG oncocing
Ha1rp1n
Cohesm Cleavage
. CACAGTG ACAAAAACC N di
’ 23RSS Coding  GTGTCAC -TGTTTTTTGG oncoding
Heptamer Nonamer
RAGI1-RAG2-HMGBI binding RAG-mediated RSS cleavage
E 5 F 8 o f G H Coding join
Pol VwTdT XRCCA
Artemjs\‘ < 3 n T ~— 3.ig4 Lig40 — Q—‘DJ—
DNA-PKcs— D= & |
XLF/PAXX/ERCC6L2
Ku70/Ku80 —

Recognition complex formation and hairpin opening End processing

products include the coding join and RSS join (H).

FIGURE 2 | Classical non-homologous end-joining (C-NHEJ) joins RAG-initiated recombination signal sequence (RSS) breaks to complete V(D)J recombination.

(A) Schematic structure of the IgH locus in mice. There are over one hundred Vi segments, 9-12 D segments, and 4 J; segments in mouse IgH locus. Each Vi is
downstream flanked by 23RSS. Each D is flanked by 12RSS on both sides. Each Jy is upstream flanked by 12RSS. (B) Schematic structure of RAG endonuclease,
12RSS (blue triangles), and 23RSS (red triangles). RAG cleaves the heptamer of RSS sequences. (C-H) C-NHEJ-mediated end-joining process during D to Jy

recombination. RAG and HMGB1 bind to a pair of D and J; segments for cleavage, and the synapsis of D and Ji segments is promoted by loop extrusion-mediated RAG
scanning process (C). RAG cuts the synapsed RSSs associated with the D and J segments to generate a pair of blunt RSS ends and a pair of hairpin-associated coding
ends (D). Ku70/Ku80 complex binds to the RAG-initiated DSBs and recruits DNA-PKcs-Artemis complex to open the coding end-associated hairpins (E). RAG-initiated
breaks can further be processed by DNA polymerase \/p and terminal deoxynucleotidyl transferase (TdT) (F). XRCC4 and ligase 4 are recruited to the breaks to ligate the
processed DNA breaks, and other redundant C-NHEJ factors including XLF, PAXX, and ERCC6L2 are also involved in the ligation step (G).Final D to Jy recombination

ig4 Lig4

Ligation complex formation

Ligated products

et al,, 1990). RAG1 has the DNA binding and cleaving activity to
cut the heptamer of RSSs to generate blunt RSS ends and hairpin-
associated coding ends (Figures 2B-D) (McBlane et al., 1995; van
Gent et al.,, 1995; Alt et al., 2013). RAGI interacts with numerous
nucleolar proteins to modulate recombination activity in the
nucleus (Brecht et al, 2020), and the N-terminal region of
RAGI regulates the efficiency and pathways of synapsis for
V(D)] recombination (Beilinson et al., 2021). RAG2 has no
DNA cleavage activity, but it is required to enhance RAGI
catalytic activity. RAG2 binds to DNA by recognizing
trimethylation of lysine 4 on histone H3 (H3K4me3), which is
a histone marker of active chromatin including promoters and
enhancers (Matthews et al, 2007; Teng et al, 2015). The
abundance of RAG2 protein is cell cycle-dependent which
undergoes ubiquitin-dependent degradation when lymphocytes
transit from G1 to the S phase (Li et al., 1996; Teng and Schatz,
2015). Also, RAG2 interacts with RAG1 to abolish RAG1
aggregation to initiate V(D)] recombination during the Gl
phase (Brecht et al., 2020; Gan et al., 2021). The regulation of
RAG2 promotes RAG-mediated V(D)J recombination in B cells
during the G1 phase; meanwhile, it suppresses the generation of

undesired DSBs and translocations to ensure the genome

stability.

Loop Extrusion-Mediated RAG Scanning

Promotes V(D)J Recombination

RAG not only binds the bona fide RSSs flanked by the V, D, and
J gene segments for physiological V(D)J recombination but
also can capture and cut cryptic targets besides RSSs at a low
frequency (Hu et al., 2015), which might lead to translocations
related to B- and T-cell lymphoma (Mahowald et al., 2008).
RAG can generate robust recombination between D1 and
JB1-1 when the DB1 and JP1-1 segments of T-cell receptor [
(TCRp) are inserted into the c-Myc locus (c-Myc-DJB
cassette). Meanwhile, the c-Myc-DJB cassette insertion
activates RAG activity to capture and cut the cryptic targets
(convergent-orientated “CAC” motifs) linearly. Interestingly,
RAG cryptic targets are restricted to the 1.8 Mb c-Myc domain
anchored by CTCF binding elements (CBEs). Also, RAG
cryptic activity within a domain also applies to other
domains across the genome (Hu et al., 2015). Moreover,
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RAG extends its activity to the cryptic targets outside of a
domain by deleting the CBE-mediated boundaries (Hu et al.,
2015; Zhang Y. et al., 2019). This evidence suggests that RAG
scans linearly to capture and cut the convergent-orientated
CAC motifs within a domain.

The RAG scanning process can also explain the
physiological D to Jy recombination and Vy to DJy
recombination. The plasmid-based studies indicate that the
RSS sequence, not RAG scanning, determines the utilization of
D-RSSs (Gauss and Lieber, 1992), while the high-throughput
HTGTS-V(D)J-seq analysis of large amounts of D-RSS-
inverted v-Abl progenitor (pro)-B-cell lines supports that
RSS orientation, not the RSS sequence, plays a key role in
deletional D to Jy recombination, indicating that RAG
scanning promotes the utilization of the downstream
D-RSSs during physiological D to Jy recombination
(Figure 2C) (Zhang Y. et al., 2019). Jg-RSS-bound RAG
initiates scanning from RC to the upstream D segments
until aligning and cutting one downstream D-RSS with
Ju-RSS, leading to the generation of DJy recombination
products (Figures 2C-H) (Zhang Y. et al., 2019). After DJy
recombination, DJ;-RSS-bound RAG initiates scanning to the
upstream Vy segments and cuts a convergent-orientated
Vu-RSS with DJy-RSS to complete the Vg to DJy
recombination, which is supported by the Vy inversion
experiments in mice (Hill et al., 2020; Dai et al., 2021). The
Vy region inversion eliminates Vi utilization and increases
the utilization of newly formed CAC motifs within the inverted
region, which strongly supports that RAG scanning promotes
the capture of convergent-orientated Vy-RSS in the
physiological Vi to D]y recombination (Dai et al., 2021).

D to Jy joining occurs within the loop domain anchored
upstream by the two divergent CBEs-formed IGCR1 between
D and Vy and downstream by the ten tandem CBE-formed
super anchor (3'CBEs) (Guo etal., 2011; Altet al., 2013). Vi to
DJy recombination needs the neutralization of IGCR1 anchor
and Vy-associated CBEs, which allows RAG scanning to the
upstream Vys (Guo et al., 2011; Alt et al., 2013; Jain et al,
2018). The depletion of CTCF in v-Abl pro-B cells increases the
utilization of distal Vys, indicating that RAG scans through
the CBEs after removing CTCF-mediated anchors in v-Abl
pro-B cells (Ba et al., 2020). Moreover, the depletion of Wapl, a
cohesin unloader, in v-Abl pro-B cells also increases the
utilization of distal Vys (Dai et al, 2021), which is
consistent with the downregulation of Wapl in normal pro-
B cells. It is likely that downregulated Wapl might neutralize
CBE-mediated blocks to enhance RAG scanning to the
upstream Vys, leading to the generation of more diverse
antibody = repertoires  during  physiological =~ V(D)]
recombination. RAG activity mainly focuses on the targets
within the dynamic chromatin impediments including the
CTCF-bound chromatin, highly transcribed chromatin,
RAG-bound chromatin, and even catalytic-dead Cas9-
bound chromatin (Zhang Y. et al.,, 2019; Zhang et al., 2022).
The aforementioned evidence strongly supports that cohesin-
mediated loop extrusion is the underlying mechanism of RAG
scanning-mediated V(D)] recombination.

DNA Repair in Antibody Diversification

DSB Response Factors Have Modest or No
Effects on V(D)J Recombination

Intrinsic and extrinsic stress-induced DSBs are the most harmful
DNA lesions to genome integrity, which trigger DNA damage
response (DDR) by recruiting DDR factors to the DSBs for
repairing. ATM and its downstream phosphorylated targets
(H2AX, 53BP1, and MDC1) are the key DDR factors, which
play crucial roles in repairing general DSBs and maintaining
genome stability (Weitering et al., 2021).

RAG-initiated DSBs also recruit DDR factors during V(D)J
recombination. ATM and ATM-phosphorylated p53 are recruited
to the RAG-initiated DSBs to surveil the intermediates in V(D)]
recombination, protecting against the potentially aberrant oncogenic
translocations (Perkins et al., 2002). Also, coding joining is decreased
with more un-joined coding ends in ATM-deficient pre-B cells,
indicating that ATM stabilizes RAG-initiated DSBs during V(D)]
recombination (Bredemeyer et al., 2006). 53BP1-deficient mice have
relatively normal B-cell compartments and no substantial block in
V(D)] recombination (Manis et al., 2004), while 53BP1-deficiency is
also found to impair the distal V to DJ joining at the TCRa locus,
suggesting a specific role of 53BP1 in maintaining genomic stability
during long-range joining of DSBs (Difilippantonio et al., 2008).
H2AX is recruited to the RAG-initiated DSBs at the TCRa locus
(Chen et al., 2000), while it is not required for coding join formation
or lymphocyte development (Bassing et al., 2002), suggesting that it
only functions as a general surveillance machinery to prevent
translocations during V(D)J] recombination (Yin et al, 2009).
MDCIl-deficiency has no major block for V(D)] recombination
or lymphocyte development (Lou et al, 2006). The recently
identified shieldin complex, composed of MAD2L2/REV7,
SHLD1, SHLD2, and SHLD3, is also dispensable for V(D)J
recombination and lymphocyte development (Ghezraoui et al,
2018; Ling et al, 2020). Altogether, DDR factors have relatively
modest or no effect on V(D)] recombination, suggesting the
redundant roles of these DDR factors with others during V(D)]J
recombination (more discussion in the next section).

C-NHEJ Exclusively Joins RAG-Initiated
Breaks During V(D)J Recombination

Intrinsic and extrinsic stress-induced DSBs are mainly repaired
by homologous recombination (HR) and C-NHE]. HR mainly
functions in the late S and G2 phases, which uses sister
chromatids as templates for error-free DNA repair. C-NHE]
repairs almost all DSBs outside of S and G2 phases and is the
major DSB repair pathway in both dividing and non-dividing
cells (Zhao et al., 2020).

RAG-initiated DSBs are exclusively repaired by C-NHE],
resulting from the synapsis of breaks held by the RAG post-
cleavage complex (PCC) (Figure 2D) (Teng and Schatz, 2015;
Libri et al, 2021). RAG2 truncations or charge-neutralizing
mutations switch the DSB repair pathway from C-NHE] to
alternative end-joining (A-EJ) and HR (Corneo et al, 2007
Coussens et al,, 2013; Gigi et al, 2014). RAG interacts with the
core NHEJ factors Ku70/Ku80 (Figure 2E) (Raval et al., 2008), and
Ku70 suppresses A-EJ in G1-arrested pro-B cells (Liang et al., 2021).
The deficiency of Ku70 has a severe combined immunodeficiency
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(SCID) phenotype and severely impairs the formation of coding
joins and RSS joins (Gu et al, 1997; Ouyang et al,, 1997). The
deficiency of Ku80 arrests lymphocyte development at early
progenitor stages and induces a profound impairment in V(D)]J
recombination (Nussenzweig et al., 1996; Zhu et al., 1996). The
Ku70/80 complex recruits another two core C-NHE] factors,
namely, XRCC4 and ligase 4, to the DSBs for end joining
(Figure 2G). XRCC4 is a scaffolding protein to stabilize ligase 4
to form the ligation complex for ligating the DSB ends. XRCC4- or
ligase 4-deficient mice die during the late embryonic development,
resulting from the p53-dependent apoptosis (Barnes et al., 1998;
Frank et al., 1998; Gao et al., 1998). Deleting p53 in XRCC4-deficient
or ligase 4-deficient mice rescues the lethality, while has no rescues
for the impaired V(D)] recombination and lymphocyte development
(Frank et al.,, 1998; Gao et al., 2000). So the four core C-NHE] factors
are absolutely required for V(D)J recombination.

In addition to the conserved core C-NHE] factors, there are
several other C-NHE]J factors including DNA-PKcs, Artemis, XLF,
and PAXX. DNA-PKGcs is recruited to the RAG-initiated coding ends
(Lieber, 2010) and phosphorylates Artemis to activate its
endonuclease activity, leading to the removal of the coding end-
associated hairpins (Figure 2E) (Ma et al., 2002). Before the DNA-
PKcs-Artemis-processed coding ends get joined, DNA polymerases
(Poly, Pol\) and terminal deoxynucleotidyl transferase (TdT)-
mediated nucleotide additions can further increase the junction
diversity (Figure 2F) (Zhao et al, 2020). DNA-PKcs not only
play roles in processing coding ends for coding joins, but also
functions in RSS joins. The deficiency of DNA-PKcs and DDR
factors severely impairs RSS joins, suggesting DNA-PKcs has
redundant roles with DDR factors in RSS joins (Gapud et al,
2011; Zha et al, 2011b). In contrast to other C-NHE] factors,
XLF seems to be dispensable for V(D)] recombination as the
deficiency of XLF has no measurable impact on V(D)J
recombination (Li et al, 2008), while V(D)] recombination is
almost abrogated by the deficiency of both XLF and ATM or one
of its downstream DDR factors, suggesting functional redundancy of
XLF with DDR factors during V(D)] recombination (Zha et al,
2011a; Liu et al,, 2012; Oksenych et al., 2012). PAXX, a paralog of
XLF, is also dispensable for V(D)] recombination, but the deficiency
of both PAXX and XLF almost abrogates V(D)J recombination
(Kumar et al, 2016). The new identified ERCC6L2 interacts with
other C-NHE] factors and plays functionally redundant roles with
XLF during V(D)] recombination (Figure 2G) (Liu et al, 2020).
These aforementioned C-NHE] factors have relatively less influence
on V(D)J recombination than the core C-NHE] factor, resulting from
the functional redundancy with DDR factors or other unknown
factors.

CLASS SWITCH RECOMBINATION AND
SOMATIC HYPERMUTATION

AID-Initiated DNA Lesions for CSR and V(D)

J Exon SHM

AID is essential for both CSR and SHM (Muramatsu et al., 2000).
As a paralog of the RNA-cytosine deaminase APOBEC family,
AID is originally proposed to be an RNA editing enzyme

DNA Repair in Antibody Diversification

(Muramatsu et al., 1999; Muramatsu et al., 2000), while large
amount of evidence supports that AID functions as a DNA
deaminase to deaminate deoxycytidine (dC) to deoxyuridine
(dU) (Feng et al.,, 2020). AID preferentially targets the dC in
short DGYW (D = A/G/T, Y=C/T, W = A/T) motifs within the
V(D)] exons (Figure 3A) and S regions (Figure 4A) for SHM and
CSR, respectively (Rogozin and Diaz, 2004). AID-initiated dU
causes the mismatch with deoxyguanine (dG), which can be
converted into the point mutation or DSB by base excision
repair (BER) and mismatch repair (MMR) during SHM and
CSR (Figures 3C, 4A) (Hwang et al., 2015; Methot and Di Noia,
2017).

BER and MMR are two complex DNA repair processes
which can function as error-free repair and error-prone repair
(Figures 3B,C) (Hwang et al., 2015; Methot and Di Noia,
2017). BER repairs the AID-initiated dU from the recognition
and excision of dU by UNG. APE cleaves the DNA to generate
a nick at the UNG-initiated abasic site. The nick is further
processed to generate a gap, which is filled by DNA polymerase
B and sealed by DNA ligase 1/3. MMR repairs the AID-
initiated dU from the recognition of the mismatch by
MSH2/6, which further recruits MLH1 and PMS2. Exol
excises the DNA sequences adjacent to the mismatch to
generate a gap, which is filled by DNA polymerase § and
sealed by DNA ligase 1. Instead of accurate repair by BER and
MMR (Figure 3B), mutagenic repair frequently occurs after
AID-initiated dU during CSR and SHM (Figures 3C, 4A).
Recent studies indicate that FAM72a influences the usage of
error-prone vs. error-free DNA repair by regulating UNG2
abundance during CSR and SHM (Figures 3B,C, 4A) (Feng
et al., 2021; Rogier et al., 2021).

DDR Factors Play Essential Roles for

AlID-Initiated CSR

DDR factors can also be recruited to the AID-initiated DNA
lesions, and these DDR factors are required for CSR as the
deficiency of the individual ATM, H2AX, or 53BP1 decreases
the CSR frequency (Reina-San-Martin et al., 2003; Lumsden et al.,
2004; Manis et al., 2004; Reina-San-Martin et al., 2004; Franco
et al., 2006; Reina-San-Martin et al., 2007; Bothmer et al., 2010).
53BP1 and H2AX are the downstream targets of ATM, but
53BP1-deficiency has a much more dramatic effect than that
of ATM- or H2AX-deficiency (Dong et al., 2015; Panchakshari
et al., 2018). RIF1 is a downstream factor of 53BP1 to inhibit DSB
end resection and RIF1-deficiency significantly decreases CSR
(Chapman et al., 2013; Di Virgilio et al,, 2013). The shieldin
complex functions downstream of 53BP1-RIF1 pathway and the
deficiency of shieldin components have similar phenotype as that
of 53BP1-deficiency (Xu et al., 2015; Dev et al., 2018; Ghezraoui
et al,, 2018; Gupta et al., 2018; Noordermeer et al., 2018). This
53BP1 pathway can compete with MRN/CtIP activity to protect
DNA ends during CSR (Mirman and de Lange, 2020). The
deficiency of these DDR factors variably increases the
resection of AID-initiated DSBs and increases the utilization
of longer microhomology for end joining (Dong et al., 2015;
Panchakshari et al., 2018). This evidence indicates that DDR
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factors inhibit resection to maintain the integrity of AID-initiated
DSBs for the efficient C-NHE] pathway (Figure 4B), while the
deficiency of DDR factors switches the end joining from C-NHE]
to the less efficient A-EJ which is prone to use longer
microhomology (Figure 4C).

End Joining of the AID-Initiated DSBs

During CSR
The core C-NHE] factor deficiency completely abolishes V(D)]
recombination and blocks lymphocyte development, while core
C-NHE] factor-deficiency only decreases but not abrogates CSR,
suggesting other less efficient end-joining pathways can join the
AlD-initiated breaks when C-NHE] is absent during CSR (Yan
et al, 2007; Boboila et al., 2012). This less efficient end-joining
pathway is identified as A-EJ (Boboila et al., 2012) (Figure 4C).
C-NHE] is the major DSB end-joining pathway during CSR
(Figure 4B). The deficiency of the individual core C-NHE] factor,
Ku70, Ku80, XRCC4, or ligase 4, impairs CSR (Casellas et al.,
1998; Manis et al.,, 1998; Pan-Hammarstrom et al., 2005; Yan
et al.,, 2007; Han and Yu, 2008; Panchakshari et al., 2018). In
addition to the core C-NHE] factors, DNA-PKcs and Artemis are
also necessary for joining AID-initiated DSBs during CSR
(Franco et al., 2008). The deficiency of XLF impairs CSR (Zha

etal., 2011a), while deficiency of PAXX, a paralog of XLF, has no
influence on CSR (Kumar et al., 2016). ERCC6L2 is identified as a
new NHE] factor and ERCC6L2-deficiency impairs CSR.
Surprisingly, ERCC6L2 deficiency does not increase the
resection of AlID-initiated break ends, but it significantly
increases the inversional end joining during CSR (Liu et al,
2020). ERCC6L2 regulates the orientation-biased end joining
without affecting the DSB end resection via an unprecedented
mechanism during CSR.

A-EJ is activated when C-NHE] or DDR factors are absent
during CSR (Figure 4C). The deficiency of ligase 4 shares some
similar features as that of DDR factor deficiency, including the
increase of DSB resection, utilization of longer microhomology,
and decrease of CSR frequency (Panchakshari et al., 2018). A-E]J
is relatively less intelligible than C-NHE]. PARP1 can respond
to DNA damage and bind to the break sites during A-EJ (Wei
and Yu, 2016). Then ligase 1 and ligase 3, the key joining factors
of the A-EJ pathway, play redundant roles in joining AID-
initiated DSBs during CSR (Lu et al., 2016; Masani et al., 2016).
Several exonucleases and endonucleases can also enhance DSB
resection and promote A-EJ during CSR (Bai et al., 2021; Sun
etal., 2021). Further studies are required to figure out the whole
picture of the A-EJ pathway in CSR and other physio-
pathological processes.
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FIGURE 4 | Overview of DNA damage repair process during CSR. (A) FAM72a regulates the error-prone vs. error-free DNA repair during AID-initiated CSR. AID-
initiated breaks are converted into double-strand breaks (DSBs) upon high level of FAM72a during CSR. (B) Overview of the DNA damage response (DDR) factors and
C-NHEJ in promoting direct end joining during CSR. (C) Overview of the alternative end joining (A-EJ) in promoting DSB end resection and microhomology-mediated end
joining during CSR. (C-H) Loop extrusion-mediated CSR model. Loop extrusion promotes CSR center formation (D), acceptor S region activation (E), Su-Sx
synapsis (F), and deletional end joining (G-H).

Loop Extrusion-Mediated CSR
AlD-initiated CSR occurs within the ~200 kb constant region of the

IgH locus in mature B cells. Chromatin loop extrusion is proposed to
be the underlying mechanism of CSR, which promotes the formation
of the CSR center, transcriptional activation of acceptor S regions,
synapsis of donor Sp and an activated acceptor S region, and
deletional joining of AID-initiated DSBs during CSR (Figure 4D)

(Zhang X. et al,, 2019; Zhang et al,, 2021; Zhang et al,, 2022). In
addition to the physiological CSR process, the loop extrusion-
mediated CSR model can also explain some abnormal switching
events within the CSR center, including the IgH locus suicide
recombination between Sp and 3'RR (Peron et al, 2012), the
ectopic S region switching after CBE insertion in the IgH constant
region (Zhang X. et al,, 2019) or 3'CBEs deletion (Zhang et al., 2021)
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and the Su-Sy3 switching after inserting Sy, Sy3, and core 3'RR in the
Igk locus (Le Noir et al., 2021).

In resting B cells, cohesin is loaded onto either the active iEy-
Su region or the downstream 3'RR enhancer region to initiate
loop extrusion. Cohesin-mediated loop extrusion brings these
two active regions, namely, iEp-Sp and 3'RR into proximity to
form a basal loop, in which the iEp-Sp and 3'RR serve as dynamic
loop anchors. This basal loop is termed as a dynamic CSR center
(Zhang X. et al., 2019). When B cells get activated, loop extrusion
brings the primed acceptor S region into the CSR center, where it
gets transcriptionally activated by 3'RR. Then, the activated
acceptor S region loads cohesin to initiate loop extrusion to
bring the donor Spu into close proximity with the activated
acceptor S region, leading to the synapsis of two S regions in
the CSR center (Zhang X. et al., 2019).

AID can target different locations of the synapsed donor Sp
and acceptor S region at different times within the CSR center.
Once AID initiates a DSB within an S region, the DSB ends will be
pulled toward the opposite direction by loop extrusion and stalled
by the associated cohesin rings. The two pairs of ends held by
cohesin rings will be joined deletionally to generate the
productive CSR products (Zhang X. et al, 2019). The
disruption of the synapsis structure by inserting CBEs that
have a convergent orientation to 3'CBEs between donor Sp
and acceptor Sa significantly increases the inversional joining
without influencing DSB end resection, which means that the
loop extrusion-mediated perfect synapsis of the donor Sy and
acceptor S region is required for the deletional end-joining during
CSR (Zhang X. et al., 2019). Loop extrusion-mediated deletional
end-joining is consistent with the cohesin accumulation at DSBs
(Kim et al., 2002; Strom et al., 2004). Loop extrusion is also
proposed to be the underlying mechanism of DNA damage
repair. Loop extrusion-mediated ATM scanning along the
chromatin adjacent to the DSB site phosphorylates H2AX
until reaching the loop anchor to form DNA damage repair
foci (Arnould et al., 2021), which shares some similar features to
the loop extrusion-mediated deletional end-joining during CSR
(Zhang X. et al., 2019). Loop extrusion might have more general
roles in DNA damage repair, DSB end joining, and
recombination processes.

The Roles of DDR Factors in AlD-Initiated
SHM in GC B Cells

Upon activation by antigens, mature B cells can undergo CSR and
SHM. CSR occurs prior to the mature B cells entering GC, where
the V(D)] exons get mutated (Roco et al, 2019). Unlike the
critical roles of DDR factors in CSR, ATM, 53BP1, and H2AX are
dispensable for the V(D)] exon SHM. The deficiency of the
individual ATM, 53BP1, or H2AX has no effect on the SHM
frequency of the V(D)] exon (Reina-San-Martin et al.,, 2003;
Manis et al., 2004; Reina-San-Martin et al., 2004). On the
other hand, the checkpoint signaling via the ATR/Chk1 axis is
downregulated by the transcription factor Bcl-6 in GC B cells,
suggesting that negative regulation of the ATR/ChkI axis is

DNA Repair in Antibody Diversification

required for efficient SHM in vivo (Ranuncolo et al., 2007;
Polo et al, 2008; Frankenberger et al, 2014; Bello and
Jungnickel, 2021). However, Chk2 has opposite effects to Chk1
in the regulation of SHM. The deficiency of Chk2 decreases the
SHM frequency, resulting from the defects of C-NHE] and
increase of the Chkl activity (Davari et al, 2014). So, the
ATR/Chk1/Chk2-mediated checkpoint signaling of the DNA
damage response is crucial for the physiological SHM.

CONCLUSION

BCRs and antibodies play vital roles in protecting against
antigens. The diversification of BCRs and antibodies from
RAG-initiated V(D)J recombination, AID-initiated CSR, and
V(D)] exon SHM is crucial for efficient elimination of
antigens. However, the mechanisms of these complicated
antibody diversification processes are still not well
understood. The immunoglobulin genes must be tightly
regulated to generate the large amounts of highly efficient
antibodies, meanwhile, suppress the generation of undesired
translocations or mutations. So, there are still many puzzling
questions: how do B cells minimize the off-target effects of
RAG and AID during antibody diversification and what are
the mechanisms of their specificities? How DNA repair
factors/pathways are differentially regulated for the general
DNA damage and immunoglobulin gene recombination?
Whether cohesin-mediated loop extrusion plays more roles
in antibody diversification? Answers to these questions
provide not only insights into the understanding of
antibody diversification during B-cell development but also
the basis for understanding the immune-related diseases.
Moreover, the mechanism of antibody diversification has a
wide range of applications for drug development of related
diseases such as COVID-19 and HIV.
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Barrett’s esophagus is a major complication of gastro-esophageal reflux disease and an
important precursor lesion for the development of Barrett’s metaplasia and esophageal
adenocarcinoma. However, the cellular and molecular mechanisms of Barrett’s metaplasia
remain unclear. Inflammation-associated oxidative DNA damage could contribute to
Barrett’'s esophagus. It has been demonstrated that poly(ADP-ribose) polymerases
(PARPs)-associated with ADP-ribosylation plays an important role in DNA damage and
inflammatory response. A previous study indicated that there is inflammatory infiltration
and oxidative DNA damage in the lower esophagus due to acid/bile reflux, and gastric acid
could induce DNA damage in culture esophageal cells. This review will discuss the
mechanisms of Barrett’'s metaplasia and adenocarcinoma underlying oxidative DNA
damage in gastro-esophageal reflux disease patients based on recent clinical and
basic findings.

Keywords: Barrett’s esophagus, DNA damage, transdifferentiation, polyADP-ribose polymerase 1, NF-kappa B

INTRODUCTION

Barrett’s esophagus (BE) most commonly arises from gastro-esophageal reflux disease
(GERD), which is defined as the retrograde flow of gastric and (or) duodenal contents into
the esophagus, inducing discomfort symptoms and (or) esophageal mucosal pathological
lesions. The incidence rate of GERD varies from 10 to 20% in the Eastern and Western
countries (El- Serag et al., 2014; Amadi et al., 2017; Maslyonkina et al., 2021; Mittal et al.,
2021). Indeed, it is one of the most prevalent gastrointestinal functional disorders worldwide.
Heartburn and regurgitation are the typical symptoms of GERD and the number of atypical
manifests is estimated over 100, including non-cardiac chest pain, bronchial-pulmonary or
ear, nose, and throat symptoms, and dental erosion. The understanding of the cellular and
molecular mechanisms by which this metaplastic transformation occurs remains limited.
Histological proof of BE is currently considered objective evidence of GERD, which is a
common pre-malignant condition characterized by the replacement of the normal squamous
epithelium by a metaplastic columnar-lined epithelium extending to the gastro-oesophageal
junction (Barrett, 1950; McDonald et al., 2015). GERD is a chronic inflammation of the
esophagus stimulated by repeated acid/bile acids. Chronic inflammation is likely to carry an
increased risk of cancer via oxidative damage pathways (Farinati et al., 2010). Therefore, both
GERD-induced reactive oxygen species (ROS) accumulation and chronic inflammatory
infiltration are associated with BE formation. This review mainly focuses on the oxidative
damage, inflammation mechanisms, and the reparative response in GERD-induced BE.
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FIGURE 1 | A putative mechanism for Barrett’s metaplasia and adenocarcinoma. Normally, epithelial stem cells differentiate into squamous epithelium cells.
However, Barrett’s columnar epithelium cells and adenocarcinoma cells replace the normal squamous cells by abnormal differentiation under chronic reflux-induced
oxidative damage and inflammation. We speculate that PARP-1/NF-xB signaling and ADP-ribosylation-dependent DNA damage response may be involved in the
occurrence of BE and incomplete DNA repair possibly lead to Barrett’s adenocarcinoma. The PARP-1 inhibitor may serve as a molecular rescuer for BE formation.

INFLAMMATION INVOLVED IN
GERD-INDUCED BARRETT’S ESOPHAGUS

GERD is a chronic inflammation of the esophagus stimulated by
repeated acid/bile acids. Thus, esophagitis is the major
pathological manifestation for patients with GERD and BE
(Vaezi and Richter, 1996; Deshpande al., 2021).
Furthermore, chronic inflammation is likely to carry an
increased risk of cancer via oxidative damage pathways
(Farinati et al., 2010). Metaplasia is a pathological condition
that commonly occurs in the presence of chronic
inflammation (Kumar AKA et al, 2007), including typical
Barrett’s metaplasia (Colleypriest et al., 2009). Therefore, there
is a strong association between GERD-induced reactive oxygen
species (ROS) accumulation, chronic inflammatory infiltration,
and BE formation. Some cell fate and development-related genes
transcriptionally change in the conditions of such chronic
inflammation, including BMP4, PTGS2, SHH, CDX1, CDX2,
Notch, and SOX9 (Jiang et al., 2017; Peters et al., 2019).

The reflux-induced epithelial injury could be repaired by
squamous cell regeneration and differentiated columnar
epithelium in the distal esophagus. It is reviewed that different
types of cells have been proposed to develop intestinal metaplasia
during GERD-induced BE by direct or indirect trans-
differentiation. Many signaling pathways may also be involved
in this process (Peters et al., 2019). Columnar epithelium may be
an intermediate stage in the formation of specialized intestinal

et

metaplasia that pSMAD/CDX2 interaction is essential for the
switch toward an intestinal phenotype (Mari et al., 2014). An
inflammatory environment induced by damage leads to increased
sonic hedgehog signaling and decreased Notch signaling
mediated by PGE2, NF-kB, TNF, and other molecules. In
addition, genetic variations are involved in BE. Variants of
GSTP1 (such as rs1695A > G missense variant) are frequently
linked to risks of infiltration and esophageal adenocarcinoma
(EAC) due to the reduction of antioxidant enzymatic activity
(Peng et al.,, 2021). Therefore, the detailed molecular mechanism
of oxidative damage and inflammation involved in GERD-
induced BE should be further explored.

ROLE OF P63 IN BARRETT’S ESOPHAGUS

BE may arise and develop from various stem cells, including
residual embryonic stem cells, submucosal gland stem cells,
gastric cardia stem cells, gastro-oesophageal junction, or basal
squamous progenitor cells (Badgery et al., 2020). BE is defined as
the replacement of the normal squamous epithelium by a
metaplastic columnar-lined epithelium. Abnormal
differentiation of multipotential stem cells into columnar-lined
epithelium was considered one of the potential mechanisms
(Tosh and Slack, 2002). p63, the p53 gene family member, has
been termed as the master regulator of epithelial cells that
determines the differentiation of progenitor cells into
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squamous epithelium cells. In p63~~ mice, the stratified
squamous epithelium fails to form, while the esophagus is
lined by simple columnar epithelium (Daniely et al, 2004;
Koster et al., 2004). Consistently, BE lacks the staining of p63
(Daniely et al., 2004; von Holzen and Enders, 2012). Thus,
Barrett’s stem cells may not be derived from the p63*
embryonic esophageal progenitor cells and the adult squamous
esophageal stem cells. The other possibility would be that p63 is
downregulated in originally p63"™ adult squamous esophageal
stem cells in BE. Indeed, downregulation of p63 was observed
upon exposure to bile salts and acid in normal and cancer
esophageal cells in culture (Roman et al, 2007). Thus, it is
more likely that p63" adult squamous esophageal stem cells
lost p63 expression in BE due to the repeated acid/bile acid
stimulation in GERD patients. Molecular mechanisms for p63
downregulation in BE need to be further investigated.

DNA DAMAGE REPAIR IN GERD-INDUCED
BARRETT’S ESOPHAGUS

The pathological mechanism of GERD is relatively clear,
including the lower esophageal sphincter and cardia relaxation,
lower esophageal sphincter pressure, and (or) esophageal
insufficiency, esophageal hiatal hernia, leading to gastric acid,
pepsin, and bile reflux into the esophagus. Bile salts or
hydrochloric acid treatment could increase the levels of ROS,
inducing an increase in the levels of 8-hydroxydeoxyguanosine
(8-OH-dG) and p-H2AX which are markers of oxidative DNA
damage and DNA double-strand breaks, respectively (Zhang
et al, 2009; Dvorak et al,, 2007). It is well established that
oxidative DNA damage is usually induced by ROS which is
primarily generated from normal intracellular metabolism in
mitochondria and peroxisomes (Cadet et al., 2010). Increased
studies from clinical biopsies have shown that oxidative stress
exists in the GERD model as well as BE (Dvorak et al., 2007;
Rdsdnen et al., 2007). Chronic exposures to high levels of ROS
from overwhelming reflux and the deteriorative ability of bolus
clearance in the esophagus, these excessive active free radicals to
attack genomic DNA and consequently induce various types of
DNA lesions. These lesions, including DNA single-stand breaks
and double-strand breaks, may lead to genomic instability and
various diseases (Olinski et al., 2002; Sedelnikova et al., 2010).
Recent studies reported that oxidative DNA damage exists in
Barrett’s mucosa, and the magnitude of damage is beyond the
repair capacity of a cell (Cardin et al., 2013). Since GERD patients
developed BE or EAC with an approximately 6-8 fold increased
risk than normal people, BE patients carry an increased risk of
EAC varying between 30-125 times that of the general population
(Altorki et al., 1997). Both CD133 and 8-OH-dG formation were
detected at the apical surface of columnar epithelial cells of biopsy
specimens of patients with BE and BE adenocarcinoma with
significantly higher expression levels. This study indicated that
oxidative and nitrative DNA damage and CD133 localization
would contribute to BE-derived carcinogenesis (Thanan et al.,
2016). Corresponding to the repair of oxidative DNA damage,
apurinic/apyrimidinic endonuclease 1 (APE1), one of the key

GERD-Induced Barrett’s Esophagus

enzymes generated by ROS, is frequently overexpressed in EAC.
Moreover, Barrett’s and EAC cells could be protected against
oxidative DNA damage by regulating JNK and p38 kinases (Hong
et al, 2016; Peng et al,, 2021). In this regard, the relationship
between oxidative DNA damage and BE progress should be
further explored. Next, we will especially discuss the role of
the ROS/PARP-1/NF-«xB pathway in the formation of BE and
Barrett’s adenocarcinoma.

THE ROLE OF PARP-1 IN BARRETT’S
ESOPHAGUS

Oxidative stress triggers DNA strand breakage in BE, leading to
the activation of the nuclear enzyme poly(ADP-ribose)
polymerase (PARPs) which catalyze poly(ADP-ribose)relation
(PARylation) at the sites of damage (Liu and Yu, 2015). These
enzymes use NAD™ as the substrate and the negatively charged
ADP-ribose (ADP) group is covalently added to the target
proteins. The most common target sites for PARylation are
the side chains of arginine, aspartic acid, and glutamic acid
residues. After catalyzing the addition of the first ADPr onto
the target proteins, other ADPrs can be covalently polymerized
onto the first ADPr leading to the formation of both linear and
branched polymers, called poly(ADP-ribose) (PAR) (Schreiber
etal,, 2006). Among the PARP family, PARP-1 is the prototypical
and most abundant nuclear-expressed PARPs, which can
PARylate various target proteins, including histones, DNA
polymerases, DNA ligase, and PARP-1 itself. The PAR chains
generated by PARP-1 form various regulatory complexes during
DNA damage response and metabolism (Kim et al, 2005;
Malanga and Althaus, 2005; Schreiber et al., 2006). PARP-1
can be excessively activated in situations where oxidative DNA
damage is beyond the repair capacity of PARP-1. These
conditions lead to excessive consumption of NAD®. Since
NAD" synthesis requires ATP molecules, the reduction of
cellular NAD" and ATP levels leads to the collapse of cellular
metabolism and, consequently, cell death (Schreiber et al., 2006).
Thus, the PARP-1 upregulation may present a double-edged
sword in the process of DNA damage response.

Recently, the role of PARP-1-dependent DNA damage
response in the formation of BE and the pathological process
of GERD-induced esophageal cancer is very limited. Our
preliminary results show that PARP1 overexpression is
probably taken as a resistance factor of BE epithelial cells to
H,0, or bile acid-induced oxidative damage and cell death.
PARP1 also positively regulates the viability of esophageal
epithelial cells, which reveals a potential candidate for a
therapeutic strategy for BE (Zhang et al, 2018). PARP-1 is
also known to be a co-activator of NF-«B, playing a key role
in pro-inflammation by contributing to inflammatory processes
through the regulation of transcription factors (Hassa and
Hottiger, 1999; Liu et al., 2012). NF-kB was one of the first
mediators of inflammation to be identified as a target for PARP-1
mediated PARylation (Aguilar-Quesada et al., 2007). In PARP™/~
mice and cell lines, NF-«kB activity is severely compromised in
absence of activation by upstream PARP-1 (Oliver et al., 1999),
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and in an oxazolone-induced contact hypersensitivity model,
PARP-1 inhibition reduces the extent of inflammation by
modulating oxidative stress and impairing the activation of
NF-kB (Brunydnszki et al., 2010). PARP-1 may serve as a
negative regulator of p63 by activating NF-kB in Barrett’s cell.
Hence, oxidative stress-induced high PARP-1 activity in the BE-
related stem cells may downregulate p63.

FUTURE PERSPECTIVES

The widely present evidence of oxidative DNA damage in BE
from human tissue and cell models was recently reported (Dvorak
etal, 2007; Peng et al., 2014; Hong et al., 2016). It is assumed that
the development of BE is associated with oxidative DNA damage
response. The long-term excessive acid/base-induced ROS
stimulation in GERD may lead to activation of the PARP-1/
NF-«xB pathway with inflammatory infiltration of the epithelial
stem cells. The inflammatory cells then tend to differentiate into
Barrett’s esophageal epithelium (columnar epithelium) via
transcription factor p63 and EMT. Whereas, DNA damage
itself can lead to carcinogenesis with incomplete ADP-
ribosylation-dependent DNA damage response. All these
events can be associated with a heterogeneity of esophageal
epithelial cells and tumor occurrence and development,
eventually leading to EAC (Figure 1). This presumably
suggests that antagonists of PARP-1/NF-kB might have
beneficial effects on Barrett’s metaplasia in GERD patients.
However, to the best of our knowledge, there has been no
research on the effects of oxidative DNA damage-related
agents on Barrett’s cell lines or animal models, which
necessitates more studies.
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We speculate that PARP-1/NF-kB signaling and ADP-
ribosylation-dependent DNA damage response may be
involved in the occurrence of BE and incomplete DNA
repair due to low levels of ADP-ribosylation possibly lead
to Barrett’s adenocarcinoma. However, there are still many
open questions existing in the field that require further studies.
1) The degree of oxidative DNA damage, the level of PARP-1/
NF-kB signaling, and NAD" between esophageal stem cells,
esophageal squamous cells, Barrett’s esophageal columnar
cells, and adenocarcinoma cells by acid, bile acid, and
oxidative stress treatment should be further investigated. 2)

Adding extrinsic NF-xB or activating PARP-1/NF-xB
signaling to detect the DNA damage repair and
inflammatory  response between PARP-1  knockout

esophageal stem cell lines and wild-type cell lines with
induced ROS. So what is the detailed mechanism among
NF-kB/ANp63/EMT in the development of BE and EAC. 3)
What is the exact role of PARP-1 in esophageal stem cells,
Barrett’s esophageal columnar cells, and adenocarcinoma cells.
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