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Abstract

Peptididylarginine deiminase type 2 (PADI2) catalyzes the conversion of arginine resi-
dues to citrulline residues on proteins. We demonstrate that PADI2 induces T cell activa-
tion and investigate how PADI2 promotes activated T cell autonomous death (ACAD).
In activated Jurkat T cells, overexpression of PADI2 significantly increases citrullinated
proteins and induces endoplasmic reticulum (ER) stress and unfolded protein response
(UPR) signaling, ultimately resulting in the expression of autophagy-related proteins
and autophagy. PADI2 promoted autophagy and resulted in the early degradation

of p62 and the light chain 3B (LC3B)-Il accumulation. In Jurkat T cells, silencing the
autophagy-related gene (Atg) 12 protein inhibits PADI2-mediated autophagy and pro-
motes ER stress and apoptosis, whereas overexpression of Atg12 decreased ER stress
and prolonged autophagy to promote cell survival. Additionally, PADI2 regulates T cell
activation and the production of Th17 cytokines in Jurkat T cells (interleukins 6, IL-17A,
IL-17F, IL-21, and IL-22). In Jurkat T cells, silencing IL-6 promotes autophagy mediated by
PADI2 and inhibits PADI2-induced apoptosis, whereas silencing Beclin-1 increases the
activation and survival of Th17-like T cells while decreasing autophagy and apoptosis.
PADI2 silencing alleviates ER stress caused by PADI2 and decreases cytokine expres-
sion associated with Th17-like T cell activation and ACAD. We propose that PADI2

was involved in Th17 lymphocyte ACAD via a mechanism involving ER stress and
autophagy that was tightly regulated by PADI2-mediated citrullination. These findings
suggest that inhibiting Th17 T cell activation and the development of severe autoim-
mune diseases may be possible through the use of novel antagonists that specifically
target PADI2.
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Introduction

Peptidylarginine deiminase (EC 3.5.3.15) is a Ca*"-dependent enzyme that converts
arginine residues in proteins to citrulline residues [1]. PADI is classified into five isotypes
(1-4 and 6), each with its own unique substrate specificity and tissue expression pattern
[1]. PADI2 is expressed in a variety of tissues, including the brain, skeletal muscle, spi-
nal cord, oligodendrocytes, uterus, pancreas, salivary gland, pituitary gland, sweat gland,
spleen, macrophages, bone marrow, and leukocytes [2]. PADI-mediated posttransla-
tional modification (deimination or citrullination) decreases the net charge of protein
substrates, resulting in the loss of potential ionic bonds or rearrangement of hydrogen
bonds, which ultimately results in protein unfolding [3].

Unfolded protein aggregates and damaged organelles are removed from cells by
autophagy, a major intracellular catabolic mechanism [4]. Autophagy can keep cells alive
by recycling nutrients, maintaining cellular energy homeostasis, and degrading toxic
cytoplasmic constituents. Autophagy is the process by which autophagosomes mature
and degrade. Autophagosomes fuse with lysosomes to form autophagolysosomes and
degrade their cargo. Excessive autophagy in response to cellular stress may cause cell
death. Autophagy is involved in development, differentiation, stress, infection, neuro-
degenerative diseases, and cancer. During autophagy, cytoplasmic cargo is transported
to the lysosome via vesicles. Autophagy-related genes (Atgs), such as Atg5, Atg7, and
Atgl2 are necessary for vesicle elongation and autophagosome completion. Atg7 plays
a critical role in autophagosome regulation, and Atg5 and Atgl2 can form intracellu-
lar complexes required for autophagosome elongation. These complexes are activated by
Atg7 and are required for the light chain 3B (LC3B) ubiquitin-like conjugation system to
function properly [5].

LC3B and sequestosome 1 (SQSTM1) are the two primary autophagy markers.
SQSTM1, referred to in humans as p62, is a ubiquitin-binding scaffold protein that
marks proteins for degradation via autophagy. When autophagy is inhibited, p62 accu-
mulates within cells; however, when autophagy is induced, protein levels decrease. The
LC3B marker exists in two forms: unconjugated LC3B-I (18 kDa) found in the cytosol,
and phosphatidylethanolamine-conjugated LC3B-II (16 kDa) found in the autophagoso-
mal membrane [6]. Beclin-1 is the human homolog of yeast Atg6, which is required for
the formation of the autophagosome membrane in collaboration with the mammalian
class III phosphoinositide 3-kinase (PI3K). Beclin-1 interacts with Bcl-2 and acts as a
tumor suppressor, thereby establishing a link between autophagy and tumorigenesis [7].
Members of the Bcl-2 family can inhibit the interaction between Beclin-1 and PI3K [8].
Several members of the anti-apoptotic Bcl-2 family, including Bcl-2, Bcl-xL, and Mcl-1,
contain four Bcl-2 homology domains and inhibit autophagy by interacting with Bec-
lin-1. T lymphocytes are susceptible to both proapoptotic and antiapoptotic effectors,
such as members of the Bcl-2 family. Indeed, several molecules, including Beclin-1, cas-
pase-9, and PI3K class I, are involved in both autophagy and apoptosis regulation [9].
Thus, a double-edged sword has been proposed for autophagy, as autophagy can act as a
protector or a killer, depending on the surrounding cellular environment [10]. Addition-
ally, it has been established that dysregulated autophagy plays a significant role in a vari-
ety of human diseases, including inflammatory disorders [11], neurodegeneration [12,

13], intracellular pathogen infections [4], and cancer [14].
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Lysosome-associated membrane protein-1 (LAMP-1) and lysosome-associated mem-
brane protein-2 (LAMP-2) are two major lysosomal membrane proteins [15]. LAMP-1
and LAMP-2 are required for lysosome-mediated regulation of autophagosome-lyso-
some fusion rates, and lysosomes control autophagic flux by acting at both the initiation
and termination phases [16].

The endoplasmic reticulum (ER) is a eukaryotic cellular component that plays a criti-
cal role in the synthesis and secretion of membrane proteins, lipid synthesis, and glu-
cose metabolism [17]. ER stress occurs when the luminal ER homeostasis is disrupted,
as a result of reactive oxygen species (ROS) generation, hypoxia, protein unfolding, and
changed energy levels and Ca*" concentrations. Unfolded proteins in the endoplasmic
reticulum (ER) initiate an adaptive ER stress response dubbed the unfolded protein
response (UPR). The UPR pathway is essential for developmental processes requir-
ing protein synthesis and export, such as differentiating T lymphocyte into cytokine-
secreting killer cells [18, 19]. Additionally, the UPR is required for the differentiation and
growth of mature antigen-presenting cells.

The UPR can be triggered through ER membrane receptors such as protein kinase
RNA-like ER kinase (PERK), inositol-requiring enzyme 1 (IREla), and activating tran-
scription factor 6 (ATF6); activating transcription factors 4 (ATF4) is also involved in
PERK-elF2a signaling [20]. UPR has been shown to enhance glucose-regulated protein
78 (GRP78/Bip) dissociation from these receptors. GRP78 is required for the proper
folding of proteins and the prevention of protein aggregation in the ER lumen [21]. In
addition, the UPR activates PERK. Additionally, transcripts encoding C/EBP homolo-
gous protein (CHOP) and X-box binding protein 1 (XBP1) are indicators for ER stress.
CHOP is a transcription factor (TF) associated with ER stress-induced apoptosis [22],
where it induces apoptosis through posttranslational stabilization of Bim, a proapop-
totic member of the Bcl-2 family [23]. By controlling the ER membrane kinase/nuclease
IRElq, Bcl-2-associated X protein (Bax) and BCL2-antagonist/killer 1 (Bak) can modu-
late ER stress. IREla is a nuclease that is involved in the alternative splicing of XBP1
from unspliced XBP1 (uXBP1) to spliced XBP1 (sXBP1), which is a critical modulator
of the UPR. XBP1 has been shown to activate autophagy genes such as Atg5, Atg7, and
Atg8 [24]. Additionally, the UPR is involved in the mitochondrial apoptotic pathway via
its control of the Bcl-2 family. On the ER membrane, the Bcl-2 family suppresses pro-
apoptotic proteins such as Bax/Bak and BH3-only proteins [25].

Apoptosis is the signaling pathway that leads to programmed cell death (PCD).
Apoptosis has been researched in many disease conditions, such as rheumatoid arthri-
tis (RA), Parkinson’s, and Alzheimer’s diseases. Apoptosis is triggered by DNA dam-
age, which triggers the mitochondrial pathway (intrinsic pathway) [26]. When external
insults trigger apoptosis, a particular endonuclease degrades DNA, resulting in oligo-
nucleosomal-sized fragments [27]. Caspases are a large protein family involved in apop-
tosis (caspase-3, caspase-4, caspase-6, caspase-8, and caspase-9) and inflammation
(caspase-1). Caspase-3 is triggered by proteolytic processing and then cleaves down-
stream targets of Poly (ADP-ribose) polymerase (PARP), irreversibly killing the cell.

The process of apoptosis in activated T cells mediated by the Bcl-2 family is referred
to as activated T cell-autonomous death (ACAD) [28] and is responsible for the death
of the majority of T cells responding to foreign antigens. The Bcl-2 family Bax and Bak
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(pro-apoptotic) proteins can promote mitochondrial permeability, while Bcl-2 and Bcl-
xL (anti-apoptotic) proteins can block apoptotic proteins. Caspase-3 activates PARP
cleavage, causing nuclear damage and apoptosis. T helper cells are a kind of T cell vital
to the adaptive immune system. These cells can either stimulate or suppress immune
responses based on their cytokines. Effector T helper cells can create cytokines or pro-
teins to activate other leukocytes. Memory T helper cells retain antigen affinity and pro-
vide rapid immune protection against recognized pathogens. Regulatory T cells (Tregs)
regulate a number of immune responses to maintain immune homeostasis. Th17 cells
generate interleukin-17 (IL-17) and are activated by interleukin-6 (IL-6) and transform-
ing growth factor f (TGFp). Th17 cells produce IL-17A, IL-21, and IL-22, as well as the
transcription factors STAT3 and RORt. Interferon gamma (IFNy) and interleukin-4
(IL-4) have been shown to inhibit Th17 development. Th17 cells can reprogramme to
become protective or proinflammatory pathogenic cells. IL-6 modulates the comple-
ment system, killing extracellular bacteria and fungi. Complement-mediated hypersensi-
tivity occurs when Th17 cells over-activate autoantigens. Psoriasis, inflammatory bowel
disease, RA, and Crohn’s disease all have activated Th17 cells [29, 30]. Th17 also has a
function in allergic airway inflammation [31]. IL-21 and IL-22 are secreted by Th17 cells
and have been shown to enhance Th17 numbers [32].

Autoimmunity is mediated also by PADIs and citrullinated proteins. PADI2 is found
critical in the pathogenesis of neurodegenerative diseases in humans, such as multiple
sclerosis (MS) and Alzheimer’s disease (AD) [33]. We previously demonstrated that
PADI2 has an effect on signaling cascades involved in cell survival, proliferation, and
stress response [34]. The goal of this work was to establish whether PADI2 promotes T
helper cell activation and ACAD in T lymphocytes and to characterize the T helper cell
subtypes activated by PADI2-mediated protein citrullination. Additionally, we attempted
to unravel the tightly controlled pathways behind PADI2 activation, ER stress, and acti-
vation of the lysosome and autophagy during ACAD.

Materials and methods

Cell culture and treatment

The Jurkat T cells were obtained from Bioresource Collection and Research Center
(BCRC, Hsinchu, Taiwan), DND-41, and P12-ICHIKAWA cells were purchased from
DSMZ-German Collection of Microorganisms and Cell Cultures GmbH. Jurkat T, DND-
41, and P12-ICHIKAWA cells were cultured in 90% RPMI 1640 medium (Gibco BRL,
Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS at 37 °C in a humidified
incubator containing 5% CO,. Acridine orange (AO), doxycycline (Dox), 12-O-tetra-
decanoylphorbol-13-acetate (TPA), and ionomycin (lon) were purchased from Sigma
Aldrich (St. Louis, MO, USA).

Cell viability and acridine orange (AO) staining assay

A trypan blue assay was used to count the cells. The viability of cells was determined
by dividing the number of viable cells in the experimental groups by the number of via-
ble cells in the control group. On each slide, 1 x 10° cells were stained with 1 pg/mL
Acridine orange (AO) solution (Sigma Aldrich, St. Louis, MO, USA) for 5 min at room
temperature, after that, cells were washed with phosphate-buffered saline (PBS) and
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re-suspended with 10 uL of PBS, then a fluorescence microscope (Olympus America,
Center Valley, PA, USA) was used to detect green fluorescence and red fluorescence.
Autophagic vacuoles (AVOs) and apoptotic cell death were measured by dividing the
number of fluorescent autophagosome and fluorescent nuclei (apoptotic cells) by the
total number of cells counted in six randomly chosen high-power fields.

Cell transfection

Human PADI2 ¢cDNA was purchased from RZPD-German Science Centre for Genome
Research. A sense primer (5-GCGGCCGCATGCTGCGCGA-3’) having a 5’ NotlI site
and an antisense primer (5'-GTCGACCACCAAAAGA-3’) including a 5’ Sall site were
used to amplify PADI2 cDNA. The polymerase chain reaction (PCR) product was ligated
into a T vector and transformed into E. coli strain J]M109. Overnight at 37 °C, the bacte-
ria were cultivated, the plasmids were eluted, and the amplified plasmids were digested
with NotI-Sall and subcloned into the NotI-EcoRI site of the pTRE2hyg Tet-On vec-
tor (BD Biosciences Clontech, Palo Alto, CA, USA). Using calcium phosphate-mediated
transfection, the pTRE2hyg-PADI2 and pTRE2hyg Tet-On system vectors were stably
transfected into Jurkat T cells. Hygromycin (400 pg/mL) was used to select stable trans-
fected cells. The Jurkat Tet-On cell system was triggered by adding Dox to the growth

media.

Protein expression knockdown by shRNA technology

The PADI2, Atg5, beclin-1 (BECN1), IL-6, and Atgl2 shRNA gene silencers were
obtained from National RNAi Core Facility (Academia Sinica, Taipei, Taiwan). Stable
knockdown of Atg5, BECN1, and Atgl2 in the Tet-On-PADI2 Jurkat T cells were trans-
fected with calcium phosphate (0.8 pg/mL) and selected with puromycin (2 pg/mL). The
control cells stably expressed shLuc (pLKO).

Protein overexpression of atg12 gene

The human Atgl2 gene was purchased from Addgene (Cambridge, MA, USA). Polymer-
ase chain reaction (PCR) amplification of the encoding region of human atgl2 cDNA
was performed with our designed primers derived from the human atgl2 sequences.
The plasmids encoding Atgl2 were generated by adding the 564 bps EcoRI-HindIII cod-
ing region fragment. The PCR products were sequenced and sub-cloned to eukaryotic
expression vector, pPCMV-Tag (Novagen, Madison, WI, USA).

Colorimetric assay for PAD2 enzyme activity (for cell-based assay)

The enzymatic activity of PAD2 in cells was determined using a colorimetric method
based on the rate of formation of peptidylcitrulline [35, 36]. In general, an assay solution
containing 100 mM Tris—HCI (pH 7.5), 10 mM CaCl,, 2.5 mM DTT, and 10 mM ben-
zoyl-L-arginine ethyl ester (the artificial substrate for PAD2) was incubated at 37 °C for
1 h with cell lysates (1.5-2 mg/sample). The reaction was terminated by adding 12.5 pL
of 5 M perchloric acid and centrifuging the pellet to remove it. The soluble fraction was
treated with 150 pL of carbidino detection reagent containing one part 0.5% diacetyl
monoxime and 0.01% thiosemicarbazide and two parts 0.25 mg/mL FeCl, in a solution
containing 24.5% sulfuric acid (H,SO,) and 17% phosphoric acid (H;PO,). The mixture
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above was then heated to 110 °C for 5 min. After heating, the absorbance of the sam-
ple was measured at 535 nm was determined using a PARADIGM Detection Platform
microplate reader (Beckman Coulter, USA). To construct a standard curve, citrulline
concentrations ranging from 0 to 40 nmol were determined.

Luciferase reporter assay

Transient transfections of Tet-On-PADI2 cells with calcium phosphate were conducted
using 15 pg of the IL-4 promoter [37], IL-2 promoter, IFNy promoter, IL-17 promoter,
pTATA-tk-Luc (containing a STAT3-binding site), and 5 pg of pCMV-B-gal plasmids at
37 °C for 12 h (Addgene, MA, USA). Following 12 h of Dox treatment, the medium was
changed and the cells extracted for a reporter assay. Luciferase experiments were carried
out using a Promega dual-luciferase reporter assay kit (Promega Corporation, Madi-
son, W1, USA), and activity was determined using a TR 717" Microplate Luminometer
(Thermo Fisher Scientific, Waltham, MA, USA). As an internal check for transfection
efficiency, p-galactosidase activity was determined by staining with the chromogenic
substrate ortho-nitrophenyl-f-galactoside.

Detection of intracellular ROS

The level of intracellular ROS was determined by flow cytometry using the oxidation-
sensitive fluorescent dye 2’-7'-dichlorodihydrofluorescein diacetate (DCFH-DA). Jurkat
T cells were planted in 60-mm cell culture dishes and treated for 12 h at 37 °C and 5%
CO, with or without Dox. After thorough washes with PBS and suspension in PBS, the
cells were incubated at 37 °C for 25 min with DCFH-DA. Flow cytometry was then used
to detect the DCF fluorescence distribution using 10,000 cells at an excitation wave-
length of 488 nm and an emission wavelength of 530 nm.

DNA fragmentation analysis

Cells (5 x 10°) were harvested and lysed in a digestion buffer (0.5% sarkosyl, 0.5 mg/
mL proteinase K, 50 mM Tris—HC], pH 8.0, and 10 mM EDTA) at 55 °C overnight. The
cells were subsequently treated with 0.5 ug/mL RNase A for 2 h. The genomic DNA was
extracted using phenol-chloroform—isoamyl alcohol. The reaction products were ana-
lyzed by gel electrophoresis at 50 V for 25 min with 2% agarose. Approximately 20 ug of
genomic DNA was loaded in each well; the resulting bands were visualized under ultra-
violet (UV) light and photographed.

Western blotting analysis

The cells (1 x 10° cells/mL) were harvested overnight at 37 °C and 5% CO,. To purify the
total proteins, the cells were lysed in cold lysis buffer (10% v/v glycerol, 1% v/v Triton
X-100, 1 mM sodium orthovanadate, 1 mM EGTA, 10 mM NaF, 1 mM sodium pyroph-
osphate, 20 mM Tris, pH 7.9, 100 uM B-glycerophosphate, 137 mM NaCl, 5 mM EDTA,
1 mM PMSE, 10 pg/mL aprotinin, and 10 pg/mL leupeptin) and subsequently homog-
enized and centrifuged. The supernatants were boiled in a loading buffer, and an aliquot
corresponding to 30-50 pg of protein was separated by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE). The proteins were probed with relevant
antibodies (1:1000 dilution) for 3 h at room temperature or overnight at 4 °C. Then, the
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proteins were incubated with a secondary antibody conjugated with horseradish per-
oxidase for 1 h at room temperature. The immune-reactive proteins were visualized by
enhanced chemiluminescence.

The antibodies used in immunoblot includes anti-PADI2 (MDBio, Taipei, Taiwan),
anti-citrulline antibodies (#07-377, Upstate Biotechnology, Lake Placid, NY, USA), anti-
apoptotic protein antibodies anti-Cyt-c, anti-Apafl, anti-caspase-3, anti-caspase-9, anti-
PARP, anti-Bcl-xL and anti-Bax (Cell Signaling Technology, Inc., Danvers, MA, USA),
antibodies against mTOR, p-mTOR, AKT, and p-AKT (Cell Signaling Technology,
Inc., Danvers, MA, USA), antibodies against ER stress-related protein PERK, p-PERK,
GRP78, IRE1, p-elF2a and CHOP (Cell Signaling Technology, Inc., Danvers, MA, USA),
antibodies against autophagic protein Atgl2-Atg5, Atgl2, Atg5, Atg7, p62 and Beclin-1
(Cell Signaling Technology, Inc., Danvers, MA, USA), antibodies against LC3B (#2775,
Cell Signaling Technology, Inc., Danvers, MA, USA), antibodies against the lysosomal
protein LAMP-1 and LAMP-2 (Cell Signaling Technology, Inc., Danvers, MA, USA),
and antibodies against -actin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA).

Analysis of mMRNA expression by reverse transcription (RT)-PCR analysis

Total RNA was isolated from 1 x 10° cells with TRIzol reagent (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Reverse transcription was performed using M-MLV Reverse
Transcriptase (Promega Corporation, Madison, WI, USA). A total of 1 puL of cDNA
was used for PCR amplification over 25-36 cycles with denaturation at 95 °C for 30 s,
annealing at 60 °C for 90 s and extension at 72 °C for 60 s. The reaction products were
semi-quantified by electrophoresis using a 2% agarose gel. The primer sequences used to
amplify the target genes were shown in Additional file 1: Table S1.

Statistical analyses

The data shown represent the mean =+ standard error of mean (SEM). Statistical analy-
sis was performed by one-way or two-way analysis of variance (ANOVA) at significance
levels of p<0.05 (*), p<0.01 (**), and p<0.001 (***).

Results and discussion

Activation of T-cell acute lymphoid leukemia (T-ALL) cells results in the expression

of PADI2, as well as autophagy and apoptosis

Numerous studies have demonstrated a high level of citrullinated proteins in activated
T cells during the autoimmune response [38]. Citrullinated proteins are the result of
peptides being modified posttranslationally by PADIs. The purpose of this study was
to determine whether PADI2 is involved in the activation of Jurkat T cells and in the
development of ACAD. The T-cell acute lymphoid leukemia (T-ALL) cell lines Jurkat
T, DND-41, and P12-ICHIKAWA are activated using 12-O-tetradecanoylphorbol-
13-acetate (TPA) and ionomycin (Ion). Acridine orange (AO) staining revealed acidic
vesicular organelles with autophagic vacuoles (AVs) and apoptotic bodies in all three
cell lines (Additional file 1: Fig. S1A); The percentage of cells with autophagosomes and
apoptotic bodies was plotted against time in Fig. 1A, indicating that autophagy (6—24 h)
occurred earlier than apoptosis (24-72 h). PADI2 protein expression was also signifi-
cantly increased in TPA/Ion activated T-ALL cells (Fig. 1B); The cell viability of the three
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Fig. 1 Induction of autophagy and apoptosis in T-ALL cell lines, Jurkat T, DND-41, and P12-ICHIKAWA by TPA
and ionomycin (lon). A The bar graphs derived from acridine orange (AO) staining images of Jurkat T, DND-41,
and P12-ICHIKAWA cells (Additional file 1: Fig. STA) show the percentages of the cell with autophagosomes
or apoptotic bodies. The data are presented as the mean 4 SEM of three separate experiments (*p <0.05,
**p<0.01, and ***p <0.001). The p value in was calculated by one-way ANOVA. B Proteins extracted from
Jurkat T, DND-41, and P12-ICHIKAWA cells were detected using antibodies against PADI2 and -actin. The
value indicates the ratio of protein signal to 3-actin signal.

activated T-ALL cells also decreased in a dose and time-dependent manner (Additional
file 1: Fig. S1B). These findings indicate that activating T-ALL cells causes PADI2 expres-
sion, as well as early autophagy and apoptosis.

PADI2 overexpression exacerbates apoptosis in activated Jurkat T cells

PADI2 proteins were induced in activated Jurkat T cells, and autophagy markers LC3B
and apoptotic markers cleaved-caspase-3 proteins were also significantly increased time-
dependently (Additional file 1: Fig. S2A). To examine the effect of PADI2 on autophagy
and apoptosis in the cell, we used a transcriptional regulation system (Tet-on) to over-
express PAD2 in Jurkat T cells under the inducible control of doxycycline (Dox) [35,
36]. Tet-On-PADI2 cells expressed significantly more PADI2 protein and mRNA than
Tet-On-Vector cells upon Dox induction (Additional file 1: Fig. S2B, C, respectively);
additionally, Tet-On-PADI2 cells expressed three to fivefold the activity of the PADI2
enzyme compared to Tet-On-Vector cells (Fig. 2A).

Our current findings unequivocally demonstrate that overexpression of PADI2
decreases cell viability while simultaneously inducing apoptosis (Fig. 2). After 48 h of
Dox treatment, light microscopy revealed that Tet-On-PADI2 cells developed round and
lobulated shapes (Additional file 1: Fig. S2D); the viability of Tet-On-PADI2 cells was
significantly decreased over time (Fig. 2B), DNA gel electrophoresis revealed that DNA
fragmentation only observed in Tet-On-PADI2 cells (Additional file 1: Fig. S2E), and
the percentage of cells with apoptotic bodies was significantly higher in Tet-On-PADI2
cells than in Tet-On-Vector cells (Fig. 2C). Meanwhile, overexpression and activation
of PADI2 drastically lowered antiapoptotic protein Bcl-xL expression and considerably
increased pro-apoptotic protein Bax, as well as cleaved caspase-3 and cleaved-PARP
expression after Dox treatment for 48 h (Fig. 2D). These morphological and molecular
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Fig. 2 PADI2 overexpression increases apoptosis in Jurkat T cells. A The colorimetric method was used

to determine the activity of the PADI2 enzyme [60]. The data are presented as the mean £ SEM of three
independent experiments (***p <0.001). The p value in was determined by one-way ANOVA. B Cell viability
of Tet-On-Vector and Tet-On-PADI2 cells without or with 50 uM Dox treatment was determined by trypan
blue exclusion. The data are presented as the mean £ SEM of three independent experiments (***p <0.001).
The p value in was determined by one-way ANOVA. C The bar graphs show the percentages of cells with
apoptotic bodies with 50 uM Dox treatment for 48 h. The data are presented as the mean = SEM of three
separate experiments (***p <0.001). The p value in was calculated by Student’s t-test. D Antibodies against
PADI2, Bcl-xL, Bax, cleaved-caspase 3, cleaved-PARP, and B-actin were used to detect proteins extracted from
Tet-On-Vector and Tet-On-PADI2 cells 48 h after exposure to 50 uM Dox. The value indicates the ratio of
protein signal to B-actin signal

alterations are consistent with ACAD. PADI2 induced autophagy and apoptosis, result-
ing in Jurkat T cells undergoing ACAD.

Overexpression of PADI2 increases citrullinated proteins and induces autophagy-related
proteins in activated Jurkat T cells

Autophagy is required for the removal of unfolded or aggregated proteins and the clear-
ance of damaged organelles from the mitochondria and ER. We examined intracellular
citrullinated proteins in Jurkat Tet-On cells by immunoblotting with anti-citrulline anti-
bodies. Citrullinated proteins were found in greater abundance in Tet-On-PADI2 cells
than in Tet-On-Vector cells upon Dox induction (Fig. 3A). Given that activating Jurkat
T cells induces PADI2 expression and autophagy (Fig. 1), we investigated how PADI2
regulates autophagy in Jurkat T cells. PADI2 dramatically lowered SQSTM1/p62 protein
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Fig. 3 Overexpressing PADI2 increases citrullinated proteins and autophagy-related proteins expression

in activated Jurkat T cells. A Jurkat Tet-On-Vector and Tet-On-PADI2 cells were treated with 50 uM Dox

for 12 h. Anti-citrulline antibodies were used to immunoblot lysates from cells. B Proteins extracted from
Tet-On-Vector and Tet-On-PADI2 cells were detected using antibodies against PADI2, p62, LC3B, and B-actin
as indicated time after 50 uM Dox exposure. C Proteins extracted from Tet-On-Vector and Tet-On-PADI2 cells
were detected using antibodies against PADI2, Beclin-1, Atg7, Atg5, Atg12, Atg5-Atg12, and 3-actin at the
indicated time points after 50 uM Dox exposure. D Representative AO staining images of Tet-On-Vector and
Tet-On-PADI2 cells with 50 uM Dox treatment for 12 h, scale bar: 20 um. The cells exhibited autophagosomes
as indicated by arrowheads. E The bar graphs show the percentages of cells with autophagosomes with

50 UM Dox treatment for 12 h. The data are presented as the mean = SEM of three separate experiments
(***p <0.001). The p value in was calculated by two-way ANOVA. F Following 30 uM CQ treatment, proteins
extracted from Tet-On-Vector and Tet-On-PADI2 cells were detected using antibodies against LC3B, p62,
cleaved caspase-3, cleaved-PARP and (-actin at the indicated time points after 50 uM Dox exposure for 24 h.
G Proteins extracted from Tet-On-Vector and Tet-On-PADI2 cells were detected using antibodies against
LAMP1, LAMP2 and -actin at the indicated time points after 50 uM Dox exposure for 24 h. The value
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levels, a well-characterized autophagy substrate, and increased LC3B-I to LC3B-II con-
version, a vesicle elongation factor essential for autophagosome formation, in Tet-On-
PADI2 cells following Dox stimulation. (Fig. 3B). Because overexpression of PADI2 had
no effect on SQSTM1/p62 or LC3B mRNA expression (Additional file 1: Fig. S3A, B),
these changes could be the result of an increase in autophagic flux induced by PADI2.
As a result, we quantified the levels of the autophagy-related gene products (ATGs)
Atg5 and Atgl2, the Atg5—Atgl2 conjugate, as well as Atg7 and Beclin-1, all of which
are required for early stages of autophagy, and discovered that expression of these ATGs
increased significantly in Tet-On-PADI2 cells (Fig. 3C).

AO staining of Tet-On-PADI2 cells revealed the formation of autophagosomes
(Fig. 3D), and the percentage of autophagosome-containing cells was significantly higher
in Tet-On-PADI2 cells than in Tet-On-Vector cells (Fig. 3E). Furthermore, chloroquine
(CQ) was used to inhibit late stages of autophagy by inhibiting lysosomal acidification
and protease activity, as well as to prevent autophagy by inhibiting autophagosome
fusion and degradation. CQ inhibited PADI2-induced autophagy as evidenced by the
accumulation of LC3B-II and p62 proteins; however, CQ did not inhibit PADI2-induced
apoptosis as evidenced by an increased level of cleaved-PARP and cleaved-caspase-3 in
Tet-On-PADI2 cells (Fig. 3F). Additionally, immunoblotting analysis for LAMP-1 and
LAMP-2, two lysosomal markers, was performed. The levels of LAMP-1 and cleaved-
LAMP-2 proteins were significantly increased in Tet-On-PADI2 cells (Fig. 3G), imply-
ing that autophagosomes were associated with an increase in lysosomes. Autophagy is
widely believed to be a prosurvival process, and its dysregulation has been associated
with apoptotic cell death. Our findings collectively demonstrated that overexpression of
PADI2 stimulated autophagic flux in Jurkat T cells.

PADI2 overexpression significantly increases citrullinated proteins in activated Jurkat T
cells, resulting in ER stress, UPR signaling, ROS production, and ultimately autophagy

ER proteins are the predominant autophagosomal cargoes during ER stress, implying
that autophagy’s prosurvival effect may be due to the enhanced removal of unfolded pro-
teins [39]. In Jurkat T cells, overexpression of PADI2 increased the level of citrullinated
proteins and induced autophagy (Fig. 3A, D). Citrullinated proteins can alter the confor-
mation of proteins and induce a severe UPR, and ER expansion can be counterbalanced
by autophagy and phagocytosis during the UPR [3, 39]. As a result, we investigated
whether PADI2 is involved in ER stress in this study. Autophagy activation in response to
ER stress is facilitated by the PERK/eukaryotic initiation factor 2 alpha (eIF2a) pathway,
which can promote autophagy gene transcription in response to stress. PERK and IRE1
are capable of inducing self-rescue or apoptotic responses via coordinated and complex
signaling pathways [23]. ATF4 is a signaling molecule downstream of the PERK-eIF2a
pathway, which can initiate a self-rescue response by inducing genes involved in redox
reactions, stress responses, and protein secretion [40].

Immunoblotting analysis revealed that PADI2, p-PERK, p-elF2a, GRP78, and IREl«
protein levels were significantly increased in Tet-on-PADI2 cells (Fig. 4A). As ATF4 is
a downstream signal of the PERK-elF2a pathway, its mRNA levels were increased in
Tet-On-PADI2 cells (Additional file 1: Fig. S4A). In comparison, the ER stress inhibi-
tor 4-phenylbutyrate (4-PBA) inhibited PERK and elF2« phosphorylation and decreased
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Fig. 4 PADI2 induces ER stress-related proteins and inhibits mTOR and AKT phosphorylation in Tet-On-PADI2
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GRP78 production; additionally, 4-PBA inhibited the conversion of LC3B-I to LC3B-II
and p62 degradation (Fig. 4B). 4-PBA is a small molecule that acts as a chaperone, reduc-
ing ER stress and UPR signaling [41]. Our results demonstrated that 4-PBA treatment
reversed PADI2-induced ER stress and UPR signaling. Additionally, overexpression of
PADI2 decreased the levels of phosphorylated AKT and mTOR in activated Jurkat T cells
(Fig. 4C), while increasing intracellular ROS levels five-fold in Jurkat Tet-On-PADI2 cells
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compared to Tet-On-Vector cells (15.2% versus 65.7%; Additional file 1: Fig. S4B). Given
the mounting evidence linking ROS production and protein unfolding, it is reasonable
to conclude that citrullinated protein unfolding generates ROS as a byproduct of protein
oxidation in the ER [42]. In summary, PADI2 overexpression significantly increases the
amount of citrullinated proteins in activated Jurkat T cells, causing ER stress and activat-
ing UPR signaling, which induces autophagy via activation of the PERK/elF2a/ATF4 and
IRE1a/XBP1 pathway.

Silencing of Atg12 or Atg5 inhibits PADI2-mediated autophagy and promotes
PADI2-induced ER stress and apoptosis in Jurkat T cells
Atgl2 and Atg5 are significant autophagic genes that regulate autophagosome elonga-
tion that contributes to the extension of the phagophoric membrane. Significant evi-
dence suggests that inhibiting autophagy promotes cancer cell death [13, 43] and has
an effect on anticancer therapies [44]. Thus, inhibiting autophagosome-lysosome fusion
may impair the ability of cells to degrade unfolded proteins, predisposing them to
undergo apoptosis [45]. In addition, extended ER stress reactions favor apoptosis [46].
The effect of Atgl2 and Atg5 was investigated in Tet-On-PADI2 Jurkat T cell. To begin,
the Atgl2 or Atg5 gene was silenced in Tet-On-Vector and Tet-On-PADI2 cells (Addi-
tional file 1: Fig. S5A, B, respectively). It was evident that silencing Atgl2 (shAtgl2) or
Atg5 (shAtg5) increased cell death in Tet-On-PADI2 cells (Additional file 1: Fig. S5C,
E for Atgl2, and Additional file 1: Fig. S5D, F for Atg5). AO staining of Atgl2 or Atg5
knockdown in Tet-On-PADI2 cells revealed alterations in autophagosomes and apop-
totic bodies (Additional file 1: Fig. S5G, H, respectively); the percentage of cells with
autophagosomes was greater in shLuc-Tet-On-PADI2 cells, but the percentage of cells
with apoptotic bodies was greater in shAtgl2- or shAtg5-Tet-On-PADI2 cells (Fig. 5A,
B, respectively), indicating that when Atgl2 or Atg5 was silenced in Tet-On-PADI2 cells,
PADI2-mediated autophagy was bypassed and the cell entered apoptosis.
Immunoblotting studies revealed that silencing Atgl2 or Atg5 in Tet-On-PADI2 cells
significantly decreased the levels of the autophagy-related proteins Atgl2, the Atg5s—
Atgl12 conjugate, and the conversion of LC3B-I to LC3B-II, as well as SQSTM1/p62 deg-
radation (Fig. 5C, D, respectively). Due to the fact that Atgl2 or Atg5 knockdown had no
effect on PADI2 expression (Fig. 5C, D, respectively), these changes could be a result of
a decrease in autophagic flux. Furthermore, the immunoblotting analysis revealed that
knockdown of Atgl2 or Atg5 in Tet-On-PADI2 cells increased significantly in the levels
of the ER stress indicators p-PERK and p-elF2a, the apoptotic proteins cleaved-PARP
and cleaved-caspase 3, and the CHOP proteins, which are associated with ER stress-
mediated apoptosis (Fig. 5E, F, respectively), suggesting silence of Atgl2 or Atg5 in Tet-
On-PADI2 cells increases PADI2-induced ER stress, which leads to apoptosis.

Atg12 overexpression enhances PADI2-mediated autophagy and inhibits PADI2-induced
ER stress and apoptosis in Jurkat T cells

We constructed a pPCMV-Atgl2 to overexpress in Tet-On-PADI2 Jurkat T cells (Additional
file 1: Fig. S6). When Tet-On-PADI2 cells were overexpressed with Atgl2, cell viability was
significantly increased compared to Tet-On-Vector cells (Figs. 6A); the percentage of cells
with autophagosomes was greater in Atgl2-overexpressing Tet-On-PADI2 cells, but the



Yang et al. Cellular & Molecular Biology Letters (2022) 27:19

(A) JK Tet-On-PADI2 Cell (B) JK Tet-On-PADI2 Cell
’§ 100 M Autophagosomes ;\? 1007 B Autophagosomes
~ Bl Apoptotic Bodies ~ Il Apoptotic Bodies
» g Hokok » g0 dgk
] ok o] ok
w60 f ' %5 601
o (=]
(] (]
0 404 %0 404
- -t
5 c
g 201 g 204
B B
[} []
a o a o
Y Fdeoe e oo F @O ¢S @D
> & O N o & D © &
Fo¥b T S RS S SR
& S+ o ° o o+ o~ &
A\ 9 9 \Qo Q 9 ¢ °
(C) JK-Tet-On-PADI2 Cell (E) JK-Tet-On-PADI2 Cell
Time (h) 0.5 12 24 Time (h) 0.5 12 24
shLuc shAtgl2 shLuc shAtgl2 shlLuc shAtgl2 shluc shAtgl2 shLuc shAtgl2 shluc shAtgl2
PADI2

p-PERKI.—. B — - ‘—l
1.0 1.2 1.2 0.9 1.0 11 1.0 1.0 0.8 1.8 0.9 15

Atglzl — s S . - i | p-elFZul — e — e —l

1.0 0.6 24 0.9 1.2 0.7 1.0 0.8 0.9 2.9 0.7 15

AES-A1212 | e Gy e oup = | CHOP| . — Q_HJ
10 05 09 06 08 01 10 18 05 12 21 31

LC3B-I - -
Cleaved-
Lcaa-ulc-. —— . — ‘.l casp 3|'l — - -|

1.0 1.0 29 04 1.7 11 0 10 07 1.6 19 6.5
p62 m 7Ai‘; CIeaved-PARPI G m— -‘l
1.0 15 08 28 09 11 0 0 0 1.0 0.2 1.0
proctin [ o > c—— —— |
(D) JK-Tet-On-PADI2 Cell (F) JK-Tet-On-PADI2 Cell
Time (h) 0.5 12 24 Time (h) 0.5 12 24
shLuc shAtg5 shLuc shAtgS shLuc shAtg5 shLuc shAtgS shLuc shAtgS shLuc shAtgs

PADIZ |y iy wo "_I p-PERKl‘ - - . -~ Q

10 11 10 05 09 12 10 35 21 37 26 42

p-eleal- — . — - - ~I

A'SSI"‘ W gy — —

1.0 0.9 1.0 0.5 1.0 0.6

1.0 0.9 0.5 0.2
—
Atg5-At 1z|'—~ RS A | O I
s = wE e
10 09 23 03 21 10 1.0 1.0
b B -]
LC3B-II _—— S —— G- caspase
1.0 06 15 08 21 07 0.0 0.0 1.0 0.7 0.9 3.2
p62| | Cleaved-PARP | o o = g |
T W— —— — — -

1.0 1.0 1.2 1.7 13 5.6

1.0 0.8 0.4 1.0 0.5 0.7
-actin

Fig. 5 Knockdown of Atg5 or Atg12 in Tet-On-PADI2 Jurkat T cells inhibits autophagy and induces ER stress
and apoptosis. The Tet-On-PADI2 Jurkat T cells with shAtg5 or shAtg12 plasmids were treated with 50 uM
Dox for 12 h; “shLuc”was a scrambled RNA knockdown control. A, B The bar graphs illustrate the percentages
of shAtg12- and shAtg5-Tet-On-PADI2 cells, respectively, with autophagosomes (orange bars) or apoptotic
bodies (green bars) following 12 h treatment with 50 uM Dox. The data are presented as the mean = SEM of
three separate experiments (***p <0.001). The p value in was calculated by one-way ANOVA. C, D Proteins
extracted from shAtg12- and shAtg5-Tet-On-PADI2 cells were detected using antibodies against PADI2,
Atg12, Atg5, Atg5-Atg12, LC3B, p62, and B-actin, respectively. E, F Proteins extracted from shAtg12- and
shAtg5-Tet-On-PADI2 cells were detected using antibodies against p-PERK, p-elF2a, CHOP, cleaved-caspase 3,
cleaved-PARP and -actin, respectively. The value indicates the ratio of protein signal to 3-actin signal
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Fig. 6 Overexpression of Atg12 in Tet-On-PADI2 Jurkat T cells enhances autophagy and inhibits ER

stress and apoptosis. The Tet-On-PADI2 Jurkat T cells with pCMV-empty or pCMV-Atg12 plasmids were
treated with 50 uM Dox for 24 h. A The viability of non-overexpressing Atg12 Tet-On-PADI2 cells and
overexpressing Atg12 Tet-On-PADI2 cells in the presence of 50 uM Dox is presented as the mean & SEM of
three independent experiments (***p <0.001). The p value in was determined by one-way ANOVA. B The
bar graph illustrates the percentages of Atg12-non-overexpressing and Atg12-overexpressing Tet-On-PADI2
cells with autophagosomes (orange bars) or apoptotic bodies (green bars) following 24 h treatment with
50 uM Dox. The data are presented as the mean = SEM of three separate experiments (***p<0.001). The

p value in was calculated by one-way ANOVA. C Proteins extracted from Atg12-non-overexpressing and
Atg12-overexpressing Tet-On-PADI2 cell were detected using antibodies against PADI2, Atg5-Atg12,

LC3B, p62, and B-actin. D Proteins extracted from Atg12-non-overexpressing and Atg12-overexpressing
Tet-On-PADI2 cell were detected using antibodies against cleaved-caspase-3, cleaved-PARP, p-PERK, p-elF2aq,
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and (3-actin, respectively. The value indicates the ratio of protein signal to 3-actin signal

percentage of cells with apoptotic bodies was greater in Atgl2-non-overexpressing Tet-On-
PADI2 cells (Fig. 6B), indicating that cells survived via the autophagic pathway when the
Atgl2 gene was overexpressed in Tet-On-PADI2 cells. Immunoblotting analysis revealed
that overexpression of Atgl2 increased the levels of the Atg5—Atgl2 conjugate, promoted
the conversion of LC3B-I to LC3B-II, and promoted the degradation of SQSTM1/p62
(Fig. 6C); in contrast, overexpression of Atgl2 decreased the levels of the apoptotic pro-
teins cleaved-PARP and cleaved-caspase-3, as well as the ER stress-related proteins p-PERK
and p-elF2a (Fig. 6D), suggesting that Atgl2 functions by reducing ER stress and apoptotic
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activity in the cell, thereby promoting autophagy-mediated cell survival. We concluded
that silencing Atgl2 (or Atg5) exacerbated ER stress and promoted apoptosis in T cells as
a result of our findings. On the other hand, overexpression of Atgl2 reduced ER stress and
increased T cell survival in response to cell death. Taken together, these findings indicated
that autophagy played a critical role in T cell survival.

PADI2 regulates T cell activation and produces Th17 cytokines in Jurkat T cells
Inflammatory immune cells (T cells and B cells) are drawn to the target site during the
immune response, resulting in the production of inflammatory cytokines, the creation of
reactive oxygen species (ROS), and ER stress. It has been demonstrated that activation of
Toll-like receptor (TLR) signals activates the IRE1/XBP1 pathway, resulting in the tran-
scription of pro-inflammatory genes such as TNF-a, TGF-p, IL-2, and IL-6 [47]. As a result,
the ER stress pathway is critical for the inflammatory response. We discovered that Tet-On-
PADI2 Jurkat T cells had an increased mRNA level of sXBP1 (Additional file 1: Fig. S4A).
Because the XBP1 protein is a transcription factor that regulates the expression of genes
involved in immune system function and the cellular stress response, we investigated the
relationship between PADI2 and Jurkat T cell activation and cytokine expression. PADI2
and pro-inflammatory Th17 cytokines IL-6, IL-17A, IL-17F, IL-21, and IL-22 mRNA lev-
els increased in Jurkat Tet-On-PADI2 cells following a 12-h Dox treatment (Additional
file 1: Fig. S7A). Other cytokines, such as the Th2 cytokines IL-4 and IL-13, as well as the
Treg cytokine IL-10, decreased significantly; however, the Th1 cytokines IFNy and TNF-«
mRNA expression did not change significantly (Additional file 1: Fig. S7A). In Tet-On-
PADI2 cells, the mRNA levels of the Th17 transcription factors STAT3, RORyt and C/
EBP-p increased as well. The Th1 transcription factor T-bet mRNA expression remained
constant, but the Th2 transcription factor GATA3 and the Treg transcription factor Foxp3
mRNA expression decreased (Fig. 7A). PADI2 significantly increased IL-6, IL-17A, IL-21,
and IL-22 mRNA expression in Jurkat Tet-On-PADI2 cells after Dox treatment (Fig. 7B).

We investigated the effects of PADI2 on the transcriptional regulation of cytokine expres-
sion by transfecting the Tet-On-Vector and Tet-On-PADI2 cells with luciferase reporter
gene constructs containing promoters for IFNy (Th1), IL-4 (Th2), IL-17 (Th17), IL-2 (Treg),
and STAT3. While Tet-On-PADI2 cells had significantly lower IL-4 promoter activity and
higher IL-17 and STAT3 promoter activity than Tet-On-Vector cells (Fig. 7C); IFNy and
IL-2 promoter activity remained unchanged (Additional file 1: Fig. S7B). In Tet-On-PADI2
cells, the ER stress inhibitor 4-PBA inhibited the mRNA expression of Th17 proinflamma-
tory cytokines IL-6, IL-17A, and IL-22, as well as STAT3 (Fig. 7D). All of these findings
indicated that PADI2 promoted the activation of Th17-like T cells and the production of
cytokines such as IL-6, IL-17A, IL-17F, IL-21, and IL-22 and inhibited the activation of Th2-
like T cells by suppressing the production of IL-4 and IL-13.

IL-6 silencing promotes PADI2-mediated autophagy and inhibits PADI2-induced apoptosis
in JurkatT cells

PADI2 overexpression increases the level of the cytokine IL-6 produced by Th17 cells.
(Fig. 7 and Additional file 1: Fig. S7). Numerous studies have demonstrated that overex-
pression of cytokines, such as IL-6, is sufficient to inhibit autophagy by promoting the
Beclin-1/Bcl-2 family interaction [48]. The effect of IL-6 was further investigated in a



Yang et al. Cellular & Molecular Biology Letters (2022) 27:19

(A) JK-Tet-OnCell )

Vector PADI2 En 257 mm Teton-vector
s EE Tet-On-PADI2
— 7 T EATECTRE S -
E 154 * %k
~N >
[ . X <
@
§ .
C/EBP 3
. . 32 Dpocoum Dox: 50 M
-
& - T-bet T 54 IL-17 Promoter T 54 STAT3 Promoter
Ll 5 Il Tet-On-Vector @ Il Tet-On-Vector
N R © Il Tet-On-PADI2 © Il Tet-On-PADI2
S 4 *xk S 41 k¥
-Né |- GATA3 % r % r
L 31 L 34
= Z Z
: - 3 ] 5,
a0 < ©
g I s £ s
= 2 2 11
. 2
= Dox: 50 uM = Dox: 0 uM Dox: 50 uM
(B) JK-Tet-On Cell
Time (h 0.5 12 24
) (D) JK-Tet-On-PADI2 Cell

Vector PADI2 Vector PADI2 Vector PADI2

4-PBA +

IL-

STAT3

o
o|
o
o
)
o
o
)
o
B
N
o

(-]

IL-17A

I
o
o
N
o
[
o
©
o
N
=
»

IL-21

=)
=)
=]
=)
=
=)
[t
o
=
=)
©
n

IL-22 L-22

o
o
o
o
o
o
I
o
o
N
I
»

B-actin B-actin

Fig. 7 PADI2 overexpression results in the activation of T helper 17-like T cells and the production of
pro-inflammatory cytokines. The Tet-On-Vector or Tet-On-PADI2 Jurkat T cells were treated with 50 uM Dox
for 12 h. AThe mRNA expression levels of the transcription factors STAT3, RORyt, C/EBP-B, T-bet, GATA3, and
Foxp3 and B-actin were determined using RT-PCR. B RT-PCR was used to determine the levels of IL-17A, IL-22,
IL-21, IL-6, and B-actin mRNA expression at 0, 12 h, and 24 h. C Transfection of cells with a luciferase vector
containing the IL-4 promoter, the IL-17 promoter, or the STAT3 binding-site promoter was performed. After
12 h of treatment with 50 uM Dox, the luciferase activity was determined. The data are presented as the
mean = SEM of three separate experiments (**p <0.01, and ***p <0.001). The p value in was calculated by
two-way ANOVA. D Following 4-PBA treatment, the mRNA expression levels of STAT3, IL-6, IL-17A, IL-22 and
B-actin were determined. The value indicates the ratio of protein signal to 3-actin signal

Tet-On-PADI2 Jurkat T cell. The IL-6 gene was silenced in Tet-On-PADI2 cells (Addi-
tional file 1: Fig. S8), and AO staining revealed an increase in autophagosomes and a
decrease in apoptotic bodies (Fig. 8A); the percentage of cells with autophagosomes was
greater in shIL-6-Tet-On-PADI2 cells, whereas the percentage of cells with apoptotic
bodies was greater in shLuc-Tet-On-PADI2 cells (Fig. 8B), indicating that when IL-6
was silenced in Tet-On-PADI2 cells, the cells entered autophagy rather than apoptosis.
Immunoblotting analysis revealed that silencing IL-6 significantly increased the levels
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of the Atg5—Atgl2 conjugate, promoted LC3B-I to LC3B-II conversion, and SQSTM1/
p62 degradation in Tet-On-PADI2 cells (Fig. 8C), while silencing IL-6 also significantly
decreased the levels of the apoptotic proteins cleaved-PARP and cleaved-caspase-3
(Fig. 8D), implying that IL-6 plays a function in mediating the balance of apoptosis and
autophagy.

Beclin-1 silencing increases the activation and survival of Th17-like T cells while decreasing
autophagy and apoptosis

Increased expression of PADI2 stimulates the production of the Th17 cytokine IL-22
(Fig. 7 and Additional file 1: Fig. S7). It is well established that IL-22 inhibits apoptosis
by activating antiapoptotic genes such as Bcl-2 and Bcl-xL. Additionally, because Bcl-2
proteins inhibit Beclin-1-dependent autophagy, IL-22 inhibits autophagy by modulating
the interactions between Bcl-2/Bcl-xL and Beclin-1 [49]. Caspase-mediated cleavage of
Beclin-1 inhibits the autophagy-inducing activity of Beclin-1 and generates pro-apop-
totic Beclin-1 fragments that induce mitochondrial cytochrome c release. As a result, we
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Fig. 8 Knockdown of IL-6 in Tet-On-PADI2 Jurkat T cells promotes autophagy and inhibits apoptosis.

The Tet-On-PADI2 Jurkat T cells with shiL-6 plasmids were treated with 50 uM Dox for 48 h; “shLuc” was a
scrambled RNA knockdown control. A Representative AO staining images of shiL-6-Tet-On-PADI2 cells,

scale bar: 20 um. The cells exhibited AVOs (autophagosomes; as indicated by arrowheads). B The bar graph
illustrates the percentages of shiL-6-Tet-On-PADI2 cells with autophagosomes (orange bars) or apoptotic
bodies (green bars) following 48 h treatment with 50 uM Dox. The data are presented as the mean £ SEM

of three separate experiments (***p <0.001). The p value in was calculated by one-way ANOVA. C Proteins
extracted from shiL-6-Tet-On-PADI2 cells were detected using antibodies against PADI2, p62, Atg5-Atg12,
LC3B, and B-actin. D Proteins extracted from shiL-6-Tet-On-PADI2 cells were detected using antibodies against
cleaved-caspase-3, cleaved-PARP and B-actin. The value indicates the ratio of protein signal to B-actin signal
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discovered that in the late stage (48 h), overexpression of PADI2 increased Beclin-1 pro-
tein degradation and apoptosome formation, which is composed of apoptotic protease
activating factor 1 (Apaf-1), cytochrome c, and caspase-9 (Fig. 9A).

The effect of Beclin-1 was further investigated in Tet-On-PADI2 Jurkat T cell. The
Beclin-1 gene was silenced in Tet-On-PADI2 cells (Additional file 1: Fig. S9A), and
silencing Beclin-1 slightly increased cell viability in Tet-On-PADI2 cells (Additional
file 1: Fig. S9B). The AO staining data indicated that silencing beclin-1 resulted in a sig-
nificant reduction in autophagosome formation in Tet-On-PADI2 cells (Additional file 1:
Fig. S9C); the percentage of cells with autophagosomes was lower in shBeclin-1-Tet-On-
PADI2 cells than in shLuc-Tet-On-PADI2 cells (Fig. 9B), indicating that when Beclin-1
was silenced in Tet-On-PADI2 cells, the cells did not enter PADI2-induced autophagy.
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Fig. 9 Knockdown of Beclin-1 (BECN1) in Tet-On-PADI2 Jurkat T cells inhibits autophagy, prolongs Th17-like T
cell activation, and increases cell survival. The Tet-On-PADI2 Jurkat T cells with shBECN1 plasmids were treated
with 50 uM Dox; “shLuc” was a scrambled RNA knockdown control. A Proteins extracted from Tet-On-PADI2
and Tet-On-Vector cells were detected using antibodies against Beclin-1, cleaved-caspase 9, Apaf-1, cytosolic
cytochrome c (Cyt-c), mitochondrial Cyt-c and -actin. The cells were treated with 50 uM Dox for 48 h. B The
bar graph illustrates the percentages of shBECN1-Tet-On-PADI2 cells with autophagosomes. The data are
presented as the mean = SEM of three separate experiments (***p <0.001). The p value in was calculated

by one-way ANOVA. C Proteins extracted from shBECN1-Tet-On-PADI2 cells were detected using antibodies
against PADI2, BECNT, LC3B, Atg5-Atg12, and B-actin. D Proteins extracted from shBECN 1-Tet-On-PADI2

cells were detected using antibodies against Bcl-xL, cleaved-caspase 3, cleaved-PARP, and (3-actin. E RT-PCR
was used to determine the cytokine levels of IL-17A, IL-17F, IL-22, IL-21, IL-6, IL-13, IFNy, and IL-10, and B-actin
mMRNA expression at 0.5 h, 12 h, 24 h, and 48 h. The value indicates the ratio of protein signal to 3-actin signal
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Therefore, the immunoblotting analysis revealed that silencing Beclin-1 in Tet-On-
PADI2 cells decreased the levels of the Atg5—Atgl2 conjugate significantly and inhibited
LC3B-I to LC3B-II conversion (Fig. 9C).

The Bcl-2 family acts as a dual regulator, preventing both autophagy and apoptosis.
Caspase-mediated cleavage of Beclin-1 activated by death-induced signaling impairs
autophagic signals and promotes apoptosis. Our results reveal that silencing Beclin-1
increases Bcl-xL expression and decreases cleaved-PARP and cleaved-caspase-3 levels,
indicating that silencing Beclin-1 may protect T cells from PADI2-induced apoptosis
(Fig. 9D). Furthermore, the Bcl-2 protein family is required for T cell activation. Our
results also reveal that silencing Beclin-1 increases Th17-like T cell activation, as evi-
denced by the early-stage mRNA expression levels of the Th17 cytokines IL-17A, IL-
17F, IL-21, IL-22, and IL-6 (Fig. 9E). These findings suggested that silencing Beclin-1
enhance the activation and survival of Th17-like T cells while attenuating autophagy and
apoptosis.

PADI2 silencing alleviates ER stress caused by PADI2 and decreases Th17-like T cell
activation-related cytokine expression and ACAD

We finally examined the effects of PADI2 silencing (Additional file 1: Fig. S10), find-
ing that the cells survived when PADI2 was silenced in Tet-On-PADI2 cells (Fig. 10A),
and both the percentage of cells with autophagosomes and apoptotic bodies were sig-
nificantly lower in shPADI2-Tet-On-PADI2 cells than in shLuc-Tet-On-PADI2 cells
(Fig. 10B, C, respectively).

Immunoblotting studies revealed that silencing PADI2 significantly decreased the lev-
els of Beclin-1, the conversion of LC3B-I to LC3B-II, as well as SQSTM1/p62 degrada-
tion (Fig. 10D). When PADI2 was silenced, the ER stress indicators p-PERK and p-elF2a,
the apoptotic protein cleaved-PARP, and the mRNA levels of the Th17 cytokines IL-6,
IL-17A, IL-21, and IL-22 all decreased significantly (Fig. 10E, F). In summary, these find-
ings indicate that inhibiting PADI2 alleviates PADI2-mediated ER stress while simulta-
neously decreasing Th17-like T cell activation-related cytokine expression and ACAD.

PADI2 induces ER stress and autophagy by producing citrullinated proteins and regulating

cytokine expression

TPA, a diacylglycerol-related phorbol ester, directly binds to and activates PKC [50].
Ca”" influx is stimulated by the calcium ionophore Ion [51]. Thus, TPA plus Ion mim-
ics the signal elicited by antigens that initiate lymphocyte activation [52]. In this study,
we discovered that treating Jurkat T cells with TPA and Ion increased T cell activation
and PADI2 expression (Fig. 1). PADI2 is expressed in synovial tissue by inflammatory
cells such as lymphocytes and monocytes. Citrullinated proteins are found in inflam-
matory cells. The PADI2 promoter contains four Sp1 binding sites, implying that TPA is
involved in its regulation [53].

Increased levels of PADI2 results in protein citrullination and unfolding (Fig. 3A).
Increased accumulation of citrullinated proteins in the ER results in ER stress and
activation of the UPR, which involves the induction of molecular chaperones and ER-
associated degradation to prevent cell death (Fig. 11). ER stress has been associated
with autophagy, which plays a critical role in the ER stress response’s survival and death
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Fig. 10 PADI2 silencing has the opposite effect on PADI2-induced ER stress, autophagy, and Th17-like T

cell activation in Tet-On-PADI2 Jurkat T cells. The Tet-On-PADI2 Jurkat T cells with shLuc or shPADI2 plasmids
were treated with 50 uM Dox for 24 h or 48 h;“shLuc” was a scrambled RNA knockdown control. A The
viability of shLuc- and shPADI2-Tet-On-PADI2 cells with 50 uM Dox is presented as the mean = SEM of three
independent experiments (**p<0.01, and ***p <0.001). The p value in was determined by one-way ANOVA.
B, C The bar graphs depict the percentages of shLuc- and shPADI2-Tet-On-PADI2 cells with autophagosomes
(orange bars) or apoptotic bodies (green bars) after 24 or 48 h of 50 uM Dox treatment, respectively. The data
are presented as the mean £ SEM of three separate experiments (***p <0.001). The p value in was calculated
by one-way ANOVA. D Proteins extracted from shLuc- and shPADI2-Tet-On-PADI2 cells were detected using
antibodies against BECN1, LC3B, p62, and (-actin. E Proteins extracted from shlLuc- and shPADI2-Tet-On-PADI2
cells were detected using antibodies against PADI2, p-PERK, p-elF2q, cleaved-PARP, and 3-actin. F RT-PCR was
used to determine the levels of IL-6, IL-17A, IL-21, IL-22, and -actin mRNA expression. The value indicates the
ratio of protein signal to -actin signal

decision. ER stress promotes autophagy’s survival, possibly by augmenting the removal
of unfolded proteins. Our studies demonstrated that PADI2 induced increases in
p-PERK, p-elF2a, GRP78, IRE1a, sXBP1, and ATF4 via the UPR pathway (Fig. 11). elF2a
phosphorylation enables the translation of ATF4, a transcription factor that regulates
the transcription of autophagy-related genes such as Atgl2. The ER transports unfolded
proteins to autophagosomes and lysosomes [16], which degrade proteins and eliminate
cellular stress [24].

Autophagy and the activity of the Bcl-2 family are two crucial mechanisms in
the selection of cell fate. Anti-apoptotic Bcl-2 proteins have been shown to inter-
act with the autophagy regulator Beclin-1, including Bcl-2 [49], Bcl-xL [54], Bcl-w
[55], and MCL-1 [56]. Structural and mutational studies show that Beclin-1 contains
a functional BH3 motif that mediates binding to anti-apoptotic proteins [57]. The
structure of the Beclin-1 BH3 motif, which is inserted into the hydrophobic groove
on Bcl-xL in a manner similar to that of other BH3 domains on pro-apoptotic pro-

teins, supports this finding [58]. Numerous studies indicate that caspases cleave
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Fig. 11 Simplified model illustrating how the overexpression of PADI2 could induce endoplasmic reticulum
(ER) stress and autophagy. When PADI2 is activated or overexpressed, citrullination and accumulation of
cellular proteins occur, resulting in ER stress and induces UPR signaling via activation of the PERK/elF2a
pathway, as well as the production of ROS to induce autophagy. Additionally, PADI2 stimulates the activation
of Th17-like T cells and the production of pro-inflammatory cytokines such as IL-6, IL-17, IL.-21, and IL-22,
ultimately resulting in the ACAD

Beclin-1 at specific sites during apoptosis, inhibiting cyto-protective autophagy in
cells that have committed to apoptotic cell death. Depending on the intensity and
duration of stress, a combination of Bcl-2-dependent regulation and feedback loops
between Beclin-1 and caspases enforces sequential activation of cellular responses.
Our findings showed that knocking down Beclin-1 increased Bcl-xL expression and
decreased cleavage of apoptotic proteins (cleaved-caspase-3 and cleaved PARP),
resulting in the cell escaped from apoptosis (Fig. 9). Because activation of PADI2
increased Beclin-1 expression, the anti-apoptotic function of Bcl-xL was suppressed,
and the cell entered apoptosis (Fig. 11).

ACAD is widely believed to be associated with T lymphocyte cytokine withdrawal-
induced apoptosis (CWIA). PADI2 induced the production of Th17 cytokines and
resulted in the death of activated T cells (Fig. 7). PADI2 may contribute to autoim-
munity in Jurkat T cells by producing citrullinated proteins and regulating cytokine
expression. PADI2 promoted the production of Th17-like cytokines such as IL-17A,
IL-17F, IL-21, IL-22, and IL-6 (Fig. 11). Th17 cells, first described in mice, are the
primary source of IL-17 in a variety of types of adaptive immunity. Th17 cells are
critical in initiating inflammation [59] and in initiating the immediate protective
response to foreign pathogens. Additionally, Th17 cells are involved in autoimmune
diseases such as rheumatoid arthritis, multiple sclerosis, psoriasis, and lupus.
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Conclusion

Numerous autoimmune diseases have been associated with citrullinated proteins that
have been identified as autoantigens in RA and other autoimmune diseases. Citrulli-
nated proteins are generated as a result of PADI-mediated posttranslational modifica-
tion. We demonstrated that PADI2 promoted Th17 cytokines via both ER stress and the
autophagy coupling pathway, ultimately resulting in Jurkat T cells undergoing ACAD.
PADI2 may exert control over Th17 activation and ACAD via ER stress regulation and
autophagy regulation. These findings suggest that in the future, inhibiting Th17 T cell
activation and the development of severe autoimmune diseases may be possible by spe-
cifically targeting PADI2 with novel antagonists.
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