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Abstract. Differentiation syndrome (DS) is a common 
complication in patients with acute promyelocytic leukemia 
(APL) treated with all‑trans‑retinoic acid (ATRA). 
However, the target of ATRA during DS in patients with 
APL remains to be elucidated. Therefore, the current study 
aimed to investigate the role of peptidylarginine deimi‑
nase 4 (PADI4) in the differentiation of ATRA‑induced NB4 
APL cells. The results showed that PADI4 was significantly 
upregulated in peripheral blood samples derived from 
patients with APL DS compared with patients with APL 
only. In addition, whether ATRA could enhance the expres‑
sion levels of PADI4 in NB4 cells in vitro was subsequently 
investigated. The results also showed that PADI4 overex‑
pression promoted the differentiation of NB4 cells treated 
with ATRA, which was reversed after PADI4 silencing. To 
uncover the potential mechanisms underlying the above 
process, PADI4 overexpression induced the secretion of 
inflammation‑related cytokines, such as TNF‑α, IL‑1β, 
IL‑8, C‑C motif chemokine (CCL)2, CCL4, CCR1 and 
intercellular adhesion molecule‑1 in ATRA‑treated NB4 
cells. However, PADI4 knockdown in the same cells had the 
opposite effect. The above findings indicated that PADI4 
could be involved in the differentiation of ATRA‑induced 
NB4 cells and upregulation of cytokines.

Introduction

Acute promyelocytic leukemia (APL) is a particular type 
of acute myeloid leukemia characterized by a balanced 
reciprocal translocation, resulting in the formation of the 
oncogenic fusion protein, promyelocytic leukemia‑retinoic 
acid receptor  α (PML‑RARα)  (1,2). It has been reported 
that PML‑RARα, an oncoprotein, acts as a retinoid receptor 
involved in suppressing retinoic acid‑induced myeloid 
differentiation. Currently, all‑trans retinoic acid (ATRA) is 
considered as an effective drug in treating APL via promoting 
the degradation of PML‑RARα (3). However, patients with 
long‑term exposure to ATRA are more likely to experience 
hyper‑inflammation and differentiation syndrome (DS), thus 
resulting in poor prognosis among patients with APL (4,5).

DS, also known as retinoic acid syndrome, is character‑
ized by the presence of massive inflammatory differentiating 
leukemic cells in the bloodstream, which trigger the release 
of excessive chemokines and cytokines (6). Previous studies 
demonstrated that ATRA can induce the release of early 
pro‑inflammatory cytokines, such as TNF‑α and IL‑1β, as 
well as intercellular adhesion molecule‑1 (ICAM‑1) in patients 
with APL complicated with DS (7,8). Therefore, it was hypoth‑
esized that the above inflammatory factors could be involved 
in the pathogenesis of DS. 

Previous studies demonstrated that peptidylarginine 
deiminase 4 (PADI4), contributing to ATRA‑ and 1α, 25‑dihy‑
droxyvitamin D3‑induced differentiation of human myeloid 
leukemia HL‑60 cells, is involved in regulating the prolifera‑
tion of hematopoietic progenitors (9,10). As the only member 
of the PADI family in the nucleus (11), PADI4 is involved in 
the pathogenesis of several types of cancer via modulating 
the transcriptional network for pluripotency (12,13). Another 
study showed that PADI4 is involved in the differentiation of 
APL cells (14). However, little is known regarding the role of 
PADI4 in APL DS. Therefore, the current study aimed to inves‑
tigate the effect of PADI4 in the pathogenesis of DS. First, the 
expression levels of PADI4 were detected in patients with APL 
DS and patients with APL only. Subsequently, in vitro experi‑
ments were carried out in the NB4 cell line, an APL cell line 
mimicking ATRA‑induced terminal neutrophil maturation, 
transfected with PADI4 overexpression or silencing plasmids. 
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Furthermore, the secretion levels of the inflammatory factors 
TNF‑α, IL‑1β, IL‑8 and ICAM‑1, were also determined to 
uncover the role of PADI4 in ATRA‑induced differentiation.

Materials and methods

Patients. A total of three patients (1 male and 2 female; age 
range 3‑8 years) with APL DS admitted to Children's Hospital 
Affiliated to Shandong University and Jinan Children's 
Hospital between December 2019 and November 2021 were 
included in the APL + DS group, while three (1 male and 
2 female) age‑matched patients with APL, without DS, served 
as the control group. Patients with APL aged <10 years were 
enrolled in the present study, while those with other concur‑
rent malignancies or those not willing to receive ATRA 
therapy were excluded. Patients were diagnosed with APL DS 
according to the guidelines by the Expert Panel of the European 
LeukemiaNet, as previously described (15,16). All six patients 
received inducing therapy with ATRA (25 mg/m2/day) plus 
cytarabine and daunorubicin. The parents of each patient signed 
the informed consent and the study protocol was approved by 
the Ethical Committee of Children's Hospital Affiliated to 
Shandong University and Jinan Children's Hospital (approval 
no. QLET‑IRB/P‑2021007).

Extraction of monocytes. Peripheral blood samples were 
collected from six patients with APL with or without DS. The 
peripheral blood mononuclear cells (PBMCs) were prepared 
by Ficoll Hypaque gradient centrifugation at 1,000 x g for 
20 min at room temperature and were then cryopreserved for 
the subsequent experiments (17). 

Cell culture. NB4 cells, purchased from ATCC, were cultured 
in 1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% FBS (Zhejiang Tianhang Biotechnology 
Co., Ltd.), penicillin (100 U/ml) and streptomycin (100 µg/ml; 
both from Beyotime Institute of Biotechnology) at 37˚C with 
5% CO2. To induce cell differentiation, NB4 cells were treated 
with 1 µmol/l ATRA (cat. no. R2625; MilliporeSigma).

Transfection and PADI4 silencing. The PADI4 overexpres‑
sion plasmid, pPADI4, and the corresponding control vector 
were kindly given by Dr Wang Lin from the Shandong 
Academy of Medicinal Sciences (Jinan, China). To silence 
PADI4 expression, cells were transfected with small inter‑
fering RNA (siRNA) clones targeting PADI4 (siPADI4; 
sequence, 5'‑GCC​AAC​CAG​AGC​UGU​GAA​ATT​UUU​
CAC​AGC​UCU​GGU​UGG​CTT‑3'). The scrambled negative 
control sequence (NC‑siRNA), 5'‑UUC​UCC​GAA​CGU​GUC​
ACG​UUU​CUC​CGA​ACG​UGU​CAC​GU‑3', served as control. 
The sequences were synthesized by Shanghai GenePharma 
Co., Ltd. For cell transfection, 20 µg pPADI4/empty vector 
was electroporated into NB4 cells (1x107) using the Electro 
square porator  830 (BTX Instrument Division, Harvard 
Apparatus Inc.) with two 500 V pulses of 10 msec pulse length 
and pausing for 1 min between pulses at room temperature. 
For PADI4 silencing, 5 µl of 20 µmol/l siRNA was electro‑
porated into NB4 cells (1x107) treated with ATRA with two 
250 V pulses of 8 msec pulse length and pausing for 30 sec 
between pulses at room temperature. After incubation on 

ice for 10 min, RPMI 1640 medium supplemented with 15% 
FBS was added to the mixture, followed by incubation for an 
additional 36 h at 37˚C with 5% CO2. The transfection was 
confirmed by western blot in the subsequent analysis

Flow cytometry. To investigate the potential effect of PADI4 
on cell differentiation, NB4 cells were divided into the control, 
ATRA, ATRA + siPADI4 and ATRA + NC‑siRNA groups. 
Cells at a density of 1x106 were first washed with PBS supple‑
mented with 1% FCS and 0.01% sodium azide, and were then 
incubated in FCS at 4˚C for 30 min. Subsequently, cells were 
supplemented with FITC‑conjugated anti‑human CD11b anti‑
body (cat. no. 562793; BD Biosciences) followed by incubation 
at 25˚C for 45 min. The cells were then fixed with 1% parafor‑
maldehyde and analyzed on FACSVerse flow cytometer using 
FACSDiva 6.0 software (BD Biosciences).

ELISA. ELISA was utilized to determine the expression levels 
of TNF‑α, IL‑1β, IL‑8, C‑C motif chemokine ligand (CCL)2, 
CCL4 and C‑C motif chemokine receptor (CCR) 1 in each 
group using the corresponding commercial kits, according to 
the manufacturer's instructions. The commercially available 
kits for TNF‑α (cat. no. EHC103a), IL‑1β (cat. no. EHC002b) 
and IL‑8 (cat. no. EHC008) were purchased from Neobioscience 
Technology Co., Ltd., while those for CCL2 (cat. no. DCP00), 
CCL4 (cat. no. DMB00) and CCR1 (cat. no. CT63246) were 
from Jinan Quantum Trading Co., Ltd.. Finally, the absorbance 
at a wavelength of 532 nm was measured using a microplate 
reader (Synergy HT; BioTek Instruments Inc.).

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
was extracted from 1x106  NB4 cells and PBMCs using 
TRIzol® reagent (Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions. Subsequently, total RNA was 
reverse transcribed into cDNA using the Reverse Transcription 
Kit (Thermo Fisher Scientific, Inc.) according to the manu‑
facturer's instructions on the Eppendorf PCR system. PCR 
amplification was performed using the SYBR Green Real‑time 
PCR Master Mix (ToYoBo, Japan) according to manufacturer's 
instructions on Stratagene Mx3000P Real‑Time PCR system 
(Agilent Technologies, Inc.). Each PCR reaction contained 
2X  real‑time PCR Master Mix, 1  µl of each primer and 
1 µl cDNA, in a total volume of 10 µl. The specific primer 
sequences for PADI4 were as follows: 5'‑GTT​TAG​GGT​CAG​
ACA​GTC​CTG​G‑3', 5'‑AGA​TGT​GAG​TAG​TGG​CAC​ATG​C'. 
The primer sequences for GAPDH were: 5'‑GTC​TCC​TCT​
GAC​TTC​AAC​AGC​G‑3', 5'‑ACC​ACC​CTG​TTG​CTG​TAG​
CCA​A‑3'. The thermocycling conditions used were as follows: 
95˚C for 10 sec; 40 cycles of 60˚C for 5 sec and 72˚C for 10 sec; 
and 65˚C for 30 sec. Finally, the amplification results were 
analyzed using the 2‑ΔΔCq method, as previously described (18).

Western blot analysis. NB4 cells were washed twice with ice 
cold PBS and were then lysed using RIPA lysis buffer (Applygen 
Technologies, Inc.). The protein concentration was determined 
using the BCA method. Subsequently, protein samples (20 µg) 
were separated by 10% SDS‑PAGE and were then transferred 
onto a PVDF membrane (MilliporeSigma). The membranes 
were blocked with 5% skimmed milk in TBST containing 
0.05% Tween‑20 for 1 h at room temperature and incubated 
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with antibodies against PADI4 (dilution, 1:500; cat. no. p4874; 
MilliporeSigma), ICAM‑1 (dilution, 1:500; cat. no. ER131207) 
and GAPDH (dilution, 1:3,000; cat. no. ET1601‑4; both from 
HUABIO, Inc.) overnight at 4˚C. Subsequently, the membranes 
were incubated with HRP‑conjugated secondary antibodies 
(dilution, 1:20,000; cat. no. HA1001; HUABIO, Inc.) at room 
temperature for 1 h. The protein levels were quantified by 
densitometry and normalized to the corresponding GAPDH 
expression levels. Finally, the protein bands were visualized 
using the iBright CL750 CL1500 system (Thermo Fisher 
Scientific Inc.) and the band intensity was measured using 
ImageJ software (Version 1.49, NIH).

Statistical analysis. All statistical analyses were performed 
using SPSS 13.0 software (SPSS, Inc.). All data are expressed 
as the mean ± standard deviation. Significant differences 
between two groups were analyzed using unpaired Student's 
t‑test, while those among multiple groups with one‑way 
ANOVA followed by a Bonferroni's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

PADI4 is upregulated in APL DS samples and ATRA‑treated 
NB4 cells. The mRNA and protein expression levels of PADI4 
in PBMCs derived from patients with APL DS were signifi‑
cantly higher compared with those in patients with APL only 
(Fig. 1A and B). Compared with the baseline levels, the mRNA 
expression levels of PADI4 were notably increased in NB4 
cells treated with ATRA for 24, 48 and 72 h (P<0.05; Fig. 2A). 
Similarly, PADI4 was significantly upregulated at 24, 48 and 
72 h in ATRA‑treated NB4 cells compared with untreated cells 
(Fig. 2B). These in vivo and in vitro experiments indicated that 
ATRA could upregulate PADI4. 

PADI4 serves a crucial role in the ATRA‑induced differ‑
entiation of NB4 cells. As shown in Fig.  3A, PADI4 was 
successfully knocked down in NB4 cells transfected with 
the corresponding siRNA clones. No statistically significant 
difference was observed in the differentiation capacity of NB4 
cells in the ATRA + NC‑siRNA group compared with the 
ATRA group (P>0.05; Fig. 3A). The differentiation ability of 
NB4 cells was assessed by evaluating the synthesis of CD11b, 
a marker of granulocytic differentiation. Flow cytometric 
analysis revealed that cell treatment with ATRA induced 
NB4 cell differentiation. However, the ATRA‑induced NB4 
cell differentiation was reversed following PADI4 silencing 
(Fig. 3B and C). Electroporation‑mediated PADI4 overex‑
pression further promoted the differentiation of NB4 cells 
compared with ATRA‑treated NB4 cells (P<0.05; Fig. 3D‑F). 
However, the differentiation ability of ATRA‑treated NB4 
cells transfected with empty vector was notably attenuated 
compared with the ATRA group. Taken together, the above 
findings indicated that PADI4 could play a significant role in 
the ATRA‑induced differentiation of NB4 cells.

PADI4 promotes the secretion of inflammatory factors. 
ELISA was performed to assess the secretion levels of the 
inflammatory factors TNF‑α, IL‑1β, IL‑8, CCL2, CCL4 and 
CCR1 in NB4 cells that were reported to be closely related 

to the inflammation process (19,20). The secretion levels of 
TNF‑α, IL‑1β, IL‑8, CCL2, CCL4 and CCR1 were signifi‑
cantly increased in the supernatant of cultured NB4 cells in 
the ATRA group compared with those in the control group 
(all P<0.05; Fig. 4A). However, the secretion levels of TNF‑α, 
IL‑1β, IL‑8, CCL2, CCL4 and CCR1 were notably reduced 
in the ATRA + siPADI4 group compared with the ATRA 
group (all P<0.05). By contrast, no significant differences were 
observed in the levels of the above inflammatory factors in the 
ATRA + NC‑siNRA group compared with the ATRA group. 
In PADI4 overexpressing cells, the expression of TNF‑α, IL‑1β, 

Figure 1. PADI4 mRNA and protein was upregulated in the PBMCs of 
APL patients complicated with DS. (A) Expression of PADI4 mRNA was 
significantly increased in the peripheral blood of APL patients with DS vs. 
APL patients without DS. (B) Comparison of PADI4 protein in PBMCs 
between APL patients with DS and those without DS symptoms. *P<0.05 and 
**P<0.01, vs. APL without DS group. PADI4, peptidylarginine deiminase 4; 
PBMCs, peripheral blood mononuclear cells; DS, differentiation syndrome; 
APL, acute promyelocytic leukemia.

Figure 2. PADI4 expression showed a time‑dependent manner in 
ATRA‑induced NB4 cells. (A) Following treatment with ATRA, the expres‑
sion of PADI4 mRNA was detected by reverse transcription-quantitative 
PCR, which showed significant increase at 24 h, 48 h and 72 h vs. 0 h. 
(B)  Expression of PADI4 protein in NB4 cells treated with ATRA at 
0 h, 24, 48 and 72 h, respectively. *P<0.05 and ***P<0.001 vs. 0 h. PADI4, 
peptidylarginine deiminase 4; ATRA, all‑trans‑retinoic acid.
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IL‑8, CCL2, CCL4 and CCR1 were significantly enhanced 
compared with control cells (P<0.05). However, there was no 
significant difference in the secretion levels of TNF‑α, IL‑1β, 
IL‑8, CCL2, CCL4 and CCR1 between the ATRA and PADI4 
overexpression group (P>0.05; Fig. 4B). Overall, these results 
suggested that PADI4 could be involved in TNF‑α, IL‑1β, 
IL‑8, CCL2, CCL4 and CCR1 upregulation in ATRA‑treated 
NB4 cells.

PADI4 upregulates ICAM‑1. To determine whether PADI4 
could affect the expression of ICAM‑1, the protein expression 
levels of ICAM‑1 were detected in NB4 cells transfected with 
0, 5, 15 and 20 µg pPADI4. Following transfection for 48 h, 
the protein expression levels of ICAM‑1 were assessed using 
western blot analysis. Additionally, to evaluate whether PADI4 
silencing could restore the expression levels of ICAM‑1, NB4 
cells were transfected with siRNA clones targeting PADI4. 

Figure 3. PADI4 promoted NB4 cell differentiation. (A) Relative PADI4 expression in ATRA group showed significant increase vs. control (P<0.05), but 
the expression was significantly inhibited following siPADI4 (P<0.05). (B) Flow cytometry indicated that silencing of PADI4 inhibited the ATRA‑induced 
differentiation in NB4 cells compared with the ATRA group. The area of interest is in the P2 quadrant. (C) The semi‑quantitative analysis data for the NB4 
count in each group. PADI4 over‑expression promoted the differentiation of NB4 cells based on (D) western blot analysis and (E) flow cytometry. The area 
of interest in the P2 quadrant. (F) The semi‑quantitative analysis data for the NB4 count in each group after PADI4 over‑expression. **P<0.01 and ***P<0.01. 
PADI4, peptidylarginine deiminase 4; ATRA, all‑trans‑retinoic acid; si, small interfering; pPADI4, PADI4 overexpression plasmid.
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The results showed that the protein expression levels of 
ICAM‑1 were increased in PADI4 overexpressing NB4 cells 
in a dose‑dependent manner (Fig. 5A). As shown in Fig. 5B, 
ICAM‑1 was markedly upregulated in cells in the ATRA group 
compared with the NC group. However, the above effect was 
reversed in PADI4‑depleted NB4 cells. The aforementioned 
findings indicated that PADI4 could be involved in ICAM‑1 
upregulation in NB4 cells.

Discussion

Differentiation therapy based on ATRA and arsenic trioxide 
has been commonly used for treating APL (3). However, several 
patient may experience DS (21). Although the pathogenesis of 

DS remains to be elucidated, mounting evidence has suggested 
that sustained hyperinflammation serves a critical role in 
its pathogenesis  (16,21,22). The current study showed that 
PADI4 could serve an essential role in regulating the expres‑
sion of inflammatory cytokines, such as TNF‑α and IL‑1β, 
in ATRA‑treated NB4 cells. In addition, PADI4 could also 
promote the expression of ICAM‑1, which was positively 
associated with the clinical status of DS.

It has been reported that PADI4 is upregulated in particular 
types of cancer  (23,24). Previous studies in solid tumors 
suggest that PADI4 can bind with the downstream targets of 
cytokeratin and p53, including OKL38 and Elk‑1 (13,25,26). 
Another study also revealed that PADI4 promoted cellular 
differentiation in patients with hematologic neoplasm: Under 

Figure 5. PADI4 induces ICAM‑1 expression in ATRA‑induced NB4 cells. (A) NB4 cells transfected with 0, 5, 15 and 20 µg of plasmid PADI4 showed 
upregulation of ICAM‑1. (B) NB4 cells subjected to PADI4 silencing showed downregulation of ICAM‑1. ***P<0.001. PADI4, peptidylarginine deiminase 4; 
ICAM‑1, intercellular adhesion molecule‑1; ATRA, all‑trans‑retinoic acid; pPADI4, PADI4 overexpression plasmid.

Figure 4. PADI4 regulated the inflammatory molecules in ATRA‑induced NB4 cells. (A) Comparison of cytokines between the ATRA‑induced NB4 cells 
and the ATRA‑induced NB4 cells subject to PADI4 silencing. (B) Comparison of cytokines between the ATRA‑induced NB4 cells and the ATRA‑induced 
NB4 cells subject to PADI4 overexpression. *P<0.05 and **P<0.01 vs. control group; #P<0.05 vs. NC‑siRNA. PADI4, peptidylarginine deiminase 4; ATRA, 
all‑trans‑retinoic acid; si, small interfering; CCL, C‑C motif chemokine; pPADI4, PADI4 overexpression plasmid; NC, negative control.
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in vitro conditions, PADI4 can trigger NB4 cell differentiation 
by regulating the PADI4/SOX4/PU.1 signaling pathway (14). 
In the present study, PADI4 was upregulated in PBMCs and 
serum samples of patients with APL DS compared with 
patients without DS. However, our understanding of the effects 
of PADI4 overexpression during the development of DS in 
patients with APL remains limited. Therefore, the present study 
aimed to investigate the effect of PADI4 on ATRA‑mediated 
NB4 cell differentiation in vitro, in PADI4‑overexpressing 
and ‑depleted NB4 cells. The results demonstrated that 
PADI4 overexpression was involved in ATRA‑induced NB4 
cell differentiation. By contrast, the ATRA‑induced NB4 cell 
differentiation was inhibited after PADI4 knockdown. These 
findings indicated that PADI4 could serve a critical role in the 
ATRA‑induced differentiation of NB4 cells.

It has been hypothesized that PADI4 is closely associated 
with inflammation. In a previous study, PADI4 activation 
was associated with the exacerbation of kidney ischemia-
reperfusion injury by enhancing renal tubular inflammatory 
responses and neutrophil infiltration (27). In addition, PADI4 
silencing in a rat model of hemorrhagic shock can attenuate 
local inflammatory responses (28). Other studies indicate that 
PADI4 can be involved in the prevention of bacterial infec‑
tion by promoting the formation of neutrophil extracellular 
traps (29,30). In ATRA‑induced APL cells, the expression levels 
of cytokines, such as IL‑1β, IL‑6, IL‑8, TNF‑α, L‑selectin, 
lymphocyte function‑associated antigen 1 and ICAM‑1 are 
notably increased (31,32). For example, Ninomiya et al (33) 
show that APL cells can migrate into lung tissues in the 
presence of chemotactic factors secreted by ATRA‑induced 
alveolar epithelial cells, eventually triggering DS after their 
metastasis to lung tissues and alveolar space. These findings 
suggest that PADI4 could trigger the pathogenesis and progres‑
sion of inflammation, while PADI4 inactivation can eliminate 
or prevent the occurrence of inflammation. In our previous 
study, PADI4 was considered to participate in the expression 
of TNF‑α and IL‑1β in ATRA‑treated NB4 cells (8). In the 
present study, PADI4 was involved in the regulation of inflam‑
mation‑related cytokines, such as TNF‑α, IL‑1β, IL‑8, CCL2, 
CCL4, CCR1 and ICAM‑1. Following PADI4 silencing, the 
expression of inflammation‑related cytokines was notably 
decreased compared with the control group. 

However, the current study has some limitations. First, the 
sample size was small. Second, although the current study 
revealed the role of PADI4 in the ATRA‑induced differentiation 
of NB4 cells based on overexpression and silencing experi‑
ments, the particular mechanism underlying the effect of PADI4 
on regulating the expression of IL‑1β, TNF‑α and ICAM‑1 was 
not discovered. Therefore, further studies are needed to investi‑
gate the possible mechanism of the above process.

In summary, the present study demonstrated that PADI4 
was upregulated in PBMCs of patients with APL DS and 
ATRA‑treated NB4 cells. In addition, the results showed 
that PADI4 was involved in the upregulation of cytokines in 
ATRA‑treated NB4 cells, while PADI4 silencing exhibited the 
opposite effect. The aforementioned findings indicated that 
PADI4 could be involved in ATRA‑induced NB4 differentia‑
tion and increased the expression levels of inflammation‑related 
cytokines. Therefore, PADI4 could serve as a novel treatment 
strategy for treating DS.
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