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length and waiting for 1s between pulses. After the 
pulse, the cells were transferred to RPMI 1640 medium 
supplemented with 10% fetal bovine serum. Cell viability 
of the electroporated cells was more than 90% after 
counting by trypan blue exclusion assay. For transient 
silencing by duplexes of small interfering RNA into HL-60 
cells, HiPerFect Transfection Reagent was used (Qiagen, 
Hilden, Germany). Target sequences for transient silencing 
were 5ʹ-GCACGUCCUUCAGCAUCAATTUUGAUGCU
GAAGGACGUGCTT-3ʹ for siPADI4#1, 5ʹ-CCGGUGG
AAAGCACAACAUTTAUUCACAGCUCUGGUUGGC
TT-3ʹ for siPADI4#2, 5ʹ-GCCAACCAGAGCUGUGAAA
TTUUGAUGCUGAAGGACGUGCTT-3ʹ for siPADI4#3 
and   5ʹ-GGACAGACGAAGAGUUUAATT-3ʹ (sense), 
5ʹ-UUAAACUCUUCGUCUGUCCTT-3ʹ (anti-sense) for 
SOX4, scrambled control sequences were 5ʹ-UUCUCCG
AACGUGUCACGUUUCUCCGAACGUGUCACGU-3ʹ. 
HEK293 cell was co-transfected with the mixture of the 
indicated luciferase reporter plasmid and pRL-TK-Renilla 
luciferase plasmid using lipofectamine 2000 transfection 
reagent (Invitrogen). 24 h later, luciferase activities were 
measured with a Dual Luciferase Reporter Assay System, 
according to the manufacturerʹs instructions. Data are 
normalized for transfection efficiency by dividing firefly 
luciferase activity with that of Renilla luciferase. 

Chromatin immunoprecipitation quantitative 
PCR (ChIP-qPCR) assay

Chromatin from leukemia cells was fixed 
and immunoprecipitated using the ChIP assay kit 
as recommended by the manufacturer (Upstate 
Biotechnology, NY). The purified chromatin was immu
noprecipitated using 3 μg of anti-PADI4, anti-DNMT1, 
anti-H3R17Me, anti-H3Cit, or irrelevant antibody 
(IgG). After DNA purification, the presence of the 
selected DNA sequence was assessed by qPCR. The 
primers of different regions for SOX4/SPI1 promoter 
were shown in Supplementary Table 1. PCR products 
were separated and visualized as described above. The 
average size of the sonicated DNA fragments subjected 
to immunoprecipitation was 500 bp as determined 
by ethidium bromide gel electrophoresis. The qPCR 
primers to detect the binding of PADI4, H3cit and 
H3R17Me to the SOX4 promoter were forward 5ʹ-AGC 
AGGCTGTGGCTCTGATT-3ʹ and reverse 5ʹ-CAAAAT 
AGCCACCAGCCTCTTCT-3ʹ, and DNMT1 were forward  
5ʹ-CATTGACACCCATCTAGA-3ʹ and reverse 5ʹ-CTGGG 
CTGGTTCCTTTATAT-3ʹ.

Bisulfite conversion of DNA samples and MSP

Bisulfite conversion was carried out using reagents 
provided in EpiTect Bisulfite Kit (Qiagen 59104). 1 μg 
of DNA was treated with sodium bisulfite following 
the manufacturers’ recommendations. Following 

conversion, the bisulfite-converted DNA was resuspended 
in a total volume of 20 μl. Methylation specific primers 
for PADI4 promoters were designed using MethPrimer 
program. Methylation specific quantitative PCR primers 
were designed using the MethPrimer tool. M primer: 
5ʹ-ATATATGGGTATTTTGATAGGACGT-3ʹ (sense), 5ʹ-T 
AACGTAAACATAAAACGTTTCGTA-3ʹ (anti-sense); U 
primer: 5ʹ-ATATATGGGTATTTTGATAGGATGT-3ʹ (sense), 
5ʹ-TAACATAAACATAAAACATTTCATA-3ʹ (anti-sense). 
Bisulfite converted genomic DNA was PCR amplified using 
methylation specific primers. 

Methylation DNA immunoprecipitation (MeDIP) 
analysis

The MeDIP analysis was carried out using 
MagMeDIP Kit (Diagenode, Denville, NJ). Briefly, 
after sonication to shear, the fragmented DNA was 
immunoprecipitated with anti-methylcytosine antibody 
at 4°C overnight. Then, the pulled-down DNA on 
magnetic beads were washed and digested with 
proteinase K and isolated from beads. The primer set, 
sense 5′-ACTGGTACCAGCATTGAC-3′ and anti-sense 
5′-TAGGAAGCCCCTGGGCTGGT-3′, which covers the 
DNA sequence of the CpGs of human PADI4 was used for 
qPCR assays. For qPCR, the enrichment of MeDIP DNA 
was calculated as described before [40] and the relative 
methylated DNA ratios were then normalized based on the 
control as 100% of methylated DNA.

Flow cytometry (FCM)

Control and HL-60 cells treated with ATRA (1×106 

cells) were washed with PBS containing 1% FCS and 
0.01% sodium azide were incubated for 30 min in FCS at 
4°C. Subsequently, FITC-conjugated anti-human CD11b 
antibody was added to the cells and incubated at 25°C 
for 45 min followed by washing with PBS. The cells 
were then fixed in 1% paraformaldehyde and analyzed 
on FACSVerse (BD Biosciences Pharmingen) Flow 
cytometer. Isotypic rat IgG was also used to check for 
nonspecific binding.

Statistical analysis

All data are presented as means ± S.D. of three 
or four experiments. Analysis was performed using a 
Student’s t test. Values of P  <  0.05 were considered 
significant.

ACKNOWLEDGMENTS AND FUNDINGS

This study was supported by grants from the National 
Natural Science Foundation of China (81300426, 81172792, 
81202778), the Project for Shandong Medical and Health 
science and Technology Plan Project (2013WS0365), the 



Oncotarget3156www.impactjournals.com/oncotarget

Twelfth Five-Year’ National Science and Technology 
Support Program (2013BAI07B02), the National Natural 
Science Foundation of Shandong (2015ZRC03102) and 
GuoSheng Jiang is a Taishan Scholar of Shandong province.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1.	 Fialkow PJ, Janssen JW, Bartram CR. Clonal remissions 
in acute nonlymphocytic leukemia: evidence for a 
multistep pathogenesis of the malignancy. Blood. 1991; 77: 
1415–1417.

2.	 Nasr R, Guillemin MC, Ferhi O, Soilihi H, Peres L, 
Berthier C, Rousselot P, Robledo-Sarmiento M, Lallemand-
Breitenbach V, Gourmel B, Vitoux D, Pandolfi PP, 
Rochette-Egly C, et al. Eradication of acute promyelocytic 
leukemia-initiating cells through PML-RARA degradation. 
Nat Med. 2008; 14:1333–1342.

3.	 Lallemand-Breitenbach V, Zhu J, Chen Z, de The H. Curing 
APL through PML/RARA degradation by As2O3. Trends 
Mol Med. 2012; 18:36–42.

4.	 Imran M, Park TJ, Lim IK. TIS21/BTG2/PC3 enhances 
downregulation of c-Myc during differentiation of HL-60 
cells by activating Erk1/2 and inhibiting Akt in response to 
all-trans-retinoic acid. Eur J Cancer. 2012; 48:2474–2485.

5.	 Yang J, Ikezoe T, Nishioka C, Yokoyama A. Over-
expression of Mcl-1 impairs the ability of ATRA to induce 
growth arrest and differentiation in acute promyelocytic 
leukemia cells. Apoptosis. 2013; 18:1403–1415.

6.	 Nakashima K, Hagiwara T, Ishigami A, Nagata S,  
Asaga H, Kuramoto M, Senshu T, Yamada M. Molecular 
characterization of peptidylarginine deiminase in HL-60 cells 
induced by retinoic acid and 1alpha, 25-dihydroxyvitamin  
D (3). J Biol Chem. 1999; 274:27786–27792.

7.	 Nakashima K, Arai S, Suzuki A, Nariai Y, Urano T, 
Nakayama M, Ohara O, Yamamura K, Yamamoto K, 
Miyazaki T. PAD4 regulates proliferation of multipotent 
haematopoietic cells by controlling c-myc expression. Nat 
Commun. 2013; 4:1836.

8.	 Zavala-Cerna MG, Gonzalez-Montoya NG, Nava A, 
Gamez-Nava JI, Moran-Moguel MC, Rosales-Gomez RC,  
Gutierrez-Rubio SA, Sanchez-Corona J, Gonzalez-
Lopez L, Davalos-Rodriguez IP, Salazar-Paramo M. 
PADI4  haplotypes in association with RA Mexican 
patients, a new prospect for antigen modulation. Clin Dev 
Immunol. 2013; 2013:383681.

9.	 Christophorou MA, Castelo-Branco G, Halley-Stott RP,  
Oliveira CS, Loos R, Radzisheuskaya A, Mowen KA, 
Bertone P, Silva JC, Zernicka-Goetz M, Nielsen ML, 
Gurdon JB, Kouzarides T. Citrullination regulates 
pluripotency and histone H1 binding to chromatin. Nature. 
2014; 507:104–108.

10.	 Chang X, Han J. Expression of peptidylarginine deiminase 
type 4 (PAD4) in various tumors. Mol Carcinog. 2006; 
45:183–196.

11.	 Yao H, Li P, Venters BJ, Zheng S, Thompson PR, Pugh BF,  
Wang Y. Histone Arg modifications and p53 regulate the 
expression of OKL38, a mediator of apoptosis. J Biol 
Chem. 2008; 283:20060–20068.

12.	 Liu GY, Liao YF, Chang WH, Liu CC, Hsieh MC, Hsu PC, 
Tsay GJ, Hung HC. Overexpression of peptidylarginine 
deiminase IV features in apoptosis of haematopoietic cells. 
Apoptosis. 2006; 11:183–196.

13.	 Rohde C, Schoofs T, Muller-Tidow C. The limited contribution 
of DNA methylation to PML-RARalpha induced leukemia. 
Oncotarget. 2013; 4:5–6. doi:10.18632/oncotarget.875.

14.	 Kolodziej S, Kuvardina ON, Oellerich T, Herglotz J,  
Backert I, Kohrs N, Buscató El, Wittmann SK, Salinas-
Riester G, Bonig H, Karas M, Serve H, Proschak E, et 
al. PADI4 acts as a coactivator of Tal1 by counteracting 
repressive histone arginine methylation. Nature communi
cations. 2014; 5:3995.

15.	 Luo Y, Arita K, Bhatia M, Knuckley B, Lee YH, Stallcup MR,  
Sato M, Thompson PR. Inhibitors and inactivators of 
protein arginine deiminase 4: functional and structural 
characterization. Biochemistry. 2006; 45:11727–11736.

16.	 Fischbach NA, Rozenfeld S, Shen W, Fong S, Chrobak D,  
Ginzinger D, Kogan SC, Radhakrishnan A, Le Beau MM,  
Largman C, Lawrence HJ. HOXB6 overexpression in 
murine bone marrow immortalizes a myelomonocytic 
precursor in vitro and causes hematopoietic stem cell 
expansion and acute myeloid leukemia in vivo. Blood. 
2005; 105:1456–1466.

17.	 Collins C, Wang J, Miao H, Bronstein J, Nawer H, Xu T,  
Figueroa M, Muntean AG, Hess JL. C/EBPalpha is an essential 
collaborator in Hoxa9/Meis1-mediated leukemogenesis. Proc 
Natl Acad Sci U S A. 2014; 111:9899–9904.

18.	 Goldberg L, Tijssen MR, Birger Y, Hannah RL, Kinston SJ, 
Schütte J, Beck D, Knezevic K, Schiby G, Jacob-Hirsch J,  
Biran A, Kloog Y, Marcucci G, et al. Genome-scale 
expression and transcription factor binding profiles reveal 
therapeutic targets in transgenic ERG myeloid leukemia. 
Blood. 2013; 122:2694–2703.

19.	 Lyu X, Xin Y, Mi R, Ding J, Wang X, Hu J, Fan R, Wei X, 
Song Y, Zhao RY. Overexpression of Wilms tumor 1 gene as 
a negative prognostic indicator in acute myeloid leukemia. 
PloS one. 2014; 9:e92470.

20.	 Lugthart S, van Drunen E, van Norden Y, van Hoven A, 
Erpelinck CA, Valk PJ, Beverloo HB, Lowenberg B,  
Delwel R. High EVI1 levels predict adverse outcome in 
acute myeloid leukemia: prevalence of EVI1 overexpression 
and chromosome 3q26 abnormalities underestimated. 
Blood. 2008; 111:4329–4337.

21.	 Scott EW, Simon MC, Anastasi J, Singh H. Requirement 
of transcription factor PU.1 in the development of multiple 
hematopoietic lineages. Science. 1994; 265:1573–1577.



Oncotarget3157www.impactjournals.com/oncotarget

22.	 Hughes JM, Legnini I, Salvatori B, Masciarelli S, 
Marchioni M, Fazi F, Morlando M, Bozzoni I, Fatica A.  
C/EBPalpha-p30 protein induces expression of the 
oncogenic long non-coding RNA UCA1 in acute myeloid 
leukemia. Oncotarget. 2015; 6:18534–18544. doi:10.18632/
oncotarget.4069.

23.	 Coudé MM, Braun T, Berrou J, Dupont M, Bertrand S, 
Masse A, Raffoux E, Itzykson R, Delord M, Riveiro ME, 
Herait P, Baruchel A, Dombret H, et al. BET inhibitor 
OTX015 targets BRD2 and BRD4 and decreases c-MYC 
in acute leukemia cells. Oncotarget. 2015; 6:17698–17712. 
doi:10.18632/oncotarget.4131.

24.	 DeKoter RP, Walsh JC, Singh H. PU.1 regulates both 
cytokine-dependent proliferation and differentiation of 
granulocyte/macrophage progenitors. EMBO J. 1998; 17: 
4456–4468.

25.	 Li P, Yao H, Zhang Z, Li M, Luo Y, Thompson PR,  
Gilmour DS, Wang Y. Regulation of p53 target gene 
expression by peptidylarginine deiminase 4. Mol Cell Biol. 
2008; 28:4745–4758.

26.	 Staber PB, Zhang P, Ye M, Welner RS, Levantini E, Di 
Ruscio A, Ebralidze AK, Bach C, Zhang H, Zhang J, 
Vanura K, Delwel R, Yang H, et al. The Runx-PU.1 pathway 
preserves normal and AML/ETO9a leukemic stem cells. 
Blood. 2014; 124:2391–2399.

27.	 Jego G, Lanneau D, De Thonel A, Berthenet K, Hazoumé A, 
Droin N, Hamman A, Girodon F, Bellaye PS, Wettstein G, 
Jacquel A, Duplomb L, Le Mouël A, et al. Dual regulation 
of SPI1/PU.1 transcription factor by heat shock factor 1 
(HSF1) during macrophage differentiation of monocytes. 
Leukemia. 2014; 28:1676–1686.

28.	 Bonadies N, Neururer C, Steege A, Vallabhapurapu S, Pabst T,  
Mueller BU. PU.1 is regulated by NF-kappaB through a 
novel binding site in a 17 kb upstream enhancer element. 
Oncogene. 2010; 29:1062–1072.

29.	 Hegde S, Ni S, He S, Yoon D, Feng GS, Watowich SS, 
Paulson RF, Hankey PA. Stat3 promotes the development of 
erythroleukemia by inducing Pu.1 expression and inhibiting 
erythroid differentiation. Oncogene. 2009; 28:3349–3359.

30.	 Aue G, Du Y, Cleveland SM, Smith SB, Davé UP, Liu D,  
Weniger MA, Metais JY, Jenkins NA, Copeland NG, 
Dunbar CE. Sox4 cooperates with PU.1 haploinsufficiency 
in murine myeloid leukemia. Blood. 2011; 118:4674–4681.

31.	 Wang Y, Wysocka J, Sayegh J, Lee YH, Perlin JR, 
Leonelli L, Sonbuchner LS, McDonald CH, Cook RG, 
Dou Y, Roeder RG, Clarke S, Stallcup MR, et al. Human 
PAD4 regulates histone arginine methylation levels via 
demethylimination. Science. 2004; 306:279–283.

32.	 Tanikawa C, Espinosa M, Suzuki A, Masuda K, Yamamoto K,  
Tsuchiya E, Ueda K, Daigo Y, Nakamura Y, Matsuda K. 
Regulation of histone modification and chromatin structure 
by the p53-PADI4 pathway. Nat Commun. 2012; 3:676.

33.	 Wang L, Chang X, Yuan G, Zhao Y, Wang P. Expression of 
peptidylarginine deiminase type 4 in ovarian tumors. Int J 
Biol Sci. 2010;6:454–64.

34.	 Arteaga MF, Mikesch JH, Fung TK, So CW. Epigenetics in 
acute promyelocytic leukaemia pathogenesis and treatment 
response: a TRAnsition to targeted therapies. Br J Cancer. 
2015; 112:413–418.

35.	 Mizuno S, Chijiwa T, Okamura T, Akashi K, Fukumaki Y, 
Niho Y, Sasaki H. Expression of DNA methyltransferases 
DNMT1, 3A, and 3B in normal hematopoiesis and in acute 
and chronic myelogenous leukemia. Blood. 2001; 97: 
1172–1179.

36.	 Wang E, Kawaoka S, Yu M, Shi J, Ni T, Yang W, Zhu J, 
Roeder RG, Vakoc CR. Histone H2B ubiquitin ligase 
RNF20 is required for MLL-rearranged leukemia. Proc Natl 
Acad Sci U S A. 2013; 110:3901–3906.

37.	 Bartholdy B, Christopeit M, Will B, Mo Y, Barreyro L, Yu Y,  
Bhagat TD, Okoye-Okafor UC, Todorova TI, Greally JM, 
Levine RL, Melnick A, Verma A, et al. HSC commitment-
associated epigenetic signature is prognostic in acute 
myeloid leukemia. J Clin Invest. 2014; 124:1158–1167.

38.	 Karpurapu M, Ranjan R, Deng J, Chung S, Lee YG, Xiao L, 
Nirujogi TS, Jacobson JR, Park GY, Christman JW. Kruppel 
like factor 4 promoter undergoes active demethylation during 
monocyte/macrophage differentiation. PloS one. 2014; 9:e93362.

39.	 Cuthbert GL, Daujat S, Snowden AW, Erdjument-Bromage H,  
Hagiwara T, Yamada M, Schneider R, Gregory PD, Tempst P,  
Bannister AJ, Kouzarides T. Histone deimination 
antagonizes arginine methylation. Cell. 2004; 118:545–553.

40.	 Zhang C, Su ZY, Khor TO, Shu L, Kong AN. Sulforaphane 
enhances Nrf2 expression in prostate cancer TRAMP C1 
cells through epigenetic regulation. Biochem Pharmacol. 
2013; 85:1398–1404.


