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Phosphoproteomics analysis of the mechanism of antimicrobial peptide merecidin
inhibiting the proliferation of lung adenocarcinoma A549 cells

JIA Qingin, YANG Tingting, WANG Yarong, ZHANG Qiannan, WANG Xiuqing (Clinical Medical College, Ningxia Medical
University, Yinchuan 750004, Ningxia Hui Autonomous Region, China)

[Abstract] Objective: The phosphorproteomics technique was used to analyze the differential expression of phosphorylated proteins in
the human lung adenocarcinoma A549 cells treated with antimicrobial peptide merecidin, and to explore the effect of merecidin on the protein
activity and function of lung adenocarcinoma A549 cells and the signal pathway involved. Methods: A549 cells were treated with
9 umol/L merecidin for 6 h. The total protein was collected and extracted, and SDS-PAGE experiment was used to test the total protein
extraction efficiency. Pancreatin was added to digest the protein. The peptides obtained by enzymatic hydrolysis were labeled with TMT,
fractionated by HPLC, enriching phosphorylated modified peptides by IMAC, and separate peptides by HPLC-MS/MS (liquid chromatography-
mass spectrometry) technology. The identified data were screened using the standard of localization probability>0.75, and the phospho-
proteomics data were analyzed using GO (Gene Ontology) database, KEGG (Kyoto Encyclopedia of Genes and Genomes) database and
STRING database. Results: SDS-PAGE results showed that the total protein separation of A549 cells treated with 9 pumol/L merecidin was
clear and no obvious degradation, and there was significant difference in protein bands between the experimental group and the control group.
A total of 10 320 phosphorylation modification sites on 3 089 proteins were identified by mass spectrometry, of which 753 proteins and
1 172 phosphorylation sites were screened out with [Fold Change| >1.5 and P<0.05 as the threshold. Protein function enrichment showed

that functions of proteins with significant changes in phosphorylation level mainly focused on molecular binding, metabolic activity, molecular
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function regulation, cell process, biological function and other aspects. Bioinformatics results of integrated pathway showed that differentially

expressed proteins were associated with Ras, PI3K/AKT, mTor, AMPK etc. COG database screening showed that the differentially expressed

phosphorylated proteins were concentrated in cell signal transduction, processing and modification of RNA transcription and translation,

protein synthesis of ribosome, formation of cytoskeleton proteins, intracellular substance transportation, secretion and vesicle transportation
etc. At the protein interaction level, after merecidin treatment, an interaction network with MAPK1, RPL23A, SRSF3H, NCBPI, etc. as key

proteins was formed in A549 cells; proteins such as ATG2B and ULK1 etc. were significantly up-regulated, while proteins such as MAPK1

and AKT]I etc. were significantly down-regulated. Conclusion: Phosphoproteomic analysis shows that the antimicrobial peptide merecidin

may play a role in multiple biological functions and multiple signaling pathways through key proteins such as MAPK1, RPL23A, SRSF3H

and AKT1, and promote the apoptosis and autophagy of lung adenocarcinoma A549 cells, thereby inhibiting cell proliferation.
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A: SDS-PAGE map of differentially expressed phosphorylated proteins in control group (Mock) and antimicrobial peptide mericidin
treatment group (Drug); B: Pearson's correlation coefficient was evaluated for mass spectrum data (as shown in the analysis results,
this coefficient is a value measuring the degree of linear correlation between two sets of data: the closer Pearson's coefficient to -1 or
1 indicated positive correlation, and the closer to 0 indicated irrelevant correlation); C: Piptide length distribution (the number of small

pieces of peptide accounted for the most)
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Fig.1 Quality evaluation of phosphorylated protein samples
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A:Statistical diagram of results of mass spectrum detection;
B: Phosphorylated proteins and sites changed of the antibacterial peptide merecidin treated group (Drug);
C: Volcano map of up-regulated and down-regulated differentially phosphorylated proteins
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Fig.2 Results of phospho-proteomics analysis
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Fig.4 Statistical distribution of proteins corresponding to the differential phosphorylation sites in the GO secondary classification
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Fig.5 Functional enrichment analysis of differential phosphorylated proteins
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Fig.6 KEGG pathway analysis of differential phosphorylated proteins
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The circles in the figure represent the differentially modified protein, and different colors represent the differentially modified protein
(blue represents the down-regulated protein and red represents the up-regulated protein). The circle size represents the number of
differentially modified proteins interacting with it. The larger circle is, the more proteins it interacts with and the more important the
protein is in the network. In order to clearly demonstrate the protein-protein interaction relationship, we selected the top 50 proteins
with the closest interaction relationship and drew the protein interaction network
[E8 STRING ¥iEEE#ER (L =B B EAER W
Fig.8 Protein-protein interaction network of phosphorylated proteins by searching STRING database

1 HUERK merecidin LT AS49 HIREEF FREREN R BEBREBERILALR
Tab.1 Phosphorylated key proteins and phosphorylated sites with significant differences in A549 cells after

the treatment with antimicrobial peptide merecidin

Gene Protein description Regulation PS PT PY Phospho-site count
ATG2B Autophagy-related protein 2 homolog B Up 0 0 7(S240/S255)
ULK1 Serine/threonine-protein kinase Up 1 0 7(S479/477)
MAPKI1 Mitogen-activated protein kinase 1 Down 1 1 2 (T185/Y187)
EIF4B Eukaryotic translation initiation factor 4B Down 10 0 0 10(S579)

RAB7A Ras-related protein Rab-7a Up 1 0 0 1(S72)

EGFR Epidermal growth factor receptor Down 11 4 0 15(S104/1064 /1039)
TSC2 Tuberin Down 5 0 0 5(S1132/1452)
PAK4 Serine/threonine-protein kinase PAK Down 5 1 0 6(S104)

ATG13 Autophagy-related protein 13 UP 1 0 0 1(S738/735)
ATG9A Autophagy-related protein 9A UP 3 0 0 3(S656/738/735)
AKT1 RAC-alpha serine/threonine-protein kinase Down 1 0 0 1(S124)

PS: Phosphorylated serine; PT: Phosphorylated threonine; PY: Phosphorylated tyrosine



b

PIEE G R AL R S T BT K merecidin 0T A S49 4 35 1 £ FATL A . 1237 -

ZR B PTIA , A 5T K I B K merecidin 11 1) i
JiRgeE AS49 4 B3 5E vT g Al i B R AL R 2R
LI 6e V.41 g 25 74 53 A0 40 e AR 15 B A% 38 LA A IR
%7 AMPK \PI3K/AKT 8545 5 @ A2 58 il [R)IN 73 B &5
JR % 7R merecidin T GBS 5 AS49 41 [F W, XN 5 48
SEIG i — 2P R 9T merecidin [ PUE DI RESE 1 JE Al

(& £ xx #]

[1] BRAY F, FERLAY J, SOERJOMATARAM 1, et al. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries[J]. CA: A Cancer J Clin,
2018, 68(6): 394-424. DOI:10.3322/caac.21492.

[2] WANG G S, LI X, WANG Z. APD2: the updated antimicrobial
peptide database and its application in peptide design[J]. Nucleic
Acids Res, 2009, 37(Suppl 1): D933-D937. DOI: 10.1093/nar/
¢kn823.

[3] WANG G S, KEIFER P A, PETERKOFSKY A. Short—chain diacyl
phosphatidylglycerols: which one to choose for the NMR structural
determination of a membrane—associated peptide from Escherichia
coli? [J]. Spectroscopy, 2004, 18(2): 257-264. DOI: 10.1155/2004/
719137.

[4] LUTHJE P, WALKER S, KAMOLVIT W, et al. Statins influence
epithelial expression of the anti-microbial peptide LL-37/hCAP-18
independently of the mevalonate pathway[J]. Clin Exp Immunol,
2019, 195(2): 265-276. DOI:10.1111/cei.13217.

[S] CHEN P H, FANG S Y. The expression of human antimicrobial
peptide LL-37 in the human nasal mucosa[J]. Am J Rhinol, 2004, 18
(6): 381-385. DOI:10.1177/194589240401800608.

[6] GRANT M, KILSGARD O, AKERMAN S, et al. The human salivary
antimicrobial peptide profile according to the oral microbiota in health,
periodontitis and smoking[J]. J Innate Immun, 2019, 11(5): 432-444.
DOI:10.1159/000494146.

[77 HE Y, YANG X, YUAN Z, et al. Regulation of MSC and
macrophage functions in bone healing by peptide LL-37-loaded silk
fibroin nanoparticles on a titanium surface[J]. Biomater Sci, 2019, 7
(12): 5492-5505. DOI:10.1039/c9bm01158g.

[8] SVENSSON D, AIDOUKOVITCH A, ANDERS E, et al. The host
defense peptide LL-37 is detected in human parotid and submandibular/
sublingual saliva and expressed in glandular neutrophils[J]. Eur J Oral
Sci, 2018, 126(2): 93-100. DOI:10.1111/e0s.12407.

[9] GOKCINAR N B, KARABULUT A A, ONARAN Z, et al. Elevated
tear human neutrophil peptides 1-3, human beta defensin-2 levels
and conjunctival cathelicidin LL-37 gene expression in ocular
Rosacea[J]. Ocul Immunol Inflamm, 2019, 27(7): 1174-1183. DOI:
10.1080/09273948.2018.1504971.

[10] BUCKI R, LESZCZYNSKA K, NAMIOT A, et al. Cathelicidin
LL-37: a multitask antimicrobial peptide[J]. Arch Immunol Ther
Exp, 2010, 58(1): 15-25. DOI:10.1007/s00005-009-0057-2.

[11] CHIEOSILAPATHAM P, IKEDA S, OGAWA H, et al. Tissue-specific
regulation of innate immune responses by human cathelicidin LL-37[J].
Curr Pharm Des, 2018, 24(10): 1079-1091. DOI:10.2174/1381612824
666180327113418.

[12] DA SILVA B R, DE FREITAS V A, NASCIMENTO-NETO L G,

et al. Antimicrobial peptide control of pathogenic microorganisms
of the oral cavity: a review of the literature[J]. Peptides, 2012, 36
(2): 315-321. DOI:10.1016/j.peptides.2012.05.015.

[13] WANG G S, NARAYANA J L, MISHRA B, et al. Design of
antimicrobial peptides: progress made with human cathelicidin
LL-37[M]//Advances in Experimental Medicine and Biology.
Singapore: Springer Singapore, 2019: 215-240. DOI: 10.1007/978-
981-13-3588-4_12.

[14] LEE C C, SUNY, QIAN S, et al. Transmembrane pores formed by
human antimicrobial peptide LL-37[J]. Biophys J, 2011, 100(7):
1688-1696. DOI:10.1016/j.bp;j.2011.02.018.

[15] WANG G, MISHRA B, EPAND R F, et al. High-quality 3D structures
shine light on antibacterial, anti-biofilm and antiviral activities of
human cathelicidin LL-37 and its fragments[J]. Biochim Biophys Acta,
2014, 1838(9): 2160-2172. DOI:10.1016/j.bbamem.2014.01.016.

[16] Mishra B, Wang G S. Individual and combined effects of engineered
peptides and antibiotics on pseudomonas aeruginosa biofilms[J].
Pharmaceuticals, 2017, 10(4): 58. DOI:10.3390/ph10030058.

[17] MISHRA B, WANG G S. Titanium surfaces immobilized with the major
antimicrobial fragment FK-16 of human cathelicidin LL-37 are potent
against multiple antibiotic-resistant bacteria[J]. Biofouling, 2017, 33
(7): 544-555. DOI:10.1080/08927014.2017.1332186.

[18] REN S X, CHENG A S, TO K F, et al. Host immune defense peptide
LL-37 activates caspase-independent apoptosis and suppresses colon
cancer[J]. Cancer Res, 2012, 72(24): 6512-6523. DOI:10.1158/0008-
5472.can-12-2359.

[19] WU W K, SUNG J J, TO K F, et al. The host defense peptide LL-37
activates the tumor-suppressing bone morphogenetic protein
signaling via inhibition of proteasome in gastric cancer cells[J]. J
Cell Physiol, 2010, 223(1): 178-186. DOI:10.1002/jcp.22026.

[20] AN L L, MA X T, YANG Y H, et al. Marked reduction of LL-37/
hCAP-18, an antimicrobial peptide, in patients with acute myeloid
leukemia[J]. Int J Hematol, 2005, 81(1): 45-47. DOI:10.1532/ijh97.
al0407.

[21] PODAZA E, PALACIOS F, CROCI D O, et al. Expression and
function of cathelicidin hCAP18/LL-37 in chronic lymphocytic
leukemia[J/OL]. Haematologica, 2020, 105(9): e465-e469[2020-09-
02]. https://haematologica. org/article/view/9869. DOI: 10.3324/
haematol.2019.227975.

[22] WANG G S, HANKE M L, MISHRA B, et al. Transformation of
human cathelicidin LL-37 into selective, stable, and potent
antimicrobial compounds[J]. ACS Chem Biol, 2014, 9(9): 1997-
2002. DOI:10.1021/cb500475y.

[23] YAMASAKI KENSHI,SCHAUBER JURGEN,CODA ALVIN,et al.
Kallikrein-mediated proteolysis regulates the antimicrobial effects
of cathelicidins in skin. [J]. FASEB J, 2006, 20(12): 2068-2080.
DOI: 10.1096/1].06-6075com.

[24] 2225 . PUEE Ik 17BIPHER Xof il iR A549 20 M 4 i) £ F A2 AL
WEFL[D]. #RI]: TRER R, 2018,

[25] 45 %, HoAk Wk, [B0RR %, 4% . P v Ik 17BIPHER 3 i BHL i Jiti ik e
AS49 20 i JE A4 2 FL R T ). BUAR TR %5 2%, 2018, 45(2): 314-
318, 351.

[26] SRALHE, =%, Bi5s, 25 . PUE K merecidin i 5 A\ il i 40 Ay &
AS549 P T[], FE A 2 5 R K, 2019, 39(4): 473-477. DOL:
10.3969/.issn.1001-6325.2019.04.005.



+ 1238 -

PR AE TR T 2 &, 2020, 27(11)

[27] I WE 4% . HUEA Tk 17BIPHER 1 <G 2 (203 5 1K 17 B 4 2t A1 o P o
AR FR R S [D). 4R)11: 7 B BB R, 2017.

[28] FHERE, AR, 5K, %5 . c-di-GMP [ i — Bl PA4781 7E47T
B K Merecidin $0) 1] 41 231 50 Jf 1 25 0 s o A4 0], 2
2230 ), 2020, 47(3): 868-879. DOI: 10.13344/j. microbiol. china.
190754.

[29] LIN X T, ZHENG X B, FAN D J, et al. MicroRNA-143 targets
ATG2B to inhibit autophagy and increase inflammatory responses
in Crohn's disease[J]. Inflamm Bowel Dis, 2018, 24(4): 781-791.
DOI:10.1093/ibd/izx075.

[30] GUARDIA C M, TAN X F, LIAN T F, et al. Structure of human
ATGYA, the only transmembrane protein of the core autophagy
machinery[J]. Cell Rep, 2020, 31(13): 107837. DOI: 10.1016/j.
celrep.2020.107837.

[31]1 JUDITH D, JEFFERIES H B J, BOEING S, et al. ATG9A shapes the
forming autophagosome through Arfaptin 2 and phosphatidylinositol
4-kinase IIIB[J]. J Cell Biol, 2019, 218(5): 1634-1652. DOI1:10.1083/
jcb.201901115.

[32] ALERS S, WESSELBORG S, STORK B. ATG13[J]. Autophagy,
2014, 10(6): 944-956. DOI:10.4161/auto.28987.

[33] HUANG F, CHEN W, PENG J, et al. LncRNA PVT]1 triggers cyto-
protective autophagy and promotes pancreatic ductal adenocarcinoma
development via the miR-20a-5p/ULK1 axis[J]. Mol Cancer, 2018, 17
(1): 98. DOI:10.1186/s12943-018-0845-6.

[34] [H 4, VL0508, Wie, 25 . SIRT1 14 i FOXO1/RAB7 {5 5 il %
i AR 4075 3 ) R e 400 1 T e L AR B R AR 2019,
35(9): 1545-1550. DOI:10.3969/j.issn.1000-4718.2019.09.002.

[35] LI Q, WANG Y, PENG W J, et al. MicroRNA-10la regulates
autophagy phenomenon via the MAPK pathway to modulate
Alzheimer's -associated pathogenesis[J]. Cell Transplant, 2019, 28
(8): 1076-1084. DOI:10.1177/0963689719857085.

[36] ZHU Y, YANG T R, DUAN J L, et al. MALAT1/miR-15b-5p/MAPK1
mediates endothelial progenitor cells autophagy and affects coronary
atherosclerotic heart disease via mTOR signaling pathway[J]. Aging,
2019, 11(4): 1089-1109. DOI:10.18632/aging.101766.

[37] CAO L, ZHANG X, YUAN 8, et al. Autophagy induced by enterovirus
71 regulates the production of IL-6 through the p38MAPK and ERK
signaling pathways[J]. Microb Pathog, 2019, 131: 120-127. DOI:
10.1016/j.micpath.2019.03.028.

[38] JIANG Q, LI F, SHI K, et al. ATF4 activation by the p38MAPK-
elF4E axis mediates apoptosis and autophagy induced by selenite in
Jurkat cells[J]. FEBS Lett, 2013, 587(15): 2420-2429. DOI:10.1016/
j.febslet.2013.06.011.

[39] YU J J, ZHOU D D, CUI B, et al. Disruption of the EGFR-
SQSTMI interaction by a stapled peptide suppresses lung cancer
via activating autophagy and inhibiting EGFR signaling[J]. Cancer
Lett, 2020, 474: 23-35. DOI:10.1016/j.canlet.2020.01.004.

[40] JEEKHr, W A . 40 15 W 55 EGFR 00U 7E e v 97 v 1R i 7
BEFE[I]. I R 5% HL 2% &, 2016, 36(5): 681-689. DOI: 10.3978/j.
issn.2095-6959.2016.05.029.

[41]CHENY S,LUY, REN Y L, et al. Starvation-induced suppression of
DAZAP1 by miR-10b integrates splicing control into TSC2-regulated
oncogenic autophagy in esophageal squamous cell carcinomal[J].
Theranostics, 2020, 10(11): 4983-4996. DOI:10.7150/thno.43046.

[42] ZHU B, ZHOU Y, XU F, et al. Porcine circovirus type 2 induces
autophagy via the AMPK/ERK/TSC,/mTOR signaling pathway in
PK-15 cells[J]. J Virol, 2012, 86(22): 12003-12012. DOI: 10.1128/
jvi.01434-12.

[43] WANG Y, LIU J, ZHOU J S, et al. MTOR suppresses cigarette
smoke-induced epithelial cell death and airway inflammation in
chronic obstructive pulmonary disease[J]. J Immunol, 2018, 200(8):
2571-2580. DOI:10.4049/jimmunol.1701681.

[44] ZENG B, SHI W, TAN G. miR-199a/b-3p inhibits gastric cancer
cell proliferation via down-regulating PAK4/MEK/ERK signaling
pathway[J]. BMC Cancer, 2018, 18(1): 34. DOI: 10.1186/s12885-
017-3949-2.

[451 YU Y, YANG L, HAN S, et al. MIR-190B alleviates cell autophagy
and burn-induced skeletal muscle wasting via modulating PHLPP1/
AKT/FoxO3A signaling pathway[J]. Shock, 2019, 52(5): 513-521.
DOI:10.1097/shk.0000000000001284.

[46] ZHU J, DOU S, JIANGY, et al. Apelin-36 exerts the cytoprotective
effect against MPP*-induced cytotoxicity in SH-SY5Y cells through
PI3K/AKT/mTOR autophagy pathway[J]. Life Sci, 2019, 224: 95-
108. DOI:10.1016/j.1£5.2019.03.047.

[YFs HHA]  2020-05-19 [f&EBHA]  2020-09-12
[A3C4miE]  #HiA



