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Affinity chromatography based phosphoproteome research
on lung cancer cells and its application
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Abstract . Phosphorylation is one of the most important post-translational modifications in pro-
teins. It plays a key role in numerous cellular processes, including signal transduction, cell pro-
liferation, and intercellular communication. More than 30% of the cellular proteins are phospho-
rylated at a given time. However, dysregulation of phosphorylated proteins usually leads to a
disorder in the intracellular signaling pathways and the onset of various diseases, especially
cancer. Cell proliferation and metastasis are the major manifestations of cancer progression,
and these might be affected by the protein phosphorylation levels. Clinically, cancer usually
metastasizes at the middle and late stages, affecting other organs beyond primary lesion. This
poses significant challenges in cancer treatment and prognosis. Consequently, comparing the
phosphorylated proteomes of cells with different metastatic capabilities is helpful in studying the
role of protein phosphorylation in cancer metastasis and progression. The human low metastatic
lung cancer cell line 95C and high metastatic lung cancer cell line 95D are two of the four
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sublines isolated from human lung giant cell carcinoma cell line ( PLA-801) by the single-cell
cloning technique. These are ideal models for studying tumor metastasis and non-small cell lung
cancer. MRC-5 cell line was obtained from a 14 week old fetal normal lung tissue. Quantitative
analysis of the proteome and phosphorylated proteome in these normal lung cells and lung canc-
er cells with different metastatic capacities can identify key pathways and regulatory proteins
associated with lung cancer metastasis and progression. Immobilized metal affinity chromatog-
raphy (IMAC) is an efficient technique for the enrichment of phosphopeptides and has been
widely used for phosphoproteome research. Metal ions (such as Ti*") are immobilized on the
substrate by chelation, and phosphopeptides can be selectively adsorbed under acidic condi-
tions and eluted under alkaline conditions. IMAC can enrich phosphate groups at different ami-
no acid sites with high specificity. In this study, Ti* was chelated onto Ti*'-IMAC material,
which was used to enrich phosphopeptides for phosphoproteome research. Two enrichment
methods, namely, the vortexing method and solid phase extraction (SPE) method, were first
compared for the enrichment of phosphopeptides using 10 wm Ti*"-IMAC. Phosphopeptides
were highly enriched using the vortexing method. Following this, two sizes of Ti*'-IMAC mate-
rial (10 pm and 30 pm) were compared to determine the efficiency of phosphopeptide enrich-
ment. Enrichment efficiency was superior with the smaller-sized material. Therefore, the small-
size Ti*-IMAC material was selected for the proteomics research of lung cell phosphorylation.
The optimized strategy was further used to compare the phosphoproteomes of the lung cancer
cells with different metastatic abilities. Label-free quantification proteomics demonstrated that
510, 863, and 1 108 phosphorylated proteins were identified from normal lung fibroblasts
(MRC-5), low metastatic lung cancer cells (95C), and high metastatic lung cancer cells
(95D) , respectively, using the optimized Ti*'-IMAC method. Among them, 317 phosphorylated
proteins were shared among the three groups. The protein phosphorylation level increased sig-
nificantly with increasing cellular metastatic capacity. In our study, 7 560 phosphorylation sites
were identified on 1268 phosphorylated proteins, among which 1 130 phosphorylation sites
were differentially expressed. Some abnormally expressed kinases and their phosphorylation
levels are closely associated with malignant cell proliferation. Comparative bioinformatics analy-
sis showed that dysregulated phosphoproteins were mainly related to cell migration functions,
such as cell invasion, migration, and death. These abnormally expressed phosphorylated

proteins and phosphorylation sites could be further validated and studied for lung cancer
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metastasis. Our study demonstrates that Ti*'-IMAC is a powerful tool for conducting cancer

metastasis-related phosphoproteome research. By optimizing the phosphopeptide enrichment

strategy, our data preliminarily clarified the correlation between the abnormality of the phos-

phoprotein network and lung cancer metastasis. This is expected to be useful for studying phos-

phorylation sites, phosphorylated proteins, and their signaling pathways related to lung cancer

progression.
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PN R A R REAS, 208 BCA E A F iR i a2 i
G UL P I AR AR A VR BGE XY T i
B2 VS I, N AL 2 mmol/ L A7 75 A i
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FHIE 4 B 0B 0, VIR 2 3B U T BRI 29 2R 10
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BRI T IFEE VR — IR, BV SR Pl
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HAREL,

B 500 g 45 20 B AR 1 O e O R B, >R
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WORH €53 - B Y B R AL 2 1 B 20 0 A, A i i
173 REAREL

WORH €83 5T 335 1Y AH S S 80 R - C18 e A AT
(15 emx75 pm, 3 wm, Thermo Fisher Scientif-
ic) , B I b LI 25 (EST) , il e 55 TN
FE 1900 V, SR 2. 0 L/min, 2 F I K 120
C, ¥ FE Tt R 350 ~ 2000 fYEE B F iE4T CID
( collision-induced dissociation ) — 2% #2243 4 , filf
RSN 20~70 eV, BhAHERR 0. 25 min,
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Proteome Discoverer ( PD, ki A< 1.3) ## % .
Homo sapiens ¥ 2 (WA 2017_11_28, 20 244 %%
FPA) | TR AL, BF B 7 BT R IR 22 (H o 15 ppm( 15
x107°) , I VISR K AE I Bl 25 85 11 TRk B %
FEMRPATEA (FDR) /N T 1%, 25 H ot % 5E bRl o 2
ARG 3 AN EAE IR

MaxQuant ( BRAS 1.6.7.0) 8 % . Bod 4 1k
it R V1AL SR R AR | [T 5E 81 | T A2 i 45 2 80 S
PD 8RR BB AR, BER] BT i iR 22 HIE Y 20
ppm(20x10™°) , FEM R LB IR 2Z(H K 4.5 ppm
(4.5x107°) . 25 I Jo0 % bn o S 22 /0 A6 Y0 58] 7 4
FROERBE, HRBOK B R T a7 DR, I
R M 94 K B ( peptide-spectrum mat-
ches, PSM) RO BH: %4 0. 01, F Perseus {4
HEATEAE BT 0 e B R A A O 3 R A
BRI B BB RR AL AR B S IR Be ek R 1k
JIKBE A B i A A o, (7 B AT RETE>0. 75) o

e bR 10 o8 1 A 15T 2 A 43 A DA I G A6 3 X
iBAQ ( intensity-based absolute quantification) {&
FEATIA—Ak . BT BERR AL 5 19 5E B, FRATT
SeUAE— 2 2/ AH P DL EE AN & A bR
e IR LA A5, t-test K931 p (H, KRG,
i e 3% 22 55 1 (p-value<0. 05 ) B2 1L 07 5, IF
R BN BT %% (fold change, FC), # FC
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& 1a >4 MRC5 .95C F1 95D 4 fits £ 4275 1 i 21
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1262 FpEE 0,3 Ml il R 2| A H Ko
T, 43S F] 992 011021 182 F ki (1 i, Hovp 3t
A TR F) 840 i, 5 BT AR I B R Y
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5IEH 20 MRCS A1 ,95C W 325 13
BT B L2902 M E AT (WLE 2a) . 5 MRCS
HHEE,95C F1 95D Hh I 3 1) 2R (4 A H A s i

# 1 Ti"-IMAC-S i#it SPE MiR% A= EMB L KENERYE
Table 1 Specificity of phosphopeptide enrichment by Ti* -IMAC-S using SPE and vortexing methods

Enrichment ‘P'r(.)te'in I\.Iumb.er Numb.er of Percent ?f Phosphorylation Percent of. Number ot.'
method initiation of identified identified phosphopeptides/ PSM PSM  phosphorylation phosphorylation
amount/pg phosphopeptides peptides % PSM/% sites
SPE 200 21 40 52.50 53 75 70.67 31
400 50 114 43.86 197 333 59.16 88
Vortexing 200 31 65 47.69 55 96 57.29 43
400 62 112 55.36 192 272 70.59 88
Ti**-IMAC-S: 10 um Ti* -immobilized metal affinity chromatography; PSM: peptide spectrum matches.
% 2 Ti*-IMAC-S #1 Ti** -IMAC-L E £ 95C 4R L AKX 4 Rl
Table 2 Specificity of phosphopeptide enrichment for 95C cell line by Ti*-IMAC-S and Ti*'-IMAC-L
Number Number of Percent of Phosphorylation Percent of Number of Number of
Material of identiﬁe.d ident'iﬁed phosphopeptides/ PSM PSM phosphorylation phosph'orylation phosphoproteins
phosphopeptides  peptides % PSM/% sites
Ti**-IMAC-S 1644 2258 72.81 3297 4016 82.10 1804 914
Ti**-IMAC-L 1002 2072 48.36 2006 3119 64.32 1095 626

Ti**-IMAC-L: 30 um Ti* -immobilized metal affinity chromatography.
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Fig. 1 Venn diagram of (a) proteins and (b) phospho-
proteins among MRCS5, 95C, and 95D
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W, 2468 1 o . AR 3 Al il A9 2 1 o b 2%
K Fr e YN Bl T8 A BERR K & A4
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Fig. 2 Dysregulated (a) proteins and (b) phospho-
sites in MRC5, 95C, and 95D
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WAL A7 5 E =TS 2 T 73 A~ FE MRCS |
95C 95D HYRR LI A BRI A A7 A, X 3K SE i R 1k
AL N B R AL 2R 1 R iR AT GO 43 BT, A7 B TR
53K BETE 4 RS HE 1 558 A0 i 200 B L 3R ) i Ak 7

®3 BBAEQRMLABIREE

Table 3 Frequency of phosphosite number per protein

Cell Phosphosite number per protein

line 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16
MRC5 331 88 30 15 8 2 1 0 2 0 0 0 0 1 0
95C 502 169 59 21 12 13 7 2 0 0 1 2 0 0 0
95D 658 190 90 42 27 11 14 5 3 1 0 3 3 2 0

Numbers in bold indicate that 95D group has more proteins with 7-11 or 13—15 phosphosites than that in MRC5 and 95C group.
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Fig. 3 Numbers and ratios of (a) mono- and multi-phosphopeptides and (b) different phosphosites
1-P. singly phosphorylation; 2-P. doubly phosphorylation; 3-P. triply phosphorylation.

R4 REREBBRULSTNBERLEARN GO 2
Table 4 Gene ontology (GO) analysis of the phosphoproteins corresponding to dysregulated phosphorylation sites

GO catalogue Term Gene percent/% False discovery rate
Biological process mRNA metabolic process 14.84 2.20E-29
RNA processing 12.97 7.98E-28
mRNA processing 16.67 5.06E-25
nucleic acid metabolic process 6.50 5.58E-25
RNA splicing 17.90 1.10E-24
nucleobase-containing compound metabolic process 6.13 2.34E-24
organelle organization 6.90 3.37E-23
cellular component organization or biogenesis 5.73 5.65E-23
regulation of metabolic process 5.33 4.28E-22
regulation of organelle organization 9.87 2.77E-21
Cell component nuclear part 7.89 5.86E-59
nuclear lumen 8.04 4.66E-56
nucleoplasm 8.39 1.72E-51
intracellular part 4.43 1.78E-50
nucleus 6.11 2.14E-48
intracellular 4.35 1.11E-47
intracellular organelle 4.72 1.77E-46
organelle 4.66 2.10E-45
cytosol 6.84 3.44E-44
intracellular non-membrane-bounded organelle 7.37 3.45E-42
Molecular function protein binding 5.45 2.23E-25
binding 4.39 5.64E-23
cytoskeletal protein binding 10.09 9.23E-17
RNA binding 10.00 8.07E-16
enzyme binding 6.92 1.94E-15
heterocyclic compound binding 5.07 2.09E-12
nucleic acid binding 5.70 5.80E-12
protein domain specific binding 9.63 6.60E-12
organic cyclic compound binding 5.00 8.06E-12
kinase binding 9.44 7.03E-11

SOGHMEERE IR A I E R, AT R R TR
PR AR AT 10 AN A Pfad B 5 20 B i 4
HRIREA 4 4, SR A 250586 210t
A 34, SR RIEWN 1130 DEERR A7 S

JITXE L) RNA A S A )i BEANTR] X SE i (b 2
P 1] -5 A0 AR A G s X AR i &, K
ZRWRTR A A B A 7R AR A B o), 5 8
AR T hRE b, SRS S 3 4, B
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Table 5 Proteins associated with significantly regulated kinases among proteome

Protein Gene

Fold changes

No. Protein name
D name 95D/MRC5 95C/MRC5 95D/95C

1 P54819 KAD2 adenylate kinase 2, mitochondrial 5.42 1.66 3.28
2 P00568 KADI1 adenylate kinase isoenzyme 1 >100 >100 N/A
3 Q02952 AKA12 A-kinase anchor protein 12 >100 >100 N/A
4 Q01813 PFKAP ATP-dependent 6-phosphofructokinase, platelet type (S386) 49.67 44.67 N/A
>100 >100 1.59
5 Q13557 KCC2D calcium/ calmodulin-dependent protein kinase type II subunit delta 0 0 N/A
6  P22694 KAPCB cAMP-dependent protein kinase catalytic subunit beta 0 0 N/A
7 P10644 KAPO cAMP-dependent protein kinase type I -alpha regulatory subunit 0.31 0 >100
8 P13861 KAP2 cAMP-dependent protein kinase type Il -alpha regulatory subunit N/A >100 N/A
9 P19784 CSK22 casein kinase Il subunit alpha 0.4 0 >100
10  P67870 CSK2B casein kinase Il subunit beta N/A 0.22 N/A
11 060271 JIP4 C-Jun-amino-terminal kinase-interacting protein 4 ( T586) >100 N/A 4.87
>100 >100 2.02
12 P12277 KCRB creatine kinase B-type >100 >100 N/A
13 P36507 MP2K2 dual specificity mitogen-activated protein kinase kinase 2 N/A N/A >100
14 P45985 MP2K4 dual specificity mitogen-activated protein kinase kinase 4 0.01 0 N/A
15 P19367 HXK1 hexokinase-1 0.03 0 N/A
16 Q96KB5 TOPK lymphokine-activated Killer T-cell-originated protein kinase (59S) >100 >100 N/A
539 0.41 13.29
17 P29966 MARCKS  myristoylated alanine-rich C-kinase substrate ( 150T) 2.12 N/A 1.64
>100 >100 3.49
18  P15531 NDKA nucleoside diphosphate kinase A 5.4 4.91 N/A
19  P22392 NDKB nucleoside diphosphate kinase B 3.1 2.86 N/A
20  P00558 PGK1 phosphoglycerate kinase 1 2 1.8 N/A
21  Q9UNFO PACN2 protein kinase C and casein kinase substrate in neurons protein 2 0 0 N/A
22 P63244 RACKI1 receptor of activated protein C kinase 1 N/A 0.66 N/A
23 015075 DCLKI1 serine/threonine-protein kinase DCLK1 (330S) 0 0 N/A
0 0 >100
24 Q9Y3F4  STRAP serine-threonine kinase receptor-associated protein 1.95 N/A 1.82
25  P63208 SKP1 S-phase kinase-associated protein 1 (131T) 1.62 0.33 4.95
>100 >100 1.33
26 P04183 KITH thymidine kinase, cytosolic N/A >100 N/A
27  P23919 KTHY thymidylate kinase 4.2 N/A 5.17
28  P30085 KCY UMP-CMP kinase 0.49 0.32 N/A

up-regulated protein; up-regulated phosphorylation sites;

down-regulated protein;

down-regulated phosphorylation sites.

Normal font: proteins associated with significantly regulated kinases revealed by proteome analysis; bold font: proteins associated
with significantly regulated kinases revealed by phosphoproteome analysis; italic bold font. fold change of phosphorylation sites on

corresponding proteins. N/A: no significant differences.
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