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Prion accumulation network g, 22 wks

- No Clinical Signs

FIGURE 4

A schematic of the prion accumulation and replication network in the prion-induced mouse neurodegenerative disease. The red indicates transcript levels that
have been increased in the brains from prion-infected animals as compared with normal control brains. The yellow indicated transcripts that are the same in
control and diseased animals. The three panels represent the network at 2, 12 and 20 weeks in animals that live about 22 weeks with this disease. The disease-
perturbed networks appear about eight weeks before the clinical signs appear in these animals. L.Hood et al. New Biotechnology(2012)
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Epithelial-Mesenchymal Transition

doi:10.1083 /jmcb/mjv035 Journal of Molecular Cell Biology (2015), 7(3), 253-266 | 253

Article

Network biology approach to
epithelial-mesenchymal transition in cancer
metastasis: three stage theory

12,10

Hiroshi Tanaka and Soichi Ogishima®"

* Department of Biinformatics, Medical Research Institute, Tokyo Medical and Dental University, Tokyo, Japan

* Department of Bioclinical Informatics, Tohoku Medical Megabank Organization, Tohoku University, Sendai, Japan
* These authors contributed equally to this work.

* Correspondence to: HiroshiTanaka, E-mail: tanaka@dmtmd.acjp

Epithelial -mesenchymal transition (EMT) plays a critical role inp ting cancer metastasis. In this study, cancer EMT is considered
as an overall structural change in the gene regulatory network (GRN), and its essential features are elucidated by the network biology
approach. We first defined the state space of GRN as a set of all possible activation patterns of GRN, and then introduced the quasi-
potential field into this space to show the relative stability distribution of each state. The quasi-p ial wasd ined empirically
by collecting gene expression profiles from public databases. Changes of GRN states during the EMT process were traced in the state

Journal of molecular cell biology
7(3),253-266,2015
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T R EIEERHR(EMT)

- Epitherial-mesenchymal transition (EMT)

* non-motile, polarized epithelial cells, embedded via cell-cell junctions,
dissolve their cell-cell junctions and convert into individual, non-
polarized, motile and invasive mesenchymal cells

« EMT ZEMICEH>THLEELERERR
— Gastrulation ([RREMEAA) . ARIEMEG E
- EMT &, #l@0FXRY NDO—ORKBROKEWE(L

Normal epithelium

l -

Dysplasia/adenoma Carcinoma in situ

—

y ———
Basement membrane

Extravasation Intravasation

vessel

Epithelial cell

(© Mesenchymal cell
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- EMT (L -FZE%5%%) Epthelial-mesenchymal Transition
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© HRETRIBEESMOBEE

— GEO, ArrayExpress & Y L EZ#fild (E) &&UHEME (M) OEEGFERETO
J74I - T—AEINE

— EMT@EEDORRIT—2ELTHAT I2EELDEEBRMEMTT—4 3B
— Takahashi E, Nagano O, et al. (2010); J Biol Chem. 285(6):4060-73.
- EMTE2ZEDEE
— ZTOERXETIH4FRTGRNZEE, EEMOFBBIENEVEEFTHI TR ZHE
— BLBIEF LV BDGRNHE P ERE =B

o AIRIMBRTRTDIZO DEXD T

— BIEEFNEKRDDHEITV., B1—2FRXDT2RATERLZLIC, ELFREAT

—AEERIINTERREINE
— BHEIPHBLRY, TORIVYIEBRICK)ERT DY ILRR
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F£1,2ERTDER

- PCLEREBEMREZ—RNICHEET HBIEF

— FN1 (fibronection), COL1A1, COL13A1(Collagen), NEGR1, TNC(Cell
adhesion) , ARHGAP24(cell motility) 7 &

« PC2.HRAT7 SV 3—IZBIHAEREBEMIREZ BT 5BIEF
— HMMR, PBK, CKMT1A/1B, and BRI3BP (A A& EEF)
—  $HAE B #AREE & = Fcyclin B1, MAD2L1

(a) The top 20 PC1 loadings (b) The top 20 PC2 loadings
Gene symbol Gene name PC1 loading Gene symbol Gene name PC2 loading
ELTD1 EGF, latrophilin and seven transmembrane domain 0.261823 DSC2 Desmocollin 2 0.266742
containing 1 ENPP1 Ectonucleotide pyrophosphatase/ 0.264823
FN1 Fibronectin 0.238429 phosphodiesterase 1
CNN1 Calponin 1, basic, smooth muscle 0.206869 ASPM Asp (abnormal spindle) homolog, microcephaly 0.258160
1A1 llagen, type I, alpha 1 0.203478 associated
NEGR1 Neuronal growth regulator 1 0.190520 HMMR Hyaluronan-mediated motility receptor (RHAMM) 0.246326
FBN1 Fibrillin 1 0.187782 PBK PDZ binding kinase 0.238582
ARMCX1 Amadillo repeat containing, X-linked 1 0.182721 CKMT1A/1B  Creatine kinase, mitochondrial 1A/1B 0.221564
WNTSB Wingless-type MMTV integration site family, 0.182222 AP1S3 Aqaptor-related protein complex 1, sigma 3 subunit  0.217856
member 5B MIR222HG m|:' hos_t gen;z . ) | 0.216734
XK X-linked Kx blood group 0.172636 :nb/lx':)lzu ﬁ’AF[’)"Z“'",t"t' asle, 5:’::‘;‘ e g-ig;‘l’j‘é
BAALC Brain and acute leukemia, cytoplasmic 0.163815 - R0 c arres Ceficlen™ 1xe ;
: . CCNB1 Cyclin B1 0.173976
GAP43 Growth associated protein 43 0.157189 5 5w i ;
ENPP1 Ectonucleotide pyrophosphatase/ 0.156683 CLIP3 CAP-GLY domain containing linker protein 3 0.171328
o g RSP ’ KCND3 Potassium channel, voltage gated Shal related 0.169711
phosphodiesterase 1 ;
L13A " Xiil. aloha 1 1564 subfamily D, member 3
SOt follagen, type e 0.136403 ELTD1 EGF, latrophilin and seven transmembrane domain 0.159304
DSC2 Desmocollin 2 0.154287 containing 1
FISER Scramt?lase " 0.148105 HPS3 Hermansky-Pudlak syndrome 3 0.144361
INC Tenasein € . 0143167 GAP43 Growth associated protein 43 0.133483
RCAN2 Regulator of calcineurin 2 0.140531 PVRL3 Poliovirus receptor-related 3 0.132407
1560208_at 0.135836 BRI3BP BRI3 binding protein 0.132175

ARHGAP24 _ Rho GTPase activating protein 24 0.135123 XK X-linked Kx blood group 0.128981




MEBARLRMERGEREHR) ICHTHEMTERELE
B FHREARY FT—2(Cell line of EMT)

G 321401 2 3
TJP1

1D1
ID2

EEo DRE S R ERHMA (retinal pigment e

epithelial cell) DEERT—2%FEH, e
. _ CDH1
TGB-B, TNF-0 Z A9 2L EHERIICEMTZ v
LY AR ETHER, s
cTRNGH
COL1A1
BRI A o
Oh, 1h, 6h, 16h, 24h,42h, 60h i
2,218 probe sets (1,797 genes) conz
spc1
RHOA
ETS1
FGF1
___________________________________________________ MMP3
i Takahashi E, Nagano O, et al. (2010) ! HAS2
i Tumor necrosis factor-alpha regulates i eEARe
transforming growth factor-beta-dependent e s .
epithelial-mesenchymal transition by i . '&\e“ 3 6 16 24 42
promoting hyaluronan-CD44-moesin i ‘\,ée? Time with TGF-B2 and TNF-a (h)
interaction. |

\ J Biol Chem. 285(6):4060-73.
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MM ERIE

° b MBIEAZLEME (ARPE-19) @. TGF-BIZxtd 2%
NDEEFHREIO 774 ILT7—432 (EMTEFRE) % (0, 1,6, 16,
24,42, 60h) B s8I : GeneChip (Affy HGU133 Plus 2.0).

Takahashi E, Nagano O, Ishimoto T, Yae T, et al. (2010) Tumor necrosis factor-alpha regulates transforming
growth factor-beta-dependent epithelial-mesenchymal transition by promoting hyaluronan-CD44-moesin
interaction. J Biol Chem. 285(6):4060-73.

® ARACNe 7O RLZEGFRY NT—D FHET 518
2. BRI ECFRE IO D744 I)LTF—42IZ8EA (1000
bootstraps) .

2DOMBEEFHERER (X, Y) OHEBEFRBREIXY)ZFHEL., TDY I DplEZET 5. MEMLE
BERETHEOICT—2UBEREXEFEAT S, 1000EDT—FR FT v TIT&Y90%LLEZFEA

Margolin AA, Nemenman |, Basso K, Wiggins C, et al. (2006) ARACNE: an algorithm for the reconstruction of
gene regulatory networks in a mammalian cel- lular context. BMC Bioinformatics 7 (Suppl 1): S7.
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Results: EMTBfGFREERY T —9 ZHTE
T 50D BEFDER

BEFRYRND—VZHEETILEHICERALEERTEH &5
5183 probe sets (2988 genes)

1VEBRBETEERREEZ L LEEF (SAM) ; p<0.001; FC>1.5
3471 probe sets (1766 genes)

2) BEAEM- BALUEEGET (BT t BE; p<1.0x10-10)
1689 probe sets (1203 genes)

3) BRI LRl MEMRN—HEET

34 genses
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ARACNelZ &k BB FEAEI Y FT7—%
DHETE

- ARACNelZE=FHEI A Y FO—0DHETILT Y X L
T. REGFORBEEZHEREZHICL. 28 FDREE
EEZBEMNEERORBRCRE L CTHAEBFHREZTEHL., 2
B FOHEERBRZRZTHE

ARACNe[Z & BiBfEFRREI R v b T—V DETE

BT EiEFRERE R
W - HEERED
BIZFB ﬁll:l:”:; %) .
BEFAY mEERORT ' BRTB
2T S

° P_Etj_l‘ KL L 7= ?n
S oS ey R LRETE

o AEFEKICKYEENGHEEIER D STE:
I(g1, g3) = min [I(g1, g2); I(g2, g3)] __ TMDU



1
Cancer EMT Bz FBEERY kDO —5

ARACNe [Z & % cancer EMT &fzF+ v k7—% (17,368 regulations)
(p<1.0%1010; bootstrap >90%)DH# 7E.

Q‘_ -

ARACNE; p<1.0x1079;
bootstrap >90%
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NADEMTDT R —HRETREF2HT(11EF)

Y A2 —EERF

EBMRERET & TR L
UEEIZZ S LT AEERT

(Fisher exact test p<0.05).

HMA EMT GRN
ARACNEe algorithmIZ & > THEAI S B

YR 5 —HEEF
(Master regulator)

g+

> Y R —RE A Fix

EEREMRIREELF (DEGS) (+<7
* —HEEF)

o> BERFOHIEINDEEF

Transcription

# of DEG (SAM;

P-value

factors p<0.0001, (Fisher exact
FC>1.5) test)
TCF3 86/135 2.20%x 1016
ZEB1 46/592 8.58 x 1016
SMAD2 36/317 0.000209
TWIST1 16/154 0.005634
-ﬁ-
FOSL2 5/6 0.02516
PPARA 5/7 0.03732
ARNTL2 15/38 0.03843
MXD1 4/5 0.04918
MITF 4/5 0.04918
NR2F2 4/5 0.04918

EMT B EEEZFDTAE—RTEF

A ILEIETF G%EE) B 4BEFANEE)
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MA EMT
network

Gene regulatory
networks directly
regulated by 11
master regulators.
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Oh 1h

HA EMT
network

KRT18 and TP63
expressed in the
epithelial cells as
reported before. A
master regulator
TP63 was predicted to
regulate KRT18.
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Oh 1h

A A EMT network &g
K RE

A master regulator
CTNNB1 was predicted
to induce the expression |,
of ZEB1 as reported
before. The CTNNB1
was known to be key
factor inducing the EMT
process.

ZEB1 was also a master
regulator which
expressed from the
beginning of EMT
process, and was known

) %
",
72

to down-regulate CDH1 & izl
gene expressions. ”

master ___ gene regulatory
regulator interaction

epithelial mesenchymal
marker marker




MA EMT
network

SMAD2 was a master
regulator, and was
known to induce the
mesenchymal marker
genes; e,g., MMP9
and FN1, and
SERPINEZ2 genes.

A 3 L0 S T | Y
TWIST1 was also a & ",‘ e S A"'";’,qgf"@% o
master regulator, and o e fese T A
In fact, was reported to o)
be essential in
induction of the EMT
process.

master ___ gene regulatory
regulator interaction

epithelial mesenchymal
marker marker
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Al Biological process with a critical transition l)
Before- y A Pre- After- [ Before- After-
transition - transition irreversible transition o5 reversible P
e state state transition state transition state
Before-transiti e Correlation, Correlation, Correlation,
on state  Pre-transition state deviation deviation deviation

Gradual state change
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Regular Collective Regular
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Chen i M Dynamical Network Marker
(a)

B A T N\
A A R A
NNAA N o\ [\
NEER A2V Y

Py — = iV N A

CTNNBL ZEB1 TCF3

(b)

12 12 1

TN A A i \
~ \1 /N /o / A
04 / 04 \—_—'—/ o "1"‘ I

0.3

/
o2
02 oz a v
a : 1 : 1 : 1 /] : : : : 1 | o : : : : : |
oh &h 15k 14h  azxk  &Oh Oh &h i6h 24k 4}k 6Oh ah &h 16h  1ah 42k B0k
CTNMB1 ZEBL TCF3 ZEB1 CTNMB1 TCF3

(a) The standard deviations and (b) absolute values of correlation coefficients
among the expressions of TCF3, ZEBE1, and CTNNBE1.
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Developmental Epigenetic
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Totipotent Global DNA demethylation
Zygote Only active X chromosomes;

< Global repression of differentiation
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genes by Polycomb proteins;
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Affymetrix GeneChip Human Genome U133 Plus 2.0 Array
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GO Biological Processes

Rank GO Biological Processes Count %  P-value Benjamini
1 Anatomical structure development 179 304 46x10% 1.3x1021
2 Nervous system development 107 18.2 1.7x102 2.4x1021
3 System development 166 28.2 3.7x1023 3.4 x 1020
4 Developmental process 195 33.2 1.4%x 1020 9.9x 1018
5 Multicellular organismal development 177 30.1 4.0x1018 2.2x10%
6 Multicellular organismal process 228 38.8 3.0x1016 1.5x1013
7 Neurogenesis 63 10.7 2.1x10715 8.3x1013
8 Cell adhesion 63 10.7 2.1x1071? 7.1x1010
9 Biological adhesion 63 10.7 2.2x1012 6.8 x 1010
10 Generation of neurons 55 9.4 2.2x107 6.1 %1010

ﬁ> 603 BIEFIT ML - RZEDIEIE
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Expression of gene B

T RS9 #H (PCA)IZ&BRTESE

EIZFA BOEREDTANRODLIGES

£ L. gene A, BHAHFE 1L (ZFS
B9 5HiEEFEL. B—ERSD
XD IEDREEZRT I5E

| E L1iB,
RToov)LD2R TR R TH
BEHRRETESD,
(T—3DIEXRITIL)

Expression of gene A

TMDU



EHDAEFR GO Biological Processes

Rank GO Biological Processes Count % P-value Benjamini
1 Synaptic transmission 6 214 7.9x10° 3.4x 1072
2 Transmission of nerve impulse 6 214 1.7x10*% 3.6 x 1072
3 System process 10 357 2.3x10* 3.4%x10?
4 Nervous system development 8 286 9.6x10*% 1.0x 101
5 Cell communication 7 250 1.1x10° 9.0%x10?

=) F IS EHEREDIEE

Rank GO Biological Processes Count % P-value Benjamini
1 Extracellular matrix organization 6 20.7 7.5x107 2.4x10*
2 Extracellular structure organization 6 20.7 6.9x10° 1.1x103
3 SPt?;iltJil\l/Ji regulation of response to 5 172 6.2x104 6.4 % 1072
4 Collagen fibril organization 3 103 1.1x10°3 8.3x 1072
5 Immune effector process 4 138 1.5x103 8.9x 10?2

) 5503 5 KBS - B RE D FEAE

TMDU
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potenta 3|MIR143HG o 1| 23|HoxA10
Reprogramming Trascrlptlon
4|LMOD1 factors only 21 30/Sox11
fibroblast >|NMU
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clscas — 3| 34|Zic2
7|C100rf116 | 4| 50|Sox2
8[ASPN 5 85|Emx2
9|PRELP
6| 91|FoxM1
PC1,2 10(1GJ
inc: 1PScell increase
30lsox11 dec: iPScell decrease
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Evaluation of drug targetness from protein-
protein interaction network
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Network biology approach to
epithelial-mesenchymal transition in cancer
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Epithelial -mesenchymal transition (EMT) plays a critical role in promoting cancer metastasis. In this study, cancer EMT is considered
as an overa ll structural change in the gene regulatory network (GRN), and its essential features are elucidated by the network biology
approach. We first defined the state space of GRN as a set of all possible activation patterns of GRN, and then introduced the quasi-
potential field into this space to show the relative stability distribution of each state. The quasi-potential was determined empirically
by collecting gene expression profiles from public databases. Changes of GRN states during the EMT process were traced in the state
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