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Methodology
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General structure of signal flow

cell fate control
for survival
--> differentiation
--> proliferation
--> apoptosis

distinct cell fate

What makes
such a decision?
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Signal transduction pathways are mostly overlapped
regardless of different ligand or cell types!



5Schulze, et al. Mol Syst Biol. 2005 

Furthermore, primary binding proteins for ErbBs are
almost same !
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However, ErbB signaling network is diverse
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How do cells induce specificity using 
overlapping signaling cassettes?

• Cell specificity
different ErbB receptor expression (single or co-expression), 

= distinct cellular transformation outcomes
- prediction of mechanism using kinetic model  
- identification of pathway structure and key regulators 

• Ligand specificity 
different ligand induces distinct cell fate
- identification of mechanism
- quantitative transcriptome analysis
- relationship with upstream signaling  
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differentiation (lipid accumulation)

HRG

proliferation

EGF

Control
(human breast cancer MCF-7 cells)

Different responses to the ligands.
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Ligands and ErbB receptors in our study

EGF …
• is a high affinity ligand for EGFR/ErbB1 receptor.
• down-regulates EGFR activation through Cbl 

ubiquitination.

HRG …
• is a high affinity ligand for ErbB3/4 receptor and 

trans-activate ErbB2.
• ErbB2/ErbB3 heterodimer forms the most potent 

oncogenic unit (ErbB2 activates MAPK & ErbB3 
activates PI3K-Akt). 
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cell fate control

EGF or HRG stimulation

signal transduction

Immediate-early
genes expression

Flow of cell fate control

transcriptional network

Short term protein 
phosphorylation and gene 

expression were investigated.

Identification of IE genes 
may be directly affected by 
signal transduction.

8 time points (0-90min)
4 dosages (0.1-10nM)
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Western blot
Measured species:

EGRF, ErbB2, 
and their phosphorylated forms.

EGF

0 5 10 15      30        45       60                  90 (min)

HRG(0.1, 0.5, 1, 10nM)Protein assay

Bio-Plex suspension array system
(Bio-Rad Laboratories, Inc )

Measured species:
ERK, Akt, and their phosphorylated forms.

multiplex assay (96 well)

easy to normalize raw data

Gene expression
GeneChip (Affymetrix)

Human Genome U133A 2.0 Array
(22,000 probe sets ~ 18,400 transcripts ~ 14,500 genes)
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Chip data

Flow chart of gene expression analysis in this study

upstream 
transcription 

factor 
prediction

sequence
analysis 

(DEF domain 
search)

annotation

1

2 3 4

gene selection (statistical analysis) 
& principal component analysis



14

1. Gene selection (Statistical analysis )

Wave shaping by Multiplicative decomposition model

• Log-transformed gene expression level at time point i and dose level 
j is modeled as following equation.

• where,
• A(i) is time-course profile
• B(j) is dose-dependent profile
• C(j) is baseline expression level depending on dose level j.
• Three component A(i), B(j) and C(j) are estimated by minimizing 

following quantity.

• with constraint
• Numerical optimization was done by optim function implemented in 

R programming language with multiple initial values.

( ) ( ) ( ) ( ) errorjCjBiAjiX ++=,

( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )00,00,0, 2

1 1

2
, CXwjCjBiAjiX xjiwRSS

I

i

J

j
x −∑∑ +− +=

= =

( ) ( ) errorCX += 00,0

( ) ( )( ) JJBB L+1

Shimodaira, H, TITEC
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Multiplicative decomposition of a gene expression profile into time-
course and dose-dependent profiles

Tani Y, et al. Proc. Genome Inform P058, 2005.
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Gene selection procedure

• Discard the gene if 

• Discard the gene If

• Calculate the z-statistic

Then, calculate p-value of the normal approximation test

where       is the standard normal distribution function.
Select the gene if p < 0.0001.

・ is calculated using the resampling residuals method, a version of
the bootstrap resampling method for regression analysis.

where
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Principal component analysis

<PCA for time-course profiles>
i) A(i) is a 7 dimensional vector. Put the vectors in the 7 dimensional 
space, and Find principal component.

<PCA for dose-dependent profiles>
i) B(i) is a 4 dimensional vector. Put the vectors in the 4 dimensional 
space, and Find principal component.

( ) ( ) ( ) ( ) errorjCjBiAjiX ++=, ( ) ( ) errorCX += 00,0

For given multiplicative decomposition model:
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2. TF analysis (Find specific upstream TFs)

selected genes predicted TFs (provided by UCSC genome browser)
gene1
gene2
…
geneN

predicted TFs for gene1
predicted TFs for gene2
…
predicted TFs for geneN

selected genes 
(N)

others
(22277-N)

TF_1
TF_2
…
TF_M

For TF_x (x=1,2,…,M), Fisher’s Exact Test was performed.

bind

not bind

number of genes number of genes

number of genes number of genes

We can use “fisher.test” on R Language to get p-value.

In-house tool

Public tool
Utilize web service like “MOTIF Search”. (http://motif.genome.jp/)

combinational analysis
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3. Sequence analysis for DEF domain
search (FXFP & FXYP)

For selected genes,
i) retrieve amino-acid sequence information

ii) select genes that have a target motif
(In this study, this selection was just done with perl script.)

No Start End Seq. Start End Seq. + gap
1 CSNK1D 207945_s_at 1453 Q6ZNS0 128 99 102 FSYP 79 122 -ATGGFLKMPPPKYVLWSYFFFSYPQEHVSSVCFHSTGSATIHMA--
2 DST 204455_at 667 NP_001714 2649 2319 2322 FLFP 2299 2342 -QALYYSELLRMCVFDVESQCFLFPFGERNISNLNVKKTHRISVV--

DST 204455_at 667 NP_065121 3062 2555 2558 FPFP 2535 2578 -HLKLLPGKNTRDSFKLINSQFPFPQITNNEELNQKGSLKKATVT--
DST 204455_at 667 Q03001 3214 2884 2887 FLFP 2864 2907 -QALYYSELLRMCVFDVESQCFLFPFGERNISNLNVKKTHRISVV--

3 DUSP1 201041_s_at 1843 P28562 367 339 342 FNFP 319 362 AEAGSPAMAVLDRGTSTTT-VFNFPVSIPVHSTNSALSYLQSPIT--
4 DUSP4 204015_s_at 1846 NP_476499 303 275 278 FSFP 255 298 -PSGPLRERGKTPATPTSQFVFSFPVSVGVHSAPSSLPYLHSPIT--

DUSP4 204015_s_at 1846 NP_001385 394 366 369 FSFP 346 389 -PSGPLRERGKTPATPTSQFVFSFPVSVGVHSAPSSLPYLHSPIT--
DUSP4 204015_s_at 1846 Q13649 411 383 386 FSFP 363 406 -PSGPLRERGKTPATPTSQFVFSFPVSVGVHSAPSSLPYLHSPIT--

5 F2RL1 213506_at 2150 P55085 397 251 254 FLFP 231 274 -PEQLLVGDMFNYFLSLAIGVFLFPAFLTASAYVLMIRMLRSSAM--
6 F3 204363_at 2152 Q86WH3 145 15 18 FSYP 1 38 -------EIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPE--

F3 204363_at 2152 Q86SE7 220 90 93 FSYP 70 113 -ECDLTDEIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPE--
F3 204363_at 2152 P13726 295 108 111 FSYP 88 131 -ECDLTDEIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPE--

7 FOS 209189_at 2353 P01100 380 272 275 FLFP 252 295 -SVEPVKSISSMELKTEPFDDFLFPASSRPSGSETARSVPDMDLS--
FOS 209189_at 2353 P01100 380 343 346 FTYP 323 366 -LCTPVVTCTPSCTAYTSSFVFTYPEADSFPSCAAAHRKGSSSNE--

8 FOSL1 204420_at 8061 NP_005429 271 235 238 FTYP 215 258 -LHTPTLMTTPSLTPFTPSLVFTYPSTP--EPCASAHRKSSSSSGDP
9 GATA2 209710_at 2624 NP_116027 480 171 174 FGFP 151 194 -GSGSSVASLTPTAAHSGSHLFGFPPTPPKEVSPDPSTTGAASPA--

10 JMJD3 213146_at 23135 O15054 1682 671 674 FDFP 651 694 -KAPQPVPPGVGELPARGPRLFDFPPTPLEDQFEEPAEFKILPDG--
11 KLF2 219371_s_at 10365 Q8IUN4 224 73 76 FYYP 53 96 -LDGLGAEAAPEPPPPPPPPAFYYPEPGAPPPYSAPAGGLVSELL--
12 MYC 202431_s_at 4609 P01106 439 195 198 FPYP 175 218 -SLYLQDLSAAASECIDPSVVFPYPLNDSSSPKSCASQDSSAFSP--

MYC 202431_s_at 4609 NP_002458 454 210 213 FPYP 190 233 -SLYLQDLSAAASECIDPSVVFPYPLNDSSSPKSCASQDSSAFSP--
13 NDEL1 208093_s_at 81565 Q6ZW10 148 8 11 FTFP 1 31 -------MCAGVH-------VFTFPPAETSDAVKPSHIKQYTLTG--
14 OSR2 213568_at 116039 Q8N2R0 312 83 86 FPFP 63 106 -EITRSTITEMAAAQGLVDARFPFPALPFTTHLFHPKQGAIAHVL--
15 PGAP1 220576_at 80055 Q75T13 922 43 46 FEYP 23 66 -LGLWDVFFGFEENKCSMSYMFEYPEYQKIELPKKLAKRYPAYEL--

PGAP1 220576_at 80055 Q6AW92 748 196 199 FTFP 176 219 -VLVKVSKWTYVAYNESEKIYFTFPLEN--HRKIYTHVYCQSAMLDT
PGAP1 220576_at 80055 Q75T13 922 370 373 FTFP 350 393 -VLVKVSKWTYVAYNESEKIYFTFPLEN--HRKIYTHVYCQSTMLDT

16 PPP1R15A 37028_at 23645 Q6IA96 674 177 180 FSYP 157 200 -NPGEEKAEEEGVAEEEGVNKFSYPPSHRECCPAVEEEDDEEAVK--
17 PPP1R3D 204554_at 5509 Q86X09 299 238 241 FGFP 218 261 -EAVARWRGPAGPEGTEDVFTFGFPVPPFLLELGSRVHFAVRYQV--
18 RARA 203749_s_at 5914 P10276 462 26 29 FFFP 6 49 -SSCPTPGGGHLNGYPVPPYAFFFPPMLGGLSPPGALTTLQHQLP--
19 TSC22D2 210953_at 9819 O75157 780 357 360 FAYP 337 380 -SLPPQPGPAVGAPAAQQPQQFAYPQPQIPPGHLLPVQPSGQSEY--
20 VIL2 208621_s_at 7430 Q8IXG9 167 59 62 FNYP 39 82 -TVREILTSPSCWQYAVLLNRFNYPFELEKDLHLKGYHTLSQGSL--
21 ZNF287 220055_at 57336 NP_065704 754 48 51 FPYP 28 71 EILTSRFLRDTETCRQNFR-NFPYPDLAGPRKALSQLRELCLKWL--
22 ZNF307 213625_at 387032 NP_061983 545 59 62 FRYP 39 82 VRAPCSPARGPERSRQRFR-GFRYPEAAGPREALSRLRELCGQWL--

Motif AligntmentProbe Set IDSymbol Gene ID Protein acc. Seq. len.
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4. Annotation

In-house tool

Public tool

For selected genes, annotation information was added with …

literature study with PubMed

We developed annotation support tool.
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Flow chart of analysis in this study

Protein data

Integrative analysis : hypothesis for cell fate control
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Thank you for your attention

to be continued later
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Results
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ErbB receptor phosphorylation
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Dose-dependent activation of kinases in MCF-7 cells

EGF : phospho-Akt
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EGF, HRG-triggered early transcription

63 genes 251 genes62 overlap

Significant change (>1.5 fold change, p<0.0001)

EGF

0 5 10 15      30        45       60                  90 (min)

HRG
(0.1, 0.5, 1, 10nM)
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PCA of time-course and dose-dependent profiles 
(common 62 genes)

PCA of time-course profile PCA of dose-dependent profile
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PCA of time-course and dose-dependent profiles 
(common 62 genes)

PCA of time-course profile PCA of dose-dependent profile

-- EGF-induced genes are closer to baseline (black cross) 
compared to HRG-induced gene (i.e., smaller expression average)
-- EGF and HRG regulated gene expression at the same 
time, while their effect of dosage was very different.
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Ligand dose-dependent property of early transcription
might be determined by the membrane receptor

PCA of dose-dependent profile
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Time decomposition

Different kinetics
=

Different regulation
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Transcription factor binding site

Quick genes (23) Slow genes (2)

Transcription factors Quick genes ( /23) Slow genes ( /2)
CREB 14 0
Myb 13 0
Elk-1 15 0
NF-kappaB 16 0

sequence survey – up to 2000bp upstream of 5’

Only CREB was significant (p<0.05)
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c-Fos protein
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Swiss 3T3 cells 

Prolonged ERK activity stabilizes proteins 

Murphy LO, et al. Nat Cell Biol. 4:556-64, 2002.

EGF HRG
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DEF domain and protein synthesis

c-Jun

Time(min):      0    10  30  60  90 120180 10 30 60 90 120 180

c-Fos

Myc

EGF                     HRG

Murphy LO, et al. Nat Cell Biol. 4:556-64, 2002.

EGF << HRG
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Ligand-induced transcripts with DEF
domains

No Start End Seq. Start End Seq. + gap
1 CSNK1D 207945_s_at 1453 Q6ZNS0 128 99 102 FSYP 79 122 -ATGGFLKMPPPKYVLWSYFFFSYPQEHVSSVCFHSTGSATIHMA--
2 DST 204455_at 667 NP_001714 2649 2319 2322 FLFP 2299 2342 -QALYYSELLRMCVFDVESQCFLFPFGERNISNLNVKKTHRISVV--

DST 204455_at 667 NP_065121 3062 2555 2558 FPFP 2535 2578 -HLKLLPGKNTRDSFKLINSQFPFPQITNNEELNQKGSLKKATVT--
DST 204455_at 667 Q03001 3214 2884 2887 FLFP 2864 2907 -QALYYSELLRMCVFDVESQCFLFPFGERNISNLNVKKTHRISVV--

3 DUSP1 201041_s_at 1843 P28562 367 339 342 FNFP 319 362 AEAGSPAMAVLDRGTSTTT-VFNFPVSIPVHSTNSALSYLQSPIT--
4 DUSP4 204015_s_at 1846 NP_476499 303 275 278 FSFP 255 298 -PSGPLRERGKTPATPTSQFVFSFPVSVGVHSAPSSLPYLHSPIT--

DUSP4 204015_s_at 1846 NP_001385 394 366 369 FSFP 346 389 -PSGPLRERGKTPATPTSQFVFSFPVSVGVHSAPSSLPYLHSPIT--
DUSP4 204015_s_at 1846 Q13649 411 383 386 FSFP 363 406 -PSGPLRERGKTPATPTSQFVFSFPVSVGVHSAPSSLPYLHSPIT--

5 F2RL1 213506_at 2150 P55085 397 251 254 FLFP 231 274 -PEQLLVGDMFNYFLSLAIGVFLFPAFLTASAYVLMIRMLRSSAM--
6 F3 204363_at 2152 Q86WH3 145 15 18 FSYP 1 38 -------EIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPE--

F3 204363_at 2152 Q86SE7 220 90 93 FSYP 70 113 -ECDLTDEIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPE--
F3 204363_at 2152 P13726 295 108 111 FSYP 88 131 -ECDLTDEIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPE--

7 FOS 209189_at 2353 P01100 380 272 275 FLFP 252 295 -SVEPVKSISSMELKTEPFDDFLFPASSRPSGSETARSVPDMDLS--
FOS 209189_at 2353 P01100 380 343 346 FTYP 323 366 -LCTPVVTCTPSCTAYTSSFVFTYPEADSFPSCAAAHRKGSSSNE--

8 FOSL1 204420_at 8061 NP_005429 271 235 238 FTYP 215 258 -LHTPTLMTTPSLTPFTPSLVFTYPSTP--EPCASAHRKSSSSSGDP
9 GATA2 209710_at 2624 NP_116027 480 171 174 FGFP 151 194 -GSGSSVASLTPTAAHSGSHLFGFPPTPPKEVSPDPSTTGAASPA--

10 JMJD3 213146_at 23135 O15054 1682 671 674 FDFP 651 694 -KAPQPVPPGVGELPARGPRLFDFPPTPLEDQFEEPAEFKILPDG--
11 KLF2 219371_s_at 10365 Q8IUN4 224 73 76 FYYP 53 96 -LDGLGAEAAPEPPPPPPPPAFYYPEPGAPPPYSAPAGGLVSELL--
12 MYC 202431_s_at 4609 P01106 439 195 198 FPYP 175 218 -SLYLQDLSAAASECIDPSVVFPYPLNDSSSPKSCASQDSSAFSP--

MYC 202431_s_at 4609 NP_002458 454 210 213 FPYP 190 233 -SLYLQDLSAAASECIDPSVVFPYPLNDSSSPKSCASQDSSAFSP--
13 NDEL1 208093_s_at 81565 Q6ZW10 148 8 11 FTFP 1 31 -------MCAGVH-------VFTFPPAETSDAVKPSHIKQYTLTG--
14 OSR2 213568_at 116039 Q8N2R0 312 83 86 FPFP 63 106 -EITRSTITEMAAAQGLVDARFPFPALPFTTHLFHPKQGAIAHVL--
15 PGAP1 220576_at 80055 Q75T13 922 43 46 FEYP 23 66 -LGLWDVFFGFEENKCSMSYMFEYPEYQKIELPKKLAKRYPAYEL--

PGAP1 220576_at 80055 Q6AW92 748 196 199 FTFP 176 219 -VLVKVSKWTYVAYNESEKIYFTFPLEN--HRKIYTHVYCQSAMLDT
PGAP1 220576_at 80055 Q75T13 922 370 373 FTFP 350 393 -VLVKVSKWTYVAYNESEKIYFTFPLEN--HRKIYTHVYCQSTMLDT

16 PPP1R15A 37028_at 23645 Q6IA96 674 177 180 FSYP 157 200 -NPGEEKAEEEGVAEEEGVNKFSYPPSHRECCPAVEEEDDEEAVK--
17 PPP1R3D 204554_at 5509 Q86X09 299 238 241 FGFP 218 261 -EAVARWRGPAGPEGTEDVFTFGFPVPPFLLELGSRVHFAVRYQV--
18 RARA 203749_s_at 5914 P10276 462 26 29 FFFP 6 49 -SSCPTPGGGHLNGYPVPPYAFFFPPMLGGLSPPGALTTLQHQLP--
19 TSC22D2 210953_at 9819 O75157 780 357 360 FAYP 337 380 -SLPPQPGPAVGAPAAQQPQQFAYPQPQIPPGHLLPVQPSGQSEY--
20 VIL2 208621_s_at 7430 Q8IXG9 167 59 62 FNYP 39 82 -TVREILTSPSCWQYAVLLNRFNYPFELEKDLHLKGYHTLSQGSL--
21 ZNF287 220055_at 57336 NP_065704 754 48 51 FPYP 28 71 EILTSRFLRDTETCRQNFR-NFPYPDLAGPRKALSQLRELCLKWL--
22 ZNF307 213625_at 387032 NP_061983 545 59 62 FRYP 39 82 VRAPCSPARGPERSRQRFR-GFRYPEAAGPREALSRLRELCGQWL--

Motif Aligntment
Probe Set IDSymbol Gene ID Protein acc. Seq. len.

Bold letters, found in both EGF and HRG 
Plain letters, only found in HRG
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L R

Ras Raf MEK ERK

PI3K Akt
ligand affinity

receptor activation

TF

EPHA2 MAP3K14
MAP2K3 MAP3K8

DUSP
1, 2, 4, 5, 8, 10

AREG
HBEGF
VEGF TOB2

Early transcription

PP1PIP5K1A

PPP1R15A PPP1R3C
PPP1R3D AKAP9

TGFB2 SPRED2

ATF3 BHLHB2 EGR 
FOS JUN KLF MYC 
NR4A FOXA1 NFIL3 
SOX2 etc

Transcriptional feedback to signaling
pathway (EGF-, HRG-induced genes)

ErbB signaling kinetics might be regulated by early
transcription products through negative and positive feedback
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Conclusions
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of proteins
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Early transcription = Quantitative control
Convert signal (duration and amplitude) to expression amplitude

Induce ligand-dependent biphasic induction of transcription factors
(coordination with upstream signaling)

=this part should be quantitatively examined using model & exp.

ErbB receptor signaling for cell fate control

Receptor
Define ligand sensitivity and duration of first signal

Late transcription = Qualitative control
Ligand-specific transcriptional network

Cell determination
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