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Supplementary Figure S1: Experimental design of endogenous FGFRs perturbation
experiments and summary of the differential expression analysis. (a) The number of
biological replicates analysed per condition (VEH: vehicle; E2: estradiol; FGF10; PD: FGFR
kinase inhibitor PD173074) and time point. The limma contrasts that were calculated are shown
by coloured lines. The results are shown in (b) by bar charts depicting the number of probes
significantly deregulated at each time point after stimulation (P<0.01, limma moderated t-
statistics). (c) PCA analysis of variation observed for the differentially expressed genes (n=2141)
in the microarray analysis.
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Supplementary Figure S2: Experimental design of iF2 construct perturbation experi-
ments and summary of the differential expression analysis. (a) The number of biological
replicates analysed per condition (VEH: vehicle; E2: estradiol; FGF10: FGFR; AP20187) and
time point. The limma contrasts that were calculated are shown by coloured lines and results
given in (b) with bar charts depicting the number of probes significantly deregulated at each
time point after stimulation (P<0.01, limma moderated t-statistics). (c) PCA analysis of vari-
ation observed for the DE genes (n= 7647) in the microarray analysis. The letters a-f and a’-f’
indicate technical repeats included in the microarray experiments.
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Supplementary Figure S3: Experimental design of FGFR2b perturbation experiments
and summary of the differential expression analysis. (a) The number of biological repli-
cates analysed per condition (VEH: vehicle; E2: estradiol; FGF10: FGFR; Tet: tetracycline)
and time point. The limma contrasts that were calculated are shown by coloured lines and
results given in (b) with bar charts depicting the number of probes significantly deregulated at
each time point after stimulation (P<0.01, limma moderated t-statistics). (c) PCA analysis of
variation observed for the DE genes (n=2519) in the microarray analysis.

4



Cohort I

n=50 n=50

J C=0.67
R=0.9

n=50 n=50

J C=0.2
R=0.37

n=50 n=50

J C=0.05
R=0.16

0
20
0

40
0

60
0

R
eg
ul
on
s
(e
nr
ic
hm

en
tr
an
k)

Cohort II

n=50 n=50

J C=0.18
R=0.36

n=50 n=50

J C=0.03
R=0.12

Normals

n=50 n=50

J C=0.05
R=0.11

0 200 400 600

Regulons (enrichment rank)

T−ALL

Supplementary Figure S4: MRA agreement among regulons derived from different
transcriptional networks (TN). Regulons are ranked by the enrichment p-value estimated
for E2.FGF10 signature (Exp1 ) and the graphs show the comparisons of regulon rank for cohort
I, cohort II, normal breast tissue and T-ALL for all regulons. The correlation coefficient R is
given for each comparison. The Venn diagrams depict the same comparison, but showing only
the overlap obtained for the top 50 ranks, quantified by the Jaccard Coefficient (JC ).
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Supplementary Figure S5: MRA agreement among regulons derived from different
transcriptional networks (TN). Regulons are ranked by the enrichment p-value estimated
for E2.AP20187 signature (iF2 construct perturbation experiments) (Exp2 ) and the graphs show
the comparisons of regulon rank for cohort I, cohort II, normal breast tissue and T-ALL for all
regulons. The correlation coefficient R is given for each comparison. The Venn diagrams depict
the same comparison, but showing only the overlap obtained for the top 50 ranks, quantified
by the Jaccard Coefficient (JC ).
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Supplementary Figure S6: MRA agreement among regulons derived from different
transcriptional networks (TN). Regulons are ranked by the enrichment p-value estimated
for PT.E2.FGF10 signature (FGFR2b perturbation experiments) (Exp3 ) and the graphs show
the comparisons of regulon rank for cohort I, cohort II, normal breast tissue and T-ALL for all
regulons. The correlation coefficient R is given for each comparison. The Venn diagrams depict
the same comparison, but showing only the overlap obtained for the top 50 ranks, quantified
by the Jaccard Coefficient (JC ).
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Supplementary Figure S7: MRA analysis using the TCGA derived transcriptional net-
work. (a) A transcriptional network was calculated on expression profiles from the TCGA
data set and master regulators (MRs) of FGFR2 signaling were determined by MRA using the
FGFR2 signatures obtained in the three experiments. The heatmap shows the MRs found in
all three experiments (Exp1-3 ), and their enrichment (in shades of orange) estimated from the
MRA analysis. (b) The heatmap shows the hierarchical clustering on the Jaccard similarity
coefficient (in shades of blue) focused on the overlap between the regulons of FOXA1, GATA3,
ESR1 and SPDEF.
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Supplementary Figure S8: MRA analysis using different DPI thresholds. Enrichment of
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significant enrichment in the transcriptional network computed with a DPI threshold of 0.00,
0.01 or 0.05.
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Supplementary Figure S9: GSEA of the genes in each of the 5 master regulators. MR
regulons (from the DPI-filtered TN) are ranked by their response to FGFR2 signalling using the
expression signatures Exp1 (a), Exp2 (b) and Exp3 (c). *: P < 0.001, weighted Kolmogorov-
Smirnov test.
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Supplementary Figure S10: Overlapping peaks between triplicates of SPDEF, FOXA1,
GATA3 and ER ChIP-seq data. Only binding events that occurred in at least two out
of three biological replicates were considered for further downstream network analysis. Venn
Diagrams were obtained using the ChIPpeakAnno R package [60].
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Supplementary Figure S11: Regulons are enriched in experimentally determined bind-
ing sites. Enrichment of binding sites of the ESR1, FOXA1, GATA3 and SPDEF regulons in
ChIP-seq data obtained in MCF-7 cells for ESR1 (a) FOXA1 (b) GATA3 (c), and SPDEF (d).
A background distribution is shown as a reference line (grey line) and represents the distance
between the TSS and a random peak placed in the same chromosome. Observed distances (red
line) were compared to random regulons (green line; mean ±SD; n=1000) and random sites
(blue line; mean ±SD; n=1000) by permutation analyses. *: observed regulon/sites are statis-
tically significantly different (P<0.05, permutation analysis) to random sites, but not random
regulons. **: observed regulons/sites significantly different (P<0.05, permutation analysis) to
both random sites and random regulons (regulons from the DPI-filtered TN).
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Supplementary Figure S12: Enrichment of MR regulons with differentially expressed
genes from knock-down experiments. The GSEA plots show the MR regulons ranked
by their response to (a) ESR1, (b) PTTG1 and (c) SPDEF siRNAs. These GSEA plots are
complementary to the results presented in the Supplementary Table S4, which shows an
enrichment analysis using hypergeometric test (MRs from the DPI-filtered TN). *: P < 0.001,
weighted Kolmogorov-Smirnov test. 13



0

FGFR2 enrichment

1 2 3

20.0

R
eg
ul
on
si
ze

211.1

581.3

1181.0

2189.1

0.40

Ja
cc
ar
d
co
ef
fic
ie
nt

0.43

0.46

0.51

0.62

MAX
NFAT5

BRPF1

ZNF85

CEBPA

EN1

DR1

GLI2

CBL

ZNF529

REL

GAS7

ZNF302

PRDM2

BTAF1

KLF4

NR1H3

BACH2

CBFB

SPI1

HOXA4

HOXA5

SOX12

LZTFL1

PRRX2

HBP1
PTTG1

SMAD5

EGR1

NFKB2

ZNF384

TCF4

POU2F2

SMAD1

FOXM1

DEK

MZF1

IRF1

DMTF1

ZNF226

IRF8

RELB

ZBTB43

HMGA1

FOSB

EMX2
ENO1

ZNF473

ZNF140

ZNF273

NR1H2

MEF2D

ZNF136

ZNF423

ELF5

ETV3

AFF4

ERG

ETS2

HIF1A

PRRX1

J UNB

ATF1

E2F2

ZNF331

ZNF219

SNAI2

ZNF3

ETV7

AR

TRIM22
ZNF263

YWHAE

KLF12

ZNF434

GLI3

SP140

PPARD

MGA

ZBTB38

VAV1KLF6

J UN

ZNF318

TBX19

SP3

TCF7L1

RORA

MNT

ATF2

SNAPC4

HOXD12

AEBP1

SOX17

SOX11 THRA

ZNF580

KLF2STAT2

SOX10

RARA

NFX1

NFIB

ETS1

RELA

ARID4A

FOS

ZNF500

MTF1

PGR

ZNF142

SOLH

MITF

MAFB

MYC

MSX1

ATF3

NFIL3

FOXF2

SMARCA4

IKZF1

MEIS2

MYB
ZFHX4

RUNX1T1

KNTC1

YBX1
TWIST1

CREB3L2

DENND4A ZNF259

KLF9

STAT1

TCEAL1

ZNF365

CEBPZ

SP4

KLF3

YEATS4

CEBPB
NFIC

ZFP36L1

SNAPC2

ZNF688 FMNL2

NR2E3NFE2L3
ZNF446 VEZF1

GATA3
FOXA1

ESR1
AFF3

XBP1

KLF11
SPDEF

SALL2
LMO4

RUNX3

ZNF552
ELF4

E2F4

ZNF587

CIITA

ZNF692

ZNF574

CBFA2T2

CREB1

FUBP3

SMAD7

TSC22D2

TSC22D1

CNBP

ZNF12 TAF1B

CNOT8

ADNP

NR2C1

ATF4

ZNF146

HMGB2

YY1

SNAPC5

CREG1

ZNF148
ZNF264

POU2F1

ZNF324

ZNF408

IRF3ZNF451

ZNF557

RFXANK

ZNF562

RB1

ZNF652 RFX1

DAXXZNF669

KLF10

ZNF223

ZNF549

BLZF1

ZNF14

ZNF573

IKZF4

ZNF672

ZNF93

ZNF91

ZNF675ZNF507

CEBPG

ZBTB17

TP53

TFCP2L1ZNF345

SLC2A4RG

SOX18

MYT1

HHEX

LHX6

NFYB

MEIS1

USF2

KIAA0415

LHX2NCOR1

NR6A1

TCFL5ZNF287HOXC10

HOXC6

HOXC4

SP1

HOXA10

HSF4

FBXL8

GTF2IRD1

HSF1

PPARG

HESX1

TFAP2B

LOC401317

PITX1

NR2C2

BACH1

LZTR1

ZNF133

ZNF189

ZNF696

ZNF343

ZNF167

ZNF197

INSM1ZNF35

SMAD4NR2F1

PHTF2RXRB

NPAS2

ZNF135

ZNF143

ZNF329

ZNF274

ZNF544

ERF

TRIM28ZNF532

BCL6

ARNTL

NKX2-5

TFDP1

VDR

TEAD4

CDX2

PBX3

ZNF576

ZNF45

ZNF155

ZNF230ZNF224

ZNF225

ZNF234ZNF227

ZNF235

NR4A3

SOX4

RUNX1

PAX6

ZNF24

MSX2

ARNTL2

ZNF215

ZNF407

ZNF516

ZNF236PKNOX1

ASCL1

CTCF

RFXAP

ATF5

SIX5

PROP1

ZNF271

FOXH1

NOTCH2NR3C2

ZNF10

HES1

ZNF484ELF1

GATA2

MTA1

E2F8

BUD31

ARNTCCRN4L

ZMYM2

TBX2ZNF175MBD1

SLC26A3

ZNF350ZNF614

ZNF432

ZNF34

SHOX2

ZNF184

ZNF202

ZNF528

IRF7

FOXJ 1

VAX2

ZNF701ZNF611ZNF468

ZNF205

ZNF415VPS72

ZFP37CITED2

EGR3

ZKSCAN1

ZNF79

DBP

ZNF192

ZNF200

ZNF193RFX2RFX5

ZNF7

ZNF33B

TCF7

NFIX

PLAGL2

PBX2

SRF

TFE3

MYCNKLF5

HIVEP2

ZNF131

ZNF250

COMMD5ELK3

DDIT3

PURA

ZNF174

PHF2PFDN1

PCGF2

ATF6

ZNF16

FUBP1

RORC

CBFA2T3

PBX1

RXRG

NR1D2

TULP4

TEAD3

ZNF239POU4F1

TBX21

FOXJ 2

SP2

REXO4

RREB1

HOXA2HOXA3

RBL2NFE2L1

ZFP36L2

ZNF358

HOXB2

ZNF629

ZMYM4

ILF2

HIC1

ZFX

BAZ1B

HOXB5HOXB9

ZNF277

MEF2C

CREBBP

HIRA

SCAND2

CLOCK

EMX1SMAD6

SMAD3

NPAT

HAND2

IRF5

MLXIPL

IRX5

FOSL2

ZNF668

TFAP4

TBX1

RNF4

NR5A2

NR4A1

ZNF281

ZNF646

HCFC1

HOXD13

MLLT10

HOXD3

HOXD1

ZNF593

AFF1

MYNN

TARDBP

TFEC

TSC22D4CNOT7

ZNF444ZNF74RNPEP

ELF3

ZNF471

ESR2

FOXN1

SIX3

ZNF460

NR2F2

MAFF

SCAND1

MECP2ZNF426

SUPT6H

ZNF211

ZNF551ZNF671

ZNF586

ZNF606

TGIF2

FLI1SOX13TCF25

ZNF510

NR2F6

UBP1

MEF2ABATF

CREBL2

SOX9

MSC ELK4

ZNF292

SLC30A9

BARX2

NFRKB

ZNF395

ZNF282

UBN1

OVOL1

MAFG

ZNF212

REST

ELK1

ASCL2

HR

KLF13

ZNF467

EDF1

MEOX2

ZHX3

TBX3IRF4

HMBOX1

FOXP1

IRF6

EP300

MSRB2ZNF267

ZNF609

ZNF232

TEF

HEYL

FOSL1

NR3C1

HSF2

MYBL2

DRAP1

E4F1

J UNDTFAM

FOXK2

NFYA

HNF4A

STAT5B

CITED1

TRPS1

STAT5A

ESRRG

STAT3

GMEB1

IRF2

STAT6

SREBF2

MLXRLF

YPEL3

ARID3A

AHRNFKB1

ZNF207

CDX4

ZNF643TFEB

HEY2NFYCSIX1

ZBTB16

ZNF654

ZNF335

HIVEP3

ARNT2

FOXJ 3

ETV4

HEY1

MEOX1

ZNF195

NKX2-8

PAX9

TCF12

TAF5L

ZNF410TRERF1PPARA

KLF15

CEBPD

PML

AATF

PREB

HLF

TRIM25

AHCTF1

ZNF124ZNF217

HMG20B

SUPT4H1

PAX3

TFAP2C

ZBTB7A

MLL

TTC36

PRDM1

RERE

MAZ GATAD1MTA2NFATC3

ZNF337

HIVEP1VENTX

NR4A2

TCF7L2 LZTS1

DLX5

ZNF83NKRF

E2F6

ZNF22

E2F5

CREB5

ETV5

ZBTB6 HIF3A

EVX1

MYCL1

HOXD11
SMAD2 HMGA2

EN2
TAL1MAFK

FOXP3
FEZF2

MYOG

ZNF665CREB3
THRB

FOXE3

TEAD1
ZNF556

OR56B1NR1I2

ZNF330

EPAS1

RUNX2

SREBF1
HCLS1

PLAGL1
TRIM29

TSC22D3

CTBP1

TFAP2A
STAT4

BRF1

ZMYM3

ZNF589

CTNNB1

ZNF394

ZNF682

YWHAZ

ZNF493

ZNF430

RXRA
ZNF266

ZNF248

NFE2L2

BRD8

CSDA

GATAD2A

E2F3

Supplementary Figure S13: Fully annotated enrichment map derived from the tran-
scriptional network (TN) in breast cancer. Edges depicts the overlap of regulons and
shades of orange indicate degree of enrichment of a regulon in at least one of the three FGFR2
gene signatures.
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Supplementary Figure S14: Statistical analysis of the overlap of regulons computed
for the transcriptional network (TN). The overlap, synergy and shadowing are depicted.
Shadowing is only computed for those regulons whose overlap is significant.
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Supplementary Figure S15: Enrichment of the breast cancer AVS in FGFR2-related
gene loci using size-balanced gene lists. (a) Venn diagram showing the overlap between
the genes deregulated after FGFR2 signalling in the experimental systems Exp1-3 using the
size-balanced Exp1 and the original Exp2 and Exp3 gene lists. (b) Venn diagram showing the
original Exp1 gene list with the downsized Exp2 and Exp3 gene lists. The box plots show the
normalized null distribution of the EVSE analysis using the breast cancer AVS and the gene
lists in each panel.
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MRA rank2 Regulon Universe size3 Regulon size4 Total hits5 Expected hits6 Observed hits7 P-value
Adjusted
pvalue

1 PTTG1 19747 352 128 2.28 49 3.36E-54 1.81E-51
2 FOXM1 19747 398 128 2.58 41 1.65E-39 4.43E-37
3 LHX2 19747 45 128 0.29 13 1.57E-20 2.81E-18
4 STAT5B 19747 112 128 0.73 14 5.97E-16 8.03E-14
5 E2F2 19747 216 128 1.40 16 5.15E-14 5.54E-12
6 HMGB2 19747 161 128 1.04 14 1.44E-13 1.29E-11
7 ZNF395 19747 137 128 0.89 11 9.13E-11 7.02E-09
8 ZNF167 19747 95 128 0.62 9 5.82E-10 3.48E-08
9 TGIF2 19747 46 128 0.30 7 5.30E-10 3.48E-08
10 ZNF423 19747 53 128 0.34 7 1.73E-09 9.33E-08
11 ILF2 19747 328 128 2.13 13 2.92E-08 1.43E-06
12 KLF9 19747 117 128 0.76 8 6.97E-08 3.12E-06
13 HOXD13 19747 86 128 0.56 7 8.68E-08 3.59E-06
14 PURA 19747 98 128 0.64 7 2.41E-07 9.28E-06
15 DEK 19747 149 128 0.97 8 5.53E-07 1.98E-05
16 KNTC1 19747 129 128 0.84 7 1.98E-06 6.65E-05
17 NR2C2 19747 38 128 0.25 4 4.47E-06 1.42E-04
18 ZNF93 19747 20 128 0.13 3 7.53E-06 2.03E-04
19 ELK4 19747 42 128 0.27 4 7.43E-06 2.03E-04
20 E2F6 19747 42 128 0.27 4 7.43E-06 2.03E-04
21 E2F5 19747 112 128 0.73 6 8.40E-06 2.15E-04
22 RUNX1T1 19747 272 128 1.76 9 1.13E-05 2.77E-04
23 E2F3 19747 93 128 0.60 5 3.17E-05 7.41E-04

//

446 GATA3 19747 221 128 1.43 1 4.21E-01 5.07E-01
518 FOXA1 19747 331 128 2.15 1 6.35E-01 6.60E-01
533 SPDEF 19747 226 128 1.46 0 7.72E-01 7.79E-01
537 ESR1 19747 352 128 2.28 0 9.01E-01 9.02E-01

MRA rank2 Regulon Universe size3 Regulon size4 Total hits5 Expected hits6 Observed hits7 P-value
Adjusted
pvalue

1 PTTG1 19747 322 128 2.09 46 2.49E-51 1.32E-48
2 FOXM1 19747 453 128 2.94 40 8.90E-36 2.36E-33
3 E2F8 19747 23 128 0.15 13 8.65E-26 1.53E-23
4 E2F2 19747 225 128 1.46 25 2.47E-25 3.28E-23
5 HMGB2 19747 127 128 0.82 16 6.19E-18 6.57E-16
6 ILF2 19747 249 128 1.61 17 3.87E-14 3.43E-12
7 VENTX 19747 75 128 0.49 10 1.89E-12 1.43E-10
8 TGIF2 19747 57 128 0.37 9 3.06E-12 2.03E-10
9 ZNF395 19747 137 128 0.89 12 5.20E-12 3.07E-10
10 PURA 19747 128 128 0.83 11 4.09E-11 2.17E-09
11 ZNF219 19747 47 128 0.30 7 6.36E-10 3.07E-08
12 ZNF643 19747 30 128 0.19 6 7.33E-10 3.24E-08
13 KLF9 19747 105 128 0.68 9 1.57E-09 6.43E-08
14 DEK 19747 136 128 0.88 9 1.96E-08 7.42E-07
15 E2F5 19747 111 128 0.72 8 4.40E-08 1.56E-06
16 TFDP1 19747 81 128 0.53 7 5.41E-08 1.80E-06
17 VAX2 19747 34 128 0.22 5 7.64E-08 2.39E-06
18 NR2C2 19747 69 128 0.45 6 3.15E-07 9.29E-06
19 GAS7 19747 249 128 1.61 10 6.83E-07 1.91E-05
20 STAT5B 19747 82 128 0.53 6 1.04E-06 2.75E-05
21 BAZ1B 19747 57 128 0.37 5 1.83E-06 4.61E-05
22 TFAP2C 19747 68 128 0.44 5 5.19E-06 1.25E-04
23 E2F3 19747 203 128 1.32 8 7.13E-06 1.65E-04
24 ENO1 19747 77 128 0.50 5 1.07E-05 2.37E-04
25 ZBTB16 19747 22 128 0.14 3 1.13E-05 2.39E-04
26 ZNF423 19747 23 128 0.15 3 1.36E-05 2.77E-04
27 KNTC1 19747 172 128 1.11 7 1.66E-05 3.26E-04
28 ZNF671 19747 89 128 0.58 5 2.47E-05 4.68E-04

//

473 FOXA1 19747 427 128 2.77 2 5.25E-01 5.90E-01
508 GATA3 19747 343 128 2.22 1 6.55E-01 6.84E-01
517 ESR1 19747 367 128 2.38 1 6.91E-01 7.09E-01
520 SPDEF 19747 187 128 1.21 0 7.05E-01 7.20E-01

3Number of genes in the transcriptional network.
4 Number of genes in a given regulon.
5 Number of genes in the meta-PCNA signature.
6 Expected overlap between "total hits" and "regulon size".
7 Observed overlap between "total hits" and "regulon size".

Supplementary Table S1 (continued).MRA analysis using the meta-PCNA signature on the filtered transcriptional network
calculated for Metabric cohort II.

Supplementary Table S1.MRA analysis1 using the meta-PCNA signature on the filtered transcriptional network calculated for
Metabric cohort I.

1 Significant regulons for P < 0.001 (hypergeometric test) are shown. MRs from the extended MR list are highlighted in green.
2 In addition, the rank and adjusted p-value of all five MRs (relevant in all three experiments) are shown highlighted in red.
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Supplementary Table S2. Alignment rate and number of peaks per sample.

Experiment ID PF reads
Aligned
reads

Aligned
reads

Number of
peaks

* mf016_MCF7_SPDEF_Input 29,278,946 28,352,386 96.8% NA

mf025_MCF7_SPDEF_CRI01 31,578,289 30,716,655 97.3% 25,171

mf026_MCF7_SPDEF_CRI01 38,520,935 37,397,617 97.1% 99,635

mf027_MCF7_SPDEF_CRI01 32,416,721 31,586,232 97.4% 87,107

jc189_FOXA1_ChIP_MCF7_full_CRI01 13,406,298 12,406,981 92.5% 22085

jc193_FOXA1_ChIP_MCF7_full_CRI01 26,940,662 26,475,802 98.3% 99072

jc368_FoxA1_FM_veh_3h_CRI01 31,976,286 31,306,658 97.9% 41565

jc485_MCF7_GATA3_E2_SAN01 35,745,318 34,800,750 97.4% 13412

jc556_MCF7-E2-GATA3_CRI01 31,992,134 30,459,215 95.2% 9873

jc633_MCF7-GATA3-E2_CRI01 26,415,088 24,449,926 92.6% 7688

* jc379_MCF_input_rep3_CRI01 28,226,691 27,858,051 98.7% NA

jc780_MCF7_ER_E2_rep1_CRI01 58,609,743 55,231,539 94.2% 71511

mf002_MCF7_ERa_E2_45min_CRI01 36,978,860 35,673,329 96.5% 44933

mf006_MCF7_ERa_E2_45min_CRI01 27,258,888 24,846,928 91.2% 61356

*Input sequence
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Supplementary Table S3. Consistency of ChIP-seq signal between three biological
replicates of SPDEF, FOXA1, GATA3 and ESR1 data sets. For each set of triplicates,
read coverage was used to score all non-overlapping genomic regions that were called
in at least two out of the three replicates. The strength of the correlation between pairs
of replicates is described by the Spearman’s and the Pearson’s correlation coefficients.

Transcription
Factor

Replicates
Spearman’s
correlation
coefficient

Pearson’s
correlation
coefficient

SPDEF
Replicate1 vs Replicate3 0.615 0.979
Replicate1 vs Replicate2 0.739 0.986
Replicate2 vs Replicate3 0.726 0.980

FOXA1
Replicate1 vs Replicate3 0.673 0.808
Replicate1 vs Replicate2 0.638 0.865
Replicate2 vs Replicate3 0.638 0.623

GATA3
Replicate1 vs Replicate3 0.592 0.941
Replicate1 vs Replicate2 0.592 0.963
Replicate2 vs Replicate3 0.515 0.976

ESR1
Replicate1 vs Replicate3 0.679 0.797
Replicate1 vs Replicate2 0.662 0.775
Replicate2 vs Replicate3 0.712 0.853

19



Regulon1 Universe size2 Regulon size3 Total hits4 Expected hits5 Observed hits6 P-value Adjusted 
pvalue

ESR1 19747 367 1016 18.88 52 9.53E-12 1.91E-10 *
FOXM1 19747 453 1016 23.31 50 1.30E-07 2.47E-06 *
ZFP36L2 19747 177 1016 9.11 24 4.37E-06 7.86E-05 *
TFAP2B 19747 107 1016 5.51 16 3.16E-05 5.38E-04 *
GATA3 19747 343 1016 17.65 33 2.02E-04 3.24E-03
E2F2 19747 225 1016 11.58 24 2.49E-04 3.73E-03
PTTG1 19747 322 1016 16.57 31 2.94E-04 4.11E-03
SPDEF 19747 187 1016 9.62 19 1.59E-03 2.06E-02
ELF3 19747 77 1016 3.96 10 1.88E-03 2.25E-02
ZNF668 19747 106 1016 5.45 12 3.09E-03 3.40E-02
ETV4 19747 31 1016 1.59 5 4.45E-03 4.45E-02
E2F3 19747 203 1016 10.44 18 8.74E-03 7.14E-02
FOXA1 19747 427 1016 21.97 33 7.93E-03 7.14E-02
ZNF395 19747 137 1016 7.05 13 1.10E-02 7.72E-02
E4F1 19747 146 1016 7.51 13 1.84E-02 1.11E-01
SLC2A4RG 19747 171 1016 8.80 12 1.03E-01 5.17E-01
SMARCA4 19747 143 1016 7.36 10 1.19E-01 5.17E-01
HMGB2 19747 127 1016 6.53 8 2.07E-01 6.22E-01
ILF2 19747 249 1016 12.81 11 6.34E-01 1.00E+00
STAT5B 19747 82 1016 4.22 3 6.14E-01 1.00E+00

Regulon1 Universe size2 Regulon size3 Total hits4 Expected hits5 Observed hits6 P-value Adjusted 
pvalue

PTTG1 19747 322 1051 17.14 111 2.32E-61 4.63E-60 *
FOXM1 19747 453 1051 24.11 115 8.54E-48 1.62E-46 *
HMGB2 19747 127 1051 6.76 48 1.04E-29 1.88E-28 *
E2F2 19747 225 1051 11.98 52 1.79E-20 3.05E-19 *
ILF2 19747 249 1051 13.25 48 1.23E-15 1.96E-14 *
E2F3 19747 203 1051 10.80 42 4.50E-15 6.75E-14 *
ZNF395 19747 137 1051 7.29 30 4.84E-12 6.78E-11 *
STAT5B 19747 82 1051 4.36 20 1.19E-09 1.55E-08 *
SPDEF 19747 187 1051 9.95 28 2.08E-07 2.49E-06 *
SLC2A4RG 19747 171 1051 9.10 21 1.13E-04 1.24E-03
ESR1 19747 367 1051 19.53 35 3.14E-04 3.14E-03
FOXA1 19747 427 1051 22.73 39 3.87E-04 3.48E-03
GATA3 19747 343 1051 18.26 32 7.66E-04 6.13E-03
ZFP36L2 19747 177 1051 9.42 17 6.41E-03 4.49E-02
ELF3 19747 77 1051 4.10 8 2.08E-02 1.25E-01
TFAP2B 19747 107 1051 5.69 10 2.71E-02 1.35E-01
ETV4 19747 31 1051 1.65 3 8.03E-02 3.21E-01
ZNF668 19747 106 1051 5.64 4 6.72E-01 1.00E+00
E4F1 19747 146 1051 7.77 4 8.94E-01 1.00E+00
SMARCA4 19747 143 1051 7.61 6 6.44E-01 1.00E+00

Regulon1 Universe size2 Regulon size3 Total hits4 Expected hits5 Observed hits6 P-value Adjusted 
pvalue

SPDEF 19747 187 201 1.90 13 7.75E-09 1.55E-07 *
ESR1 19747 367 201 3.74 12 1.04E-04 1.98E-03
TFAP2B 19747 107 201 1.09 5 7.95E-04 1.43E-02
FOXA1 19747 427 201 4.35 11 1.48E-03 2.52E-02
ZNF395 19747 137 201 1.39 4 1.32E-02 2.11E-01
STAT5B 19747 82 201 0.83 2 5.13E-02 7.69E-01
SMARCA4 19747 143 201 1.46 3 5.86E-02 8.20E-01
SLC2A4RG 19747 171 201 1.74 2 2.53E-01 1.00E+00
PTTG1 19747 322 201 3.28 4 2.32E-01 1.00E+00
FOXM1 19747 453 201 4.61 3 6.80E-01 1.00E+00
E2F3 19747 203 201 2.07 3 1.53E-01 1.00E+00
E2F2 19747 225 201 2.29 3 1.97E-01 1.00E+00
ZFP36L2 19747 177 201 1.80 2 2.69E-01 1.00E+00
ILF2 19747 249 201 2.53 1 7.23E-01 1.00E+00
HMGB2 19747 127 201 1.29 2 1.40E-01 1.00E+00
ZNF668 19747 106 201 1.08 1 2.93E-01 1.00E+00
ELF3 19747 77 201 0.78 1 1.85E-01 1.00E+00
E4F1 19747 146 201 1.49 1 4.39E-01 1.00E+00
ETV4 19747 31 201 0.32 0 2.72E-01 1.00E+00
GATA3 19747 343 201 3.49 5 1.38E-01 1.00E+00

1 Only regulons of the extended MR list are given; MRs from the DPI-filtered TN.
2 Number of genes in the transcriptional network.
3 Number of genes in a given regulon.
4 Number of genes in the transcriptional network which show significantly differential expression upon corresponding siRNA treatment.
5 Expected overlap between "total hits" and "regulon size".
6 Observed overlap between "total hits" and "regulon size".
* P < 0.001, hypergeometric test.
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Supplementary Table S4. Enrichment of regulons with differentially expressed genes after knock-down SPDEF, 
ESR1 and PTTG1 using siRNA.
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Supplementary Table S5. Overlap* of genome-wide TF binding sites from ChIP-seq data
from MCF-7 cells.

ESR1
(% of ESR1 sites)

FOXA1
(% of FOXA1sites)

GATA3
(% of GATA3 sites)

SPDEF
(% of SPDEF sites)

ESR1 100% 38% 62% 17%

FOXA1 25% 100% 47% 6%

GATA3 13% 16% 100% 3%

SPDEF 4% 2 % 3% 100%

* We considered that there was an overlap of binding if peak summits mapped within a +/- 500bp window,
which corresponds to the approximate average peak length in our data sets.
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Supplementary Table S6. Oligonucleotide primer sequences used in this study (5' -> 3').

Gene expression
DGUOK-for
DGUOK-rev

GCTGGTGTTGGATGTCAATG
GCCTGAACTTCATGGTATTGG

IL8-for
IL8-rev

AAAGCTTTCTGATGGAAGAGAG
CCAGGAATCTTGTATTGCATC

UBC-for
UBC-rev

CAGAGGTGGGATGCAAATCT
TTGCTTTGACGTTCTCGATG

ChIP-RT-PCR
MYC enh for
MYC enh rev

GCTCTGGGCACACACATTGG
GGCTCACCCTTGCTGATGCT

GREB1 enh 3 for
GREB1 enh 3 rev

GAAGGGCAGAGCTGATAACG
GACCCAGTTGCCACACTTTT

EGR2 enh for
EGR2 enh rev

AAAGGCCATCTCATCTGTGTTCC
GAGGACATTTGGGAACAGATGG

TOX3 for
TOX3 rev

GCCTGAAAGAGAATGTGATCTAAGATT
CCCCAAAGAGTTGGCTGTTAAA

CCND1 for
CCND1 rev

TGCCACACACCAGTGACTTT
ACAGCCAGAAGCTCCAAAAA
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Supplementary Methods

Microarray and principal component analysis

Gene expression was examined as described in the Methods section. Supplementary Figures

S1-S3 depict the experimental layout and the number of deregulated probes that were detected

under each experimental condition. In Exp1 estradiol induced and repressed approximately the

same number of genes, while the response to FGF10 included more up- than down-regulated

genes. This response was ablated by the broad-spectrum FGFR kinase inhibitor PD173074,

demonstrating that the observed gene expression changes were FGFR-specific. Similar obser-

vations were made in Exp2 with the dimerisable iF2 construct (Supplementary Fig. S2b),

although here the number of FGFR regulated genes continued to increase over the time course

of the experiment with up to 5000 probes showing differential expression. The kinetics of

gene regulation after stimulation of overexpressed FGFR2 (Supplementary Fig. S3b) mim-

icked that of endogenous FGFR, with approximately 1500 differentially expressed genes (DEG).

As a quality control principal component analysis was carried out. When using the whole

probe universe (n=47231) the samples were distributed randomly. However, when the analysis

was carried out with differentially regulated genes (significant gene counts for P<0.01, limma

moderated t-statistics) the samples clustered according to the experimental conditions used

(Supplementary Figs. S1c, S2c and S3c). Importantly the estradiol only stimulated sam-

ples cluster with the sample stimulated by the combination of estradiol, FGF10 and the FGFR

kinase inhibitor (PD173074) demonstrating FGFR specificity of the signalling (Supplementary

Fig. S1c). Similarly in Exp2 E2 only treated samples cluster with those stimulated by E2,

AP20187 and the kinase inhibitor. In this experiment FGF10 signalling alone has little effect,

presumably because signalling molecules required by endogenous FGFR1b/2b are sequestered

by the overexpressed iF2 signalling construct (Supplementary Fig. S1b). Technical repli-

cates denoted a/a’-f/f’ show little variation. In Exp3 minusTet and plusTet.E2 samples cluster

together, indicating that overexpression of FGFR2 without FGF10 stimulation has no effect on

the DEG list, and FGF10 treatment causes a stronger shift of the cluster in FGFR2 overex-

pressing cells (plus Tet) than in un-induced cells (minus Tet) (Supplementary Fig. S3c).

Overall the PCA analysis therefore demonstrates that experimental variation between repeats

is low and validates the specificity of the FGFR2 expression response.

Master regulators of FGFR2 signalling

The correlation of the regulon ranks in each network was calculated to show the agreement

between the different underlying regulatory networks. The enrichment statistic for each regulon

was used to rank MRs identified in each network and the correlation statistic (R) between

these lists was compared between networks (Supplementary Figs. S4-S6). For each gene

expression signature, there was very good correlation in the enrichment rank between breast

cancer cohort I and II (R=0.85-0.9). A somewhat lower level of correlation was observed in the

ranks determined for normal breast (R= 0.29-0.39), while virtually no overlap was seen with the
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T-ALL network. An even higher agreement between cohorts was found when only considering

the 50 top ranked regulons, as measured by the Jaccard Coefficient (JC ). The rank of identified

breast cancer MRs is therefore highly reproducible between the test and validation data sets

and is related to that in the normal breast tissue data set, but is unrelated to the ranks obtained

in a different cancer context (T-ALL).

The MRA identified 5 MRs when the overlap of the three FGFR2 gene signatures was

considered. However, Exp1 resulted in a smaller number of differentially expressed genes than

seen in Exp2 and Exp3 and consequently fewer MRs are identified. When applying the less

stringent criterion of enrichment in only two of the three experiments for the selection of MRs,

an extended list of MRs was defined (Fig. 5a and Supplementary Fig. S8), which was

further considered in the synergy and shadowing analysis (see below).

Once identified, we further tested the responsiveness of each of the defined regulons to

FGFR2 signalling using gene set enrichment analysis (GSEA). In contrast to the MRA that con-

siders only the top differentially expressed genes, the GSEA uses the complete rank information

in order to test the association between a known set of genes and a given phenotypic difference

[54]. Here regulons are treated as gene sets and the FGFR2 perturbation experiments as phe-

notypes, an extension of the GSEA as previously described [34]. Supplementary Figure S9

shows that the SPDEF, ESR1, GATA3 and FOXA1 regulons are consistently FGFR2-responsive

in Exp1-3. Enrichment of the PTTG1 regulon depended on the gene expression signature used.

Regulon validation

For ESR1 and SPDEF, ChIP-seq experiments were performed in MCF-7 cells, while existing

data was analysed for FOXA1 [28] and GATA3 [29]. ChIP-seq experiments for SPDEF, FOXA1,

GATA3 and ER transcription factors were performed on three biological replicates per each tran-

scription factor. In addition, two input DNA samples were sequenced as a control of SPDEF

and ER ChIP-seq, respectively, giving a total of 14 sequenced samples. Peak regions were iden-

tified in all ChIP-seq TF data sets using the peak caller algorithm MACS [56] with the default

parameters, and using the correspondent control data set when appropriate. For each sample,

36bp single-end reads were obtained. Quality control of the raw sequenced data was conducted

using the FastQC software (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and good

quality scores across all bases were observed. Supplementary Table S2 summarizes the

number of sequenced reads and peaks found per sample.

We obtained the overlapping peaks across all three replicates for a given transcription factor

(Supplementary Fig. S10). Only binding events that occurred in at least two out of three

biological replicates were considered for further downstream network analysis. To evaluate the

consistency of signal between replicates we measured the read coverage over all genomic regions

covering peak regions that were called in at least two of the three replicates. There is a good

correlation between pairs of replicates, with Spearman’s correlation coefficients ranging from

0.51 to 0.74 (Supplementary Table S3).

The ChIP-seq data was further used to examine the distribution of TF binding sites. Sup-
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plementary Figure S11 shows that ESR1, FOXA1, GATA3 and SPDEF binding was sig-

nificantly enriched in each of their own regulons when compared to random sites in the same

regulons. Enrichment of both ESR1 and FOXA1 binding was detected across all four regulons,

further supporting the idea that these transcription factors co-operate closely [28]. In addition,

binding sites for all of four of these TFs are enriched in the SPDEF regulon, supporting the

finding that SPDEF cooperates with the ER-network (Supplementary Fig. S11a). The

overlap of binding sites was also analysed on a genome-wide basis and we find that 20% of

SPDEF binding sites map near ESR1 binding sites (Supplementary Table S5). The overlap

of binding by SPDEF and the other MRs is lower. These data support our conclusion that a

subset of ERα regulated genes is co-regulated by SPDEF and may also point to the possibility

that even if target genes are co-regulated by two or more TFs, the relevant TFs may bind to

distinct regulatory regions, for example enhancer versus promoter elements.

The co-regulatory nature of the MRs was further ascertained in siRNA experiments. Hyper-

geometric tests were used to identify the regulons most responsive to siRNA transfections for

ESR1, PTTG and SPDEF (Supplementary Table S4) and found that all MRs tested were

significantly enriched. The effect of the siRNAs phenotypes were further assessed on gene ex-

pression of the regulons of our five MRs using GSEA, confirming that all five MR-regulons were

significantly perturbed in each experiment, compared to a random gene list (Supplementary

Fig. S12). GSEA is far more sensitive in detecting change than a hypergeometric test since

the whole probe universe contributes to the analysis. Of particular interest with respect to the

ER-network was the finding that siSPDEF was sufficient to modulate expression of the ESR1

regulons (P<0.001, weighted Kolmogorov-Smirnov test), confirming its place in a network of

regulators rather than just as a downstream effector.

Overlap, synergy and shadowing the extended MR list

To better understand the relationship between the identified regulons, we used the extended list

of MRs enriched in at least two of our three FGFR gene signatures and examined their overlap,

’shadow’ and ’synergy’ as previously described [34]. Regulon shadowing has been described as

a potential confounding factor when assessing master regulators [34]. If two enriched regulons

overlap significantly, one of them may appear enriched because of the common enriched targets.

The overlap simply compares the number of genes present in the intersect of two regu-

lons compared to the total number (union) of regulated genes. Supplementary Figure S14

confirms the ER-related cluster seen for the five MRs. However in this extended list a second

cluster was apparent that included E2F3, FOXM1, E2F2 and PTTG1. E2F3, E2F2 and FOXM1

are well-studied cell cycle regulators [33,34] while PTTG1, also known as securin, functions to

maintain chromosome stability, regulate cell cycle progression and appropriate cell division [59].

Interestingly, these four TFs and a total of nine out of the additional 15 MRs of the extended

list are also significantly enriched when applying the proliferation-related meta-PCNA signature

[26] to cohort I using MRA (Supplementary Table S1), further supporting the idea that the

regulons of these factors are enriched due to the highly proliferative state of cancer cells. The
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clustering of E2F2 and FOXM1 with PTTG1 is also apparent in the network visualisation (Fig.

7c) and is fully consistent with their overlapping function in control of the cell cycle and prolif-

eration. In addition, the extended list of MRs contains a number of regulators such as ETV4,

ELF3 and SMARCA4 that may be of interest in terms of mediating the FGFR2 response more

directly and further study of these would be warranted.

The synergy analysis [34] examines if the enrichment of the applied gene expression signature

is greater in the intersect of two regulons than the enrichment found in the union of two regulons.

This analysis investigates whether two MRs act independently or on a set of overlapping genes.

Within the highly connected clusters we find that the intersect contains the most strongly

FGFR2-responsive genes. However, when a large number of genes are found in the intersect

the difference between the intersect and the union is negligible and no synergy is detected.

In contrast, when comparing MRs from cluster 1 (ESR1, FOXA1, GATA3 and SPDEF) with

cluster 2 (PTTG, FOXM1, E2F3 and E2F2) there is significantly greater FGFR2- responsiveness

in the intersect of regulons, than in the union (Supplementary Fig. S14). As demonstrated

above, the two different clusters of regulons do not have a very large overlap and their MRs map

to different parts of the TF network. The synergy analysis therefore suggests that MRs from

two different clusters can co-operate to regulate a small, but common set of FGFR2-responsive

genes.

We next carried out a ’shadow’ analysis, which is performed for significantly overlapping

regulons and contrasts enrichment between the unique part of a regulon in a pair with the

enrichment in each regulon individually. Therefore a comparison of A versus B (A-unique

versus A-total) will yield different results from a comparison of B versus A (B-unique versus B-

total) and the results are not symmetrical. To define A as a shadow of B, for example, B should

not be a shadow of A. Supplementary Figure S14 indicates that there is little significant

shadowing in either cluster. In other words, there is less FGFR2-reponsiveness in the unique

part of the regulon than in the whole regulon, confirming that the TFs within each cluster act

cooperatively to drive the FGFR2 response.

Use of size-balanced gene lists in the EVSE

Exp1-3 were designed as three distinct models of activating FGFR2 signalling. Their differ-

ences reflect both the biology underlying each experimental system and the strength of the

FGFR2 signal transmitted in each case. Consequently the identified DEG lists vary signifi-

cantly in length (Fig. 1). Importantly, the length of these gene lists can influence the outcome

of downstream statistical analysis, such as EVSE. Our comparison of the three experimental

systems revealed that, despite the difference in the number of deregulated genes, the rank order

of FGFR2-responsive genes remains very similar between experiments, as revealed by MRA

analysis (Fig. 3). We used this feature in order to generated similar sized gene lists. In Exp1

we ranked all genes on their response (log fold change) to FGFR2 singalling and extended the

DEG list to the average length of Exp2 and Exp3, but only included those genes that were

FGFR2-responsive in at least one other experiment. This places a constraint on choosing ’ran-
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dom’ non-significant genes and for this reason the extended gene list for Exp1 is slightly shorter

than that for Exp3. The size-balanced gene lists were tested in the EVSE and each experiment

yielded significant enrichment scores when tested in the cis-eQTL analysis using breast cancer

AVS (Supplementary Fig. S15a and Fig. 2b). As a control we downsized the gene lists

obtained for Exp2 and Exp3 to that of Exp1 using the same rank information approach. The

ranking was performed separately for each time point analysed and non-overlapping hits were

combined into the final gene list, resulting in similar sized lists for each of the three experiments

(Supplementary Fig. S15b). Again we tested the derived gene lists in the EVSE analysis,

but the short gene lists did not generate statistically significant associations. This suggests that

genes in the rank below approximately 950 significantly contribute to the signal and that short

genes lists lack the statistical power to reveal an association between FGFR2-responsive genes

and breast cancer AVS.

Source code

The source code developed in this study is publicly available from the Bioconductor (http:

//www.bioconductor.org/), separated in three packages for ease of use and distribution:

• R data package Fletcher2013a

http://bioconductor.org/packages/devel/data/experiment/html/Fletcher2013a.html

• R data package Fletcher2013b

http://bioconductor.org/packages/devel/data/experiment/html/Fletcher2013b.html

• R software package RTN

http://bioconductor.org/packages/devel/bioc/html/RTN.html

The R data package Fletcher2013a contains the time-course gene expression data from MCF-7

cells treated under different experimental systems in order to perturb FGFR2 signalling, while

the R data package Fletcher2013b contains a set of pre-computed transcriptional networks and

related datasets used in the network analysis. The source code for transcriptional network

reconstruction and master regulator analysis is distributed in the R software package RTN.
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