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The GUDMAP Project: goals, strategies, & parts! gé:%

Overall Goal: To Define the Molecular and Microstructural O,
Basis of Genitourinary Systems Development e

Developmental Stages Anatomical Structures
(built an ontology of anatomical structures and stages!)
m CoruMBIA UNIVERSITY
Renal Lower Urinary Tract Repro-Gonadal MEDICAL CENTER

GeneChips: > 260 micro-tissue samples obtained in situ hybridization: >2700 genes/-specific

via laser capture, FACS, or micro dissection whole mount and high resolution ISH
Data Mining Goals of the GUDMAP Resource ¥
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* genes 1 1 1
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» pathways and processes

that are critical for development and
function of GU structures and functions
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Towards a Functional Molecular Anatomical Map of the Developing Kidney
Final Samples for 430 plus 2 Atlas:

N name samp method
E11.5 MetanephMesenchym MM LCM
E15.5 Cap Mesenchyme-Six2 CM Trypsinization/FACS
E12.5 RV RV LCM
E15.5 SS SS LCM
E11.5 UretBud UB LCM
E15.5 PodocytMafB Pod-MafB Trypsinization/FACS
E15.5 InterstitMeis1 Mesang Trypsinization/FACS
E15.5 RenalCorpusc RC_glom LCM
E15.5 Endothelial Cells Flk1 Endothel Trypsinization/FACS
E15.5 Proximal Tubules PT LCM
E15.5 ColDuctCortic CCD LCM
E15.5 ColDuctMedul CUB LCM
E15.5 HenleAnlag Hen LCM
E15.5 UretTip Jret? LCM
E15.5 MedulInterstit M LCM
E15.5 UretSmooMusc USM LCM
E15.5 Urothelium ut LCM




Sampled Compartments

Meis1- Mesang

Podocytes
MafB-GFP

Flk1- Endoth










Functional Dissection of Expression Patterns in the Developing Kidney

54 embryonic kidney RNA samples cluster

A: 378ps C2
B: 374ps C3
C: 526ps C10
D: 521ps C13
E: 640ps C12
F: 416ps C15
G: 642ps C7
H: 667ps C4
|: 540ps C1
J: 651ps C6
K: 576ps C5
L: 411ps C14
M: 343ps C11
N: 441ps C8
8 0:473ps C9

7599 probesets




Gudmap by Compartment : top 223 candidate compartment markers set

CM RV SS PT DH UB UT CD CUB urousm MS CS

High priority
gene candidates
for in situ
validation,
possible KI/KO,

Unlock new
compartments?



Undertaking a holistic approach to understanding molecular
mechanisms of kidney development: the GUDMAP project

the developing
mouse kidney
at E15.5




|dentifying Critical Biological Processes and Pathways active in developing
kidney compartments: enrichment analysis of large-scale gene patterns

7599 probesets in 15 K-means clusters

7
ca

Example: understanding
cluster C2; a CS/MM
pattern

T

C2 _extracellular matrix;
biological adhesion;
mesenchymal cell
differentiation;

neural crest cell
development;

tube development

C5

A:378ps C2
B: 374ps C3
C: 526ps C10
D:521ps C13
E: 640ps C12 2
F: 416ps C15
G: 642ps C
H: 667ps

I: 540ps C1
J: 651ps C6
K: 576ps

L: 411ps C14
M: 343ps C11
N: 441ps C8
0:473ps C9

omparts

-
-’

€. 7599.culd...
£, 7599.cull

£, 7599.cl0.
£ 7599.cu12...
£, 7599. 015

[814.60.7599 merpretatin

e.g. EDN3, TWIST1, LAMA4,
RTN4, NRP2, GLI2, NR2F2,
SLIT3, CHL1, FOXD1,
GFRAS3, CXCL12, TGFB2,
UNCSC, RELN, TEK, NTN1,
NRXN1, CCK, CDH2,
PPAP2B, ISL1

Gene Ontology Clusters




Filtering Approach— “Top 1000 probesets per compartment”

7599 probesets in 15 K-means clusters
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[ cluster

A: 378ps
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B: 374ps

C: 526ps
D: 521ps

E:640ps

F: 416ps
G: 661ps

H: 576ps

7599 probesets

I: 642ps

: 667ps
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: 343ps
: 441ps
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: 473ps
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<—54 embryonic kidney RNA samples —»

Pool, cluster,

GO enrichment
Mesenchymal cell differentiation .
Pattern specification ana |yS|S

Structure morphogenesis
Induction

Metanephros development
Tube development

Vasculature development
Angiogenesis

Cation transport
Vitamin transport

Cell migration
Cell differentiation

Pattern specification
Metabolic process

Regulation of cell cycle
Cell development

Programmed cell death
Metabolic process

Cell projection morphogenesis
Cell cycle

Cell adhesion
Morphogenesis of an epithelium

Excretion
Epithelial cell differentiation

Muscle development
Muscle cell differentiation
Cell adhesion
Extracellular matrix

Developmental process
Protein modification



Example of following the Systems Biology Approach: analyze the strong
cluster of genes observed to be expressed largely exclusively in Meis1-
GFP derived glomerular mesangial cells

~ A

166 genes/
transcripts with
high-level and
compartment
specific
expression in
Meis1-GFP cells
FACS sorted
from semi-
purified
glomeruli




Knowledge network-based analysis of genes observed to
be specifically expressed in glomerular mesangial cells
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Knowledge network-based analysis of genes observed to
be specifically expressed in glomerular mesangial cells
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Knowledge network-based analysis of genes observed to
be specifically expressed in glomerular mesangial cells
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Knowledge network-based analysis of genes observed to
be specifically expressed in glomerular mesangial cells
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Network knowledge analysis of genes observed to be specifically
expressed in glomerular mesangial cells
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Network knowledge analysis of genes observed to be specifically
expressed in glomerular mesangial cells
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Isolation of Mesenchymal and Epithelial Compartments of
E13 Mouse Bladder

Bladder
Mesenchyme

Epithelium

Isolate bladder and
urethra. Remove Wolffian
Ducts, Ureters, and

Umbilical Arteries.
Bladder Neck

&
Urethra
Mesenchyme

Epithelium



Analysis of Gene Expression in the
Genital Tubercle at E14

Allantois
Bladder
Cut at the
base of the
genital tubercle
Urethra
Genital
Tubercle

Urethral Phallic
Plate Segment of

UGS



T leaec e sgauamapl] The Gataca GUDRAP Explorer

Enter Text to Search Gataca GUDMAP:

urethra hvpospadia bladder ureter penis “external female genitalia” external male genitalia" ((search )
Implied Boolean Between Search Terms: @ OR () AND

Status: Done loading the disease.
e Results Fitering.__ EEI0] o0 0) Seecst:0 0

Jax Mouse Phenotype GraphTree Viewer CSTER®®

Search Terms:bladder OR urethra OR genitalia
Total Initial Nodes: 17 Deepest Node Level: 7 Greatest Node Duplication: 1
Initial Checked Nodes: 6 Sel d Nodes (w/Genes): 15 (15)

Filter Checked Nodes for # Gene Hits = 0 and s

] Toggle All Checkboxes for this Tree Graph —_
=@ ) mammalian phenotype 5353 11687 [33/2%] Use GATACA_GUDMAP
= @ [ renal/urinary system phenotype 622 892 [2/1%]
= @ () abnormal urinary system morphology 478 667 [8/2=1] to generate a set Of
= @ ] abnormal urethra morphology 17 20 [6/1=]
(@ ™ urethra atresia 2 3 _genels kdn_own to be
@ ™ hypospadia 8 9 invoived in
@ ) urethra stenosis
g g :;:Hr:;/:tghi::l fistula 1 1 devel.opment and EXpOI’t gene ||St to
® O epispadias function of LUT (ureter,
= @ ) abnormal urinary bladder morphology 38 47 [7/1=]
@ ™ urinary bladder hypoplasia 2 3 bladder’ ureth ra’ and WWW. GUDMAR ORG
@ [ distended urinary bladder 13 16 external genitalia)
(@ ™ abnormal urinary bladder epithelium morphology 9 9 [1/ #]
@ [ urinary bladder prolapse .
@ [ urinary bladder diverticulum examine patterns Of
® ) urachus e.g. BAT3, BMP?, t H t H 1
® B absent urinary blacder |l DLG1 EFENB2. EYA1 " ranscript expression in
@ (@ ™ abnormal ureter morphology 53 69 [10/0=] - / ’ ) ’ L'/ bOth microa I’I'ay
@ [7) abnormal kidney morphology 438 617 [21/0% ] — . . T .
@ ™ persistent cloaca 3 4 FGFR2, FOXC1, & in situ hybridization
@ @ abnormal urothelium 3 3 FOXCZ, FOXD1 s GDF11 ’ datasets
= @ () abnormal urinary system development 83 102 [3/0=]
@ [ abnormal kidney development 72 87 [3/0%] GDN F, GFRA1 , GREIVH y
(@ ™ abnormal septation of the cloaca 4 5 [1/0%]
(@ ™ abnormal ureter development 18 23 HOXA11 ’ HOXD11 ’
@ ™ abnormal penis morphology 21 27 [6/0# ] |TGA8 KIAA1217
= @ [ reproductive system phenotype 1151 1622 [2/1#] ’ ’
= @ ) abnormal reproductive system morphology 776 1100 [9/2] LAMC1 y LHX1 y NFIA,
= @ ) abnormal female reproductive anatomy 369 467 [3/1%]
= @ [ abnormal female genitalia morphology 285 343 [2/1=)] PAXZ, PPP3R1 ; PYGO1 ;
# @ @ abnormal external female genitalia morphology 13 14 [8/1#]
@ [ abnormal internal female genitalia morphology 281 138 [5/03] PYGOZ’ RARA’ RARG’
= @ () abnormal male reproductive anatomy 439 583 [2/1=)]
= @ [ abnormal male genitalia morphology 438 582 [2/1=/] RET’ SALL1 ! SALLZ’
# @ ™ abnormal external male genitalia morphology 32 42\ [6/1%] SALL4, S|X1 y SL|T2,

@ [ abnormal internal male genitalia morphology 426 565 [8/0% ]

@ [7) abnormal male inguinal canal morphology 1 1 [1/0#1 SMAD4, SPRY1 ) TP63



_el13

Urethra_epith

LUT “Diseasome” Genes Analyzed using the GUDMAP Microarray Database

Step 1. identify genes and good probes known to be critical for development of structure and function of the

lower urogenital system

Step 2. derive gene expression clusters over the GUDMAP LUT expression database
Step 3. Analyze identified clusters for shared features and co-functions with based on other knowledge e.g.

pathways, functions, cis elements, microRNA target sequences

c 1
c 2

c 3
c 4
c 5

p2
p2
p2

e13
Bladder_p2

Bladder mesench _e13

Urethra_e14

Bladd_e14

PelvicUret_urothel e15.5

UGS _e14

PelvicUret mu_scularis_e15.5

Early SMC
Mature SMC

Bladder urothel
p7_rfp -

p7_rfp +
Bladder adult

Ureter_p2

Bladder_urothel
Ureter_adult

Ureter e15

Bladder:stroma
Bladder_detrus

Bladder_epith
Bladder_urothel

Genital_tubercle _e14

Urethra_mesench_e13

SLC9A6,VANGL1,NIPA1, SGSH,AGA,NAGLU,MCOLN1,ANXA4,
ADAMTS1 Abnormal bladder morphology, incontinence,

hydronephrosis )
BNIP4,E C2,FGFR1,PITX2,FBN1,HSPG2: Hypospadias, Bladder

disorders, Cryptorchidism, Abnormal cartilage, artery

RRIRIO8ATAS, ATP2A2,MYH11,PCSK5,BMPS5: Abnormal
urination, abnormal ureter, penis morphology

PDGFB,SLC7A9,CHRNA3, LHX1,FOXC2 SERPINC1,NHLH2, WT1, CYP11A1,
SP8 : Abnormal morphology: bladder, ureter, vas deferens, hypospadias

EYA1,NIPBL,SALL4,SALL1,SIX1,FOXD2,HTR3A,FOXD1,GDNF:
Vesicoureteral reflux, short ureter, Hyposadia, abnormal digits and
limbs, cryptorchism
FGFR2,AR,EPHB3,EPHB2 FRAS1,FREM2,JARID1C,CUL4B,PHF6
CHD7,DKC1,GLI3, SALL2,RET,ITGA8,PYGO1,GFRA1,RARB,SLIT2 :
Hypospadias, Small penis, Decreased testicular size, Vaginal atresia,
Abnormal ureter morphology,

TBX3,JARID1C,PHF6,PTPN11, SGSH, T, NOTCH2, NOTCH3, PTEN, INHBA

Small penis, anal atresia, abnormal vulva, abnormal clitoris

RET,ITGA6,GFRA1,UPK3A,UPK2, ITGB4, FGFR3, LAMC2, TP63:
Abnormal bladder, ureter, uterus morphology, abnormal skin, teeth

FGFR2,MKS1,TBX3,HOXA13, HOXA10: Hand-foot-genital
syndrome, abnormal bladder, ureter, urethra, uterus, vagina, penis
morphology, abnormal skin, teeth



LUT “Diseasome” Genes Analyzed using the GUDMAP Microarray

Database

C5 Gene expression pattern clusters of genes known to be critical for development of structure
and function of the lower urogenital system as analyzed over the GUDMAP LUT expression

database EYA1,NIPBL, SALL4,SALL1,SIX1,FOXD2,HTR3A,F
OXD1,GDNF: Vesicoureteral reflux, short ureter,
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Cluster C5 is enriched in genes required for ureter, urethra, and normal penis
development and contains a densely connected set of genes known to participate in
Hedgehog and WNT signaling, and appendage and digit development



Identifying hypospadias-associated pathways: reference
genes from each LUT diseasome cluster (Clusters 7, 9, 11)

Associated Disease: Hirschsprung Disease; development of midline structures
Target Tissues: Genital Tubercle (e14), UGS (e14)

Associated Disease: Townes-Brocks Syndrome; anal and urethral abnormalities
SALL1

Target Tissues: Urethra (e13, e14), Genital Tubercle (e14), UGS (e14)

SOX2



Using the Gudmap Database to Extend Knowledge and to Make Novel Hypotheses of Critical
Genes for Genito-Urinary Tract Developmental Based on Syn-Expression Gene Set Analysis

Example Approach:

Step 1. Start from a known key gene: i.e. causes human disorder in a relevant structure (e.g. Salll)

Step 2. ldentify good probe(s) for selected key gene

Step 3. Perform microarray dataset analysis to identify a “syn-expressed geneset” across a set of relevant samples

Step 4. Prioritize identified genes for evaluation of co-function with key gene, based on other knowledge e.g.
pathways, functions

Example: SALL1 --Towne-Brockes syndrome: anal and urethral abnormalities; mouse: expression in
urethral mesenchyme, caudal hindgut, genital tubercle expression)

SALL1
36 transcripts with expression highly correlated to SALL1

INormalized Intensity
(log scale )
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75 microarray samples from developing
lower urogenital tissues & structures



From GUDMAP array data: Salll-correlated expression pattern

Pattern-match
based identification

of 36 genes
Salll- C,
correlated SEE
Gene Cluster: §§§
Network/ é"’l Qé?
Interactome- 8§ °
based Wnt recepto ling pathway
Enrichment
Analysis

embryonic appe

Salll- correlated gene cluster analysis implicates that GT re-
uses a Wnt/Hox program similar to those responsible for
skeletal/limb morphogenesis, and potentially specific miRs
may be used in ureter and vesicoureteral development

ter Vesico | reflux




1: Define training set by making a list of all known
T kidney development-critical genes
Known 2: Map to high quality array probesets
Genes & 3: Cluster and analyze to identify gene Eigen

Pathways patterns

l 5: Per pattern, use ISH from GUDMAP DB to define
syn-expressing genesets
-_——————
6: For each syn-expression gene pattern, expand
geneset using microarray data (forms a

candidate geneset) New Genes & New/

8: Prioritize test set based on functional Deeper
enrichment relative to training genes, Understanding of
pathways, function, etc.. Pathways

9: Validate high ranking genes to expand molecular l
knowledge of developmental disease
pathways.
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