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MORE ON DEVELOPMENTAL  GENE 
REGULATORY NETWORKS



INCLUDES > 80 REGULATORY GENES IN VARIOUS EMBRYONIC 
TERRITORIES

EXPERIMENTALLY BASED ON: (1) SPATIAL &TEMPORAL EXPRESSION 
DATA; (2) VERY LARGE SCALE MATRIX OF PERTURBATION RESULTS; (3) 
CIS-REGULATORY ANALYSES

GRN BUILT IN COMPUTATIONAL PLATFORM  “BIOTAPESTRY”

COMPUTATIONAL BOOLEAN  MODEL CAPTURES GENOMIC REGULATORY 
LOGIC AND PREDICTS SPATIAL OUTPUT FROM GRN TOPOLOGY

THE SEA URCHIN EMBRYO GRN’S



SPECIFICATION IN THE SEA URCHIN EMBRYO









SPECIFICATION OF SKELETOGENIC CELL 
LINEAGE

HOW DEVELOPMENT IS ENCODED: EXAMPLE 1







THE DOUBLE NEGATIVE GATE SUBCIRCUIT



GENE REGULATORY NETWORKS FOR EMBRYONIC 

DEVELOPMENT ARE NOT “PARSIMONIOUSLY” 

WIRED: MULTIPLE SUBCIRCUITS OPERATE TO 
ENSURE THE RIGHT OUTCOME…



DESPITE APPEARENCES,  NOT A 
“BISTABLE SWITCH” !
TEMPORALLY  AND SPATIALLY NON-
COINCIDENT;  SEQUENTIAL AND NON-
OVERLAPPING;  ENTIRELY  
DETERMINISTIC





EFFECT OF BLOCKING PMAR1 
WITH MORPHOLINO 
ANTISENSE OLIGONUCLEOTIDE 
(MASO): 
NO SKELETOGENIC CELLS IN 
BLASTOCOEL



30 h 72 h

REGULATIVE 
RECOVERY!



24 h

30 h

72 h

P-MASO
+

BLIMP 
MASO

MINUS FAIL-SAFE 
LINKAGE:
DEVELOPMENTAL 
DISASTER



DYNAMIC  SEPARATION OF FATES:

ENDODERM VS MESODERM REGULATORY 
STATE SPECIFICATION

ANTERIOR ENDODERM (FUTURE FOREGUT & 
MIDGUT) VS POSTERIOR ENDODERM 
(FUTURE HINDGUT) REGULATORY STATE 
SPECIFICATION

HOW DEVELOPMENT IS ENCODED: EXAMPLE 2









ENDODERM VS MESODERM

NON-INTERACTING GRNS OPERATING IN SAME CELLS:
VEG2 MESODERM AND VEG2 ENDODERM SPECIFICATION





DEPENDS  ON SAME NOTCH SIGNALING AS IS USED 
TO SPECIFY MESODERM ORIGINALLY

CLEARANCE OF ENDODERM GENE EXPRESSION 
FROM MESODERM FOLLOWS:







ANTERIOR ENDODERM VS POSTERIOIR 
ENDODERM (different regulatory state 
in veg2 from that in veg1)





21h



24h



27h



HIERARCHY

TERMINAL/PERIPHERAL CIRCUITRY

UPSTREAM AND DOWNSTREAM IN GRN’S



A DIAGRAM
OF GRN 
HIERARCHY



PANCREATIC b- CELL DEVELOPMENT



DEVELOPMENTAL REGULATORY MODULES: 

-DIFFERENTIATION GENE BATTERIES

-CELL BIOLOGY CASSETTES
-MORPHOGENESIS CASSETTES

PHYSIOLOGICAL RESPONSE MODULES:
-PATHOGEN RESPONSES
-STRESS RESPONSES
-NUTRIENT FLUCTUATION RESPONSES, ETC

GLOBAL GRN: UPSTREAM AND DOWNSTREAM LINKED!

TYPES OF DOWNSTREAM GRN MODULES, THE 
STRUCTURE OF WHICH IS ENCODED IN THE 
GENOME:



DIFFERENTIATION GENE BATTERIES

Differentiation genes are always controlled by MULTIPLE 
REGULATORY GENES, which themselves cross-regulate, 
directly or indirectly

Differentiation gene batteries are at the periphery of GRNs 

They are large but repetitively organised subcircuits







THE OUTPUT  OF EMBRYONIC SPECIFICATION GRNS IS A 
BOOLEAN CHECKERBOARD OF SPATIAL REGULATORY STATES

KINETIC  O.D.E. MODELS ARE A SQUARE PEG IN A ROUND HOLE FOR 
THIS PROBLEM: 
• FAR TOO MANY PARAMETERS FOR LARGE SYSTEMS
• ALSO ILL SUITED FOR PRIMARILY SPATIAL  TRANSACTIONS 

RELATED TO EMBRYO GEOMETRY
• ALSO BOUNDARIES ARE ALL CLIFF-LIKE

YET TO CAPTURE THE LOGIC AND TO COMPARE OBSERVED AND 
PREDICTED GRN SPATIAL REGULATORY STATES,  A FORMAL  SPECIFIC  
COMPUTATIONAL MODEL OF SOME KIND IS CLEARLY REQUIRED…

TIME HAS ALSO TO BE CONSIDERED: WE APPLIED RESULTS OF AN 
EARLIER  O.D.E.  ANALYSIS OF SEA URCHIN CASCADE DYNAMICS 
(BOLOURI AND DAVIDSON, 2003)





Cascade behavior



IN LIFE THE REGULATORY  GENOME CONSISTS OF AN 
UNORDERED, LINEAR ARRAY OF INFORMATION PROCESSING CIS-
REGULATORY MODULES

WE CAPTURED THIS BY CONSTRUCTING FOR EACH GENE A 
BOOLEAN EQUATION STATING  THE INPUTS AND HOW THESE 
INPUTS ARE PROCESSED BY CIS-REGULATORY  LOGIC FUNCTIONS; 
THESE EQUATIONS NEVER CHANGE, LIKE THE DNA SEQUENCE

BUT THE INPUTS TO WHICH THEY MAY RESPOND CHANGE 
SPATIALLY AND TEMPORALLY, LIKE THE REGULATORY STATES IN 
LIFE

THE INPUTS WERE DERIVED FROM THE STRUCTURE OF THE 
GRNS, WHICH PREDICTS THEM (IN MANY CASES VALIDATED)

BASIC STRUCTURE OF MODEL-1:



-REMARKABLE CONVERGENCE OF COMPUTED AND OBSERVED 
RESULTS

-ALL OBSERVED DIFFERENTIALLY EXPRESSED GENES ARE 
EXPRESSED IN THE CORRECT DOMAIN IN COMPUTED MODEL

-SUFFICIENT CAUSALITY OF GENOMICALLY ENCODED LOGIC 
TRANSACTIONS TO EXPLAIN SPATIAL SPECIFICATION

-INFORMATIONAL CONTENT OF GRN IS NEARLY SUFFICIENT
(AND WE SEE EXACTLY WHAT WE DON’T YET KNOW)

-SHOWS WHY SYSTEM LEVEL EXPLANATION IS THE ONLY WAY TO 
SOLVE PROBLEM, SINGLE GENE FUNCTIONAL ANALYSIS WILL 
NEVER BE SUFFICIENT

-PROVIDES APPROACH TO RE-ENGINEERING REGULATORY  
SYSTEM IN SILICO

CONCLUSIONS



SUMMARY: A CHAIN OF VERTICAL CAUSAL LINKS  EXTENDS  
COMMUTATIVELY BETWEEN THE EMBRYO AND THE GENOME

• EMBRYOGENESIS IS CAUSALLY DEPENDENT ON TEMPORAL AND 
SPATIAL EXPRESSION OF LARGE SETS OF GENES

• GENE EXPRESSION DEPENDS CAUSALLY ON REGULATORY STATE IN 
EACH TEMPORAL AND SPATIAL ELEMENT OF THE EMBRYO

• REGULATORY STATE IS PRODUCED BY NETWORKS OF INTERACTING 
REGULATORY GENES (GRNS)

• WHAT GRNS DO, WHAT REGULATORY GENES THEY INCLUDE, HOW 
THEY ENCODE DEVELOPMENTAL PROGRESSION, ARE CAUSALLY 
DEPENDENT ON THEIR CIRCUITRY

• GRN CIRCUITRY IS CAUSALLY DEPENDENT ON THE INHERITED 
GENOMIC REGULATORY SEQUENCE
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mRNA molecules in a single cell protein molecules in a single cell

Time (minutes after activation) Time (minutes after activation)



Number of mRNA molecules per cell averaged over 50 cells

Time (minutes after activation) Time (minutes after activation)

Number of protein molecules per cell averaged over 50 cells



Number of mRNA molecules per cell averaged over 200 cells

Time (minutes after activation) Time (minutes after activation)

Number of protein molecules per cell averaged over 200 cells















PREDICTIVE GRN MODEL FOR THE SEA URCHIN EMBRYO

MATHEMATICAL MODELS OF DEVELOPMENTAL GRN DYNAMICS 
ARE OF DIVERSE TYPES. THE MOST COMMON TYPES ARE:

• KINETIC  O.D.E. MODELS OF TRANSITIONS OR SWITCHES  
MEDIATED BY KNOWN GRNS IN A GIVEN DOMAIN OVER TIME 
(E.G., IN MAMMALIAN STEM CELLS), OFTEN MODELS BASED ON 
GIVEN GRN SUBCIRCUITS

• KINETIC O.D.E. MODELS OF LONG DISTANCE SIGNAL LIGAND 
DISTRIBUTION IN SPACE, WITH ASSUMED TRANSCRIPTIONAL 
RESPONSE GRNS (E.G., GRADED HH SIGNAL RESPONSE)

• PARAMETERIZED  KINETIC  O.D.E. MODELS OF SPATIAL 
PATTERNING FUNCTIONS,  IN THE LATE SYNCYTIAL DROSOPHILA 
EMBRYO










