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GENE REGULATORY NETWORKS PROVIDE CAUSAL 
EXPLANATIONS FOR THE DEVELOPMENTAL PROCESS



CAUSALITY IN DEVELOPMENT BEGINS WITH 
SEQUENCE SPECIFIC RECOGNITION OF 
REGULATORY DNA SEQUENCES

(AND THEREFORE CAUSAL EXPLANATION OF 

DEVELOPMENTAL PHENOMENA MUST ULTIMATELY 

RELATE TO WHAT HAPPENS AT SPECIFIC REGULATORY 
DNA SEQUENCES!!)



TWO FUNDAMENTAL ASPECTS OF DEVELOPMENT :
INCREASE IN COMPLEXITY
DIVERSITY IN HEREDITARY BODY PLANS

WHAT WE NEED TO UNDERSTAND IS THE CHAIN OF 
CAUSALITY FROM THE REGULATORY GENOME TO 
THESE PHENOMENOLOGICAL OUTPUTS







NO. CIS-REGULATORY MODULES (CRM):  3-10X NO. OF GENES (?)

SIZE OF CRM:  SEVERAL HUNDRED BASE PAIRS

TOTAL COMPLEXITY:  AT LEAST AS MUCH DNA SEQUENCE 
LENGTH IS INCLUDED IN THE REGULATORY GENOME AS IN SUM 
OF  PROTEIN CODING REGIONS OF GENES (MAYBE 2-3X AS 
MUCH)

MAIN FEATURE OF CRM: THEY COMBINATORIALLY PROCESS 
MULTIPLE INPUTS SO OUTPUT IS NEVER THE SAME AS ANY INPUT

IN REGARD TO DEVELOPMENT THE REGULATORY GENOME IS A 
VAST COMPUTATIONAL DEVICE

THE ANIMAL REGULATORY GENOME:





A TYPICAL EXAMPLE OF SPATIAL INFORMATION PROCESSING



BASIC DEFINITION: REGULATORY STATE IS THE SUM OF ALL 
ACTIVE TRANSCRIPTION FACTORS IN A CELL AT A GIVEN TIME, 
AND ALL THE CELL DOES DEPENDS ON REGULATORY STATE

DEVELOPMENT IS DIRECTLY PROGRAMMED BY CONTINUOUS 
INCREASE IN COMPLEXITY OF SPATIAL REGULATORY STATES

THIS LEADS TO FUNCTIONAL AND STRUCTURAL INCREASE IN 
COMPLEXITY, AND ACCOUNTS FOR ANIMAL MORPHOLOGY

CHANGE IN THE REGULATORY GENOME IN GEOLOGICAL TIME 
LEADS TO EVOLUTIONARY CHANGE IN BODY PLAN, AND 
ACCOUNTS FOR MORPHOLOGICAL DIVERSITY OF ANIMALS

AT THE SYSTEM LEVEL THE UNIQUE, FUNCTIONAL  
OUTPUTS OF THE REGULATORY GENOME IN ANIMAL 
DEVELOPMENT: REGULATORY STATES



PARTICULAR NETWORKS OF INTERACTING REGULATORY GENES 
ENCODING TRANSCRIPTION FACTORS GENERATE PARTICLAR
REGULATORY STATES

THE KEY TO CAUSAL UNDERSTANDING OF HOW GENOMES 
CONTROL DEVELOPMENTAL PROCESS LIES IN THE TOPOLOGY OF 
THESE GENE REGULATORY NETWORKS (GRN’S), I.E., IN THE 
FUNCTIONAL LINKAGES AMONG GENES

GRN TOPOLOGY IS DETERMINED DIRECTLY BY THE A’S, C’S, G’S, 
AND T’S THAT  DEFININE THE  TRANSCRIPTION FACTOR TARGET 
SITES OF THE REGULATORY GENOME

GENOMIC CONTROL OF DEVELOPMENTAL PROCESS:



NOYES ET AL., CELL, 2008



EMBRYONIC GRNS PRODUCE IRREVERSIBLE, PROGRESSIVE SEQUENCE OF 
REGULATORY STATES; OSCILLATIONS OF REGULATORY STATE IN GIVEN 
DOMAINS RARELY OCCUR

MULTIPLE DIFFERENT MODULAR SUBCIRCUITS ENSURE THE CORRECT 
OUTCOME AT EACH STEP: “OVER-WIRED” CIRCUITRY

PROCESS IN GENERAL INDEPENDENT OF EXTERNAL ENVIRONMENTAL INPUT 
(WITHIN LIMITS OF VIABILITY)

PATTERN FORMATION (SPATIAL REGULATORY STATES) IS  FAR UPSTREAM OF 
CELL TYPE SPECIFICATION, WHICH IS A NEAR-TERMINAL PROCESS ENCODED AT 
PERIPHERY OF GRN

MAIN FUNCTION OF ENCODED GRN LOGIC TRANSACTIONS IS SPATIAL 
SPECIFICATION OF REGULATORY STATE

GENERAL CHARACTERISTICS OF DESIGN IN GRN’S 
FOR EMBRYONIC DEVELOPMENT:



SPECIFICATION IN THE SEA URCHIN EMBRYO



FOR EXAMPLE…

REPRODUCIBLE AND PRECISE SPATIAL GENE 
EXPRESSION PATTERNS









IN DEVELOPMENT, REGULATORY STATE CHANGES DYNAMICALLY IN TIME

BUT REGULATORY STATE EXPRESSION IN SPATIAL CELLULAR DOMAINS OF 
THE EMBRYO IS BOOLEAN

REGULATORY STATES DO NOT MERGE INTO ONE ANOTHER; THEY ARE 
EITHER ON OR OFF IN ADJACENT REGIONS OF AN EMBRYO

THIS IS WHY TRANSCRIPTIONAL REPRESSION IS AS IMPORTANT IN 
DEVELOPMENTAL GRNS AS TRANSCRIPTIONAL ACTIVATION 

DYNAMICS AND  BOOLEAN  SPATIAL EXRESSION



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 FIRST JOB: HOW DO FUTURE SKELETOGENIC CELLS 
CELLS KNOW WHAT THEY ARE TO BE,  AND HOW DO 
THEY SET UP SPECIFIC REGULATORY STATE????

A  GENOMICALLY  ENCODED  DOUBLE NEGATIVE  
GATE







Reporter construction: pmar1 2.5 kb reporter

CGTAGTGATCCT C C G G T T CA T C A G C C T T A A TTCGTACATGTAGTGTCTCTGTTGATTCTCCGCCCTATTA

TTCTCTCATTCTCTTTTTTCTAAAATCTTAGTTTCATTCTTTCCCGCTCTTCCCCGCGTGAACGGCGTAT

GTTGGGATTATGACAAAAAATGAAATTGCGCCCCGCTCAAAAATGTCGCCATAACTGTACAAGCGTGTGA

GCAACGCGACCGAGCAGTACTTTTGTTTCTTGTCAAACTGTTAAAATCAGTAATTATTATGCATATATTA

ACTAGAGAAAGATTTGCAAGTGAGCACTGCAAACTAGCTGTAGAGTTTCTTAATGTGAACATTGATAAGC

GATCTTCTACTCAAATTAGGCTGAAATTAACAAAAACTATTGAGAAATGTAGACTGAGACCTTTTCAATT

CAAACAATATTATTTTCATAACTCAATCAAACCATTAAAACAAATGAATATCAAATGACATTTGCAATTA

TAACATACAAGTTGAAACTTGGTTGTAATGATACAATCTTAAATGTCGATAAGTAATAAATAAAAACATA

CACAGAATATGTGAGCATATAATAAATTGAGTCGAATTTAAAATGAAAAGAGAAAACTGATAATCAAAAA

GCAGAGCTCGTATTTTTGAGAATAACTAAACATTTTAAAAAGGAAAGAAAGAGAGAAAGAAAAAAAAAAT

CCCCTAAAAAATATTGTTTACTTAATTAGTTTTAAGATATTTTATATTAGAGATTTCTATACTTCGTCAC

GATTATCGTGTGCATCATTATATAGCGCTTAATCGTAAAATCAAGCATTACACTTTTTTTCAGTAAAGTA

GATACATGATGTAAAGCGCGTATACTATCCTAATTTGTTTTACTACATTGTATTATAGAAAATGATCAAA

ATGTATGTTGATTATTAAAGTGAACAAATTTCAGTCCCTTAGGCTCTACATGTAAACAATTATACATTTT

TCGTAAAATACCGTATTGTGGATAAAACATAGTTTCGATGTTTGACTCTATTTCATTTGTGATTGTCACA

TTGAATGTAATTGACGGTGAAGGATTTGGCCTACTATGTAATTTGATTTTCCATGATAGGCCTACACAAA

CTGCAATTTTTTATCGAGAATCATACTTCTTGTTCTAACACCAAATTTCCATTCATTCATATAAAGCTAT

GATTGGGGAAGACACAGACTGACAGTTTCTAATGAAAGACAGCTTTGGCGCTTTGAAACGCCGCGGTCAC

AATGACGAGTTATTGTGTCTCTAATCTCTCCTTATGTAATTGACGAATCAGGAGGATCTGTTTATCTTCG

GCACAATTCAAAGTACTTCTTTCCTAAAAGGGCACATTCCCTTAATCCTATTGGCTACCTTAAATGACCA

ATAGAAAAGTGCGTCAACGCTGCAGAGAGCGGATAAGTGGTTTCTGTACTCATGGTAATCATTCGCTAAT

AGCTGCTAAGTCAATCAACAAGATTAATTATTCGCTCCAAACAAGTAATCACCTATCATCAATCGCGTTC

CAACTAGTTATCAGAATG 

Unique to 
pmar1

AS PREDICTED,  THE PMAR1 GENE REGULATORY SEQUENCE IS DRIVEN BY
OTX AND TCF/ΒCATENIN INPUTS 







Pmar1 over express

HesC morpholino





Figure 9



THE DOUBLE NEGATIVE GATE SUBCIRCUIT



GENE REGULATORY NETWORKS FOR EMBRYONIC 

DEVELOPMENT ARE NOT “PARSIMONIOUSLY” 

WIRED: MULTIPLE SUBCIRCUITS OPERATE TO 
ENSURE THE RIGHT OUTCOME…



(1)  EXCLUSION OF SKELETOGENIC FATE IN MESODERM (AND 
EVERYWHERE ELSE) BY CIS-REGULATORY REPRESSION OF PMAR-1

(2) THE SAME INITIAL MATERNAL INPUTS, OTX AND TCF, ARE 
WIRED INTO ANOTHER GENE, BLIMP1, TO PRODUCE A BACKUP 
TO THE PMAR1 DOUBLE NEGATIVE GATE

EXAMPLE: THE DOUBLE NEGATIVE GATE SUFFICES TO 
PRODUCE A LINEAGE-SPECIFIC REGULATORY STATE, BUT ON 
TOP OF THAT ARE TWO ADDITIONAL SUBCIRCUITS THAT 
FUNCTION IN DIFFERENT WAYS TO ENSURE THE OUTCOME:



Reporter construction: pmar1 2.5 kb reporter

CGTAGTGATCCT C C G G T T CA T C A G C C T T A A TTCGTACATGTAGTGTCTCTGTTGATTCTCCGCCCTATTA

TTCTCTCATTCTCTTTTTTCTAAAATCTTAGTTTCATTCTTTCCCGCTCTTCCCCGCGTGAACGGCGTAT

GTTGGGATTATGACAAAAAATGAAATTGCGCCCCGCTCAAAAATGTCGCCATAACTGTACAAGCGTGTGA

GCAACGCGACCGAGCAGTACTTTTGTTTCTTGTCAAACTGTTAAAATCAGTAATTATTATGCATATATTA

ACTAGAGAAAGATTTGCAAGTGAGCACTGCAAACTAGCTGTAGAGTTTCTTAATGTGAACATTGATAAGC

GATCTTCTACTCAAATTAGGCTGAAATTAACAAAAACTATTGAGAAATGTAGACTGAGACCTTTTCAATT

CAAACAATATTATTTTCATAACTCAATCAAACCATTAAAACAAATGAATATCAAATGACATTTGCAATTA

TAACATACAAGTTGAAACTTGGTTGTAATGATACAATCTTAAATGTCGATAAGTAATAAATAAAAACATA

CACAGAATATGTGAGCATATAATAAATTGAGTCGAATTTAAAATGAAAAGAGAAAACTGATAATCAAAAA

GCAGAGCTCGTATTTTTGAGAATAACTAAACATTTTAAAAAGGAAAGAAAGAGAGAAAGAAAAAAAAAAT

CCCCTAAAAAATATTGTTTACTTAATTAGTTTTAAGATATTTTATATTAGAGATTTCTATACTTCGTCAC

GATTATCGTGTGCATCATTATATAGCGCTTAATCGTAAAATCAAGCATTACACTTTTTTTCAGTAAAGTA

GATACATGATGTAAAGCGCGTATACTATCCTAATTTGTTTTACTACATTGTATTATAGAAAATGATCAAA

ATGTATGTTGATTATTAAAGTGAACAAATTTCAGTCCCTTAGGCTCTACATGTAAACAATTATACATTTT

TCGTAAAATACCGTATTGTGGATAAAACATAGTTTCGATGTTTGACTCTATTTCATTTGTGATTGTCACA

TTGAATGTAATTGACGGTGAAGGATTTGGCCTACTATGTAATTTGATTTTCCATGATAGGCCTACACAAA

CTGCAATTTTTTATCGAGAATCATACTTCTTGTTCTAACACCAAATTTCCATTCATTCATATAAAGCTAT

GATTGGGGAAGACACAGACTGACAGTTTCTAATGAAAGACAGCTTTGGCGCTTTGAAACGCCGCGGTCAC

AATGACGAGTTATTGTGTCTCTAATCTCTCCTTATGTAATTGACGAATCAGGAGGATCTGTTTATCTTCG

GCACAATTCAAAGTACTTCTTTCCTAAAAGGGCACATTCCCTTAATCCTATTGGCTACCTTAAATGACCA

ATAGAAAAGTGCGTCAACGCTGCAGAGAGCGGATAAGTGGTTTCTGTACTCATGGTAATCATTCGCTAAT

AGCTGCTAAGTCAATCAACAAGATTAATTATTCGCTCCAAACAAGTAATCACCTATCATCAATCGCGTTC

CAACTAGTTATCAGAATG 

Unique to 
pmar1

PMAR1 REPRESSES HESC, BUT, VIA THIS HESC SITE, EVERYWHERE 
ELSE IN THE EMBRYO HESC SHUTS DOWN PMAR1



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
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