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Hermaphrodite primeval men 
Plato´s symposium, 385-370 BC

Left-right theory 
Alexandrian manuscripts, 1st cent. BC

Discovery of Sry gene 
Koopman et al., Nature, 1991 

(Goodfellow & Lovell-Badge labs)

Mythology Theories Genetics

Sex determination: a 3,000 year-old enigma



Sex-determination as a model for “bipotential” commitment
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Hi-C & ChIP-seq

Non-histone ChIP Histone ChIP

Sample fragmentation
Immunoprecipitation

DNA purification

Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Science, 295(5558), 1306—1311. 
Lieberman-Aiden, E., et al. (2009). Science, 326(5950), 289—293.

Solomon, M. J., Larsen, P. L. & Varshavsky, A.  (1988) Cell 53, 937—947. 
Park, P.J. (2009) Nature Reviews Genetics 10, 669—680.
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No major structural (apparent) differences
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Genomic coordinates

ETALoci



Kamada & Kawai, 1989

Spatial lay-out of significant interactions 
chr11:110780000-114770000 @10kb
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Kamada & Kawai, 1989

Spatial lay-out of significant interactions 
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Marker (H3K27ac) into 2D mapping 
chr11:110780000-114770000
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Quantifying regulatory environments bin by bin
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LMI Trip for Sox9 gene
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All genes LMI Trip
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Can we identify regulatory elements using ETALoci

Now that we know the genes….



Fgf9 locus chr14:56,070,000-60,070,000 

METALoci predictive mode



Fgf9 locus chr14:56,070,000-60,070,000 

METALoci predictive mode

Scale
chr14:

1Mb mm10
56,500,000 57,000,000 57,500,000 58,000,000 58,500,000 59,000,000 59,500,000 60,000,000

Ctsg
Gzme
Gzmd
Gzmg
Gzmn

Gzmf
Gzmc
Gzmb

Atp12a
Rnf17

Cenpj
Parp4

Mphosph8

Pspc1

Zmym5
Zmym2

Gja3
Gjb2

Gm4491
Gjb6

Cryl1
Ift88

Il17d
Eef1akmt1

Xpo4
Gm49361

Lats2
Sap18
Ska3
Mrpl57

Zdhhc20

Micu2

Fgf9 1700129C05Rik
Gm5142

Rcbtb1
Phf11a
Phf11b
Phf11d

Phf11c
Setdb2

Cab39l

Cdadc1

Shisa2

Atp8a2

Promoter
Proximal enhancer

Distal enhancer
DNAse-H3K4me3

CTCF-only

XY E13.5

XY E10.5



In silico prediction of regulatory regions at the Fgf9 locus
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RNA-seq confirms METALoci predictions



But… is there more NEW regulatory TFs associated to sex-determniation?



naturemethods

https://doi.org/10.1038/s41592-023-01938-4Article
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TF motif enrichment analysis : pycisTarget

Single-cell multiomics preprocessing : pycisTopic

Enhancer-drivenGRN inference : SCENIC+
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Granulosa cells regulatory landscape by SCENIC+ & METALoci
Meis 1 and 2 negatively control granulosa cells development
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Mutant embryos by Miguel Torres, CNIC
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Red dot/name within TOP20 expressed.

Navy dots, others also expressed


Grey small dots, No expressed (<0.2)



Take home messages:

• First characterization of the 3D regulatory landscape of sex determination 

• METALoci is an unbiased approach to quantify gene regulatory activity 

• METALoci is a predictive tool to identify critical regulatory loci 

• Discovery of a novel non-coding region controlling sex determination 

• Set of “regulons” identified related to sex determination 

• Previously unknown, Meis1 and Meis2 control female gonad development
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