Supplementary Table 1: Placental defects in mouse mutants exhibiting varying degrees of IUGR 

	Gene
	Gene product
	Mutation
	Lethality
	Placental phenotype in mutant mice
	Mouse reference
	Involved in human IUGR 
	Human reference

	Spongiotrophoblast defects

	Ascl2
	Achaete-scute homolog 2
	Targeted gene ablation
	E9.5-E10.5
	Reduced SpT; increased TGC numbers 
	(Guillemot et al., 1994)
	 
	 

	Ascl2
	Achaete-scute homolog 2
	Hypomorph
	IUGR (viable)
	Small/absent JZ; fewer SpT and GCs 
	(Oh-McGinnis et al., 2011)
	 
	 

	Ascl2
	Achaete-scute homolog 2
	Over-expression
	IUGR (viable)
	Small JZ; increased GC numbers and mislocalisation
	(Tunster et al., 2016b)
	 
	 

	Cited1
	Cbp/P300-Interacting Transactivator, With Glu/Asp-Rich Carboxy-Terminal
	Targeted gene ablation
	IUGR E18.5, perinatal lethality
	Enlarged JZ, smaller labyrinth; enlarged maternal blood sinusoids
	(Rodriguez et al., 2004)
	
	

	Egfr
	Epidermal growth factor receptor
	Targeted gene ablation 
	E11.5-P20, depending on genetic background
	Small JZ
	(Sibilia and Wagner, 1995; Threadgill et al., 1995)
	
	

	Esx1
	Extraembryonic, spermatogenesis, homeobox 1
	Targeted gene ablation
	IUGR (viable)
	Enlarged JZ; increased SpT and GC numbers and mislocalisation
	(Li and Behringer, 1998)
	Yes
	(Murthi et al., 2006)

	Hectd1

	HECT domain E3 ubiquitin protein ligase 1
	Deletion and kinase dead mutation
	E13.5-E18.5
	Small JZ; fewer SpT and GCs
	(Sarkar et al., 2014)
	
	

	Htra1
	High temperature requirement A1 serine peptidase 1
	Targeted gene ablation
	Viable
	Small JZ; fewer SpT and GCs
	(Hasan et al., 2015)
	
	

	Nodal
	Nodal growth differentiation factor
	Targeted gene ablation
	E10.5
	Reduced SpT; increased TGC numbers
	(Ma et al., 2001)
	
	

	Nodal
	Nodal growth differentiation factor
	Hypomorph
	E10.5
	Enlarged JZ and TGC layers
	(Ma et al., 2001)
	
	

	Pdcd5
	Programmed cell death 5
	Targeted gene ablation
	E13.5
	Small JZ; fewer GCs and TGCs; small labyrinth
	(Li et al., 2017)
	
	

	Phlda2
	Pleckstrin Homology Like Domain Family A member 2
	 Over-expression
	IUGR (viable)
	Small JZ; fewer GCs
	(Tunster et al., 2010; Tunster et al., 2016a)
	 
	 

	Phlda2
	Pleckstrin Homology Like Domain Family A member 2
	Targeted gene ablation
	IUGR (viable)
	Enlarged JZ; increased GC numbers 
	(Tunster et al., 2016a)
	Yes
	(McMinn et al., 2006; Kumar et al., 2012)

	Pcdh12
	Protocadherin 12
	Targeted gene ablation
	IUGR (viable)
	Increased GC numbers and mislocalisation
	(Rampon et al., 2008)
	 
	 

	Tfap2c
	Transcription factor AP-2 gamma
	Deletion in Tpbpa+ cells
	IUGR (viable)
	Small JZ
	(Sharma et al., 2016)
	
	

	Labyrinth defects

	Akt1
	Thymoma viral proto-oncogene 1; PKBa
	Targeted gene ablation
	IUGR (viable)
	Small labyrinth; vascularisation defects 
	(Yang et al., 2003)
	Yes
	(Laviola et al., 2005)

	Arnt
	Aryl hydrocarbon receptor nuclear translocator; Hif1-
	Targeted gene ablation
	E9.5-E10.5
	Small labyrinth; failure to initiate chorio-allantoic branching morphogenesis
	(Kozak et al., 1997; Adelman et al., 2000)
	
	

	Birc6
	Baculoviral IAP repeat-containing 6; Bruce
	Targeted gene ablation
	Perinatal lethality
	Labyrinth normal size; decreased vascular branching, small JZ
	(Lotz et al., 2004)
	
	

	Ccnf
	Cyclin F
	Targeted gene ablation
	E10.5
	Small labyrinth; chorio-allantoic fusion failure, lack of fetal labyrinthine vasculature
	(Tetzlaff et al., 2004a)
	
	

	Chm
	Choroideremia (RAB escort protein 1)
	Targeted gene ablation
	E11.5
	Small placenta; very small/absent labyrinth
	(Shi et al., 2004)
	
	

	Cited1
	Cbp/P300-Interacting Transactivator, With Glu/Asp-Rich Carboxy-Terminal
	Targeted gene ablation
	Growth-restricted E18.5, perinatal death
	Enlarged JZ, smaller labyrinth; enlarged maternal blood sinusoids
	(Rodriguez et al., 2004)
	
	

	Col4a3bp
	Collagen, type IV, alpha 3 (Goodpasture antigen) binding protein
	Targeted gene ablation
	P14 subviable
	Vascular lesions in labyrinth, fibrotic and/or necrotic
patches 
	(Perez-Garcia et al., 2018)
	
	

	Ctbp2
	C-terminal binding protein 2
	Targeted gene ablation
	E10.5
	Small labyrinth; reduced chorio-allantoic branching and vascularisation 
	(Hildebrand and Soriano, 2002)
	
	

	Cyr61
	Cysteine rich protein 61 (ECM protein and integrin ligand); Ccn1
	Targeted gene ablation
	E11.5 – P1
	Small labyrinth; chorio-allantoic fusion failure and branching morphogenesis defect
	(Mo et al., 2002)
	
	

	Dlx3
	Distal-less homeobox 3
	Targeted gene ablation
	E9.5- E10.5
	Small labyrinth
	(Morasso et al., 1999)
	Yes
	(Chui et al., 2011)

	Eif2s1
	Eukaryotic Translation Initiation factor 2, subunit 1 Alpha
	Gain-of-function
	Perinatal lethality
	Small labyrinth
	(Yung et al., 2012)
	
	

	Egfl7
	Epidermal growth factor-like domain 7; vascular endothelial-statin
	Targeted gene ablation
	IUGR (viable)
	Small labyrinth; reduced fetal vascularisation
	(Lacko et al., 2017)
	
	 

	Egfr
	Epidermal growth factor receptor
	Targeted gene ablation
	E12.5 – P21 depending on genetic background
	Small labyrinth
	(Sibilia and Wagner, 1995; Threadgill et al., 1995)
	Yes
	(Fondacci et al., 1994)

	Esx1
	Extraembryonic, spermatogenesis, homeobox 1
	Targeted gene ablation
	IUGR (viable)
	Placental hyperplasia, interhaemal barrier and vascularisation defects
	(Li and Behringer, 1998)
	Yes
	(Murthi et al., 2006)

	Etnk2
	Ethanolamine kinase 2
	Targeted gene ablation
	Perinatal death
	Extensive placental thrombosis
	(Tian et al., 2006)
	
	

	Fbxw7
	F-box and WD-40 domain protein 7; Fbw7
	Targeted gene ablation
	E10.5-E13.5
	Small labyrinth; failure to initiate chorio-allantoic branching morphogenesis
	(Tetzlaff et al., 2004b)
	
	

	Fgfr2
	Fibroblast growth factor receptor 2
	Targeted gene ablation
	E10-E11
	Small/absent labyrinth; failure of chorio-allantoic attachment
	(Arman et al., 1998; Xu et al., 1998)
	
	

	Flt1
	FMS-like tyrosine kinase 1; sFLT
	Overexpression
	IUGR (viable)
	Small labyrinth and loss of GCs
	(Kuhnel et al., 2017)
	Yes
	(Nevo et al., 2008)

	Flt1
	FMS-like tyrosine kinase 1; Vegfr1
	Targeted gene ablation
	E8.5-E9.5
	Small labyrinth; vascularisation defects 
	(Fong et al., 1995)
	Yes
	(Sibley et al., 2002)

	Fosl
	Fos-like antigen 1; Fra1 (AP-1 transcription factor component)
	Targeted gene ablation
	E10.0 and E10.5
	Small labyrinth; chorio-allantoic branching morphogenesis defect 
	(Schreiber et al., 2000)
	
	

	Gab1
	Growth factor receptor bound protein 2-associated protein 1
	Targeted gene ablation
	E16.5-E17.5
	Small labyrinth
	(Itoh et al., 2000)
	
	

	Gcm1
	Glial cell missing homolog 1
	Targeted gene ablation
	E10.5
	Small labyrinth; failure to initiate chorio-allantoic branching morphogenesis
	(Anson-Cartwright et al., 2000)
	Yes
	(Baczyk et al., 2009; Kohli et al., 2017)

	Gcm1
	Glial cell missing homolog 1
	Hypomorph (heterozygous deletion)
	IUGR (Viable)
	Small labyrinth; Interhaemal membrane defects
	(Bainbridge et al., 2012)
	
	

	Gjb2
	Gap junction protein, beta 2; Connexin 26
	Targeted gene ablation
	E11
	Small labyrinth; vascularisation defects and nutrient transfer impairment
	(Gabriel et al., 1998)
	 
	 

	Gjc1
	Gap junction protein, gamma 1; Connexin 45 
	Targeted gene ablation
	E9.5-E10.5
	Small labyrinth; vascularisation defects
	(Kruger et al., 2000)
	
	

	Grb2
	Growth factor receptor bound protein 2
	Hypomorhic mutation
	Perinatal lethality
	Small labyrinth
	(Saxton et al., 2001)
	
	

	Hectd1

	HECT domain E3 ubiquitin protein ligase 1
	Null mutation and kinase dead mutation
	E13.5-E18.5
	Small labyrinth; fetal vascularisation defects, hemorrhages 
	(Sarkar et al., 2014; Sarkar et al., 2016)
	
	

	Hgf
	Hepatocyte growth factor 
	Targeted gene ablation
	E14.5-E16.5
	Small labyrinth
	(Schmidt et al., 1995; Uehara et al., 1995)
	Yes
	(Somerset et al., 1998)

	Igf2 (P0) 
	Insulin-like growth factor 2 
	Deletion of trophoblast-specific P0 transcript
	IUGR (viable)
	Small placenta; reduced labyrinth thickness
	(Constância et al., 2002; Sibley et al., 2004)
	Yes
	(McMinn et al., 2006)

	Itga4
	Integrin alpha 4
	Targeted gene ablation
	E10.5 
(50 % penetrance)
	Small labyrinth
	(Yang et al., 1995)
	
	

	Itgav
	Integrin alpha V (fibronectin receptor alpha)
	Targeted gene ablation
	E9.5-E11.5 (80% penetrance)
	Small labyrinth; reduced fetal vascularisation 
	(Bader et al., 1998)
	
	

	Itgb8
	Integrin beta 8
	Targeted gene ablation
	E11.5 (60% penetrance)
	Small labyrinth; reduced thickness and vascularisation defects
	(Zhu et al., 2002)
	
	

	Junb
	Jun B proto-oncogene (AP-1 transcription factor component)
	Targeted gene ablation
	E10.0
	Small labyrinth; vascularisation defects
	(Schorpp-Kistner et al., 1999)
	Yes
	(Rajaraman et al., 2010)

	Krt8/Krt19
	Keratin8/keratin19
	Compound deletion
	E10
	Lack of labyrinth, increased number of TGCs
	(Tamai et al., 2000)
	
	

	Lama5
	Laminin alpha 5
	Targeted gene ablation
	E17
	Small labyrinth; reduced branching of blood vessels
	(Miner et al., 1998)
	
	

	Lifr
	Leukemia inhibitory factor receptor
	Targeted gene ablation
	Perinatal lethality
	Small labyrinth; vascular lesions
	(Ware et al., 1995)
	
	

	Mapk1
	Mitogen-activated protein kinase 1; Erk2
	Targeted gene ablation
	E11.5
	Small labyrinth
	(Hatano et al., 2003)
	Yes
	(Laviola et al., 2005)

	Map2k1
	Mitogen-activated protein kinase kinase 1; Mek1
	Targeted gene ablation
	E10.5
	Small labyrinth; vascularisation defects
	(Giroux et al., 1999; Bissonauth et al., 2006)
	
	

	Map2k1+/-; Map2k2+/-
	Mitogen-activated protein kinase kinase 1/2
	Double heterozygous deletion
	~P14
	Multinucleate trophoblast giant cells in labyrinth (mTGCs)
	(Nadeau and Charron, 2014)
	
	

	Map3k3
	Mitogen-activated protein kinase kinase 3; Mekk3
	Targeted gene ablation
	E11
	Small labyrinth; fetal vascularisation defects
	(Yang et al., 2000)
	
	

	Mapk7
	Mitogen-activated protein kinase 7; Erk5
	Targeted gene ablation
	E10.5-11.5
	Labyrinth vascularisation defects, reduced diameter of fetal vessels
	(Sohn et al., 2002)
	
	

	Mapk14 
	Mitogen-activated protein kinase 14; p38a
	Targeted gene ablation
	E10.5 -E12.5
	Small labyrinth
	(Adams et al., 2000; Mudgett et al., 2000)
	Yes
	(Laviola et al., 2005)

	Met
	Met proto-oncogene, tyrosine-protein kinase 
	Targeted gene ablation
	E14.5-E16.5
	Small labyrinth; vascularisation defects and reduced cellularity
	(Ueno et al., 2013)
	 
	 

	Nfe2
	Nuclear factor, erythroid derived 2
	Targeted gene ablation
	IUGR (viable)
	Increased IHM thickness, vascularisation defects
	(Kashif et al., 2011)
	Yes
	(Kohli et al., 2017)

	Nfe2l2
	Nuclear factor, erythroid derived 2, like 2; Nrf2
	Targeted gene ablation
	Viable
	Small labyrinth
	(Kweider et al., 2017)
	
	

	Ncoa6
	Nuclear receptor coactivator 6 (peroxisome proliferator-activated receptor-interacting protein)
	Targeted gene ablation
	E11.5-12.5
	Small labyrinth; chorio-allantoic branching morphogenesis defect
	(Kuang et al., 2002)
	
	

	Notch1/ Notch4
	Notch1/Notch4
	Compound deletion
	E9.5
	Small labyrinth; failure to initiate chorio-allantoic branching morphogenesis
	(Krebs et al., 2000)
	Yes
	(Sahin et al., 2011)

	Notch2
	Notch 2
	Targeted gene ablation
	E11.5
	Labyrinth vascularisation defects; reduced maternal blood sinus formation
	(Hamada et al., 2007)
	Yes
	(Sahin et al., 2011)

	Pcdh12
	Protocadherin 12
	Targeted gene ablation
	IUGR (viable)
	Labyrinth vascularisation defects, reduced cellular density 
	(Rampon et al., 2008)
	 
	 

	Pdgfb
	Platelet-derived growth factor
	Targeted gene ablation
	Perinatal lethality
	Small labyrinth; less trophoblast, dilated fetal blood vessels
	(Ohlsson et al., 1999)
	
	

	Pnpla6
	Patatin-like phospholipase domain containing 6; Nte
	Targeted gene ablation
	E9.5
	Small labyrinth; chorio-allantoic branching morphogenesis defect
	(Moser et al., 2004)
	 
	 

	Pgf
	Placental growth factor
	Overexpression in T cells
	IUGR (viable)
	Small labyrinth; vascularisation defects 
	(Kang et al., 2014)
	Yes
	(Arroyo and Winn, 2008)

	Plk2
	Polo-like kinase 2; Snk
	Targeted gene ablation
	IUGR (viable)
	Small labyrinth; decreased cell proliferation
	(Ma et al., 2003)
	
	

	Pparg
	Peroxisome proliferator-activated receptor gamma
	Targeted gene ablation
	E9.5-E10
	Small labyrinth, decreased vascularisation
	(Barak et al., 1999; Parast et al., 2009)
	Yes
	(Holdsworth-Carson et al., 2009; Holdsworth-Carson et al., 2010)

	Pth1r
	Parathyroid hormone 1 receptor
	Targeted gene ablation
	P14 lethal
	Vascular lesions in labyrinth with (maternal blood) thrombosis; SpT and GC mislocalisation in labyrinth
	(Perez-Garcia et al., 2018)
	
	

	Raf1
	V-raf-leukemia viral oncogene 1
	Targeted gene ablation
	E9.5-P0
	Small labyrinth; vascularisation defects and reduced cellularity; small JZ 
	(Huser et al., 2001)
	
	

	Rb
	Retinoblastoma tumor suppressor
	Targeted gene ablation
	E13.5
	Excessive trophoblast proliferation in labyrinth; vascular lesions
	(Wu et al., 2003)
	Yes
	(Rajaraman et al., 2010)

	Rbpj
	Recombination signal binding protein for immunoglobulin kappa J region; Rbpsuh
	Targeted gene ablation
	E9.5-10.5
	Small labyrinth and JZ; failure to initiate chorio-allantoic branching morphogenesis
	(Krebs et al., 2004)
	
	

	Rgcc
	Regulator of cell cycle; Rgc32
	Targeted gene ablation
	IUGR (viable)
	Small labyrinth; 
vascularisation defects
	(Cui et al., 2013)
	 
	 

	Rock2
	Rho-associated kinase 2; signaling from Rho to actin skeleton
	Targeted gene ablation
	E13.5-E14.5
	Disruption of labyrinth architecture, thrombus formation
	(Thumkeo et al., 2003) 
	 
	 

	Rspo3
	R-spondin 3
	Targeted gene ablation
	E11.5 – P0
	Small labyrinth; chorio-allantoic branching morphogenesis defect
	(Aoki et al., 2007)
	
	

	Sos1
	SOS Ras/Rac guanine nucleotide exchange factor 1
	Targeted gene ablation
	E9-E11
	Small labyrinth; multinucleate trophoblast giant cells in labyrinth
	(Qian et al., 2000)
	
	

	Stk11
	Serine/threonine kinase 11; Lkb1
	Targeted gene ablation
	E11
	Small labyrinth; failure to initiate chorio-allantoic branching morphogenesis
	(Ylikorkala et al., 2001)
	
	

	Sult1e1
	Sulfotransferase family 1E, member 1
	Targeted gene ablation
	IUGR (viable)
	Placental thrombosis and degeneration
	(Tong et al., 2005)
	
	

	Syna
	Syncytin A
	Targeted gene ablation
	E11.5-E13.5
	Labyrinth vascularisation defects; failure to establish IHM due to trophoblast fusion defects 
	(Dupressoir et al., 2009)
	 
	 

	Synb
	Syncytin B
	Targeted gene ablation
	IUGR (viable)
	Vascularisation defects, enlarged maternal blood sinuses 
	(Dupressoir et al., 2011)
	
	

	Tfeb
	Transcription factor EB
	Targeted gene ablation
	E9.5-10.5
	Small labyrinth; Reduced vascularisation
	(Steingrimsson et al., 1998)
	
	

	Traf2
	TNF receptor-associated factor 2
	Targeted gene ablation
	P14 lethal
	Small labyrinth; Reduced vascularisation, fibrotic/necrotic patches
	(Perez-Garcia et al., 2018)
	
	

	Ube2l3
	Ubiquitin-conjugating enzyme E2L 3; UbcM4
	Inactivation by proviral integration
	E11.5
	Small labyrinth; vascularisation defects, increased branching and variable vessel diameters 
	(Harbers et al., 1996)
	
	

	Ubp1
	Upstream binding protein 1; LBP-1a
	Targeted gene ablation
	E10.5
	Small labyrinth; reduced branching of blood vessels
	(Parekh et al., 2004)
	
	

	Vcam1
	Vascular cell adhesion molecule 1
	Targeted gene ablation
	E11.5-E12.5
	Small Labyrinth; chorio-allantoic fusion failure 
	(Gurtner et al., 1995; Kwee et al., 1995)
	Yes
	(Zygmunt et al., 1997)

	Vegfa
	Vascular endothelial growth factor A
	Targeted gene ablation
	E9.5
	Small labyrinth; vascularisation defects
	(Carmeliet et al., 1996; Ferrara et al., 1996)
	Yes
	(Lyall et al., 1997; Szentpeteri et al., 2013)

	Wnt2
	Wingless homologue; secreted glycoprotein
	Targeted gene ablation
	Perinatal lethality (partial)
	Small labyrinth; vascularisation defects, fibrotic lesions
	(Monkley et al., 1996)
	Yes
	(Xiao et al., 2016)

	Zfp36l1
	[bookmark: _GoBack]Zinc finger protein 36, C3H type-like 1
	Targeted gene ablation
	E11
	Small labyrinth; chorio-allantoic branching morphogenesis defect
	(Stumpo et al., 2004)
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