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Subjects and Methods
Patient information  
Proband 1
	Proband 1 has a p.Y336* variant in GDF11 (NM_005811.4:c.1008C>G: NP_005802.1:p.(Y336*)). The proband is a 33yo M born 6lb 4oz 19 inches, product of a 38-week gestation to a 24yo gravida 2, para 2 mother and 25yo father.  Pregnancy was complicated by an abnormal AFP for which the mother underwent an amniocentesis that was said to be normal.  There was also a question of his having hydrocephalus.  He was born by a planned C-section and transported to Boston Children’s Hospital, where he stayed for a month.  He had initial breathing problems, no suck, and hypotonia. He had no head control until 1 year of age.  He sat at 3 years, crawled at 4-5 years, and walked at 8 years.  He is non-verbal and has a few signs.  He had had about 5 words until he had a head injury.  He is not toilet trained.  The UDN work-up involved clinical evaluation at Brigham & Women’s Hospital, research reanalysis of prior clinical trio ES data from GeneDx, and additional trio GS from HudsonAlpha.  The Y336* GDF11 variant was identified through a research reanalysis of ES data and Sanger confirmed through clinical GS.  
	The proband is consented to the UDN and has consented to share photographs. Sequencing was performed on a diagnostic basis through the UDN.
Proband 2
	Proband 2 has a p.Q147Gfs*82 variant in GDF11 (NM_005811.4:c.434_437dup: NP_005802.1:p.(Q147Gfs*82)).  The proband was the 2895 g product of a normal 37-week pregnancy.  Cleft lip and cleft palate were evident at birth.  Respiratory problems secondary to tracheomalacia began at birth and required endotracheal intubation and ventilator support for four months.  Additional swallowing abnormalities, gastroesophageal reflux disease, and ongoing breathing problems kept her in the hospital for 7 months, with the placement of a gastrostomy tube and Nissen-fundoplication at 5 months of age. Added surgeries included cleft lip closure, pyloric stenosis repair, and closure of the palatal cleft. A urinary tract infection at age 4 months was secondary to vesicoureteral reflux. RSV infections with respiratory distress at eight months and at one year of age led to hospitalizations.  Bilateral myringotomy tubes were placed four times in the first three years of life.  Strabismus surgery for esotropia at four years of age was successful. The mother reported that the child’s hair and nails grew poorly, and her nails rarely need cutting.
	She had severe oral food aversion that persisted despite the intensive feeding therapy that she started at 1.5 years of age.  She received nutrition through a G-tube supplemented by increasing oral intake for more than 2 years.
	Mild developmental delay and mild bilateral hearing loss were evident at 4 years and 5 months.  Six months later she was functioning normally academically but had mild receptive and expressive speech delays for which she received therapy.   Some learning problems were overcome with time. A factor that slowed her learning was poor toleration of behind the ear hearing aids.
	Physical findings at the initial examination at age 3.5 years included a large and mildly dolichocephalic head with a narrow forehead.  She had slight epicanthic folds and upslanting palpebral fissures, with borderline hypertelorism; inner canthal distance was 3.8 cm and outer canthal distance was 8 cm. Ears were slightly low-set and her neck was long.   The cleft of lip and palate had been repaired.  Periapical and occlusal dental x-rays are normal.   She has short fingers, small feet, and syndactyly of the fourth and fifth toes bilaterally.  She was mildly hypotonic but otherwise normal neurologically.
	Magnetic resonance imaging (MRI) of the brain and spinal cord were normal.  Computer tomography (CT) of orbits and sella showed medially located horizontal portions of the seventh cranial nerves.   There were also multiple bony dysplasias on this CT, such as abnormal stapes, flattened shallow nasal bridge and bony orbits, small mandibular heads, and zygomatic arches, all clinically insignificant. 
	Chromosome karyotyping was normal.  Microarray-based comparative genomic hybridization (aCGH) using a genome-wide high-density oligo array that contains more than 44,000 probes covering more than 30,000 mapped genes was normal.
Mother
	The mother has a dolichocephalic head and hypernasal speech. She has dextrocardia, double ureter, narrow feet and toe anomalies, and cleft lip and palate, which had been repaired.  She is cognitively normal and a college graduate. Mother’s feet were like her daughter’s, as was the slow growth of her nails and hair.  Mother is missing wisdom teeth #1, #16, #17 and #32 and upper right bicuspid #5 (implant). The Mother has three brothers who were not affected. 
	Written informed consent was provided by the patient’s family to Joe DiMaggio Children's Hospital to publish genetic findings and patient information and photographs.  Sequencing was performed on a diagnostic basis at Baylor Genetics Laboratories.
Proband 3
	Proband 3 has a p.T319Nfs*5 variant in GDF11 (NM_005811.4:c.955dup: NP_005802.1:p.(T319Nfs*5)). The proband was born after normal pregnancy in the 40+0 week of pregnancy with normal birth measurements, weight: 3260 g (20P, -0.83z); length: 52 cm (41P, -0.22z); head circumference: 35 cm (32P, -0.46z). He learned to walk at 18 months. He spoke his first words at about 12 months. At the age of 3 years, he was diagnosed with absence epilepsy. In the course, a speech and language developmental disorder was diagnosed. Magnetic resonance imaging (MRI) of the brain at the age of 3 years was normal. Besides a pectus excavatum and mild scapula alata he had no craniofacial or skeletal abnormalities.
	Chromosome karyotyping, SNP array, and analysis of the FMR1 gene were normal. Trio exome analysis revealed the de novo GDF11 variant. Proband 3 was recruited through the genetic counseling department of our clinic for trio exome sequencing on a research basis after routine clinical genetic diagnostics gave no clear diagnosis for the symptoms they presented with. Written consent to the Institute of Human Genetics at the University of Leipzig Medical Center was provided to be included in the study.
Proband 4
	Proband 4 has a p.N94Rfs*47 variant in GDF11 (NM_005811.4:c.279_289del: NP_005802.1:p.(N94Rfs*47)). This 19-month-old boy was born at full term with a birth weight 2.99Kg. He presented with hyperinsulinaemic hypoglycemia during neonatal period, the condition was stable after treatment. He also developed neonatal seizure with refractory epilepsy on multiple anticonvulsants for seizure control. Extensive metabolic tests did not reveal any abnormality. However, the visual evoked potential did not elicit any P100 latencies over both eyes. And the MRI brain showed cerebellar atrophy. He had a significant global developmental delay at the age of 19 months, and he also had a significant visual loss. He had shown slight improvement of developmental milestones with time. Whole exome sequencing was performed at Baylor Genetics.  The patient inherited the GDF11 variant from his father who does not have any of his son’s phenotypes.
	Written informed consent was provided by the patient’s family to The Chinese University of Hong Kong-Baylor College of Medicine Joint Center of Medical Genetics and to publish genetic findings and patient information.  Sequencing was performed on a diagnostic basis at Baylor Genetics Laboratories.

Proband 5
	Proband 5 has a p.R295P variant in GDF11 (NM_005811.4:c.884G>C: NP_005802.1:p.(R295P)). This 10-year-old boy presented to the Neurogenetics clinic with a history of regression at 18 months of age following scarlet fever.  At that time, he experienced a loss of speech and language skills in addition to motor milestones.  He subsequently developed spasticity, episodes of dystonia, and contractures to hips, knees, and elbows.  Exome sequencing identified variants in ADAR consistent with a diagnosis of Aicardi-Goutieres type 6 (OMIM 615010). The variants included a known pathogenic variant 1, ADAR NM_001111.4:c.577C>G, NP_001102.2:p.(P193A) (maternal), and a variant interpreted as a variant of unknown significance, ADAR NM_001111.4:c.3633G>T, NP_001102.2:p.(W1211C) (paternal).  However, he was noted to have several additional anomalies that were not explained by the AGS6 diagnosis.  He had a marked brachycephaly and bilateral ptosis. He had simple, prominent ears.  He had short stature Z=-3.88; 114.5cm at 10 years and 4 months) with preservation of head circumference (25-50th percentile, 53cm at 10 years and 4 months). He had marked scoliosis with hypersegmentation of his vertebrae. He had supernumerary nipples and a sacral dimple. He also had a dilated aortic root (mild).  The additional features prompted a reanalysis of his trio-exome on a research basis (Care4Rare Research Consortium) and the research group identified the de novo GDF11 variant.  This was then placed in GeneMatcher 2.  
	Written consent was provided to the Children’s Hospital of Eastern Ontario for use in the study. Sequencing was performed on a diagnostic basis by the Care4Rare program.
Proband 6
	Proband 6 has a p.E306K variant in GDF11 (NM_005811.4:c.916G>A: NP_005802.1:p.(E306K)). The UDN work-up involved clinical evaluation at Boston Children’s Hospital, research reanalysis of prior clinical ES data was from Ambry Genetics trio GS from HudsonAlpha.  The E306K GDF11 variant was identified through research reanalysis of WES data by Brigham Genomic Medicine and Sanger confirmed through clinical GS. 
	The proband is consented to the UDN and has consented to share photographs. Sequencing was performed on a diagnostic basis through the UDN.
Human genetics
[bookmark: _Hlk56598430]	For proband 1, GeneDx performed trio exome sequencing (ES), and HudsonAlpha performed trio genome sequencing (GS) through the Undiagnosed Disease Network (UDN).  Baylor Genetics Laboratories performed ES for probands 2 and 4. Trio ES was performed for proband 3, exome capture was carried out with BGI Exome kit capture (59M) and the library was then sequenced on a BGISEQ-500, paired-end 100bp, at BGI laboratory in in Shenzhen, China. Analysis of the raw data was performed using the software Varfeed (Limbus, Rostock, Germany) and the variants were annotated and prioritized using the software Varvis (Limbus, Rostock, Germany). Proband 5 was enrolled in the Care4Rare program which performed trio ES 3 and was recruited for this study through the Matchmaker Exchange4. For proband 6, prior clinical ES was done at Ambry Genetics and a trio GS was completed through the UDN by HudsonAlpha. All GDF11 variants were Sanger confirmed. GDF11 variants are mapped onto the NM_005811.5 RefSeq transcript for GDF11. 
	For in silico analysis of variant pathogenicity the variants were submitted to wANNOVAR5. CADD6 scores as well as PolyPhen27, SIFT8, Mutation Taster9 and PROVEAN10 predictions were used to predict variants (Supplementary Table 2). 
Sequence alignment
	Protein sequences from human GDF11 (NP_005802.1), mouse Gdf11 (NP_034402.1), zebrafish gdf11 (NP_998140.1), and Drosophila myo (NP_726604.1) were obtained from NCBI and aligned using BoxShade (https://embnet.vital-it.ch/software/BOX_form.html). 

qPCR quantification of GDF11 gene expression from peripheral blood mononuclear cells (PBMC)
	PBMC samples were quickly thawed at room temperature and spun down at 500xg for 5 minutes at room temperature. After removal of the supernatant, PBMCs were resuspended in 350 µL buffer RLT with 2-mercaptoethanol. RNA was purified from these samples using the Qiagen RNeasy kit (Qiagen #74104) according to the manufacturer’s recommendation. First-strand synthesis was performed on 400 ng total RNA with M-MLV reverse transcriptase (Invitrogen #28025013) and random hexamer primer. RT-qPCR was performed using 0.22 µL cDNA template and 6 pmol forward and reverse primers together with PowerUp SYBR Green Master Mix (Applied Biosystems #A25778) in a final reaction volume of 15 µL. Real-time reactions were tracked on a Bio-Rad CFX96 instrument, using the following thermal protocol:  95°C denaturation (3 min), 40 cycles of 95°C denaturation (11 sec), 60°C annealing and elongation (45 sec), with a fluorescence read at the end of elongation.  Melt curves were measured by a 65°C to 95°C touch down in 0.5°C increments with a fluorescence read after each increment.  Fluorescence measurements were analyzed using Bio-Rad CFX manager software. Quantification of GDF11 expression was performed using the CT method using beta-glucuronidase (GUSB) as a loading control. The primers used to quantify gene expression were as follows: 
GDF11 exon 1 and 2 spanning primers
Forward: 5’ – AAGGAGGCGCCCAACATC – 3’
Reverse: 5’ – TGTACTGCTGGGTCCGTCTC – 3’
GDF11 exon 2 and 3 spanning primers
Forward: 5’ – ATTGAGCTGCACTCACGCT – 3’
Reverse: 5’ – TCCATGAATGGATGCAGCCCC – 3’
GUSB (loading control)
Forward: 5’ – AAACGATTGCAGGGTTTCAC - 3’
Reverse: 5’ – CTCTCGTCGGTGACTGTTCA - 3’ 
Western blot quantification of protein expression from PBMCs
	PBMC samples were quickly thawed at room temperature and spun down at 500xg for 5 minutes at room temperature. After removal of supernatant, PBMCs were resuspended in RIPA buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 5 mM EDTA) containing 1x Xpert Protease Inhibitor Cocktail (GenDEPOT #P3100) inhibitor, 1x Xpert Phosphatase Inhibitor Cocktail (GenDEOPT #P3200), and 207.5 units/mL Peirce Universal Nuclease (ThermoFisher #88702). Samples were incubated on a rotator for 20 minutes at 4°C and then clarified by spinning down at 14000g for 20 minutes at 4°C. The supernatant was collected as the final protein extract. Positive control lysate was generated by cloning human GDF11 cDNA from DNASU HsCD00351455 using Takara Advantage GC 2 polymerase PCR kit (Takara Bio # 639114) into pAAV using Gibson cloning. 2.5 µg of plasmid was transfected into HEK293T cells using the Mirus reagent and protein was collected as described above. 15 µg of protein lysate was prepared with 1x NuPAGE LDS sample buffer (ThermoFisher #NP0007) and 1x NuPAGE Protein Reducing Agent (ThermoFisher #NP0004) and boiled for 5 minutes. Boiled lysates were run on a NuPAGE 4-12% Bis-Tris 1.5 mm gel (ThermoFisher #NP0336) in 1x NuPAGE MES Running Buffer (#NP0002). The gel was transferred to 0.4 m pore activated Immobilon-FL PVDF membrane (Fisher #IPFL00010) using wet transfer in 1x NuPAGE Transfer Buffer (#NP0006) with 10% MeOH at 100V constant for 75 min at 4°C. Membranes were then blocked in 0.5x Odyssey Intercept Buffer (PBS) (Li-Cor #927-60003) for 1 hr at room temperature. Primary antibodies were diluted in 0.5x Odyssey Intercept buffer (PBS) + 0.1% Tween-20. The following antibodies were used: anti-GDF11/MSTN (EPR4567 (2), Abcam #ab124721, 1:1000), anti-GDF11 (ThermoFisher #PA5-11928, 1:1000), anti-Human GDF11 (R+D Systems #MAB19581), anti-GAPDH (6C5, EMD Millipore #CB1001, 1:20000), and anti-Vinculin (Sigma #V9131, 1:20000). Membranes were washed and probed with Li-Cor secondary antibody (Li-Cor #926-68020 and 926-32211) in 0.5x Odyssey blocking buffer + 0.1% Tween-20. And 0.1% SDS. Membranes for fluorescence imaging were scanned on an Odyssey CLx infrared scanner (LI-COR) at 169-µm resolution and 0-mm focus offset. 
ELISA quantification of GDF11 levels 
	Circulating GDF11 levels in plasma were quantified using the human GDF11/GDF-11 Sandwich ELISA kit (LSBio #LS-F11519) according to the manufacturer’s recommendations. Plasma samples were diluted 1:1 in sample diluent before processing. 
Generation of Zebrafish gdf11 mutants
	Zebrafish were raised according to standard protocols approved by the University of Oregon IACUC. The zebrafish codon-optimized Cas9 expression plasmid was digested with XbaI, purified, and transcribed with the T3 message machine kit (Ambion). Three guide RNA (gRNA) were designed (with the ZiFiT Targeter software) to the CRISPR target sequence (ATG-310R, 390R, and 906F). Templates for gRNA synthesis were prepared by PCR with the gene-specific primer at an annealing temperature of 58C. sgRNA was synthesized with the T7 MEGAscript kit (Ambion). Cas9 mRNA (300 ng/ml) and sgRNA (150 ng/ml) were mixed and injected into Oregon AB* wild-type zebrafish embryos at the one-cell stage with an MPPI-2 Pressure Injector with a BP-15 Back Pressure Unit (Applied Scientific Instrumentation). We confirmed CRISPR activity at the target site with sequence analysis of pools of injected embryos at 24 hrs post-fertilization (hpf) using primers to amplify the region containing the target sequence. To recover indel alleles, we injected each sgRNAs separately. At reproductive maturity, injected founders were outcrossed to AB* wild-type fish and analysis of individual F1 embryos from these crosses at 24 hpf identified clutches carrying two different frameshift deletions: b1407, a 2bp deletion in exon 1, c.374-5, resulting in an E125Vfs*15 truncation; and b1408 a 7bp deletion in exon 3, c.922-28, creating an F308Gfs*53 truncation. To recover the large deletion from founders injected with a cocktail of ATG-310 and 390R gRNAs, pools of F1 embryos were screened with primers flanking the CRISPR target sites. We identified an allele, b1396, in which a distance of ~850bp in a PCR product from wild type was reduced to approximately 150bp. Clutches found to be positive by PCR screening were propagated and subsequent sequencing of b1396 individuals revealed a 703 bp deletion from 327 bp upstream of the first codon to c.375, suggesting that this is a null allele. All sequence was aligned to the GRCz11 reference transcript ENSDART00000066033.8. Surviving F1s from positive clutches were raised to adulthood and genotyped to identify heterozygotes that were then increased. Homozygous viable F2 mutants were raised to adulthood and increased to obtain larvae for the described experiments, alongside control larvae from homozygous wild-type F2 siblings. 
gRNAs and Detection primers (gRNA sequence in lower case, target sequence in upper case): 
Gdf11 gRNA ATG-310R: 5’ aattaatacgactcactataGTGGCGTAATCCTTCTCTATgttttagagctagaaatagc 3’
Gdf11 ATG-374F: 5’ AGATTTAGTGACAAACCTGTGATCC 3’ 
Gdf11 ATG-235R: 5’ ATCTGCTCCAGCTGATACTAAG 3’
 
Gdf11 gRNA 390R: 5’ aattaatacgactcactataGGTGGTGGCGTGATACTCATgttttagagctagaaatagc 3’
Gdf11 275F: 5’ ATCAGCTTCTTCCCAAAGCAC 3’
Gdf11 e1+57R: 5’ ACATCAGTTATGCATCTTAAGCAAA 3’

gdf11 gRNA 906F: aattaatacgactcactataGGACTTTGAAGCTTTTGGCTgttttagagctagaaatagc
gdf11 793F: CCGTTCCTGGAGGTCAAGATT
gdf11 993R: AAACATGTACTCACACTGCCCT
 
 In-situ hybridization 
	To prepare a probe to analyze the expression pattern of gdf11 (ENSDARG00000044924), we amplified cDNA from 5 dpf larvae using Phusion polymerase (NEB) and the primers: gdf11 78F (5' CTTTCTAGCCCCACTGAGCG 3') and gdf11 655r: (5' GCCAGTGACCTGCTTGAGAA 3'), amplifying the last 341bp of exon 1 and first 237bp of exon 2, excluding the TGF-β domain. After column purification, the fragment was ligated into a pCR blunt II Topo vector (Invitrogen). The plasmid was linearized with NotI, and the probe was synthesized with SP6 polymerase using the DIG RNA labeling kit (Sigma Aldrich). The probe was column purified, eluted in 100 µl water, and 100 µl prehybridization solution (50 % formamide, 5 X SSC, 50 µg/ml heparin, 500 g/ml yeast RNA, 0.1 % Tween-20, citric acid to pH 6). The probe was diluted 1:100 for in-situ hybridization. In situ hybridization was performed as described (Rodriguez-Mari et al., 2005). Images were taken using a LEICA DMLB microscope equipped with a LEICA DFC310 FX camera and processed with LAS V4 software. The scale bars for images are 100 µm.
Analysis of single-cell RNA sequencing data.
	Single-cell RNA-seq expression for gdf11 was retrieved from the Zebrafish single-cell transcriptome atlas (http://cells.ucsc.edu/?ds=zebrafish-dev). Tissue-specific assignments of cell-type identities are those previously annotated 11. Data are discussed in the results and illustrated in Figure S3.

Analysis of zebrafish craniofacial structures. 
	Zebrafish at 7 dpf were fixed in 4% PFA, rinsed in PBS-T, cryoprotected in 30% sucrose overnight, and embedded in agarose for cryosectioning. 16 µm sagittal sections were cut and subsequently stained with Hematoxylin and Eosin. For bone and cartilage staining of craniofacial elements, whole larvae were briefly fixed in 2% PFA and processed, skeletal elements were stained with Alcian blue and Alizarin red as previously described 12. For live imaging necessary for facial and body length measurements, zebrafish were anesthetized in MS-222, placed on the dissecting microscope stage for photographing, and returned to fish water immediately for recovery. Images were captured with a Leica S8APO dissecting microscope fitted with a Leica EC3 camera and LAZ EZ imaging software. Length and area measurements were performed in ImageJ and statistical analyses, including the nonparametric Mann-Whitney test to measure the statistical significance of the changes in size, shape, and orientation of the jaw elements, were performed with GraphPad software.
Fly stocks and maintenance
All fly stocks used in this study were either generated in-house or were obtained from the Bloomington Drosophila Stock Center (BDSC). All flies were reared on standard fly food and maintained at room temperature unless specified. The following fly lines were used in this study:
y1 w*; P{w[+mC]=Act5C-GAL4}25FO1/CyO, y+ (RRID: BDSC#4414)
y1 w*; P{w[+mC]=GAL4-Mef2.R}3 (BDSC#27390)
w1118; P{GAL4}repo/TM3, Sb1 (BDSC#7415) 
w1118; Df(3L)Ly, sens[Ly-1]/TM6B, P{w[+mW.hs]=Ubi-GFP.S65T}PAD2, Tb1 (BL#4887)	 
y1 w*; Dp(1;Y;4)y+, svspa-pol/myoΔ1 (BDSC#50741) 13
y1 w*; L/CyO;;l(4)Act-GFP/l(4)ey-RFPy1 w* ;TI{GFP[3xP3.cLa]=CRIMIC.TG4.1}myo[CR02262] (myo-T2A-GAL4)/ ciD (This Study)
y1 w*; PBac{y[+mDint2] w[+mC]=UAS-myo-WT}VK00037 (This Study)
y1 w*; PBac{y[+mDint2] w[+mC]=UAS-myo-E500K}VK00037 (This Study)
y1 w*; PBac{y[+mDint2] w[+mC]=UAS-myo-R489P}VK00037 (This Study)
y1 w*; PBac{y[+mDint2] w[+mC]=UAS-myo-F530X}VK00037 (This Study)
Generation of UAS-myo flies
The Drosophila melanogaster cDNA for myo (isoform myo-PA, FlyBase ID: FBal0267088) was generously provided by Michael O’Connor13. Identification of conserved amino acids corresponding to variants in human GDF11 (fly variant in myo in parenthesis): p.E306K (p.E500K), p.Y336* (P.F530*), and p.R295P (p.R489P)  was done using multiple protein alignment DIOPT v6 14 via Marrvel1.2 (www.marrvel.org)15. Mutagenesis was done on the myo-cDNA using a Q5 site-directed mutagenesis kit (New England Biolabs #E0554S). To enable subcloning of the myo-cDNA into a pUAST-attB vector16 a 5’ EcoR1 restriction site (F 5’ TGTACAATTGAATTCATCAACG 3’, R 5’TAAGTAGATATATACTTATCTATCG 3’ )  and a 3’ Xba1 restriction site (F 5’ AAAGTGTTCTaGAAAATAGAACTAATACATATG 3’, R 5’ CGAATTTTGTTCGCTAAG 3’) were inserted. To generate myo-E500K codon 500 was converted from GAA to AAA to change the amino acid from glutamate to a lysine (F 5’ TGGACTGCACaaaAAATGATCATG 3’, R 5’ TATATACGCTGCGCTTTC 3’). To generate myo-F530* codon 530 was converted from TTT to TAG to change the amino acid from phenylalanine to a stop codon (F 5’ ACCAACGTCCtagGACGCATACTTC 3’, R 5’ GCTACAACGAAATGCCATC 3’). To generate myo-R489P codon 489 was converted from CGA to CCA to change the amino acid from arginine to proline (F 5’ AAAAAGCATccaAGAAAGCGC 3’, R 5’ TTGCGACCCAATTTCTATG 3’). Each construct was subcloned into a pUAST-attB vector using Xba1 and EcoR1 restriction enzymes and T4 DNA ligase. The coding region of all constructs was sequenced validated to confirm no errors were present. The UAS-myo constructs were injected into embryos of animals containing the VK00033 attP landing site17 and expressing phiC31 under the expression of a nos promotor (y1 M{vas-int.Dm}ZH-2A w* v1 P{nos-phiC31\int.NLS}X; PBac{y+-attP-3B}VK00033). Animals with successful recombination were selected for white+, and two independent lines for each injected construct, and both constructs were used in all future studies.  	
Generation of myo-T2A-GAL4 flies using CRIMIC
Drosophila myo is located on the 4th chromosome. The myo-T2A-GAL4 allele was made as previously described18. A sgRNA targeting the first coding intron of myo (5’ GAGTAGGTATAGATAAAGGGAGG 3’)  was designed as described previously19, and inserted into the pCFD3 sgRNA expression vector 20. Donor constructs were generated as previously described 18. Briefly, Genewiz synthesized 200 bp homology arms (HA) flanking a 32 bp insert containing Bbs1 restriction sites. This 432 bp fragment was cloned into the pUC57_Kan_gw_OK vector (Genewiz) in the EcoRV site. pUC57_Kan_gw_OK has gRNA1 target sites on either side of the EcoRV cut site and thus places the homology arms in between gRNA1 cut sites. In the backbone, there is a U6:gRNA1 that linearizes the construct in vivo. Finally, the T2A-GAL4 cassette from pM3721 was ligated into the donor at the Bbs1 sites. The HA sequences were left (L-HA 5’ TAGATTTGAATAAAAATCAAGCTAAAAAGTCGGACATTCCTATTAATACCAACGATGAGGAGTACGAGAGTATTTTGTCTCACATCAGCAGTATATACATATTTCCCGAGGGTAAGTAAACAGCATTCTTAAAGTAGATATAGATATAGGAAGATATTGAATAAGAGAAGATATTATATATAAGAGTAGGTATAGATAAA 3’) and right (R-HA 5’ GGGAGGAAAAGACAAGGAGAGCTTAAGAGAAGTAAAAAGCATATATAACGTCACTAAAATCTGTGTAAATATATTTCTAGACTTTTTGTAAGTAAGAAGCATAATCATTTATCTTATATTTATATCTTTTTTGGGCCCGATTTGGTTATAGGTTTAGATTTCGAACTTTTTTCCTTTAATAAGAGAAAGCAAGCAAAAAT 3’ )  The correct assembly was confirmed via sequencing. We injected a mix of 25 ng/μl sgRNA and 250 ng/μl donor DNA in isogenized fly embryos of y,w; +/+; attP2(y+){nos-Cas9(v+)}22 animals to generate the myo-CRIMIC insertion. This myo-T2A-GAL4 allele is homozygous lethal and was balanced over a 4th chromosome that carries a recessive lethal variant and dominant visible marker (ciD) to maintain the stock.
Overexpression of myo variants in flies
To determine the viability of each myo variant when overexpressed, UAS-myo-WT and variant flies, as well as UAS-empty, were crossed to various GAL4 driving lines (Act-GAL4, repo-GAL4, mef2-GAL4, and myo-T2A-GAL4) at 18oC, 22oC, 25oC, and 29oC. Each cross was performed at least twice with at least 150 total flies counted to determine the percentage of viable flies. A chi-squared test, with expected totals derived from the number of viable GAL4>UAS-empty (pUAST-attB without any insert injected into VK00033) animals with the respective GAL4, was performed to determine if differences in viability were significant. A chi-squared test was used based on the properties of the data.	
Supplementary Results
gdf11 expression in Zebrafish is analogous to GDF11 expression in humans	
	Using in situ hybridization experiments, we identified prominent gdf11 transcripts in the brain of zebrafish embryos at 2 days post fertilization (dpf) and in young larvae at 3 and 4 dpf (Figure S1, A-C). This expression domain places gdf11 transcripts in zebrafish counterparts of human cells responsible for the brain morphology alterations found in human probands. In zebrafish embryos and larvae, gdf11 was expressed in the mesenchyme that condenses to form various elements of the craniofacial skeleton (Figure S1, D-I).
	Analysis of single-cell gene expression data provides an alternative and independent view of gdf11 expression11. Expression of gdf11 was prominent in the cranial neural crest, which contributes to skeletogenic mesenchyme, and pharyngeal arches and gives rise to craniofacial skeletal elements (Figure S2). gdf11 is expressed in the heart and vasculature, and in the notochord and tailbud. According to the single-cell-RNA-seq atlas, gdf11 was not reported to be strongly expressed in macrophages or neutrophils. Periderm (the outer) and basal skin cells express gdf11 weakly. Gills, liver, intestine, spleen, and primordial germ cells do not strongly express gdf11. A few fast muscle cells express gdf11, but slow muscle cells do not. Strong expression of the gdf11 transcript is also noted in the retina.  
Overexpression based assays of GDF11 variants in Drosophila indicates that they are LOF variants
In the myo-T2A-GAL4, GAL4 replaces most of the coding sequence of myo, and GAL4  is expressed in the same spatial and temporal pattern as endogenous myo. Homozygous myo-T2A-GAL4 flies as well as transheterozygous animals over a deficiency, myo-T2A-GAL4 /myo1 (myo1 is a previously reported null allele13, are lethal, consistent with previously reported alleles. We then crossed the myo-T2A-GAL4 to animals carrying the UAS-myo transgenes and myo1 (UAS-myo; myo1/balancer)13, to determine whether the transgenes can replace the function of the endogenous myo and rescue lethality in F1 animals (UAS-myo/+; myo1/ myo-T2A-GAL4). However, when UAS-myo-WT;;myo1/balancer animals were crossed to myo-T2A-GAL4/balancer animals, the UAS-myo-WT;;myo-T2A-GAL4/ myo1 offspring were not viable, suggesting that the expression of the transgene was not able to recapitulate the endogenous level or dynamics of myo expression. Because the level of GAL4 is positively correlated with the temperature at which the flies are raised23, we attempted to rescue homozygous myo null lethality at various temperatures (18oC-29oC). At all temperatures, we were not able to rescue myo null homozygous lethality. The inability to rescue myo homozygous lethality with a myo transgene, despite expressing the transgene in the same spatiotemporal pattern and at various expression levels suggests that the expression of myo is highly dosage sensitive, and slight discrepancies in expression level can cause lethality, a somewhat uncommon observation as ~ 70% of genes are rescued using this strategy21. 

Supplemental Figures
Supplementary Table 1 – Overview of phenotypes associated with genetic variation in Growth Differentiation Factor (GDF) genes in humans. BMP – Bone Morphogenetic Protein, Vgr-2 - Vg-related gene 2, MSTN – Myostatin, MIC-1 -Macrophage inhibitory cytokine-1. 
Supplementary Table 2 – Summary of GDF11 variants found in each proband, their pathogenicity prediction using Combined Annotation Dependent Depletion (CADD) 39, Polyphen2 (Polymorphism Phenotyping v2)41, and frequency in the gnomAD database 38.
Figure S1 – Quantification of GDF11 from PBMCs. GDF11 abundance was measured in PBMCs derived from the proband or unaffected mother by Western blot using three separate antibodies against GDF11. A positive control lysate was generated by transiently overexpressing human GDF11 in HEK293T cells. Lysates were run in replicate across multiple lanes on the same gel, transferred onto the same membrane, and cut into different pieces to probe using the GDF11 or loading control antibodies. Vinculin and GAPDH from one membrane are shown as representative loading controls. Protein was collected from n = 1 sample from N = 1 blood draw per patient
Figure S2 - Expression of gdf11 in zebrafish embryos and larvae. A, D, G; 2 days post fertilization (dpf). B, E, H, 3 dpf. C, F, I; 4 dpf. A, B, C; Cross-section through the eyes. D, E, F; cross-section through the pharynx. G, H, I: Magnifications of D, E, F, respectively. Scale bars for A-F, H-I: 100µm, for G: 50 µm. Abbreviations: b, brain; bb, basibranchial; c, chondrocytes; ch, ceratohyal; e, eye; ep, epithelium; et, ethmoid plate; h, heart; hy, hyomandibular; l, lens; ma, mandibular; ml, melanocyte; ms, mesenchyme; o, otic vesicle; p, pharynx; pr, pigmented retina; r, retina; y, yolk.
Figure S3 - gdf11 expression in the single-cell transcriptomic zebrafish atlas for 1 and 2 dpf embryos and 5dpf larvae. Black dots represent cells that are expressing gdf11. Blue dots represent cells that are not expressing gdf11. Cell type identification according to 31.
Figure S4 – Generation of tools to study GDF11 variants based on Drosophila homolog myoglianin (myo). (A) myo has 3 predicted isoforms with variable 5’ untranslated regions. (B) A sgRNA targeting the first coding intron of myo was injected into Cas9 expressing flies to generate a double-strand DNA break. A plasmid containing a Splice Acceptor (SA) site, T2A-GAL4 with a poly-A sequence, the 3XP3 promotor driving GFP (as a selection marker) with polyA flanked by attP and FRT sites as well as homology arms (L-HA, R-HA) that complement the cut site in the genomic DNA, was co-injected with the sgRNA into Cas9 expressing flies. Homology-directed repair integrates the attP-FRT-SA-T2A-GAL4-pA-3XP3-GFP-pA-FRT-attP sequence into the intron creating an artificial exon generating the myo-T2A-GAL4 allele. A truncated mRNA of myo will be generated due to the premature polyA signal, the T2A ribosomal skipping sequence terminates translation of the myo transcript, but translation is reinitiated at the GAL4. Hence, GAL4 is expressed in the same spatiotemporal pattern as myo. (C) UAS-myo transgenes were integrated into a specific attP landing site in the genome (VK00033). (C) Three of the proband’s variants were made in fly myoglianin (myo) (p.R498P, p.E500K, p.F530*) corresponding to the amino acids in the proband’s variants (p.R295P, p.E306K, and p.Y336*).

Table S1

	Gene (also known as)
	Phenotypes associated
	Reference

	GDF1
	Cardiac disorders
	24–26

	GDF2 (BMP9)
	Vascular disorders
	27,28

	GDF3 (Vgr-2)
	Ocular disorders, Skeletal disorders, Craniofacial disorders
	29,30

	GDF5
	Skeletal disorders
	31,32

	GDF6
	Ocular disorders, Skeletal disorders, Craniofacial disorders, Pulmonary disorders
	30,31,33,34

	GDF8(MSTN)
	Muscular disorders
	35,36

	GDF9
	Primary ovarian insufficiency
	37

	GDF10
	No reported phenotypes
	

	GDF11
	Skeletal disorders, Craniofacial disorders
	38

	GDF15 (MIC-1)
	No reported phenotypes
	












Table S2
	Case
	Human Variant
	CADD phred
	Polyphen2 HDIV prediction
	SIFT prediction
	Mutation Taster prediction
	PROVEAN
prediction
	gnomAD allele frequency

	Proband 1
	NM_005811.4:c.1008C>G:NP_005802.1:p.(Y336*)
	36
	NA
	NA
	Damaging 0.81
	NA
	Absent

	Proband 2
	NM_005811.4:c.434_437dup:NP_005802.1:p.(Q147Gfs*82)
	NA
	NA
	NA
	NA
	NA
	Absent

	Proband 3
	NM_005811.4:c.955dup:NP_005802.1:p.(T319Nfs*5)
	NA
	NA
	NA
	NA
	NA
	Absent

	Proband 4
	NM_005811.4:c.279_289del:NP_005802.1:p.(N94Rfs*47)
	NA
	NA
	NA
	NA
	NA
	Absent

	Proband 5
	NM_005811.4:c.884G>C:NP_005802.1:p.(R295P)
	34
	Probably Damaging, 0.899
	Damaging 0.912
	Damaging 0.81
	Damaging 0.881
	Absent

	Proband 6
	NM_005811.4:c.916G>A:NP_005802.1:p.(E306K)
	27
	Possibly Damaging, 0.447
	Damaging
0.721
	Damaging 0.81
	Damaging
0.65
	0.0004%
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