
 

 

 

This article has been accepted for publication and undergone full peer review but has not been 

through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/humu.23373. 

This article is protected by copyright. All rights reserved. 

 

Inactivation of AMMECR1 is associated with growth, bone and heart alterations 

Running Title: AMMECR1 loss-of-function 

Mariana Moysés-Oliveira
1,2

, Giuliana Giannuzzi
2
, Richard J. Fish

3
, Jill A. Rosenfeld

4
, Florence Petit

5
, 

Maria de Fatima Soares
6
, Leslie Domenici Kulikowski

7
, Adriana Di Battista

1
, Malú Zamariolli

1
, Fan 

Xia
4
, Thomas Liehr

8
, Nadezda Kosyakova

8
, Gianna Carvalheira

1
, Michael Parker

9
, Eleanor G. 

Seaby
10

, Sarah Ennis
10

, Rodney D. Gilbert
11

, R. Tanner Hagelstrom
12

, Maria L. Cremona
12

, Wenhui L. 

Li
12

, Alka Malhotra
12

, Anjana Chandrasekhar
12

, Denise L. Perry
12

, Ryan J. Taft
12

, Julie McCarrier
13

, 

Donald G. Basel
13

, Joris Andrieux
14

, Taiza Stumpp
15

, Fernanda Antunes
16

, Gustavo José Pereira
16

, 

Marguerite Neerman-Arbez
3
, Vera Ayres Meloni

1
, Margaret Drummond-Borg

17
, Maria Isabel 

Melaragno
1
, Alexandre Reymond

2
 

1
Genetics Division, Department of Morphology and Genetics, Universidade Federal de São Paulo, 

04023-900 São Paulo, Brazil 

2
Center for Integrative Genomics, University of Lausanne, 1015 Lausanne, Switzerland 

3
Department of Genetic Medicine and Development, 1211 University of Geneva Medical School, 

Geneva, Switzerland 

4
Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX 77030, 

USA 

5
Clinique de Génétique, CHU Lille - Hôpital Jeanne de Flandre, 59000 Lille, France 

6
Psychobiology Department, Universidade Federal de São Paulo, 04023-062 São Paulo, Brazil 

7
Department of Pathology, Laboratório de Citogenômica, LIM 03, Hospital das Clínicas, Faculdade 

de Medicina, Universidade de São Paulo, 05403-000 São Paulo, Brazil 

8
Universitätsklinikum Jena, Institut für Humangenetik, D-07740 Jena, Germany 

https://doi.org/10.1002/humu.23373
https://doi.org/10.1002/humu.23373
https://doi.org/10.1002/humu.23373


 

2 

 

 
This article is protected by copyright. All rights reserved. 

 

9Sheffield Clinical Genetics Service, Sheffield Children’s Hospital, Western Bank, S10 2TH 

Sheffield, United Kingdom 

10
Genomic Informatics Group, University Hospital Southampton, SO16 6YD Southampton, United 

Kingdom 

11Southampton Children’s Hospital, University Hospital Southampton, SO16 6HU Southampton, 

United Kingdom 

12
Illumina Clinical Services Laboratory, 5200 Illumina Way, San Diego CA 92122, USA 

13
Department of Pediatrics, Section of Genetics, Medical College of Wisconsin, Milwaukee, USA 

14
Institut de Génétique Médicale, CHU Lille - Hôpital Jeanne de Flandre, 59000 Lille, France 

15
Developmental Biology Division, Department of Morphology and Genetics, Universidade Federal 

de São Paulo, 04023-900 São Paulo, Brazil 

16
Department of Pharmacology, Universidade Federal de São Paulo, 04023-900, São Paulo, Brazil 

17
Cook Children's Genetic Clinic, Fort Worth, TX 76102, USA 

Correspondence to 

alexandre.reymond@unil.ch 

melaragno.maria@unifesp.br 

Summary 

We report five individuals with loss-of-function of the X-linked AMMECR1: a girl with a balanced X-

autosome translocation and inactivation of the normal X-chromosome; two boys with maternally-

inherited and de novo nonsense variants; and two half-brothers with maternally inherited 

microdeletion variants. They present with short stature, cardiac and skeletal abnormalities and hearing 

loss. Variants of unknown significance in AMMECR1 in four male patients from two families with 
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partially overlapping phenotypes were previously reported. AMMECR1 is co-expressed with genes 

implicated in cell cycle regulation, five of which were previously associated with growth and bone 

alterations. Our knockdown of the zebrafish orthologous gene resulted in phenotypes reminiscent of 

patients’ features. The increased transcript and encoded protein levels of AMMECR1L, an AMMECR1 

paralog, in the t(X;9) patient’s cells indicate a possible partial compensatory mechanism. AMMECR1 

and AMMECR1L proteins dimerize and localize to the nucleus as suggested by their nucleic acid-

binding RAGNYA folds. Our results suggest that AMMECR1 is potentially involved in cell cycle 

control and linked to a new syndrome with growth, bone, heart and kidney alterations with or without 

elliptocytosis. 

Key words: Growth delay, bone dysplasia, heart alteration, AMMECR1, X-linked disease. 

INTRODUCTION 

AMMECR1 maps within the AMME (Alport syndrome, mental retardation, midface hypoplasia, and 

elliptocytosis) complex interval. AMME (MIM# 300194) is an Xq22.3 contiguous gene deletion 

syndrome encompassing about 20 genes (Supp. Figure S1) characterized by nephropathy (Alport 

syndrome, MIM# 301050), intellectual disability, midface hypoplasia and elliptocytosis. Some 

affected individuals also present with hearing loss, ocular abnormalities, limb malformations, cardiac 

arrhythmia and heart defects (Jonsson et al., 1998). The COL4A5 gene has been implicated in Alport 

syndrome, hearing loss and eye abnormalities (Vaser et al., 2016; Vitelli et al., 1999), whereas 

variants in ACSL4 were associated with X-linked intellectual disability 63 (MRX63; MIM# 300387) 

(Gazou et al., 2013; Meloni et al., 2002). The other clinical features of AMME, such as midface 

hypoplasia, elliptocytosis, limb malformations, cardiac arrhythmia and heart defects, could be 

associated with the remaining neighboring genes, including AMMECR1 (Supp. Figure S1, Table 1; 

Supp. Table S3). 

A family with two affected male individuals, the patient and one of his maternal uncles, who had 

partially overlapping phenotypes, i.e. midface hypoplasia, proportionate short stature, hearing loss and 

elliptocytosis with or without anemia, was recently described (Basel-Vanagaite et al., 2017). The 

causative nature of the identified stop gain variant in AMMECR1 that induces skipping of 111 bp-long 
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exon 2 is not clear. The investigated patient’s X-chromosome carries 12 more rare exonic variants in 

particular a frameshift and a stop gain variant in MAGEB3 (pLI = 0.66, 0 loss of function (lof) 

variants identified compared to 3.3 expected according to ExAC) and the lof intolerant SLC16A2 (pLI 

= 0.93, 0 identified/8.4 expected) genes, respectively. Two half-brothers presenting elliptocytosis, 

midface hypoplasia, early speech and language delay carrying a p.(Gly177Asp) missense variant in 

AMMECR1 that causes mislocalization of the encoded protein were also reported (Andreoletti et al., 

2016). These four cases were regrouped by OMIM under the identifier MFHEIN (midface hypoplasia, 

hearing impairment, elliptocytosis, and nephrocalcinosis, MIM# 300990). 

Here we describe four new males and a female with variants that are predicted to lead to lof of the X-

linked AMMECR1 gene and present with short stature, cardiac and skeletal abnormalities and hearing 

loss. The female carries a balanced X-autosome translocation disrupting AMMECR1 and silencing of 

the normal X, whereas the males are hemizygous for a nonsense variant or a deletion encompassing 

AMMECR1. Our results support the involvement of AMMECR1 in a new syndrome and expand its 

associated phenotypes that group growth abnormalities with alterations of bones and heart. 

MATERIALS AND METHODS 

Enrollment 

All samples used in this study were collected with written appropriate informed consent and approval 

of the local ethics committee. 

Classical and Molecular Cytogenetic Evaluation 

550 resolution G-banding was performed on lymphocyte cultures using standard methods. Genomic 

array was performed using the Affymetrix Genome-Wide Human SNP-Array 6.0 or Human Genome 

CGH (comparative genome hybridization) array 4x44k (Agilent Technologies). For patient 1, 

breakpoint localization was performed by FISH (fluorescence in situ hybridization) and array painting 

as described (Liehr et al., 2002; Moyses-Oliveira et al., 2015) and validated by FISH using BAC 

(bacterial artificial chromosome) probe CTD-3066N24 (Thermo Fisher Scientific) and whole-genome 

sequencing. X-chromosome inactivation was assessed as described (Sisdelli et al., 2016). 
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Exome and whole genome sequencing and analysis 

Patient 2 DNA was whole exome sequenced using the VCRome capture reagent as described (Yang et 

al., 2014). Variants with MAF<0.05% in controls cohorts (dbSNP, 1000 genome project, NHLBI GO 

Exome, ExAC (Exome Aggregation Consortium)) and predicted to be deleterious by at least one of 

the predictor SIFT (Vaser et al., 2016), PolyPhen-2 (Adzhubei et al., 2013) and/or UMD-Predictor 

(Salgado et al., 2016) were prioritized. Segregation of variants was confirmed by Sanger sequencing. 

Patient 3 and his parents DNA samples were prepared using the Illumina TruSeq PCR-free library 

prep and sequenced on a HiSeqX sequencer with paired end 150 bp reads. Reads were aligned to 

human reference genome assembly GRCh37 using ISACC aligner and variants were filtered using 

inheritance patterns, allele frequency, and molecular consequences.  Variants were manually curated, 

and classified according to the American College of Medical Genetics and Genomics (ACMG) 

guidelines (Richards et al., 2015). The identified pathological variants were submitted to ClinVar. 

Cell Lines, RNA and Quantitative RT-PCR 

We established lymphoblastoid cell lines (LCLs) from the Brazilian patient (patient 1), her mother 

and ten unrelated Brazilian female controls, seven of which are carriers of balanced X-autosome 

translocations with different breakpoints (karyotypes described in Supp. Table S1). RNA was 

extracted using Trizol (Invitrogen) or PAXgene Blood RNA MDx Kit (Qiagen-Sciences). Gene 

expression analysis was performed by real-time quantitative PCR (RT-qPCR) using TaqMan assays 

(Life Technologies) and SYBR green primer pairs (Supp. Table S2) assayed in Applied Biosystems 

7900HT Sequence Detection System (Life Technologies). 

Western Blot 

Fractionated protein extraction was performed as described (Settembre et al., 2011). 30 μg of protein 

were resolved on 10% SDS–PAGE and wet-transferred to PVDF membrane (GE Healthcare Life 

Sciences). Membranes were blocked with PBS 5% milk, 0.1% Tween 20 for 30 minutes at room 

temperature and then probed overnight at 4°C with anti-AMMECR1/AMMECR1L (Abcam 155780, 
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1:300), anti-AMMECR1 (Santa Cruz sc-131384, 1:300) or anti-GFP (Santa Cruz sc-8334, 1:500) 

antibodies. After three washes, membranes were incubated with horseradish peroxidase-conjugated 

secondary antibodies (Santa Cruz Biotechnology). Lamin A/C (Santa Cruz sc-6215) and tubulin 

(Sigma Aldrich T5168) were used as nuclear and cytoplasmic markers, respectively. Immunoreactive 

bands were visualized with Western highligting plus-ECL (Perkin Elmer). 

Morpholinos and Zebrafish Embryo Manipulations  

Zebrafish animal experimentation was approved by the Canton of Geneva Animal Experimentation 

Veterinary authority. Wild-type TU zebrafish were maintained in standard conditions (27
o
C, 500 mS, 

pH 7.5). Embryos obtained by natural intercrossing were staged according to morphology (Kimmel et 

al., 1995).  

To model a lof of AMMECR1, we designed three splice-blocking MO targeting the zebrafish 

ammecr1 pre-mRNA: (1) MO-E1I1-5’-CATAGCCATCTTGCTACTACTTACT-3’, (2) MO-I2E3-5’-

GCACTGCCAAGGGAACATGAAGACA-3’ and (3) MO-E3I3-5’- 

TGGAAATAGCTTCTTACCTCCCAGT-3’ (Gene Tools) that target the exon 1/intron 1, intron 

2/exon3 and exon 3/intron 3 boundaries, respectively. The standard Ctrl-MO (5’-

CCTCTTACCTCAGTTACAATTTATA-3’) (Gene Tools), with no targets in the zebrafish genome 

was used for mock injections. MOs were dissolved in nuclease-free water and their concentrations 

determined with a NanoDrop. They were injected at 1–2 cell stages (1–2 nL). For rescue experiments, 

the human wild-type AMMECR1 mRNA was in vitro transcribed from a pCS2+AMMECR1 plasmid 

using the SP6 mMessage mMachine System (Ambion) and purified by lithium chloride extraction. 

200 pg of the human wild-type mRNAs were coinjected with the MOs. 

Non-injected, Standard Control MO and ammecr1 MO-injected embryos were collected at 3 dpf and 

total RNA was isolated using standard Trizol protocol (Invitrogen). 850 ng of total RNA from each 

sample was used to synthesize cDNA with the Superscript III kit with Oligo d(T)12-19 primers 

(Invitrogen). Dilutions of cDNA were used in qPCR reactions with SYBR Green PCR Master Mix 

(Life Technologies). All samples of cDNA were assayed in technical triplicate with standard PCR 
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conditions of the Applied Biosystems 7900HT Sequence Detection System (Life Technologies). ΔCt 

values were calculated relative to ef1-alpha. Relative quantification (RQ) of transcript levels were 

quantified using the 2
–ΔΔCt 

method. 

Functional Network Analysis  

We utilized GIANT (Genomescale Integrated Analysis of gene Networks in Tissues) to assess tissue-

specific functional interactions (Greene et al., 2015). Enrichment of biological processes and cellular 

components was determined using Enrichr (Chen et al., 2013). The same analysis was repeated for 

GAPDH and RGAG1 genes. 

Expression of GFP-AMMECR1 in HeLa Cells 

pcDNA™6.2/EmGFP Gateway destination vector was used to generate GFP-AMMECR1 

NM_015365/ENST00000262844 isoform construct with mammalian expression according to the 

instructions of the manufacturer (Invitrogen). The construct was introduced into the human HeLa cell 

line by transient transfection using FuGENE HD Transfection Reagent (Promega). 48 hours after 

transfection, cells were fixed with 4% paraformaldehyde, mounted using Vectashield with DAPI and 

observed using a Microscope Zeiss Imager A1 microscope. 

Gene Expression in Early Mouse Embryos 

Balb/c mice experimentation was approved by the local committee for animal care. Immediately after 

the postnatal females euthanasia, 9.5 GD embryos were collected and fine dissected using a needle 

under a stereoscope. Material from 35 embryos were pooled in five samples per tissue 

(prosencephalon, heart and somite). RNA was isolated using TRIzol reagent (Thermo Fisher 

Scientific). Ammecr1 and Ammecr1l gene expression analysis was performed by RT-qPCR with 

TaqMan assays (Life Technologies) (Supp. Table S2) assayed in ViiA 7 Real-Time PCR System 

(Thermo Fisher Scientific). 
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RESULTS 

Clinical descriptions 

The phenotypes of the five affected individuals identified in this report are compared to previously 

published MFHEIN cases and AMME deletion syndrome patients in Table 1 and Supp. Table S3. 

Patient 1 is the first and only child of non-consanguineous and healthy Brazilian parents. During the 

second trimester of the pregnancy, her mother presented partial placenta previa. She was born at 39 

weeks with a birth weight of 2.705 kg (3
rd

-10
th
 centile), length of 44 cm (<3

rd
 centile) and head 

circumference of 33 cm (25
th
 centile). The patient spent 29 days in neonatal intensive care because of 

anemia, jaundice and sepsis. She presented with normal developmental milestones. At 2 years and 8 

months of age, serum dosage of IGF-1 was 37.8 ng/ml (reference 51-303 ng/ml), TSH was 0.47 

μUI/ml (reference 0.35-5.5 μUI/ml) and T4L was 1.34 ng/dl (reference value 0.8-1.4 ng/dl). At the 

age of six, the clinical evaluation revealed weight of 12.2 kg (<3
rd

), short stature (97 cm, <1
st
), head 

circumference of 44 cm (<3
rd

), triangular and flat face, midface hypoplasia, prominent forehead, 

esotropia, cupid's bow, low-set ears, anteverted nares, short neck, bilateral clinodactyly of the fifth 

finger, bilateral cubitus valgus and pes planus and cardiac arrhythmia (Figure 1; Supp. Figure S2; 

Table 1; Supp. Table S3). At the same age, whole-skeleton X-ray revealed wormian bones in the 

skull, bone age delay, thoracolumbar scoliosis, diffuse bone demineralization with peripheral 

osteopenia showing looser zones in the first metatarsals and metacarpals bilaterally and also in iliac 

bones. The distal phalanges were cone shaped with irregularities, and bones of hands, feet and long 

bones presented hyperdense epiphyses and metaphyses (Supp. Figure S2; Table 1; Supp. Table S3). 

At seven years of age, a brain MRI showed no abnormalities, and neuropsychological evaluation 

using the WISC IV revealed normal intelligence (IQ 91). At the same age, GH replacement therapy 

was initiated, and the patient responded to the treatment. The echocardiogram showed an ostium 

primum atrial septal defect with thin aneurysmal septal tissue. Different medical examinations at ages 

3 and 9 revealed tachycardia at rest. The immunological evaluation at eight years of age showed 

normal immunoglobulin levels with positive response to pneumococcal vaccine and 

normal lymphocyte numbers (CD3, CD4 and CD19). The central memory and peripheral CD8+T cells 
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were reduced (1% and 10%, respectively). Facial features coarsened with age. At ten years of age 

bilateral neurosensorial hearing loss for high frequencies was detected, and CT scan showed normal 

temporal bones. 

Patient 2 was born in America. He presented with motor delay, speech delay, hypotonia, short stature 

and failure to thrive, dysmorphia, congenital heart disease with atrial septal defect, ureterocele and 

hypercalcemia, radioulnar synostosis, small penis, and failed hearing screen for high pitch (Figure 1; 

Table 1; Supp. Table S3). Patient 3 is of mixed African-American, Cuban, Polish and German 

ancestry. He presented with hypotonia, short stature and failure to thrive, dysmorphia included 

crowded midface, pectus excavatum, flared rib cage, chordee and hypospadia, and mild sensorineural 

hearing loss (Figure 1; Table 1; Supp. Table S3). The two remaining affected individuals are 

siblings of British origin. The older brother (patient 4) presented with mild intellectual disability, 

short stature, pes planus, whereas the younger brother (patient 5, DECIPHER 259774) exhibited 

neurodevelopmental and speech delay, otitis media with effusion and elliptocytosis (Figure 1; Table 

1; Supp. Table S3). 

Molecular findings 

Chromosome and SNP-array analysis of patient 1 revealed a de novo balanced translocation involving 

chromosomes X and 9 (46,X,t(X;9)(q23;q11.2); Supp. Figure S3a). Array-CGH of the 

microdissected and amplified DNA from the derivative chromosomes mapped the Xq23 breakpoint to 

a 62 kb region (chrX:110,259,238-110,321,368; hg38; Supp. Figure S3b). The Xq23 and the 9q12 

breakpoints were validated by FISH (Supp. Figure S3d). We then sequenced the patient’s whole 

genome to finely map the breakpoints. Eleven chimeric inserts with paired-end reads mapping to 

different chromosomes and two soft clipped sequences, i.e. reads with portions of the read not part of 

the alignment (Supp. Table S4), and subsequent validation by Sanger sequencing, allowed mapping 

the Xq23 breakpoint between AMMECR1 and RGAG1 at coordinates chrX:110,318,754 (hg38) and 

chrX:110,318,762 (hg38) on the der(X) and der(9) chromosome, respectively, with a loss of seven 

nucleotides (Figure 2a; Supp. Figure S4). The 9q12 breakpoint affected a region of repeated nature 

that could not be unequivocally mapped; however the corresponding soft-clipped reads are consistent 
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with chromosome 9 nucleotide sequences. HUMARA and 5-ethynyl-2′-deoxyuridine (EdU) 

incorporation showed an extremely skewed inactivation (100:0) with the normal X-chromosome 

inactivated in all metaphases analyzed (Supp. Figure S5). As the AMMECR1 and RGAG1 genes do 

not generally escape X-chromosome inactivation (Carrel and Willard, 2005; Cotton et al., 2015), only 

the translocated allele would be transcriptionally active. We assessed expression of AMMECR1 and 

RGAG1 by RT-qPCR in LCLs from the patient, her mother and Brazilian female controls. Whereas 

AMMECR1 was expressed in LCLs from the mother and ten controls (CT mean 30.1; CT SD 0.8, 

ΔCTAMMECR1-GAPDH mean 13.3; ΔCTAMMECR1-GAPDH SD 0.9), we failed to detect AMMECR1 gene 

expression in the patient’s cells (Figure 2b). On the contrary, we found no differences in expression 

levels of RGAG1 in the assessed LCLs (Figure 2b). The absence of expression of AMMECR1 in the 

patient and the presence of AMMECR1 expression in controls (CT mean 31.4; CT SD 0.4, 

ΔCTAMMECR1-GAPDH mean 5.4; ΔCTAMMECR1-GAPDH SD 0.3) were confirmed in a second RNA source 

(peripheral blood; Figure 2b). Such lack of expression could be linked to a breakpoint-induced 

separation of the promoter/enhancers and transcribed region of AMMECR1 coupled to a skewed X-

inactivation. In support of this hypothesis the Xq23 breakpoint maps 515 bp 5’ to the AMMECR1 

transcriptional start site of two of the three coding transcripts (NM_015365/ENST00000262844 and 

NM_001025580/ENST00000372059) in a region enriched according to ENCODE (Consortium, 

2012) in H3K4me3 and H3K27ac histone marks that are often found at promoters and regulatory 

regions. It disrupts the third AMMECR1 coding transcript (NM_001171689/ENST00000372057) 

within its intron 2 (Figure 2a). Consistent with a possible causative role of AMMECR1 in the 

patient’s syndrome, the four individuals listed in ExAC (0.3.1) (Lek et al., 2016) with lof variants in 

that gene are heterozygous females and AMMECR1 is «extremely intolerant» to lof with a pLI=0.91. 

These results prompted us to search for further individuals with lof variants in AMMECR1. We 

identified two males (patients 2 and 3) carrying a hemizygous AMMECR1 nonsense variant, i.e. the 

maternally-inherited c.502C>T p.(Arg168Ter) (chrX:110,264,571 (hg38)) and the de novo c.429T>A 

p.(Tyr143Ter) (chrX:110,317,691 (hg38)), respectively. Additionally, we describe a three generation 

pedigree with two half-brothers, their mother, their maternal aunt and their maternal grandmother 
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carrying a 414 kb deletion from chrX:110,250,890 to chrX:110,665,082 (hg38) encompassing the 

AMMECR1 and RGAG1 genes (Figure 3). Patient 5 also carries a maternally inherited 1.25 Mb 8p22 

duplication with unknown clinical significance encompassing MSR1, SGCZ and TUSC3. The overlap 

of clinical features of the female with the X-autosome balanced translocation, the nonsense variant 

hemizygous males, and the half-brothers with hemizygous deletion, all causing AMMECR1 lof, is 

concordant with the involvement of AMMECR1 in growth failure, heart malformations  and skeletal 

dysplasia (Table 1, Supp. Table S3). 

AMMECR1 interaction network 

The AMMECR1 protein is conserved in vertebrates, whereas proteins containing the C-terminal part 

of human AMMECR1, named AMMECR1 domain, are present in eukaryotes, bacteria and archea 

(Supp. Figure S6a). The human AMMECR1 encodes a 33kDa protein of unknown function that 

harbors two RAGNYA folds known to interact with nucleic acid (Balaji and Aravind, 2007). The 

phylogeny of proteins containing RAGNYA traces this domain back to the last universal common 

ancestor of all extant life forms (Balaji and Aravind, 2007). An AMMECR1 paralog, AMMECR1L, 

appeared in tetrapods. Like its homolog, the 68% similar to AMMECR1 (Supp. Figure S6b) 

autosomal AMMECR1L is «extremely intolerant» to lof variation according to ExAC with a pLI=1.0. 

AMMECR1L is overexpressed in LCLs from patient 1 (Figure 2b, p<0.05). Of note, her mother 

presented a similarly elevated expression level when compared to female Brazilian controls (Figure 

2b). This also impacted the level of the encoded protein as western blotting showed that AMMECR1L 

was higher in cells of patient 1 than in cells from a control individual (Figure 2c, Supp. Figure S7). 

Our results suggest that AMMECR1L could potentially partially compensate for loss of AMMECR1. 

Alternatively, the elevated AMMECR1L expression level of patient 1 could be caused by a 

coincidental expression quantitative trait loci (eQTL) passed down from her mother. 

In line with nucleic acid binding, transfection assay in HeLa and HEK293 cells showed a nuclear 

sublocalization of GFP-tagged AMMECR1 (Supp. Figure S8). The western blotting results were less 

straightforward as they showed that the tagged AMMECR1 was present in both the cytoplasmic and 
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nuclear fractions (Supp. Figure S7 and S9). These results possibly reflect exogenous higher 

expression levels as the endogenous AMMECR1L paralog was exclusively identified in the nuclear 

extract of LCL cells of both patient 1 and a control individual (Supp. Figure S7). As the major 

antibody-reactive band ran slightly above 60kDa and as AMMECR1L is predicted to be 31kDa in 

size, we hypothesized that AMMECR1 proteins are creating dimers insensitive to SDS-PAGE (Supp. 

Figure S7). Consistent with our hypothesis a 30kDa reactive band could be identified upon longer 

exposure. This was confirmed when assessing transfected GFP-AMMECR1: whereas in most 

experiments the major reactive band ran at approximately 60kDa, in some experiments the reactive 

band corresponded to twice the singleton mass of this tagged proteins, i.e. 120kDa (Supp. Figure S7). 

Our results suggest that a fraction of AMMECR1 and AMMECR1L proteins are present in the nuclear 

fraction of the cells as dimers. 

We used the GIANT database (Genome-scale Integrated Analysis of gene Networks in Tissues) 

(Greene et al., 2015) to predict the AMMECR1 functional network. 77 genes are interacting with 

AMMECR1 directly or with a maximum of one intermediate node (Supp. Figure S10; Supp. Table 

S5). This list of genes was enriched for Gene Ontology (GO) Biological Process term “mitotic cell 

cycle” (GO:0000278; Fisher exact test p=2.1x10-21
; z-score=-2.3; combined score=93.78) and GO 

Cellular Component term “nucleoplasm” (GO:0005654; p=6.2x10
-14

; z-score=-2.26; combined 

score=57.71; Supp. Table S6-S7). The list of genes that interact with AMMECR1L, the AMMECR1 

paralog in humans, presents “regulation of transcription involved in G1/S transition of mitotic cell 

cycle” (GO:0000083) as the most enriched GO term (Supp. Table S8-S10). Other network models 

generated as controls with the same settings do not present enrichment of cell cycle related biological 

processes and cellular compartments, suggesting that the association between AMMECR1 and these 

GO terms is specific (Supp. Table S11-S16). Five of the 77 members of the AMMECR1 functional 

network, ZWINT, CDC6, PSAT1, EZH2 and SMC2, encode genes associated with syndromes 

characterized with growth and bone alterations, namely Roberts syndrome (MIM# 268300), Meier-

Gorlin syndrome 5 (MIM# 613805), Neu-Laxova syndrome 2 (MIM# 616038), Weaver syndrome 
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(MIM# 277590) and Smith-McCort dysplasia 2 (MIM# 615222), respectively. These results further 

support a causative role of lof of AMMECR1 in growth and bone phenotypes. 

AMMECR1 knockdown in zebrafish 

The zebrafish embryo is an emerging in vivo model for translational medicine (Chetaille et al., 2014; 

Golzio et al., 2012; Payne et al., 2014; Stewart et al., 2014). To further assess the consequences of 

absence of AMMECR1 expression, we used a morpholino (MO)-induced knockdown of its zebrafish 

ortholog ammecr1. ammecr1 is expressed in the whole zebrafish embryo according to ZFIN. Injection 

of early zebrafish embryos with 2.1, 4.2 and 8.4 ng of MO-I2E3 resulted in a 50, 72 and 84% 

reduction, respectively, of ammecr1 transcripts through exon 3 skipping and frameshift, seen at 3 dpf 

(days post-fertilization) when compared with non-injected fish (Supp. Figure S11). Morphants had 

shorter tails, thinner bodies, kinked tail-ends, poorly defined somites, pericardial edema, tachycardia 

and hydrocephaly (Figure 4), phenotypes reminiscent of the patients’ features, such as short stature, 

bone dysplasia, atrial septal defect and tachycardia. The severity of the phenotype increased according 

to the degree of ammecr1 knock-down (Supp. Figure S11-S12). These features were not triggered by 

mechanical stress since mock injections with the same doses of standard Ctrl-MO, with no targets in 

the zebrafish transcriptome, induced no phenotypes. Aware that nonspecific effects have been 

reported when using MOs (Kok et al., 2015), we designed two other MOs that target different splice 

junctions, i.e. exon 3/intron 3 (MO-E3I3) and exon 1/intron 1 (MO-E1I1). Injections of 8.4 ng of MO-

E3I3 induced the modification of 90% of the ammecr1 transcripts. 65% of the mRNAs suffered exon 

3 skipping and frameshift, whereas the remaining 25% included a 24 bp deletion within exon 3, 

probably resulting from a new splicing site (Supp. Figure S13). The outcome was heterogeneous 

with two classes of severity. Both classes presented phenotypic effects comparable to those observed 

in the MO-I2E3 experiments with small body size, kinked tail-ends, poorly defined somites, 

pericardial edema and tachycardia (Figure 4). Injections of MO-E1I1 produced what appears to be a 

hypomorphic transcript lacking the last 6 codons encoded by exon 1 (Supp. Figure S14). Embryos 

injected with 8.4 ng of this third MO presented tachycardia (Figure 4b) but no morphological 

alteration. To further substantiate the specificity of the observed features we tested if the knockdown 
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phenotype could be rescued by co-injection of mRNA from the human ortholog, AMMECR1. Co-

injection of 1.26 ng of MO-I2E3 and 200 pg of AMMECR1 mRNA restored tail length (p<0.05) and 

resulted in less impaired animals when compared with MO-I2E3 injection (Figure 4b-d). These 

results indicate that the function of AMMECR1 was conserved from teleosts to primates. 

The correspondence of the phenotypic outcomes using three different MOs targeting ammecr1 and the 

phenotypic rescue generated by co-injection of the human AMMECR1 mRNA suggest an association 

between the observed features and a decrease in ammecr1 expression rather than “off target” 

interference. The zebrafish knockdowns present more severe phenotypes than the patients, i.e. greater 

morphological alterations and larger range of affected tissues. This could be potentially linked to the 

absence of an ammecr1 paralog in non-tetrapod vertebrates. Consistent with this hypothesis, 

AMMECR1L is expressed at higher levels than AMMECR1 despite largely overlapping expression 

pattern according to GTEx. We similarly found that Ammecr1l was more expressed than Ammecr1 in 

mice embryonic tissues affected in the patients (Supp. Figure S15). 

DISCUSSION 

We found through breakpoint mapping of an X-autosome balanced translocation, exome and genome 

sequencing and array-CGH that lof of AMMECR1 is associated with a novel syndrome that groups 

heart, bone and growth alterations and in one family elliptocytosis. Whereas failure to thrive and 

skeletal alterations are common to our patients and the four previously reported MHFEIN individuals 

(Basel-Vanagaite et al., 2017) (Andreoletti et al., 2016), psychomotor delay, elliptocytosis, cardiac 

and renal alterations for example are present only in a subset of affected individuals (Table 1, Supp. 

Table S3). The description of the p.(Gly177Asp) half-brothers (Andreoletti et al., 2016) encouraged 

us to search for individuals with overlapping phenotypes and predicted-to-be-deleterious missense 

variants in AMMECR1. Whereas we identified three such male individuals, as none of their 

AMMECR1 variants (p.Pro72Leu, p.Pro73Arg and p.Arg313Cys) induced mislocalization of the 

encoded protein in cellular assays (not shown) and as some of their features are dissimilar to those of 
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the patients described here, future work is warranted to confirm a possible association between these 

genetic changes and their diverse phenotypes.  

Although little is known about the function of AMMECR1 and AMMECR1L, available information 

suggests roles in control of cell division. AMMECR1 expression is upregulated in response to estrogen 

and activin A, a member of the TGFβ family, in breast cancer cells and embryonic stem cells, 

respectively (Tan et al., 2014; Tsai et al., 2011). It is targeted by ELAV1, a protein that regulates the 

stability and translation of a variety of mRNAs encoding stress-response and proliferative proteins 

(Abdelmohsen et al., 2009). The silencing of the AMMECR1-like paralog in HeLa cells induces a G1 

arrest phenotype (Kittler et al., 2007), whereas expression of both the Saccharomyces cerevisiae 

(YOR289W) and Schizosaccharomyces pombe (SPAC688.03c.1) orthologs peaks in G1 (Marguerat et 

al., 2012; Santos et al., 2015). YOR289W is sensitive to drugs that block translation, is interacting 

genetically with translation regulators and is synthetic lethal with GCL7, a spindle checkpoint 

regulator gene (Cherry et al., 2012). Correspondingly, the AMMECR1 functional network established 

using GIANT is enriched for genes associated with the mitotic cell cycle, the G1/S transition in 

particular, and DNA replication and packaging and contains five genes (ZWINT, CDC6, PSAT1, 

EZH2 and SMC2) associated with perturbations of intrauterine growth and bone maturation. Our 

findings suggest that AMMECR1 is potentially involved in cell cycle control and linked to a new 

syndrome with growth, bone and heart alterations. 
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Table 1. General clinical description of the patients with variants involving AMMECR1 
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Figure 1: Facial features of patients with AMMECR1 loss-of-function. (a) Patient 1, carrier of a 

balanced X-autosome translocation, at 6 years of age. (b) Patient 3, carrier of a maternally inherited 

nonsense variant, at 17 months of age. (c-d) Patients 4 and 5, carriers of a maternally inherited 

microdeletion, at 13 and 9 years of age, respectively. (e) Patient 2, carrier of a de novo nonsense 

variant, at 8 years of age.  
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Figure 2: AMMECR1 expression. (a) UCSC genome browser view of chromosome X region 

110.18-110.46Mb (top) and 110.31-110.32Mb (bottom) showing the localization of the breakpoint 

between AMMECR1 and RGAG1 genes (vertical red line). The gene transcripts (blue), the H3K4me3 

and H3K27ac histone marks (both blue) according to ENCODE (Consortium, 2012) are shown top to 

bottom. The Xq23 breakpoint maps 515 bp 5’ to the AMMECR1 transcriptional start site of transcripts 

NM_015365/ENST00000262844 and NM_001025580/ENST00000372059. It disrupts transcript 

NM_001171689/ENST00000372057 within its intron 2. (b) From left to right, RT-qPCR expression 

levels of AMMECR1 in whole blood and of AMMECR1, AMMECR1L and RGAG1 in the 

lymphoblastoid cells of n=10 Brazilian female controls (ctrl), the mother (M) and patient 1 (P). Note 

the absence of AMMECR1 expression in the patient 1. Student’s t-test was performed to compare gene 

expression in patient vs. controls and the corresponding p value is denoted on the bar graph. (c) 

Representative image of western blot in LCL from a control individual (ctrl) and patient (P) incubated 

with anti-AMMECR1/AMMECR1L (top left panel) and anti-lamin A/C (bottom left panel) as 

normalizer. The level of AMMECR1L was higher in cells of patient 1 than in cells from a control 

individual (right panel). More details are presented in Supp. Figure S7. 
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Figure 3: Pedigree of the family with Xq23 deletion encompassing AMMECR1. (a) Three 

generations pedigree with patients 4 and 5 (individuals III.1 and III.2; DECIPHER 259774). Both 

patients, their mother and maternal grandmother are carriers of the deletion. (b) UCSC genome 

browser view of chromosome X region 110.043-110.872Mb (hg38) showing the localization of the 

Xq23 414 kb deletion (horizontal black bar) encompassing the AMMECR1 and RGAG1 genes (blue). 
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Figure 4: ammecr1 knockdown in zebrafish results in phenotypic features reminiscent of patient 

1`s clinical alterations. (a) From top to bottom, lateral views of representative 3 dpf zebrafish 

embryos injected with 8.4 ng of standard control MO (morpholino), 2.1 ng of MO-I2E3 and 4.2 ng of 

MO-E3I3 targeting ammecr1. The last injection resulted in two classes of phenotype (see text for 

details). (b) The heart rate of non-injected, standard control MO-injected and ammecr1 MO-I2E3-, 

MO-E3I3-, and MO-E1I1-injected embryos are plotted. Student’s t-test was performed and the 

corresponding p value is denoted on the bar graph. (c) From top to bottom, embryos injected with 

1.26 ng of standard control MO, 1.26 ng of ammecr1 MO-I2E3 and co-injected with 1.26 ng of MO-

I2E3 and 200 pg of human AMMECR1 mRNA. (d) The tail length (from otic vesicle to end of the tail 

following the body curvature) of non-injected, standard control MO-, human AMMECR1 mRNA-, and 
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ammecr1 MO-I2E3-injected embryos are plotted. Co-injection of MO-I2E3 and AMMECR1 mRNA 

partially rescued the short tail length observed in the morphants. The rescue experiment was 

performed twice and one representative example is shown. 
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