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Recessive loss of function mutations in the H6 family homeobox 1 transcription factor gene (HMX1) have been associated with oculoauricular anomalies (OMIM 142992) and the rare Oculoauricular Syndrome (OMIM 612109) [Schorderet et al., 2008]. Here, it is proposed that the reassignment of HMX1, recent evidence from animals and overlapping copy number variations (CNVs) indicate that CNV of a downstream evolutionarily conserved enhancer region (ECR) of HMX1 and/or the gene itself may be alternative causes of these and other phenotypes. 
In man, five copies of a 750 kb amplicon within 4p16.1 were found to co-segregate with microtia and nasolacrimal-duct imperforation in 10 members of a three generation family of whom 3 also had eye coloboma [Balikova et al., 2008]. As this amplification was cytogenetically visible, contained a high proportion of segmental duplications (SDs) and, at the time, no relevant dosage sensitive genes (Figure 1a), this author suggested that it might be a benign euchromatic variant (EV) [Gardner et al., 2012]. However, no CNVs of this amplicon were found in 200 normal individuals [Balikova et al., 2008] and the majority of CNVs in the Database of Genomic Variants (DGV) now coincide with the SDs and the sequence gap between them (Figure 1a). 
The HMX1 gene was originally mapped to 4p16.3 (hg18 chr4:279,194-283,964) but subsequently reassigned to 4p16.1 (hg 19 chr4:8,868,773-8,873,543). Although not peer reviewed, it was suggested in a more recent abstract that a 1.55 Mb duplication of the HMX1 and carboxypeptidase Z (CPZ) genes might be the cause of the microtia and hemifacial macrosomia found in an affected proband and apparently unaffected mother [Dipple et al., 2013] (Figure 1a). This family and the reassignment of HMX1 support the idea that the original amplification was indeed a rare pathological quintuplication CNV of 4p16.1 [Balikova et al., 2008]. 
In the dumbo rat, misplaced ears mouse and crop eared highland cattle, duplication and deletion of an ~300 base pair non-coding ECR downstream of HMX1 has also been associated with a number of abnormalities of the ears and eyes [Quina et al., 2012; Koch et al., 2013; Rosin et al., 2016]. Proteins produced by three Homeobox genes involved in embryonic patterning in mice (Homeobox a2, Myeloid ecotropic integration site homeobox and pre-B-cell leukemia homeobox 1) are thought to regulate Hmx1 expression by acting cooperatively on this ECR via a core 32 bp sequence [Rosin et al., 2016]. Using the UCSC lift over tool, the duplicated ECR in cattle corresponds to a 307 bp region between HMX1 and the CPZ genes at a locus ~ 165 kb downstream of HMX1 in humans (chr4:8,702,159-8,702,465) (Figure 1a,b). This region contains three conserved transcription factor binding sites (Figure 1b) for proteins of the CCAAT displacement (CDP) Cut-like homeodomain (V$CDPCR3HD_01), pre-B-cell leukemia transcription factor 1 (PBX1) (V$PBX1 02) and LIM domain only 2 (LM02) (V$LMO2COM 02) genes. Of these only the PBX1 binding site is in common with the mouse and is a gene that has been associated with external ear anomalies and intellectual disability in man [Slavotinek et al., 2017]. 
CCAAT displacement proteinCNVs that overlap or extend by 500 kb either side of the region defined by the CNVs of Balikova et al. [2008] and of Dipple et al. [2013] have been examined for the presence or absence of oculoauricular phenotypes (Figure 1a). The DECIPHER database contained 6 microdeletions ranging from 83 kb to 2.1 Mb in size of which five had phenotypic information and four had no relevant phenotypes. The only one considered likely to be pathogenic had intrauterine growth retardation, chorioretinal coloboma, iris coloboma, and choroid coloboma (DECIPHER 283751) and a paternally inherited 1.7 Mb duplication that included both HMX1 and the ECR. However, this patient also had a de novo 9.4 Mb duplication of the long arm of chromosome 2 regarded as pathogenic. Nevertheless, undetected CNV may explain why Li et al. [2014] mapped a microtia locus to a 10 Mb interval of 4p15.32–4p16.2 but could find no mutations after sequencing candidate genes that included HMX1. ClinGen had no microdeletions that fitted the same criteria. 
Against this proposal are the multiple larger overlapping CNVs with no relevant phenotypes, the apparently benign gain and/or loss CNVs in the DGV that are less than 3 Mb in size and include HMX1 (5), HMX1 and the ECR (3) or the ECR without HMX1 (5). In addition, the single maternally inherited CNV that encompassed the ECR alone was not associated with an oculoauricular phenotype but with delayed speech and language and a low anterior hairline (DECIPHER 288656) (Figure 1a). Thus, if CNV of the ECR is significant, it must be subject to the incomplete penetrance and variable expressivity that is characteristic of other pathogenic non-coding CNVs [Zhang and Lupski, 2015].  
In conclusion, (1) high dosage of the downstream ECR and/or HMX1 may explain the highly penetrant oculoauricular phenotypes associated with the amplification reported by Balikova et al [2008], (2) lower dosage downstream ECR and/or HMX1 may result in similar phenotypes with incomplete penetrance and (3), it is important to re-examine previous analyses in the light of new builds of the human genome in case re-interpretation of the results is required. Further evidence for or against this proposal may be provided by including HMX1 and the ECR in targeted arrays [Cox et al., 2014] and using whole genome sequencing as well as conformation capture technologies to determine whether this ECR is part of a distinct regulatory network in man responsible for oculoauricular and/or other phenotypes.
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TITLES AND LEGENDS TO FIGURES
Figure 1 Screen shots from the UCSC web browser (GRCh37/hg19) of (a) the 2.1 Mb region of interest (ROI) of 4p16.1 (chr4:8,500,000-10,600,000) and (b) the 550 bp region that contains the evolutionarily conserved region (ECR) (chr4:8,702,100-8,702,650). (a) The box on the idiogram of chromosome 4 shows the ROI in band 4p16.1; the black boxes frame the RefSeq genes with their Haploinsufficiency likelihood scores beneath (marked n/a where not available) [Huang et al., 2010]; Segmental Duplications (SDs) and a sequence gap are represented by the two blocks in shades of grey with a black bar between them; horizontal bars with dotted vertical lines mark the approximate minimum extent of overlapping gains from the literature and DECIPHER with source, extent and phenotypic summaries below each CNV; the vertical arrowed line indicates the position of the ECR; (b) Dotted vertical lines show the approximate minimum extent of the 307 bp ECR; horizontal grey lines illustrate ENCODE regulation data; black boxes indicate the three conserved transcription factor binding sites (V$CDPCR3HD_01, V$PBX1 02 and V$LMO2COM 02) and the black bar a Weizmann conserved CpG island. 
Data generated by the DECIPHER Consortium has been used and a full list of centres who contributed to the generation of the data is available from http://decipher.sanger.ac.uk and via email from decipher@sanger.ac.uk. Funding for the project was provided by the Wellcome Trust.
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