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Abstract
Approximately 2% of the human genome accounts for protein-coding genes, yet most known Mendelian disease-causing
variants lie in exons or splice sites. Individuals who symptomatically present with monogenic disorders but do not possess
function-altering variants in the protein-coding regions of causative genes may harbor variants in the surrounding gene
regulatory domains. We present such a case: a male of Afghani descent was clinically diagnosed with Wilson Disease—
a disorder of systemic copper buildup—but was found to have no function-altering coding variants in ATP7B
(ENST00000242839.4), the typically causative gene. Our analysis revealed the homozygous variant chr13:g.52,586,149T>C
(NC_000013.10, hg19) 676 bp into the ATP7B promoter, which disrupts a metal regulatory transcription factor 1 (MTF1)
binding site and diminishes expression of ATP7B in response to copper intake, likely resulting in Wilson Disease. Our
approach to identify the causative variant can be generalized to systematically discover function-altering non-coding variants
underlying disease and motivates evaluation of gene regulatory variants.

Introduction

Of the approximately 3 billion base pairs in the human gen-
ome, less than 2% account for protein-coding genes. Within
this small fraction of genomic space are located 85–90% of
validated monogenic disease-causing variants in the Human
Gene Mutation Database [1]. In the case of complex diseases,

however, unbiased probing suggests that a majority of con-
tributing loci are non-coding and likely acting in cis [2, 3].
For an increasing number of Mendelian cases, causative
variants have been found in gene regulatory domains as well
[4]. Even so, interpretation of non-coding variants in both
simple and complex diseases remains very limited.

A typical individual has over 4 million variants across
the whole genome, making it a challenge to identify func-
tion-altering, non-coding variants, especially given poor
understanding of how molecular function is encoded out-
side of genes [5]. As a strategy to simplify the challenge,
we propose to examine subjects who have phenotypes of
well-defined, recessive monogenic diseases but no apparent
coding variants in known causative genes. For example,
we recruited a 5-year-old male who was diagnosed with
Wilson Disease (MIM #277900) at age 3 years and exhib-
ited non-diagnostic results for sequencing of the causative
gene ATP7B (ENST00000242839.4).

Wilson Disease is a rare, autosomal recessive Mendelian
disorder that is characterized by systemic copper toxicity and
is estimated to affect one in 30,000–100,000 people [6].
The disorder is caused by inactivation of the copper
(Cu2+)-transporting P-type ATPase (ATP7B) [7], which
typically functions to incorporate copper into apocer-
uloplasmin and to excrete surplus copper into the bile [8].
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Disruption of ATP7B function results in pathological accu-
mulation of copper, particularly in the liver, brain, and cornea,
ultimately causing liver failure, kidney malfunction, and/or
neuropsychiatric disease. ATP7B spans nearly 80 kb of the
genome, in which approximately 500 Wilson Disease-causing
variants have been identified [9]. Nearly all of these variants
fall in coding portions or splice sites of ATP7B and typically
present in compound heterozygosity in affected individuals
[6, 9–11].

Essential heavy metals—including zinc, iron, and
copper—are integral cofactors of certain enzymes and tran-
scription factors but become extremely toxic when present
in excess, as evident in Wilson Disease. Metal regulatory
transcription factor 1 (MTF1) plays a key role in maintaining
metal homeostasis by translocating from the cytosol to the
nucleus upon heavy metal accumulation [12, 13]. Once in the
nucleus, MTF1 has been shown to bind cis-acting metal
response elements (5′-TGCRCNC-3′ or 3′-GNGYGCA-5′)
in target gene promoters to drive the expression of metal-
lothionein chelators, metal transporters, and other metal-
inducible proteins [14, 15]. In Drosophila, MTF1 has been
observed to promote expression of DmATP7 (homolog to
mammalian ATP7B and ATP7A) via the 608 bp genomic
region upstream of this gene in response to copper accu-
mulation [16]. Recent empirical studies and computational
analyses have generated nuanced position weight matrices
(PWMs) for the MTF1 motif to allow prediction of its reg-
ulatory targets in a genome-wide manner [17]. Its role in
mammalian copper homeostasis continues to be studied [18].

To test our proposed strategy for identifying non-coding,
function-altering variants, we performed whole genome
sequencing (WGS) of the recruited Wilson Disease patient
and his unaffected mother and father. We identified one
likely causative variant—a single nucleotide substitution in
the promoter of ATP7B—with a segregation pattern and
predicted functional effect that matches the disease pedi-
gree. Subsequent genomic analysis and experiments support
the variant as causative for Wilson Disease.

Materials and methods

Subject recruitment

The patient and unaffected parents were recruited under a
protocol approved by the Stanford Institutional Review
Board (IRB) for human subjects research. Written informed
consent was obtained for all participants.

Whole genome sequencing

Genomic DNA from whole blood for all three subject
participants was provided to Macrogen Corporation

(Cambridge, MA, USA) for 35× WGS on a HiSeq X Ten
(Illumina, San Diego, CA, USA). Raw sequencing reads
(151 bp paired-end reads) were returned to us for detailed
analysis and follow up.

Read mapping, variant calling, annotation, and
filtering

Sequencing reads were mapped to the GRCh37/hg19
assembly of the human genome using the MEM algorithm
of the Burrows-Wheeler Aligner, version 0.7.10-r789, with
default parameters and processed as in [19]. Duplicate reads
were marked with Picard Tools, version 1.105 [20]. Variants
were called using the Genome Analysis Toolkit, version
3.4–46-gbc02625, following the HaplotypeCaller workflow
in the Genome Analysis Toolkit Best Practices, including
insertion/deletion realignment and base quality score recali-
bration [21]. ANNOVAR, version 527, was used to annotate
variants with a predicted effect on protein-coding genes
from the Ensembl gene set, version 75, and with the allele
frequency observed in Exome Aggregation Consortium
(ExAC) and 1000 Genomes Project (KGP) control human
population [5, 22–24]. Variants were filtered to retain (i) only
those that are rare (≤1% allele frequency in all KGP and
ExAC population), and (ii) have an effect on protein-coding
sequence (nonsynonymous, stopgain, stoploss, frameshift,
or splicing variants, listed in Supplementary Table 1), or
ones internal or within 1000 bp upstream or downstream
of the canonical ATP7B isoform ENST00000242839.4, and
(iii) have sufficiently many (>10) high-quality supporting
reads. The likely disease-causing variant chr13:g.52,586,
149T>C (NC_000013.10, hg19) has been submitted to the
publicly accessible ClinVar (www.ncbi.nlm.nih.gov/clinvar/)
database (ClinVarID:523102).

Binding site prediction

The tfbsPredict tool [25] was used to identify MTF1
binding sites in the ATP7B promoter. The tool was run
on all k-mers within a 10 bp sequence flanking the variant
of interest chr13:g.52,586,149T>C, and only predicted
binding sites with a match score over 800 (out of 1000)
were analyzed [25].

Cloning and genotyping

A 379 bp fragment surrounding chr13:g.52,586,149T>C
was amplified from genomic DNA samples of the patient
and both of his parents (Fig. 1a). The PCR reaction was
performed with Q5 Hot Start High-Fidelity 2X Master Mix
(New England Biolabs, Ipswich, MA, USA) using the
following primers (which include homology arms for
the Gibson assembly described below): 5′-ACTGGCC
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GGTACCTGAGCTCGCTGTGATTGACAGCCGTCG
C-3′ and 5′-CAGATCTTGATATCCTCGAGGTCCG
ACACTGTACTGGGATCT-3′. The PCR products were
then sub-cloned using the Zero Blunt TOPO PCR
Cloning Kit (ThermoFisher, Waltham, MA, USA). Ten
to twelve plasmid clones from each individual were sub-
jected to Sanger sequencing (Elim Biopharmaceuticals,
Hayward, CA, USA) for genotype verification (Fig. 1b).
Analogous PCR amplification was performed from a

separate, unrelated individual verified to be identical to
the GRCh37/hg19 reference assembly in this region.
The cloned fragments from the patient and this unrelated
individual were inserted into the promoter-less pGL4.10
vector at the NheI site using the NEBuilder HiFi DNA
Assembly Kit (New England Biolabs). As verified by
Sanger sequencing, the two resulting versions of pGL4.10
differ by one nucleotide, which corresponds to chr13:
g.52,586,149 T > C.

Fig. 1 Genomic context of the candidate causative variant. a UCSC
Genome Browser (hg19 minus strand) view of the region near the
candidate causative variant positioned 676 bp upstream of the cano-
nical ATP7B translation start site (chr13:g.52,586,149A>G, cyan
highlight and asterisk). The variant lies in a 100-way vertebrate
alignment conserved element and region of high cross-species
sequence conservation as computed by PhastCons and PhyloP [30].
The chromatin surrounding chr13:g.52,586,149T>C is hypersensitive
to DNaseI (and, therefore, open and accessible) in HepG2 cells. The
sequence cloned into the luciferase reporter vector is indicated by the

black bar. b Genotype verification for chr13:g.52,586,149T>C (red
asterisk) by Sanger sequencing. Representative chromatograms show
the indicated number (n=x/y) of amplification products containing the
reference (T) or alternate (C) allele for each individual. Box indicates a
predicted binding site for MTF1. c The candidate causative variant
(bolded, pink) in the Wilson Disease (WD) patient disrupts a key base
in the MTF1 position weight matrix. This exact base (boxed) is
unaltered in all primates and in dozens of other mammals, even as
distant as Tasmanian devil (Supplementary Fig. 1b) (color figure
online).
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Cell culture

HepG2 cells were cultured in RMPI 1640 medium sup-
plemented with fetal bovine serum (10% v/v) and
penicillin–streptomycin. T-125 flasks and 48-well plates
were used for the ChIP-qPCR and luciferase reporter
assays, respectively. Cells were passaged at 90%
confluence.

Luciferase reporter assay

To assess promoter transactivation activity, the Dual-Glo®
Luciferase Assay System (Promega, Madison, WI, USA)
was performed according to the manufacturer’s instructions.
At 70% confluence, HepG2 cells were transfected with
pRL-TK control vector (15 ng per well) and pGL4.10 (200
ng per well) containing either the reference or alternate
promoter allele using TransIT-X2 (Mirus Bio, Madison,
WI, USA). Forty-eight hours later, the relative luciferase
activity was quantified using a Berthold Technologies
luminometer. For experiments involving overexpression of
MTF1, the human MTF1-FLAG expression plasmid
(ABclonal, Woburn, MA, USA: HG15046-CF) was trans-
fected (200 ng per well) 24 h prior to introducing the luci-
ferase vectors. Technical triplicates of three biological
replicates were tested. Two-sample t-tests and difference-in-
difference statistical analyses were performed to assess the
effect significance of the alternate allele and of MTF1
concentration on ATP7B promoter activity.

ChIP-qPCR

Polyclonal rabbit anti-MTF1 antibody (Proteintech, Rose-
mont, IL, USA: 25383-1-AP) was used for chromatin
immunoprecipitation. By comparison with anti-FLAG M2
(Sigma-Aldrich, St Louis, MO, USA: F1804), this antibody
was validated for specificity by Western blotting and
immunofluorescence microscopy of wildtype and MTF1-
FLAG overexpressing HepG2 cells (Supplementary Fig-
ure 2). Chromatin was cross-linked for 10 min at room
temperature using 0.75% formaldehyde, quenched with
0.125M glycine, washed with ice-cold 1× PBS buffer, and
sheared to 150–300 bp fragments using a Bioruptor soni-
cator (Diagenode Inc, Denville, NJ, USA). The ChIP was
performed according to standard protocols using 0.75 µg
of anti-MTF1 antibody or of non-specific isotype-matched
control IgG (Life Technologies, Carlsbad, CA, USA:
026102). The immunoprecipitated DNA was reverse-
crosslinked, and enrichment of loci immunoprecipitated
by MTF1-specific vs. non-specific isotype-matched control
antibodies was measured in technical triplicate by quanti-
tative PCR analysis (see Supplementary Table 2 for the
list of qPCR primers). A melting curve analysis was

performed for each sample to ensure that a single product
was amplified.

ChIP-qPCR negative control design

We obtained HepG2 open chromatin regions from the
ENCODE DNase-seq dataset ENCFF373RBB. We trimmed
the dataset to regions >1000 bp that have a broadPeak
score of 1000 to maximize our confidence in the
chromatin accessibility of the target region. From these
peaks, we removed any regions with a PRISM-predicted
[25] MTF1 site or with a perfect match to any of the MTF1
PWMs present in the motif library described above. From
the remaining sequences, the single region with the lowest
average PWM match score per nucleotide was chosen.
Primers for qPCR were designed from this sequence
(located in an intron ofWDPCP) to which MTF1 is unlikely
to bind.

Immunostaining of HepG2 cells

Cells were fixed in 4% paraformaldehyde for 10 min. Pri-
mary and secondary antibodies (diluted in 0.5% Triton X-
100 in PBS) were incubated at 4 °C for at least 1 h,
respectively. Each antibody incubation was followed by
three 10-min PBT (PBS with 0.5% Triton X-100) washes.
The following antibodies were used: anti-FLAG M2
(Sigma-Aldrich, F1804; 1:1000) and anti-MTF1 (Pro-
teintech, 25383-1-AP; 1:1000). Secondary antibodies were
Alexa Fluor conjugates (488, 555, Life Technologies;
1:250). Samples were imaged using a Zeiss Axio Observer
inverted fluorescence microscope.

Results

Clinical presentation

The patient was biochemically diagnosed with Wilson
Disease at age 3 years. Upon developing a high fever,
he was found to have elevated liver transaminase levels
(ALT= 265 U/L, AST= 124 U/L), which persisted after
the fever resolved. Total and fractionated bilirubins as
well as alpha-fetoprotein were normal. There was mild
elevation of alkaline phosphatase at 375 U/L. Subsequent
tests showed low ceruloplasmin (6 mg/dL) and serum
copper (23 µg/mL) levels and abnormally high levels of
copper in biopsied liver tissue (1600 µg/g dry weight). In
contrast, homeostasis of other metals appeared unaffected
in the patient who exhibited normal serum zinc (104 µg/dL),
serum iron (75 µg/dL), and iron saturation (22%) levels.
Normal reference ranges for the test results are as
follows: 15–41 U/L (ALT), 3–34 U/L (AST), 104–345 U/L
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(alkaline phosphatase), 20–35 mg/dL (ceruloplasmin),
87–187 µg/mL (serum copper), 10–35 µg/g (copper per dry
weight of liver), 56–134 µg/dL (serum zinc), 11–150 µg/dL
(serum iron), 15–55% (iron saturation). At the time of
diagnosis, the patient’s growth and development were
typical for age. Physical examination and liver ultrasound
were unremarkable with no evidence of hepatomegaly. An
ophthalmology exam was performed and was normal.
In addition to elevated copper levels, percutaneous liver
biopsy showed subtle portal inflammation, a few necrotic
hepatocytes, and focal steatosis. Currently, the patient is
treated with zinc, vitamin E, and a low copper diet, and
continues to meet typical growth and developmental
milestones.

Gene sequencing of ATP7B was performed at the
Molecular Diagnostics Laboratory of Children’s National
Health System (Washington, D.C.), but no coding/splicing
variants were identified. Gene deletion and duplication
analyses of ATP7B were likewise negative. The subject’s
parents, both of Afghani descent, and his older brother are
asymptomatic and otherwise appear healthy. Given a clear
clinical presentation of Wilson Disease and no detectable
coding lesions, we hypothesized the presence of causative
variants in the cis-regulatory domain of ATP7B.

Whole genome sequencing reveals a candidate
causative variant

Following WGS of the subject trio, we considered all
variants that passed variant interpretation filters (see
Methods and Supplementary Table 1) and identified two
candidate variants. The first single nucleotide variant
(SNV), ATP7B:c.1544-634G>A (ENST00000242839.4),
resides in the third intron of ATP7B (>600 bp from the
nearest exon junction and >40 kb from the canonical tran-
scription start site) and is homozygous in the patient and
heterozygous in both parents. This variant is present in
heterozygosity in five individuals in gnomAD [22]; many
mammals exhibit the alternate allele at this locus,
which does not intersect a conserved element in the UCSC
100-way vertebrate alignment (Supplementary Figure 1a);
and it scores low (4.668; pathogenicity threshold > 20)
in the CADD non-coding pathogenicity predictor [26].
We thus considered this variant to be likely benign.

The remaining SNV, chr13:g.52,586,149T>C
(NC_000013.10, hg19), is positioned 676 bases upstream
of the annotated canonical translation start site of ATP7B
(Fig. 1a), in the proximal promoter. The SNV was verified
by Sanger sequencing to be heterozygous in both healthy
parents and homozygous in the patient (Fig. 1b). It has
also been observed as heterozygous in five East Asian
individuals in gnomAD [22]. Using Beagle 4.0 [27], we
identified a 1,838,468 bp region of homozygosity by

descent (chr13:g.51,755,329–53,593,797 [NC_000013.10,
hg19]; LOD score of 77.2) in the patient that encompasses
chr13:g.52,586,149T>C.

Notably, chr13:g.52,586,149T>C has previously been
observed in heterozygosity in one Chinese [28] and ten
Indian individuals with Wilson Disease [29]. In these
instances, chr13:g.52,586,149T>C was almost always
identified in conjunction with one or more heterozygous
ATP7B missense variants (with exceptions where no ATP7B
coding variants were detected and yet only this promoter
SNV was observed as heterozygous). Additionally, chr13:
g.52,586,149T>C lies in a PhastCons- and PhyloP-
computed [30] region of high cross-species sequence con-
servation (Fig. 1a and Supplementary Figure 1b). This exact
base is conserved in all primates (Fig. 1c) and in dozens of
other mammals, even as distant as the marsupial Tasmanian
devil, in the UCSC 100-way vertebrate alignment (Sup-
plementary Figure 1b). Importantly, this variant would not
have been identified by standard coding/splicing analysis.

MTF1 is predicted to bind at the candidate
causative SNV

We searched the 10 bp conserved sequence surrounding
chr13:g.52,586,149T>C for transcription factor binding
motifs and found that MTF1 (ENSG00000188786.9) is
predicted to bind at this locus (PWM score= 851, see
Methods). Importantly, chr13:g.52,586,149T>C disrupts a
key base in the MTF1 PWM (Fig. 1c), reducing the match
score substantially (to 667).

Effect of chr13:g.52,586,149T>C on ATP7B
promoter activity

Since hepatic copper accumulation is a key feature and
contributor to the progression of Wilson Disease, we
tested our hypotheses in HepG2 cells as a relevant in vitro
context and model for human hepatocytes. To assess
the effect of chr13:g.52,586,149T>C on the transactivation
potential by the ATP7B promoter, we constructed two
luciferase reporter vectors driven solely by the 379 bp
sequence (Fig. 1a) surrounding the SNV locus. As verified
by Sanger sequencing, these reporter vectors contain either
the reference (T) or disease-associated alternate (C) allele
and differ by the single nucleotide corresponding to chr13:
g.52,586,149T>C. In untreated HepG2 cells, the nucleotide
change resulted in a 34% decrease (Ptwo-tailed= 0.0018,
Fig. 2a) in reporter expression by the alternate allele. An
increase in MTF1 concentration caused a dramatic increase
in transactivation from both alleles, but the effect on the
alternate allele was significantly reduced compared to that
on the reference allele (Ptwo-tailed= 0.0086, Fig. 2a). Ana-
logous results were obtained with the luciferase reporter
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driven by a longer 986 bp sequence surrounding chr13:
g.52,586,149T>C, including the core promoter and a
majority of the 5′ UTR of ATP7B (data not shown).

ChIP binding of MTF1 to the candidate causative
SNV locus

Using publicly available DNase-seq data, we verified
(Fig. 1a) that the chromatin surrounding chr13:
g.52,586,149T>C is open and accessible in HepG2 cells

[31]. A commercially available polyclonal antibody
raised against human MTF1 was validated by co-
immunoprecipitation followed by SDS-PAGE analysis
and by immunofluorescence microscopy for use in
chromatin immunoprecipitation (ChIP, see Methods and
Supplementary Figure 2). Quantitative PCR analysis of
genomic DNA immunoprecipitated by endogenous
MTF1 in HepG2 cells revealed a significant increase
over background binding (by nonspecific, isotype-matched
control IgG) to a previously validated [32] locus in the

Fig. 2 Functional interrogation of chr13:g.52,586,149T>C. a Luciferase reporter assays in HepG2 cells were performed to quantify differences in
transactivation by a 379 bp fragment of the ATP7B promoter with the chr13:g.52,586,149T (Ref) or chr13:g.52,586,149C (Alt) allele, in the
presence (+) or absence (−) of MTF1 overexpression (OE). Both with and without MTF1 OE, the reference allele drove significantly higher
expression compared to the alternate allele (comparison 1 and 2, respectively). Both alleles experienced dramatic increases in activity with MTF1
OE (comparisons 3 and 4), but the reference allele yielded a greater increase in expression than did the alternate allele in this context (comparison
5). Bars represent mean ± SD. Two-tailed p-values from unpaired t-tests for each comparison are shown above the associated bracket. b ChIP-
qPCR was performed to determine the extent of MTF1 binding at the SNV locus (ATP7B) compared to a computationally predicted negative
control (Neg Ctrl, in an intron of WDPCP) and to a previously published [32] experimentally validated locus (Pos Ctrl, in the 5′ UTR of
SELENOH). Enrichment of DNA immunoprecipitated by MTF1-specific vs. non-specific isotype-matched control antibodies was measured in
technical triplicate by quantitative PCR analysis. Bars represent mean ± SD. One-tailed p-values from unpaired t-tests for each comparison are
shown above the associated bracket. c Proposed model for disease-causing mechanism of chr13:g.52,586,149T>C: (1) Excess intracellular
accumulation of copper, Cu2+, increases (2) expression or nuclear translocation of MTF1 [12, 13]. In wildtype individuals, MTF1 then binds at
chr13:g.52,586,149T (3) to recruit transcriptional machinery for upregulating ATP7B expression [34] and eliminating copper through serum
ceruloplasmin and, ultimately, through the bile. We propose that the Wilson Disease (WD) patient’s homozygous single nucleotide promoter
variant chr13:g.52,586,149T>C exhibits reduced affinity to MTF1. (4) The result is an insufficient ATP7B transcriptional response, consequent
copper accumulation, and symptoms characteristic of Wilson Disease
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5′ UTR of the metal-responsive gene SELENOH
(NM_001321335.1, Pos Ctrl, Fig. 2b). Moreover, we
indeed observed an enrichment of MTF1 binding at the
SNV locus that is of similar magnitude to what was
observed for the positive control site near SELENOH (Pos
Ctrl, Fig. 2b). In contrast, a region that was computationally
predicted to have minimal MTF1 binding (Neg Ctrl,
Fig. 2b) exhibited relatively little enrichment over back-
ground binding.

Discussion

Here, we present the discovery and functional evaluation of
the homozygous SNV chr13:g.52,586,149T>C in a male of
Afghani descent with Wilson Disease. Based on the geno-
mic context and inheritance pattern of chr13:
g.52,586,149T>C, its disruption of a pivotal position in a
predicted binding site of a copper-regulated transcription
factor (MTF1), and the absence of other rare, relevantly
segregating, and phenotypically and semantically congruent
variants, we suggest that this SNV is the causative variant
for Wilson Disease in the patient.

We provide experimental evidence that this outcome is
likely explained by reduced MTF1 binding to the disease-
associated promoter allele, a mechanism that has previously
been suggested [33] but never directly implicated for Wilson
Disease. We performed promoter reporter assays with the
region immediately flanking the candidate causative variant
and showed that transactivation by the disease-associated
allele is significantly weaker than that by the reference allele.
We further showed that transactivation by either allele of
the ATP7B promoter is dramatically increased in the presence
of overexpressed MTF1 protein but that the increase by
the reference allele is significantly greater than that by the
alternate allele. These results, in addition to enrichment of
MTF1-immunoprecipitated genomic DNA at the SNV locus,
strongly imply direct interaction of MTF1 with the ATP7B
promoter to potentiate transcription.

Based on these findings, we suggest a model of the
disease-causing mechanism as follows (Fig. 2c): Excess
intracellular accumulation of copper increases nuclear
translocation of MTF1 [12, 13]. In healthy individuals,
MTF1 then binds at chr13:g.52,586,149T to recruit
transcriptional machinery to upregulate ATP7B expression
[34] and eliminate copper through serum ceruloplasmin and
bile. We propose that the patient’s homozygous SNV,
chr13:g.52,586,149T>C, exhibits reduced affinity to
MTF1. The result is an insufficient ATP7B transcriptional
response, consequent copper accumulation, and symptoms
characteristic of Wilson Disease.

There exist many individuals who are heterozygous
(carriers) for deleterious nonsense or structural variants

of ATP7B and yet do not exhibit symptoms of Wilson
Disease [11]. One interpretation of this scenario is that
50% of wildtype ATP7B concentration is sufficient for
maintaining copper homeostasis; in contrast, the promoter
variant chr13:g.52,586,149T>C appears to reduce expres-
sion of ATP7B by only 34% and yet still results in deranged
copper metabolism. This seemingly incongruent conclusion
can be reconciled by considering effects of genetic com-
pensation and trans-acting feedback. If levels of functional
ATP7B protein are insufficient, ATP7B mRNA transcript
levels may be upregulated—through binding of transcrip-
tion factors at regulatory loci, likely including chr13:
g.52,586,149T>C—to maintain adequate protein con-
centration. If this were the case, heterozygous carriers of
ATP7B loss-of-function variants would be able to achieve
protein levels higher than 50% of wildtype through the
remaining unaffected allele. In this study’s patient, how-
ever, the cis-regulatory apparatus for ATP7B appears to
be inherently defective for both alleles (since the SNV is
homozygous), precluding sufficient compensation that a
single wildtype allele with functional regulatory input
could otherwise readily provide.

A handful of other disease-associated variants in the
ATP7B promoter of Wilson Disease subjects has been
observed but almost always in compound heterozy-
gosity with missense variants—with exceptions where the
additional variant has not yet been detected [28, 29, 35–37].
The one previously reported instance of a homozygous
ATP7B promoter variant consists of a 15 bp deletion
upstream of the canonical translation start site (chr13:
g.52,585,895_52,585,909del [NC_000013.10, hg19], which
corresponds to the deletion 441 to 427 bp upstream of the
translation start site in the isoform described in Loudianos
et al. [35]). This deletion is predicted to disrupt a FOXA
family transcription factor binding site (though no direct
functional validation has been performed) and is exclusively
seen in subjects of Sardinian descent, possibly arising from a
founder effect [35, 37].

To our knowledge, the present finding is the first reported
instance of a homozygous, cis-acting SNV in the ATP7B
promoter to cause Wilson Disease and the first time
MTF1 has been directly implicated in this context. Despite
the difference of just one putatively causative nucleotide,
the patient exhibited abnormal copper levels equivalent
to those of individuals with biallelic coding variants in
ATP7B [38]. Our experimental evaluation of this single
nucleotide promoter variant also adds to the growing list
of Mendelian disease presentations that are caused by
cis-regulatory SNVs disrupting the binding of key tran-
scription factors [39, 40].

This study illustrates a promising example of identifying
novel disease-causing cis-regulatory variants and the
regulatory factor being disrupted by examining individuals
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who have well-characterized recessive, monogenic dis-
orders but do not exhibit coding/splicing variants in the
known causative gene. Because our strategy leverages
preexisting knowledge of the disease-associated gene, the
search space and interpretation of otherwise hard-to-
decipher, non-coding variants becomes much more tract-
able. Likewise, the number of candidate variants is also
minimized when considering recessive disorders that
necessarily derive from homozygous or compound hetero-
zygous lesions in a single gene (or its regulatory domain).
Our findings also indicate that, until WGS becomes
ubiquitous, expansion of target gene sequencing to include
at least 1 kb of the proximal promoter would be useful for
improving the rate of diagnosis for Mendelian disease cases.
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