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Mechanisms underlying disease-causing 
variants in promoters and enhancers
 

Hannah K. Long      , Kun Wu (武堃)    , Ryan S. Barkham     & 
Wendy A. Bickmore     

The study of human monogenic disorders has been a powerful tool for 
generating a deep understanding of protein function/dysfunction and 
for uncovering underlying biological mechanisms. Here we explore the 
insights that an expanding catalog of noncoding monogenic disease 
variants can provide into the functions of the noncoding genome. We 
focus on small genetic alterations (one to a few tens of base pairs) in 
cis-regulatory elements—promoters, enhancers and silencers—and their 
potential mechanisms of action, such as loss or gain of function. We discuss 
the challenges in determining pathogenicity for variants in the noncoding 
genome, discuss why there might be so few concrete examples and highlight 
the opportunities for advancing this area of human genetics by using 
experimental and machine-learning tools.

Routine application of genomic sequencing in health-care systems has 
the potential to transform the diagnostic odyssey for individuals with 
rare genetic disease. The Deciphering Developmental Disorders project 
demonstrated that a genomics-led approach could return diagnoses 
explaining the cause of disease, especially for children with severe 
developmental disorders1, and alter their clinical management2. How-
ever, even with whole-genome sequencing (WGS) and state-of-the-art 
computational pipelines for variant interpretation, only around 40% 
of patients with a developmental disorder who are suspected to have a 
genetic cause receive a genetic diagnosis3. This suggests we still do not 
understand much about how genetic change can cause human disease.

The criteria for a variant to be classified clinically as pathogenic 
are stringent, guided by the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology (ACMG/AMP) 
framework, drawing on a variety of generally applicable evidence4, 
but increasingly with gene-specific and disease-specific refinements. 
Because of our thorough understanding of the genetic code through 
which DNA sequence is translated into proteins, disease-causing 
variants in the protein-coding exome—particularly those that cause 
loss-of-function (LOF) effects (such as nonsense or frameshift muta-
tions)—are most readily identified. Knowledge of protein structure 
and function can also guide the interpretation of missense variants5.

However, 98% of our genome cannot be interpreted through 
the lens of the triplet genetic code or protein function because it is 

noncoding. The scale of the noncoding genome presents additional 
challenges, with far more putative variants to examine compared to the 
coding space, and a lack of knowledge about how such variants impact 
function. This likely leads to disease-causing variants in the noncoding 
genome being under-reported. However, it is also plausible that such 
variants rarely are a cause of disease.

Here we review reported rare-disease-causing variants in the 
noncoding genome, focusing on small (<50 bp) insertions or dele-
tions (indels), duplications and single-nucleotide variants (SNVs) in 
cis-regulatory elements (CREs)—promoters, enhancers and silencers. 
We do not cover larger disease-causing chromosome structural vari-
ants (large deletions, inversions, translocations), which are extensively 
reviewed elsewhere6–9, or variants in insulator elements. We also do 
not discuss variants in 5′ and 3′ untranslated regions of mRNAs, those 
affecting mRNA splicing and translation10–12, or variants in genes encod-
ing functional noncoding RNA end products such as those that are 
core components, or involved in the biogenesis, of ribonucleoprotein 
complexes, such as ribosomes, spliceosomes, endonucleases and 
telomerase, that have been reviewed recently13,14.

Focusing on rare noncoding variants with strong evidence for 
pathogenicity rather than those implicated in disease risk, we discuss 
how such variants impact regulatory function—including LOF and 
gain-of-function (GOF) mechanisms. Finally, we discuss why these 
examples are so limited and whether high-throughput assays for 
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expression normally begins26. These variants act either through loss of 
repressive BCL11A/LRF binding sites or by gain of activator sites (KLF1, 
TAL1 and GATA1)27 (Fig. 1c, left, and Supplementary Table 1). This has 
led to the development of therapeutic genome-editing strategies, 
introducing similar γ-globin promoter variants into hematopoietic 
stem cells of β-thalassemia and sickle cell anemia patients27–29. Another 
reported pathogenic GOF variant occurs at the TERT promoter, which 
segregates with disease in a multigenerational melanoma-prone family, 
creates potential new binding sites for ETS and TCF (Fig. 1c, right) and 
increases promoter activity in reporter assays30,31. Recurrent somatic 
variants at different sites in the TERT promoter have been identified 
in a high proportion of sporadic melanoma, with a similar proposed 
mechanism of action to the inherited variant32,33.

Challenges can arise in annotating putative promoter variants due 
to genes often having multiple TSSs and alternative isoforms. A de novo 
SNV 13 bp upstream of the TSS of ZBTB18 appears to be a convincing 
pathogenic promoter variant for an intellectual disability disorder11, 
as ZBTB18 LOF-coding variants cause a similar phenotype34. Although 
located upstream of the TSS for the main annotated ZBTB18 transcript, 
this variant is intronic to an alternative transcript that initiates from 
a CGI ~2 kb upstream of the main TSS, implicating other regulatory 
functions. Another consideration, relevant to all regulatory variants, 
is whether putative causative promoter variants occur in cis or in trans 
with a coding variant in the same gene, or in a gene in the same pathway, 
as seen for TERT promoter variants in cases of telomeropathies (such 
as dyskeratosis congenita and idiopathic pulmonary fibrosis)33.

These examples highlight the diverse ways in which promoter 
variants can cause disease, while demonstrating that there is still much 
to learn about the control of transcription from human promoters. 
The knowledge gap is even larger for variants in other CREs such as 
enhancers, as discussed below.

Limited understanding of enhancer dysfunction  
in disease
Enhancers contain unique combinations of binding sites for tissue- 
specific TFs that drive spatiotemporal gene expression patterns 
(Fig. 2a,b). Changes to enhancer sequences can impact TF binding, 
causing altered patterns or levels of gene expression in a tissue-specific 
manner (Fig. 2b). This can contribute to both normal-range pheno-
typic variation in the population and the emergence of new traits 
across evolutionary time. However, in the extreme, altered or de novo 
enhancer function can have a profound and deleterious impact on 
gene expression programs, leading to rare congenital disorders 
and cancer, collectively termed enhanceropathies35. While several 
well-documented enhanceropathy examples have been described 
(Supplementary Table 2), the list of enhancer variants with strong 
evidence for causing Mendelian disease remains short, dwarfed by 
the number of pathogenic coding variants. This raises the question 
of whether enhanceropathies genuinely represent a particularly unu-
sual mechanism of disease, or whether we simply lack the tools and 
understanding to interpret this class of pathogenic variant. Challenges 
include our limited understanding of where all the enhancers are in 
the human genome, or which genes they act on (Box 1). For example, 
enhancers can be within introns of the target gene or neighboring 
genes, or can be located up to, and beyond, a megabase from the target 
gene36. Furthermore, as with promoter variants, our ability to interpret 
the impact of noncoding variants on TF binding or regulatory activity 
remains limited.

One strategy for identifying deleterious noncoding variants is 
to find patients with heterozygous LOF variants in recessive genes, 
suggesting a pathogenic noncoding ‘second hit’ may be present on 
the other allele. However, in a study of 2,430 probands with a het-
erozygous coding variant in a recessive developmental disorder 
gene, only six noncoding variants passed bioinformatic filtering and 
clinical review as potentially diagnostic10, suggesting that compound 

measuring variant effects, tissue-specific annotation of regulatory 
activity and emerging deep-learning models can help accelerate the 
ability to return clinical diagnoses for rare-disease patients with patho-
genic variants in CREs.

Pathogenic variants in promoters
DNA within a few hundred base pairs of the transcription start site 
(TSS) constitutes the core gene promoter, involved in assembly of the 
pre-initiation complex and the general transcription factors (TFs). A 
broader region contains binding sites for other TFs, and here we con-
sider variants within 1 kb of the TSS as ‘promoter’ variants. Promoter 
variants have the potential for large impacts on gene expression, but 
systematic assessment suggests that rare de novo variants (DNVs) in 
promoters seldom appear to be a cause of developmental disorders10,11. 
Despite this, many promoter-disrupting high-confidence pathogenic 
variants that impact the expression of known disease genes have been 
identified (Supplementary Table 1).

Approximately one quarter of human promoters have a TATA box, 
30–31 bp upstream of a precise TSS15 (Fig. 1a). Pathogenic mechanisms 
for this promoter class can include the loss of TF binding, reducing 
promoter activity. For example, disease-associated SNVs at the OTC 
promoter decrease binding of the HNF4 TF16, while mutation of a CC 
dinucleotide at the INS promoter abrogates GLI3 binding, normally 
required for gene derepression17,18 (Supplementary Table 1). Consti-
tutional epimutations constitute another class of noncoding disease 
mechanisms, exemplified by a family with early-onset cancer where an 
SNV within the MLH1 promoter is proposed to drive promoter meth-
ylation, leading to transcriptional silencing19. Pathogenic promoter 
variants are well exemplified by those at the β-globin gene (HBB), which 
cause β-thalassemia, albeit with milder severity than coding variants20. 
Mechanisms include ablation of the TATA box required for binding of 
TATA-binding protein, a subunit of TFIID, which initiates assembly of 
the pre-initiation complex21, as well as variants in the CCAAT and CACCC 
boxes that disrupt TF binding (Fig. 1b, left, and Supplementary Table 1).

Most human promoters lack a TATA box but are characterized 
by CpG islands (CGIs). Transcription from CGI promoters initiates 
at dispersed positions22, which may make them more tolerant to 
SNVs (Fig. 1a), but disease-causing variants have been described 
(Supplementary Table 1). For example, an SNV that disrupts the binding 
of SP1 in the PIGM promoter affects cell-type-specific PIGM expression, 
causing a glycosylphosphatidylinositol disorder23. CGI variants are 
also a cause of inherited cancer syndromes. Germline SNVs in the APC 
1B promoter ablate a YY1 binding site, reduce promoter activity and 
cause a rare form of familial adenomatous polyposis (Fig. 1b, right). 
Similar variants are associated specifically with gastric carcinoma, 
likely because the promoter of the shorter APC isoform is methylated in 
the gastric mucosa, while colonic cells are protected by a downstream 
1A promoter24.

The examples above are LOF variants perturbing promoter func-
tion. Remarkably, a case of α-thalassemia is caused by an SNV 13 kb 
upstream of the α-globin genes that creates a new promoter and com-
promises α-globin expression25 (Supplementary Table 1). How can a 
promoter be created by a single-nucleotide change? Although this 
region has no known normal function, ENCODE (https://www.enco-
deproject.org) detects H3K4 monomethylation at this region in K562 
erythroleukaemia cells, suggesting some pre-existing regulatory activ-
ity. The generation of de novo TF-binding sites (TFBSs) within regions 
with some weak regulatory activity may flip the balance to create new 
promoter-like sequences with potential for beneficial or deleterious 
consequences. However, this example at α-globin is so far unique, sug-
gesting that the generation of an entirely new promoter is not so simple.

GOF variants at the promoter of HBG, encoding γ-globin, can cause 
hereditary persistence of fetal hemoglobin26. These same variants are 
protective in β-thalassemia and sickle cell anemia because they prevent 
fetal γ-globin gene expression being switched off at birth, when β-globin 
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heterozygous coding/noncoding variants are unlikely to be a common 
disease mechanism.

For neurodevelopmental disorders, estimates suggest that only 
up to 5% patients without a genetic diagnosis have a disease-causing 
noncoding variant37,38. In 47 exome-negative probands with intellectual 
disability, DNVs were observed as enriched in fetal brain enhancers, 
enhancers linked to corticogenesis and targeting genes involved 
in brain function that are intolerant to variation39. While the study 
was underpowered to estimate the burden of pathogenic variants 
in intellectual disability, some enhancer clusters were recurrently 
mutated39. By contrast, WGS in autism spectrum disorder families 

only detected an excess of disease-associated noncoding DNVs at 
promoters, not more distal CREs40. By comparison, WGS of >700 
exome-negative congenital heart disease trios (probands and their 
unaffected parents) revealed an enrichment of potentially disruptive 
noncoding DNVs, including in enhancers, compared with unaffected 
trios, that is at least as high as that seen for coding region variants in 
the whole cohort41. Although sequencing a child and both parents 
helps narrow the search to DNVs, each child has about 100 to 200 
new variants42, and because our knowledge of enhancer biology is 
incomplete, identifying disease-causing enhancer variants remains 
a needle-in-the-haystack challenge.
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Fig. 1 | Disease-causing variants impacting promoter function. a, Schematic 
of a TATA-box-containing promoter, including the core and proximal promoter 
elements. Transcriptional initiation occurs at the initiator (Inr) element (left). For 
CGI promoters, TFBSs are dispersed and transcription initiates across a broad 
region (right). Common classes of disease mechanisms are indicated for both 
promoter classes, including loss or gain of TFBSs, disruption to TATA-binding 
protein (TBP) binding or alteration to DNA methylation status. b, Examples of 
loss of function (LOF) pathogenic mechanisms. Disease-causing variants at the 
HBB gene (TATA promoter) cause β-thalassemia by disrupting key promoter 
motifs and TFBS (left). LOF variants at the 1B CGI promoter of APC cause familial 

adenomatous polyposis (FAP) or gastric carcinoma (right). Larger deletions 
cause FAP, while SNVs focused at a YY1 binding site cause either disease. An 
alternative 1A promoter is downstream of 1B. c, Examples of gain of function 
(GOF) pathogenic mechanisms. SNVs at the TATA promoter of HBG cause 
hereditary persistence of fetal hemoglobin (HPFH) either by gain of binding sites 
for activating TFs or by reducing repressor binding (left). Pathogenic variants at 
the TERT CGI promoter lead to gain of ETS and TCF binding sites, causing familial 
or sporadic melanoma (right). Numbering of variant positions is indicated 
relative to the first base of the coding sequence (where A of the start ATG is c.+1). 
For genomic coordinates, see Supplementary Table 1.
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Enhanceropathies might be rare because many enhancers act in 
a cooperative and redundant manner43, providing phenotypic robust-
ness44. Therefore, variants impacting the function of an individual 
enhancer may not be sufficiently deleterious to cause overt disease. 
Instead, enhancer variants may sensitize to the effects of other genetic 
variation, or environmental or physiological stress. We may also be 
looking at the wrong phenotypes. Many developmental genes have 

multiple enhancers driving cell-type-specific and tissue-specific 
expression. A mutation ablating the function of one of these enhanc-
ers may result in only a subset of the features associated with coding 
variants in the target gene, or even quite distinct phenotypes. For 
example, SOX9 LOF-coding variants cause campomelic dysplasia, a 
skeletal dysplasia including shortening and bowing of long bones, 
breathing problems, cleft palate, micrognathia (small jaw) and variable 
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Fig. 2 | Possible mechanisms for disease-causing variants impacting enhancer 
function. a, Schematic of an enhancer showing TF binding, co-activator  
and RNA polymerase II (RNAPII) recruitment leading to gene activation.  
b, Changes to enhancer sequence can impact tissue-specific TFBSs, resulting 
in altered gene expression and tissue-specific disease phenotypes. c, Example 
of enhancer LOF pathomechanism. SNVs in a PTF1A enhancer (EnhP) impact TF 
binding, leading to subsequent failure to activate other enhancers at the locus, 
and failure of pancreatic development. d, Example of LOF pathomechanism 

at a silencer element. SNVs in the GATA2 CRE2 are proposed to impact NR2F1 
binding, resulting in a failure to inactivate GATA2 expression in migrating facial 
branchial motor neurons and causing HCFP1. e, Example of enhancer GOF 
pathomechanism. SNVs in the SHH limb enhancer ZRS alter SHH expression in the 
developing limb bud. One class of variant causes ectopic SHH expression in the 
anterior limb bud (for example, driven by a gain of ETS binding sites), leading to 
development of excess digits (preaxial polydactyly (PPD)). WT, wild type; ZPA, 
zone of polarizing activity.
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XY sex reversal (OMIM: 114290), whereas deletion of cranial neural 
crest enhancers >1.25 Mb upstream of SOX9 causes a more restricted 
craniofacial anomaly, Pierre Robin sequence (OMIM: 261800), reflect-
ing a failure to activate SOX9 expression only in the progenitor cells of 
the face45,46.

Leveraging human genetics to detect pathogenic 
enhancer variants
The presence of rare biallelic noncoding variants in families enriched 
for recent shared ancestry, and therefore high levels of homozygosity, 

increases the likelihood of being able to assign pathogenicity. For 
instance, homozygous LOF-coding variants in PTF1A, encoding a key 
pancreatic TF, were identified in consanguineous families with syn-
dromic neonatal diabetes, pancreatic agenesis/hypoplasia, cerebellar 
agenesis and other dysmorphologies consistent with PTF1A expression 
in embryonic pancreatic buds and the developing brain47. As at SOX9, 
where enhancer LOF results in a subset of phenotypes associated with 
coding variants46, different recessive SNVs in a pancreatic progenitor 
cell enhancer (EnhP) 25 kb downstream of PTF1A were discovered in 
consanguineous families with isolated pancreatic agenesis, that is, no 
cerebellar involvement48 (Fig. 2c). Homozygosity mapping, coupled 
to WGS, was critical in pinpointing the interval where the causative 
variants were likely to lie48. The same EnhP variants were subsequently 
identified in many other cases of neonatal diabetes49. In one case, a het-
erozygous variant in EnhP was found against a PTF1A protein-truncating 
variant on the other allele, further strengthening the evidence that 
PTF1A is the target gene of the EnhP enhancer50.

These examples appear to represent clear genotype-to-phenotype 
correlations. However, two sisters in one consanguineous family 
homozygous for the most common EnhP pathogenic variant (chr10: 
23,219,508 A>G49; Supplementary Table 2) were discordant for dis-
ease—one had pancreatic agenesis and neonatal diabetes, the other 
only presented with diabetes later in childhood51. Similarly, the father 
of a patient with pancreatic agenesis, due to this same variant, was him-
self homozygous for the variant, but at the time of reporting was yet to 
manifest with diabetes52. As well as its variable expressivity, this SNV is 
also consistently associated with later-onset disease50, suggesting that 
it may have a mild effect on enhancer function that can be buffered by 
other genetic or nongenetic factors.

Enhancer LOF pathomechanisms
The case for PTF1A EnhP variant pathogenicity was aided by epigenetic 
and TF binding annotations in human embryonic stem cell-derived 
pancreatic precursors48. EnhP deletion also causes pancreatic agen-
esis, suggesting a LOF pathomechanism50. EnhP is required to activate 
PTF1A in multipotent pancreatic progenitor cells, and for subsequent 
growth of pancreatic buds, thereby acting developmentally upstream 
of other pancreatic PTF1A enhancers53 (Fig. 2c) and likely explaining 
why EnhP variants can lead to such a profound phenotype. Most EnhP 
pathogenic SNVs are A to G or C, likely because key pancreatic TFs 
(FOXA2 and PDX1) have A-rich consensus binding sites. Indeed, it 
was shown that many of these EnhP variants disrupt FOXA2 and PDX1 
binding48 (Fig. 2c).

Disrupted TF binding appears to be the most common patho-
mechanism caused by enhancer SNVs. Many of the target genes of 
these enhancers are themselves haploinsufficient, making it more 
likely that heterozygous enhancer variants will result in a phenotype. 
Sonic hedgehog (SHH) signaling is critical for embryonic craniofacial 
and forebrain patterning, and heterozygous missense or premature 
termination variants in SHH are the most common cause of defective 
forebrain and craniofacial midline division, causing holoprosencephaly 
(HPE)54. An SNV in SBE2, the forebrain enhancer 460 kb upstream of 
SHH, was also detected as a likely causal variant in a case of HPE55. This 
SNV disrupts binding of SIX3, a TF whose perturbed function also 
causes HPE, and it reduces transgenic reporter expression in the mouse 
ventral diencephalon, overlapping the domain of SIX3 expression55. By 
itself, genetic evidence for this SNV being pathogenic is not concrete, as 
the father of the HPE case is an unaffected carrier55. However, even HPE 
in individuals with SHH haploinsufficiency is incompletely penetrant. 
Mice deleted for SBE2 have no overt phenotype, with disrupted hypo-
thalamus development only becoming apparent when crossed with a 
Shh-null allele56. This underscores how robust development can be to 
perturbation and may explain why we may be missing other pathogenic 
enhancer variants, as well as illustrating the value of mouse models in 
understanding causal mechanisms.

BOX 1

Current challenges interpreting 
enhancer variant effects
The scale of the contribution of noncoding variants to Mendelian 
disease remains poorly defined. Even where putative pathogenic 
regulatory variants are identified, there remain many challenges in 
interpreting their impact on enhancer function and therefore clinical 
diagnoses. A number of these challenges are outlined below.

	• We have a limited ability to determine which gene is the target of 
an enhancer—some enhancers can be located at large genomic 
distances from the target gene, or even embedded in the introns 
of nontarget genes.

	• For the most part, we do not know the repertoire of TFs that bind 
at, and affect the function of, enhancers in biologically relevant 
cell types.

	• The regulatory consequences of noncoding variants need to 
be modeled in the relevant cell-type, physiological context or 
developmental time. In many cases, suitable in vitro models 
are currently lacking. Efforts to build human cell and tissue 
atlases for adult and developmental stages will help to refine 
differentiation pipelines for disease-relevant cell models.

	• High-throughput assays, such as massively parallel reporter 
assays (MPRAs), enable assessment of regulatory activity and 
variant effects for large numbers of candidate sequences, 
but sequences are tested outside of their native genomic and 
chromatin context, and often at short distances from a minimal 
promoter. There are therefore likely to be many false-negative or 
false-positive hits from these assays.

	• Strategies to implement editing of endogenous regulatory 
sequences remain challenging. Improved scalability, ease of 
implementation and appropriate readouts for variant effects 
will drive a wider uptake of advances in genome editing for 
measuring noncoding variant effects.

	• Current efforts often focus on single variants or regulatory 
elements in isolation. There is a need to build scalable systems 
to assess combinatorial variants, haplotypes, regulatory 
interactions and oligogenic disease mechanisms. For example, 
many genes are controlled by several enhancers that can show 
redundancy. There is a particular challenge in identifying variants 
which, alone, have no measurable phenotypic effect, but which 
in combination with other variants in the same regulatory domain 
can breach a pathogenic threshold leading to disease.

	• Determining the molecular mechanisms by which variants 
impact enhancer function, such as TF binding, is still 
challenging. Understanding mechanisms driving variant effects 
can support evidence for pathogenicity and inform potential 
therapeutic avenues. The further development of large-language 
models may increasingly address this challenge.
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GATA2 is critical for hematopoiesis; heterozygous, presumed 
LOF, GATA2 coding variants cause MonoMAC immunodeficiency 
syndrome (OMIM: 614172), with bone marrow hypocellularity and 
defective monocyte, dendritic cell, and B and NK lymphocyte pro-
duction. In several MonoMAC families with no GATA2 coding variant, 
small deletions and SNVs disrupting a composite E-box-GATA binding 
motif were detected in an enhancer in the penultimate intron of GATA2  
(ref. 57); Supplementary Table 2). A nearby SNV in the same intron, 
detected in several unrelated patients, was predicted to disrupt an ETS 
factor binding motif, and an adjacent SNV found in another patient is 
also likely to be pathogenic58. Both the deletion and the most preva-
lent SNV decreased expression in reporter assays, consistent with a 
LOF mechanism58. However, several family members of the original 
probands carrying the same variants show phenotypes ranging from 
mild neutropenia, reduced NK numbers, late-onset chronic myelo-
monocytic leukemia to full MonoMAC, suggesting additional genetic 
or environmental disease modifiers57. Indeed, patients with GATA2 
enhancer variants appear to have a less penetrant and later-onset 
phenotype than those with GATA2 coding variants58. Consistent with 
this, mouse models suggest that MonoMAC-associated SNVs result in 
defective hematopoietic regeneration that only manifests clinically 
after a secondary insult or stress59 (see Supplementary Table 2 for other 
examples of likely pathogenic enhancer LOF SNVs).

Autoregulatory feedback appears to be a common feature of 
gene-regulatory networks60. Most aniridia cases are caused by het-
erozygous LOF-coding variants in PAX6, encoding a master TF for 
eye development61. However, several aniridia cases are caused by 
large deletions or translocations that disrupt the enhancer land-
scape downstream of PAX6 (ref. 61). A DNV, discovered in an aniridia 
patient, in an eye enhancer 147 kb downstream of PAX6, disrupts a 
PAX6-binding site62. Transgenic reporter assays showed that this SNV 
ablates enhancer activity in the developing lens and retina, but not 
the brain, and that eye enhancer activity requires PAX6 protein. In the 
presence of this SNV, PAX6 expression initiates early in the developing 
eye, but is not sustained at later developmental stages, consistent with 
the disruption of an autoregulatory feed-forward loop62. Genetic vari-
ation causing enhancer LOF and reduced gene expression is therefore 
a repeated mechanism driving human disease; however, increased or 
ectopic gene expression can be just as detrimental.

Pathogenicity through silencing of silencers
CREs are mostly thought of as activating gene expression; however, 
some can act as silencers63. Noncoding variants in such elements can 
cause disease through either gene overexpression or a failure of gene 
silencing. SNVs in one such CRE, downstream of GATA2, are thought to 
be the cause of the GATA2 dysregulation that disrupts facial branchial 
motor neuron development, resulting in facial nerve hypoplasia and 
hereditary congenital facial paresis type I (HCFP1)64. Six SNVs segre-
gating with disease are associated with a less penetrant phenotype 
than larger deletions encompassing the CRE (Fig. 2d). The CRE is 
thought to attenuate the activity of adjacent enhancers, constraining 
GATA2 expression to rhombomere 4 (r4) motor neurons and migrating 
inner ear efferent neurons, but not to the migrating facial branchial 
motor neurons, which also have their developmental origin in r4  
(ref. 64; Fig. 2d). Three of the HCFP1-associated SNVs (chr3: 128,459, 
417–128,459,419; Supplementary Table 2) appear to abrogate NR2F1 
binding and silencing activity in facial branchial motor neurons64.

While it is easy to understand how failing to silence the expression 
of a key TF can derail development, it is less obvious why repressing 
genes encoding metabolic enzymes may also be important. Hexoki-
nase, encoded by HK1, catalyzes the first step of glycolysis and HK1 
coding variants cause disorders in tissues with high dependence on 
glucose metabolism, such as the brain and retina (OMIM: 142600). 
Pancreatic β-cells require HK1 silencing to sense low blood glucose, 
and failure to do this results in congenital hyperinsulinism65. De novo 

deletions of an HK1-intronic CRE disrupt HK1 silencing in the pancreas, 
confirming that this element represses HK1 (ref. 65). WGS in other cases 
of severe congenital hyperinsulinism with failed HK1 repression in β 
cells revealed SNVs at five different positions overlapping the minimal 
deleted intronic region, disrupting binding of TFs65, including NKX2.2 
that is known to form a repressor complex in pancreatic β cells66. A 
large-scale study has identified further deletions and SNVs involving 
this same CRE67, making HK1-associated congenital hyperinsulinism 
the most prevalent rare disease caused by variants in a silencer. Given 
its variable penetrance and severity, the incidence of hyperinsulinism 
seems likely to rise as milder later-onset cases are examined by WGS, 
and as clinically classified variants of unknown significance at this CRE 
gain further evidence to support their pathogenicity67. These two exam-
ples reveal how silencing of a silencer can lead to gene misexpression 
in time and place, driving pathogenic consequences.

GOF enhancer pathomechanisms
Enhancers must activate the right level of gene expression, at the right 
time and place, but enhancer activity must also be tuned so that tar-
get genes are not expressed in inappropriate cells, or at excessively 
high levels. Variants in silencer CREs are an example of disease arising 
because of gene expression in inappropriate cell types. Such deleteri-
ous situations could also occur if enhancer variants increase TF binding 
affinity68 or introduce ectopic TFBSs.

We have discussed LOF SNVs in a GATA2 hematopoietic enhancer 
that causes MonoMAC immunodeficiency57,58. SNVs in a different 
enhancer 111 kb upstream of GATA2, detected in an extended family 
affected by MonoMAC69, have been proposed to be GOF pathogenic 
variants, generating a new E-box-GATA composite motif, a critical 
hematopoietic regulatory element, that increases GATA2 expression 
in the bone marrow69.

The best examples of GOF enhancer mechanisms are at the SHH 
locus. Precise patterns and levels of SHH expression in the zone of 
polarizing activity specify the identity and the number of digits in 
the developing limb70. This is controlled by ZRS, a complex 800 bp 
CRE, located 980 kb upstream of SHH70. Different parts of ZRS con-
trol distinct aspects of SHH expression, such as its spatial restriction 
to the posterior limb margin or expression levels71,72; thus, sequence 
changes across ZRS cause a range of limb phenotypes. Too numerous 
to discuss individually, ZRS pathogenic variants are grouped here 
by phenotypic severity. At the mild end of the spectrum, some SNVs 
can cause triphalangeal thumb, an extra joint in the anterior-most 
digit, with or without preaxial polydactyly (PPD), that is extra digits 
on the anterior side73, while others are associated with more severe 
PPD that is accompanied by limb shortening (tibia hypo/dysplasia)74 
(Supplementary Table 2). PPD-associated SNVs are widely distributed 
across the ZRS and are proposed to generate either extra ETS or GABPα 
TFBSs72, or increase the affinity of existing ones68, thereby expand-
ing the domain of zone of polarizing activity SHH expression, as well 
as inducing ectopic anterior expression (Fig. 2e). SNVs associated 
with tibia hypoplasia as well as PPD mainly cluster in a 6 bp region 
(Supplementary Table 2), whose deletion in mouse models suggests 
complex mechanisms such as loss of repressor binding adjacent to an 
activator site71. Why have so many pathogenic SNVs been identified in 
the ZRS compared with other enhancers? There are likely to be several 
contributing factors. First, dominant pathogenic variants will manifest 
more frequently compared to recessive ones, such as those in PTF1A 
EnhP. Second, even subtle changes in digit/limb morphology are easily 
recognizable in the population and are not detrimental to viability. 
Third, the limb has undergone extensive morphological change during 
vertebrate evolution and so the ZRS may be an enhancer with capacity 
for altered activity in response to even subtle changes in the affinity 
and combination of bound TFs. Whether the ZRS is a paradigm for 
future discovery of pathogenic GOF enhancer variants elsewhere in the 
genome or remains a fascinating outlier remains to be seen.
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Unlike the example of a new α-globin promoter created by a 
disease-associated variant22, to our knowledge there are no examples 
of completely new enhancers being created through a GOF SNV.

Beyond just rare
Thus far, we have focused on rare SNVs, with strong genetic and func-
tional evidence for pathogenicity, that are present at very low or unde-
tected allele frequencies in control populations. However, there are 
cases where disease appears to result from a combination of rare and 
common noncoding variants, or where common variants alter the risk 
of rare disease.

Hirschsprung disease (HSCR), characterized by the absence of 
intrinsic ganglion cells in parts of the gastrointestinal tract, can be 
caused by rare coding variants in several genes, the most frequent of 
which is RET (OMIM: 142623). However, the HSCR pattern of inheritance 
is complex, with other coding and noncoding variants that are thought 

to be important for the disease to manifest75. A common variant in an 
enteric neuronal enhancer in the first intron of RET was identified as a 
susceptibility allele for less severe HSCR, and shown to disrupt SOX10 
binding76, and rare SOX10 coding variants can also cause a form of 
HSCR (OMIM: 609136). Three genetically interacting common variants 
of RET enhancers, including the SOX10-bound intronic enhancer and 
two additional gut enhancers located 125 and 19 kb upstream of the 
RET promoter, are now known to account for a greater risk of HSCR 
than coding variants77. The risk variants all decrease TF binding and 
RET expression in the developing gut77. Noncoding HSCR risk variants 
may well extend beyond these three variants78, and HSCR can be con-
sidered as a dysregulation of the RET gene-regulatory network, with 
most patients carrying both RET rare coding and common noncoding 
variants. Intriguingly, variants in an enhancer upstream of SOX10 were 
also identified in cases of HSCR79, and while one of these variants may 
have a higher allele frequency than originally thought80, the other has 
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been assigned pathogenic in ClinVar (https://ncbi.nlm.nih.gov/clinvar/; 
Supplementary Table 2).

Patients with pancreatic agenesis, most commonly caused by 
GATA6 haploinsufficiency, display extensive phenotypic variability that 
can be driven by stochasticity, mosaicism or secondary variants. For 
example, the minor allele for a common noncoding variant 8 kb down-
stream of GATA6 was found to be enriched in patients with pancreatic 
agenesis, in trans with a heterozygous LOF-coding GATA6 variant81. 
The risk variant disrupted RORα binding, reduced GATA6 expression, 
and impaired the efficiency of pancreatic progenitor cell production 
(Fig. 3a). Similarly, TBX6 LOF or structural variants have been asso-
ciated with low-penetrance congenital scoliosis82. A common TBX6 
haplotype on the second allele, cosegregating in two pedigrees with 
scoliosis, includes two variants in the TBX6 promoter, which reduced 
gene expression in a reporter assay82. In both of these examples, dis-
ease severity and penetrance are shaped by the combination of com-
pound rare and common variants—a hypomorphic regulatory variant 
driving reduced gene expression is required to push GATA6 or TBX6 
gene dosage below that seen with simple gene haploinsufficiency to 
a pathogenic level.

A role for low-frequency, rather than ultrarare noncoding, variants 
in disease causation is an interesting area for future investigation that 
could also inform on the role of common variants in modifying disease 
risk. TBX5 haploinsufficiency causes Holt–Oram syndrome (OMIM: 
142900), involving limb/shoulder abnormalities and congenital heart 
lesions, particularly atrial septal defects. Sequencing of heart-specific 
regulatory elements in patients with isolated atrial and/or ventricular 

septal defects identified a homozygous low-frequency variant in an 
enhancer 90 kb downstream of TBX5 that ablated cardiac activity in 
mouse and zebrafish transgenic reporters83.

Rare noncoding variants can also help in the interpretation of 
genome-wide association studies. A majority of patients with Van der 
Woude syndrome, the most common syndromic form of cleft lip and 
palate, have an IRF6 coding variant (OMIM: 119300). A rare duplicated 
nucleotide (Supplementary Table 2) in the MCS9.7 enhancer upstream 
of IRF6, identified in a large Van der Woude syndrome family without 
a pathogenic coding variant, was shown to abrogate both p63 and E47 
binding, create a LEF1-binding site and reduce enhancer activity in 
reporter assays84 (Fig. 3b). MCS9.7 also harbors one of the most widely 
replicated common single nucleotide polymorphisms (SNPs) associ-
ated with nonsyndromic cleft lip and palate (rs642961 A>G). This vari-
ant disrupts an AP-2α binding site and is significantly overtransmitted 
in families with cleft lip, without cleft palate85,86 (Fig. 3b). In a zebrafish 
transgenic assay, the A risk allele at this CRE abrogated ethmoid plate 
activity, while pharyngeal arch activity was retained87. In the Finn-
ish population, another MCS9.7 variant (rs570516915 T>G) has been 
associated with cleft palate only, linked to the nonrisk rs642961 allele, 
suggesting independent signals and mechanisms88. The rs570516915 
variant impacts an IRF6-binding site suggestive of an autoregulatory 
mechanism88. MPRAs in cells differentiated to embryonic oral epithe-
lium prioritized two additional orofacial cleft loci SNPs in enhancers 
associated with allele-specific reduced IRF6 expression, likely through 
enhanced repressor binding, including in the MCS9.7 enhancer where 
the rs11119348 risk variant promotes binding of FOXE1 (ref. 89; Fig. 3b).
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Future strategies for identifying noncoding 
disease and trait-causing variants
The best understood examples of pathogenic promoter and enhancer 
variants have often come from decades of careful functional stud-
ies in cell and animal models. That approach is not scalable; higher- 
throughput experimental and computational approaches to identify 
pathogenic noncoding variants, and their mechanism of actions, are 
going to be vital to keep pace with increasingly large WGS cohorts, 
to support clinical diagnosis and deal with the variants of unknown 
significance problem90 and to bridge the gap between disease-causing 
variants and those affecting disease risk. High-throughput approaches 
may help to expand the limited number of known noncoding patho-
genic loci impacting promoters and enhancers, which currently cluster 
at a short list of known regions (Supplementary Tables 1 and 2).

High-throughput assays can assess the impact of 100–1,000 s of 
noncoding variants. Empirical assessment of DNVs from patients with 
rare disease using MPRAs in cardiomyocytes has revealed regulatory 
impact for a subset of variants for undiagnosed congenital heart dis-
ease patients, providing a pipeline for prioritizing variant pathogenic-
ity91. Other approaches for exploring the impact of noncoding variants 
on TF binding at scale include yeast one-hybrid92 and SNP-SELEX93. 
However, how well these high-throughput assays capture the impact 
of genetic variants in the endogenous genomic context likely varies 
for each tested locus, motivating assays that explore variant impact 
in the native genomic context (Box 1). For example, CRISPR-based 
editing of endogenous enhancers can reveal nucleotides and TFBSs 
most important for function94,95, and can be coupled to single-cell 
readouts (for example, Perturb-seq)96. Although the scalability of 
these approaches remains limited, single-cell ‘omic’ methods can be 
powerful for prioritizing enhancer variants97.

Although lower throughput, transgenic reporters provide valu-
able insight into enhancer spatiotemporal activity in vivo that cannot 
easily be replicated ex vivo. Dual-reporter assays provide a sophis-
ticated means of directly comparing two enhancer variants, such as 
wild type and mutant, in the same cells, at the same time in develop-
ment. For example, QSTARZ showed that the HPE-causing SHH SBE2 
enhancer pathogenic variant still drives expression during early brain 
development, but later activity was lost in the rostral hypothalamus98. 
Similarly, dual-enSERT replicated ectopic (GOF) anterior limb bud 
activity of a known PPD-causing ZRS variant, and provided evidence 
supportive of putative disease-associated variants with previously 
unknown mechanisms of action99. A statistical model to identify an 
excess of DNVs within autism-associated CREs identified the hs737 fetal  
mid/hindbrain enhancer, located 1.3 Mb from EBF3 (ref. 100). 
Dual-enSERT showed that, whereas wild-type and variant alleles both 
drive activity in the midbrain and hindbrain, the disease-associated 
variant also has activity in the forebrain, suggesting a GOF mechanism 
of action99.

High-throughput experimental assays cannot test all CREs in all 
biological systems. Therefore, an expanding array of deep-learning 
sequence-to-function artificial intelligence models is critical for learn-
ing regulatory syntax and exploring the impact of noncoding variants. 
These include models built specifically for predicting promoter vari-
ants dysregulating expression (promoterAI, Puffin)101,102, or changes 
in TF binding or chromatin accessibility (BPNet, ChromBPNet)103,104. 
Multimodal models, such as DeepSEA, DeepSTARR, DeFINE, Enformer, 
ExPecto, Sei and AlphaGenome105–112, support prediction of multiple 
CRE features (Fig. 4a), and can therefore be implemented to prioritize 
candidate regulatory variants for functional follow-up, as well as to help 
expedite identification of causative disease variants. Current limita-
tions of these methods include restrictions on input sequence length 
that can preclude detection of variant effects for extremely long-range 
enhancers, and it remains to be determined whether these tools can 
predict all classes of known pathogenic noncoding variant effects. 
Furthermore, given the highly cell-type-specific context of regulatory 

mechanisms, utility is limited by the training data that the models have 
been exposed to, with a current bias toward cell lines and easily acces-
sible tissues and developmental stages (Box 1). Mapping of regulatory 
elements from embryonic and fetal tissues will greatly expand the 
training set and improve applicability to disease settings. For example, 
recent studies coupling single-cell multiomics or scATAC-seq data-
sets with deep-learning methods can identify putative key regulatory 
motifs in developmental-stage CREs, with genome-wide association 
studies and rare variants predicted to disrupt TFBSs113,114. While deeper 
sampling of embryonic cell types, developmental stages and diverse 
tissue types are still required, these datasets, along with empirical 
high-throughput variant effects assays, will doubtlessly broaden the 
applicability of deep-learning methods (Fig. 4b).

It is currently unclear how useful these deep-learning models are 
for predicting the impact of genetic variation, and caution should be 
taken for models trained on clinically validated variants where there is 
a potential for overfitting. Careful benchmarking is required to assess 
performance, as has been done for computational predictors of cod-
ing variation115, through the standardized comparison of noncoding 
predictor performance against independent experimental and clini-
cal datasets. These metrics will be key for prioritizing tool use when 
evaluating noncoding variants for pathogenicity116, with additional 
work required to standardize output values of a positive or negative 
prediction to enable comparisons across methods.

Concluding remarks
Current estimates for the number of disease-causing variants impact-
ing promoter or enhancer function remain modest, likely reflecting 
limited ability to detect them, restricted by our incomplete under-
standing of regulatory syntax and dwarfed by the large number of 
benign variants in the genome. However, expanding genomics/omics 
and population-cohort sequencing datasets will improve our ability 
to identify tissue-specific CREs impacted by putative regulatory vari-
ants. Coupled with high-throughput assays for determining variant 
effects, and computational tools for predicting regulatory impact, 
these advances will provide a pipeline for variant detection, prioritiza-
tion and experimental validation of pathogenic noncoding variants 
in vitro and in vivo (Fig. 4b), collectively building an evidence base to 
integrate into clinical diagnostic pipelines, and providing benefit to 
patients and their families.
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