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Large Copy-Number Variants in UK Biobank
Caused by Clonal Hematopoiesis
May Confound Penetrance Estimates

Marcus Tuke,1 Jessica Tyrrell,1 Katherine S. Ruth,1 Robin N. Beaumont,1 Andrew R. Wood,1

Anna Murray,1 Timothy M. Frayling,1 Michael N. Weedon,1 and Caroline F. Wright1,*

Large copy-number variants (CNVs) are strongly associated with both developmental delay and cancer, but the type of disease depends

strongly on when and where the mutation occurred, i.e., germline versus somatic. We used microarray data from UK Biobank to inves-

tigate the prevalence and penetrance of large autosomal CNVs and chromosomal aneuploidies using a standard CNV detection algo-

rithm not designed for detecting mosaic variants. We found 160 individuals that carry >10 Mb copy number changes, including 56

with whole chromosome aneuploidies. Nineteen (12%) individuals had a diagnosis of Down syndrome or other developmental disorder,

while 84 (52.5%) individuals had a diagnosis of hematological malignancies or chronic myeloproliferative disorders. Notably, there was

no evidence of mosaicism in the blood for many of these large CNVs, so they could easily be mistaken for germline alleles even when

caused by somatic mutations. We therefore suggest that somatic mutations associated with blood cancers may result in false estimates of

rare variant penetrance from population biobanks.
Copy number variants (CNVs) are deletions or duplica-

tions of DNA that can vary in size from 50 basepairs to

several hundred megabases,1 i.e., entire chromosomes. In-

dividuals typically carry several thousand CNVs, most of

which are small (<1 Mb) and rare (allele frequency <

1%).2–4 Large, rare pathogenic CNVs have historically

been identified through clinical microarray testing of two

distinct clinical cohorts: first, children with developmental

disorders caused predominantly by germline mutations,5–7

and second, individuals with hematological and other can-

cers associated with somatically acquired mutations.8–10

The availability of large, well-genotyped population bio-

banks offers an opportunity to investigate the prevalence

and penetrance of monogenic disease-causing variants.11

Several studies have already been published evaluating

known developmental CNVs in �500,000 adults in the

UK and Estonian Biobanks12–19 and the penetrance of X

chromosome aneuploidy has been investigated in UK Bio-

bank.20 However, given the relatively advanced age of UK

Biobank participants, ranging from 40 to 70 years (mean

¼ 56.5 years) at recruitment, it is likely that some variants

will be due to somatic mutation and age-related clonal he-

matopoiesis21,22 as has previously been observed in

genome-wide association study cohorts.23,24 Importantly,

somatic variants in adult population cohorts should not

be used to evaluate the penetrance of germline CNVs

known to cause developmental disorders, as this will result

in spurious associations.

We sought to investigate large (>10 Mb) autosomal

CNVs present in population datasets with the aim of deter-

mining whether they were likely to be germline (and there-

fore potentially useful for penetrance studies) or somatic

(and therefore caused by clonal expansions). We used mi-
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croarray data from UK Biobank, which recruited 502,506

individuals from across the UK between 2006 and

2010.25 Hospital Episode Statistics (HES) and cancer regis-

try data were available for the whole cohort up to 31March

2017, and GP records were available for half the cohort; all

participants also provided a range of information (e.g., de-

mographics, health status, lifestyle) via questionnaires. Ge-

notypes for SNVs and indels were generated from blood-

extracted DNA using the Affymetrix Axiom UK Biobank

array (�450,000 individuals) and the UKBiLEVE array

(�50,000 individuals) in 106 batches of �4,700 samples.

This dataset underwent extensive central quality con-

trol.25

We called CNVs genome-wide in 488,377 individuals

with array genotyping data in UK Biobank25 using

PennCNV version 1.0.426 with log R ratio and B-allele fre-

quency values for 805,426 genome-wide probe sets pro-

vided by UK Biobank. Very large PennCNV calls (i.e., mul-

tiple megabases) can sometimes be fragmented into many

smaller calls, so we additionally calculated the sum of bases

either deleted or duplicated on each chromosome per indi-

vidual according to the PennCNV calls. We carried out vi-

sual inspection of each event in everyone with >10 Mb

deleted and/or duplicated on a single chromosome to

confirm breakpoints, event type and level of mosaicism

(see examples in Figure 1). Around a third of the events

showed no evidence of mosaicism in blood (based on a de-

viation of the B-allele frequencies from 0, 0.5, or 1 with a

co-located increase/decrease in log R ratio) while two-

thirds of events were consistent with the presence of a

large CNV in a proportion of cells. Based on previous

work investigating mosaicism in UK Biobank,20,27 we esti-

mate that we were able to detect copy number changes
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Figure 1. Example Mean Log R Ratio (LRR) and B-Allele Frequency Plots
Shown are (A) constitutive deletion of half the q-arm of chromosome 20, (B) four small non-mosaic deletions on chromosome 4, (C)
mosaic deletion of the end of the q-arm of chromosome 6, (D) constitutive duplication of the whole of chromosome 21, (E)mosaic dupli-
cation of the whole of chromosome 19, and (F) triplication of chromosome 9p. Alleles (A and B) corresponding to each of B-allele fre-
quencies are indicated. Red, copy number change; blue, normal copy number.
present in >20%–25% of cells. There was a good correla-

tion between the log R ratio and visual inspection of mosa-

icism28 (Figure 2).

We identified 160 individuals in UK Biobank (61% male

versus 46% in the whole of UK Biobank; Pearson’s chi-

square p ¼ 0.025) with >10 Mb involved in copy number

events on a single autosome (Figure 3 and Table S1). This

male bias has been observed previously and is thought to

be due to higher male-specific rates of certain hematologi-

cal malignancies.24 In the majority (134/160) of individ-

uals, this was caused by a single large CNV; 19 individuals

had 2 separate events (17 on 2 different chromosomes); 5

individuals had 3 separate events (all involving at least 2

different chromosomes); and 2 individuals had 4 or 5 sepa-

rate events on the same chromosome. Individual events

ranged in size from 0.9 Mb to 198 Mb (mean ¼ 56 Mb,

stdev ¼ 51 Mb) and included both unique events and

recurrent events. There were 64 whole chromosome dupli-

cations of chromosomes 3, 8, 9, 12, 14, 18, 19, and 21,

including four individuals with two trisomies and three in-

dividuals with three trisomies.

Of the autosomal aneuploidies, only trisomy 21 is

compatible with adult life when present constitutively

and causes Down syndrome.29 Twelve individuals had

a duplication of chromosome 21, of whom 11 had a

diagnosis of Down syndrome in their HES or GP re-

cords (GP records were not available for the remaining

individual). A further six individuals in UK Biobank

had Down syndrome recorded in their HES records,

but their microarray data showed no evidence of tri-
326 The American Journal of Human Genetics 107, 325–329, August
somy 21. It is unclear whether these discrepancies are

caused by sample mix-ups, errors in HES records, or

misdiagnoses. Of those with large CNVs, a further eight

individuals had ICD-10 codes or GP records consistent

with various developmental disorders, including

congenital malformations, developmental disorder (in-

tellectual disability/handicap or epilepsy), and bipolar

affective disorder (Table S1).

We suggest that the rest of the whole chromosome dupli-

cations and the majority of large CNVs are likely to be so-

matic mutations caused by clonal expansions, some of

which are compatible with being present in (apparently)

healthy individuals. Several lines of evidence suggest that

the majority of the large CNVs were likely caused by so-

matic mutations associated with either cancer10,30 or age-

related hematopoietic clonal expansions.22,31 First, 79/

160 (50%) individuals had a recurrent duplication of chro-

mosome 8, 9, 12, or 19 or large deletions on chromosome

11q, 13q, 17p, and 20q that are consistent with those

observed previously in lymphocytic and myeloid leuke-

mias10,30,32,33 and JAK2-related myeloproliferative neo-

plasms.34 Second, 98/160 (61%) individuals had neo-

plasms recorded in their HES records or cancer registry

data compared with 80,046 (17%) across the whole of UK

Biobank (p < 2 3 10�16). Sixty-four (40%) were malignant

neoplasms of lymphoid, hematopoietic, and related tissues

(ICD-10 codes: C81-96), a significant enrichment above

the whole of UK Biobank (n ¼ 3,869, 0.8%, p < 2 3

10�16); and a further 20 were polycythemia vera, myelo-

dysplastic syndrome, and chronic myeloproliferative
6, 2020



Figure 3. Summary of Large Autosomal CNVs Identified
Circos plot of all large autosomal CNVs in UK Biobank; chromo-
somes 1–22 are indicated, and CNVs on the same chromosome
in the same person are shown on the same track. Red, deletion;
blue, duplication; green, triplication.

Figure 2. Mean Log R Ratio of CNVs
Boxplot of mean log R ratios of large CNVs, grouped by whether
there was evidence of mosaicism based on visual inspection of
the data. Red, deletion (DEL); blue, duplication (DUP); green, trip-
lication (TRIP); median and interquartile ranges shown.
diseases (ICD-10 codes: D45-47), again a significant enrich-

ment above the whole of UK Biobank (n ¼ 646, 0.1% p <

2 3 10�16). Third, individuals with large CNVs and neo-

plasms were older and taller versus the others with large

CNVs but no record of neoplasms, as expected in cancer;

in contrast, individuals with large CNVs and a develop-

mental disorder were younger and shorter versus the

others, consistent with many developmental disorders

(Figure 4).

Nonetheless, 43/160 (27%) individuals with a large CNV

in UK Biobank have neither a developmental disorder nor

a neoplasm (of any sort) recorded to date. This observation

has a range of explanations, including record error, lack of

hospitalization, absence of GP records (currently available

for only around half the cohort), benign hematopoietic

clonal expansions, or neoplasms that have not yet devel-

oped or been diagnosed. Given the prognostic link be-

tween chromosomal instability and tumorigenesis,30,35

unfortunately the latter explanation is likely to be true in

many cases.

Mosaic chromosomal alterations27 and Y chromosome

loss36 in UK Biobank have previously been linked to age-

related clonal hematopoiesis, both of which can be easily

excluded from studies seeking to investigate penetrance

of germline CNVs. Indeed, although some mosaic variants

can be detected by PennCNV, low-level mosaic variants are

often not detected using standard variant calling algo-

rithms. However, the presence of very rare autosomal an-

euploidies, some of which do not appear to be mosaic
The Americ
based on intensity data from microarrays, suggest that

caution should be used when interpreting rare variants

(of any size) in population biobanks. For example, we

note that six individuals in UK Biobank have complete or

partial trisomy of chromosome 3, of whom 5/6

have non-Hodgkin’s lymphoma. Presumed germline du-

plications of 3q29 have previously been causally linked

with early death (OR ¼ 27.8) and cancer (OR ¼ 37.5) in

UK Biobank,12 but we suggest that these associations

more likely reflect reverse causality, with cancer causing

chromosome 3 duplication and early death. A similar issue

has previously been highlighted for sequence variants in

cancer driver genes where rare mutations are also a cause

of developmental disorders, such as ASXL1 and

DNMT3A.37 Based on our analysis, the issue of somaticmu-

tations confounding analyses of variants presumed to be

germline can only be partially addressed by assigning the

mosaic status of each variant; critically evaluating the val-

idity of a variant (such as the breakpoints of a CNV), the

plausibility of a finding (such as presence of constitutive

autosomal aneuploidy), and likelihood of different muta-

tional mechanisms (such as clonal expansion) are also

important. As genome-wide sequencing becomes widely

available in aging cohorts such as UK Biobank, researchers

should be aware of potential confounding caused by so-

matic mutations present in high proportions of cells.
Data and Code Availability

This study did not generate new datasets or code. The code used

during this study is available at https://github.com/WGLab/
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Figure 4. Characteristics of Individuals in
UK Biobank with >10 MB Copy Number
Changes
Boxplot of age in years (A) at recruitment
and height of individuals (B) grouped by
whether they had a neoplasm, develop-
mental disorder, or neither coded in their
HES or cancer registry records. Red, devel-
opmental disorder; green, neoplasm; blue,
neither neoplasm nor developmental disor-
der recorded; dotted red line, average for UK
Biobank; median and interquartile ranges
shown; p values from paired samples Wil-
coxon test in R.
PennCNV. All bona fide researchers can apply to use the UK Bio-

bank resource for health-related research that is in the public inter-

est, https://www.ukbiobank.ac.uk/.
Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2020.06.001.
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