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Practical guidelines for interpreting copy number gains
detected by high-resolution array in routine diagnostics

Nicolien M Hanemaaijerl, Birgit Sikkema-Raddatz!, Gerben van der Vries!, Trijnie Dijkhuizenl, Roel Hordijkl,

Anthonie J van Essen!, Hermine E Veenstra-Knol!, Wilhelmina S Kerstjens—Frederiksel, Johanna C Herkert!,
Erica H Gerkes!, Lamberta K Leegtel, Klaas Kok!, Richard J Sinke! and Conny MA van Ravenswaaij-Arts’*’1

The correct interpretation of copy number gains in patients with developmental delay and multiple congenital anomalies is
hampered by the large number of copy number variations (CNVs) encountered in healthy individuals. The variable phenotype
associated with copy number gains makes interpretation even more difficult. Literature shows that inheritence, size and presence
in healthy individuals are commonly used to decide whether a certain copy number gain is pathogenic, but no general consensus
has been established. We aimed to develop guidelines for interpreting gains detected by array analysis using array CGH data of
300 patients analysed with the 105K Agilent oligo array in a diagnostic setting. We evaluated the guidelines in a second,
independent, cohort of 300 patients. In the first 300 patients 797 gains of four or more adjacent oligonucleotides were observed.
Of these, 45.4% were de novo and 54.6% were familial. In total, 94.8% of all de novo gains and 87.1% of all familial gains were
concluded to be benign CNVs. Clinically relevant gains ranged from 288 to 7912 kb in size, and were significantly larger than
benign gains and gains of unknown clinical relevance (P<0.001). Our study showed that a threshold of 200 kb is acceptable in a
clinical setting, whereas heritability does not exclude a pathogenic nature of a gain. Evaluation of the guidelines in the second
cohort of 300 patients revealed that the interpretation guidelines were clear, easy to follow and efficient.
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INTRODUCTION

High-resolution genome-wide array analysis enables the detection of
submicroscopic copy number variations (CNVs), as small as only a
few kilobases. Using array, an extra 15% causally related chromosomal
abnormalities are detected over routine microscopic and MLPA
subtelomeric screening in patients with developmental delay (DD)
and/or multiple congenital anomalies (MCAs).! However, under-
standing the clinical relevance of CNVs is lagging behind the rapid
increase in resolution of this genome-wide screening technique. The
presence of large numbers of CNVs with no major phenotypic effect
impede the interpretation of array results in DD/MCA patients.>
Interpreting copy number gains appears even more complicated than
interpreting losses. It is generally assumed that microduplications
tend to have a milder and more variable pheno'[ype.4 Moreover, the
gain-of-function effect of genes is less often known than their
loss-of-function effect.

The rule that de novo chromosomal imbalances are most likely to be
clinically significant, whereas familial CNVs are not, does not always
hold true. Several studies have shown the clinical relevance
of inherited CNVs and therefore the de novo origin of a CNV is not
a good indicator of its clinical relevance.>” A more reliable way of
determing the clinical relevance of a CNV is to compare it with CNVs
gathered in large databases with data of healthy controls. The Database
of Genomic Variants (http://projects.tcag.ca/variation) is a well-
known database. Several laboratories also have available an in-house
or national reference database. The ‘Low Lands consortium’ reference

database was developed as a joint venture of five Dutch laboratories,
using the same Agilent 105K oligo array. At the starting point of this
study, the database contained CNVs from more than 300 healthy
parents of probands, but it grew rapidly during the course of the study
to more than 700. Despite these helpful databases, the clinical
significance of many CNVs remains unknown.

Hitherto, four published studies present a structured interpretation
of CNVs in patients with DD and/or MCA.3"!! These studies included
both copy number losses and gains. Koolen et al® stated in their
interpretation workflow that if a CNV is familial, it is likely not to be
clinically relevant. However, as mentioned above, this approach is
debatable. Gijsbers et al’ used a slightly different approach. Syndromic
CNVs were considered clinically relevant, regardless of whether they
were de novo or not. However, in the remaining group of potentially
relevant CNVs, inherited CNVs were considered as not likely to be
clinically relevant. Buysse et al'® used a comparable approach. In their
first step, CNVs which were related to known microduplication and
microdeletion syndromes, or were known DD/MCA loci, were con-
sidered causal. In the second step, they concluded all common CNVs
were probably not relevant. In their last step, all de novo gains
were considered causal, whereas inherited gains were considered of
unknown clinical significance. Hence, in their last step, they concluded
the effect of the remaining gains based entirely on the origin of the
CNVs. In the fourth study, Bruno et al'! applied a comparable way of
analysing CNVs, based on the guidelines described by Lee et al.!?
Bruno et al'! mentioned that they did not exclusively apply a de novo
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origin of a CNV as a criterion for clinical relevance. This was not
further explained, so it is difficult to see how they interpreted
individual cases. So far, the only study focusing exclusively on copy
number gains was published by Stankiewicz et al,'> but their paper
described only a few examples of well-analysed gains.

The aim of our study was to develop practical guidelines for the
clinical interpretation of copy number gains. We evaluated all gains in
a cohort of 300 DD/MCA patients using an interpretation scheme and
correlated their clinical relevance to the origin and size of the gains.
We evaluated different size thresholds for the detection of gains in
routine diagnostics. On the basis of our results, we drew up guidelines
and evaluated them in a second, independent, cohort of 300 DD/MCA
patients.

PATIENTS AND METHODS

Patients, parents and controls

The first 300 patients analysed by high-resolution array CGH in our depart-
ment were included. Patients were referred because of the presence of DD,
behavioural problems and/or congenital anomalies. Their parents were inves-
tigated by array CGH, whenever available. None of the investigated parents
had a clinical phenotype resembling that of their offspring.

A second cohort of 300 independent DD/MCA patients, referred during the
first 4 months of 2009, was used to evaluate our guidelines.

The data of healthy individuals in the Low Lands consortium reference database
(Nexus 4.0; Bio Discovery, Inc., El Segundo, CA, USA) were used as a control
group. At the beginning of the study, this database contained information on over
300 healthy parents. During the second phase, over 700 controls were included.

Array comparative genomic hybridisation

Array CGH was performed using the 105K oligo array Oxford Design from
Agilent (custom design ID: 019015; Agilent Technologies Inc., Santa Clara, CA,
USA). A mixture of 40 healthy male or female DNA samples was used as a
reference (sex-matched). Procedures were performed according to the manufac-
turer’s protocol. Data were extracted using Feature Extraction V.9.1 software
(Agilent Technologies Inc.). An array was classified as successful if the Derivative
of Log Ratio Standard deviation was below 0.20 and the raw array CGH data of
the first 300 successful arrays were analysed for the presence of gains using DNA
analytics (Agilent Technologies Inc.), using the ADM-2 aberration algorithm.
Alterations were concluded to be a significant gain if at least four adjacent probes
had an average log ratio of at least 0.4. Gains larger than 10 Mb were not
considered as microduplications and were excluded from further analysis. Gains
were analysed according to hgl8 (NCBI Build 36.1; University of California-
Santa Cruz Human Genome Browser, http://genome.ucsc.edu/).

Interpretation of gains

An interpretation scheme to determine the clinical relevance of the detected
gains was developed. The scheme is partly based on previously published
studies,®!! but did not include origin or size as possible exclusion criterium, as
these were subject of our study in the first cohort. We assessed the gains of this
cohort using the following steps:

Step 1. Comparison with the Low Lands consortium reference database.
Some of the healthy parents from the patients included in this study were
already part of this anonymous control data set, hence we decided to
set the minimum number of gains that had to be present in the database before
concluding a gain was benign, at four instead of three (1%), which is routinely
used. We concluded that all the gains present in this database >4 times, or three
times together with >5 times their reciprocal loss, were benign CNVs.

Step 2. Comparison with the Database of Genomic Variants. All gains
present in this independent database >3 times, or two times together with >5
times their reciprocal loss, were considered to be benign CNVs.

Step 3. Collection of detailed clinical data and comparison with known
microduplication syndromes. If a gain was involved in a known microduplica-
tion syndrome (see syndrome list of Decipher: http://decipher.sanger.ac.uk/)
and the clinical features of the patient were in accordance with this syndrome,
we considered the gain was clinically relevant.
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Step 4. For the remaining gains, we searched Genatlas (http://genatlas.
medecine.univ-paris5.fr) and the UCSC browser (http://genome.ucsc.edu) for
the presence and function of genes located in the gains. If no genes were present
in the gain, or only genes with known function irrelevant to the clinical
phenotype of the patient, we concluded the gain was a benign CNV.

Step 5. For the remaining gains (ie, those with possibly relevant genes or
genes with unknown function), we searched for cases with comparable
microduplications using the PubMed (http://www.ncbi.nlm.nih.gov/
pubmed/), Embase (http://www.embase.com/), Decipher (http://decipher.
sanger.ac.uk) and ECARUCA (http://www.ecaruca.net). If a duplication
in the same area or wider surrounding area, with a partly or comparable
clinical phenotype, was found, we concluded the gain was clinically
relevant. If no overlapping duplications were found, or duplications with
a different phenotype, we concluded the gain as a CNV of unknown
clinical relevance.

Thus, the possible outcomes of our interpretation scheme are: a clinically
relevant CNV, a CNV of unknown clinical relevance or a benign CNV.

Evaluation of the guidelines

We designed a flow diagram (Figure 1) for gains with a threshold of 200 kb,
based on our results in the first cohort of 300 patients. We used the second
cohort of 300 DD/MCA patients for the evaluation.

Statistical analysis

Statistical calculations were performed using the Statistical Package for the
Social Sciences version 17.0 for Windows (SPSS Inc., Chicago, IL, USA) and
the following tests were performed whenever appropriate: Binomial test,
Mann-Whitney U-test, Pearson Xz—test and Student’s t-test. A P-value <0.05
was considered significant.

RESULTS

Interpretation of gains in the first 300 patients

A total number of 805 gains of at least four adjacent oligonucleotides
were detected in the first cohort of 300 patients. Three of these gains
were 91, 64 and 21 Mb in size and were excluded from further analysis.
Another four gains in two patients with a 47,XYY karyotype were
excluded because they comprised the pseudoautosomal regions of the
Y chromosome. One other gain of 5.5 Mb was excluded because it was
detected in a patient with an unbalanced translocation der(12)t
(9;12)(q34.13;p13.32), in which the accompanying deletion explained
the phenotype. We finally included a total number of 797 gains
(Supplementary Table 1), detected in 287 different patients. Only 13
patients did not have any gains.

The intepretation results are summarised in Table 1. In short, 546
out of 797 gains (68.5%) were benign CNVs because of their presence
in the reference database. Of the remaining 251 gains, 151 were benign
CNVs (60.2%) because of their presence in the Database of Genomic
Variants. A further eight gains were associated with known micro-
duplication syndromes (1q21, 15qllql3, 16pll.2, 22qll.2 (four
times) and Xq28) (http://decipher.sanger.ac.uk). On the basis of the
information from the genome browsers and the literature, we con-
sidered 7 additional gains to be clinically relevant and 29 gains to be
benign. One maternally inherited 253 kb gain of exons 45-50 of the
DMD gene (Xp21.1) was seen in a boy and confirmed by MLPA.
A tandem intragenic duplication of these exons is known to result in a
truncated protein. However, the boy had mild mental retardation, but
no clinical features of Duchenne muscular dystrophy and normal
creatin kinase levels. FISH analysis showed that the duplication was
inserted in Xq27 and did not disrupt the DMD gene. As the maternally
inherited insertion might have a positional effect at Xq27, this was
considered a CNV of unknown clinical relevance.

We finally concluded that 726 (91.1%) gains were benign, 15 (1.9%)
were clinically relevant and the remaining 56 (7.0%) were of unknown
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Figure 1 Flow diagram for interpreting gains based on the results of this study.

*Confirm location of duplication with FISH.

Table 1 Summary of interpretation process of gains detected by whole-genome array

Cohort 1 Cohort 2
Gains > 4 oligos (n=797) Gains > 200 kb (n=594)

Clinically Benign Clinically Benign
Step relevant CNVs CNVs relevant CNVs CNVs
1 Found in Low Lands consortium, reference database 546 388
2 Found in Database of Genomic Variants 151 95
3 Known microduplication syndromes 8 8
4 Genes evaluated in genome browsers 29 6
5 Comparison with literature cases 7 8 17

Total
Remaining unknown CNVs

152 (1.9%)

726 (91.1%)
56 (7.0%)

162 (2.7%) 506 (85.2%)

72 (12.1%)

2See Supplementary Table 2.

clinical relevance. Supplementary Table 2a gives an overview of the
location, size and origin of the 15 clinically relevant gains and the
phenotypes of the patients.

Assessing the origin of gains in the first cohort

The origin could be established in 508 out of 797 gains (63.7%); 230/
508 (45%) were de novo and 278/508 (55%) were familial (Table 2).
There were significantly more familial gains than de novo gains
(binomial test, P=0.037). The origin was known for 14 of the 15
clinically relevant gains (Supplementary Table 2a). More clinically
relevant gains were familial (10/14; 71%) than de novo (4/14; 29%).
In contrast, benign gains were identified only slightly more often as
familial (242/460; 53%) than de novo (218/460; 47%). Heritability was
not significantly different between clinically relevant and benign gains
(Pearson y2-test, P=0.20).

Determination of a practical size threshold in the first cohort

The average size of clinically relevant gains was 2283kb (range
288-7912kb) (Table 3). This was significantly different from the size
of benign gains and those of unknown relevance (Mann—-Whitney

Table 2 Relevance and origin of gains in cohort 1

Clinically Unknown

relevant, relevance, Benign, Total,
Origin n (%) n (%) n (%) n (%)
De novo 4(29) 8(24) 218 (47) 230 (45)?
Familial 10 (71) 26 (76) 242 (53) 278 (55)?
Total 14 (100) 34 (100) 460 (100) 508 (100)

@Binomial test for total number of de novo gains compared with familial gains, P=0.037.

U-test, P<0.001). The wide size range of benign gains is caused by a
duplication of 7.94 Mb in 9p13p11. The pericentromeric 9q region is
known to be highly variable without having clinical consequences.'

In Table 4, the effects of thresholds of 0 (but with at least four
adjacent oligonucleotides), 100, 200, 300, 400 and 500 kb are shown.
With a threshold of 200kb, none of the relevant gains, 18 gains of
unknown clinical relevance and 436 benign gains would have
remained undetected (100% sensitivity for the relevant gains). At
this threshold, 84.5% (290/343) of all the detected gains are benign
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Table 3 Comparison between origin or relevance and size of gains
in cohort 1

Clinically Gains of

relevant unknown Benign De novo Familial
Size (kb) gains® relevance gains gains® gains
Average 2283 453 362 435 445
Minimum 288 60 4 4 27
Maximum 7912 1700 7940 7940 7912

Clinically relevant gains differed significantly in size from benign gains and those of unknown
relevance (Mann-Whitney U-test, P<0.001).
bDe novo gains and familial gains did not differ significantly in size (Student’s t-test, P>0.05).

Table 4 How the threshold affects the number of gains detected

Gains of

Clinically unknown Benign
Threshold All gains, relevant relevance, gains,
(kb) n (%) gains, n (%) n (%) n (%)
02 797 (100) 15 (100) 56 (100) 726 (100)
100 682 (85.6) 15 (100) 50 (89.3) 617 (85.0)
200 343 (43.0) 15 (100) 38 (69.1) 290 (39.9)
300 247 (31.0) 14 (87.5) 28 (50.9) 205 (28.2)
400 219 (27.5) 12 (75.0) 24 (43.6) 183 (25.2)
500 200 (25.1) 11 (68.8) 21 (38.2) 168 (23.1)

aMinimal criterion for detection of gains: at least four adjacent oligonucleotides with an average
log ratio of >0.4.

CNVs (specificity 15.5%). Increasing the threshold to 300, 400 or
500 kb hardly affects the specificity but it does decrease the sensitivity.
On the other hand, a lower threshold reduces the specificity without
increasing the sensitivity. For example, at a threshold of 100kb, 617
out of 682 gains (90.5%) are benign vs 290 out of 343 gains (84.5%)
at 200 kb (t-test, P=0.005) (Table 4).

Evaluation of the interpretation scheme

After assessing all detected gains in the first 300 patients, we designed a
flow diagram of our interpretation scheme (Figure 1). A threshold of
200kb was added because of its favourable sensitivity and specificity
as determined above. To increase the reliability of the decision based
on the control data sets, we used a 1% threshold for our rapidly
expanding reference database, at that moment containing over 700
controls, and at least three different studies (BAC CNVs excluded) for
the Database of Genomic Variants. This flow diagram was evaluated
using a second cohort of 300 DD/MCA patients.

In the second cohort we detected 598 gains over 200 kb in size. Four
gains were larger than 10 Mb and therefore excluded. The interpreta-
tion results of the remaining 594 gains are summarised in Table 1. In
total, 506 (85.2%) of the gains were considered benign, 72 (12.1%)
were of unknown clinical relevance and 16 (2.7%) were clinically
relevant (Supplementary Table 2b). The inheritence pattern could be
established for 12 relevant gains: six were familial (including one
X-linked) and six were de novo (including one X-chromosomal). The
results in the second cohort are comparable to the interpretation
results for the 343 gains above 200kb detected in the initial study
group, with 290 (84.5%) classified as benign, 38 (11.1%) as unknown
and 15 (4.4%) as clinically relevant CNVs (Tables 1 and 4).

DISCUSSION
In this study we focused on interpreting copy number gains detected
by genome-wide array analysis in patients with DD/MCA. Combining
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literature and our laboratory findings, we developed an interpretation
scheme for copy number gains. We did not exclude patients in whom
a clinically relevant loss was detected, as we considered gains as
independent events that should be interpreted independently. After
evaluating all the gains, three patients with a clinically relevant gain
also had accompanying deletions that may have contributed to their
phenotypes (patients 11, 16 and 27; Supplementary Table 2). Further,
two patients had proven mutations in other disease-causing genes
(patients 12 and 21). We believe, however, that the duplications may
have contributed to their phenotypes, as illustrated by patient 12, who
had a molecularly confirmed Beckwith-Wiedemann syndrome and
preauricular pits due to a duplication 22q11.21. Recent literature
shows that for some CNVs, the presence of a phenotype may depend
on the co-occurrence of other CNVs.!> We did not include this
two-hit model in our interpretation scheme, because we feel it is, at
the moment, beyond the scope of daily routine diagnostics.

To determine the value of our interpretation strategy (Figure 1), we
tested it on a second cohort of 300 patients. The interpretation scheme
proved to be clear, easy to follow and resulted in an efficient
interpretation. In addition, during the course of the study, the
following recommendations emerged.

Use of an in-house or national reference database

The use of an in-house or national database with array data obtained
from controls proved to be invaluable in this study, as 68.5% and
65.3%, respectively, of the gains were concluded to be benign after
comparing with this database. As the database consisted of parents
who all have a child with DD/MCA, it is obviously not a completely
independent control cohort. We therefore used a threshold of 1%,
ensuring that this bias does not have a significant influence. The use of
the Database of Genomic Variants has some shortcomings, because of
the inclusion of CNVs detected by different array platforms and
because some individuals may have been included who are not
phenotypically normal. Nevertheless, in the first and second cohort,
an additional 19% (151/797) and 16% (95/594) of the gains, respec-
tively, were concluded to be benign, based on this database. Thus, the
Database of Genomic Variants has a complementary value to our
reference database, saving time-consuming literature studies.

Localise gains with FISH

The importance of FISH studies in locating the duplicated fragment
was demonstrated by the intragenic gain of 253 kb in the DMD gene
that appeared to be an insertion of Xp21.1 material into Xq27.
We recommend that especially de novo intragenic duplications or de
novo duplications with a breakpoint in a gene are located by FISH
before a conclusion is drawn about their clinical relevance. For de novo
duplications, in general, it is known that the majority occur
in tandem, but some are the result of an insertional translocation,
as recently demonstrated by Kang et al.'® Such an insertional translo-
cation may still not have any clinical consequences if the duplicated
segment is inserted in a gene desert, but it may also disrupt or
otherwise influence the expression of genes at the insertion break-
point.}” Unravelling the pathogenic nature of a submicroscopic
insertional translocation requires the use of sophisticated techniques
that are often not available in a routine diagnostic setting.

Set a 200-kb threshold for detecting gains in routine diagnostics

The size of a gain appeared to be a useful indicator for its clinical
relevance, as such CNVs were significantly larger than benign CNVs or
CNVs of unknown clinical relevance (P<0.001) (Table 3). On the
basis of our data, it is acceptable to set a threshold of 200kb for



detecting clinically relevant microduplications in routine diagnostics
at the moment (Table 4). Increasing the threshold results in a lower
sensitivity, whereas decreasing the threshold substantially reduces
the specificity.

Do not exclude a clinical relevance for gains inherited

from parents

The obvious assumption that de novo CNVs most likely are patho-
genic is under debate.'® We confirmed that the de novo nature of a
gain does not always mean it is clinically relevant, as 94.8% (218/230)
of the de novo gains in the first cohort were considered to be benign
using the applied criteria. In both cohorts combined, 16 of the
26 clinically relevant gains for which the origin was known appeared
to be familial.

In our study combined, 9 out of 12 gains that were associated with
known microduplication syndromes and for which segregation could
be esablished, were inherited. Microduplication syndromes show a
highly variable penetrance between generations and they are often
found to be inherited from an asymptomatic or very mildly affected
parent.'*? If we exclude the known microduplication syndromes, still
7 of the 14 remaining clinically relevant gains with known segregation
were inherited. None of these were located in a region that is known to
be parentally imprinted. Five, however, involved the X chromosome in
two girls and three boys, and in all three boys, these were maternally
inherited. For example, both the Xq28 gains in severely affected boys
were inherited from an asymptomatic mother, most likely because of
X inactivation.?! Thus, the preponderance of familial clinically
relevant gains in our study might be explained by the known
microduplication syndromes with incomplete penetrance and the
maternally inherited gains involving the X chromosome. What is
important is that our results emphasise that a parental origin does not
exclude clinical relevance.

CONCLUSION

We have developed guidelines for interpreting copy number gains in
routine diagnostics. These guidelines proved to be clear, easy to follow
and resulted in an efficient interpretation. In contrast to mode of
inheritance, the minimum size of a gain was concluded to be a useful
indicator for its clinical relevance.
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