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High throughput sequencing approaches, including the analysis of exomes or gene panels,
are widely used and established to detect tumor-specific sequence variants such as point
mutations or small insertions/deletions. Beyond single nucleotide resolution, sequencing
data also contain information on changes in sequence coverage between samples and thus
allow the detection of somatic copy number alterations (CNAS) representing gain or loss of
genomic material in tumor cells arising from aneuploidy, amplifications, or deletions. To test
the feasibility of CNA detection in sequencing data we analyzed the exomes of 25 paired
leukemia/remission samples from acute myeloid leukemia (AML) patients with well-defined
chromosomal aberrations, detected by conventional chromosomal analysis and/or
molecular cytogenetics assays. Thereby, we were able to confirm chromosomal aberrations
including trisomies, monosomies, and partial chromosomal deletions in 20 out of 25
samples. Comparison of CNA detection using exome, custom gene panel, and SNP array
analysis showed equivalent results in five patients with variable clone size. Gene panel
analysis of AML samples without matched germline control samples resulted in confirmation
of cytogenetic findings in 18 out of 22 cases. In all cases with discordant findings, small
clone size (<33%) was limiting for CNA detection. We detected CNAs consistent with
cytogenetics in 83% of AML samples including highly correlated clone size estimation
(R=0.85), while six out of 65 cytogenetically normal AML samples exhibited CNAs
apparently missed by routine cytogenetics. Overall, our results show that high throughput
targeted sequencing data can be reliably used to detect copy number changes in the

dominant AML clone.



INTRODUCTION

Copy number alterations (CNAs) arise from deletion, duplication, or amplification of
chromosomal regions or whole chromosomes and occur frequently as disease-initiating
events in various human tumor entities (Beroukhim et al., 2010). In acute myeloid leukemia
(AML), more than 50% of adult patients harbor chromosome aberrations including
translocations or gain/loss of whole chromosomes or chromosomal parts (Grimwade, 2001;
Mrozek et al., 2004). Chromosomal alterations define clinical subgroups of AML according
to the WHO classification (Swerdlow et al., 2008).

In diagnostic routine, chromosomal aberrations are detected using conventional
metaphase karyotyping and/or molecular cytogenetics, e.g. interphase fluorescence in situ
hybridization (FISH). The findings provide valuable prognostic information, which is
essential for therapeutic decisions. The presence or absence of chromosomal aberrations
predicts response to induction chemotherapy, risk of relapse, and overall survival (Grimwade
et al., 2001; Farag et al., 2006; Frohling et al., 2006). Some aberrant karyotypes, especially
monosomies of chromosomes 5 and 7, as well as monosomal and complex karyotypes are
associated with unfavorable outcome (Ghanem et al., 2012). Cytogenetic risk stratification
is challenging as AML is a very heterogeneous disease and a sample can present with
multiple subclones harboring different alterations (Cancer Genome Atlas Research Network,
2013). The analysis of subclone estimation is limited in routine cytogenetics as by
conventional karyotyping typically only ~20 metaphase cells are scored (Dohner et al.,
2010).

Array based techniques and more recently whole genome sequencing are used as
methods of choice for genome wide detection of CNAs in hereditary disease and cancer
genomics (Carter, 2007; Rausch et al., 2012) including AML genomics (Walter et al., 2009;
Ding et al., 2012). In contrast, targeted sequencing of AML patients including whole exome

sequencing (WES) and gene panel sequencing (GPS) is commonly used to detect somatic



sequence alterations that might contribute to leukemogenesis (Yan et al., 2011; Greif et al.,
2012; Cancer Genome Atlas Research Network, 2013). Recent advances in next generation
sequencing (NGS) and target enrichment have led to a more sensitive and cost effective
detection of somatic variants in tumor DNA (llyas et al., 2015) including copy number
alterations (Bolli et al., 2015). Of note, targeted sequencing is preceded by enrichment of
genomic DNA for a well-defined target region and varying enrichment efficiency between
regions and samples leads to an unequal coverage distribution. A linear regression model
was used to describe the test coverage as a linear function of the control coverage,
normalizing for enrichment efficiency and enabling the comparison of zero coverage regions
(Rigaill et al., 2012). Furthermore, the degree of sequence coverage difference reflects the
size of the subclone harboring the CNA and thus gives information about the clonal
architecture of a tumor.

Analysis of CNAs in AML patients gives us the opportunity to compare NGS data with
multiple standard techniques in tumor biology like conventional karyotyping, molecular
cytogenetics or SNP array profiling. We selected 25 AML patient samples with matched
germline control samples for WES and subsequent detection of CNAs. A total of 22 AML
patient samples with deletion on the long arm of chromosome 9 (del(9q)) were selected for
GPS and CNAs were detected by comparison to a control cohort of 21 AML patient samples
negative for del(9q). Five AML del(9q) samples with varying clone size harboring the deletion

were analyzed with WES, GPS and SNP array profiling.



MATERIALS AND METHODS

Patient Characteristics

Patient samples were characterized centrally according to the German AML cooperative
group (AMLCG) study protocols. Informed consent was obtained according to the
declaration of Helsinki. Study protocols were approved by the institutional review boards of
the participating centers. Cases were selected based on availability of high throughput
sequencing data and cytogenetics reports. For WES, 90 paired leukemia and complete
remission samples were included, with the leukemia sample taken either at initial diagnosis
or at relapse (Table 1). Chromosomal alterations were detected in 25 AML samples,
analyzed by conventional metaphase karyotyping (n=22) and/or by interphase FISH (n=15),
with an overlap of 12 samples subject to both techniques. AML samples with poor karyogram
quality and/or complex karyotype were additionally analyzed using 24-color multiplex-FISH
(M-FISH, n=3). AML blast counts as reported by routine cytomorphology were available for

22 patients (88%). The clone size harboring the mutation was estimated as

# positive metaphases # positive interphases

mean( ). A total of 65 AML samples were reported

)

# all metaphases # all interphases

without any cytogenetic alteration by routine diagnostics (cytogenetically normal; CN-AML).
Five AML patients with very similar alterations (partial deletion of the long arm of
chromosome 9; del(9q)) but variable clonal architecture (6%-90%) were selected for
additional SNP array profiling. Diagnostic samples from 43 AML patients were selected for
GPS including 22 samples with del(9q) as sole unbalanced aberration of chromosome 9,
with five samples already used for WES and SNP array profiling (Table 2), and 21 control
samples without any known unbalanced cytogenetic aberration of chromosome 9. AML blast

cell counts were available for 16 AML del(9q) patients (73%). As all 9q deletions were

# positive metaphases

reported by conventional cytogenetics, the clone size was estimated as

# all metaphases

Routine cytogenetics is performed following the guidelines of the European Leukemia Net-



Workpackage Cytogenetics (Haferlach et al., 2007). For metaphase karyotyping, cultured
heparinized bone marrow aspirates and/or peripheral blood specimen were treated with
colcemid and stained with Giemsa (G-banding). Single chromosome labelling by M-FISH
(Speicher et al., 1996) was performed using the 24XCyte Human Multicolor FISH Probe Kit
(MetaSystems, Altlussheim, Germany). The results were reported according to the
International System for Human Cytogenetics Nomenclature guidelines (Shaffer et al.,
2009). Interphase FISH analysis was performed on EDTA- or heparinized bone marrow
smears treated with methanol:acetic acid (glacial) (3:1). Denatured, fluorescently labeled
FISH probes were hybridized on the slide for 3 minutes at 76°C and over night at 37°C (all

FISH probes used in this study are listed in Supplementary Table 1).

Exome Sequencing

The protein coding regions of the fragmented genomic DNA were captured according to
the SureSelect Human All Exon 50Mb target enrichment protocol (Agilent, Santa Clara, CA)
as described before (Opatz et al., 2013). Paired-end sequencing was performed either on
an lllumina Genome Analyzer lIx (GA lIx, n=8 AML samples) resulting in 2 x 80 bp paired-
end sequence reads or on an lllumina HiSeq 2500 (n=17 AML samples) resulting in 2 x 101
bp paired-end sequence reads. Depending on the sequencing platform, samples were
sequenced with a mean coverage of 32x (range 28x-38x) or 104x (range 89x-127x).
Leukemia samples and matched germline control samples from each patient were
sequenced together on one instrument run to ensure technical comparability. Raw sequence
data were processed as described previously and aligned to the human genome 19
(GRCh37) reference genome assembly obtained from the UCSC Genome Browser (Kent et
al., 2002). Detailed exome sequencing metrics for each sample are summarized in

Supplementary Table 2.



Targeted Amplicon Sequencing

Samples were prepared as described before (Herold et al., 2014) using a custom
Haloplex gene panel (Agilent, Santa Clara, CA) including 140 AML related genes and
mutation hotspots including 14 candidate genes located in the commonly deleted region
(CDR) on the long arm of chromosome 9 resulting in a total target sequence of 492 kb,
summarized in Supplementary Table 3. Paired-end sequencing with a read length of 250 bp
was performed on an Illlumina MiSeq instrument, and sequence reads were mapped to the
human genome 19 (GRCh37) reference genome assembly. Detailed gene panel sequencing

metrics for each patient are summarized in Supplementary Table 4.

SNP Array Profiling

SNP array profiling was performed using a CytoScan HD Array and analyzed using the
Chromosome Analysis Suite 2.0 software (Affymetrix, Santa Clara, CA). Regions with
altered gene copy number were defined by a ratio of 0.8 as cutoff for genomic loss and 1.2
as cutoff for genomic gain representing a variant allele frequency of 20% as applied
previously to the detection of somatic sequence variants (Greif et al., 2012; Opatz et al.,
2013). The minimum size of a CNA to be called was set to 5 Mb, as the resolution of
metaphase karyotyping is about 5-10 Mb (Gelehrter et al., 1998). Neighboring CNA regions
were merged if the interval between was less than 5 Mb and the copy number change
differed less than 10%. For comparison with WES and GPS data, SNP positions were limited

to coding exon regions.

CNA Calling in Sequencing Data
The mean coverage of each exon was computed using the DepthOfCoverage program
from the Genome Analysis Toolkit for each sample separately (McKenna et al., 2010) with

default parameters. Insufficient mean exon coverage values in both test and control samples



were replaced with overall mean coverage (minimum 10x for WES data, minimum 30x for
GPS data). A linear regression model was applied to each chromosome separately in order
to normalize for target enrichment efficiency and to model the test sample coverage as a
linear function of the control sample coverage based on exon-by-exon comparisons. An
exact segmentation algorithm separated regions of equal coverage from regions of differing
coverage between test and control samples (Rigaill et al., 2012). We defined a minimum
number of two exons per region and a maximum of five regions per chromosome. The
minimum size of an altered region to be called as CNA was set to 5 Mb, corresponding to
the resolution of SNP array analysis and classical cytogenetics. To detect CNAs in the
dominant clone, the minimum coverage fold change was set to 0.8 for deletions and 1.2 for
amplifications. If the CNA was reported in a cytogenetic subclone with an estimated clone
size <50%, based on routine data, the minimum fold change for CNA calling was set to 0.9

and 1.1, respectively. Assuming heterozygous aberrations, the clone size containing the

test coverage

CNA was estimated as - 1| X number of wild type chromosomes X

control coverage
100% . Using WES data, AML test samples were compared with control samples from
complete remission. Using GPS data, del(9q)-positive AML samples were compared
pairwise to del(9g)-negative AML samples, resulting in 21 comparisons per test sample
limited to chromosome 9, as patients of the control cohort had various alterations on other
chromosomes. Start and stop positions of a CNA were defined as the median start and stop
positions of all CNAs detected by comparisons. CNAs not called in the majority of the
comparisons (n>10) were regarded as false positives and excluded from further analysis.
Finally, we identified a commonly deleted region (CDR) on chromosome 9 by selecting
overlapping CNAs that were called in the majority of AML del(9q)-positive patients (n=11) by

the median start and stop positions of CNAs detected in individual patients.



RESULTS

Detection of Chromosomal Aberrations by Exome Sequencing

CNA profiling based on WES data sets from 25 paired AML and remission samples (P1-
P25, Table 1) showed somatically acquired chromosomal aberrations consistent with
findings from routine cytogenetic diagnostics in 20 out of 25 samples (80%, Fig. 1). We were
able to confirm various types of chromosomal abnormalities in AML patients such as
aneuploidy (e.g. trisomy 8, P8; Fig. 2A) and partial amplifications or deletions of
chromosomes (e.g. deletion on the long arm of chromosome 5, P15; Fig. 2B). All CNAs
detected by WES of aberrant AML samples are listed in Table 1 (CNA plots for all AML
samples are shown in Supplementary Fig. 1). In order to test for the detection of
submicroscopic CNAs (<5 Mb) using WES, we selected a patient carrying an unbalanced
KMT2A/MLLT3 rearrangement (formerly known as MLL/AF9, P14) resulting from a
translocation of chromosomes 9 and 11 with partial loss of the 3'-part of the rearranged
KMT2A gene as reported by molecular cytogenetics using a KMT2A break apart FISH
probe. We detected a significant exon copy number change in a region of 351 exons
downstream of the breakpoint in KMT2A corresponding to a size of 931.8 kb (Fig. 2C). While
KMT2A coding exons 1 to 10 show a similar coverage between leukemia and remission
samples, from exon 11 onwards, the coverage in the leukemic sample is reduced by 47%
indicating a heterozygous deletion affecting 95% of the cells. Thus, we were able to narrow
down the position of the breakpoint to a region of 3.6 kb between exons 10 and 11 (genomic
positions chrl1:118,355,691-118,359,328; Supplementary Fig. 2). We detected
chromosomal aberrations in four out of eight samples with low coverage exome data based
on GA lIx sequencing (50%), and in 16 out of 17 samples with high coverage exome data
sequenced on a HiSeq 2500 instrument (94%). AML samples in which CNAs could not be

detected had significantly smaller aberrant clone sizes (mean 18%, range 8%-31%)



compared with AML samples with confirmed alterations (mean 67%, range 23%-95%;
P=0.0016, Mann-Whitney test; Fig. 3A) as reported by routine cytogenetics (Table 1). Clone
size estimation based on detected copy number change in WES reached high correlation
with clone size estimation based on routine diagnostics (R=0.85, Pearson correlation; Fig.
1). CNA calling in WES data confirmed 95% of numerical aberrations that each were
reported as dominant clone by routine diagnostics. In one sample (P5) with an estimated
clone size of 66%, based on routine data, a trisomy of chromosome 8 could be confirmed
by adjusting the minimum fold change from 1.2 to 1.1.

Interestingly, we detected additional aberrations not reported by routine karyotyping in
four out of 25 AML samples (16%). In sample P9, we detected an additional deletion on the
short arm of chromosome 11 with a clone size of 77%. In samples P16 and P17,
representing diagnostic and relapse samples from the same patient, a deletion on the long
arm of chromosome 7 could be detected with identical start and stop positions of the CNA
in both samples and clone sizes of 93% and 74%, respectively. Further, a copy number gain
on the long arm of chromosome 13 was detected in both samples with nearly identical start
positions (neighboring exons) and identical stop positions of the CNA and clone sizes of
99% and 100%, respectively. In sample P20, we detected a partial duplication of the long
arm of chromosome 1 with a clone size of 84%, while routine diagnostics reported a
duplication of the short arm of chromosome 1 in conjunction with a derivative chromosome
18. Furthermore, we detected another deletion on the short arm of chromosome 17
comprising the TP53 locus, with a clone size of 87%. In order to validate CNAs detected
exclusively by WES, we performed FISH analysis. Based on the availability of appropriate
sample material and FISH probes, four out of seven CNAs could be tested, with four
confirmed (in P16 and P20). The results of the validation are summarized in Table 3.

Results of CNA calling in 65 CN-AML samples were consistent with a normal karyotype

in 59 cases (91%). In total, we detected 12 CNAs in six CN-AML samples, with one patient



harboring seven CNAs (C15), including deletions, duplications and one trisomy (Table 3).
Assuming heterozygous aberrations, the mean clone size harboring a CNA was 72% (range
47%-91%); deletions and duplications had a mean size of 26.1 Mb (range 5.5-81.2 Mb). A
pair of diagnosis and relapse samples from the same patient (C5 and C6) harbored a partial
duplication of chromosome Y with identical start but different stop positions, 3.76 Mb apatrt.
In CN-AMLs with detectable CNAs based on WES, on average 21 metaphases were
karyotyped in routine diagnostics (range 16-25) and cytomorphology detected on average
62.5% blasts (range 23%-84%). CNA plots for all CN-AML samples are shown in
Supplementary Fig. 3. Routine diagnostics data of CN-AML samples with detected CNAs
are summarized in Supplementary Table 5. Validation of CNA findings in CN-AML samples
by FISH was possible only for three out of 14 CNAs due to limited availability of appropriate
material and FISH probes, with one CNA confirmed. Therefore, we performed SNP array
profiling of five CN-AML samples with CNA findings and confirmed nine out of eleven
alterations (82%) (Table 3). CNAs detected with WES and SNP arrays show a very close
correlation with regards to start/stop positions (median deviation 44 kb, range 5 to 626 kb)

and copy number state (median deviation 0.13 copy numbers, range 0.01 to 0.43) (Fig. 4).

Comparative Assessment of AML del(9q) by SNP Array and Targeted Sequencing
SNP array profiling of five AML del(9q) patients with variable aberrant clone sizes (range
8%-95%, P21-P25) resulted in consistent findings with CNA calling based on WES, as both
approaches were able to detect a deletion on the long arm of chromosome 9 in two out of
five patients. In one patient (P24), the SNP array showed a reduced copy number count of
1.8 in a region of 33.49 Mb starting at the centromere ranging from chr9:71,007,230 to
chr9:104,500,266 suggesting a heterozygous deletion on the long arm of chromosome 9 in
40% of the cells (Fig. 5A). The size of the deletion as well as the change in copy number

was consistent with the CNA called using WES extending from chr9:71,080,009 to



chr9:105,757,679 with a clone size of 38% (Fig. 5B). In another patient (P25), the SNP array
detected a deletion on chromosome 9 ranging from genomic positions chr9:71,007,230 to
chr9:88,961,400 (17.95 Mb) affecting 80% of the cells (Fig. 5C). The size of the deletion and
the copy number change was consistent with results from WES with a CNA called at
chr9:71,080,009-88,968,114 affecting 84% of the cells (Fig. 5D). Patient samples without
any CNA detected by WES also did not show any detectable CNA in SNP array profiling.

Targeted GPS and subsequent CNA calling resulted in the detection of the 9q deletion in
18 out of 22 patients (82%; Fig. 1). Patients already used for WES and SNP array profiling
show highly consistent results in CNA calling based on GPS. In patients P21-P23, no del(9q)
could be detected, patient P24 showed a heterozygous deletion on chromosome 9 with a
mean clone size of 45%, and patient P25 showed a heterozygous deletion on chromosome
9 with a mean clone size of 89%. In all patients positive for del(9q) by GPS, the deletion
affected the exons of all genes located on the g arm of chromosome 9 that were included in
the gene panel, except for two genes located near the telomere (DBC1 and NOTCH1). Thus,
we detected a CDR of at least 8.4 Mb ranging from genomic positions chr9:79,229,486 to
chr9:87,636,352 (Fig. 6). Interestingly, in seven AML patients several exons of neighboring
genes (GKAP1, KIF27, C9O0RF64, and HNRNPK) within the CDR show a relatively lower
decrease of gene copy counts compared with surrounding genes, suggesting a partial
rescue from the deletion. Results of CNA calling based on GPS for individual samples are
displayed in Supplementary Fig. 4. Similar to the results from WES, AML samples negative
for del(9q) according to GPS had significantly smaller clones harboring the deletion detected
by chromosomal analysis (mean 18%, range 8%-31%) compared with AML samples positive
for del(9q) according to GPS (mean 81%, range 24%-100%; P=0.0017, Mann-Whitney test;
Fig. 3B).

As an additional control, we compared each of the test samples against each remaining

test samples. In this analysis, no CNA was called on chromosome 9. Furthermore, we tested



each of the control samples against all other control samples. Interestingly, this resulted in
the identification of two AML samples within the control cohort to be del(9q)-positive based
on CNA calling by GPS (Table 3). One sample (C67) was diagnosed with a translocation of
chromosomes 3 and 21, based on 15 metaphases in routine cytogenetics and had a blast
count of 70%. CNA calling by GPS revealed a deletion on chromosome 9 ranging from
chr9:79,229,486 to chr9:87,636,352 with a clone size of 74%. In a second sample (C69), we
detected a deletion on chromosome 9 ranging from chr9:82,188,604 to chr9:86,617,779 with
a clone size of 68%. Routine diagnostics revealed a highly complex karyotype with more
than 20 aberrations based on a low number of metaphases (n=8) as well as a low blast cell
count (30%). Both CNAs were confirmed by SNP array profiling. Results of CNA calling
based on GPS in control samples are displayed in Supplementary Fig. 5 and routine
diagnostics data of control samples with detected CNAs by GPS is summarized in

Supplementary Table 5.

DISCUSSION

Our study shows that targeted sequencing approaches can be efficiently used not only to
identify somatic mutations with single nucleotide resolution, but also to detect somatic CNAs
in AML. Exome sequencing offers the possibility to detect CNAs on any chromosome with
high resolution. We were able to confirm findings from routine cytogenetics such as
aneuploidies and partial deletions of chromosomes. AML is particularly well-suited to
compare NGS-based CNA calling with diagnostic results, as conventional cytogenetics is
essential in clinical evaluation of hematologic malignancies.

Although the low detection rate of CNA in low coverage exons sequenced on an Illlumina
Genome Analyzer lIx suggests that increasing coverage facilitates CNA calling in exome
data, the most important confounder for false negative results was the clonal architecture of

the tumor sample and the size of the clone harboring the CNA. Given an adequate clone



size, CNAs could be detected in exomes from both sequencing instruments, and the impact
of the overall coverage or the proportion of low-coverage target regions was rather low.

By comparing exomes from initial diagnosis or relapse of AML to exomes from matching
germline control samples obtained at complete remission we were able to confirm the results
of routine cytogenetics if the alteration was observed in more than one third of the cells.
Samples in which we could not detect previously reported chromosomal aberrations either
had a reduced tumor load or smaller subclones harboring the alteration as estimated from
the number of aberration positive metaphases and/or interphase nuclei. Alterations in clones
representing less than 30% of the sample were detected in about half of the cases.
Furthermore, we observed a close correlation of clone size estimation based on routine
diagnostics and the clone size estimation resulting from CNA calling using both WES or GPS
data (R=0.85) and an average difference of the estimated clone size of 15% (range 0%-
47%; Fig. 1).

The highly correlated results obtained with both WES and SNP array profiling for a set of
five AML del(9q) patients with varying clonal architecture demonstrate that our NGS based
approach is as sensitive and precise as array based techniques for genome wide CNA
calling. Despite the experimental variability of target enrichment in WES, we confirmed the
size, position, and frequency of deletions on chromosome 9 in two out of five patients with
both methods. Apparently, the clonal architecture of the tumor and the size of the CNA
harboring clone are limiting the sensitivity of both methods.

As matched germline control samples from complete remission or from other tissues are
not necessarily available for every AML sample, especially at the time of initial diagnosis,
during therapy, or in refractory AML, we tested CNA calling in sequencing data without
germline control samples. Although a germline control specimen might be sampled by taking
a buccal swab or a skin biopsy, these procedures add to the workload in clinical routine and

may cause unnecessary stress for the patient. Again, it is quite obvious that clonal



architecture is limiting the power to detect CNAs using GPS. All samples with cytogenetically
detected deletions but negative for CNAs by GPS had an estimated clone size of <25%.
Moreover, GPS revealed highly consistent results compared with WES and SNP array
profiling in all five patients analyzed by these methods. We were able to show that even
without a matched germline control sample, targeted sequencing of CNA hotspots (e.g. long
arm of chromosome 9) is a versatile method to detect chromosomal deletions. We used a
selected control cohort of AML patients reported as wild type for the specific allele, but
beyond that, a unified and standardized control, either pooled from an adequate number of
healthy individuals or derived in silico, is most likely sufficient to detect alterations with high
specificity.

The detection of additional deletions, duplications and trisomies in ten AML samples
(cytogenetically aberrant, n=4; CN-AML, n=6) using WES, as well as the detection of
deletions on chromosome 9 in del(9g)-negative AML samples (n=2) using GPS points
towards limitations of conventional cytogenetics. FISH and SNP array analyses revealed a
high confirmation rate of CNAs missed by routine cytogenetics (15/17, 88%). Validation
could not be performed for four CNAs due to inadequate sample material and/or FISH probe
availability. Two of these CNAs in a patient’s relapse sample with insufficient material for
validation were confirmed in the corresponding diagnostic sample, suggesting additional
true positive calls as identical loci were altered in both samples. Two partial duplications of
chromosome Y could not be confirmed. The sequence homology between chromosomes X
and Y, pseudo-autosomal regions, and the increased amount of repetitive sequences on
chromosome Y (Skaletsky et al., 2003) might increase the risk of false positive CNA calling
on sex chromosomes.

It remains unclear why routine diagnostics missed certain CNAs. The median size of
additional alterations detected by WES was 39.0 Mb and the coverage ratios indicated

aberrations of the dominant AML clone in 90% of the AML samples. Highly complex



karyotypes as well as low numbers of available metaphases and/or low tumor load may
hamper the detection of subchromosomal alterations in routine cytogenetics. In addition, the
potential heterogeneity of a patient’'s AML may result in different findings when comparing
different specimens from the same patient (e.g. consecutively aspirated EDTA-bone marrow
for DNA extraction and heparin-bone marrow for cytogenetics). Further, the mitotic index of
the malignant clone might be lower than that of the normal bone marrow cells resulting in
aberrant clone estimates based on conventional cytogenetics. On the other hand, the mitotic
index of the aberrant clone might be higher resulting in an increased sensitivity of
conventional cytogenetics to detect small subclones harboring CNAs. However, single cell
resolution lends unique characteristics to cytogenetics, while CNA calling based on standard
NGS applications so far is limited to bulk sample profiling. Single-cell sequencing protocols
have recently been established (Zong et al., 2012). As the cost for sequencing is still falling
at an exponential rate, single cell technology will open up new avenues to capture the clonal
diversity of tumor cell populations in the future. Currentlyy, WES and GPS offer fast
turnaround times and represent cost-effective approaches to characterize tumor DNA.
However, such targeted sequencing approaches are commonly focused on protein coding
regions, and, thus, do not capture alterations in non-coding regions of the genome.
Therefore targeted NGS based techniques may complement established cytogenetics in
order to characterize leukemia samples more comprehensively in the future.

Estimation of the tumor architecture based on metaphase count and blast count remains
challenging as the overall number of metaphases evaluated per patient is rather low (20 to
30). In addition, specimens used for sequencing commonly undergo purification by Ficoll
gradient centrifugation further limiting the comparability of clone size estimations based on
sequencing and cytogenetics. The increased tumor load in AML samples prepared for NGS
is obvious when comparing clone size estimations based on WES and routine data. As

expected, the clone size reported by routine diagnostics is negatively correlated with the



effect of amplification by Ficoll gradient centrifugation. Smaller subclones generally show a
stronger increase in size while dominant AML clones tend to be slightly overrepresented in
routine karyotyping (Fig. 1). AML samples harboring the alteration in the primary clone show
highly correlated clone size estimations using both methods, while smaller subclones
harboring an alteration might be missed in NGS-based CNA calling. This is similar to the
sensitivity of Sanger sequencing as the standard method for the identification of sequence
mutations in routine diagnostics (Chin et al.,, 2013). Nevertheless, we found a high
correlation between clone size estimation based on sequence coverage difference in NGS
samples and conventional cytogenetics and/or FISH.

Complex karyotypes with more than three cytogenetic aberrations affect 10%-12% of all
AML patients and are strongly associated with adverse outcome (Mrézek, 2008). Isolated
copy number alterations, e.g. on chromosome 5 and 7, also have prognostic significance
(Grimwade et al., 2010). So far, aneuploidy and specific gene fusions (e.g. PML/RARA) are
screened for in routine diagnostics using specific FISH probes (Frohling et al., 2002;
Lugthart et al.,, 2008). Targeted sequencing of point mutation hotspots and recurrent
chromosomal alterations with prognostic significance in a single step using a customized
AML gene panel may reduce costs, time to diagnosis, and even manpower in routine
diagnostic laboratories in the future. As we have shown, this will be possible even without
the requirement of matched germline control samples. The variable coverage between
different target regions could be viewed as an obstacle to detect CNAs. However, the
variable coverage mainly depends on the enrichment efficiency, which is similar in normal
and aberrant samples and thus it should be relatively straightforward to establish a standard
enrichment profile as control.

In summary, we show that CNA detection in targeted sequencing data may complement
classical and molecular cytogenetics in routine diagnostics, especially for the detection of

autosomal CNAs in the dominant AML clone. Our approach enables us to detect alterations



missed by routine diagnostics and the upscalable coverage of gene panel sequencing may
facilitate the detection of CNAs even in small subclones of a heterogeneous tumor cell
population. However, these approaches are limited to a defined target region. While the
present study demonstrates the detection of known chromosomal aberrations by targeted
sequencing as a proof of concept, the detection and confirmation of small CNAs below the

resolution of cytogenetics in sequencing data is a challenge ahead.
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TABLE 1. Routine Diagnostics Data of Patients Used for Exome Sequencing and Results

from CNA Calling

ID % BC Routine cytogenetics Routine FISH CNA by WES CN
change
P1 95% 47,XY,+4[19]/46,XY[1] - chr4:53,383-191,013,434°¢ +0.82
p2d 27% 47,XY,+8[10]/46,XY[15] nuc ish 8cen(D822x3)[7/108] chr8:116,086-146,279,543° +0.30
p3d 35% - nuc ish 8cen(D822x3)[35/105] chr8:116,086-146,279,543°¢ +0.33
P4¢ 60% 47,XY,+8[18]/46,XY[7] nuc ish 8cen(D822x3)[87/108] chr8:116,086-146,279,543° +0.95
p5¢ 60% - nuc ish 8cen(D822x3)[86/130] chr8:116,086-139,688,8782 +0.19
P6’ 90% 47,XY,+8[4]/46,XY[17] nuc ish 8cen(D822x3)[10/100] - -
P7' 84% 47,XY,+8[12]/46,XY[13 nuc ish 8cen(D822x3)[4/109 chr8:116,086-146,279,543°¢ +0.59
[12] [13] ( ! ]
P8 94% 47,XY,+8[23]/46,XY[2] nuc ish 8cen(D822x3)[90/105] chr8:116,086-146,279,543° +0.93
P9 NA 47,XY,+8[8]/46,XY[6] - chr8:116,086-146,279,543¢ +0.80
chr11:30,032,264-43,333,746 -0.77
P10 60% 47,XY,+13[4]/46,XY[16] nuc ish 13q14(RBx3)[7/100] - -
P11 90% 47,XY,+13[18]/46,XY[3 nuc ish 13q14(RBx3)[72/100 chr13:19,748,003-115,091,756° +0.88
(18] q
P12 57% 46,XY,1(9;11)(p22;923)[4]/ nuc ish 21922.13-9q22.2(D21S342, chr21:10,906,905-48,084,286° +0.66
47 idem,+21[17]/46,XY[4] D21S341,D215259x2)[59/109]
P13 70% 45,XY,-7[15]/46,XY[10] - chr7:193,200-158,937,463° -0.74
P14 90% 46,XY,t(9;11)(p22;023)[15)/46,XY[5] nuc ish 11023(MLL5'x2,MLL3'x1)[98/100] chr11:118,359,329-119,291,096 -0.95
P15 65% 46,XY,del(5)(q13q31)[13]/46,XY[10] nuc ish 5p15.2(D55721,D5523x2), chr5:136,957,787-170,648,844 -0.78
5031(EGR1x1)[61/115]
P169 98% 46,XY,t(9;22)(q34;911),del(20)(q11)[25] nuc ish 20q13.2(ZNF217x1)[108/128] chr7:119,914,687-158,937,463° -0.93
chr13:72,049,273-115,091,756° +0.99
chr20:31,022,235-54,579,227 -0.94
P179 57% nuc ish 20q13.2(ZNF217x1)[95/102] chr7:119,914,687-158,937,463° -0.74
chr13:72,014,787-115,091,756° +1.00
chr20:31,022,235-54,579,227 -0.95
P18™ | 82% 46,XY,1(8;12)(p11;q11)[8)/ nuc ish 5p15.2(D55721,D5523x2), chr1:190,067,148-249,212,562° +0.68
46,idem,der(5)t(1;5)(p31;92?)[13)/ 5q31(EGR1x1)[75/114] chr5:85,915,170-180,795,226° -0.66
47,idem,+der(12)t(8;12)(p11;q11)[2]
P19h 91% 46,XY,der(5)t(1;5)(q31;92?), nuc ish 5p15.2(D5S721,D5S23x2), chr1:190,067,148-249,212,562° +0.83
t(8;12)(p11;911)[9]/46,XY[4] 5031(EGR1x1)[102/112] chr5:85,913,873-180,795,226° -0.90
P20 74% | 46,XX,der(18)t(1;18)(p?;q23)[17]/46,XX[2] - chr1:149,857,810-249,212,562° +0.84
chrl7:6,011-7,951,8832 -0.87
chr18:70,205,411-78,005,231° -0.95
P21 NA 46,XX,del(9)(q22)[2]/46,XX[23] - - -
P22 85% 46,XX,del(9)(q22)[8]/46,XX[18] - - -
P23 90% 46,XX,del(9)(q22q34)[5]/46,XX[20] - - -
P24 NA 46,XX,del(9)(q21q34)[6]/46,XX[16] - chr9:71,080,009-105,757,679 -0.38
P25 95% 46,XY,del(9)(q22934)[19]/46,XY[1] - chr9:71,080,009-88,968,114 -0.84

BC, blast count; FISH, fluorescence in situ hybridization; CNA, copy number alteration;

WES, whole exome sequencing; CN, copy number.




a CNA starts at first exon of chromosome.
b CNA stops at last exon of chromosome.
¢ CNA covers the complete chromosome.
defah Samples represent diagnostic and relapse samples from the same patient.

' Samples were additionally karyotyped with multiplex FISH.



TABLE 2. Routine Diagnostics Data of AML del(9q) Patients Used for Gene Panel

Sequencing and Results From CNA Calling

46,idem,del(9)(g22)[12]/
45,idem,-Y,del(9)(g22)[4]

ID % BC Routine cytogenetics CNA by GPS CN
change

P21 NA 46,XX,del(9)(q22)[2]/46,XX[23] - -
P22 85% 46,XX,del(9)(q22)[8]/46,XX[18] - -
P23 | 90% 46,XX,del(9)(q22034)[5]/46,XX[20] - -
P24 NA 46,XX,del(9)(q21934)[6]/46,XX[16] chr9:21,970,901-87,636,352 -0.22
P25 | 95% 46,XY,del(9)(q22q34)[19)/46,XY[1] chr9:21,968,724-87,636,352 -0.44
P26 80% 48-51,XY,+8,del(9)(q22),+1-4mar[cp17]/46,XY|[6] chr9:82,941,560-87,636,352 -0.39
P27 90% 46,XX,del(9)(q22934)[16]/46,XX[4] chr9:82,321,662-86,294,952 -0.31
P28 80% 46,XY,del(9)(q22)[6]/46,XY[19] chr9:82,268,974-87,367,000 -0.14
P29 80% 46,XX,del(9)(q22934)[19]/46,XX[1] chr9:21,970,901-87,636,352 -0.39
P30 NA 46,XY,del(9)(q22934)[20] chr9:79,229,486-87,486,732 -0.37
P31 50% 46,XY,del(9)(q11932)[19]/46,XY[1] chr9:21,970,901-87,636,352 -0.34
P32 90% 46,XX,del(9)(q21)[20] chr9:21,970,901-87,636,352 -0.39
P33 90% 47,XX,+6,del(9)(q21)[20] chr9:79,229,486-87,636,352 -0.44
P34 | 95% 46,XX,del(9)(q21q34)[15] chr9:79,253,102-87,486,732 -0.37
P35 75% 46,XY,del(9)(q13g32)[13]/47,XY,+21[5]/46,XY[2] chr9:79,229,486-87,636,352 -0.26
P36 NA 47, XY,+10[7]/46,XY,del(9)(q22)[3]/46,XY[11] - -
P37 25% 46,XY,1(8;21)(q22;922),del(9)(q22)[20] chr9:79,229,486-86,354,659 -0.37
P38 | 95% 46,XX,del(9)(q22)[4]/46,XX[13] - -
P39 NA 46,XY,del(9)(q22932)[22]/46,XY[3] chr9:79,229,486-87,636,352 -0.36
P40 | 25% 46,XY,1(8;21)(q22;q22),del(9)(q22)[18)/46,XY[2] chr9:79,229,486-87,636,352 -0.33
P41 NA 46,XY,1(8;21)(q22;922),del(9)(q22)[20] chr9:79,229,486-86,308,773 -0.36
P42 | 75% 46,XY,1(8;21)(q22;q22)[1]/ chr9:79,465,379-86,593,167 -0.35

BC, blast count; CNA, copy number alteration; GPS, gene panel sequencing; CN, copy

number.




TABLE 3. CNAs Exclusively Called Using Targeted Sequencing Approaches and Validation

by FISH and/or SNP Array Profiling

CN change CN change
ID CNA by NGS by NGS FISH CNA by SNP array By SP Ey
pos chr11:30,032,264-43,333,746 -0.77 NA NA NA
nuc ish 79g22(CUTL1x2),
P162d chr7:119,914,687-158,937,463" -0.93 70q36(D752419,D7S688, NA NA
D7S2640x1)[98/111]
nuc ish 13q14
chr13:72,049,273-115,091,756f +0.99 (D13S319x2,D13S25x%2), NA NA
13934(D13S1825x3)[106/132]
p172d chr7:119,914,687-158,937,463' -0.74 NA NA NA
chr13:72,014,787-115,091,756" +1.00 NA NA NA
nuc ish 1p36(EGFL3,
P20 chr1:149,857,810-249,212,562f +0.84 TP73x2),1925(ANGPTL1, NA NA
ABL2x3)[108/116]
. R e ] nuc ish 17p13(TP53x1),
chrl7:6,011-7,951,883 0.87 17cen(D17Z1x2)[96/114] NA NA
b . : e nuc ish Xcen(DXZ1x1), )
C5 chrY:150,855-5,605,983 +0.69 Yp11.3(SRYX1)[131]
b . : e nuc ish Xcen(DXZ1x1), )
C6 chrY:150,855-9,368,097 +0.75 Yp11.3(SRYX1)[163]
C14° chr21:19,732,074-26,960,101 +0.47 NA NA NA
C15° chr1:168,032,859-249,212,562 +0.91 NA chrl:168,027,535-249,224,684 +1.0
chr6:73,713,631-114,179,023 -0.67 NA chr6:73,348,560-113,715,029 -0.66
chr7:193,200-8,791,399° -0.84 NA chr7:43,360-8,878,169 -0.87
chr7:102,937,907-129,520,811 -0.87 NA chr7:102,928,126-129,565,937 -1.0
chr7:143,771,313-158,937,463f -0.81 NA chr7:143,748,883-159,119,707 -1.0
chr16:71,094,407-90,142,318 -0.84 NA chr16:71,071,488-90,155,062 -1.0
chr20:42,088,411-50,273,689 -0.57 NA chr20:42,045,797-50,250,884 -1.0
b . ) ) nuc ish 6g21(SEC63x1), . )
C24 chr6:73,713,631-139,695,089 0.53 6023(MYBX1)[38/110] chr6:73,087,915-140,071,912 0.57
Cc37° chr8:116,086-146,279,543° +0.65 NA chr8:158,048-145,798,536 +1.0
C67° chr9:79,229,487-87,636,352 -0.37 NA chr9:68,665,170-110,894,060 -1.0
C69¢ chr9:82,188,604-86,617,779 -0.29 NA chr9:79,971,000-86,921,410 -0.68

CNA, copy number alteration; NGS, next generation sequencing; CN, copy nhumber; FISH,

fluorescence in situ hybridization; SNP, single nucleotide polymorphism; NA, not available

due to limited availability of appropriate material/FISH probe.

a Test patients for exome sequencing diagnosed as cytogenetically aberrant.

b Control patients for exome sequencing diagnosed as cytogenetically normal.

¢ Control patients for gene panel sequencing diagnosed as del(9qg)-negative.




d Samples represent diagnostic and relapse sample from the same patient.
€ CNA starts at first exon of chromosome.
f CNA stops at last exon of chromosome.

9 CNA covers the complete chromosome.



FIGURE 1: Results of CNA detection using WES, GPS, SNP array profiling and comparison
of clone size estimation with routine diagnostics. Symbols represent patient samples
according to the methods used to detect CNAs. WES, whole exome sequencing; GPS, gene

panel sequencing; NGS, next generation sequencing.
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FIGURE 2: Detection of copy number alterations by exome sequencing. (A) Trisomy 8 (P8);
(B) Partial deletion of the long arm of chromosome 5 (P15); (C) Deletion on the long arm of
chromosome 11 including partial deletion of the 3’ part of the KMT2A gene and downstream
exons (P14). Chromosomal regions are plotted on the X-axis, size of chromosomes is
proportional to exon count. Sequence coverage ratio of leukemia and remission samples is
indicated on the Y-axis and displayed by black bars. Shading of chromosomal regions
depends on copy number change. Horizontal dashed lines, gain or loss of one gene copy in

100% of cells; Vertical dotted lines, chromosome boundaries.
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FIGURE 3: Comparison of clone sizes estimated by routine diagnostics in AML samples
with confirmation status of CNAs by targeted sequencing. (A) AML samples used for exome

sequencing. (B) AML samples used for gene panel sequencing.
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FIGURE 4: Validation of CNAs detected in cytogenetically normal AML samples by exome
sequencing using SNP array profiling. Chromosome positions are plotted on the X-axis.
Copy number state is plotted on the Y-axis. Dashed gray line, CNAs called by WES; dotted

black line, CNAs called by SNP array profiling.
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FIGURE 5: Detection of a partial deletion on the long arm of chromosome 9 using WES and
SNP array profiling. (A)/(B): patient P24; (C)/(D): patient P25. (A)/(C): CNA calling based on

SNP array profiling; (B)/(D): CNA calling using WES data.
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FIGURE 6: Detection of a commonly deleted region in AML del(9qg) patients using gene

panel sequencing. Upper part: black dots, mean coverage ratio values; grey area, CDR

Lower part: genes in CDR with detailed coverage ratio distribution.
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