Int J Clin Exp Pathol 2016;9(7):6965-6976
www.ijcep.com /ISSN:1936-2625/1JCEP0028503

Original Article

Whole genome amplification effect on segmental
copy-number changes and copy-number neutral loss
of heterozygosity analysis by oligonucleotide-based
array-comparative genomic hybridization in

human myeloma cell line

Aneta Mikulasova®?34, Jan Smetana’?, Marketa Wayhelova'?, Helena Janyskova', Samuel A Okubote?,
Roman Hajek*®, Petr Kuglik*?

1Department of Experimental Biology, Faculty of Science, Masaryk University, Brno, Czech Republic; 2Department
of Medical Genetics, University Hospital Brno, Brno, Czech Republic; *Department of Pathological Physiology,
Faculty of Medicine, Masaryk University, Brno, Czech Republic; “Faculty of Medicine, University of Ostrava,
Ostrava, Czech Republic; °Department of Hematooncology, University Hospital Ostrava, Ostrava, Czech Republic

Received March 17, 2016; Accepted May 26, 2016; Epub July 1, 2016; Published July 15, 2016

Abstract: Whole genome amplification (WGA) is an approach designed to overcome small amounts of DNA for
genome-wide genetic tests used in many clinical applications. Various strategies of WGA have been developed;
however, none of them can guarantee the absence of amplification bias. In this study, a total of four multiple dis-
placement amplification (MDA)-based and two PCR-based WGA kits were compared in their effect on segmental
copy-number (CN) changes and copy-number neutral loss of heterozygosity (cnnLOH) detection by three microarray
platforms: CGH/4x44K (Agilent), CGH+SNP/4x 180K (Agilent) and CGH+SNP/4x 180K (OGT). Genomic imbalances-
rich myeloma cell line U266 was used as material. The main outcomes are as follows: 1) MDA-based WGAs showed
higher tendency to generate false positive imbalances in contrast to PCR-based WGAs with higher risk of false
negativity; 2) the specific risk of false positivity and/or negativity increased with decreasing CN segments size; 3)
single-cell WGAs showed significantly worse effect on results in comparison to WGAs with nanogram level of DNA
as input; 4) PCR-based WGAs were incompatible with cnnLOH analysis based on SNP in restriction digestion sites
and also showed higher risk of cnnLOH false negativity when combined with analysis based on simple hybridization.
In conclusion, the results of this study help to choose WGA according to individual user requirements and options.
Moreover, we have shown a strategy to verify and validate segmental CN changes detection by DNA array protocol
including any WGA for any purpose to attain the highest efficiency without an unnecessary WGA bias.

Keywords: Whole genome amplification, array-comparative genomic hybridization, copy-number changes, copy-
number neutral loss of heterozygosity, genotyping

Introduction

Germline and somatic genetic mutations are
causative of serious congenital and acquired
human diseases. Early and accurate diagnosis
of these disorders plays a significant role in
clinical genetics, for instance, it can help to
avoid the birth of an affected child, to explain
reasons for infertility or determine patients’
prognosis and modulate effective therapy. A
number of modern methods, from basic target-
ed PCR-based analysis to genome-wide screen-

ing techniques, such as array-comparative
genomic hybridization (@CGH) or next genera-
tion sequencing (NGS), have been developed to
test genetic causes of disorders. However, per-
forming an adequate diagnostics is limited by
insufficient amount of DNA in a number of
cases. To address this problem, whole genome
amplification (WGA) methods have been devel-
oped using two different strategies. The first
strategy is based on temperature cycling (i.e.
PCR-based) WGAs, for instance degenerate oli-
gonucleotide primed-PCR (DOP-PCR) [1, 2], or
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primer extension preamplification (PEP) [3, 4].
More recently, Omniplex WGA as a newer PCR-
based WGA has been developed as a random
fragmentation of genomic DNA followed by iso-
thermal primer extensions to prepare the
OmniPlex library amplified by PCR using univer-
sal primers [5, 6]. The second strategy involves
isothermal WGAs as multiple displacement
amplification (MDA) based on phi29 DNA poly-
merase activity and random primers to amplify
the entire genome [7, 8]. In contrast to PCR-
based WGAs, MDA provides long DNA products
(on average about 10 kbp) gained by isothermal
reaction without repeated cycling. Furthermore,
multiple annealing and looping based amplifi-
cation cycles (MALBAC) strategy has been
developed as a PCR-based method that
includes a limited MDA pre-amplification phase
preceding PCR cycles [9]. Despite the advance-
ment of WGA methods, the risk of amplification
bias may affect analysis results. Recently,
WGAs have been combined with various tech-
niques to evaluate their suitability for different
clinical applications; for instance, single nucle-
otide polymorphisms (SNPs) and/or short tan-
dem repeats (STRs) genotyping [10-15], restric-
tion fragment length polymorphism (RFLP)
analysis [8], Southern blotting analysis [8],
quantitative real-time PCR [8, 16], high resolu-
tion melting analysis [17-19], CGH [8, 20], aCGH
[21-24] or recently NGS [25-28].

The use of WGA in combination with aCGH has
become very promising, especially for genome-
wide imbalances analysis in preimplantation
[29, 30] or tumor genetics [16, 31, 32]. More or
less, many studies have shown the suitability of
both PCR-based WGA [6, 16, 33] and MDA-
based WGA[21, 30, 34]foraCGH. Nevertheless,
the results of these studies are often difficult to
compare to each other due to methodological
background variability, such as differences in
DNA resource used as template, WGA protocol
procedure, aCGH platform or bioinformatics/
biostatistics algorithms and tools. Therefore,
evaluation of WGA effect on downstream meth-
ods with a comparable background, and
detailed and systematic analysis of WGA effect
on aCGH analysis is challenging.

In the current study, we designed an experi-
ment to assess the effect of WGAs on segmen-
tal copy-number (CN) changes and copy-num-
ber neutral loss of heterozygosity (cnnLOH)
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using oligonucleotide DNA arrays. We chose six
commercial WGA kits and tested them in com-
bination with three different aCGH platforms
using a human myeloma cell line (HMCL) U266
which is rich in genomic imbalances of variable
size across the genome.

Materials and methods
DNA samples

DNA was isolated from HMCL U266 using
Gentra Puregene Kit (Qiagen, Hilden, Germany)
from 10 million cells gained from one passage.
As reference DNA, Human Genomic DNA
(Promega, Madison, WI, USA) and Human
Reference DNA (Agilent Technologies, Santa
Clara, CA, USA) were used. Unamplified and
WGA DNA samples were quantified by Qubit
Fluorometer 1.0 (Thermo Fisher Scientific,
Waltham, MA, USA). The length of WGA prod-
ucts was verified by 2% agarose electrophore-
sis, using 1 Kbp Plus DNA Ladder as control
(Thermo Fisher Scientific).

Whole genome amplification

In total, 50 ng of HMCL U266 DNA and refer-
ence DNA were amplified by four commercial
WGA kits, hereafter referred to as ‘standard
WGAs’ (three MDA-based and one PCR-based)
as follows: REPLI-g Mini Kit, REPLI-g Midi Kit
(both Qiagen), illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare Life Sciences,
Piscataway, NJ, USA) and GenomePlex
Complete WGA Kit (Sigma-Aldrich, St. Louis,
MO, USA). In total, 0.15 ng of HMCL U266 DNA
and reference DNA were amplified by two com-
mercial WGA kits, hereafter referred to as ‘sin-
gle-cell WGAs’ (scWGAs) (one MDA-based and
one PCR-based) as follows: REPLI-g Single Cell
Kit (Qiagen) and PicoPlex WGA Kit (Rubicon
Genomics, Ann Arbor, MI, USA). All WGAs proto-
cols were done according to manufacturer rec-
ommendation. WGA DNA samples were purified
by ethanol precipitation and precipitated DNA
samples were diluted in TE buffer.

Array-comparative genomic hybridization

Unamplified DNA samples and WGA DNA sam-
ples were tested in duplicates by three aCGH
platforms: Human Genome CGH Microarray,
4x44K and SurePrint G3 CGH+SNP Microar-
ray, 4x180K (both Agilent Technologies); and

Int J Clin Exp Pathol 2016;9(7):6965-6976



WGA effect to aCGH

Table 1. WGAs false positivity and false negativity copy-number (CN) changes risk analysis

False positivity

False negativity

WGA (type) CNtype Mediansize Increase com- Median size Increase
(range) [Mbp] pared to control (range) compared to P
pLp [Mbp] control
Control Losses 0.3(0.1-2.0) - 1x 0.1, 1% 0.3
Gains 0.8 (0.3-6.9) - 1x 0.4
RgMidi (standard MDA-based) Losses 0.3 (0.1-2.0) +5.4% (1.6%) 0.14 0.1 (0.1-0.7) +3.8% (4.0%) 0.10
Gains 0.3(0.1-1.1) +6.5% (2.3%) 0.06 none no increase 1.00
RgMini (standard MDA-based) Losses 0.4 (0.1-4.9) +14.5% (2.6x)  1.92 x 10* 0.4 (0.1-0.7)  +1.3% (2.0%) 0.68
Gains 0.4 (0.1-0.9) +0.7% (1.1%) 1.00 none no increase 1.00
GenomiPhi (standard MDA-based) Losses 0.2 (0.1-2.8) +8.1% (1.9%) 3.08 x 102 0.3(0.2-0.4) +1.9% (2.5x%) 0.45
Gains 0.8 (0.2-6.8) +12.2% (3.4%) 1.55 x 10 2x 0.4 +0.8% (2.0%) 1.00
RgSC (single-cell MDA-based) Losses 3.3(0.1-121.7) +31.4% (4.4x) <10° 0.2 (0.1-2.5) +35.4% (29.0%) < 10°
Gains 0.4 (0.1-10.7)  +24.5% (5.7x) 1.60 x 10® 0.4 (0.4-6.6) +10.9% (15.0x) 3.54 x 10*
GenomePlex (standard PCR-based) Losses 0.3(0.1-1.1) no increase 0.14 0.2 (0.1-0.7) +4.4% (4.5%) 0.06
Gains 1x 0.4 no increase 0.07 1x 0.4 no increase 1.00
PicoPlex (single-cell PCR-based) Losses 0.4 (0.1-3.0) no increase 0.21 0.2(0.1-5.3) +37.3% (30.5%) < 10°
Gains 3.4 (0.4-9.4) no increase 1.00 3.6 (0.4-48.2) +21.1% (28.0x) 2.40 x 10°®
FALSE NEGATIVITY - FALSE POSITIVITY (Thermo Fisher Scientific); Ale-
2 58 5 2 2 2 2 <5% 2 2 2 & 2 2 B8 xa Fluor 3 for reference DNA
= = = = = E E =
e & o o = 2 = % = 2 =2 5 5 5 o and Alexa Fluor 5 for HMCL
g 8 § ¢ 32 & s [>15% s & 2 ¢ &8 8 ¢
A S D W Y S AR % R W R X U266 DNA. After purification of
RgMidi labeled DNA, reference DNA
RgMini and HMCL U266 DNA samples
were together with COT Human
GenomiPhi

RgSC

GenomePlex
.. PicoPlex

DNA (Hoffman-La Roche, Basel,
Switzerland) and hybridization
mix (Oligo aCGH Hybridization
Kit, Agilent Technologies) co-
hybridized to the arrays. After

Figure 1. WGAs false positivity and false negativity copy-number changes
risk in relation to copy-number changes size. Different colors show false
positivity and false negativity percentage increase in each WGA in com-
parison to control, gradually for segments with the size of > 0.1 Mbp, > 0.5
Mbp, > 1.0 Mbp, > 10.0 Mbp, > 20.0 Mbp, > 30.0 Mbp and > 40.0 Mbp.

CytoSure ISCA UPD Array, 4x180 K (OGT; Oxford
Gene Technology, Oxfordshire, UK). In total, 42
hybridizations were included in analysis with an
input of 1.5 ug DNA. Tested HMCL U266 DNA
samples were co-hybridized with reference
DNA samples prepared by the same procedure,
meaning pairs of unamplified HMCL U266 DNA
versus unamplified reference DNA and WGA
HMCL U266 DNA versus WGA reference DNA
were prepared. Unamplified and MDA-based
WGA DNA samples were fragmented by Alul
and Rsal (both Promega) restriction enzymes.
PCR-based WGA DNA samples were digested
only in combination with SurePrint G3 CGH+
SNP Microarray, 4x180K (Agilent Technologies)
platform. DNA samples were fluorescent
labeled by BioPrime Total for Agilent aCGH Kit
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24-hour (Agilent platforms) or
48-hour (OGT platform) hybrid-
ization and washing, DNA arra-
ys were scanned by Microarray
Scanner (Agilent Technologies).
Feature Extraction Software-
v12.0.2.2 (Agilent Technologi-
es) was used for data extraction and quality
control  evaluation. Genomic Workbench
v7.0.4.0 (Agilent Technologies) and CytoSure
Interpret Software v4.3.2 (OGT) were used for
data analysis. For segmentation, ADM-2 algo-
rithm and following setting: > 100 kbp size, >
0.25 fold change of log2 ratio (L2R), = 5 and
> 3 (180K and 44K, respectively) consecutive
probes were used. Database of Genomic
Variants (http://www.openhelix.com) for hg19
was used to differentiate between somatic CN
alterations (CNAs) and common germinal CN
variations (CNVs). Autosomal CNAs/CNVs were
included in the analysis. Manufacture recom-
mended setting was used for LOH calling: confi-
dence level 0.95 with threshold 6.0 in case of
SurePrint G3 CGH+SNP Microarray, 4x180K
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Figure 2. Graphical view of genome-wide copy-number changes in human myeloma cell line U266 in WGA samples.
Log?2 ratio (L2R) and size of copy-number changes are shown in axis x and y, respectively. Light and dark grey points
represent proper copy-number changes in control and WGA samples, respectively. Red and blue points show false
positive and false negative copy-number changes in WGA samples, respectively.

Agilent platform; and 80% threshold homozy-
gosity and score above 140 in case of CytoSure
ISCA UPD Array, 4x180K OGT platform. Eva-
luation of unamplified control aCGH profiles are
described in Supplemental Methods. The array
data supporting the results of this article are
available at Gene Expression Omnibus (GEO),
National Center for Biotechnology Information
(NCBI) under the accession number GSE7351.3.

Statistical analysis

Basic statistical analysis was done using IBM
SPSS Statistics v22 (IBM, Armonk, NY, USA),
MedCalc software v14.8.1 (MedCalc Software,
Ostend, Belgium) and Statistica software v12
(StatSoft, Praque, Czech Republic). Statistical
tests were used as follows: Fisher’s exact test
for categorical data, Mann-Whitney U test and
Wilcoxon test for continuous variables and
Pearson correlation. P values < 0.05 were con-
sidered statistically significant.

Results
General WGA DNA products evaluation

For each WGA, DNA yields of eight HMCL U266
and eight reference DNA independent repli-
cates were fluorometrically assessed. MDA-
based WGAs synthesized higher amount of
DNA in the median and showed longer-sized
product (Supplementary Figure 1) in compari-
son to WGAs including PCR cycles. RgMidi (35.6
pg, range 27.9-41.0 ug) and RgSC (35.7 pg,
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range 31.9-38.5 pg) provided the highest
amount of DNA, followed by RgMini (5.3 pg,
range 4.4-7.2 pg), GenomiPhi (4.7 pg, range
4.0-5.2 pg), GenomePlex (4.6 ug, range 4.1-
6.4 pg) and PicoPlex (2.7 pg, range 2.5-2.9 ug).

WGAs false positivity and false negativity of
copy-number changes

DNA isolated from HMCL U266 and reference
DNA samples were amplified separately by six
commercial WGA kits and processed by the
same aCGH protocol and data analysis as
unamplified control samples. A total of 143 CN
changes (median size of 12.7 Mbp, range 0.1-
48.4 Mbp) were included in this study. FP and
FN of CN changes analysis for each WGA is
summarized in Table 1.

We observed that MDA-based WGAs showed
higher risk of FP than PCR-based WGAs.
Significant FP increase was present in RgMini
for losses (P = 1.92 x 10%), in GenomiPhi for
both losses and gains (P = 3.08 x 102 and P =
1.55 x 1073, respectively) and the most signifi-
cant in RgSC for losses as well as gains (P <
10° and P = 1.60 x 108, respectively).
Statistically significant FN was identified only in
both scWGAs RgSC and PicoPlex for losses
(both P < 107°) as well as gains (P = 3.54 x 10
and P =2.40 x 108, respectively).

As we expected, the risk of both FP and FN
increased with decreasing CN segments size in

general (Figure 1, Supplementary Figure 2). In
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Figure 3. False positivity risk in relation to copy-number change log2 ratio
values in control and each WGA. Copy-number change log2 ratio values are
displayed in horizontal axis separately for losses (left) and gains (right). Dif-
ferent colors support false positivity risk rate, from green (0%) to red (100%),
in specific log2 ratio values intervals. Losses and gains < 10.0 Mbp were
included in analysis in case of control, RgMidi, RgMini, GenomiPhi, Genome-
Plex and PicoPlex; and all losses (divided into three intervals: < 3.5 Mbp, 3.5
Mbp - 10.0 Mbp and > 10.0 Mbp) and gains < 10.7 Mbp (divided into two
intervals: < 2.5 Mbp and 2.5 Mbp - 10.7 Mbp) were included in analysis in

case of RgSC.

control and in all standard WGAs, FP of losses,
FP of gains, FN of losses and FN of gains were
< 5.0 Mbp, < 10.0 Mbp, < 1.0 Mbp and < 0.5
Mbp, respectively. MDA-based scWGA RgSC
showed FP of losses also in size 5.0-10.0 Mbp
(47.1%) and even in size > 10.0 Mbp (30.5%)
with a maximum size of 121.7 Mbp. The size of
FP of gains slightly overcame 10.0 Mbp with the
maximum size of 10.7 Mbp. Interestingly, FP
discrepancies in PCR-based scWGA PicoPlex
were comparable to standard WGAs. On the
other hand, both scWGAs RgSC and PicoPlex
showed very high FN of losses as well as gains.
Overall, 80.3% (P < 10°) and 83.3% (P < 10°)
of losses < 1.0 Mbp were not recognized in
RgSC and PicoPlex, respectively. Moreover,
62.5% of losses 1.0-5.0 Mbp were not found
in both scWGAs and 5.6% of losses 5.0-10.0
Mbp were not found in PicoPlex. Only 10.0%
(P=1.09 x 10®) and even none (P = 1.19 x
10 of gains < 0.5 Mbp were recognized in
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0.5 0.6 0.7
0.

Although these changes are
counted by advanced statisti-
cal algorithm, essentially, se-
gments calling comes from
L2R of two different fluores-
cent signals getting from
tested and reference sam-
ples, which are counted for
each probe and finally for rec-
ognized segments. Therefore,
each segment can be de-
scribed by two features - size
and L2R value. The overview
of HMCL U266 genome-wide
segments described by these two features in
each WGA is summarized in Figure 2.

5 0.6 0.7

In this part of analysis, we focused on L2R
study of CN segments < 10.0 Mbp as an upper
limit of problems with FP in general. Only in
case of RgSC, segments > 10.0 Mbp were stud-
ied due to FP presence over this size. We found
that L2R values of specific segments can be
helpful for FP prediction (Supplementary Table
1). In control and standard WGAs, L2R values
of FP segments were significantly closer to
L2R = O than real CN segments. In all these
cases, we clearly recognized L2R limits specific
for FP and real segments and usually also a
region of L2R values as a mixture of both with
the FP risk increasing with L2R value approach-
ing to L2R = O (Figure 3).

In case of PicoPlex, we identified less signifi-
cant differentiation of FP from real gains and
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P=0.00
R=0.66 .12 risk of losses > 10.0 Mbp
10 12 described above in RgSC

was completely eliminated
by more strict L2R thresh-
old as all proper losses >
10.0 Mbp showed L2R <
-0.8 while FP losses > 10.0
Mbp had L2R > -0.6.

ratio values of WGAs with unamplified control (for all P, < 10*)-losses analysis

in upper left corners and gains analysis in lower right corners.

no statistic difference between FP and real
losses corresponding with low but continuous
risk of FP losses independently of L2R values.
Interestingly, GenomePlex also showed smaller,
but still significant FP and real losses differen-
tiation in comparison to standard MDA-based
WGAs (P < 102 versus P < 10" - < 10®). On
the other hand, overall FP risk in both PicoPlex
and GenomePlex was much lower in compari-
son to MDA-based WGAs as we described
above.

In case of RgSC, we found three and two size
intervals of losses and gains, respectively, with
a different behavior of L2R values. Based on
these results, we determined the minimal size
limit for CN changes detection as 3.5 Mbp for
losses and 2.5 Mbp for gains. Up to these sizes,
very unreliable data was present as 42.6% and
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WGAs effect on log2 ratio
values

In theory, when one sample is tested by
aCGH repeatedly, the same L2R value of each
probe as well as each called loss and gain
should be the same, in an ideal situation log2
(1/2) = -1.0 for losses, log2 (3/2) = 0.58 for
gains and log2 (2/2) = 0 for diploid regions. In
reality, L2R values are influenced by random
effects within a particular experiment which
can lead to natural differences of L2R values.
With a regard to this natural background vari-
ability, we studied how WGAs changed L2R val-
ues of individual probes and segments and we
found some specific effects which can partly
explain the presence of higher FP or FN in some
WGAs.

We analyzed L2R values changes of each prop-

er loss and gain after each WGA and we found
that MDA-based WGAs RgMini, GenomiPhi and
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Table 2. Analysis of WGA effect on genotyping tested by Agilent SNP platform

% of failed SNP locus failures increase  Genotype

AA/BB:AB loci LOH GOH

WGA SNP loci compared to control concordance failure ratio (increase) (increase) LOH:GOH
Control 23.4% 1.6:1.0 0.2%

RgMidi 41.7% 1.8% (+18.3%) 1.0:1.4 0.6% (3.8%)  0.6% (3.7x) 1.0:1.0
RgMini 36.8% 1.6% (+13.3%) 1.0:1.1 0.3% (2.3%)  0.5% (3.3x) 1.0:1.5

GenomiPhi 35.0% 1.5% (+11.6%)

2.2:1.0 0.2% (1.4x)  0.6% (4.0x)  1.0:2.8

LOH: loss of heterozygosity (AB to AA/BB). GOH: gain of heterozygosity (AA/BB to AB).

especially RgSC caused a significant shift of
losses in direction from L2R = O (P = 8.79 x
103, P = 4.34 x 10* and P = 7.37 x 102,
respectively) or intensified L2R values of losses
(Figure 4). Both PCR-based WGAs GenomePlex
and especially PicoPlex showed significant
shifting of losses (P = 1.12 x 1022 and P =
0.00, respectively) as well as gains (both P =
0.00), both in direction to L2R = 0. Interestingly,
a tendency of losses L2R value shift was in
opposite direction in comparison to MDA-based
WGAs. Only RgMidi did not show any significant
movement of L2R values. As we expected, scW-
GAs RgSC and PicoPlex showed decrease of
segments L2R values correlation (R < 0.80, P,
< 10 while standard WGAs kept high correla-
tion with the unamplified control (R > 0.80, P, <
104 Figure 4).

Compatibility of WGAs and SNP arrays

Taken together, cnnLOH analysis by restriction
digestion based Agilent SNP platform was suc-
cessful only in combination with standard MDA-
based WGAs as RgMidi, RgMini and GenomiPhi,
while cnnLOH analysis by restriction digestion
independent OGT SNP platform was successful
in combination with standard MDA-based
WGAs as RgMidi, RgMini and GenomiPhi as well
as PCR-based WGAs as GenomePlex and
PicoPlex. Only RgSC did not provide analyzable
cnnLOH data in combination with both Agilent
and OGT SNP platforms presumably due to high
DLRS as the main indicator of aCGH data
quality.

Despite the fact that both PCR-based WGAs
GenomePlex and PicoPlex were digested by
Alul/Rsal enzymes before hybridization to
Agilent SNP platform, they were not compatible
with an analysis of cnnLOH by this platform,
likely due to unspecific DNA fragmentation dur-
ing WGA protocols. We assumed there might a
connection between incompatibility of specific
WGAs with Agilent SNP platform and a high
number of SNP loci with failed genotype. In

6971

total, 79.1%, 75.5% and 75.3% of SNP loci were
unrecognized in GenomePlex, PicoPlex and
RgSC, respectively. All standard MDA-based
WGAs as RgMidi, RgMini and GenomiPhi
showed not so high, but still higher number of
SNP loci with failed genotype (41.7%, 36.8%
and 35.0%, respectively) in comparison to con-
trol (23.4%), but provided analyzable SNP data
(Table 2).

WGAs effect on copy-number neutral loss of
heterozygosity analysis

All 10 cnnLOH areas were found and no FP cnn-
LOH area was detected by Agilent and OGT SNP
platforms in case of all standard MDA-based
WGAs RgMidi, RgMini and GenomiPhi. In case
of PCR-based WGAs, which were compatible
only with OGT SNP platform, GenomePlex
showed the same match in cnnLOH areas
detection as MDA-based WGAs, but 40.0%
(8/20) of cnnLOH areas with the median size of
28.0 Mbp (15.8-68.3 Mbp) were not recog-
nized in PicoPlex. Although the FN risk of
cnnLOH was detected only in case of PicoPlex,
additional detailed analysis of cnnLOH areas
showed that all other WGAs were also associ-
ated with the potential risk of FN. This FN
risk was manifested as partial failures of homo-
zygosity in detected cnnLOH areas. Overall,
9.4%, 9.4% and 6.0% of a total of 303.8 Mbp
of cnnLOH across the tested genome failed
in RgMidi, RgMini and GenomiPhi, respectively,
thus higher than in control (1.1%; Supplemen-
tary Table 2) in case of Agilent SNP platform.
Interestingly, using OGT SNP platform, these
failures were more significant in PCR-based
WGAs GenomePlex and PicoPlex (5.3% and
47.6% of a total 301.9 Mbp of cnnLOH, respec-
tively) than in MDA-based WGAs RgMidi,
RgMini and GenomiPhi (1.5%, 0.6% and 0.5%
of a total 301.9 Mbp of cnnLOH, respectively;
Supplementary Table 2).

When two unamplified controls analyzed by
Agilent SNP platform were compared, ratio of
cnnLOH areas with decreased and increased
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homozygosity was 1.0:1.0 and 100.0% cnnLOH
cases showed < 1.0% homozygosity deviation.
In case of OGT SNP platform, perhaps due to a
greater spacing between tested SNP loci, high-
er homozygosity deviation of 10 cnnLOH areas
between two unamplified controls was found.
First control and second control showed 5.0x
higher tendency to increase and to decrease
homozygosity, respectively. Moreover, only
40.0% of cnnLOH areas showed homozygosity
deviation < 1.0%, thus much less than 100.0%
in case of Agilent SNP platform. However, in
total, 100.0% of control cnnLOH areas showed
homozygosity deviation < 4.0%.

Detailed analysis of WGA effect on 10 cnnLOH
areas is shown in Supplementary Tables 3 and
4. MDA-based WGAs showed higher homozy-
gosity deviation compared to unamplified con-
trols than the comparison of two unamplified
controls. In total, 82.5%/87.5%, 70.0%/90.0%
and 67.5%/85.0% of cnnLOH detected by
Agilent/OGT platform showed < 1.0%/< 4.0%
homozygosity deviation in case of RgMidi,
RgMini and GenomiPhi, respectively. Moreover,
MDA-based WGAs led to clear tendency to
decrease overall homozygosity in combination
with Agilent SNP platform. The proportion of
cnnLOH areas with decreased homozygosity
was 4x, 9x and 7x higher than with increased
homozygosity with the maximum homozygosity
decrease -2.1%, -3.5% and -3.0% in RgMidi,
RgMini and GenomiPhi, respectively. Intere-
stingly, this trend was not found in combination
with OGT platform. We found 4.0x (5.6:1.4)
higher tendency to decrease than to increase
homozygosity in RgMini, 2.0x (3.1:1.6) and
1.1x (2.1:1.9) higher tendency to increase than
to decrease homozygosity in RgMidi and
GenomiPhi, respectively, which does not reflect
any specific trend in comparison to two unam-
plified controls reciprocal analysis. Importantly,
in contrast to MDA-based WGAs analyzed by
OGT SNP platform, both PCR-based WGAs
GenomePlex and PicoPlex led to significant
homozygosity decrease tendency as no cnn-
LOH area with homozygosity increase was pres-
entin both and the maximum of cnnLOH homo-
zygosity decrease was even -19.8% and -36.4%,
respectively. Moreover, homozygosity deviation
< 4.0% was present only in 20.0% and 2.5% of
cnnLOH areas in GenomePlex and PicoPlex,
respectively. Additionally, GenomePlexand Pico-
Plex showed only 47.5% and 7.5% of cnnLOH
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areas, respectively, with homozygosity devia-
tion < 10.0%, much lower than MDA-based
WGAs (all 100.0%).

WGAs effect on genotyping analysis

Effect of WGAs on genotyping analysis was
studied by Agilent SNP platform, which allows
generating SNP genotype. Unfortunately, only
standard MDA-based WGAs were compatible
with the platform (RgMidi, RgMini and Geno-
miPhi). Although standard MDA-based WGAs
increased proportion of failed SNP sites (<
2.0x) compared to control, overall genotype
concordance with unamplified control was very
high (> 97.0%) (Table 2).

SNP loci with a diploid character were used for
loss of heterozygosity (LOH, AB to AA/BB), gain
of heterozygosity (GOH, AA/BB to AB) and
change of homozygosity (COH, AA to BB) analy-
sis. MDA-based WGAs increased LOH and GOH
(£ 4.0x) compared to control, however a real
proportion of loci with LOH and GOH was very
low (£ 0.6%) (Table 2). COH occurred as a rare
discrepancy (< 2.0% of non-concordat calls)
with a low overall frequency (< 0.1%) in MDA-
based WGAs and was not present in control.

Discussion

In this study, we designed an experimental
approach to assess the effect of six commer-
cial WGAs on aCGH analysis of segmental CN
and cnnLOH using oligonucleotide DNA arrays.
We described specific outcomes of each WGA,
especially specific risk of CN changes FP and
FN, its relation to the CN segments size and
L2R values, effect on cnnLOH as well as geno-
typing analysis. However, more importantly, our
results showed specific feature of each WGA
strategy, especially when MDA-based and PCR-
based or scWGA and standard WGA were
compared. For each experiment, reference
DNA was amplified using the same WGA proce-
dure and the same amount of starting DNA
material as tested DNA as other studies [14,
21, 33, 35], however not all [24, 29], have
showed that WGA bias is reduced when refer-
ence DNA is amplified.

We confirmed previous observations that MDA-
based WGAs has a tendency to produce FP CN
changes [34-36] and provide very high LOH
concordance (nearly 100%) with unamplified
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control [37]. We also showed that scWGAs pro-
vided more negative effect on aCGH analysis
than standard WGAs. This was not surprising as
it was found in other studies that WGA bias
depends on the starting amount of DNA [21,
34, 38]. All standard WGAs showed problems in
CN detection only < 10.0 Mbp in general, while
scWGA showed specific risk of FP and/or FN
over 10.0 Mbp. Effect of scWGAs were mani-
fested as high FP/FN risk of CN changes in
MDA-based scWGA and high FN risk of CN
changes in PCR-based scWGA. Le Caignec et
al. [29] described that the combination of MDA-
based scWGA and BAC-based aCGH allowed to
get no FP/FN at the whole chromosome level
and recognized segmental deletions with the
size of 34 Mbp and 58 Mbp as well as segmen-
tal gain with the size of 47 Mbp. Compared to
that, we showed that using MDA-based scWGA
and oligonucleotide-based aCGH, all segmen-
tal CN changes > 10.0 Mbp were recognized,
but with 30.5% FP risk of losses. Using detailed
study of effect of WGA to L2R values we also
specified a minimal size limit for CN changes
detection as 3.5 Mbp for losses and 2.5 Mbp
for gains. Fiegler et al. [6] showed a possibility
to detect segmental CN changes, for example a
microdeletion with the size of ~10.8 Mbp, when
DNA was amplified by PCR-based scWGA and
combined with BAC-based aCGH. And, they
also found FP CN changes in various experi-
ments. As opposed to these findings, our analy-
sis by oligonucleotide-based aCGH showed
higher tendency of FN than of FP. However,
comparison with these results can be question-
able due to different type of WGA as well as
aCGH platform. Effect of scWGA was reflected
in the L2R values of CN changes. We hypothe-
sized that L2R correlation decrease and spe-
cific and opposite tendency to change L2R val-
ues could partly explain the high FP in RgSC
and the high FN in PicoPlex. Significant FN was
present also in RgSC, but in smaller sizes in
comparison to PicoPlex and so it was caused
more likely by substantially reduced correlation
and thus high background.

Barker et al. [39] showed comparable usability
of MDA-based and PCR-based WGAs for SNP
genotyping, however SNP and STR genotyping
analysis done by Bergen et al. [10] or Shojaei
Saadi et al. [38] showed that PCR-based WGAs
produce more WGA bias than MDA-based
WGAs. Both DNA array platforms used in this
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study are not primarily intended for genotyping;
however, they are based on SNP analysis in
principle. Agilent SNP platform allows generat-
ing SNP genotype, which was used for MDA-
based WGA effect analysis. We showed that
MDA-based WGAs are suitable for genotyping
analysis with almost 100% genotype concor-
dance and that these WGAs has a tendency to
loci failure as has been described in previous
studies [12, 15, 37, 40]. Our results are also
consistent with the notion that COH represents
a small portion of non-concordant calls found
in previous studies [35, 41]. Xing et al. [41]
observed higher tendency of MDA-based WGA
to cause GOH than LOH, oppositely to other
studies [35, 40]. We found LOH:GOH ratio
1.0:1.0, 1.0:1.5 and 1.0:2.8 for RgMidi, RgMini
and GenomiPhi, respectively, corresponding
more likely with the results of Xing et al. [41].
However, we supported their hypothesis that
different results are associated with different
array platforms and statistical algorithms. We
also hypothesize that increased WGA bias
found in this study for genotyping analysis was
present more likely due to effect on SNP geno-
type/cnnLOH calling algorithms and so it did
not completely reflect the real effect of WGA on
DNA sequence. This hypothesis could explain
RgSC incompatibility with cnnLOH analysis
more likely due to aCGH quality than due to
bias in amplified DNA product. To support that,
it has been also shown that DNA amplified from
single cell by MDA is suitable for SNP and STR
genotyping analysis [13], although Ilower
amount of DNA input is associated with higher
WGA bias, especially with allele or locus drop-
out [11, 14].

In summary, based on our finding, we provide
general recommendations for WGA selection
as follows: 1) If possible, standard WGAs (nano-
gram quantities of DNA as input) should be
used to avoid unnecessary bias of scWGAs
(picogram quantities of DNA as input). 2) If seg-
mental CN changes analysis is necessary at
the single-cell level, genome-wide profiles
should be interpreted cautiously, considering
higher risk of FP and FN in case of MDA-based
and PCR-based WGAs, respectively. 3) It should
be taken into account that DNA fragmentation
during PCR-based WGAs can interfere with
some downstream applications. For instance,
incompatibility of PCR-based WGAs with cnn-
LOH analysis based on SNP in restriction sites
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was found in this study. 5) If high DNA yield of
WGA is essential for some reason (for instance,
downstream applications requirement, repeat
testing possibility or archiving material for
future purposes), MDA-based WGA is a more
appropriate option. 6) If DNA array analysis is
used only for segmental CN changes detection,
PCR-based WGAs are more appropriate as they
produce fewer imbalances than MDA-based
WGAs. If cnnLOH analysis is included, MDA-
based WGAs should be chosen as they provide
more accurate results in cnnLOH detection
than PCR-based WGAs. This last recommenda-
tion is applicable for most cases, but not gener-
ally. In this study, for instance, MDA-based
scWGA did not show analyzable data for cnn-
LOH recognition. Analysis of cnnLOH at the sin-
gle-cell level was possible only when PCR-
based scWGA and OGT SNP platform were com-
bined; however, high FN risk was found.
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Supplemental methods
Human myeloma cell line U266 genome-wide copy-number changes in unamplified control

Control DNA sample of HMCL U266 without any WGA was tested in duplicates by three different aCGH
platforms to assess the presence of CN changes. Segmentation by ADM-2 algorithm showed slightly
differing genome-wide profiles as a result of three basic reasons: the number and the distribution of
DNA probes specific for each platform, and the type of DNA reference which can differ in CN status in
CNV loci. Results of duplicates in each platform and then results of three platforms were compared to
analyze the number of CN segments, to distinguish CNAs from CNVs and to assess false positive (FP)
and false negative (FN) segments used as specific array platform background for following WGA effect
evaluation. FP and FN were calculated as follows: FP = [A/(N + A) + B/(N + B)]/2 and FN = (C/N + D/N)/2,
where N is overall number of proper segments found by specific platform; A and B is number of FP seg-
ments found in first and second duplicate, respectively; C and D is number of FN segments found in first
and second duplicate, respectively.

Overall, 39 CN changes (20 losses/19 gains; 38 CNAs/1 CNV) with the median size of 18.4 Mbp (range
0.1-48.2 Mbp) were found using Agilent Human Genome CGH Microarray, 4x44K platform. In compari-
son to higher-resolution platforms, overall 12 segments (10 losses and two gains) were not recognized
due to low number of DNA probes in these loci. On the other hand, all 39 CN segments were recognized
by higher-resolution platforms. In addition, one gain was reassessed as two gains separated by small
loss using higher-resolution platforms. We also detected six FP losses (two in both duplicates, four in
one of duplicates) with the median size of 0.3 Mbp (range 0.1-2.0 Mbp) which were not found by higher-
resolution arrays despite the denser DNA probes coverage of these loci. Overall, two segments (one loss
with the size of 0.1 Mbp and one gain with the size of 0.4 Mbp) were not found in one of the duplicates
and marked as FN segments. Overall risk of FP and FN was 9.3% and 2.6%, respectively.

Overall, 52 CN changes (29 losses/23 gains; 45 CNAs/7 CNVs) with the median size of 9.9 Mbp (range
0.1-48.4 Mbp) were detected using Agilent SurePrint G3 CGH+SNP Microarray, 4x180K platform. In
comparison to OGT 180K platform, overall five segments (median size of 0.1 Mbp, range 0.1-0.7 Mbp)
were not found due to low number of DNA probes in these loci. We also found five segments (median
size of 0.6 Mbp, range 0.1-2.1 Mbp), which were recognized only by this platform, as a result of different
and specific Agilent DNA reference CN status in CNVs loci. No FP segment was found and only one loss
with the size of 0.3 Mbp was not detected in one of the duplicates and marked as FN segment. Overall
risk of FP and FN was 0.0% and 1.0%, respectively.

Overall, 52 CN changes (30 losses/22 gains; 48 CNAs/4 CNVs) with the median size of 9.9 Mbp (range
0.1-48.4 Mbp) were identified using OGT CytoSure ISCA UPD Array, 4x180K platform. In this platform,
the highest variability was found in control sample duplicates analysis. In total, 15 segments (median
size of 0.4 Mbp, range 0.1-6.9 Mbp) were found only in one of the duplicates and marked as FP seg-
ments as they were not recognized by other two platforms. On the other hand, all CN changes detected
by Agilent platforms were also found using this OGT platform and no FN segment was present. Overall
risk of FP and FN was 12.6% and 0.0%, respectively.

Human myeloma cell line U266 genome-wide copy-number neutral loss of heterozygosity areas in
unamplified control

In our experiment, two SNP array platforms were used: 1) Agilent SurePrint G3 CGH+SNP Microarray,
4x180 K, which is based on 59 645 SNPs in restriction digestion sites and requires specific DNA diges-
tion by Alul and Rsal restriction enzymes; and 2) OGT CytoSure ISCA UPD Array, 4x180K, which is based
on a simple preferential hybridization to one of two DNA probes determined for 6 186 SNP positions
across the genome. Although these SNP platforms differ in principle, both are used for the detection of
genomic regions where only SNP homozygous constitutions are present. There are two cases of LOH: 1)
presence of only one copy of this region due to loss of second allele; 2) cnnLOH originated likely as loss
followed by replication of remaining allele. In this part of study, we focused on cnnLOH analysis. Although
OGT SNP platform contains 9.6x smaller number of SNP probes in analysis than Agilent SNP platform,
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the same 10 cnnLOH areas > 5.0 Mbp were recoghized by both platforms in unamplified U266 DNA
sample. The median size of detected cnnLOH areas was 23.6 Mbp (range 15.5-68.8 Mbp) and 23.0
Mbp (range 15.8-68.3 Mbp); and the homozygosity median was 99.6% (range 98.2-100.0%) and
95.5% (range 87.5-97.7%) in Agilent platform and OGT platform, respectively.
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Supplementary Figure 1. Electrophoretic analysis of WGA products. 100 ng of each DNA WGA sample by RgMidi,
RgMini, GenomiPhi, RgSC, GenomePlex and PicoPlex WGA kits were analyzed on a 2% agarose gel and compared
to unamplified genomic DNA control.
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Supplementary Figure 2. Detailed analysis of false positivity/false negativity copy-number segments risk in relation
to copy-number segments size. The risk of false positivity (shades of red) and the risk of false negativity (shades of
blue) is showed in specific copy-number segments size intervals.
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Supplementary Table 1. Log?2 ratio (L2R) values of real and false positive copy-number (CN) seg-

ments comparison

L2R median (range)

WGA CNtype Tested size interval [Mbp] P
FP segments Real segments
Control Losses 0.1-10.0 -0.39 (-0.27 - -1.11) -0.85(-0.44 - -3.74) 1.29 x 107
Gains 0.31(0.26 - 0.36) 0.54(0.38 - 1.85) 3.33x10°%
RgMidi Losses 0.1-10.0 -0.44 (-0.21 - -0.75) -0.84 (-0.36 - -2.69) 1.06 x 10**
Gains 0.35(0.27 - 0.53) 0.60(0.31-1.73) 8.16x 10°®
RgMini Losses 0.1-10.0 -0.43 (-0.26 - -0.86) -0.89 (-0.44 - -3.08) 2.27 x 1018
Gains 0.30(0.26 - 0.37) 0.59(0.43 -1.78) 1.13x10°
GenomiPhi Losses 0.1-10.0 -0.51 (-0.25 - -0.94) -0.91 (-0.36 - -3.24) 6.72 x 102
Gains 0.31(0.26 - 0.50) 0.55(0.34 - 1.86) 1.74 x 10%°
RgSC Losses 0.1-3.5 -0.77 (-0.26 - -2.77) -1.06 (0.13 - -5.22) 0.09
Gains 3.5-10.0 -0.41 (-0.28 - -0.69) -0.91(-0.61 - -1.51) 7.64 x 10°®
> 10.0 -0.37 (-0.26 - -0.59) -0.99(-0.82 - -1.51) 1.08 x 10*
0.1-2.5 0.76 (0.25 - 1.92) 0.54 (-0.23 - 1.87) 0.09
2.5-10.7 0.33(0.26 - 0.66) 0.49(0.08 - 0.74) 1.24 x 10?
GenomePlex Losses 0.1-10.0 -0.45 (-0.25 - -0.90) -0.83(-0.34 - -3.14) 1.52 x 103
Gains 1x0.34 0.48 (0.36 - 1.50)
PicoPlex Losses 0.1-10.0 -0.44 (-0.25 - -1.26) -0.52(0.49 - -2.27) 0.65
Gains 0.26(0.24 - 0.34) 0.39(0.17 - 1.06) 2.51 x 102

Supplementary Table 2. Analysis of partial cnnLOH areas failures by Agilent and OGT SNP platforms

1 1 [
WGA Platform S,\'/T: d?ef\r?rzrnal_r?gll)f?lull:)f]s CnnLOH failures > 5 Mbp [Mbp] (f)avliﬂ'sf
Control Agilent 1.2 (0.04-4.1) none 1.1%
OGT none none 0.0%
RgMidi Agilent 2.0 (0.2-5.5) n=3(5.2,2x5.5) 9.4%
OGT 1.4 (1.2-1.8) none 1.5%
RgMini Agilent 1.6 (0.1-7.8) n=2(5.9,6 7.8) 9.4%
OGT 0.8 (0.5-1.2) none 0.6%
GenomiPhi Agilent 2.4 (0.6-4.5) none 6.0%
OGT 1.4 (1.2-1.7) none 0.5%
GenomePlex Agilent
OGT 3.8 (0.1-6.9) n=1(6.9) 5.3%
PicoPlex Agilent
OGT 7.1 (0.2-68.3) n =10 (median 19.2 Mbp, range 6.1-68.3 Mbp) 47.6%

*% of cnnLOH failures from overall 303.8 Mbp (Agilent SNP platform) or 301.9 Mbp (OGT SNP platform) of cnnLOH across the

genome.
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Supplementary Table 3. Detailed analysis of WGAs effect on 10 cnnLOH areas by Agilent SNP plat-
form

i iati % of cnnLOH cases with a
% of failed SNP probes Homozygosity deviation Change of 0

WGA - from control homozygosity change lower than:
Median (range) ) ;
Median (range) ratio* +/-1%  +/-2% +/-3%
Control 18.5% (13.5-24.7%) +/-0.1% (-0.7-0.7%) 1.0:1.0:0.0 100.0% 100.0% 100.0%
RgMidi 36.3% (30.5-42.2%) -0.6% (-2.1-0.6%) 4.0:1.0:0.0 82.5% 97.5% 100.0%
RgMini 30.1% (26.2-34.1%) -0.6% (-3.5-0.6%) 9.0:1.0:0.0 70.0% 92.5% 97.5%
GenomiPhi 30.6% (27.1-33.4%) -0.8% (-3.0-0.6%) 7.0:1.0:0.0 67.5% 92.5% 97.5%

*Change of homozygosity ratio of cases with homozygosity decreasing : increasing : no change.

Supplementary Table 4. Detailed analysis of WGAs effect on 10 cnnLOH areas by OGT SNP platform

% of cnnLOH cases with a change

WGA Homozygosity qleviation from control Changg of » lower than:
Median (range) homozygosity ratio

+/-4%  +/-5% +/-10% +/-20%

Control +/-0.6% (-3.6-3.6%) 1.0:5.0:4.0 100.0% 100.0% 100.0% 100.0%
5.0:1.0:4.0

RgMidi 1.3% (-6.3-7.1%) 1.6:3.1:1.0 87.5% 92.5% 100.0% 100.0%
RgMini -2.0% (-6.3-4.8%) 5.6:1.4:1.0 90.0% 95.0% 100.0% 100.0%
GenomiPhi 0.0% (-4.5-7.1%) 1.9:2.1:1.0 85.0% 95.0% 100.0% 100.0%
GenomePlex -10.3% (-19.8-0.0%) 12.3:0.0:1.0 20.0% 25.0% 47.5% 100.0%
PicoPlex -21.2% (-36.4--1.8%) 1.0:0.0:0.0 2.5% 2.5% 7.5% 42.5%

“Change of homozygosity ratio of cases with homozygosity decreasing : increasing : no change.



