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Table 1. MDS/sAML Patients with C-CBL Mutations.

Patient No.  Age (Year)/Sex  WHO Subtype  Marrow Blasts (%)  Cytogenetics at MDS C-CBL Amino Acid Change  IPSS  Time to AML  Survival from MDS
—— {Months) (Months)
MDS/sAML MDS  sAML

001 70/F RAEB-1/sAML 5.5/71.7 NA — Y3718 >1.0 3.5 3.9

010 48/F RAEB-2/sAML  17.0/32.2 46,XX,dup(1)(q21¢32)[28/28] —_ F418S 2.5 5.3 28.1

032 72/M RAEB-2/sAML  16.6/79.0 46,XY,-5,-8,-9,add(11)(q25), — L370_Y371 ins L 3.0 2.2 3.3

t(12;18)(p11;p11),~17,+4mar[6/20}

109 22/M RCMD/sAML 1.4/35.2 NA — L399V =0.5 7.0 7.6

119 54/F RCMD/sAML 5.0/59.0 NA G4158  G415S 1.0 223 25.2

125 G4/F RAEB-1/sAML 8.5/45.8 45,XX,~7[22/26)/46,XX[4/26] — C416W 1.5 149 23.8+

F indicates female; M, male; NA, not availables WHO, World Health Organization.

of survival were calculated according to the Kaplan-Meier method.
Comparisons of estimated survival curves were analyzed by the log-rank
test. Statistical analyses were carried out by software SPSS 17.0 (SPSS,
Inc, Chicago, IL). In all analyses, P values were two-sided and consid-
ered statistically significant when values lower than .05.

Results

C-CBL Mutations in Paired Samples of MDS and sAML

C-CBL mutation was detected in only 1 of 167 de novo high-risk
MDS at the initial diagnosis. Eighty-six patients progressed to sSAML
with a median time of 9.8 months (range = 1.0-143.1 months). Of
the 51 paired MDS/sAML samples, 1 patient (no. 119) with RCMD
had a C-CBL mutation located at C-terminal of the RF domain
(G415S) at initial diagnosis; she retained the same C-CBL mutation
at sSAML evolution. The other five patients acquired C-CBL muta-
tions during SAML transformation. Patient no. 109 with sSAML trans-
formed from RCMD gained a missense mutation at the linker region
(L399V). Two sAML patients (nos. 001 and 125) transformed from
RAEB-1 gained a mutation at the linker region (Y371S) and the RF
domain (C416W), respectively. Of the two RAEB-2 patients who ac-
quired C-CBL mutations during SAML transformation, one (no. 010)
had a mutation at the RF domain (F418S) and the other (no. 032)
had an insertion mutation (L370_Y371 ins L) at the linker region.
The frequency of C-CBL mutations increased from 0.6% (1/167)
in the MDS phase to 11.8% (6/51) at sSAML transformation. The
clinicohematological features and the C-CBL mutation status of the
six paired BM samples at both MDS and sAML phases are shown in
Table 1.

Figure 1 shows the sequencing electropherograms of the six paired
BM MDS/sAML samples carrying C-CBL mutations and the CNAG
output for the four sSAML samples available for SNP array analysis.
Patient no. 001 acquired a homozygous mutation (Y371S) during
sAML evolution (Figure 14). Patient no. 010 was negative for C-CBL
mutation at the initial diagnosis of MDS. She gained a small C-CBL
mutant clone in the follow-up sample 3.5 months later when her
disease was still in the MDS phase, and then she had an expansion
of C-CBL mutant clone at the SAML phase 6 months after the diagnosis
of MDS. The SNP array analysis showed the presence of 11q-UPD at
the SAML phase; the UPD-positive cells were 33% calculated by the
observed difference in allele-specific copy number (ASCN) divided
by the expected value (Figure 1B), implying that the presence of a
homozygous mutation in a fraction of cells in patient no. 010. C-CBL
mutation was not detected in patient no. 032 at diagnosis of MDS but
a small mutant clone was identified at the sSAML phase (Figure 1C,

right upper panel). Because the allelic burden of the mutant clone was
very low, the PCR product was then cloned into the PCRII-TO PO
vector (Invitrogen). Twenty-six clones were subsequently sequenced
and six mutant clones were obtained, of which the sequence confirmed
the presence of L370_Y371L shown in Figure 1C, left lower panel.
The SNP array analysis revealed a small deletion and an amplification
at 11g23.3 in the sSAML sample. Patient no. 109 acquired a missense
mutation (L399V) only after SAML transformation (Figure 1D). The
only one patient (no. 119) harboring the identical C-CBL mutations at
both MDS and sAML phases carried a small subclone of mutant at the
MDS phase and progressed to a higher level, which slightly exceeded
the wild-type allele. SNP array analysis for the SAML sample did not
reveal any abnormality in 11q23.3 (Figure 1E). Patient no. 125, neg-
ative for C-CBL mutation at MDS phase, acquired a missense mutation
(C416W) after SAML transformation (Figure 1F). SNP array analysis
did not show an abnormal finding in 11q23.3 at the sSAML phase.

Other Genetic Abnormalities in MDS/sAML Patients
Harboring C-CBL Mutations

Coexistence of additional gene mutations in C-CBL mutated pa-
tients was found in four of six patients (Table 2). Patient nos. 010,
119, and 125 acquired N-RAS mutation, ]A[QVGWF, and PTPNI11
mutation, respectively, during SAML transformation. We did not find
any cooperating mutation involving receptor TKs (RTKs) or the RAS
pathway with C-CBL gene in patient nos. 001, 032, and 109. In ad-
dition, patient no. 125 had evidence of cytogenetic clonal evolution,
45,XX,-7[22/261/46,XX[4/26] at MDS and 45,XX,-7[20/25]/45,
XX,-7,del(16)(q12.1)[2/25)/46,XX[3/25] at sAML.

Clinicohematological Features and Outcome of MDS/sAML
with C-CBL Mutations

Of the 51 patients, there was no difference in age, sex, hemoglobin
level, platelet counts, white blood cell counts, percentage of blasts in
BM or peripheral blood, cytogenetics, or IPSS (<1.5 vs 22.0) between
C-CBL mutation—positive and —negative groups at both MDS and
sAML. The time to sAML transformation and the survival from the
diagnosis of MDS in the six patients who harbored C-CBL mutations
at SAML phase are shown in Table 1. Because only one MDS patient
harbored C-CBL mutation at the initial diagnosis in the whole cohort
of MDS patients, it precluded a meaningful analysis of the mutation
status on the risk and time to SAML transformation or overall survival.
No significant difference in overall survival from the diagnosis of sSAML
was observed regarding C-CBL mutation status (7 = 51, estimated over-
all survival = 1.1 [95% confidence interval {CI} = 0-3.7] »s 5.6 [95%
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Figure 1. Chromatograms of C-CBL mutations in six paired MDS/sAML samples (Wt, wild-type; Mu, mutant) and CNAG output for total
copy number (tCN) and allele-specific copy number (AsCNs) in the long arm of chromosome 11 in four patients at the sSAML phase. The
green bars below each ideogram of 11q indicate the position of heterozygous SNP calls (red arrowhead). Dissociation of AsCN plot
indicates the presence of UPD in 11q. (A) Patient no. 001 acquired a homozygous missense mutation (Y371S) after SAML transforma-
tion. (B) Patient no. 010 had wild-type C-CBL gene at the initial diagnosis of RAEB-1, acquired a small missense mutant clone (C418S)
later, and the level of the mutant increased further at SAML phase. SNP array analysis at sSAML revealed an 11g-UPD. (C) Patient no. 032,
negative for C-CBL mutation at the MDS phase, acquired L370_Y371 ins L at SAML phase. The small C-CBL mutant clone was confirmed
by TA cloning. SNP array analysis showed a small deletion and an amplification at 11g23.3 at the SAML phase. (D) Patient no. 109
acquired a missense mutation (L399V) only after sAML transformation. (E) Patient no. 119 had a small subclone of G415S mutant at
the MDS phase, which was more clearly shown in reverse complement and expanded during sSAML transformation. SNP array analysis
for the sAML sample did not reveal any abnormality at 11923.3. (F) Patient no. 125, negative for C-CBL mutation at MDS phase, acquired
a missense mutation (C416W) after SAML transformation. SNP array analysis did not show abnormal findings in 11g23.3 at sSAML phase.



Neoplasia Vol. 13, No. 11, 2011 C-CBL in Progression of MDS to sSAML ~ Kaoetal. 1039

D Na.108 MDS No.109 sAML
GGACACCICATGT GGACACLTICATGT

13330>G
1 L399V
E
No.119 MDS-Forward No.119 MDS-Reverse No.119 sAML
GGEGTCAGGEGGCTETC GACAGLCCTGACC GGTLAGGGCTGTC
1381G>A
1381G>A GA15S

GA155 N ; 1381G5A

F Nea.125 MDS Ne.125 sAML
AGGEGCIGICCTTT L AGGGCTGICLCTTTC

Figure 1. {continued).

CI = 2.9-8.3] months; P = .958; Figure 2) in patients with sSAML sAML was performed. We found that only one MDS patient had

evolved from MDS. C-CBL mutation at initial presentation, and additional five patients
acquired C-CBL mutations during the disease progression to sSAML.
Discussion The frequency of C-CBL mutations at MDS was very low and

In the present study, an analysis of C-CBL mutations in the matched  markedly increased at sSAML transformation (1/167 s 6/51). To the best
paired BM samples from 51 patients at both phases of MDS and  of our knowledge, the present series is the first longitudinal and
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Table 2. Additional Gene Mutations in MDS/sSAML Patients Harboring C-CBL Mutations.

Patient No. Mutation Status at MDS/sAML Phase
C-CBL Amino Acid Change N-RAS K-RAS FLT3-ITD FLT3-TKD (D835) JAK2VSTE PTPNI1I C-KIT C-FMS
001 -1+ (Y371S) -/~ -/~ -/~ ~I- -/~ -1~ ~I- -I-
010 ~/+/+ (F418S)* -1+ (Q61H) -/~ -~ ~I- -/~ -/~ -/~ -1~
032 ~/+ (L370_Y371 ins L) -/ -/- -/ -/~ -/~ -/~ /- ~/-
109 -1+ (L399V) - -I- -I- -/~ - -I- -/~ ~/- -/~
119 +/+ {G4158) -1~ -~ -/~ -I- ~l++ ND/- -I- ND/-
125 ~/+ (C416W) ~/- -1~ ~/- -/~ -/~ ~/+ (Q510L) -/~ ND/ND

++ indicates homozygous mutation; ND, not done.
*Mutation status at MDS/MDS/sAML phases.

systematical study that demonstrated the acquisition and/or clonal
expansion of C-CBL mutations in the progression of MDS to
sAML.

Because signaling of RTK-activating mutations, RAS pathways,
and C-CBL mutations are similar in cell models, we also performed
the mutational analyses for these genes. Coexistence of C-CBL muta-
tions with other gene mutations involving the RTKs and RAS path-
ways was common in our patients at the SAML phase. Three patients
had additional mutations of N-RAS, JAK2, or PTPN11 genes during
sAML evolution. The only one MDS patient who retained the identical
C-CBL mutant clones at sSAML transformation acquired JAK2VO'TE
during disease progression. These observations suggested that acquisi-
tion of C-CBL mutation collaborating with other gene mutations
played a role in the transformation of SAML from MDS. Furthermore,
a clonal cytogenetic evolution was also detected in one patient (no. 125)
during SAML progression. For those who did not harbor C-CBL mu-
tations at SAML phase, 10 patients acquired the activating mutations
in RTKs and/or RAS pathways (data not shown). Our result showed
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Figure 2. Kaplan-Meier estimates of overall survival in SAML pa-
tients according to C-CBL mutation status. The survival from the
diagnosis of sSAML was 1.1 months (95% Cl = 0-3.7) for the patient
with C-CBL mutation compared with the estimated median survival
of 5.6 months (95% CI = 2.9-8.3} in C-CBL mutation—-negative
patients (P = .958).

that C-CBL mutations constituted one of the accumulated genetic
alternations associated with the progression of MDS to sAML.
Patient nos. 001, 032, and 109, who acquired C-CBL mutations at
sAML transformation, had only C-CBL mutations detected among
the genetic lesions we analyzed, suggesting that C-CBL mutations
might play a major role in the disease progression or cooperate with
other genetic abnormalities not examined in the present study for
these patients.

Patient no. 010 with wild-type C-CBL gene at initial diagnosis of
MDS acquired C-CBL mutation later when her disease was still in the
MDS phase and the mutant level increased further in the SAML phase.
The presence of UPD-positive cells in a subfraction of cells (33%) cal-
culated by a signal ratio attributed to the presence of 11qUPD at the
SAML phase in this case without accompanying a homozygous se-
quencing electropherogram. In patient no. 119 carrying C-CBL muta-
tions in both MDS and sAML phases, the very small C-CBL mutant
clone expanded to a slightly predominant clone during sSAML evolution
in the absence of UPD in the CNAG output. The observed discrepancy
might be explained as an allele measurement on sequencing electrophe-
rogram probably not accurately enough to conclude the predominance
of the mutant allele based on such a subtype difference of signals.
Barresi et al. [14] also described an expansion of C-CBL mutated sub-
clone occurred in a case during MDS progression to sAML. This find-
ing indicated that the C-CBL mutated subclone conferred a growth
advantage when MDS progressed to sSAML. Acquisition with expansion
of C-CBL mutated clones was also reported in one patient during the
progression of primary myelofibrosis to sSAML [30].

The sequencing analysis showed that five of the six C-CBL muta-
tions in MDS or sSAML were missense mutations; the remaining one
was an insertion mutation. All of the C-CBL mutations found in our
patients involved the linker region or RF domain that is central to the
E3 ubiquitin ligase activity [5,6]. Because we analyzed mutations spe-
cifically at exons 7, 8, and 9, C-CBL mutations located outside exons 7
to 9 would not be detected in the present study. It is of note that most
of the C-CBL mutations reported previously was missense mutation.
Insertion mutations were only described in one AML patient with
ins(SK366) at intron7/exon8 splice site [31]. The mutation character
of three-base insertion that leads to 1L370_Y371 ins L without frameshift
at the linker region of C-CBL, which was verified by cloning analysis,
had not been described before. L370_Y371 ins L might cause conforma-
tional change of the Linker region and result in decreased E3 activity. It
has been found that homozygous C-CBL mutations were frequently ob-
served in patients with CMML and strongly associated with 11q aUPD
[9,13,19]. In the present study, we found that UPD seemed to be less
frequent in patients with MDS/sAML.



Neoplasia Vol. 13, No. 11, 2011

C-CBL in Progression of MDS to sAML  Kao et al. 1041

Whether C-CBL mutations confer unique clinical characteristics is
not clearly defined. We did not find any association between C-CBL
mutatjons and specific clinicohematological features at the initial pre-
sentation or at sSAML. In the literature review along with the present
result, except for one with refractory anemia [19], MDS patients har-
boring C-CBL mutations were mostly of RAEB or RCMD subtypes
[9,13-15]. Current evidences suggested that C-CBL mutations were
associated with more aggressive types of MDS. The impact of C-CBL
mutations on clinical outcome in MDS is not known because of the
rare occurrence of the mutation at the initial diagnosis. The clinical
and prognostic relevance of C-CBL mutation on MDS remains to be
determined by a larger cohort of patients. We did not observe a survival
impact of C-CBL mutation in sSAML patients. Our patients received
different treatment options both at MDS and sAML stages; this might
have influences on survival analysis. Nevertheless, SAML has a very
poor prognosis; the cohort of patients that carrying C-CBL mutations
in this series would have a poor outcome. It is the fact that C-CBL
mutation in SAML evolution is of biologic relevance but not necessary
of prognostic importance.

To sum up, we analyzed C-CBL mutations in matched paired BM
samples of patients with high-risk de nove MDS at initial presentation
and sSAML. Our results showed that C-CBL mutations were rare in
MDS at the presentation, but acquisition and/or expansion of C-CBL
mutated clones occurred not infrequently during its progression to
sAML. The higher occurrence of C-CBL mutations at sSAML transfor-
mation in patients with MDS suggested that C-CBL mutation might
play a role, either dominantly or cooperatively with other genetic abnor-
malities, in a subset of MDS patients during SAML evolution.
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Table W1. Primers for C-CBL Mutation Analysis by cDNA PCR Assay.

Primer Name Primer Sequence 5'-»3’ Amplicon Size (bp) Method
CBL-ex6-F CTCCAGACAATCCCTCACAATAAA 350 DHPLC
CBL-ex9-R ACCACGATGGGTTCAGTACCTTTA

CBL-ex8-9-F ACTGTGAGATGGGCTCCACATT 374 DHPLC
CBL-ex8-9-R-gc cgeegggggcGAAGCTTGTGGGGCCATG

CBL-ex6-F CTCCAGACAATCCCTCACAATAAA 533 Direct sequencing
CBL-ex8-9-R GAAGCTTGTGGGGCCATG

Table W2, Primers for C-CBL Mutation Analysis by gDNA PCR Assay.

Primer Name Primer Sequence 5'—3’ Amplicon Size (bp) Method
CBL-ex7-F-gc cgecegeegecgecc GGCAAATTGGCTTAAATAAAACC 187 DHPLC
CBL-ex7-R GTGTCCAGTGATATGGTTATCATG

CBL-ex9-F CTATCTTTTGCTTCTTCTGCA 323 DHPLC
CBL-ex9-R-gc gacgggeggegggeggeggegsscg [ CGTTAAGTGTTTTACGGCTTTAG

CBL-7F CTTACACCACGTTGCCCTTT 364 Direct sequencing
CBL-7R TGGGTCCTATTTTAAGCTCCA

CBL-8F AGGACCCAGACTAGATGCTTTC 387 Direct sequencing
CBL-8R GGCCACCCCTTGTATCAGTA

CBL-9F CTGGCTTTTGGGGTTAGGTT 400 Direct sequencing

CBL-9R

TCGTTAAGTGTTTTACGGCTTT
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Genome-wide Analysis of Myelodysplastic Syndromes
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Abstract: Myelodysplastic syndromes (MDS) are heterogeneous hematopoietic neoplasms characterized by ineffective hematopoiesis
and a risk for progression to acute myeloid leukemia. A number of cytogenetic changes have been described that are characteristic to
MBDS and of clinical relevance; the specific gene targets of these alterations were largely unknown. On the other hand, over the past dec-
ade, technologies have been dramatically improved to enable high-throughput analysis of entire MDS genomes, leading to identification
of frequent copy number neutral events and a number of novel gene targets implicated in the pathogenesis of MDS. In this review, we
briefly overview the recent progress in the genetics of MDS, focusing on the newly identified gene targets in MDS.

Keywords: Microarray, SNP array, CNN-LOH, somatic mutation, high-throughput parallel sequencing.

INTRODUCTION

Myelodysplastic syndromes (MDS) are intractable clonal disor-
ders of hematopoietic systems characterized by bone marrow dys-
plasia, peripheral blood cytopenia due to ineffective hematopoiesis,
and a high propensity to acute myeloid leukemia (AML) [1, 2]. One
of the prominent features of MDS is the high frequency of unbal-
anced chromosomal changes that accompany copy number altera-
tions of chromosomal segments. Gains and losses of one or more
chromosomal segments are found in approximately 50% of MDS
patients in conventional cytogenetics and represent major determi-
nants of the prognosis of MDS [3-5], indicating that these changes
could be closely related to the pathogenesis of MDS. Unfortunately,
however, most of the common changes typically involve large
chromosomal segments, and with the lack of specific positional
markers that pinpointed the critical genetic loci, the gene targets of
these chromosomal lesions have not been determined until recently.
This shows a stark contrast to de novo AML, where the breakpoints

of disease type-specific translocations provided reliable positional .

markers to identify the major gene fusions that are relevant to mo-
lecular classification and characterization of AML [6,7]. The break-
through for this situation has been brought about over the past dec-
ade, during which there have been dramatic improvements in ge-
nome technologies that allowed high-throughput/ resolution analy-
sis of genomes [8], particularly with the development of single
nucleotide polymorphism (SNP) array-based technology for copy
number analysis.The SNP array-based copy number detection tech-
nologies enabled detection of copy-number (CN) alterations as well
as allelic imbalances or loss of heterozygosity (LOH) in cancer
genomes [9-13] and successfully applied to the analysis of MDS
genomes, leading to the identification of a number of novel gene
targets, frequently mutated in MDS as well as other myeloid can-
cers [14-18].Interestingly, many of the newly identified mutational
targets are those involved in epigenetic regulation, such as DNA
methylation and chromatin modifications, which is in accordance
with the clinical observation that demethylating agents (azacitidine
and decitabine) have been demonstrated to be effective in the
treatment of high-risk MDS patients [19-21]. Thus, the frequent
mutations of epigenesis-regulating genes support the possibility that
the epigenetic alterations in MDS could be at least partly explained
by the primary genetic alterations.

CYTOGENETICS IN MDS

Conventional cytogenetics provides an invaluable clue to the
management of MDS, since the types and numbers of chromosomal
lesions have been tightly linked to the prognosis of MDS cases.
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Cytogenetic findings are among the key parameters for the predic-
tion of prognosis in the International Prognostic Scoring System
(IPSS), and also adopted for the World Health Organization (WHO)
classification-based Prognostic Scoring System (WPSS) [22]. Hasse
et al. and other researchers also demonstrated that rare but recurrent
cytogenetic alterations and specific karyotypic combinations could-
be used as beneficial markers for determining the prognosis of
MDS [4, 23-25]. On the other hand, a potential caveat in conven-
tional cytogenetics is that it absolutely depends on viable cells to
obtain metaphases for analysis. Conventional cytogenetics fails to
detect any abnormalities in approximately half of the patients with
MDS. In fact, using interphase fluorescent in situ hybridization
(FISH) analysis with 4 FISH probes, Rigolin ef al. reported occult
cytogenetic alterations in 17.8% of MDS patients with normal
karyotype, including deletions of 5q31, 731 and 17p13, as well as
trisomy8 [26]. Although providing a sensitive method for detecting
submicroscopic alterations of known targets that are present in a
small fraction of tumor samples without depending on cell divi-
sions, interphase FISH analysis cannot be applied to genome-wide
detection of genetic lesions.

ARRAY COMPARATIVE GENOMIC HYBRIDIZATION

Array-based comparative genomic hybridization (aCGH) en-
ables comprehensive genome-wide analysis of genetic aberrations
in cancers [8], in which differentially labeled DNAs from both tu-
mor and normal reference samples are comparatively hybridized to
a large number of probes on microarray. The ratio of the signal
intensity of the test to that of the reference DNA is then calculated
for the measurements of genomic copy numbers. The density of
probes on microarray has been increased up to 4.2 million (Nim-
bleGen), allowing for detection of smaller, more focal amplifica-
tions and deletions [27,28]. In the previous studies of MDS, a num-
ber of small, cryptic chromosomal abnormalities were identified
using a CGH that could otherwise escape conventional cytogenetic
analysis [29-32].

SNP ARRAY ANALYSIS

High density SNP arrays were originally developed for large-
scale genotyping that is required for genome-wide association stud-
ies (GWAS) [33, 34]. However, the quantitative nature of the
preparative whole-genome amplification and array hybridization
thereafter allows for accurate estimation of genomic copy numbers
at high resolution [35-37]. Furthermore, SNP array analysis also
enables genome-wide LOH detection using genotyping data. With
these desirable features, SNP arrays are now widely used for ge-
nome-wide copy number and LOH analyses in cancer research and
the diagnosis of rare congenital disorders [10, 12-14,38,39]. Cur-
rently, two SNP array platforms are commercially available, Af-
fymetrixGeneChip SNP Genotyping array [33] and Illumina beads
array [40]. A number of software are developed for the analysis of

© 2012 Bentham Science Publishers
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genomic copy numbers [35, 37, 41, 42], among which CNAG/
AsSCNAR software [36, 43], is one of the most widely used for this
purpose. CNAG/AsCNAR is implements with a series of data com-
pensation algorithms to accurately estimate copy numbers. In addi-
tion, by detecting subtle distortions in allele-specific signals caused
by allelic imbalance, CNAG/AsCNAR enables sensitive detection
of LOH with accurate determination of allele-specific copy num-
bers even in the face of up to 80% normal cell contamination [43].

Using AffymetrixGeneChip50k or 250k array, we analyzed a
total of 222 MDS and myelodysplastic/myeloproliferative neo-
plasms (MDS/MPN) specimens, 87 of the 137 MDS cases (63.5%)
had one or more regions showing allelic imbalances [14] Fig. (1). In
accordance with previous cytogenetic studies, MDS genomes
showed high frequencies of unbalanced genetic changes, including
-5/5q—, =7/1q—, +8, 9p+, 12p—, 17p—, 18q+, 19p+, 19g+, 20q—, and
21qg+, which were detected with higher sensitivity using SNP ar-
rays. For example, hidden copy number alterations were success-
fully detected by SNP array-based copy number analysis in 14 out
of 55 cases of normal karyotype MDS in our series [14]. However,
the major advantage of SNP array analysis is the ability to detect
genome-wide copy-number neutral (CNN)-LOH, which is unde-
tectable by conventional cytogenetics, FISH or array CGH.

CNN-LOH IN MDS

CNN-LOH or uniparental disomy (UPD) is a common genetic
alteration in cancer genome, majority of LOH in cancer being due
to CNN-LOH rather than simple allelic deletion. Although CNN-
LOH has been considered to be a common mechanism of inactiva-
tion of tumor suppressor genes, the discovery of a gain-of-function
mutation of JAK2 kinase associated with 9pUPD in myeloprolifera-
tive neoplasms (MPN)lead to a concept that CNN-LOH could also
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provide the genetic mechanism for clonal selection of a gain-of-
function mutation [44]. CNN-LOH has been documented in 10-
25% of MDS cases [14, 45, 46], 10-20% of de novo AML [47-52],
and over 35%of chronic myelomonocytic leukemia (CMML) cases
[14,45].

Similar to other allelic imbalances, CNN-LOH was not ran-
domly distributed throughout the MDS genomes, but tended to
involve particular chromosomal arms in a relatively mutually ex-
clusive manner, including 1p, 1q, 4q, 7q, 11p, 11q, 14q, 17p, and
21q Fig. (1). Among these, 7q, 17p, and 21q are also affected by
deletions, while LOH in other arms were largely caused by UPD. In
contrast, 5q and 20q are frequent targets of deletion in MDS cases,
but rarely show CNN-LOH. CNN-LOH in 11p, 13q, 17p and 21q
were also seen in de novo AML cases, whereasl 1q CNN-LOH was
typically found in cases with MDS/MPN.A significant finding
about these recurrent CNN-LOH is that they are frequently associ-
ated with homozygous mutations of known gene targets of myeloid
neoplasms, including c—-MPL or N-RAS in 1pCNN-LOH [14, 53],
JAK?2 in 9pCNN-LOH [43, 44], FLT3 in 13gCNN-LOH [54], TP53
in 17pCNN-LOH [14], and RUNX! in 21qgCNN-LOH [14, 54] (Ta-
ble 1). CNN-LOH could result in the duplication of mutated onco-
genes after the loss of the normal allele or by inducing deletion of
tumor suppressor genes.

MUTATED GENE TARGETS IN MDS (FIG. 2)
1) TET2

The long arm of chromosome 4 has not been reported as a
common target of chromosomal abnormalities in myeloid malig-
nancies in conventional cytogenetics [4], but recently turned out to

be a recurrent target of CNN-LOH in MDS and CMML in SNP
array analysis. Delhommeau et al. and Langeimer et al. identified

CMML (85)

Fig. (1). The genome profile of 222 cases of MDS and related myeloid neoplasms detected by SNP array analysis.

The genetic alterations, including CN gains, losses and CNN-LOH, are color-coded, light gray, gray, and dark gray, respectively. These lesions are plotted
vertically in chromosomal order for each sample. Vertical positions of each lesion are proportional to the genetic length and thus the size of the color-coded
corresponds to the length of alterations. CNN-LOH, in particular chromosomal arms tends to be found in mutually exclusive cases, enabling clustering based
on the site of CNN-LOH, except for 17pLOH, which was frequently accompanied by loss of 5q, loss of chromosome 7 or 7q, and loss of 12p.Common genetic

alterations and their target genes are indicated.
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loss of function mutations of TET2 as the target of 4qLOH[15,16],
and also mutated frequently in other cases without having 4qLOH.
In fact, TET2is now shown to represent one of the most frequently
mutated genes in MDS (~20%) as well as other myeloid neoplasms
[55], including MPN with or without JAK2-V617F mutations
(~10%), CMML (30-50%), and part of AML(13%) [15, 16, 56, 57].
TET2 mutations frequently occur during progression of MPN or
MDS to secondary AML. The impact of TET2 mutations on clinical
outcomes is still controversial. Some reports demonstrated signifi-
cantly shorter overall survival in patients with TET2 mutations [56-
58], while others reported favorable or no prognostic impact of
TET2 mutations [16, 55, 59].

TET family proteins (Tetl, Tet2, and Tet3) catalyze the conver-
sion of 5-methyl-cytosine to 5-hydroxymethyl-cytosine (5hmC)
[60, 61]. In ES cells, TET1 plays a functional role in maintaining
the pluripotent state [61-63]. A recent study demonstrated that 5-
hmC generated by TET activity is an intermediate during the proc-
ess of DNA demethylation [64]. In addition, TET1 directly interacts
with Sin3A, a co-repressor protein essential for inhibiting the tran-
scription of a subset of genes [65]. Ter2 deficiency in mice lead to
the progressive enlargement of the hematopoietic stem and progeni-
tor compartment, and also results in abnormalities in mature mye-
loid and lymphoid cells, and leading to fatal hematopoietic malig-
nancies[66]. Quivoron et al. also found that TET2 mutations were
not only seen in myeloid neoplasms but also in various types of B-
and T-cell lymphoid tumors in humans.

2) IDH1/IDH2

Mutations of isocitrate dehydrogenase (IDH) 1 and IDH2 are
initially identified through comprehensive mutation studies in
glioblastoma as well as de novo AML in high frequencies [67, 68],
and also reported in other myeloid malignancies including secon-
dary AML, MDS and MPN [69-73]. IDH1 and IDH2 are compo-
nents of TCA enzymes that catalyze isocitrate to a-ketoglutarate
conversion in cytoplasm and mitochondria, respectively. Mutations
of IDH1 and IDH2 exclusively involved in amino acid positions of
R132 in IDHI1 and R140 and R172in IDH2, respectively, indicating
they represent gain-of-function, rather than loss of function muta-
tions. In fact, these mutations were shown to cause dramatic altera-
tion of substrate specificity. As a result, the mutated enzymes show
severely compromised activity of the intrinsic isocitrate to a-
ketoglutarate conversion, but in tumn acquire a de novo activity to
catalyze o-ketoglutarate to 2 hydroxyglutarate (2HG) conversion.
The 2HG represents the first example of oncogenic metabolite in
human cancers. Intriguingly, 2HG competitively inhibits TET2
function, which absolutely depends on o-ketoglutarate as a sub-
strate [74]. In fact, the /[DH1/2 mutations were always heterozygous
and tend to occur in a mutually exclusive manner with TE72 muta-
tions.

3) C-CBL

11qUPD is one of the most common targets of UPD found in
myelodysplasia, particularly in CMML with normal karyotypes. We
and other groups identified C-CBL mutations as the critical gene
affected by 11qCNN-LOH [14, 45,75, 76]. C-CBL is the cellular
homolog of the v-Cb! transforming gene of Cas NS-1 murine leu-
kemia virus, and is thought to negatively regulate tyrosine kinase
signaling, mainly through the down-regulation of activated tyrosine
kinases by E3 ubiquitin ligase activity [77].C-CBL mutations are
frequently seen in MDS/MPN cases with a tight association with
11g-CNN-LOH. C-CBL mutations and other R4S pathway muta-
tions (NRAS, KRAS, PTPN11l,and NF)occur in a mutually exclu-
sive manner in CMML and juvenile myelomonocytic leukemia
(IMML) [76, 78, 79].Interestingly in this regard, similar to other
mutations of RAS pathway genes, heterozygous germ-line C-CBL
mutations may predispose the development of JMML with a
Noonan Syndrome-like phenotype [80, 81]. Most C-CBL mutations
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in myeloid malignancies are found in the linker and RING finger
domains, which are central to the E3 ubiquitin ligase activity[82].C-
CBL mutants show compromised E3 ubiquitin ligase activity, and
also inhibit wild type C-CBL and CBLB, leading to prolonged acti-
vation of tyrosine kinases following cytokine stimulation [14, 83,
841, leading to hypersensitivity to a wide spectrum of cytokines that
underlies the pathogenesis of the myeloproliferative phenotype
commonly found in CMML and JMML [82, 84].

4) EZH2

Loss of chromosomes 7 and 7q are one of the most frequent
genetic alterations in MDS and known as a reliable predictor of
adverse prognosis. Approximately 10% of the patients with MDS
carry an abnormality of chromosome 7, either alone or as part of a
complex karyotype. This frequency is higher in therapy-related
MDS associated with a prior history of treatment with alkylating
agents. SNP array analysis has revealed that not only copy number
loss but also CNN-LOH is the cause of 7qLOH in MDS and related
myeloid neoplasms. Recently, Ernst et al. and Nikoloski ef al. have
shown that EZH2is mutated in some cases with7q-LOH [17,18],
indicating that EZH2is one of the gene targets in 7qLOH. EZH?2
encodes a histone methyltransferase that is the catalytic component
of the polycomb repressive complex-2 (PRC2), a highly conserved
histone H3 at lysine-27 methyl transferase, which functions to initi-
ate epigenetic silencing of genes involved in cell fate decisions
[85]. Loss of PRC2 function increases hematopoietic stem cell ac-
tivity and expansion, which may explain how loss of function muta-
tions of EZH2 leads myeloid neoplasms [86]. On the other hand, at
least three common deleted regions (CDRs) on 7q (7q22, 7¢32-33,
and 7q35-36) have been identified in myeloid malignanicies [87-
89], and therefore, EZH2(7q36)does not seem to be the sole target
for the deletions of chromosome 7q.

5) Ribosomal Protein

Deletion of chromosome 5q is also a common cytogenetic al-
teration in MDS, and isolated 5q- is associated with a favorable
prognosis and a favorable response to lenalidomide [90, 91]. Many

“studies attempted to narrow the region of recurrent somatic deletion

to identify the critical gene in this region, but no somatic mutations
have been identified among genes located within the CDR of 5q
[92, 93]. SNP array analysis did not contribute to narrow the
5gCDR, which is rarely affected by CNN-LOH in MDS. It has been
suggested that haplo-insufficiency in one or more genes may ex-
plain 5g- pathogenesis, instead of bi-allelic inactivation of a tumor
suppressor gene. Ebert ef al. performed an RNA interference screen
against all 40 genes located within the 5qCDR and implicated
haplo-insufficiency of the RPS14 gene as a major contributor to the
hematologic manifestations of 5q-[94]. Barlow er al. generated
deletions of portions of syntenic lesion(containingRPS74) with the
human 5q region in mouse, haplo-insufficiency of this loci caused
macrocytic anemia, increased apoptosis and the morphologic ab-
normalities found in the erythroid compartment [95].Loss-of-
function mutations involving other ribosomal components (e.g.,
RPS19 and RPS24) have also been implicated in rare congenital
bone marrow failure syndromes, Diamond-Blackfan anemia [96,
97]. Nevertheless, haploinsufficiency of RPS14does not seem to
explain several other features of the 5g-syndrome, which also
shows thrombocytosis associated with megakaryocytic dysplasia,
neutropenia, and clonal dominance [98, 99]. Interestingly, a recent
study has demonstrated that haplo-insufficiency of two micro
RNAs within CDR, miR-145 and miR-146, could also contribute to
the pathogenesis of 5q- syndrome, supporting a model of haploin-
sufficiency of multiple gene targets in this syndrome [100].

CLINICAL APPLICATION

Given that cytogenetic information provides a valuable clue to
the management of MDS as prognostic makers, a more accurate
prognosis could be established based on SNP array or other CGH
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Table 1. Recurrent Gene Mutations in Myeloid Malignancies
Mutated Gene |Diseases frequency in MDS | frequency in de novo AML |Associated chromosomal alterations |pathway
TET2 MDS, CMML, MPN 20.0% 13.2% 4qUPD epigenetic modification
EZH2 MDS, CMML 6.0% rare 7qUPD epigenetic modification
ASXL1 AML,MDS,CMML 10-15% 10.8% epigenetic modification
DNMT3A AML,MDS 8.0% 22.1% epigenetic modification
IDH1 AML,MDS rare-5.2% 6.6-8.5% normal cytogenetics epigenetic modification
IDH2 AML,MDS,CMML 4.2% 11-15.4% epigenetic modification
TP53 AML, MDS 5-10% <10% 17ploss/UPD, complex karyotype cell cycle, apoptosis
Nras MDS, AML, MDS/MPN 3.6-6.3% 10-15% 1pUPD signal transduction
Kras MDS, AML rare 5.0% signal transduction
cMPL MPN, RARSt rare-5% rare 1pUPD signal transduction
JAK2 MPN, RARSt rare-50% rare 9pUPD signal transduction
c-CBL CMML, JMML rare rare 11qUPD signal transduction
FLT3 AML rare 28-33%(ITD), 5-10% 13qUPD signal transduction
NF1 JMML rare rare 17qUPD signal transduction
PTPN11 JMML rare rare signal transduction
c-KIT AML rare 6-10% signal transduction
RUNX1 AML, MDS 15-20% 8.6% 21gloss/UPD transcriptional factor
wT1 AML rare 10.0% 11pUPD transcriptional factor
CEBPA AML rare 4-9% 19pUPD transcriptional factor
U2AF35 MDS 11.6% rare RNA splicing
SRSF2 MDS, CMML 11.6% rare RNA splicing
SF3B1 RARS, MDS 6.5-75.3% rare RNA splicing
ZRSR2 MDS 7.7% rare RNA splicing
NPM1 AML rare 25-35% normal cytogenetics other

rare, mutations present in <3% of patients

MDS, myelodysplastic syndrome; RARS, refractory anemia with ringed sideroblats; RARSt,RARS and thrombocytosis
MPN, myeloproliferative neoplasm; AML, acute myeloid leukemia; CMML, chronic myelomonocytic leukemia; JMML, juvenile myelomonocytic leukemia

1 cMPL, JAKZ,
| FLT3, ¢KIT

Fig. (2). Molecular pathways of genes affected in MDS.

Epigenetic
modification

TET2,EZH2, DNMT3A,
AXSL1,IDH1/2

Mutations of multiple pathways have been indicated in the pathogenesis of MDS. The mutated components areindicated by arrows.

based genomic analysis of MDS. Array-based genome-wide copy
number analysis can provide much information on genetic altera-
tions, especially on CNN-LOH, although array-based analysis can-
not detect the balanced translocations that are relevant to the man-
agement of a large number of hematopoietic malignancies.

Some studies showed that the presence of newly detected al-
terations by microarray were useful as novel predictors of prognosis
[101]. Heinrichs ef al. and Godek et al. showed that 7q-CNN-LOH
is a possible marker for poor prognosis [45, 46], although the evi-

dence for the value of each alteration identified with SNP array or
aCGH has so far been still incomplete. Clearly, further studies are
required to establish the clinical values of array-based karyotyping
technologies in MDS. Recently, Bejar ef al. examined whether the
mutation profile of known target genes was associated with the
clinical phenotype, and found that mutations in TP53, EZH2, ETV6,
RUNXI and ASXLI are independent predictors of poor prognosis
[55]. However, most reported mutations occur infrequently in MDS
cases and are also found in the case of AML and other myeloid
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neoplasms (Table 1, Fig. (2)). These mutations may explain the
limited aspect of pathogenesis of MDS.

CONCLUSION AND RECENT PROGRESS

One of the best targets of SNP-array based genome-wide allele-
karyotyping would be MDS and related disorders in which CNN-
LOH and unbalanced genetic changes are predominant. Using SNP
array, several novel gene mutations, C-CBL, TET2, and EZH2, have
been identified in MDS and related myeloid neoplasms. However,
as many as 20-30% of primary MDS cases do not show any genetic
changes even with SNP array karyotyping or mutation analysis of
previously known targets. More problematic is that no gene muta-
tions are specific to MDS but also found in other myeloid cancers,
indicating that we still have incomplete knowledge about the mo-
lecular pathogenesis of MDS. In this regard, the development of
high-throughput parallel sequencing technologies has provided an
opportunity to characterize genetic changes across the genome-wide
sequences at single nucleotide level [102], and is expected to be
successfully applied to the genetic analysis of MDS to reveal more
aspects of their pathogenesis in near future. In fact, our recent study
using whole exome sequencing has revealed high frequencies
(45~85% depending on subtypes of MDS) of pathway mutations
involving multiple components of the splicing machinery that are
highly specific to myeloid neoplasms showing features of myelo-
dysplasia [103], although more studies are required to elucidate
their roles in the pathogenesis of MDS.
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ABSTRACT

Recent advances in high-throughput sequencing
technologies have enabled a comprehensive dis-
section of the cancer genome clarifying a large
number of somatic mutations in a wide variety of
cancer types. A number of methods have been
proposed for mutation calling based on a large
amount of sequencing data, which is accomplished
in most cases by statistically evaluating the differ-
ence in the observed allele frequencies of possible
single nucleotide variants between tumours and
paired normal samples. However, an accurate de-
tection of mutations remains a challenge under
low sequencing depths or tumour contents. To
overcome this problem, we propose a novel
method, Empirical Bayesian mutation Calling
(https://github.com/friend1ws/EBCall), for detecting
somatic mutations. Unlike previous methods, the
proposed method discriminates somatic mutations
from sequencing errors based on an empirical
Bayesian framework, where the model parameters
are estimated using sequencing data from multiple
non-paired normal samples. Using 13 whole-exome
sequencing data with 87.5-206.3 mean sequencing
depths, we demonstrate that our method not only
outperforms several existing methods in the calling
of mutations with moderate allele frequencies but
also enables accurate calling of mutations with

low allele frequencies (<10%) harboured within a
minor tumour subpopulation, thus allowing for the
deciphering of fine substructures within a tumour
specimen.

INTRODUCTION

Cancer is caused by genetic alterations in which acquired
or somatic gene mutations, together with germline factors,
play definitive roles in cancer development. As such, com-
prehensive knowledge regarding somatic mutations in the
cancer genome is indispensable for the ultimate under-
standing of cancer pathogenesis. In this regard, the
recent advances in massively parallel sequencing
technologies have provided an unprecedented opportunity
to decipher a full registry of somatic events in the cancer
genome at a single nucleotide resolution (1). However,
accurate detection of somatic mutations from high-
throughput sequencing data may not always be a straight-
forward task because ambiguities in short read alignment
and sequencing errors are inevitably introduced during
sample preparation and signal processing, making it
difficult to discriminate true somatic mutations from
sequencing errors, especially for those mutations with
low sequencing depths or allele frequencies. The detection
of low allele frequency mutations is not only required for
specimens with low tumour contents but is also important
for capturing minor tumour subclones to understand the
heterogeneity of cancer (2-5) and the underlying causes of
tumour recurrence and therapeutic resistance.
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For calling somatic mutations, each candidate has to be
discriminated from germline variants and artifacts appear-
ing from sequencing errors. Although germline variants
can be effectively detected by relying on the base calls in
paired normal samples, the elimination of sequencing
errors may be a more complex task because of uncertain
allele frequencies and tumour contents. Most existing
approaches have adopted variants whose allele frequencies
in tumour samples are significantly higher than those in
normal samples, excluding variants whose allele
frequencies are high enough to indicate that they are
putative germline variants. Sequencing errors can be
eliminated to some extent by testing the differences in
allele frequencies, as they are expected to occur with
equal probability between tumour and normal samples.
To measure the significance of the difference in allele
frequencies, SomaticSniper (6) and jointSNVmix (7)
estimate the Bayesian posterior probability that tumour
and normal samples have different genotypes, whereas
our previous approach (8) and VarScan 2 (9) both rely
on the P-values from Fisher’s exact test.

Although a direct comparison between tumour and
normal samples has achieved a measure of success, a
more efficient approach to discriminate between seq-
uencing errors and genuine somatic mutations is possible
when prior information on sequencing errors is given. In
fact, the susceptibility to sequencing errors in each
genomic position is not uniform, but there are many
common sequencing error-prone sites across different ex-
periments, as shown by several previous studies (10-12) as
well as our current study. This implies that, by inferring
the susceptibility to sequencing errors at each genomic
site, we can achieve greater sensitivity in the detection of
somatic mutations at sites with no sequencing errors while
efficiently filtering false positives at sequencing error-
prone sites (Figure 1).

In this article, we propose a novel statistical approach
for the detection of somatic mutations, which explicitly
takes into account prior information of sequencing
errors. By introducing a Bayesian statistical model, we
propose a framework for empirically estimating the
distribution of sequencing errors by using a set of
non-paired normal samples. Using this approach, we can
directly evaluate the discrepancy between the observed
allele frequencies and the expected scope of sequencing
errors. The proposed approach, which we call Empirical
Bayesian mutation Calling (EBCall), is superior to several
existing methods in calling somatic mutations with
moderate allele frequencies. In addition, we demonstrate
that EBCuall can effectively detect a series of somatic
mutations that have allele frequencies of <10% with a
high degree of accuracy, thereby identifying sub-
clonal structures of cancer cells that cannot otherwise be
found.

MATERIALS AND METHODS
Patient samples and sequencing procedures

After receiving informed consent, paired tumour-normal
samples were obtained from 20 patients with clear cell

PAGE20F 10

renal cell carcinoma (ccRCC) by sampling their specimens
during surgical operations. Of the samples obtained, 13
paired tumour-normal samples were used for a perform-
ance evaluation of the mutation detection, and all 20 of
the normal samples were used for estimating the
sequencing errors as non-paired normal reference
samples. In addition, to compare the choice of normal
reference samples, 20 normal samples collected from
patients with paediatric acute myeloid leukemia
(ped-AML) were also used; the informed consent for
these sample collections were obtained from the patients’
parents. This study was approved by the ethics committees
of the University of Tokyo and Gunma Children’s
Medical Center.

Genomic DNA and total RNA were extracted {from the
samples using QIAamp DNA Investigator kit (Qiagen)
and the RNAeasy Total RNA kit (Qiagen) with DNase
treatment, respectively, according to the manufacturers’
protocols. For whole-exome sequencing, SureSelect-
enriched exon fragments were subjected to sequencing
using HiSeq 2000, as previously described (8). The
ccRCC samples were sequenced from October 2011 to
February 2012, whereas the ped-AML samples were
sequenced from April 2012 to June 2012. For 10 ccRCC
samples, whole-genome sequencing and RNA sequencing
were performed using HiSeq 2000, according to standard
protocols recommended by Ilumina. The mean
sequencing depth for each sample was 65.9-223.0
(Supplementary Table S1 and S2).

Outline of the mutation calling method

The outline of EBCall is shown in Figure 2. The key
concept in EBCall is that sequencing data of multiple
non-paired normal samples are used to estimate possible
sequencing errors at each genomic site. For this purpose,
we modelled the sequencing errors that follow a Beta-
binomial distribution, the parameters of which were
estimated using the sequencing data from multiple
non-paired normal samples (Figure 3). The allele
frequencies of the observed variants in the tumour DNA
were then compared with the inferred sequencing error
distribution at the corresponding genomic positions to
exclude sequencing errors. Germline Single Nucleotide
Polymorphism (SNPs) were eliminated using sequencing
data from the paired normal DNA.

Alignment of sequencing data

The sequencing reads were aligned to NCBI Human
Reference Genome Build 37 using Burrows-Wheeler
Aligner, version 0.5.8 (13) with the default parameter
settings. Polymerase chain reaction (PCR) duplications
were eliminated using Picard (http://picard.sourceforge.
net/). Low-quality reads showing >5 mismatches with
the reference genome or those whose mapping quality
was <30 were excluded from further analysis as we did
in (8).

For RNA sequencing data, a two-step alignment
strategy adopted in Gernomon-fusion (under submission)
was used, in which all sequence reads were first aligned
to the known transcript sequences (UCSC known genes)
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Figure 1. Examples of mismatch ratios of other normal samples for mutation candidates with moderate P-values. In both cases, although the
mismatch ratios of the target tumour sample were relatively high, the numbers of corresponding supporting variant reads were small. For the
candidate on the left, the frequencies of non-reference alleles for other normal samples were consistently zero. Therefore, this supports the prediction
that the observed variant reads in the target tumour sample came from a true somatic mutation and not from sequencing errors. On the other hand,
for the candidate on the right, we often observed high frequencies of non-reference alleles for several different normal samples. Therefore, the
observed variant reads in the target tumour sample likely came from sequencing errors, and it was just by chance that there was no variant read in

the target normal sample.
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S

S
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\

observed mismatch ratio
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sequencing error distribution (cannot be explained by sequencing errors)

true somatic mutation!

Figure 2. An illustrative description of the proposed method. For each genomic site, the distribution of sequencing errors is estimated using
non-paired normal samples from patients other than the target. The mismatch ratio of the target tumour sample is then compared with
the distribution. If the mismatch ratio deviates significantly from the distribution, the corresponding variant is then extracted as a somatic
mutation candidate. The target normal sample is used for filtering germline mutations.

using bowtie (14), and the non-aligned reads were then
aligned to the genome sequences using blat (15). For the
whole-genome sequencing data, all reads were aligned
using blat.

Definition of variables

Let Q) be an entire set of possible nucleotide variations
consisting of combinations of genomic positions and

types of nucleotide changes (e.g. chrl:5, C > A or
chr20:10000, A > AAG). Because sequencing errors are
often biased to one strand (6,9,16), the number of total
(d) and variant reads (x) for a given variant, v€ (), were
enumerated for each strand separately to distinguish
between short reads aligned with the positive (X, -+,
dg,v+) and negative (x,,-, d,,-) strands, respectively,
where « denotes the type of sample, which is either
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sequencing error rates

sample 1 (parameter for binomial distribution)
) P1
Beta distribution
sample 2 :
=
sample N

< Pn

Figure 3. A Beta-binomial sequencing error model. First, the error
rate for each sample is generated from the Beta distribution. The
number of short reads with sequencing errors is then generated accord-
ing to the binomial distribution using the parameters of the above error
rate for each sample. The parameters of the Beta distribution,
which determine the shape of the distribution, are given for each
possible variant.

tumour (7), paired normal (V) or non-paired normal
reference sample (R;,i=1,2, ---,I).

Evaluation of sequencing errors using a
Beta-binomial model

The number of sequencing errors at a given position in
multiple samples is assumed to follow a binomial distribu-
tion characterized by a pre-determined parameter,
P. Here, we take a Bayesian approach in which the
sequencing error rate is a random variable following
the Beta distribution, a conjugate prior distribution of
the binomial distribution (Figure 3). We adopted a
Bayesian approach for the following two reasons. First,
although we have discussed that the proneness of
sequencing errors is common across multiple experiments
to some extent, subtle differences in various factors such
as reagents and DNA status can influence the sequencing
error rates. Hence, it is inappropriate to assume a homo-
geneous value for the sequencing error parameters for all
experiments. Second, as biological experiments tend to
generate a number of outliers, considerably robust infer-
ence should be performed. Bayesian modelling, which
usually covers a broader range than simple exponential
family distributions, serves this purpose.

Given an observed v € Q, caused by a sequencing error,
the numbers of variant reads, (xg, v, +), in both strands in a
normal sample, R,, are binomially distributed as

X, v+ ~ BIn(dgp, v+, PR v, x), (i=1,---,D),

where the sequencing error rate (pg,.,+) follows a Beta
distribution:

Dri,v,+ ~ Beta(ay, +, By, +)-

PAaGE4 0oF 10

Under these assumptions, a predictive distribution of
the number of variant reads, called a Beta-binomial
distribution, can be described by the following formula:

Pr(xg, v, =1dr, v, 4, 0, x, By +) =
1_‘I(dR,», v, :i:+l)

D(xR,, v, + T DR, v, £TXR, v, +11) )

F(xR,-, v, :l:+av, :}:)F(dR;, v, — XR;, v, :l:+ﬂv, i) F(av,ﬂ:+ﬂv, i)
F(dR;, v, :i:+av, :i:+,3u, :l:) F(av, :t)r(ﬁv, :l:)

where T' is the Gamma function. Each Beta distribution is
regarded as a prior distribution, and its parameters, o, .
and B, ., are estimated from the observed data of
non-paired normal reference samples using a maximum
likelihood method, in which the parameter space was re-
stricted to «,, +=0.1 to avoid over-fitting:

(av,:!:a ﬂv, :i:) = arg maXain = 0.1

D log Pr(x,uldr, v, 0,2, By +)
i=1, 1

EBCall pipeline

In EBCull pipeline, somatic mutations were detected using
three major steps: the exclusion of less informative
variants (step 1) and possible germline variants (step 2),
and the sequencing of errors (step 3).

(1) To reduce the computational burden, only variants
satisfying all the following conditions are tested in
the following steps:

(a) The total numbers of reads at the relevant
position in each strand should be >7 in both
the tumour and paired reference:

dT,v = dT,v,++dT, v, - 7;
dN,v = dN,v,++dN,u,— > 7,

(b) The mismatch ratio in the tumour sample
should be >0.1:

xT,v/dT,v > 01, XT,v = xT,v,++-xT,v,——;

(c) The variant should be supported by >3 reads:

X7, > 3.

(i) The following are excluded as putative germline
polymorphisms/variants:
(a) Those with a mismatch ratio of >0.02 in the
paired normal sample:

xN,v/dN,v > 0.02, XN, v = XN,v,+FXN, v,

(b) Those for which the number of observed
variant reads, xu,, is within the 99% confiden-
tial interval of the expected read number, under
the assumption of a binominal distribution of
Bin(dy ,, 0.5) for dichotomous germline poly-
morphisms; and
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(¢) Those registered in either dbSNP131, the 1000

genomes project, or our internal SNP database.

(i) For each of the remaining variants, the cumulative

probabilities for the observed x7r,+ and xr, -

under the null hypothesis, Hq: the variant is from
sequencing errors, are provided by

Pe) =) . Pr(xldr, @y x, o).

The combined P-value, P (v), corresponding to two
independent strands, P (v) and P_ (v), is obtained accord-
ing to Fisher’s method:

P(v) = Pr(x} > P+(v)+P_(v)),

where x3 is a random variable distributed from the
chi-square distribution with four degrees of freedom. Hg
is then tested with a type I error, (=0.001 by default), for
mutation calling. For base substitution mutations, we only
used reads with a base quality of >15 at the corresponding
positions for counting sequencing depths and variant
reads. Each threshold value used above can be changed
according to the purpose.

Evaluation of sequencing error susceptibility among
multiple samples

To examine how many error-prone sites exist and how
much they correlate among different experiments, we
evaluated the sequencing error proneness by using
normal samples of 20 ccRCC and 20 ped-AML patients.
For an accurate evaluation of sequencing errors, we
included only variants whose sequencing depths of
positive and negative strands are >20 for all samples.
Furthermore, we removed putative germline variants sat-
isfying the following conditions at least for one sample:

(i) Sequencing depths are >20;
(ii) The non-reference allele frequency is >0.2; and
(iii) At least one variant read is observed in both
positive and negative strands.

Furthermore, for base substitutions, we only used reads
with a base quality of >15 at the corresponding positions
for counting sequencing depths and variant reads, as
variants with low quality bases are often filtered in
actual mutation callings.

Comparison with other mutation calling methods

We evaluated the performance of EBCall for calling
somatic mutations with moderate allele frequencies
(>0.1) through a comparison with other publically avail-
able methods, along with our own previous approach
(designated as Genomon-Fisher) (8), which is obtained by
replacing step 3 in EBCall with Fisher’s exact test for
measuring the difference in the allele frequencies of the
variants between the tumour and paired normal samples.
The default setting was applied for running both
Genomon-Fisher and VarScan. For SomaticSniper, the -
q 30 -Q 15 option was used. In all cases, low-quality
reads with >5 mismatches or a mapping quality of
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<30 were excluded in advance, as mentioned earlier in
the text for EBCall. Furthermore, the same filtering pro-
cedures as the step 1 and 2 in EBCall were applied to all
the method to equalize the conditions of sequencing
depths and allele frequencies. For the comparison,
somatic mutations were detected for whole-exome
sequencing data from 10 clear cell carcinoma samples,
for which a set of true positive mutations, ®, was
defined using whole genome/RNA sequencing data as
follows:
d={ve Q[dNG’v > S,XNG’v/dNG’v

= 0-037’11\’6,1/ = l}n{{v € anTG,V > 4; X719, v/dTG,vy
> 0.08) Uy € Qxyey > 4, x7x o /dys., > 0.08})

where N and 7°T® denote whole genome/RNA
sequencing data from normal and tumour samples,
respectively. Herein, we did not count mutation candidates
that do not satisfy dye , > 8 for either true or false positives,
as they may be germline mutations. Mutations in
non-coding regions excluding splice-sites were removed,
where the gene annotations were performed using
ANNOVAR (17). In addition, as SomaticSniper does not
call InDels, we mainly concentrated substitutions for this
comparison.

Validation of somatic mutations with low allele
frequencies (<0.1)

We evaluated the performance of EBCall for calling somatic
mutations with low allele frequencies (<0.1) by changing the
threshold value for the mismatch ratio in the tumour sample
to x7,,/dr,, > 0.02. For somatic mutations with low allele
frequencies to be accurately called, we further imposed that
a somatic mutation satisfy — log;o(p7*"") > 0.8, where pFisher
is the P-value in Fisher’s exact test. Furthermore, we
stipulated that the number of read pairs with the variant is
greater than 3 so as to avoid double counting of a variant
located in both the two reads of single read pair with a small
insert size. Herein, we included all the mutations including
those in the non-coding regions to increase the number of
mutations from various clonal populations. All candidate
somatic mutations were validated by deep sequencings of the
PCR products of the relevant loci using HiSeq 2000, as
previously described (8). A candidate variant is thought to
be validated if and only if all the following conditions are
satisfied:

(i) The sequencing depth is >5000 for both positive
and negative strands;
(if) The mismatch ratio in the paired normal samples is
<0.5%; and
(iii) The mismatch ratio in the tumour sample is 5 times
larger than that of the normal sample.

To compare the performances of EBCall and
Genomon-Fisher, we also validated several candidates
that were not called from EBCall but were called
from Genomon-Fisher from the top in terms of the
P-values.
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Figure 4. Two bar plots showing the numbers of base substitutions and InDels, whose mean mismatch ratios are above the determined threshold
values. For instance, the numbers of base substitutions with mean mismatch ratios of more than 0.01, 0.02, and 0.05 are 4472, 2232, and 727,

respectively, while those of InDels are 717, 350, and 89, respectively.

RESULTS
Susceptibility to sequencing errors

The distribution of mean sequencing error rates is shown
in Figure 4. Although the error rates were calculated using
high-quality sequencing reads (with a mapping quality of
>30) and high-quality bases (with a base quality of >15) for
substitution errors, there were many sites with relatively
high sequencing error rates, indicating the existence of
many sequencing error-prone sites. The higher rate of
sequencing errors causes the more harm. When both the
tumour and normal samples have a 2% sequencing error
rate, the probability that the P-value of Fisher’s exact test is
below 0.05 is ~0.5% for the positions with a sequencing
depth of 80 for tumour and normal samples. On the other
hand, when the sequencing error rate is 5%, this probabil-
ity increases to ~2.2%. As there are 2582 sites with >2%
mean sequencing error rate, we will obtain at least 13 false
positives at the same threshold for data with a mean
sequencing depth of 80. Furthermore, a subtle difference
in the sequencing error rates between the tumour and
normal samples caused by inconsistencies in the experimen-
tal conditions will generate an even higher rate of false
positives under real situations. Although not a small pro-
portion of sequencing errors was strand specific, there were
still many variants prone to bi-directional sequencing
errors (Supplementary Figure S1).

We next examined the consistency of sequencing error
rates across different sets of samples (Figure 5). The
sequencing error rates were highly correlated between
the two sets of 10 ccRCC samples. The sequencing error
rates were less consistent between the sets of 10 ccRCC
samples and 10 ped-AML samples, indicating that it is
better to use normal samples collected under conditions
as similar as possible to predict sequencing errors. The
correlations for InDels were stronger compared with the
base substitutions, implying that the sequencing errors
found in InDels are more systematic.

Performance comparison with other algorithms for
moderate allele frequencies

To compare the performance of different mutation calling
algorithms, we first sorted the candidate mutations ac-
cording to the accompanying confidence score for each
method (the combined P-value for EBCuall, the P-value
of Fisher’s exact test for Genomon-Fisher and VarScan 2
and a somatic score for SomaticSniper) and checked the
relationships between the number of candidates and the
number of true positives (Figure 6). For mutations with
high confidence values, there was no clear difference
among the different calling methods used. However, for
low confidence values (i.e. after the 500th confident
mutation), EBCall showed higher true positive results
than the other methods, as indicated by the upward devi-
ation of the plot in Figure 6. The true positive rates
(TPR) of SomaticSniper decreased more rapidly than
those of other methods, whereas VarScan 2 and
Genomon-Fisher show comparable plots probably
reflecting the fact that both methods are based on
Fisher’s exact test. For InDels, EBCall showed at least
similar efficiency to VarScan 2 and Genomon-Fisher
(Supplementary Figure S2).

When using 20 ped-AML normal samples as non-paired
normal reference samples, the performance of EBCall
slightly worsened, which is reasonable considering the
lower correlation of sequencing errors between the
ccRCC samples and ped-AML samples. However, the
TPR was still higher than in the other existing approaches,
indicating that the proposed approach is robust to the
choice of normal reference samples to a certain extent.
To examine the required number of normal reference
samples, the performance of EBCall for different
numbers of normal reference samples was measured. As
shown in Supplementary Figure S3, it took 15~17 samples
for a performance saturation for both the ccRCC and
ped-AML reference samples.
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