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ABSTRACT

Background: Chronic lymphocytic leukemia (CLL) is the most common
form of leukemia in Western countries but is extremely rare in Asian
countries. Therefore, genetic profiles of CLL have not been reported in Asians.
Our studyaimedto characterize the genomic profileEKoreanpatients with

CLL andto identify ethnic differences in somatic mutations with prognostic
implications.

Methods: Seventyone patients with CLLwere enrolled (median age at
diagnosis 61 years, range -8B years). We performed targdt exome
sequencing for an 8ene panel using negeneration sequencing (n=48) on

an lllumina HiSeq 2500, and the sequencing reads were analyzed using a
bioinformatics pipeline. Candidate mutations were confirmed by Sanger
sequencing. We performed -lianding (n=60) ah fluorescene in situ
hybridization (FISH) forenumeration oEhromosome 12 anidr detection of
13914.317p13 and 11g22ieletions (n=51) in the 71 patients.

Results: G-banding and FISH identifiedberrant karyotypem 28.3% and
66.7% of patients, respectively. Targeted exome sequencing analysis revealed
71 substitutions and insertion/deletions. The average target region coverage
was 23%old. On average, 1.6 mutations per patient were observed among the
48 patientqrange, 86), and 36 of the 48 patien{g5%) carried at least one
mutation; the mean number of mutations per patient with at least one mutation
was 2.1 (range,-f). The most common recurrent mutatie®s% frequency)

was ATM (20.8%), followed by TP53 (18%), SF3B1 (10.4%), KLHL6

(8.3%), BCOR (6.25%), LAMB4 (6.25%), andNOTCH1(6.25%). TheTP53



and MYD88 mutations were associated with a poor prognoBis0(23,
P=0.005 conventional Cox regression modek0.05). TheTP53andSF3B1
mutations showed an incidence similar to that observed in Caucasians, while
the ATM, NOTCH1 LRO1B CHD2, POT1andTGM7 mutations were present

at a rate higher than that observed in Caucasians. NotablTtienutation
exhibited a Zold higher incidenc€20.8% vs. 9%) in Koreans compared with
CaucasiansThe LAMB4, SH2B3 RUNX1, SCRIB KIT, GATA2 CEBPA
TCF12 STAG2 ZRSR2 SF1 CSF1R SETBP1 CSF1R and SETBP1
mutations are novel and have not been reported in Caucasians.
Conclusions:The mutation profile of Koreapatients with CLLdiffered from

that of Caucasiapatients with CLL. but their cytogenetic aberration profiles
were similar. Novel mutations discovered in this study must be validated
through large cohort studies and may eoffclues to the mechanisms
underlying the ethnic difference in CLL incidence. In the future, therapeutic

strategies targeting these genes should be evaluated and considered.

Keywords: Chronic lymphocytic leukemia; Chromosomal abnormality;
Mutation analysis; Ethnicity

Student number: 201230782
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1. INTRODUCTION

Chronic lymphocytic leukemia/small lymphocytic leukemia (CLL/SLL) is a
clonal Bcell proliferative disorder. CLL is a typical malignancy with ethnic
differencesit is one of the most common leukemias in Western countries but
is extremely rare in Asian countries-9] The incidence rate (per 100,000
persons per year) of CLL is 0.04 in Korea [10], 0.08~0.48 in Japan [1).51]

in Koreans residing in America, 0.8 in Chinese residing in America [12], and
5.6 in Caucasians [9]. The incidence rate of CLL istb@®0-fold higher in
Western than in Eastern populatiodglditionally, ehnic differences in the
mean age of disease development are observed [2]. This type of ethnic
difference is also observed in myelodysplastic syndrome (MDS), which has a
mean age of development of 71 years in the West and 57 years in Asia [13].
The causes of these ethnic differen®y be related to the etiology of CLL.
Chronic persistent viral infection, familial inheritance, and ethnicity (in the
context of disease susceptibility) have been suggested as underlying causes,
but the exact cause of most cases of CLL is not known. Qhlbigs marked
genetic heterogeneity, with a relatively large number of genes showing
recurrent mutations at a low frequency. Recently, genetic alterations were
elucidated using nexgeneration sequencinNGS), andmutations in the
SF3B1 TP53 NOTCHI MYD88, ATM, XPO1, andKLHL6 genes were the
most frequently involved recurrent mutations [14, 15]. TNOTCH1
mutation is an independent poor prognostic factor [16], while A

mutation is associated with rapid disease progression [17]TF&8mutation



is notoriously related to adverse survival outcomes and drug resistance [18,
19]. The SF3B1 mutation, which is well known in association with MDS, is
also associated with rapid progression and adverse survival outcomes in CLL
[20]. Differences in singkaucleotide variants (SNVs) have been reported
between Caucasian and Asian populations [21, 22]. Specifically, 6p25.3 in the
IRF4 gene region, 2937.1 in ti&P140gene region and 2913 in tW&COXL

gene region have been associated with ethnic differencesidemce rates.
Recently, several categories and classes of therapeutic drugs have been used
to treat CLL; therefore, prediction of drug resistance prior to treatisent
essential [23]. Because some mutations are associated with drug resistance,
evaluaing diseaseelated mutations important

Although there have been few reports on genetic changes in Asian patients
with CLL, in one report characterizing Chingsatients with CLL[24], TP53

and NOTCH1 were demonstrated to be poor prognostic factors. Hekyev
several poor prognostic factors reported in Caucasian patleR&B( ATM
andBIRC3 did not show the same tendency in this population.

The modern Eastern diet and environment have rbecancreasingly
westernized. This change in life style and absolute increase in the elderly
population will affect the incidence rate of CLL in Asian countries, especially
in Korea, where the incidence of CLL has been recently increasing [25]. To
investigde whether genetic mutations and the prognostic impact of known
adverse mutations differ between Korean and Caucasiaents with CLL

we performed targetapture sequencing of 87 hematologic malignancy

related genes using a custal@signed capture parfer 48 CLL cases. To the



best of our knowledge, thistudy provideghe first comprehensive mutation

analysis of Asiaipatients with CLLusingNGS,



2. MATERIALS AND MET HODS

2.1. Study populations

A series of 58 patients who had undergone bone marrow (BM) examination
and been diagnosed with CLL/SLL between September 2001 and October
2013 at Seoul National University Hospital (SNUH) were selected. Five
patients who had been diagnosed with CLL/SLIlopto visiting SNUH were

also included (n=5). Another group of 13 patients had received lymph node
(LN) biopsies and had been diagnosed with CLL/SLL between April 1999 and
October 2013 at Asan Medical Center (AMC) (n=13); three of these patients
had been idgnosed with CLL/SLL prior to visiting AMC. All of the patients
were Korean.

The diagnosis of CLL/SLL was based on the World Health Organization
(WHO, 2008) classification criteria and the 2008 International Workshop on
Chronic Lymphocytic Leukemidlatioral Cancer Institute criteria (IWCLL

NCI) [26]. Fluorescencein situ hybridization (FISH) for IgH/CCND1
translocations was performed to confirm that the disease was not a leukemic
phase of mantle cell lymphoma. Clinical staging was performed using the
Binetstaging system (classA, B and C). This staging system is based on the
hemoglobin(Hb) count and platelet (PLT) countas well as theaumber of
involved areas (i.e., head and neck, axillae, and groin) and organomegaly [26].
Laboratory data including ageex, diagnosis and theragtart datecomplete

blood count, BM morphology, BM CLL cell coupercentageorted by flow
4



cytometry, cytogenetic analysis, and FISH were obtained for each patient.
Mononuclear cells from the initial BM aspirates of patientsdo underwent

BM aspiration and biopsy were fixed
1 70°C for cytogenetic analysis. All BM and LN samples were collected with
informed consent, and the study was reviewed and approved by the

Institutional Review Board of $e&l National University Hospital.

2.2. Bone marrow examination
Hematopathologists reviewed the Wrigttained BM smears and hematoxylin

and eosin (H&E}stained sections of BM trephine biopsies to determine the
percentages and patterns of BM infiltratiorby lymphocytes.
Immunohistochemical (IHC) staining was performed using antibodies
targeting CD3, CD5, CD20 (all from Dako, Glostrup, Denmark) and-Z8P
(Cell Marque, Rocklin, CA, USA). We calculated the tumor burden as the
percentage of CD20cells. CD20stained samples were available for 49 of
the 58 patients who had undergone BM examination at SNUH. CD20 staining
for the remaining 9 patients was not possible due to plastic embedding of the
BM biopsy (n=8) ordue toinadequate BM sample (n=lthe tumor burden in
these patients was calculated as the lymphoid cell percentage in the aspiration
samples (n=8). The median lymphoid cell percentage was 70% (rainge
95%). ZAR70 staining was performed for 62 patients. BM cellularity was
reviewed in B samples, three of which were inadequate for cellularity counts.

The median cellularity was 65% (rangej 25%).



2.3. Leukemialymphoma marker study

The leukemidymphoma marker study using BM aspirates was performed
using the Navios CytometgBeckman Coulter, Villepinte, France). The
antibodies used were specific for TdT, CD2, CD3, CD5, CD7, CD10, CD19,
CD20, CD22, CD23, FMC7, CD45, CytoCD3 (all from Beckman Coulter),
CD56, Kappa, and Lambda (Becton, Dickinson and Company, BD
Biosciencs, SanJose, CA, USA). Navios software (Beckman Coulter) was
used for data analysis. Among the 58 Bidpiration samples, 39 samples
were available for the leukemigmphoma marker study. Thirgight
samples were positive for CD19, and 33 samples were positived5. Six
samples were negatifer CD5 and were categorized as indiwatiof atypical

CLL. One sample did not express CDAOCD20 but did express CD2, CD5

and CD7. We assumed that this phenomenon was a consequence of peripheral
blood dilution. Because hi s pati ent dés BM biopsy sampl

cells, we diagnosed this patient as having CLL/SLL.

2.4. Lymph node biopsy examination

A pathologist reviewed the formaliixed and paraffirembedded LN
sections. IHC staining was performed using antibssipecific forCD3, CD5,
CD10, CD20, CD23, cyclin D1, BGh, and Ki67 (all from DAKO, Glostrup,

Denmark).



2.5. Conventional karyotyping by Gbanding

Conventional cytogenetic data were available for 60 of the 71 patients.
Cytogenetic studies using the standarthaBding technique on heparinized

BM samples were performed as part of the diagnostic wprkro stimulate

B cells, tetradecanoylphorbol ac&dil PA; phorboll2-myristatel3-acetate)

was addedand the cells were cultured for four days. At leastcls in
metaphases were analyzed whenever possible. Clonal abnormalities were
defined as two or more cells with the same chromosomal gain or sauctu
rearrangement or at least three cells with the same chromosome deletion.
Karyotypes were recorded according to the International System for Human

Cytogenetic Nomenclature (ISCN) 2013.

2.6. Fluorescencen situ hybridization

Common chromosomal abnornteds were investigated using commercial
FISH probes. Data were available for 51 of the 71 patients. We theed
following probes forenumeration ofchromosome 12 antbr detection of
13914.3 deletion, 17p13 deletion 1122 deletion and IgHCCND1
translocations (to exclude mantle cell Ilymphoma): the LSI
D13S319/LSI139g34/CEP12 Multiolor Probe, LSI TP53 (17p13.1)
SpectrumOrange Probe, Vysis IGH/CCND1 XT DF FISH Probe (all from
Abbott Molecular/Vysis, Des Plaines, IL, USAnd XL ATM/TP53 Pobe
(Metasystems, GmbH, Altlussheim, Germany). Interphase FISH was

performed on stored patient BM aspirate specimens. Slides were stained with



FISH probes and countert a i n e d-diamidind2-phedylindole (DAPI),

and fluorescence signals were analyisdfluorescent microscopy (Zeiss,
Gottingen, Germany). The FIStdsultswere recorded according to the ISCN
2013, and 200 cells interphasewere analyzed. The coff values for the
deletion, amplification, or translocation of chromosomal regions wased

on the mean of the normal controls (20 cytogenetically nomaaidualg

plus three standard deviations. FISH was successfully performed twice; the
cut-off values for patients 1 to 11 were 1.06% for trisomy 12, 4.58% for
13g14.3 deletion, 7.39% fdr7p13 deletionand5.59% for 11922 deletion.

The cutoff values for patients 12 to 71 were 1.5% for trisomy 12, 4.01% for

13q14.3 deletion].7% for 17p13leletion, and 5% for 11q2fletion

2.7. DNA extraction

DNA was extracted from various samples.mpée quality was evaluated
using the Agilent 2200 TapeStation System (Santa Clara, CA, (&&Agnty

one samples were subjected to DNA extraction. DNA extraction was
successful in 70 of the samples (28 samples of frozen BM mononuclear cells,
19 BM aspiratesmears, and 23 formalfixed paraffirembedded BM and LN
biopsies), but only 48 of the 70 samples passed the DNA quality control
criteria for multigene targetd sequencing. Twentjwo samples showed too

low a quality for targetd sequencing (slides (n=4), FFPE (n=18)). Among the
frozen BM mononuclear cells, DN#as extractedrom 100% (28/28) of the
samples, while thextractionpercentage for unstained BM aspirate smear

slidesand FFPE samples wer8% (15/19)and22% (5/23) respectively
8



DNA was extracted from frozen BM mononuclear cells usidgagNA Pure

LC DNA Isolation Kit (Roche Diagnostics GmbH/Jannheim, Germany)

with the MagNA Pure LC 2.0 System (Roche) according to the
manufacturer 6s i nstr uomtthe BM aspiratbdhdar wa s e X
unstained slides using QIAamp DNA Blood Mini Kit (Qiagen, Hilden,

Germany) and Tissue Lysis Buffer (Qiagen). DNA was extracted from the

FFPE BM biopsy samples using WaxFreé" Kit (TrimGen Genetic

Diagnostics; Sparks, MD, USArac or di ng t o the manufact ul
All samples were stored at T20AC.

In total, 37 patients were subjected to all of the conventional karyotyping,

FISH and targetapture sequencing agaés. Ten patients were subjected

only to conventional karyotyping, 1 patient only to FISH, and 5 patients only

to targetcapture sequencing (Figure 1).



NGS (n—48)

NN/

G-banding (n=60) FISH (n=51)

Figure 1. Venn diagram ofexaminationdistribution. Due to the available
samples and sample quality, not all patients were subjected to all analyses.
Among the total study population, only 37 patients were subjected to all three

examinations.

NGS: nextgeneration sequencingISH: fluorescenein situ hybridization



2.8. Targeted sequencing (nexgeneration sequencing,

NGS)

To gain insight into the genetic lesions that drive CLL, we performed targeted
sequencing. Our work represents the first sualedtigation in a Korean
cohort. We manually prioritized 87 hematology malignarelgted genes that
were recently implicated in lymphocytic leukemia (Table 1). Of the 48
samples, two samples were subjected to whgeleome amplification. gDNA
shearingto generate the standard library and the hybridization step targeting
only exonic regions were performed by Celemics Inc. (Seoul, Korea). The
final quality was assesseingthe Agilent 2200 TapeStation System (Santa
Clara, CA, USA). We sequenced a total talgagth of 25%b regionsusing

the paireeend 156bp rapidrun sequencing mode on an Illlumina HiSeq 2500
platform. We achieved over 10x coverage for greater than 97% of targeted
regions for each sample. The mean sequencing depth for the targeted regions
(259 kb) was 23fold (n=48). Because a matched control sample was not
included in this study, we applied a stringent variant selection pipeline to

prioritize the highconfidence set of somatic mutations (Figure 2).
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Table 1.Gene panel for targetesgtquencing

Genes NCBI Id. Position Pathway/Ontology
ASXL1 171023 20g11.1 Chromatin modification
ATM 472 11922.3 DNA repair
ATRX 546 Xg21.1 Chromatin modification
BARD1 580 2935 DNA repair
BCOR 54880 Xpll.14 Transcription
BIRC3 330 11922.2 ReceptorKinases
BRAF 673 7934 RAS pathway
BRCC3 79184 Xq28 DNA repair

BRD2 6046 6p21.3 Transcription
BRD4 23476 19p13.1 Other

CARD6 84674 5p13.1 Other

CBL 867 11923.3 RAS pathway
CCND1 595 11913.3 Cell cycle
CDKN2A 1029 9p21 Cell cycle
CEBPA 1050 19g13.1 Transcription
CHD2 1106 15926.1 Other

CSF1R 1436 5932 Receptor/Kinases
CSF3R 1441 1p34.3 Receptor/Kinases
DAP3 7818 1922 Other

DDX3X 1654 Xpll.4 Other

DIS3 22894 13g22.1 Other

DNMT3A 1788 2p23 DNA methylation
EEF1E1 9521 6p24.3 Other

EGR2 1959 10921.3 Transcription
ETV6 2120 12p13.2 Transcription
EZH2 2146 793536 Chromatin modification
FAM46C 54855 1pl2 Other

FAT4 79633 4928.1 Other

FBXW?7 55294 4q931.3 Receptor/Kinases
FLT3 2322 13g12 Receptor/Kinases
GATAl1 2623 Xpll.23 Transcription
GATA2 2624 3021.3 Transcription
HIST1H1E 3008 6p22.2 Other

IDH1 3417 2033.3 DNA methylation
IDH2 3418 15g26.1 DNA methylation
IKZF1 10320 7pl3 Transcription
ITPKB 3707 1g42.12 Signaling

JAK2 3717 9p24 Receptor/Kinases
KIAA0355 9710 19g13.11 Other

KIT 3815 4q12 Receptor/Kinases
KLHL6 89857 3g27.1 Other

KRAS 3845 12p12.1 RAS pathway
LAMB4 22798 7931.1 Other

LRP1B 53353 2g21.2 Other

MAPK1 5594 22q11.22 Signal/Kinase



MED12
MPL
MYD88
NF1
NFKBIE
NOTCH1
NPM1
NRAS
PHF6
PLEKHG5
POLG
POT1
PRKD3
PRPF40B
PTEN
PTPN11
RAD21
RB1
RIPK1
RUNX1
SAMHD1
SCRIB
SETBP1
SF1
SF3A1
SF3B1
SH2B3
SMARCA2
SMC1A
SMC3
SRSF2
STAG2
TCF12
TET2
TGM7
TP53
U2AF1
U2AF2
WT1
XPO1
ZMYM3
ZRSR2

9968
4352
4615
4763
4794
4851
4869
4893
84295
57449
5428
25913
23683
25766
5728
5781
5885
5925
8737
861
25939
23513
26040
7536
10291
23451
10019
6595
8243
9126
6427
10735
6938
54790
116179
7157
7307
11338
7490
7514
9203
8233

Xq13.1
1p34.2
3p22.2
17g11.2
6p21.1
9g34.3
5035
1p13.2
Xq26.2
1p36.31
1525
7031.33
2p22.2
12g13.12
10g23.3
12g24.1
8q24.11
13q14
6p25.2
21922.3
20g11.23
8024.3
18q12.3
11g13.1
22912.2
2g33.1
12g24.12
9p24.3
Xp1l.22
10g25.2
17g25.1
Xg25
15921.3
4924
15915.2
17p13.1
21922.3
19q13.42
11p13
2pl5
Xq13.1
Xp22.1

Other
Receptor/Kinases
Signaling
RAS pathway
Other
Receptor/Kinases
Transcription
RAS pathway
Transcription
Other

Other

Other
Signaling
Splicing
Other

RAS pathway
Cohesin

Cell cycle
Other
Transcription
Other

Other

Other
Splicing
Splicing
Splicing
Signaling
Other
Cohesin
Cohesin
Splicing
Cohesin
Transcription
DNA methylation
Other
Transcription
Splicing
Splicing
Transcription
Other

Other
Splicing




Low-coverage filter

Filter<10x total depth, <2x variant supporting reads

DB filter

1
! 1000 genomes (2012, April) MAF>0.01 ESP 6500 MAF>0.01
i Reported in db SNP 132

Fommmm s i ot :
\‘\/ o

=t Filter Korean exome control AF >0 J:
.3\\’:7

Oncogenic diver selection

Integrate two prediction algorithms and CADD score (>20 )
Prediction algorithms : SIF'T (< 0.05), polyphen2 (=0.85)

Figure 2. Summary of the varia#ftltering pipeline

MAF: Minor allele frequencydbSNP: SingleNucleotide Polymorphism DatabagsF: Allele
frequency CADD: Combined Annotation Dependent Depletion
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2.9. Statistical analysis

Fishefs exact test was used to test for significant associat@wneng
mutations and between mutations and cytogenetic abnormalities. Correlation
coefficients of mutations among genes were calculated by Pearson's product
moment correlation. Survival was estimated using the Kagdlaier method

and differences betweenettsurvival curves and hazard ratios were analyzed
using the Cox proportional hazards model. Overall survi@8) was
calculated from the date of diagnosis until the date of death. Statistical
analyses were performed using R software (http://wvpnojectorg).
Because we had a limited number of samples, we did not apply-tesilti
corrections in our analysed$?-values<0.05 were considered statistically

significant.

15



3. RESULTS

3.1. Patient characteristics

Among the 71 patients, 63.9% were men and 36.1% were women. Their
median age was 61 years (range823. More than half of the patients were
under 65 years old (63.9%), while 37.5% were older than 65 years. Most of
the patients were male (63.9%), and thale:female ratio was 1.8:1. The
median clinical characteristics were 15,840%/L white blood cells (VBCs),
11,248&10°/L lymphocytes, 12.8 g/lHb, and 16310°%L PLTs In total, 64.8%

of the patients were Binstage A, while 14.1% were stage B and 21.1% were
stage C. The media@S for all of the patients was 112 montfisable 2).
Eight percent( 6 / 7 1) of the patients progressed
patients exhibited transformation to diffuse large B ly@liphoma 1 patient

to prolymphocytic leukemiaand 1 patientto composite lymphoma consisting

of peripheral T cell ymphoma (unspecified) and large B cell lymphoma.

16



1  Table 2.Baseline clinical features gftients with CLL.

2
= Patient numbers(ratios, ranges or
arameter
percentages)

Demographic characteristics 71
Median age (years) at diagnosis 61 (2381)

<65 44 (62.0%)

x65 27 (38.0%)
Sex

Male 45 (63.4%)

Female 26 (36.6%)
Clinical characteristics 71
WBCs (X10°/L) 15,040 (1,346853,050)
Lymphocytes ¥10%/L) 11,248 (676247,135)
Hb (g/L) 12.8 (*17)
PLTs (X10%/L) 163 (41389)
Binet stage

A 46 (64.8%)

B 10 (14.1%)

C 15 (21.1%)
Cytogenetics 60

Normal karyotype 39 (65.0%)

Aberrant karyotype 17 (28.3%)

Failed 4 (6.6%)
Cases with followup 71

Median followup, in months 37

MedianOS, in months 112

5-yearOS 63.2%

10-yearOS 49.4%

3 Abbreviations: WBG, white blood cells; Hb, hemoglobin; P4$Tplateles; OS
4  overall survival.
5 " Four sampleshowed no mitosis

17



3.2. Conventional karyotyping and fluorescencen situ
hybridization

Conventional karyotyping was performed for 60 of the 71 patients; 65.0%
(39/60) showed a normal karyotype, while 28.3% (17/60) stwban aberrant
karyotype and 6.6% (4/60) showed no mito§isable 3).Ten patients showed
three ormore chromosomal aberrations representing complex karyotypes.
FISH was performed for 51 of the 71 patients, 34 (66.7%, 34/51) of whom
showed chromosomal abations. Of the 51 patients, trisomy 12 was
investigated in 50the 13gl4deletionwas investigated in 487p13 deletion

was investigated in 55nd 11922 deletion was investigated in 44. TrisGgy

was detected in 15 cases (30.0%, 15/50), 13gq14 was positive in 22 cases
(45.8%, 22/48)17p13 deletion was positive in 12 cases (23.5%, }2&1d
11922 deletion was positive in 8 cases (18.2%, 8/44).

Twentytwo cases showed one abnormali®3.1%, 22/51), while two
abnormalities were observed in 13 cas@b.5%, 131), and three
abnormalities were observed in 3 patients (5.9%, 5/51). In our study, the most
frequent aberration was 13q14 deletiamjle the second most frequent was
trisomy 12 followedoy 17pl3deletion and 11922 deletion in order.

Samples from 47 patients were used for both conventional karyotyping and
FISH, of which 8 (17.0%, 8/47) were negative by both methods and 23

showed aberrations that were detearly by FISH(48.9%, 2347).
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Table 3.Cytogenetic aberrations detected byo&ding and FISH studies in

60 Korean Patients with CLL

FISH
Patient  Age/ Binet +12 D13S 17p13 11922
Karyotype
No. Sex Stage (%) 319 del del (%)
(%) (%)
1 54/F A 46,XX[20] 0 2.0 2.0 15
2 71/IF A 46,XX[20] 0 0.5 3 0.5
3 60/M A 46,XY[19] 0 1.0 0.5 0.5
4 64/M C insufficient mitosis 0 51.0 0.5 ND
5 67/M A 46,XY[18] 69.5 0.0 2 0
6 62/M B 44,XY,,der(13;14)(q10;q10}14[12] 68.5 245 15 0
7 60/M A 46,XY[15] 0 27.0 2 0
8 79/M A 46,XY[19] 0 78.5 15 0.5
9 67/F A no mitosis 0 4.5 4.5 1.0
10 38/M A ND 0.5 60.0 6 55.0
11 66/F A 46,XX[18] 0 25 4.5 0
12 59/F C 46,XX[20] 8 0 0 35

46,XX,add(2)(q37)[4],add(3)(q29)[5].del(4)(q1(
13 66/F B 0 0 0 1.0
)[4][cp5]/46,XX[8]

14 43/M A 46,XY[20] 0 14 0 1.0
15 70/F A 46,XX[14] 3 6 0 0.5
16 62/M A 46,XY[20] 0 5 40 0.5
17 63/M A No mitosis 62 0 0 1.0
19 76/M C ND 0 ND 0 ND
20 51/M A 46,XY[10] 0 0 0 ND

46~47,XY,add(7)(p22),del(10)(p13),+mar[cp3]

21 46/M B 0 0 0 91.0
46,XY[8]

22 61/M A 46,XY[21] 0 0 0 0

23 61/M A 46,XY[13] 0 36 0 0

24 53/F A 46,XX[21] ND ND ND ND

26 53/M A 46,XY[20] 4 50 4 1.0
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27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

44

45

46

47

49

50

51

52

57/F

63/F

67/F

78IF

66/M

36/M

79/F

65/M

66/M

58/M

56/M

55/F

55/M

62/F

51/M

71/F

81/F

55/F

70/M

46/F

55/M

68/F

72/F

46,XX[20] 0

46,XX[11] ND

ND 3.7

47 XX, +12[2]/46,XX[18] 405
46,XY[6] 0
46,XY,add(14)(q32),inc[1]/46,XY[19] 0
46,XX[10] 2
46,XY[20] 0

ND ND
46,XY[21] 0

47 XY -

2,+3,+add(3)(p?13),der(?3;15)(q10;q1b),

0
6,del(?10)(p10),del(13)(q12q14),add(?14)(p10
17,+3mar[3]/46,XY[25]
46,XX[17] 0

46,XY,der(15)t(8;15)(q21.2;026.1)[6]/46,XY[14] 0O
48,XX,1(9;14)(p13;q32),dup(12)(q13q24.3),+1¢

+16[5]/47,sl,dup(1)(9?25921),t(2;3)(p25;921),

16[8)/47,sdI1,add(1)(p35)[3]/47,sdI1,+6,der(6; °
)(10;q10)[3]/48,s1,dup(1)(q21032)[2)/46,XX[2]

46,XY[20] 2

46,XX,21pstk+[20] 0

46,XX[20] 0

46,XX[20] 0

46,XY([5] 7

47, XX,+12[1)/46,XX[28] 375
46,XY[20] 0

46~47,XX,add(1)(p32),add(2)(p10),add(7)(q 2%
),add(17)(p10),add(19)(q13.3),+mar,inc[2)/46,. ND
X[18]
52~56,X, +add(X)(q22),del(X)(q26), +der(1;16)(
10;p10),+3,+3, ND

del(4)(g31),+add(6)(q23),+del(6)(q15),add(6)(c

20

ND

ND

87.0

13

55

ND

33

57

49

35

56

ND

ND

ND

915

7

ND

ND

2.5

ND

ND

1.0

89.0

1.0

4.0

1.0

ND

ND

115

15

15

ND

ND

35

0.5

1.0

ND

ND



54

55

56

57

58

59

60

61

62

63

64

65

66

67

69

70

71

47/M

49/F

43/M

54/M

74/IM

49/M

49/M

66/F

66/M

55/M

46/F

63/F

46/M

23/F

67/M

71/M

46/M

3)x2,+7,
+del(7)(q22),+del(11)(q23),+13,del(15)(q15q2!
+21;22 +mar,inc[2)/46,XX[4]
46,XY[20]
46,XX[20]
46,XY[20]
46,XY[30]
46,XY[20]
46,XY[20]
47, XY+12[2)/46,XY[18]
No mitosis
46,X,
Y, der(1)add(1)(p22)add(1)(q?42),add(2)(q?23.
dd(3)(p25),+4,
13,add(14)(p10),add(17)(p11.2),+mar[12)/46~
,idem,
add(6)(q21),del(6)(9?23025),i(8)(q10),+44,
add(14),+1~2mar,inc[cp8]
38~46,XY,del(1)(p34),del(2)(p21),add(3)(q21),
dd(6)(p23),del(11)((q?24),add(16)(q22),del(17
p12),+mar[cp5)/46,XY[9]
46,XX[20]
46,XX[20]
46,XY[30]
46,XX,i(8)(q10),del(11)(q13q23),add(18)(p11.:
[cp8]/46,XX[12]
46,XY[20]
48,XY,+3,+12,1(14;19)(q32;q13.3)[9]/46,XY[6]

46,XY[20]

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

59

26

3.5

ND

ND

ND

ND

ND

ND

ND

15

ND

ND

61

29

ND

ND

ND

ND

ND

ND

ND

36.0

ND

1.0

ND

2.0

2.0

66.0

12.0

5.0

ND

ND

ND

1.0

ND
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3.3 Gene mutations

A total of 6.6 million reads were obtained for each patient, and 98.9% of the
reads mapped to the target regifrable 4). The 71 detected mutations
represented 35 mutated genes, most of which were novél%8460/71)
(Table 5). An average of 1.6 mutations per patient was detected among the 48
patients (range-68). A total of 36 of 48 patients (78 carried at least one
mutaion, and an average of 2.1 mutations were detected (rasyeFor the

final 71 variant sets, we validated somatic mutations through Sanger
sequencing. Sixteen randomly selected mutations were successfully confirmed
(Table 6).

Among the 76 mutations, 4%ere missense mutations, while 19 were
frameshift mutations, and 4 were nfsameshift mutations; the remaining 5
were stop, gain or loss mutations. In more than 5% of the patiantations

were detected iATM, TP53 SF3B1 KLHL6, BCOR LAMB4, andNOTCH1

(in 20.8%, 14.6%, 10.4%, 8.3%, 6.25%, 6.25%, and 6.25% of the patients,
respectively)Figure3).

ATM (n=4) andSF3B1(n=3) were the most frequent mutations in patients in
Binet stage C, an@P53(n=4) was the most frequent mutation in patients in
Binet stage A. The mean number of mutations according to Binet staging was
14 (43 mutations in 31 patients) for stage A, 2.2 (11 mutations in 5 patients)
for stage B, and 1.8 (22 mutations in 12 patients) for stage C. There was no
correlation between Binetage andnutation numbergFigure4).

Among the patients who exhibited transf

average of 1.8 mutationsawdetected per sample (randé3). Among these
22



patients, 10 different gene mutations were identifigtMYM3 CDKN2A

ATM, TP53 NOTCHJ, SF3B1 SAMD1 MYD88 DDX3X and RUNXJ. The
TP53mutation was detected in two patients, corresponding to a frequency of
33.3% (2/6), which was higher than in patients who did not exhibit
transformati on t o ersiwbhohuhderwdahtstransfgrmationo me .
t o Ri cht e rsliowed shprtedsureivaletime compared with patients
with CLL (Figure 5).Allele burden did not differ between patients with
Richtes syndrome and patients without RiclisesyndromeR=0.574).

Fifteen genes had at least one insertion or deletion. There wereldlg
none of which had been previously reported in CLL studies, with the
exception of one mutation INOTCH1(p.R2515Rfs*4). The other mutations
known from the literature (excluding indglsvere TP53 (H82R, Y88C,
G113D, R141C and D149N), EGR2 (E356KYlYD88 (X160R), ATM
(K27491) andSF3B1(K666E and K700E). Among substitutions, transitions
(68.20) were more prevalent than transversi¢db.30). Next, we classified
genes into nine biologicdlinctional categories. The most frequently mutated
targets were involved in transcripti¢83.36 of casepandsignaling (33.3%),
followed by DNA repair (20.8%),splicing (14.6%), cell cycle (14.6%),
receptor/kinase (10.4%), other functions (6.25%), clatommodification

(6.25%) and cohesin (2.08%).
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Table 4. Summary of targebased sequencing results

Variable Finding
Total no. of reads 6,644,998
Reads mapped to the target region, % 98.9
Target coverage per base (mean) 231 X

Target base pairs cove 975
Target base pairs cove 854

Total % of variants discovered

Missense 69.0(49/71)
Frameshift 18.3 (13/7)
Stop, gain or loss 7.0(5/71)
Non-frameshift 5.6 (4/7)
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Table 5.Somatic nutationsfound in 48patients with CLL

Chr Gene Pos Ref Alt Mutation Type AA Change Patient No.
1 ITPKB 226923392 G A nonsynonymous SNV p.R590W 19
2 PRKD3 37543553 G A stopgain SNV p.R39X 29
2 LRP1B 141459813 TCTC - frameshift deletion p.2066_2067de 40
2 SF3B1 198266834 T C nonsynonymous SNV p.K700E 48, 64, 65
2 SF3B1 198267361 T C nonsynonymous SNV p.K666E 16
2 SF3B1 198267484 G C nonsynonymous SNV p.R625G 25
3 MYD88 38182641 T C stoploss SNV p.X160R 34, 62
3 GATA2 128205685 C T nonsynonymous SNV p.AGAT 16
3 KLHL6 183212036 T C nonsynonymous SNV p.Y394C 8
3 KLHL6 183273170 G A nonsynonymous SNV p.A91V 65
3 KLHL6 183273185 T A nonsynonymous SNV p.H86L 6
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KLHLG6

KLHL6

KIT

FAT4

FAT4

FAT4

CSFI1R

BRD2

LAMB4

LAMB4

LAMB4

POT1

EZH2

183273188

183273189

55604628

126239804

126241813

126373317

149457767

32945698

107703233

107706935

107732794

124499011

148506437

ACAAGAATGG

A

26

nonsynonymous SNV
nonsynonymous SNV
stopgain SNV
frameshift deletion
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonframeshift deletion
frameshift substitution
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV

nonsynonymous SNV

p.C85Y
p.C85R
p.R946X
p.746_749del
p.N1416l
p.R3716S
p.V213M
p.498_499del
NA
p.G853S
p.A513V
p.K103N

p.A636V

23

65

15

64

64

15

35

8,35

57

35

28

41



10

11

11

11

11

11

EZH2

SCRIB

CDKN2A

NOTCH1

NOTCH1

NOTCH1

EGR2

SF1

ATM

ATM

ATM

ATM

148514402

144889100

21974808

139390648

139390815

139402795

64573332

64534502

108115594

108163400

108183152

108186757

CAGCACCACTCCAC
TCCACATTCTCAG

G

T

AG

27

norframeshift deletion

nonsynonymous SNV

nonsynonymous SNV
frameshift deletion
frameshift deletion

nonsynonymous SNV

nonsynonymou$NV

nonframeshift substitution

stopgain SNV
nonsynonymous SNV
nonsynonymous SNV

nonsynonymous SNV

p.388 397del

p.D754E
p.S7C
p.P2515%fs
p.Q2459fs
p.G1072S

p.E356K

NA

p.R248X
p.L1497F
p.E1978V

p.E2039K

38

42

60

40, 63

43

43

21

65

57

64

48



11

11

11

11

11

11

11

11

11

11

12

12

13

ATM

ATM

ATM

ATM

ATM

ATM

ATM

ATM

ATM

ATM

SH2B3

SH2B3

RB1

108196912

108201089

108205790

108206579

108206581

108206666

108216576

108216601

108224508

108235838

111856250

111885306

49039195

TG

28

nonsynonymous SNV
nonsynonymous SNV
frameshift deletion
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
frameshift substitution

nonsynonymous SNV

p.L2312P

p.R2486G

p.2702_2702de

p.D2720G
p.D2721N
p.K2749I
p.P2842L
p.L2850F
p.Q2896P
p.W2960C
p.E101K
NA

p.S758L

21

63

21

42

64

19

31

26

48

64

31

38

34



15

15

17

17

17

17

17

17

17

17

18

19

20

TCF12

CHD2

TPS3

TP53

TP53

TPS53

TPS53

TP53

TP53

TPS53

SETBP1

CEBPA

SAMHD1

57489989

93563337

7576874

7577097

7577121

7577511

7577547

7578190

7578208

7578212

42643500

33792731

35579956

A

C

TCCAGTGGTTTCT

GGCGGGT

29

nonsynonymous SNV
nonsynonymous SNV
frameshift deletion
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
nonsynonymous SNV
stopgain SNV

nonsynonymous SNV

nonframeshift substitution

frameshift deletion

p.K182R
p.H1668Y
p.188_192del
p.D149N
p.R141C
p.L125P
p.G113D
p.Y88C
p.H82R
p.R81X

p.P1543R

CEBPA

p.D31fs

57

30

20

62

16

35

33

33

63

13

21

61

25



21

RUNX1

ZRSR2

BCOR

BCOR

BCOR

DDX3X

MED12

ZMYM3

STAG2

36259207

15818044

39914637

39923684

39933386

41203568

70356335

70468137

123200027

CT

A

C

CTGGGCACCTTCGC

nonsynonymous SNV
frameshift deletion
frameshift deletion
nonsynonymous SNV
frameshift deletion
frameshift substitution
nonsynonymous SNV
nonsynonymous SNV

nonsynonymous SNV

p.P68L
p.57_58del
p.M1523fs
p.R1118H
p.400_405del
NA

p.L1744V

p.R617H

p.A700D

51

43

11

65

36

39

60

30



Table 6.Primer sequences used for Sanger sequencing selécted loci

Chr Gene Position Ref Alt Forward (5'Y3"' Reverse (5'Y3"'
2 SF3B1 198267484 G C AAGAATAGCTATCTGTTGTACA TGTTTATGGAATTGATTATGGAAA
7 LAMB4 107706935 C T AAAATTAAAGTGCATATGAATTCC GCTCCAGCATACTTCTCTTT
7 EZH2 148514402 CAGCACCACTCCACTCCACATTCTCAG - CCTGTCTACATGTTTTGGTCCC ACGATGGGTTAGTGTTTTGCC
11 ATM 108183152 A T TAAGTGATTTATTCTGTTTTGTTTG CTGTACAGTGTCTATAACAAAATAA
11 ATM 108186757 G A GTGGAGGGAAGATGTTACAA CCAACATACTGAAATAACCTCA
11 ATM 108201089 C G GATACACAGTAAAGGTTCAGC TACAAAGAGGTATACACGATTC
11 ATM 108206579 A G AGGTATTTAATTATTTGGGAGACT TTATATGTTTTTGGTGAACTAACA
11 ATM 108206581 G A GTATTTAATTATTTGGGAGACTGT TTTTATATGTTTTTGGTGAACTAAC
11 ATM 108206666 A T ATAAACTGTACTTGTTTATTCATGC GCCTCCCAAAGCATTATGAA
11 ATM 108216576 C T TATATTCTCTATTTAAAGGAGGTGC ACTCAGAATGTAGAAAAAGTGC
11 ATM 108224508 A C AACTACTGTACATACTAGTGTTC ATTTTGACATCAAAAATTATTTCCC
11 ATM 108235838 G T CCCCATCAACTACCATGTGA ATCTGAAAAACTGACAACAGG
17 TP53 7577121 G A CTTCTTGTCCTGCTTGCTTA TAGGCTCCAGAAAGGACAAG
17 TP53 7578190 T C ATTTACTTTGCACATCTCATG GCCTCTGATTCCTCACTGAT
17 TP53 7578208 T C ATGGGGTTATAGGGAGGTCA GCCTCTGATTCCTCACTGAT
17 TP53 7578212 G A GGTTATAGGGAGGTCAAATAAG GCCTCTGATTCCTCACTGAT
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Figure 3. Diagrams for mutations observed in more than 5% of cases. Genes
include (A)ATM, (B) TP53 (C) SF3B1 (D) KLHLS6, (E) BCOR (F) LAMB4

and (G)NOTCH1(Transcript IBs: ATM, NM_000051; TP53NM_001126114;
SF3B1 NM_024582; KLHLG NM_130446; BCOR NM_001123383;

LAMB4, NM_007356; NOTCH1INM_017617)
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Figure 4. Genomic landscape of the Koreamhort. (A) Frequency of gene
mutations broken down by CLL stage. (B) Number of mutations according to
the Binet stage. (C) Number of mutation sites occurring in more than 5% of

the population.
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3.4. Correlations between various gene mutations and

between gene mutations and cytogenetics

We investigated the correlations between combinations of mutated genes to
detect functional interactions among the mutations associated with CLL
pathogenesigFigure 6). Strong positive correlations were observed for the
following genesEGR2and SETBP1(r=1), KIT andFAT4 (r=0.43),RBland
MYD88 (r=0.70), BRD2 and LAMB4 (r=0.81), BRD2 and CSF1R(r=0.70),
ZMYM3 and CDKN2A (r=1), and STAG2 and ZRR2 (r=1) @<0.05).
Additionally, 11922 deletion andATM (r=0.62) showed strong positive
correlations.

We calculaéd hazard ratios for the genes using the conventional Cox
regression model and found several that were signifitaRKB (HR=22.82,
P=0.011), SF3B1 (HR=10.98, P=0.032), EGR2 (HR=10.98, P=0.032),
MYD88 (HR=9.85, P=0.005), SAMHD1 (HR=8.64, P=0.049) andTP53

(HR=3.34,P=0.023)(Figure7).
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Figure 6. Correlations between various gene mutations and between gene
mutations and cytogenetics. Correlation coefficients Witbalues<0.05 are

presented as colored boxes.
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Figure 7. Hazard ratios with 95% confidence intervals for overall survival for

each gene variant
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3.5. Prognostic relevance of cytogenetic abnormalities

and gene mutations

There waso correlation between aberrant karyotgme survival P=0.144),
although complex karyotypes were associated with poor progrit=is0L7)
(Figure8). Abnormal and normal FISH results did not correlate with survival
(p=0.491). Additionally, trisomy 12, 13q14 deletitidpl3 deletiorand 11923
deletion did not correlate with survivaP£0.392, P=0.556, P=0.708, and
P=0.176, respectively). There was no correlation between prognosis and the
detection of onetwo or threeabnormalities by FISHR=0.812 (Figure9).
Finally, the presence of ZAPO nutationpositive (>20% tumor cells) and
ZAP-70 mutationnegative (<20% tumor cells) cells showed no correlation
with survival P=0.744)

A greater number of mutations@®) per patient wasinked to poor survival
(P=0.008) (Figure 10). Rtients carryingTP53,,; and MYD88,,; exhibited
shorter survival compared with patients without these mutafx3.023 and
P=0.005, respectively) (Figure 11%ETBP}., ITPKB. SAMHDZ,, and
EGRZ.. Were associated with shorter surviyg=0.032,P=0.011,P=0.049

and P=0.032, respectively); however, these results require careful
interpretation because only one patient displayed a mutation in each gene.
TP53,, and MYD88,,: were also associated with low rates of disdese
survival (P=0.011,P=0.006) (Figure 12). We eludedITPKB,, TCF12,

and RUNX1, because they were singletons, although they were related to
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low rates of diseaskee survival P=0.030, P=0.010 and P=0.030,
respectively).

In Caucasians, mutations in tAdM, SF3B1 andNOTCH1genes have been
reported as poor prognostic facto&TM mutations are relatetb rapid
disease progression and a shorter treafifreet interval, andSF3B1
mutations are related to rapid disease progression and@®oNOTCH1
mutations have been repattes independent predicsoof poor survival.
However, mutations in these 3 genes were not associated with poor survival in

the present study (Figure 13).
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Figure 8. KaplanMeier survival curves according to cytogenetic abnormality.
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