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Summary

Although several causal genes of familial myelodysplastic syndromes/acute myeloid

leukemia (MDS/AML) have been discovered, the comprehensive mutational spectrum

and the molecular pathogenesis have been poorly understood. To explore its

epidemiology and novel driver genes of familial MDS/AML, | performed a Japanese

nationwide survey of familial MDS/AML, and whole exome sequencing analysis with a

pedigree including four MDS patients. As a result, the characteristics of Japanese

familial MDS/AML pedigrees were elucidated, and twelve candidate causal genes were

identified. Although I analyzed the candidate mutation status by Sanger sequencing in

other familial MDS/AML pedigrees identified by the nationwide survey, no recurrent

mutations was observed. Of the candidate genes, | selected HLTF for further functional

analysis because HLTF is a chromatin remodeler, promotes error-free postreplication

DNA repair, and regulates the expressions of cohesin complex-associated genes that

frequently mutated in sporadic MDS/AML. Subsequently, | evaluated HLTF genomic

mutation status in sporadic MDS samples by Sanger sequence. Importantly, a novel

HLTF T50A mutation was identified in one out of 40 sporadic MDS samples

(1/40=2.5%). 1 evaluated in vitro colony forming capacity using HItf-knocked down

5-FU-primed murine bone marrow cells, revealing that HItf silencing enhanced in vitro



replating capacity. | also found c-kit, a hematopoietic stem/ progenitor cell marker,
positive cells were increased in HItf ShRNA-expressing colonies after the first round of
colony-forming cell assay. Because HLTF has ATPase activity, and the identified
mutation located near ATP-binding site of HLTF, | analyzed ATPase activity of HLTF
wild-type and HLTF E259K mutant. However, no significant difference was observed.
Taken together, this study could be an important first step for the understanding of

familial MDS/AML.



Introduction

The myelodysplastic syndromes (MDS) are a group of clonal disorders of hematopoietic

stem cells, and are defined by ineffective hematopoiesis and/or bone marrow dysplasia

(1-3). More than 30,000 new cases of MDS occur in the United States every year, and

approximately 30% of MDS patients eventually progress to acute myeloid leukemia

(AML) (4, 5). The median overall survival of MDS patients with International

Prognostic Scoring System high is around 0.4 years (6), thus, it is still challenging for

physicians to cure severe MDS cases (7, 8). Whereas these novel drugs can improve

clinical symptoms and quality of life of MDS patients, they have not been considered as

curative options. Although allogeneic hematopoietic stem cell transplantation (HSCT) is

still the only intervention to cure MDS (9, 10), very limited MDS patients are

considered an indication for HSCT due to the elderly (10). Moreover, a report revealed

that five-year overall survival after allogeneic HSCT was 28% in the patients with

refractory anemia with excess blasts-2 (RAEB-2) (6, 11).

MDS is mostly a sporadic disease, however, familial cases have been also discovered

recently. Holme et al. reported the largest cohort of 27 families with familial MDS/AML

from the United Kingdom (1). Since many of familial MDS/AML cases have been

recently defined, the guidelines for genetic analysis and clinical treatment are currently



based on expert opinions (12, 13). In clinical settings, clinicians are required to take a

detailed family history and consult with a certified genetic counselor when necessary

(14). The curative treatment for familial MDS/AML is allogeneic hematopoietic stem

cell transplantation only, same as sporadic MDS (15). In this setting, using a related

donor might be a problem (15).

Previous targeted sequencing research and recent comprehensive genomic mutational

analysis uncovered the landscape of somatic mutations in sporadic MDS. Especially,

Haferlach et al. analyzed more than 900 MDS samples by targeted sequence and

revealed that approximately 90% of the MDS patients harbored at least one mutation,

and that 47 genes, such as TET2, SF3B1, ASXL1, SRSF2, were frequently mutated (16).

Mutated genes in MDS can be classified into epigenetic modifiers (eg, ASXL1, TET2,

DNMT3A, IDH1/2, EZH2) (17-20), regulators of alternative mRNA splicing (eg,

SRSF2, ZRSF2, U2AF1, SF3B1) (16), transcription factors (eg, RUNX1, TP53,

GATA2) (21, 22), cytokine signaling factors (eg, NRAS, CBL) (23, 24), and cohesin

complex (eg, SMC3, RAD21) (25-27). Cohesin is a protein complex which is made of

four major subunits, SMC1, SMC3, RAD21, and STAG, and is related with the

cohesion of sister chromatids, transcriptional control, and post-replicative DNA repair

(26, 28). Recently, recurrent mutations in the cohesion-associated genes were found in a



variety of myeloid neoplasms including MDS (26). Although pathogenesis of cohesin
complex in MDS was not fully understood, Smc3 was revealed to work in a dose
dependent manner in malignant hematopoiesis (27). Smc3 hetero knock-out mice
showed an increase of absolute number of LSK (Lin", Sca-1", c-Kit") cells, especially in
short-term hematopoietic stem cells (27).

As described, the genomic mutational spectrum in sporadic MDS is gradually
uncovered. On the other hand, little is known about not only the causal genes but also
the epidemiology of familial MDS/AML due to its rarity (1, 29). To date, few limited
case reports showed the causal germline gene alterations including GATA2 (2), RUNX1
(29), CEBPA (30), TERC (14, 31), TERT (14, 32), DIDO1 (13), DDX41 (33), ETV6 (34),
SRP72 (35), some of them were overlapped with sporadic MDS.

To elucidate the full picture including the epidemiology, the genomic mutational
landscape, and the molecular pathogenesis, | conducted a nationwide survey and a
next-generation sequencing analysis using samples obtained from familial MDS/AML
patients. In this study, | identified twelve candidate genes of familial MDS/AML.
Among these genes, | found a novel HLTF T50A mutation in a sporadic MDS sample,

and loss-of-HItf enhanced in vitro colony replating capacity.



Materials and methods

Subjects and ethical issues

Research on human samples was conducted in accordance with The Ethics Guidelines

for Human Genome/Gene Analysis Research enforced on March 29, 2001.

This study was approved by the ethical committee of the University of Tokyo (Number;

10662, G10053), and the ethical approval was also obtained from each participating

institutions or hospitals (Amagasaki Hospital, Fuchu Hospital, Hyogo Prefectural Kobe

Children’s Hospital, Juntendo University, Keiju Medical Center, Kochi University,

Nagaoka Red Cross Hospital, National Defense Medical College, NTT Medical Center

Tokyo, Oita University, and PL hospital). A written informed consent was collected

from all the patients whose samples were studied. All animal experiments were

approved by the University of Tokyo Ethics Committee for Animal Experiments.

Sanger sequencing

The experiment was performed as described previously (36). In using genomic DNA of

the patient samples as template, each targeted region was amplified by PCR according

to the specific primers as listed in Table 1. The primers were designed using Primer3

(37, 38). The PCR products were purified by illustra ExoStar (GE Healthcare). When it



was difficult to extract the sequence data, the PCR products were subcloned into EcoRV

site of pBluescript Il KS(-) (Stratagene). The ligated plasmids were transformed into E.

coli strain of XL1-Blue or DH5alpha by heat shock for 45 seconds at 42 degrees Celsius.

The positive transformants were incubated on LB plates at 37 degrees Celsius

containing 100 microgram/mL ampicillin with X-gal (Sigma-Aldrich) and isopropyl

beta-D-1-thiogalactopyranoside (Sigma-Aldrich). For colony PCR, a white colony was

chosen, followed by adding to a PCR mixture as DNA template. The insert region was

amplified by PCR using T3 and T7 universal primers, and was purified by illustra

ExoStar (GE Healthcare Life Sciences). Sanger sequencing analysis was performed

with T3 and T7 primers, and BigDye Terminator v3.1 Cycle Sequencing kit (Applied

Biosystems). ABI Prism 310 Genetic Analyzer (Life Technologies) was utilized.



Table 1. The list of primers for direct sequence.

Gene Exon Forward Reverse
ANKRD26 (5’ UTR) CATGGAGCACACTTGACCAC TACTCCAGTGGCACTCAGTC
ASXLT 12 AGGTCAGATCACCCAGTCAGTT TAGCCCATCTGTGAGTCCAACTGT

12 AGAGGACCTGCCTTCTCTGAGAAA
12 ACTTGAAAACCAAGGCTCTCGT
12 GGTGGACAAGGATGAGAAACCCAA
12 TGGATTCCAAAGAGCAGTTCTCTTC
12 ACAGGAAAGCTACTGGGCATAGTC
CBL 7 AGCAAGCACTGGCAAATTGG
8 AACCATATCACTGGACACAAGC
9 AGGTACGGATCTAAACAGCGAC

TTCGATGGGATGGGTATCCAATGC
GCAACCATCCCATCTGTCCTTGTA
TGTCCTGTGACATAGCACGGACTT
CATGACAAAGGGCATCCCTTCCAA
CAAGAGTGCTCCTGCCTAAAGAGT
GTGGAGCCCATCTCACAGTATAATTC
CCCTGACCTTCTGATTCCTGC
CCTCTTTGTGCCTCAGTTTCTTCATC

CEBPA 1 GCCGGGAGAACTCTAACTCC GCTTGGCTTCATCCTCCTC

1 CCAAGAAGTCGGTGGACAAG CATTTCCAAGGCACAAGGTT
DIDOT 10 AGAGTATTGCTTTCGGCTTTGTGTG CACCATGTGGGTGCTGTCTG

10 AGAACGTATTTCCCTGGGCCTC ACAATAAGGCACCCTACAACTGG
DNMT3A 23 TCCTGCTGTGTGGTTAGACG TTTTTCTCTTCTGGGTGCTGA
ETV6 3 AAGGGCTCTTGAGATGTGGA CATCGTCATCCCTTCCTTGT

5 TGTCTTTCCCTCTGCTCCAC CTTCCCGATGAGAGAGGTTG

6 ACAGGACCTCCCTCCATCTT TGCAACTGCCTAATTGCTTG
EZH2 6 GCTTCCTTTGCCTAACACCA AAGCAATCTGCCCACCTTAG

7 TTCTGCTTCCCAGTGCTCTT GGCTCATCCGCTACATTGAT

12 CCCAAGAGGGAATTGAATGA ACCAACAACAGCCCTTAGGA

13 TCTTGGCTTTAACGCATTCC TTCCAGTCAGCCTCCACTTT

16 AGAGCACCTTGCTGAACGAT AGCATGCAAATCCACAAACA

17 TTGCGTTTTCTCCAGAAGGT CACAAGAGGTGAGGTGAGCA

18 AGGCAAACCCTGAAGAACTG CCACTAATGCTCATGGCAAA
GATAT 5 GCCAGGGAGTGTGTGAACTG GTCTTACCAGGCGCTTCTTG
GATA2 1 ACCTCGTGGTGGGACTTTGG CATCCGGGAAGCAAGCAGAC

2 TGCTGGTTCTGGGAGTCGTG GGTACTTGACGCCGTCCTTG

2 CACGCCACCCAAAGAAGTGTC GGAAACCAACACTGCCACCTC

3 ACTCCCTCCCGAGAACTTGC TTCAAGCGGCAAAGCGTCTG

4 AGCCCTCCTTGACTGAGCTG ACCTCCTGAGCAGAGGCAAG

5 TCAGCTTGACCTGCCTCTGG GTGTCGGCCTTCGGGAAATG
GFI1B 4 GCGGGATACCGTGAAGATTA TGCATCTCTCAGGGAAAGG

5 TGGCCATGAGAGAAAACACA GACTGGAGATTTGGGCATGT
GPI1BA 2 CCCCTGGTTATGCAACTGTG TGGATGCAAGGAGGAGGGCAT
GP9 1 AAGGCTGAGACCCGAGAAGG GCTTCTGGTGGTTTGGGCTG
HOXAT1 2 CAGCCCTTCTCCTCAGCTATGG TGCATCCCTCTCTTGCACAC
IDH1 4 GTGGCACGGTCTTCAGAGA TTCATACCTTGCTTAATGGGTGT
IDH2 4 TGAAAGATGGCGGCTGCAGT GGGGTGAAGACCATTTTGAA
JAK2 14 GTCATGCTGAAAGTAGGAGAAAG CTGAATAGTCCTACAGTGTTTTCAGTTTCA
KRAS 2 AAAGGTACTGGTGGAGTATTTGA CATGAAAATGGTCAGAGAAACGC

3 CAGACTGTGTTTCTCCCTTC TAAACCCACCTATAATGGTG
MASTL 4 TTGAACTGGCTTGAGGTTGA CCACGTTAGCTAGGCTGGTC
MPL 1 GGAGGATGGGCTAAGGCAG TCTTCCTGGGGCATAGGTGA

2 CCCTTCCACATAAACATGCCT GCAGGAAAGCTGCTGGAGT

4 TCCAGAGGCTGAGCCATAGAC GGTCTGGAATCCCCAAAGT

5 GGTTGGAGGCTCTCTCAGCT CTTTTATCTCCTCCCCATCTCC

6 CCTATACAGTAGGGGCACACG TGTGGCTCACTCCCATGACA

7 GATGGGAAGCCTTGGGATTAG GGGAACTATGTGGAAGAAT

8 CCTTGTGCACAGAAGGACTTA CCCCTGCGTAGTGAGGTCTG

9 CGAAGCCCCGACGCCGGGCCA CAGGCGCTGTGCGGCTTTGG

10 AGGGGCGGGGCCAGAGTA AGAGGTGACGTGCAGGAA

11 CTGCCAATCCACTGCCATG AGTACCAGGCAGGGTTGGTG

12 TCCCACAGGATCTGCTTTAAT

GAGTTTAGCTCTGTCCAGGGAAC




Table 1(tbc). The list of primers for direct sequence.

Gene Exon Forward Reverse
MYH9 1 GTGATCTTGTGTGGCTGACG CTTCTCAACCAGAGAGCCAG
16 TTGCCCTGTCAGGTTCATAG CCTCTGGGACTCACTGCAC
24 ATGGCACTGAGGGCTATGTG TGCTCACAGCTCACTAGTGC
25 TGTCCTGCAAACTCTGCTCC GTCCATGTCTCCAAGCCAAG
26 GGGCTATGGGATAGATGGCTAGG GCAGGACTGGTTTGGATTCTGTG
30 ATAACTGGGCAGATCCCTGG TTGCTTTGGACTCAGTGCTTG
38-39 TCCTGGTTAGGGCTTGTTGG TGGTGACATTCGTGCCTTGC
40 GATGTGTGGGCTGTGCTGTG AGGCTGTGGTGTCTGTCTGTC
MYL9 1 CTTGAATGCCAGGCCGAAGTG CGTCTCACTACACAGGAGGTGC
2 TCTCACACGGAGCGGTGAAG TGGGAGATGGGTGATGTCTGTTC
3 TGCCACGTCCTCATTCCTCAG TGGGAACTGGGACCCTAACC
NRAS 2 GGCCGATATTAATCCGGTGT TGGGTAAAGATGATCCGACA
3 CAAGTGGTTATAGATGGTGAAAC CAAATGACTTGCTATTATTGATG
PU.T 1 TCACCCAGGGCTCCTGTAGCTCA TCGTGGGCAGGCAGGCAGGCGTCC
2 ACTGAGCCAGGGAAGGTGAT CTCTCTCCAGACCCCAGGA
3 ACTATAACCTTTTCCTGCCCTGCC AGCCTGTGTCAGCTTCCTGTGAAG
4 GCTGTAAGCTGGCCCTTC GGCTGCTGGGTCAGTTGG
5 CCGGGCCCCTGTGCGTACGCAAGG CCGGGAGCGTCCTCCCTGTGTCCG
RUNXT 3 CCCTGAACGTGTATGTTGGTCTC AAGCTGAGACGAGTGCCTCC
4 ATCATTGCTATTCCTCTGCAACC ACGTTGCATGTTCCAAATCAGTC
5 GTAACTTGTGCTGAAGGGCTGG AGGTTGAACCCAAGGAATCTGAGAC
6 GGCATATCTCTAGCGAGTCTATGTTGG CAGTTGGTCTGGGAAGGTGTG
7 ATTAAACCCTGGTACATAGGCCAC ATGTTCTGCCAACTCCTTCATGC
8 TCCGCAACCTCCTACTCACTTC GCGCCGTAGTACAGGTGGTAG
8 ACGCGCTACCACACCTACCTG CTGACCTACAGCGAGATCCTGG
SF3B1 13-14 TGATGTGAAAGTGTAGCTTC GGCAACATAGTAAGACCCTGT
15-16 TGTTGGGGCATAGTTAAAACCT TGTTAGAACCATGAAACATATCCA
SRP72 6 GAAATGGGATTTACCCAGCA AGGAGCAGACCAGTCCTCAA
8 CCCTAGGCAGTTCTTTGGTT TGAAACAAAGCTGCAAATGTC
SRSF2 1 GGCCGCCACTCAGAGCTA ACCTCACAAAGGTCCGCG
STAG2 5 GGACACCACAAAGAGGCTGT CATCCCAAGAGTTTTCTGATGA

6 TTTCCACATTCTTTTCAATGC

7 TATGGGGCTGTTTTCTTGTG

8 TGCATTCTAAATGAAATTGCTG

9 GCAGCTGCATCTTTCTTTTG

10 CCCCAAAATACTGGGGAAT

11 AGGCCCATGCTTCATTTCTA

13 TTTGCAAACACTTTTCTCTTGC
14 GGACGTTACTAAAAGCACCTGTTAC
18 CACTTAACAGTGCTAATGGGCTTA
19 TTCCCTAAATGCCTCACAGAA

20 TTTCCATGGTGGTATGGTCA

21 TGACAAAGTTCATTTGTGGGTTT
22 TGTTAACAGTCAAGTCCAAAACAA
23 AAATGGAGACATGCCTGAGC

25 GGCAGTTAGTGAGAAACCTTGG
27 TGTGACGTGTTTACATGACTAACC
28 CTGCACTTTTGGTCATTTGC

29 GCTTGGCAAAGGAAGTAGTGA

30 TATGCCTATGCTCGCACAAC

GAAGTGACTATTTGAGAGCTGCTG
GCCCAGCCTAATGCTTACAA
GGGGAGTGTCCTCTTAGTGGT
TGGCACGGATATTCATCAGA
TCCCTACACCACGAAATATGC
ATAAAGGGGAGGCTTCCAGA
AGCTGTAAACCTCCATGACG
CCCAGCCTACATTTCCCTTTA
TCTGTGAGGCATTTAGGGAAA
AAGCATCATTACCGCCATTC
ACTGCAGTAGAGGGGCTCAA
CCCCACAACGACAACAAC
TGCAGTGCGTGAATAACAATC
TGTGTGAGTTTGCTGAAAACAG
GAAGCAGCGATCTGACTTGA
GCCCAATTTCAACTGCTACC
TTCCAAATGAAAGGGCTAGA
TGCCCTTAAGAATCCCAAAA
GAACCTTAATGACAATTCAGTTGGT

10



Table 1(tbc). The list of primers for direct sequence.

Gene Forward Reverse
TERC 1 GGCCGGAAATGGAACTTTA GCTGACAGAGCCCAACTCTT
1 GCCTTCCACCGTTCATTCTA TTCACGTCTCCTGCCAATTT
TERT 11 AGGAAGGCAGGAGGCTCTTTG CAGTCACCATCAGCCTTGCAG
TET2 3 TGAACTTCCCACATTAGCTGGT GAAACTGTAGCACCATTAGGCATT
3 CAAAAGGCTAATGGAGAAAGACGTA GCAGAAAAGGAATCCTTAGTGAACA
3 GCCAGTAAACTAGCTGCAATGCTAA TGCCTCATTACGTTTTAGATGGG
3 GACCAATGTCAGAACACCTCAA TTGATTTTGAATACTGATTTTCACCA
3 TTGCAACATAAGCCTCATAAACAG ATTGGCCTGTGCATCTGACTAT
3 GCAACTTGCTCAGCAAAGGTACT TGCTGCCAGACTCAAGATTTAAA
11 GCTCTTATCTTTGCTTAATGGGTGT TGTACATTTGGTCTAATGGTACAACTG
11 AATGGAAACCTATCAGTGGACAAC TATATATCTGTTGTAAGGCCCTGTGA
11 TCTAAGCTCAGTCTACCACCCATCCATACA TGCTCGCTGTCTGACCAGACCTCATCG
TP53 2-3 TCTCATGCTGGATCCCCACT AGTCAGAGGACCAGGTCCTC
4 TGCTCTTTTCACCCATCTAC ATACGGCCAGGCATTGAAGT
4 TGAGGACCTGGTCCTCTGAC AGAGGAATCCCAAAGTTCCA
5 TTCAACTCTGTCTCCTTCCT CAGCCCTGTCGTCTCTCCAG
6 GCCTCTGATTCCTCACTGAT TTAACCCCTCCTCCCAGAGA
5-6 TGTTCACTTGTGCCCTGACT TTAACCCCTCCTCCCAGAGA
7 CTTGCCACAGGTCTCCCCAA AGGGGTCAGAGGCAAGCAGA
7 AGGCGCACTGGCCTCATCTT TGTGCAGGGTGGCAAGTGGC
8 TTCCTTACTGCCTCTTGCTT AGGCATAACTGCACCCTTGG
8-9 TTGGGAGTAGATGGAGCCT AGTGTTAGACTGGAAACTTT
9 GACAAGAAGCGGTGGAG CGGCATTTTGAGTGTTAGAC
10 CAATTGTAACTTGAACCATC GGATGAGAATGGAATCCTAT
11 AGACCCTCTCACTCATGTGA TGACGCACACCTATTGCAAG
U2AF35 2 GCTGCTGACATATTCCATGTG TCTCAGACCTTCCACTGGAAGT
6 AAAGTCTTATTAAAGCGTGGATGG CGAACTGTGCTCAGTCACGTC
UTtx 10 TTGGTTTGTTTTCTGCTTCG TTGTAATTCAAATCTCTTAGCTGGAA
13 GGTTTATATTCCGGTTACCCTGT CCCCAAAATCTCTTCCCATA
17 TTGATAACTTTAGGACTTGGGTCA ACAAGGCAGAGAGCTGAGGA
17 ATCCTCAGCTCTCTGCCTTG CGGTCCAAATTTCAGCATTC
18 GGATCCACATCCCACATCTC TGTTTCCTAAAGGGCATCCA
25 TTGTGACATTTTCTTCCAGTCTTAC CGAATTACAATTCTATGCAAGGAG
ZRSR2 1 GGCTTTCCGTTTCAAGTCC CTCCCACTCCCAGACAGTTC
2 TCCTCAGCACCCGAACTATT GGCGATCATTCACCAAGACT
3 TCCTGAATTTTTGACCAAGGA GACTGGTACTGGTTAGTAAAGGTTGA
4 TGTGTCATTTTGCTCTCGTG CTCACTCCAACCTCCCAAGA
5 TGTGCGCTGTATGTGAAATG GACCCGAAGAAGAGCATCAG
6 TCAAAAGATCTGTGATTCAAAAGAA TCTAAACAGGTCCAGTCCACAG
7 ACCAGGAGCCAAGAGAGACA CTCTCCCAAAAGGGGAACTC
8 CCACCATGCCTGGTCTAAAG TGTGTCCCAGCTCTCTTGTG
9 GGGAATGTTAGCCTGGACAA AGCGAAACTCCGTCTCAAAA
10 CGGGGTTAATTAATAGTAGAGCTAATC GAATATCCCTTTATATAGCAGTGGAAC
11 GAAATGTACCTTCGGAAAAGGA GCGGTCCCTATTTCTTCCTC
11 TCCAGACCACTCCTACAAAAGA TTCCAGGCTACACAGGGTTC

UTR: untranslated region
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Whole exome sequencing

Genomic DNA was extracted from buccal mucosae (Bu) and peripheral blood (PB)
using the QlAamp DNA Mini kit (Qiagen). After purified with AMPure XP Kit
(Beckman Coulter), 560ng, 260ng, 1000ng, 330ng, 260ng, and 300ng genomic DNA in
patient(Pt)1PB, Pt1Bu, Pt2PB, Pt2Bu, subject(Sb)3Bu, and Sb4Bu were fragmented to
approximately 200 base pair by Covaris LE220 (Covaris). After end repairing by
NEBNext End Prep (NEW ENGLAND BioLabs), adaptors were ligated. Exon capture
was performed using SureSelect™™ Target Enrichment System Kit (Agilent
Technologies) according to the manufacturer’s instructions. SureSelect*” Capture
Library (Agilent Technologies) was version 5. The captured library was purified by
AMPure XP Kit (Beckman Coulter), and the index was attached to each sample. The
bridge amplification for cluster generation on Flow Cell was performed by cBot
(illumina) according to the manufacturer’s protocol. The pair-end sequence was
performed by Hiseq 2500 (illumina), and each pair was sequenced by 104 cycles. Short
read sequences were aligned to hgl9, and duplicate reads were removed. SNPs from
1000 genome project (39), date base SNP 138 and 139 (40), Human Genetic Variation
Database (41), Exome variant server (42), and in-house SNPs were applied to remove

reported SNPs from the study.
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Japanese nationwide survey of familial myelodysplastic syndromes

A questionnaire sheet was sent to 561 institutions or hospitals certified by Japanese

Society of Hematology to investigate pedigrees of familial MDS/AML. The

questionnaire sheet asked the number of familial MDS/AML pedigrees they had treated,

and asked whether they could participate in the study (Appendix 1). Familial

MDS/AML in this study was defined as the pedigree including two or more MDS/AML

patients. The second questionnaire sheets were sent to 241 institutions which returned

the first questionnaire sheets to obtain more detailed characteristics of the pedigrees.

The following data were collected from the written questionnaires: date on diagnosis,

past medical history, social history, FAB (French-American-British) and WHO (World

Health Organization) classification of MDS, results of bone marrow analysis and

chromosome analysis, score of International Prognostic Scoring System, clinical

features, the ECOG Performance Status, treatment, and clinical outcome (Appendix 2).

The clinical samples (buccal mucosae and/or peripheral blood) were obtained from four

institutions.

Retrovirus production

The procedures were performed as described previously (43, 44). Briefly, Platinum-E

13



(Plat-E) or Platinum-A (Plat-A) packaging cells were transiently transfected with

retroviral constructs using polyethylenimine. The supernatant containing retrovirus was

collected 48 hours after transfection and used for infection.

Plasmids

Complementary DNA (cDNA) of HLTF wild-type with Flag-tag was a generous gift

from Professor Lajos Haracska. Plasmids encoding proteins of human wild-type

Flag-tagged HLTF and its mutant cDNA were cloned into the bgl II/bgl II site of

MSCV-neo by a PCR method. The mutant was created by KOD Plus Mutagenesis Kit

(TOYOBO) according to the manufacturer’s instruction. Its sequence was verified by

Sanger sequencing.

shRNA interference

The procedure was performed as described previously (45). Gene-specific short hairpin

RNAs (shRNAs) were constructed using RNAI designer (Clontech) (46), and cloned

into pSIREN-RetroQ-ZsGreen vectors. The target sequences for shRNA were listed in

Table2. A scramble shRNA was a nonfunctional construct obtained from Clontech.

5-FU primed mouse bone marrow cells were transduced with each vector and sorted

14



with flow cytometry (BD FACSArialll, BD Biosciences). A fluorescein isothiocyanate

filter was used on the basis of the difference in fluorescence intensity.

Table 2. The list of target sequences for shRNA.
Gene Sequence
mouse H/tf GATTTATCAGTCTGTTAAA

In vitro colony forming assay

The experiments were performed as described previously (43, 47). One thousand sorted
cells were plated for the first round, and 10,000 cells were plated from the second round
into cytokine-supplemented methylcellulose medium (MethoCult M3434; STEMCELL

Technologies). The colony numbers in each dish were counted every seven days.

In vitro translation of protein

The experiments were performed as described previously (48-50). PurefrexSS
(GeneFrontier Corporation) was used according to the manufacturer’s instructions.
Template DNA was created by PCR amplification of the genes of interest.
MSCV-neo-HLTF-WT, -E259K were used as the template for HLTF production. T7
promoter and ribosome binding site were attached to upstream of template DNA, and

they were amplified by PCR. After purified by FastGene Gel/PCR Extraction Kit

15



(NIPPON Genetics), template DNA was mixed with PurefrexSS solutions as the

protocols instructed, followed by incubation at 37 degrees Celsius for four hours.

Changing buffer was performed using Micro Bio-Spin™ P-6 Gel Columns (BIO-RAD),

and ATPase activity was evaluated.

ATPase activity analysis

The analysis of ATPase activity was performed by the QuantiChrom ATPase/GTPase

Kit (BioAssay Systems) according to the manufacturer’s protocols. Briefly, the

malachite green reagent formed a stable dark green with phosphate, and was measured

by a plate reader. After calculation of the difference of OD values between reaction and

control wells, the enzyme activity was computed using the concentration of free

phosphate produced from standard curve. A clear bottom 384-well plate was used. After

30 minutes reaction, the absorbance set at 620nm was measured by an absorption

spectrometer (ARVO MX/Light, PerkinElmer) for 0.1 second. The formula (below) was

applied for calculation of enzyme activity (EA).

EA = [phosphate concentration]*4/30 (U/L), where 1 unit of activity is the amount of

enzyme that catalyzes the production of 1 micro mole of free phosphate per minute.

16



Quantitative real-time PCR

The experiments were performed as described previously (45). Briefly, messenger RNA
was extracted by NucleoSpin RNA Il kit (Clontech) and subsequently, complementary
DNA was synthesized by ReverTra Ace gqPCR RT Master Mix (TOYOBO) according to
the manufacturer’s instructions. Real-time PCR was performed by THUNDERBIRD
SYBR gPCR mix (TOYOBO). The primers were designed by Universal ProbeLibrary
Assay Design Center (Roche) (51). LightCycler 480 Instrument 11 (Roche) was operated.
The results were controlled with the value of 18s ribosomal RNA. The primers for

quantitative real-time PCR were listed in Table 3.

Table 3. The list of primers sequences for quantitative real-time PCR.

Gene Forward Reverse
mouse H/tf CGCAGCTTCTCGAGTGTTCT CCGGTCAAAGCACTGATCTT
18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

Statistical analysis
Statistical significance of difference among groups was determined with a two-tailed

unpaired t test. The differences were considered statistically significant when a p-value

< 0.05.
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Results

A pedigree with four MDS patients

A pedigree with four MDS family members was identified from our previous study (36)

(Figure 1). The patient 1 was an 89 year-old female, firstly diagnosed as MDS with

normal karyotype at 78 years old. Red blood cell transfusion against refractory anemia

was started when she was 87. The patient 2 was a 68 year-old male, diagnosed as

refractory cytopenia with multilineage dysplasia accompanied by normal karyotype at

63 years old. In order to investigate a causal gene of this pedigree, Sanger sequence was

performed using the peripheral blood mononuclear cells obtained from patient 2.

Although thirty-six genes previously reported as sporadic or familial MDS-related

genes, such as splicing factors, epigenetic regulators, transcription factors, and kinase

signaling factors (Table 4), were analyzed, no mutation were observed in their hot-spots

and the coding regions. Therefore, it was hypothesized that this pedigree might have an

unknown causal gene mutation of familial MDS.

18
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Figure 1. The index pedigree with four MDS patients (Pedigree 1).

Table 4. The list of analyzed 36 MDS—related genes.
ANKRD26  ETVE GP9 MASTL RUNXT TERT
ASXLT EZH2 HOXAT11 MPL SF3B7 TET2
CBL GATA1  IDHT MYH9  SRP72 TP53
CEBPA GATA2 IDH2  MYL9 SSF2 UZAF35
DIDO-T7 GFI1b JAK2 NRAS  STAG? uUTtx
DNMT3A GPIBa KRAS PU.1 TERC ZRSR2

Whole exome sequence of the index pedigree

In order to identify the patient specific germ-line mutations of this pedigree, whole

exome sequence was performed using the samples obtained from two patients and two

non-MDS healthy family members as control (Figure 2A).
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Figure 2A. Whole exome sequence strategy of the index pedigree. Both somatic and
germ-line samples of MDS patients, and germ-line samples of the controls were
sequenced by a next-generation sequencer.

As a result, the read numbers of germ-line samples after removing duplicate were
3.27*10%, 3.11*10°%, 3.14*10°% and 3.30*10° in Ptl, Pt2, Sh3, and Sb4, respectively.
Likewise, the mean coverage of germ-line samples was 179, 170, 162, and 177 in Pt1,
Pt2, Sb3, and Sh4, respectively (Table 5). The read number and mean coverage were

sufficient to analyze the data of genomic mutation.

Table 5. Sample quality control and whole—exome sequence outcome.

Sample gDNA (ng) Raw read No. Unique read No. Mean coverage
Pt1 PB 560 843,820,688 527,569,654 299.004
Pt1 Bu 260 421,286,864 327,316,563 178.807
Pt2 PB 1000 812,162,088 539,764,584 305.142
Pt2 Bu 330 420,517,586 311,204,072 170.146
Control3 Bu 260 391,873,048 313,622,184 161.632
Control4 Bu 300 441,026,572 330,036,026 176.98

Bu: buccal mucosae PB: peripheral blood
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In total, 16889 non-synonymous germ-line substitutions were obtained. Among them,

35 mutual single base substitutions remained after eliminating SNPs from 1000 genome

project (39), in-house SNPs, data base SNP 138 and 139 (40), Human Genetic Variation

Browser (41), Exome variant server (42), coverage value < 20, and variant allele

frequency < 20% (Figure 2B).

Identified variants
Non synonymous 16889

1000 genome project

Identified variants
1859

In-house SNP

Identified variants

500
dbSNP139
HGVB, EVS
MDS Ptl and Pt2
35*

* Coverage220, Allele frequency>20%

Validation with
Pt 2 (Sanger Seq)

MDS Ptl1 and Pt2
34

Removing
SNVs in control

MDS Pt1 and Pt2

12

Ptl Pt2
12

Control 3 Control 4

Figure 2B. The results of whole exome sequence of the index pedigree. Twelve

candidate genes were obtained.

Subsequently, | validated the remained 35 candidate single base mutations by Sanger

sequence using the peripheral blood cells obtained from patient 2, resulting in the
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exclusion of NAT1 from the candidates (Table 6).

Table 6. The list of 34 candidate gene after validation.
Gene symbol Amino acid change Reference sequence No.

AGXT R370H NM_000030
ANKT R256Q NM_000037
B4GALNTZ2 V352L NM_153446
BTN3A2 A334T NM_007047
C140rf39 I55M NM_174978
c2cD3 c1602Y NM_015531
CYorf43 G40D NM_152786
CYP/BT V2701 NM_004820
DEPTOR H242N NM_022783
EFHB G747V NM_144715
ENTPD7 S413N NM_020354
FAM160B2 L270F NM_022749
GDAPILT T158M NM_024034
HELZ? E1684K NM_033405
HLTF E259K NM_003071
INPP5J E197X NM_001284285
INVS L912M NM_014425
IRXT A217V NM_024337
ITPKB R240L NM_002221
LRRC16A G1312v NM_017640
MPO R421Q NM_000250
NAPRTT1 V216l NM_145201
NEU4 M378I1 NM_080741
NIDZ2 1342T NM_007361
ORI10D3 M118V ENSTO00000318666
PLINS R200C NM_001013706
PLINS F198L NM_001013706
PRSS23 S157C NM_007173
RYK S561N NM_002958
SCUBET E711K NM_173050
SLC25A39 R300W NM_016016
TLE6 A409V NM_024760
TTN A9405V NM_003319
ZFR E848A NM 016107
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In addition, because twenty-two of the candidate genes were also found in the control

samples from healthy family members, we obtained twelve candidate gene mutations

(Table 7).

Table 7. The list of twelve candidate genes and allele frequency.

Gene symbol Amino acid Allele frequency (%)
change Pt1(Bu) Pt1(PB) Pt2(Bu) Pt2(PB)
ANKT R256Q 534 50.0 46.3 53.1
CYo0rf43 G40D 48.4 471 476 52.1
CYP/BT V2701 48.5 494 476 475
EFHB G747V 49.6 46.9 54.0 45.2
ENTPD7 S413N 50.2 51.9 491 494
FAM160B2 L270F 48.7 511 51.3 542
HELZ2 E1684K 56.9 535 447 478
HLTF E259K 50.8 470 442 431
INPP5J E197X 43.6 52.1 524 478
ITPKB R240L 56.8 50.9 47.6 52.1
RYK S561N 41.0 478 554 47.7
TTN A9405V 515 47.7 51.8 49.2

Bu: buccal mucosae PB: peripheral blood

As for insertions-deletions (indels), six mutual indels were identified in patient 1 and

patient 2 after eliminating reported indels and in-house indels, coverage value < 20, and

variant frequency < 20% (Table 8).
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Table 8. The list of six indels obtained from patient 1 and patient 2.

Gene symbol Base change (RefSeq) Reference sequence number
CHRNA3 ctg/ctCTGg NM_000743

FAM157B cggcagcagcag/cgg NM_001145249

FAM1578B cggcagcagcagcagcagecag/ cgg NM_001145249
RPI11-210M15.1 —- ENST00000594607

VPS16 -/TC NM_022575

Caverage 2 20, variant frequency 2 20%

Of these, deletion of RP11-210M15.1 was in untranslated region and insertion of
CHRNAS3 and deletion of both FAM157B were not validated by Sanger sequence using
the peripheral blood cells from patient 2. Therefore, these indels were excluded from the
analysis. Additionally, the remaining insertion of VPS16 was detected in healthy family
members. Eventually, from these analyses, | obtained 12 candidate gene mutations of

familial MDS/AML.

Subsequently, | analyzed the acquired somatic mutations which were not overlapped
with the germ-line mutations. After eliminating reported and in-house SNPs, eight
somatic mutations were detected in patient 1 (Table 9). No acquired somatic mutation

was identified in patient 2.
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Table 9. The list of somatic mutations obtained from patient 1.
Patient Gene symbol Amino acid change Reference sequence number

Patientl ARRDCT E63V NM_152285
Patientl  C90rf50 *432R NM_199350
Patientl1 DDX41 T227M NM_016222
Patient1 ESM1 N22S NM_007036
Patientl GOLGA6L2  G850R ENST00000567107
Patientl /GFZ2R Y196C NM_000876
Patientl OR4C13 P77A NM_001001955
Patientl P7PN1 N162K NM_002827

Caverage 2 20, variant allele frequency 2 20%

Japanese nationwide survey of familial myelodysplastic syndromes

To investigate the recurrence of the candidate gene mutations in familial MDS/AML, |
designed a Japanese nationwide survey of familial MDS/AML, and sent a questionnaire
sheet to 561 institutions or hospitals certified by Japanese Society of Hematology. Two
hundred and forty-one (43.0%) institutions were answered, and 41 pedigrees of familial
MDS/AML were reported in total. Subsequently, the second questionnaire sheets were
sent to these institutions to obtain further characteristics of the pedigrees, and 12 out of
241 institutions (5.0%) were answered. The clinical information of 24 patients in 16
pedigrees was collected (Figure 3A). Moreover, | obtained the clinical samples of seven

cases from six pedigrees (Table 10).
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Pedigree 15 Pedigree 16
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O @
Figure 3A. The familial MDS/AML 16 pedigrees obtained from the nationwide survey.

Clinical samples were obtained from patient 1 to patient 9. Whole exome sequence was
performed of both patients in pedigree 1.
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Table 10. The summary of the characteristics of the patients from the nationwide survey.

Pedigree Patient Sex Dx age WHO classification Bone marrow examination in diagnosis Karyotype IPSS-R and score
1 1 female 78  MDS(N.A) N.A. Normal N.A N.A.
2 male 63 RCMD N.A. Normal N.A. N.A.

2 3 male 59 RAEB-2 Blasts 13.0%, Pseudo Pelger—Huet, micro MgK Complex>3  Very high 8.5
3 4 male 71 AML-M3 APL cell 88.8% #(15:17) N.A. N.A.

4 5 female 14 RA Blast 0%, Karyorrhexis and nuclear border irregularity in erythroid lineage Normal Intermediate 3.5
6 male 9 RA Blast 0%, Multinuclear erythloblast,nuclear border irregularity in erythroid lineage Normal Low 20

5 7 male 58 RCMD Blasts 2.7%, Pseudo Pelger—Huet, abnormal in erythroid lineage Del(20q) Intermediate 40
6 8 male 58 RAEB-2 N.A. Normal Intermediate 40

o 9 female 60 AML-MI ~~~~ Blasts56.6% ] NA O NA ] NA.

8 10 male 77 MDS(N.A) N.A. N.A. N.A. N.A.

11 male 49  RAEB-2 Blasts 14.6%, Micro MgK, nuclear hypolobation in MgK Normal Intermediate = 4.5

9 12 male 18 RA Blasts 0.8% +8 Low 3.0
13 male 17  RCMD N.A. Normal N.A. N.A.

10 14 male 60 RAEB-1 Blasts 2.7%, Multinuclear erythloblast -7 High 55
15 male 44  RAEB-2 Blasts 10%, Nuclear border irregularity in erythroid lineage, agranularity del(7g), =Y  Very high 15

11 16 female 42  AML-NOS (AML-M1) Blasts 41.6% N.A. N.A. N.A.
12 17 male 40 RA N.A. Normal N.A. N.A.
18 male N.A.  RAEB-2 Blasts 5.0%, Micro MgK Complex>3  Very high 9.0

13 19 male 88 RCMD Blasts 3.3%, Nuclear hyperlobation in erythroblast Normal High 50
20 male 58 RAEB-2 Blasts 10.2%, Abnormality in erytyroid lineage Normal Intermediate 45

14 21 female 27  RCUD(RT) Blast 0%, N.A. Normal N.A. N.A.
15 22  female 62  AML with t(8;21)(922;922) N.A. (8;21)(g22;922) N.A. N.A.
23 male 53 RAEB-1 Blasts 5.0%, Ring sideroblasts, agranularity, microMgK, multinucleation in MgK Complex>3  Very high 6.5

Blasts 7.2%, Multinuclear erythloblas, nuclear border irregularity in erythroid

lineage, microMgK, multinucleation in MgK Normal Intermediate | 4.5

16 24  female 36  RAEB-1

Clinical samples were obtained from patient 1 to patient 9.
Abbreviation Dx: diagnosis, MgK:megakaryocyte, N.A.:not applicable
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In the collected 24 patients, seven patients (7/24=29.2%) were female. The mean and
the median age of the initial diagnosis were 49.6 and 58 years, respectively (Figure 3B).
WHO classification ranged from refractory anemia (RA) to AML (52). RAEB-2 was the
largest group (25%), followed by AML (17%), RA (17%), and RCMD (17%) (Figure
3C). Chromosomal analysis revealed that half of the patients had normal karyotypes at
the initial diagnosis (Figure 3D). As for IPSS-R, “intermediate” was the largest group,
followed by “very high” (17%), “high” (8%), and “low” (8%) (53) (Figure 3E). No
“very low” group was observed. The characteristics of these cases were summarized in
Table 10. Subsequently, twelve single base mutations were analyzed by Sanger

sequencing, however, these mutations were not identified in other pedigrees.

Age in diagnosis

W 0-20yr m21-40yr W 41-60yr m61-80 yr W 81-yr
4%

44%

Figure 3B. Age in the initial diagnosis of familial MDS/AML.
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WHO classification

B RA B RCMD W RAEB-1
® RAEB-2 B AML M Others, N.A.

Figure 3C. WHO classification in the initial diagnosis of familial MDS/AML.

Karyotype

B Normal mComplex>3 m Others, N.A.

Figure 3D. Chromosome examination in the initial diagnosis of familial MDS/AML.
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Figure 3E. IPSS-R classification in the initial diagnosis of familial MDS/AML.

HItf silencing enhances in vitro colony replating capacity

Of the twelve candidate genes (Table 7), I performed a literature survey to select a

candidate gene for further functional analysis. | searched a gene with a similar function

of the driver genes of sporadic MDS. Among the candidate, HLTF regulates the

expressions of the cohesin complex-associated genes that frequently mutated in

sporadic MDS/AML (54). HItf null mouse brain showed more apoptotic cells and

increased active caspase-3 (54). HLTF is an E3-ubiquitin ligase which supports the

Lys-63 linked polyubiquitination of proliferating cell nuclear antigen (PCNA), and

promotes error-free postreplication DNA repair (55). Transcript expression of main
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components of the G2/M transition, such as Aurora-B, CAP-G/G2, and Histone H3.3,

was decreased in HItf null mouse brain (54). Since HLTF has an important role in

chromatin remodeling, transcription, DNA damage repair, apoptosis, and cell cycle

which are prominently involved in MDS pathogenesis (54, 55), | selected HLTF for

further functional assay.

Firstly, I checked HLTF mutation status in sporadic MDS samples by Sanger sequence.

Whole HLTF coding regions of 40 samples were sequenced (Table 11). As a result, a

novel HLTF mutation (p.Thr50Ala, T50A) was identified in one sample (1/40 = 2.5%)

(Figure 4A). These data suggested the possibility that HLTF mutation might contribute

to the pathogenesis not only in familial MDS but also in sporadic MDS.
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Table 11. HLTF Sanger sequence results of 40 sporadic MDS samples.

exon22 exon23 exon24 exon25

exon2 exon3 exon4 exond exon6 exon7 exon8 exond exonl0 exonll exonl2 exon13 exonl4 exonld exonl16 exonl7 exon18 exonl9 exon20 exon21
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MDS39
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Bone marrow sample (Sporadic MDS)

Figure 4A. HLTF p.Thr50Ala change in a sporadic MDS sample.

The obtained amino acid change of HLTF was p.Glu259Lys (E259K) in familial MDS
(Figure 4B). The 259" amino acid position of HLTF is on DEXDc domain, and is close
to an ATP binding site (Figure 4C) (56). DEXDc domain contains the ATP-binding

region, and is involved in ATP-dependent DNA or RNA unwinding.

K258 E259/K259 260 K258 E259/K259 | 260
C T T C T T
G G

JAANL
— ~

Blood sample (Patient 1) Buccal mucosa sample (Patient 1)
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Figure 4B. HLTF p.Glu259Lys change in patient 1 and patient 2 by Sanger sequence.
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Figure 4C. Graphical summary of HLTF. Red arrow denotes the positon of

p.Glu259Lys.

Importantly, a public dataset (GSE9476) which included the expression profile of

normal hematopoietic cells from 38 healthy participants and leukemic blast cells from

26 AML patients demonstrated that HLTF expression was significantly lower in AML

samples (p<0.01) (Figure 4D) (57).
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Mean HLTF expression from GSE9476

*k ** p<0.01

10

Expression value

38 Health donors 26 AML patients

Figure 4D. Mean HLTF expression from GSE 9476. Error bar denotes standard error.

Subsequently, I evaluated in vitro colony-formation capacity using HItf-knocked down

5-fluorouracil (5FU)-primed C57BL/6 mouse bone marrow (BM) cells. Quantitative

PCR analysis of HItf in BM cells showed an approximately 70% reduction of HiItf

compared to the control shRNA vector-transduced BM cells (Figure 4E). Strikingly,

HItf-silenced BM cells showed enhanced in vitro colony-replating capacity (Figure 4F).

While HItf knockdown BM cells could be replated up to the fifth round, the control BM

cells could not survive after the third plating.
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Figure 4E. Quantification of shRNA-mediated HItf-knocked down efficiency by
guantitative real-time PCR (n=4).
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Figure 4F. Colony replating assay of control and HItf-knocked down cells. Error bar
denotes standard error (n=3).

Indeed, c-kit, a hematopoietic stem/ progenitor cell marker, positive cells were

increased in HItf shRNA-expressing colonies after the first round (Figure 4G). HItf

shRNA-expressing cells had morphologic characteristics of immature myeloid cells, i.e.

increased nucleus-to-cytoplasm ratio, and clear nucleoli compared to control
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shRNA-expressing cells (Figure 4H).
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Figure 4G. (Upper) Representative image of the ratio of c-kit positive cells in control
and HItf shRNA-expressing colonies after the first plating. (Lower) The average of the
ratio of c-kit positive cells in control and HItf sShRNA-expressing colonies after the first
plating. Error bar denotes standard error (n=5).
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Figure 4H. Cell morphology in control colonies and HItf shRNA-expressing colonies
after the second plating (upper), and the third plating (lower). Cytospins of the colonies
are shown.

ATPase activity of HLTF E259K mutant

Previously report revealed that HLTF itself has an ATPase activity (58). Since the 259"
amino acid position of HLTF locates on near ATP binding site, | examined the ATPase
activity of HLTF E259K compared to HLTF wild-type. Both HLTF E259K mutant and
wild-type protein were synthesized by in vitro translation, and protein expressions were
confirmed by Western blotting (Figure 5A). Water was used as negative control.

However, in vitro ATPase activity experiment showed no significant change in
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phosphate concentration between HLTF wild-type protein and HLTF E259K protein

(Figure 5B). These result demonstrated that ATP-dependent DNA repair of HLTF

E259K was not impaired.

HLTF
kDa WT MT
140

— — HLTF
s — o I

Figure 5A. HLTF wild-type and mutant expression by Western blotting.

ATPase activity

u/L , x 1 * p<0.05
20 ns *

y | | |

12

HLTF-WT HLTF-MT water

Figure 5B. ATPase activities of HLTF wild-type and mutant. Error bar denotes standard

error (n=3).
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Discussion

In this study, | elucidated the epidemiology of familial MDS/AML by the nationwide
survey and identified twelve candidate genes from patient samples using whole exome
sequencing. In addition, I found the novel HLTF T50A mutation in one sporadic MDS
sample, and found the enhanced in vitro colony replating capacity of Hltf-silenced
murine BM cells.

Holme et al. reported the cohort of 27 unrelated families with two or more MDS or
AML individuals who had bone marrow failure, and analyzed 27 patients in the UK (1).
The mean and the median age of the patients were 25.0 years, 23.0 years, respectively
(Figure 6).

Age in diagnosis -UK cohort

m0-20yr m21-40yr 41-60 yr

Figure 6. Age in the diagnosis of familial MDS/AML of 27 patients in the UK cohort.

Although it is reported that patients with familial MDS/AML are younger at

presentation than sporadic MDS patients (29), the mean and the median age of 24
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patients from our nationwide survey were 49.6 and 58 years, which were relatively older.

Sporadic MDS is known as the disease of the elderly with the median age of the

diagnosis >70 (10). Considering this issue, our results reflected the similar propensity of

familial MDS/AML. In Holme’s survey, 53.8% of the patients were female, which were

approximately twice as many as our cohort (29.2%). While Gaitonde et al. reported the

fourteenth familial MDS/AML pedigrees associated with complete or partial loss of

chromosome 7 (15, 59), one same pedigree was found in our cohort (pedigree 10,

1/16=6.3%). Although Minelli et al. described that most cases of familial monosomy 7

associated MDS/AML were younger than 18 years in the first consultation (60), our

patients were elder, 44 and 42 years old. Minelli et al. also reported one familial

monosomy 7 associated MDS/AML patient with a trisomy 8 (60), our cohort had one

patient with trisomy 8 without other karyotype abnormalities (pedigree 9, 1/16=6.3%).

Human HLTF, helicase-like transcription factor, is a 56.4 kb gene with 26 exons, and is

located on chromosome 3 (61). HLTF is a homologue of yeast Rad5 and belongs to the

SWI/SNF (switch/sucrose non-fermentable) family which leads chromatin remodeling,

ubiquitin ligase, and DNA repair (55, 56, 61). When DNA is damaged in DNA

replication, replication fork stalls and HLTF is recruited to be involved in template

switching (61-63). HLTF promotes polyubiquitination of PCNA, a DNA polymerase
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sliding clamp which leads to switch the template in order to perform error-free bypass

of the lesion (55, 61, 63). HLTF also helps D-loop formation at the DNA lesion of the

sister duplex so as to achieve error-free bypass (61, 63). This process is driven by an

ATP-independent and/or ATP-dependent manner (61). Although HLTF E259K mutation

was located near ATP-binding site, ATPase activity between HLTF wild-type and

mutant was not altered in my assay. Therefore, according to my assay, the pathogenesis

of HLTF mutant might not be related with ATP-dependent DNA repairing.

Although MacKay et al. showed that HLTF expression level was very low in Western

blotting in one leukemia cell line (58), little is known about the relationships between

HLTF and hematological malignancies (26, 61, 64, 65). HLTF is a transcription factor,

an E3-ubiquitin ligase, a post-replicative DNA repair controller, and HLTF also

regulates the expressions of the cohesin complex-associated genes that frequently

mutated in sporadic MDS/AML (54, 55, 61, 66). These multiple MDS-related functions

suggested that HLTF could be a novel causal gene of MDS pathogenesis.

In addition, HLTF was reported to be inactivated by promotor hypermethylation in

colon and gastric cancer (67, 68). However, it is also known that HLTF transcript levels

are more than twentyfold higher in several cancer cell lines compared to normal human

tissues (61, 69). Therefore, HLTF could be considered to have propensity of both a
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tumor suppressor gene and an oncogene (61).

If the promotor hypermethylation of HLTF was also observed in hematopoietic
malignancies, DNA hypomethylating agents such as azacitidine or decitabine might be
effective. In this study, 5-FU primed murine HItf-knocked down cells survived longer
than control cells. Considering that HLTF expression level was low in leukemia cell line
and human leukemia samples (Figure 4D), and loss-of-HItf increased replating capacity,
HLTF might behave as a tumor suppressor rather than an oncogene in hematological
malignancies. However, it remains a possibility that gain-of-HLTF E259K function may
also be related with the pathogenesis of familial MDS/AML.

Importantly, 1 found the novel HLTF T50A mutation in one out of 40 samples of
sporadic MDS patients (1/40=2.5%). This mutation located near HIRAN domain, which
binds 3> DNA ends to regulate replication fork reversal (70). Since replication fork
reversal occurs in DNA damage repairing, this mutation might impede the ability of
DNA repairing. The functional assay of HLTF p. T50A remained to be performed.

In conclusion, I performed the first nationwide survey of familial MDS/AML, and
elucidated the characteristics of familial MDS/AML patients in Japan. | also identified
twelve candidate genes of familial MDS/AML by whole exome sequencing analysis. Of

these, loss-of-HItf enhanced in vitro colony replating capacity. In addition, a novel
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HLTF T50A mutation was detected in a sporadic MDS sample. This study could be an

important first step for the understanding of familial MDS/AML.
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Appendices

Appendix 1 -The first questionnaire sheet of the nationwide survey of familial

MDS/AML.

RiEME MDS ICEHY 5 2EHRE —RAER

=05

BHEER T

H5 %

E-mail

1. BRIV TR MDS-AML FEFIAFIRIR RBoT=H . A TS,

#9) EF

2. (LT KRB TIHREDHIEHEE)REN MDS (BT HABMARICTHR AL ZIHETH?

(YA AlAYS

CHANEE RICHYNESTESNELT,
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Appendix 2 -The second questionnaire sheet of the nationwide survey of familial

MDS/AML.
FEMMDSICEHIH2ERE —RWFEER

sEAH (i iS F A B
AR
ERREE N
SEHRSE e—mail:

Tel:

FAX:

RREIC. TEREOEFEBEBICTHRALLESLY,
ER{LRRID(RREITIABIEID)
EEAE

JL51
FHinE(HODET)
REEHE(HOIZERT)
: MDS/AMLTE 2 B 1%

: MDS/AMLIETE B B i

: MDS/AMLTE B & 1%

: MDS/AMLIERE Bzt

: FEIRIR

- E‘Hﬂ%&
EHES(HODET):EAFFID
(FImEZE1ELT, 2,3, 4..)

v
[=

loeOm\ Y
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BARATEAAACOE1BERLTIEELY)

BABS (RiHEEF1ELT.2,3, 4, )

ZHEE H AE F A B
SR FE- 1R - £ F A B 1S 2% AaE £ A&
iy RE 1. I & F( (P& £ ARA)
( (EE & AE)
( (P& = 172)))
2. ZOHEDIES EE  F AE)
( BEE & AE)
( EE £ AE)
( #EE O F AE)
3. MR R BRL( ) RE(SE Gy)
4 LRHEE (AR ~ AFS )
(HARE ~ RE )
(AR ~ FS )
(HARE ~ FS )
(AR ~ FS )
(HARE ~ AFS )
HERE BUE 1. A/B x M 2 moftepmu
OB 1. &/H % B/(&-A)
2. B EE 3. BRFGLY
1LY B IR EE( ) TRETHRIREE  ( )
ZEEFABS f(List 1B SEER)
ZHBRWHO A (List 22\ L ESEEIR)
BRI E T HRAE MO 3 18 Hb g/d Pit X 1074/l
Neu /ul (WBC /ul & %)
Blasts %
PR ERERIATR BRER: AR 3 A H
Blasts %
XList 3MDBR“Z DM IFERHIID) MEREE ( )
IR EEAREAMR(Lst 4a0hoREIR) 1R ( )
2. RiEAT
ZWEFIPSS-R (MDSDIEE) 1. Very low 2. Low 3. Intermediate
4. High 5. Very high
¥List 5ZZBLTEHE— (Score Value: )
551 B S FRBE 4K 0.74L 1.&8Mm 2 ZERME 3 HMER 4. BE
5. Z D )

E2HTRFECOG Performance Status (0~4)
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IR E LR E 3 A B
R 1. BREF 2. BRER 3. B
ERiR /T A 2.5 a:
1. 858 2. @RS 3. T )
NERkROF: 15
FERE( )
BEBRKEHYETH? 0. L\ X 1LIELY (o BBE b T DM ))
BERKIIINDSFEIRARETT H? 0. LMV 11X (o BBE b RAHM o ORERGE
AEOWIELAE; List 65 5:EIR) BEROESE: ) Fiis B: BE # A H
XABRODBENBREOBE ILHBEO~ 1. BafE £ B BFT 2 REIIED
SAEOBAARTO R A M M H B 1. BER @R F A B
Hb g/d Pt x1074/yl
Neu /ul (WBC /ul & %)
Blasts %
2. Wk EELC
SABROBARTICE L - ML B4 - S8 1. FRMERLR AROFARFTO8ERMI( VBT
2. M/P4RLR AROFARTO8ERMI<( VE{L
3. iR AELL
ABROBRETOEREFERATR 1. BER: BE F A B Blasts: %
¥List 3SMDBEIR“Z DM [LEAKRIID) WHEEE: ( )
2. B EELC
AROBMRITOBHEERREMR 1. AR R (List 4): ( )
2. R ERIL
BERODEREDR MDSDIH A (List 7 i5:E4R):
AMLOD 5 & (List 8/ 5:EIR):
BEOZOEHERAR 1. %R&EB: BE F A H Blasts: %
KList 3B Z DM IFBKEID) BREERE: ( )
2. RIEAT
BEOBROLBARERR 1. REEREEE. M OH-LEEOHELL
2. ZEAKEEN50% U LD
3. Z Dt )
4. RIEAT
BEOERT/dIE/EEBELLERUsty (1.7 2.4k 3 EFE HEH:( )
SAEQ(WELAE; List 65 5:ER) SBEROESE: ( ) BsE B: AR # A H

MCARQOEENBEDES AR

1. & £ A

BET 2 BEIZES
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SAEQBA AT R AH M M F {E 1. RER: AR # A B
Hb g/dl Pit X 1074/l
Neu /ul (WBC /e %)
Blasts %
AEQRBAMOBEMERIFTR 1. RER: AR £ A B Blasts: %
¥list SNDBIRCZOMIFEMRMIT)  |BEEE: ( )
2. BRO%KERL
ARQMEAMOBHARKRENR 1L AR
¥Llist 20 BBIRCZ DM IFEMAMID | )
2. REO®KERL
ARQDAEMER MDSM 15 & (List 7 D3ER):
AMLOH & (List 8H D R):
AEQEBRDEBEHMERIFTR 1. RER: AR £ A B Blasts: %

XList 3HDRR(“Z DAL (LB KEIID)

WREEE: (

2. RIEAT
ARQBROFBKIREMR LR 1 RBARREHEX M OFLEEOHRAEL
2. RBAREEH50%ULHD
3. Z0f ( )
2. RIEAT
BEQERT/hIL/EEL-BAWLsty |1.#&T 2.4k 3 FFE  EMH:( )
REQ): BiE BHERT DK RE: 1. KRB\ 2.CR 3. FOith( )
iR @R # A H
MHLA— B MiE6RE Ll E—3 HLA: 1. M%F 2. HLA—BEEmBE 3. s
4. ZD( )
BHOME: 1. CR#fE 5 2. BH
3. BET(BEA: )
BiEREZ2EETLI5E 2R B OBEIEIELIZREEH
REQ: BiE BHERTD K RE: 1.RAE 2.CR 3 Z0OH )
iR AR # A H
XHLA—E: &6 EELL E—3 HLA: 1. M%%E 2. HA—HIEMmBEE 3. FEFHMm
4. ZDAth( )
BHOME: 1. CRifiH 2. 5%
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List 1: ZBBF 5 ¥8(FAB)
1.

RA 2. RARS 3. RAEB 4. RAEB-t 5. CMMoL
6. MDS-overt leukemia 7. AML-MO 8. AML-M1 9. AML-M2 10. AML-M3
11. AML-M4 12. AML-M4Eo 13. AML-Mb5a
14. AML-M5b 15. AML-M6 16. AML-M7

17. ZME KRR ICEEEL TZSLY)

List 2: ZZ M5 $8(WHO)
1. RCUD(1.1 RA; 1.2 RN; 1.3 RT)(1.1~1.3MENHMIZO)
2. RARS 3. RCMD 4. RAEB-1 5. RAEB-2 6. MDS-U
7. MDS associated with isolated del(5q)
8. AML with inv(16)(p13.1922) or t(16;16)(p13.1;922); CBFB-MYH11
9. APL with t(15;17)(q24.1;g21.1); PML-RARA
10. AML with t(9;11)(p22;923); MLLT3-MLL
11. AML with t(6;9)(p23;q34); DEK-NUP214
12. AML with inv(3)(921926.2) or t(3;3)(g21;926.2); RPN1-EVI1
13. AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
14. AML with mutated NPM1
15. AML with mutated CEBPA
16. AML with MDS-related changes (AML-MRC)
17. Therapy—related AML
18. AML-NOS (MO M1 M2 M4 M5 M6 M7)
19. Acute basophilic leukemia
20. Acute panmyelosis with myelofibrosis

21. ZDMEEREIICEREL TZELY

List 3: IZREER =

E FRFKRMERE G FERRRREERE
E1. BRAKERZF BR(RS) Gl B FEIF P IR (PelgeriZEHE)
E2. Z%iDBE T E G2. B EE%I1(a—Gr/hypo—Gr)
E3. ZE(EBHE)ESE G3. /PEIFEIE KRB PR Bk
E4. ¥ BRIRIE G4. B ERIFHEK
E5. % ARFF Bk G5. #4Chédiak—HigashiZaHi
E6. i85 ERIRFIK G6. £ Dt
E7. EFRFEREREL M. ERIKRTERE
E8. Fril Bk R E ZE AL M1. /N B #Z Bk (mMgk)
E9. FRMIk RPASHS % M2. JE EERX
E10. ZMDfth M3. DBt Z %
M4. ZDth
List 4: ZEEARE
0. EE#ZE
1. =Y
2. del(11q)
3. del(5q)
4. del(12p)
5. del(20q)
6. double including del (5q)
7. del(7q)
8. +8
9. +19
10.i(17q)
11. any other single/double independent clones
12. -7

13. inv(3)/t(3q9)/del(3q)

14. double including =7/del(7q)
15. complex (3 abnormalities)
16. complex (>3 abnormalities)
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List 5: IPSS—-R(Revised International Prognostic Scoring System)
Score value

0 0.5 1 1.5 2 3 4

B« Very good Good Intermediate Poor Very Poor
B RESFIK(%) <2 >2~<5 5~10 >10
Hb (g/dl) >10 8~<10 <8
Pit (;5/p 1) >10 5~<10
Neu (/p 1) >800 <800
BB (List 2)*

Very good: 1. ~ 2. Intermediate: 7. ~ 11. Very poor: 16.

Good: 0., 3. ~ 6. Poor: 12. ~ 15.
1) X #%(score total)

Very low: <1.5 Intermediate: >3~4.5 Very high: >6

Low: >1.5~3 High: >4.5~6

List 6: ;AEREHEIRDIBE . b &G ABRERMICEH LTI
0. BBHE
1. Eam
. G-CSF
. IYRBARIFY
.EAIUK2
.E4=2D3
.E4=2B6
ATG
. 2RRFR(CsA)
9. BIBRENRILEY
10. EBRMERILEY
1. LFYURSF
12. 7HOFOUNEF—H)
13. FAYARETE
14. RS R AR
15. SRATYh R
16. FOY (K =iH
17. NFL 7R
18. RTUR AR
19. IDR + Ara—C
20. DNR + Ara-C
21. High—dose Ara—C
22. Ara—C + MIT
23. Ara—C + ACR
24. A-triple-V (Ara-C + VP-16 + VCR + VDS)
25. HAM (High—dose Ara—C + MIT)
26. AEM (Ara-C + VP-16 + MIT)
27. DCM (DNR + Ara—-C + 6-MP)
28. GO (¥4 R4—%)
29. Intermediate—dose Ara—C
30. CAG (Ara—C + ACR + G-CSF)
1. WT-129F>
32. weekly IDR
33. ATRA + IDR + Ara-C
34. ATRA + DNR + Ara—C
35. MTX + 6-MP
36. ZER{LHLFR(ATO(R) /YU R))
37. AMBO(T L/ L 14)
38. ZD(EABICEEEHL TESLY

©ONoOUAWN
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List 7: International Working Group (IWG) Response Criteria for MDS
1.~7.: Altering natural history; 4BE Ll L DEFHENLELT S,
1. CR (complete remission)
B FER<SUH DIRMO AR ERREFILHDS)
RASM: 3IK0%, Ho>11g/dl, Pt>1075/pl, Neu=1000/pl
2. PR (partial remission)
B FERAARRID>50%FH DT HH, 5%k YUH B FERTF
B S E SRR EOEEHY
ZDHIECRERL
3. Marrow CR
FHE: FEROBULULT . MOBERIIZLE R T50% L LA
FRHIEML: CROFEHEFB-SELA, HIER ) B H N XA
4. Stable disease
PRIZELZG LAY, 8 ERIEEDBIRA L

5. Failure
BB O, T EROVNTHUAEESDP(#):
- BRI DEE
- B ) FEKRIE M

AEATLYEFAB subtypeld &
6. Relapse after CR or PR: RMIIEEHDS>H1IBEB UL EZEFHT=T,
-ERPOFERAABRDLEICRD
- FRRIERE - (L M/ MR AN E R B a KB D 5>50%5 4
-HbAY>1.5g/dif > FE 1= (LE MLk 7F
7. DP (disease progression)
a) SFERE%LAT: >50%HE L., >5%
b) 5%<ZFER<10%; >50%1E 0L, >10%
c) 10%<ZFIK<20%; >50%E ML >20%
d) 20%<ZFEk<30%; >50%1& ML . >30%
EiRa~dDWFhAITZEL. HND RO1IEB L EEHE-T:
- BREKE L IU/MRO B AR R KEN5>50%F 4
- HoA%>2g/dIiE 4
- B R AFEAT
8.~9.: Hematologic improvement; 8JER LA L DFHEEnELET S,
8. Hematological improvement
8-1. HI-E: AFRATAHb<11g/dl, ;AHE#%1.5¢/dL EDHb LR
SRR A, 8B H7-Y8 B Ll k0 F dnBkE mn [ 3F (Hb<9.0g/dII =3t L T)
8-2. HI-P: AEHEIN27/uKPIt<107/uDIHE , ;AE%30000/u Ll EOPIE D
SBERIAPI<25/pDIHE  >100%E A D>2 75/l HE A0
8-3. HI-N: JAFERINeu<1000/pl, ;AEEH100%LL LD EF RN DNeu>500/plDIEMNE
9. Progression/Relapse after hematological improvement: XMDS3>51IE B UL L %=,
BRI ET M/ MROVEERER DR KENS50%LL LR
- 1.5g/dILA £ DHbF
- B MK 7E
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List 8: Response criteria in AML
(European LeukemiaNet(Dshner H et al., Blood 2010;115:453-74.)DEEETTIZ{ER)
1. Complete remission (CR)
BREFEREY; Auer/ MAZE T HFERLL; BENVRELL;
$FRER> 1000/ w; M0/MR>100 000/ pl; FR I EREG MIRTFAL
2. CR with incomplete recovery (CRi)
§F R ER<1000/ WFE =X M /M R<100 000/ pl;
ZDthD) LFECROEHEETHT=T
3. Morphologic leukemia—free state
BREEFER<SY; Auer’/MEZR T HF KL, BNRELL,
mEREEQEE L FH-SCTRL
4. Treatment failure
a. Resistant disease:
CRZEIZCRIZELLE M ST
VEAENTEHELTHASTEULERE
REOFIEERHTHILREE
b. Death in aplasia:
mEKELEEIFT
VEAENTHELTHASTEULEERE
BB~ EREERGETT SHTHRILR)
HIAEBEDRTRAL
c. Death from indeterminate cause
BET TR FIEAET TRIALMAICELE., =&
BEETRIBULRICETLEAREMIFERLZL, BT RAZL
5. Relapse
BRESFEK>5%, T IEKREMPICHFERBHE., FIEHNREHRER

List 9: JAEZEHR T -hib-ETELI-EH
1. HARSAVENEDHSREI—RABUELT =,

AR EMRERLIIENTE,
. FEOLREOFIIZED,
CBEMOERCAEESEZSD),
T RIRBRSRAFONE AT,
BER-BEEERORLE:

6.1. BRPIE

6.2. HIMER

6.3. 8

6.4 DHERERE

6.5. FFrigaERE

6.6. SRR

6.7. HIRREE

6.8. BB

6.9. ZD(E{RRIIZEEE)
HEIHMDEEDEEEAMICEEEH)

(=224 B - SO R )

~
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