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Abstract

Down syndrome (DS) is a congenital chromosomal ababty caused by the

presence of all or part of a third copy of chrommeo2l (+21). DS is frequently

complicated by congenital heart or digestive trdiseases at birth. DS patients are

prone to infections and have mental retardatiorth wWiementia such as Alzheimer’s

disease showing in later life. Furthermore, malignes with specific characteristics are

also highly reported in DS patients compared witn-DS patients. Therefore, DS is

believed to be a cancer predisposition syndrometdude chromosomal instability.

Acute myeloid leukemia (AML) and especially acuteegakaryoblastic leukemia

(AMKL) by French-American-British (FAB) classifican are the most frequent

hematological malignancies in DS patients, occgraha rate that is 500 times higher

than that in non-DS patients. Interestingly, transiabnormal myelopoiesis (TAM) is

observed in approximately 10% of DS neonates G8TAlmutations, and most TAM

patients are asymptomatic and show spontaneousssagn; however, about 10%—-20%

of TAM cases are fatal because of complications ag fetal effusion, liver fibrosis,

and other complications.

Acute lymphoblastic leukemia (ALL) is also assoethtvith DS, occurring at a rate

that is 20 times higher than that in non-DS pasielurthermore, the prognosis of
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DS-ALL patients is poorer than that of non-DS-AL&tgents. A recent genetic analysis

revealed that more than half of DS-ALL cases havwauwtation in the CRLF2-JAK

pathway, indicating that JAK inhibitors might hawe limited effect for DS-ALL

patients.

Notably, solid tumors such as neuroblastoma, Wikmsor, and brain tumor, which

are frequently observed in non-DS children, arelyareported in DS children. The

reason remains unknown, but it may be because eftriplication of the Down

syndrome critical region 1 (DSCR1) gene on chromus@1. In adult patients with DS,

the expected age-adjusted incidence rates of dohabrs are low compared with

age-matched euploid cohorts for most cancers exoepgsticular cancer. Although the

average life expectancy of patients with DS wiltrease with advances in healthcare,

the detailed health problems including cancer ratesolder DS patients remain

unknown. Therefore, these issues will be needéd taddressed in future studies.

Keywords:

Down syndrome; acute myeloid leukemia; acute megakdastic leukemia; transient

abnormal myelopoiesis; acute lymphoblastic leukemmsolid tumor; cancer

predisposition syndrome; GATAL; Down syndrome catiregion 1
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1. Background

Down syndrome (DS) is a congenital chromosomal ahabty caused by trisomy
21 (+21) and is frequently complicated by infecticongenital heart or digestive tract
diseases, mental retardation, and developmentaly d&| 2].Individuals with DS are
more likely to be diagnosed (10-30 times) with heregical malignancies than
non-DS individuals, and therefore DS is believed bi® a cancer predisposition
syndrome due to the chromosomal instability calset21 [3-6].

A high frequency of acute myeloid leukemia (AML),specially acute
megakaryoblastic leukemia (AMKL), has been obseinedS patients with mutations
in GATA1 which encodes the GATA1 transcription factor [7AMKL occurs at a rate
of 500 times higher in DS patients than non-DSeouasi. GATA1 mutations have also
been found in patients with transient abnormal myeiesis (TAM) [10, 11]. However,
the risk of acute lymphoblastic leukemia (ALL) i8-fbld greater in DS patients than
non-DS patients. Approximately 10% of DS neonatés ashow TAM/transient
myeloproliferative disorder (TMD)/transient leukemiAfter regression of TAM, about
20%—-30% of DS patients develop AMKL. The morphol@yd immunophenotypes of
TAM and AMKL are similar and the san@@ATAlmutation has been observed in both

TAM and AMKL blasts [11, 12]. However, the prognosif AMKL with DS seems to
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be better than that of AMKL without DS, even wigtduced-intensity chemotherapeutic

regimens [13, 14]. More than half of DS-ALL patieritave high expression of type |

cytokine receptorCRLF2 with P2RY8-CRLFZusion genes and alterations JAK

[15-17]. The reason underlying the high frequentieakemia in DS patients remains

unknown, but the extra copy of 21 may affect leukgenesis [5]. Notably, several

genes on chromosome 21 such Rsnt-related transcription factor YRUNX1)

erythroblast transformation-specififETS, andETS-related genERG)are believed to

affect leukemogenesis [18-23] Furthermore, immugickl disturbances such as

decreased maturation of T/B cells and NK cell dgsfion in DS may affect

leukemogenesis [24-26llowever, solid tumors such as neuroblastoma, hblzetioma,

and brain tumors are rarely reported in DS [27-30F mechanism underlying the

specific tumor spectrum in DS has been unclearabgtthe Down syndrome candidate

region 1 DPSCRJ) gene on chromosome 21 encodes a protein thatesggs vascular

endothelial growth factor (VEGF)-mediated angiogesignaling by the calcineurin

pathway [31]. Attenuation of calcineurin activity DSCR1 dramatically diminishes

angiogenesis, which plays a crucial role in thelifgm@ation and expansion of solid

tumors.

In this article, DS-related malignancies includimgmatological malignancies and
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solid tumors are reviewed.

2. DSrelated myeloid disorders

DS is complicated by AML, especially AMKL, accordin to the
French-American-British (FAB) classification [32{35In AMKL, immature
megakaryoblasts spontaneously proliferate, reguliim neutropenia, anemia, and
thrombocytopenia. Hence, the 2016 revision to tleeléHealth Organization (WHO)
classification included a distinct category of noyeélleukemia related to DS (ML-DS)
[36]. In the process of TAM[37], TMD [38], or transient leukemia [39],
morphologically similar blasts proliferate in DSomates and exist in the peripheral
blood (PB) for 3—4 months. Furthermore, some D$ptt continuously show anemia
or thrombocytopenia even after the disappearantbeoTAM blasts, at which point a

diagnosis of myelodysplastic syndrome (MDS) is made

2-1. TAM in DS patients
Approximately 10% of DS neonates present with TAMe majority of TAM
patients show spontaneous regression of TAM blagtsn 3-4 months, and thus the

prognosis seems to be better even without the/spgt spontaneous remission, around
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20%—-30% of TAM patients develop AMKL (M7 by FAB ekfication) within 5 years

after birth. This type of AML is very rarely reped in adults (<1%) and occurs in 15%

of children [40-43]However, approximately 10%—-20% of TAM cases are arated

by fetal hydrops and irreversible liver fibrosishish results in liver failure and

coagulopathy [44-49]. Unfortunately, the prognasfishese fetal TAM patients is quite

poor. A prospective study by the Children’s Can€moup (COG) revealed that

approximately 10% of early deaths occurred in TAltignts [50].TAM developsin

utero because of the presence of mut@ATAL[9, 51]. Thus, TAM is sometimes

complicated by severe fetal hydrops and pleuralatbminal effusion [45, 49, 52, 53].

Unknown stillbirth of DS might sometimes be becaok&AM [46].

2-1-1. Clinical features of TAM, asymptomatic to severe

The clinical symptoms of TAM patients range fronyraptomatic to severe. The

most common physical finding in TAM patients is hgsplenomegalyn uterqg TAM

blasts start to proliferate in the liver and spl¢4@]. After birth, the main location of

hematopoiesis changes from extramedullary organk as the liver or spleen to an

intramedullary location, the BM niche (Figure 1).

In contrast to asymptomatic TAM patients, severeMTpatients show marked

hepatosplenomegaly, pleural or abdominal effusionyltiple organ failure, and
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coagulopathy such as disseminated intravascularguta#on. Delayed-onset
hyperbilirubinemia is a sign of progressive livdrrbsis that can result in fatal liver
failure, even after the disappearance of TAM bl§4%s 47]. This is the main cause of
the early deaths of TAM patients within 6 monthdwth. This liver failure step seems
to be irreversible, and thus novel treatment appres are required to halt the
progression of liver failure.
2-1-2. Laboratory findings of TAM patients

The diagnosis of TAM is relatively straightforwarecause characteristic
leukocytosis and blasts exhibiting typical morplyyiecalled bulla or bleb are found in
the PB of DS neonates. The white blood cell (WB&)nt in PB is sometimes increased
by more than 100xf@ells/L, resulting in leukocytosis. The immunopbmpe of TAM
blasts is similar to that of AMKL blasts, with pbsity for stem cell markers (CD34,
CD117), myeloid markers (CD13, CD33), and megakaytiro lineage markers (CD41
or CD61). However, some TAM blasts in PB were decat less than 5%
accompanied by a normal WBC count. Furthermoreglatively small percentage of
blasts are found in the bone marrow (BM) of TAMieats [50, 59, 60]. Therefore, BM
aspiration or biopsy is not recommended for thgmgis of TAM. Asymptomatic DS

neonates may be accidentally diagnosed with TAMtduble detection of blasts in their
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PB with or without the presence of leukocytosis.

2-1-3-1. Pathogenesis of TAM: GATA1 mutations

GATALl is located on chromosome X and encodes a tratiserigactor that

regulates the maturation of erythroid and megal@angolineages, which produce red

blood cells or platelets. Almost all DS-TAM patisritaveGATAlmutations, and these

mutations are frequently found in exons 2 and §ufé 2) [10, 11]These mutations

lead to the expression of a truncated GATAl prot€eATALls, which lacks the

N-terminal transcription activity and results irifelient gene expression profiles [42, 61,

62]. GATAlmutations are found in approximately 10% in DSqrdas. However, some

DS neonates are not diagnosed with TAM but as lgg@TA1mutations. Surprisingly,

Roberts et al. reported that 195 of 200 (97.5%)nB&ates had circulating TAM blasts.

GATA1l mutations were found in 17 of 200 DS neonates %8.30y Sanger

sequence/denaturing high performance liquid chrography and all with blasts >10%.

Low abundance ofGATA1l mutated clones was detected by targeted next gsorer

sequence (NGS) in 18 of 88 (20.4%) DS neonatesowitiGATALl mutations by

standard detection methods. These cases are kreovgilemt TAM” [40]. Therefore, 35

of 200 (17.5%) DS neonates h&hRTAl mutations and blasts >10% at diagnosis of

TAM, demonstrating an important clinical point oAW patients. If these highly
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sensitive NGS methods were combin€gslATAL1 mutations would be identified in

approximately 20% of DS neonates. Using single aedllysis for DS neonates, more

patients withGATAL mutation would be identified. Conversely, Teruiatt reported

GATAlmutations in 56% of genomic DNA samples from BMIat1% cDNA samples

from PB as detected by Sanger sequencing; the sthdwed that 89% of TAM

neonates hav@ATAlmutations. Furthermore, targeted NGS dete@AdTA1lmutations

in 90% of TAM neonates. In totaGATA1lmutations were detected in 98% of DS-TAM

patients using a combined approach of Sanger setgeand NGS [63]. Therefore, the

detection method dBATAlmutations is an important consideration in futsixelies.

2-1-3-2. Pathogenesis of TAM: uniparental disomy of chromosome 21

The usual frequency of uniparental disomy due ¢odfiromosomal non-disjunction

in meiosis is estimated at 1:3 in paternal origi maternal origin in DS non-TAM

patients. The precise data in DS-TAM patients resainknown, but the mapping of a

possible gene for TAM at 21q11.2 was reported 8114, 65]Furthermore, several

genes includinddSCR1on partial chromosome 21 could cause the myelidgration

in TAM [23, 66, 67].Takahashi et al. found a 10-Mb amplification of 22d.2—-21q22.3

by SNP array and revealed that dual specificityogyre-phosphorylation-regulated

kinase 1A DYRK1A, ERG and ETS but not RUNX1 are candidate genes for the
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genesis of TAM [23]In particular,DYRK1Apromoted megakaryoblastic leukemia in a

murine model of DS [4, 68].

Arecent study in induced pluripotent stem celieegded that trisomy 21 alone could

affect myeloproliferation, and thusGATA1 mutations are insufficient for the

proliferation of TAM blasts [69]. Furthermore, a SGstudy conducted in a large

number of TAM patients revealed that ofBATAL1 mutations were detected in these

patients [70, 71]Therefore, GATAL1 mutations and an extra copy of several genes

including DYRK1Aon chromosome 21 cooperate with TAM genesis. Eusiudies

might reveal the gene(s) on chromosome 21 resperfeibTAM genesis.

2-1-3-3. Pathogenesis of TAM: the role of the microenvironment in DS fetal liver

and BM

The most defining feature of TAM compared with athematological malignancies

seems to be the origin of TAM blast proliferati@®AM developsin uterq and thus the

main site of development is the fetal liver andespl which is called extramedullar

hematopoiesis [9, 12, 72]. The direct evidenceT&M blasts in the fetal liver was

observed in some autopsy cases [44]. The fetal issékely to provide the necessary

microenvironment for driving and/or maintaining abmal hematopoiesis in DS, but

the factors responsible for maintaining or probtarg TAM blasts are not fully

10
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understoodMiyauchi and Kawaguchi reported that stromal cefishe fetal liver, but

not fetal BM, potently supported the proliferatioh TAM blast progenitors, mainly

through humoral factors such as granulocyte maeaggitolony stimulating factor

(GM-CSF) through co-culture experiments. Thereftetgl liver stromal cells provide a

pivotal hematopoietic microenvironment for TAM bigsand GM-CSF produced by

fetal liver stromal cells may have an importaneriol the pathogenesis of TAM [72].

There is no strict evidence of the existence okéaua stem cells (LSCs) in TAM.

In the field of AML, LSC concept seems to be comnaom LSCs themselves have

some genetic abnormalities [73]. However, the sam&antGATALclone proliferates

and develops into AMKL after the spontaneous reggoesof TAM blasts. Therefore,

LSCs or progenitor cells witlBATAL mutations could start to proliferate in the BM

microenvironment within 5 years after birth. Howeuwhe precise mechanism of TAM

colonization to initiate proliferation in the BM orbenvironment remains unknown.

2-1-3-4. Pathogenesis of TAM: therole of inflammation

Several reports suggested that abnormal cytokwreddare present in TAM patients,

including transforming growth factor (TGIB)-interferon (IFN)y, interleukin (IL)-13,

and IL-6 [51, 53-56, 58, 72Dur previous data suggested that lethal TAM cases a

frequently complicated by uncontrolled pro-inflantorg cytokinemia, especially

11
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highly elevated IL-§, TNF-a, and IFNy [51, 55]. TAM blasts produce TGE-which is

correlated with liver fibrosis [54]. Furthermore,onse reports suggested that

pro-inflammatory cytokinemia has already developeditero and is sustained even

after the regression of TAM blasts, which meang #tame abnormal cytokines were

also maintained by the immunological bias of DS-28}. The levels of inflammatory

cytokines with TAM were different from those wititoTAM. The precise mechanism of

spontaneous regression of TAM blasts remains unkndwt these inflammatory

cytokines might affect the spontaneous regressiorAM. Another explanation is that

TAM blasts lose the support from the stroma cellthe fetal liver [72]Miyauchi et al

also reported that TAM blasts could differentiatetoi basophil/mast cells and

megakaryocyte lineages vitro [57]. Therefore, spontaneous regression might

alternatively indicate the differentiation of TAMdsts. Another report suggested that

chemokine levels or monocyte chemoattractant pratgMCP-1) predicts the progress

of liver failure of TAM patients [58, 74].

2-1-4. Treatment of TAM patients

Most TAM patients are usually asymptomatic and did need chemotherapy

because the blasts will spontaneously regress mwi4 months. Nonetheless,

symptomatic fetal TAM cases such as those with irondfan failure, hyperleukocytosis

12
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(WBC > 100x168/L), hepatosplenomegaly, hydrops fetalis, pleuratardiac effusions,
renal failure, and coagulopathy with bleeding sHobk considered for treatment.
Exchange transfusion (ET) is effective in reduciligAM blasts, especially
hyperleukocytosis, although it is not effective fother complications. Low dose
cytosine arabinoside (LDCA) is the most preferablemotherapeutic regimen for TAM
patients; there was a non-significant trend towardproved survival (80+6% vs.
67+7%, p=0.1) in symptomatic TAM patients compamedh a historical control.
Furthermore, there was no apparent reduction irctineulative incidence of DS-related
myeloid leukemia (19+6% vs. 22+4%, p=0.95) [#3Yydrops fetalis is a lethal clinical
condition in DS neonates. In our previous studyeehTAM neonates with hydrops
fetalis were successfully treated with ET followleg LDCA [49]. The cases received
LDCA after ET and all three remain alive to datéuel failure is the biggest problem
for fetal TAM patients, and the majority of TAM patts who suffer from severe
irreversible liver failure will die. A recent regosuggested the possibility of liver
transplantation for fetal liver failure in TAM patits [76].
2-1-5. Who will develop AMKL in later life?

Approximately 20%—-30% of TAM patients develop AMHKiithin 5 years after

birth, but some patients will develop AML later life. Kanezaki et al. revealed that

13



10

11

12

13

14

15

16

17

18

Shimada A. DS-related malignancies

GATAlmutations (with GATAls expression) were signifitamssociated with a risk of

progression to ML-DS [61However, DS patients who do not have a history AMT

could also develop AMKL in later life. An importaguestion is whether ML-DS is

always preceded by TAM [77]. There is the posgiilhat minor clones witltGATAL

mutations already exist during the neonatal peabthese patients; these patients are

referred to as “silent TAM” patients [78]. Altermatly, more minor clones such as

LSCs might exist in the neonatal period. Saidalepresented a xenograft model of

TAM, which revealed that genetically heterogeneosisbclones with varying

leukemia-initiating potential already exist in theonatal TAM phase, and ML-DS may

develop from a pool of such minor clones througinal selection [79].

There is currently no specific biomarker to preddKL development. However,

GATAlmutations may be useful to detect minimal residlis¢ase. If NGS technology

can provide highly sensitive detection of a mut&RTA1 clone, it will be a good

monitoring method for the development of AMKL. Thfare, continuous observation is

needed for TAM patients for at least 5 years dlfieth, even after the spontaneous

regression of TAM. Flasinski et al. reported th&QA treatment helped to reduce

TMD-related mortality compared with the historicadntrol but was insufficient in

preventing progression to ML-DS [75Further studies are required to examine

14
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strategies to prevent leukemogenesis.

2-2. MDSin DS patients

Despite the spontaneous regression of TAM blas,pBtients sometimes show

continuous anemia or thrombocytopenia with or withiolasts. This is known as MDS

in DS patients and frequently requires the samenciteerapy as DS-AMKL [80].

Mast et al. published a large study on DS-MDS (n=&td DS-AML (n=103) and

found that dysplastic change was frequently obsememegakaryocyte and erythroid

lineages with reticulin fibrosis but infrequentnmyeloid lineage in both DS-MDS and

DS-AML. Patients with DS-MDS and DS-AML demonsticteimilar rates of 5-year

event-free survival (EFS) (MDS, 92%+7%; AML, 88%xp%nd overall survival (OS)

(MDS, 95%+6%; AML, 90%+6%) [81]. Therefore, the gntriterion to distinguish

MDS and AML was blast percentage [MDS, mean 11%dea2%—17%); AMKL 42%

(range 20%—-90%)].

2-3. DS-related myeloid malignancy

Most DS-related myeloid malignancies are AMKL (My BAB classification;

ML-DS by WHO classification); other types of AML wee also infrequently reported

15
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especially in patients older than 4 years old [8d]general, <1% of adult AML is

AMKL and 15% of pediatric AML is AMKL [35]. The prgnosis is quite different from

that of DS-AMKL (ML-DS) and non-DS-AMKL (non-ML-DS)A Japanese nationwide

prospective study of DS-AMKL reported that the ZwyeEFS and OS rates were

83.3%+4.4% and 87.5%+3.9%, respectively [82]. Ateinational retrospective study

of non-DS-AMKL reported that the 5-year EFS and @8re 43.7%+2.7% and

49.0%+2.7%, respectively [83]. the German Berliasikfurt-Miinster (BFM) data

achieved an improved 5-year OS (AML-BFM 04; 70+6% AML-BFM 98; 45+8%, P

log rank = 0.041) [84]. A recent molecular studyealed that theCBFA2T3-GLIS2

chimera in non-DS-AMKL subgroup showed poor proge35, 85, 86]According to

the specific chimera, the prognosis was clearligght in non-DS-AMKL [87].

Approximately 20%—30% of TAM patients develop AMKhd the identicabATAL

mutation is found in both TAM and AMKL blasts, agpiously described.

2-3-1. Molecular background of ML-DS development

GATAlmutations are essential but insufficient for theedepment of AMKL. A

previous study amplified the segment in the critib®& region on chromosome 21

between DS and euploid AML-MO, which excludB&JNX1 ERG and ETS [88].

Recent exome sequencing studies of ML-DS revealadrafrequency of mutations in

16
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cohesins, CCCTC-binding factor (CTCF), or otheroohatin regulators [70]. Other

mutations, believed to enhance growth and proli@na occur in genes in signaling

pathways, such as RAS and the thrombopoietin receptPL, or downstream

JAK-STAT signaling [70]Notably, these additional genetic events occuriwifhyears

after birth, and therefore ML-DS seems to be a gounddel to understand

leukemogenesis [77].

2-3-2. Diagnosis of ML-DS

The morphology and immunophenotypes of blasts ofD&_are typical and are

similar to those of TAM, with erythroid and megaailastic lineages. The

immunophenotype of AMKL blasts is similar to thdtT®M blasts and is positive for

stem cell markers (CD34, CD117), myeloid markersD1B, CD33), and

megakaryocytic lineage markers (CD41 or CD61). BRpimtion is frequently

unsuccessful because of myelofibrosis or due toyaap; therefore, blast counts are

often underestimated at below 20% of nucleatedscelhich does not satisfy the

definition of AML. Therefore, the diagnosis of MLSis not dependent on blast counts.

Furthermore, additional chromosome abnormalities fezquently acquired in AMKL

blasts, but the common translocations associatddnen-DS-AML are rare [89].

2-3-3. Treatment of ML-DS

17
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DS-AMKL blasts showed a high sensitivity to cytarab (CA) [90, 91]. Several
decades ago, the same intensity chemotherapeufimer for non-DS patients was
applied for ML-DS, but the clinical outcome was s®ibecause early death related to
severe infection or regimen-related toxicities wéagquently observed. Thus,
chemotherapeutic regimens at reduced intensities weed for ML-DSKojima et al.
reported that remission induction chemotherapy isting of daunorubicin (25 mg/tu
for 2 days), CA (100 mg/fid for 7 days), and etoposide (VP16, 150 nfédnior 3
days) showed a relatively good prognosis [#d]do et al. reported that 70 of 72
(97.2%) patients with ML-DS treated with remissiaduction chemotherapy consisting
of pirarubicin (25 mg/ifid for 2 days), CA (100 mgfitd for 7 days), and VP16 (150
mg/nf/d for 3 days) achieved complete remission witlestimated 4-year EFS rate of
8319% [93]. The authors concluded that a less sitenchemotherapeutic regimen
produces excellent outcomes in standard-risk MLy28ents, and thus this specific
regimen was applied for ML-DS in a nationwide studylapan. The clinical outcome
was superior, and a low relapse rate was also widemHence, a less intensive
chemotherapeutic regimen produces excellent outsaméML-DS. The international
ML-DS 2006 trial and COG trial A2971 also supporteid concept [94, 95].

Notably, among ML-DS cases, some patients canncgive reduced intensity

18
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chemotherapeutic regimens because of other coniphsasuch as heart failure.
Furthermore, relapsed ML-DS still shows poor prasoRelapse is the main cause of
death of survivors of ML-DS. Hematopoietic stem telnsplantation (HSCT) is a very
limited option for relapsed ML-DS. Therefore, fugustudies might be needed to
identify new targeted therapies for relapsed ML-DS.
2-3-4. DS-ML other than AMKL

The common subtype of AML that occurs in non-DSigras (non-AMKL) also
occurs in DS patients and is especially predominampatients older than 4 years old.
DS-AML in patients older than 4 years old is nat@sated withGATAlmutation and

good prognosis like DS-AMKL [96].

3. DSrelated lymphoid malignancy
3-1. Epidemiology, clinical, and laboratory featuresof DS-ALL

DS-ALL is uncommon compared with DS-ML; however, -BEL occurs at a
20-fold greater incidence than non-DS-ALL [27]. 8mlt studies of children with
DS-ALL showed an inferior outcome compared with @B patients [101-103].
Event-free (56% vs 74%; P < .001) and disease{&8% vs 73%; P < .001) survival at

10 years was significantly lower in the standas#-IDS-ALL population compared with
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non DS-ALL, but not in high-risk DS-ALL populatiol01]. An international

retrospective study revealed that the major immbeaptype is precursor B cell ALL,

and T cell ALL is rare [97]. Furthermore, normakyatype was dominant (40.3%) and

high hyperdiploid was infrequent in DS-ALL.

3-2. Genetic background of DS-ALL

Unlike ML-DS, in which a specific and critical dese-associated mutatiG@ATAL

has been identified, the genetic background of [%-As quite heterogeneous.

Common genetic events such BER-ABL1 MLL rearrangement, anBTV6-RUNX1

are infrequent in DS-ALL compared with non-DS-ALHowever, more than half of

DS-ALL patients have alterations in the CRLF2-JAKathway, such as increased

expression of CRLF2 and activating mutations JAKB-17, 97]. These cases are

considered Philadelphia chromosome-like ALL [41].98 total, 50% of DS-ALL

patients had more than one deletion in B-cell dgwalent genesPAX5 (12%),

VPREB1(18%), andKZF1 (35%). JAK2 was mutated in 15% of patients, antbgac

CRLF2 rearrangements were observed in 62% [99]c@ue was significantly worse in

patients with IKZF1 deletions (6-year EFS 45%+1680 95%+4%; P = 0.002), which

was confirmed in the validation cohort (6-year EEB0+12% vs. 58%+11%; P =

0.002). IKZF1 deletion was a strong independentlipter for outcome (hazard ratio
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EFS 3.05; P = 0.001). Neither CRLF2 nor JAK2 weredptors for worse prognosis.

The authors suggested that IKZF1 deletions maysed €or risk-group stratification in

DS-ALL [99].

Integrative genomic analysis of 25 matched diagnommission and -relapse

DS-ALLs revealed that CRLF2 rearrangements areyeavients during DS-ALL

evolution and generally stable between diagnoses m@apse [100]. Secondary

activating signaling events in the JAK-STAT/RAS Ipaay were ubiquitous but highly

redundant between diagnosis and relapse, suggdkanhghis signaling is essential but

that no specific mutations are “relapse drivingurthermore, activated JAK2 may be

naturally suppressed in 25% of CRLF2-positive DS:8Lby loss-of-function

aberrations in USP9X, a deubiquitinase previoudhpwsr to stabilize activated

phosphorylated JAK2. Therefore, the authors coreduthat the therapeutic effect of

JAK specific inhibitors may be limited [100].

3-3. Clinical outcome of DS-ALL

In general, the prognosis of DS-ALL is worse conggawith that of non-DS-ALL

[101-103].Apart from ML-DS, there has been no specific stpdytocol for DS-ALL,

and therefore the treatment protocol for non-DS-Alds applied to DS-ALL in each

study protocol. The EFS or OS of DS-ALL was 10%—208wer than that of
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non-DS-ALL [101-103]The reasons postulated for this are that DS-ALL dédmsgher

relapse rate, a higher induction failure rate, andigher death rate due to severe

complications. DS patients commonly incur sevefedtions after chemotherapy that

could result in death [104, 105]. Another explamatis the relatively low frequency of

favorable cytogenetic risk groups such as t(122DS-ALL [106].

In the international Ponte di Lengo study previgusientioned, DS-ALL patients

had a higher 8-year cumulative incidence of reld@660+2% vs. 15%+1%, P < 0.001)

and 2-year treatment-related mortality (TRM) (7%+%¥862.0%+<1%, P < 0.0001) than

non-DS patients, resulting in lower 8-year EFS (62% vs. 81%+2%, P < 0.0001) and

OS (74%+2% vs. 89%+1%, P < 0.0001) [97]. Relapgaesmain contributor to poorer

survival in DS-ALL,; infection-associated TRM wasieased in all protocol elements,

unrelated to treatment phase or regimen.

ETV6-RUNXIconferred an excellent prognosis and high hypéoiip with trisomy

of chromosomes 4 and 10 was associated with a lesvycumulative incidence of

relapse [97]. The authors suggested that thesenpsticomprising 12% of DS-ALL,

may be eligible for future treatment reduction exluce TRM and can be treated

according to the same risk-stratified algorithmsias-DS patients in the collaborative

study group protocols [97]. Interestingly, the authidentified a clinically favorable
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prognostic subgroup of DS-ALL patients, characeiby age < 6 years and WBC

<10x10d/L.

Until now, some DS-ALL patients could not continuer complete the

ALL-therapeutic regimen, and partial reductions achemotherapeutic drugs were

needed because of treatment toxicities. However,rédduction in chemotherapeutic

drugs resulted in increased relapse and death[08% The intensified treatment was

not tolerable for DS patients, and the reducedsitg of chemotherapy such as that for

ML-DS will not benefit DS-ALL.

The recent Dana-Farber Cancer Institute ALL comsortprotocols 00-001 and

05-001 showed similar clinical outcomes of DS-ALatipnts to non-DS-ALL despite a

high rate of mucositis [107]. A recent COG studyeaed the excellent long-term

survival of DS children with standard risk ALL. Tken-year EFS rates for DS patients

randomized to intravenous methotrexate (MTX) val MTX were 94.4% vs. 81.5%,

respectively [108]. Furthermore, there were noeases in hepatic toxicity, systemic

infections, or treatment-related deaths in DS-Alatignts.

Another ALL-BFM report suggested MTX toxicity in BSLL [109]. Higher MTX

plasma levels were associated with increased tgxieind therefore the authors

concluded that a dose reduction of the first MTXurse reduced severe toxicities
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without increasing the risk of relapse.

3-4. Relapsed DS-ALL

Increased deaths and treatment-related mortaligy the main barriers for the

successful outcome of relapsed DS-ALL therapy [1F@cently, relapsed DS-ALL

patients were treated with clofarabine therapy &CH. Meissner et al. reported that

relapse, and not regimen-related toxicity, was nien cause of death in DS-ALL

patients who received HSCT [111]. These findingsensonfirmed by a recent study

[112].

Several new therapeutic approaches have been used$-ALL such as

blinatumomab [113] and inotuzumab-ozogamicin (IQL4]. Blinatumomab is an

anti-CD19 bispecific T-cell engager antibody coustrthat shows a good response in

minimal residual disease-positive non-DS-ALL. IO & humanized anti-CD22

monoclonal antibody conjugated to calicheamid@. has sub-nanomolar binding

affinity and is rapidly internalized into cells thexpress CD22 to deliver the conjugated

calicheamicin. Calicheamicin binds to the minor ay® of DNA and induces

double-strand cleavage with subsequent apoptosiwektr, its severe adverse effects

included cytokine release syndrome and sinusoidal bstroction

syndrome/veno-occlusive disease in non-DS-ALL. HO6-ALL, the reduced
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myelosuppression by both drugs is preferable, lertetis only one case report to date.

Further larger studies are needed to define tleztefeness of both drugs for DS-ALL.

Chimeric antigen receptor T-cell therapy will beabpplicable to DS-ALL patients.

4. DS-related solid tumors

4-1. DS-related solid tumorsin children

Solid tumors in children such as neuroblastomam&/fumor, and brain tumors that

are common in euploid children are rarely repoitedS children [27]. A previous

analysis of 6724 patients with neuroblastoma regoftom 11 European countries

identified no cases of neuroblastoma among childwgh DS [115]. The National

Wilms Tumor Study registry reviewed 5854 Wilms tuncases and did not identify any

kidney tumors in children with DS [116]. Only rediolastoma, an occult tumor, might

have an association with DS [27, 117]. No repod kBaggested these tumors could

occurin utera

4-2. DS-related solid tumorsin adults

In adult DS patients, solid tumors are also uncommend most types have

significantly lower than expected age-adjusteddance rates [28]. For example, the

standardized incidence ratios (SIRs) of breast erant DS patients compared with
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age-matched euploid cohorts were 0 and 0.4 fromdtudies [27, 118Hasle et al.

reported that the overall risk of solid tumors wadecreased (SIR 0.45; 95% ClI

0.34-0.59), especially in patients aged 50 yeadar (SIR 0.27; 95% CI 0.16-0.43),

with significantly lower risks of lung cancer (SIR10; 95% CI 0.00-0.56), breast

cancer (SIR 0.16; 95% CI 0.03-0.47), and cerviaeater (SIR 0.0; 95% CI 0.00-0.77).

Testicular cancer was the only solid tumor withiresreased SIR (2.9; 95% CI 1.6-4.8)

[28].

Data from US death certificates from 1983 to 19@¥eanled that malignant

neoplasms other than leukemia were listed on deatificates of people with DS less

than one-tenth as often as expected [119]. Aisgik low standardized mortality

odds ratios for malignancy was associated with D&8lages, in both sexes, and for all

common tumor types except leukemia and testicidacer. In data of autopsied cases

operated by the Japanese Society of Pathology 04 to 2000, 104 cases with

malignant disorders (61 male, 42 female and one wath unrecorded sex), including

87 cases with hematopoietic malignancies (83.7%) &n cases with solid tumors

(16.3%), were identified [120]. The 17 solid tumoidentified included three

hepatocellular carcinomas, three extrahepatic cgabaarcinomas, two gallbladder

adenocarcinomas, three brain tumors, and threensemais, and the most frequent age
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range of patients with solid tumors was 40-50 ye#ts

Testicular tumors are frequently found in DS pdsdout the underlying reason is

unclear. High incidence of cryptorchidism [121], glhi serum level of

follicle-stimulating hormone or luteinizing hormor#&22], or Ets-2, an oncogene on

chromosome 21 [123], and maturation delay of geefts avith trisomy 21 might result

in increased risk of testicular cancer [124].

4-3. The contribution of trisomy 21 in solid tumors

Solid tumors in DS seem to be rare in children adudlts, but the reason is unclear.

One explanation may be that the decreased immuwlance enables cancer cells to

survive and proliferate due to the decreased efiwy of T cells, B cells, and NK cells

in DS patients [26]. Such immunodeficiencies in &8 the cause of the high incidence

of infection in these patients and might contribtieleukemogenesis but not solid

tumor growth.

Another explanation is that the attenuation of ic&larin activity by DSCR1

together with another chromosome 21 g&NéRK1A may be sufficient to markedly

diminish angiogenesis [31]. Therefore, suppressobntumor angiogenesis by an

additional copy ofDSCR1contributes to the reduced cancer incidence iiviihgials

with DS and the calcineurin pathway in the tumosotdature might be a potential

21



10

11

12

13

14

15

16

17

18

Shimada A. DS-related malignancies

target for cancer treatment. These observations w@nfirmed in a murine lung tumor

model [125]. Rethore et al. propogbdt for women with DS, breast cancer screening is

not recommended, but annual clinical monitoringustidoe conducted, with the option

to perform ultrasound or MRI examinations in suspeases. For cervical cancer,

screening could be proposed for women who are #gxacive, beginning at 25 years

of age. Annual surveillance for testicular candarpalpation by a health professional is

preferable from ages 15 to 45 [30].

DS was believed to be a model of progeria (acceldraaging) or

iImmunosenescence [126]. Aging is characterized lyranic, low-grade, and sterile

inflammation, called “inflammaging,” which has bedimectly associated with several

age-related conditions [127]. Individuals with DSavh increased spontaneous

circulating levels of pro-inflammatory cytokinesich as TNFa, IFN-y, IL-6 and IL-13

[128]. The chronic pro-inflammatory state obsernwedpatients with DS is likely to

greatly contribute to neurodegeneration. Inflamoratis considered as an important

contributor to neurodegenerative disorders, suchlAasimer’s disease, and is a critical

component of tumor progression [129, 130]. HoweWeere was no specific data to

support that immunosenescence, inflammaging, otarmmhation contributes to

increased solid tumors in DS.
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Advances in healthcare have improved survival indagents over the last 60 years

[131]. The mean life expectancy at age 12 yearsimagased to approximately 60

years [132]. DS is associated with a high risk todke in patients of all ages [133].

Ischemic stroke risk in DS appears to be mostlyedriby cardioembolic risk. The

greater risk of hemorrhagic stroke and lower riskaronary events in DS males [133].

Furthermore, majority of death reason in older 28gnts was respiratory infections.

The detailed health problems in older DS patientduding the prevalence of cancer

remain unknown and will need to be clarified inuigt studies.

5. Conclusion

DS is a cancer predisposition syndrome, especfaliyleukemia in children and

testicular cancer in adults. In children with DSpgah cases related to myeloid

malignancies were AMKL and TAM preceded most AMK&ses. The prognosis of

DS-AMKL has improved over several decades; howetrex, prognosis of DS-ALL

remains poor. Solid tumors have been rarely regantehildren with DS. The expected

age-adjusted incidence rates of solid tumors iftgzhtients with DS compared with

age-matched euploid cohorts was low for most canegcept for testicular cancer.

Thus, the cancers associated with DS have a unicprcer profile, cancer
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predisposition & cancer evasion. Further study migelp elucidate the unique

contribution of +21 to oncogenesis.

Abbreviations:
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transient abnormal myelopoiesis (TMD), transformgrgwth factor (TGF), interferon
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Figure Legends

Figure 1. Suspected myeloid leukemogenesis meahanfsDown syndrome (DS).

Transient abnormal myelopoiesis (TAM) and acute akagyoblastic leukemia

(AMKL) are characteristic to DS. Proliferation oAN is initiated in fetal liver after

acquired +21 andGATA1 mutation. The majority of DS-TAM shows spontaneous

regression, but about 10% of DS-TAM cases develMKA within 3—-4 years after

birth.

Figure 2. Predicted structure of GATAL proteBATAlmutation is frequently found in

DS-TAM and AMKL patients, and this mutation causesruncated form of GATAl

(GATALs).
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