Gene Alterations Involving the CRLF2-JAK Pathway and Recurrent Gene Deletions in Down

Syndrome-Associated Acute Lymphoblastic Leukemia in Japan
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INTRODUCTION

Down syndrome (DS) shows a significantly increased incidence of both acute myeloid leukemia

(AML) and acute lymphoblastic leukemia (ALL) in childhood, and a complex relationship to

leukemogenesis (NizZeti¢ et al., 2012). Patients with DS and ALL have a lower incidence of favorable

cytogenetic abnormalities (e.g., t(12;21) and high hyperdiploidy; Forestier et al., 2008; Maloney et al.,

2010) and poorer treatment outcomes than those with sporadic ALL (non-DS patients; Buitenkamp et

al., 2014). DS-ALL patients also experience increased morbidity and mortality in association with

chemotherapy (Buitenkamp et al., 2014). Thus, more effective and less toxic treatments, such as

targeted therapies, are needed for these patients.

The cytokine receptor-like factor 2 (CRLF2) gene encodes a protein that plays a role in cellular

proliferation via activation of the JAK-STAT signaling pathway. Overexpression of CRLF2 is

observed in approximately 50-60% of DS-ALL patients in Western countries (Mullighan et al., 2009;

Russell et al., 2009; Hertzberg et al., 2010). In most of these patients, CRLF2 overexpression is

associated with interstitial deletions of the pseudoautosomal regions (PAR1-1Ds) of the sex

chromosomes, resulting in the P2RY8-CRLF2 fusion. Less frequently, translocations between the

immunoglobulin heavy chain locus (IGH) and PARL1 that result in the IGH-CRLF2 rearrangement are

associated with CRLF2 overexpression. JAK2 mutations and CRLF2 overexpression are thought to act

cooperatively in leukemogenesis, and activating JAK2 mutations are observed in approximately 20%

of DS-ALL patients (Bercovich et al., 2008; Gaikwad et al., 2009; Kearney et al., 2009). Mutations in



JAK1, CRLF2, and interleukin-7 receptor-a. (IL7R) are found in less than 10% of DS-ALL patients

(Hertzberg et al., 2010; Blink et al., 2011; Shochat et al., 2011). Although the CRLF2-JAK signaling

pathway is considered a potential therapeutic target, the incidence rates of these genetic alterations

have not been established for Asian patients with DS-ALL.

In contrast to the mechanisms discussed above, the frequencies of gene deletions involved in the

pathogenesis of B-cell precursor ALL (BCP-ALL) in DS-ALL patients are similar to those in non-DS

ALL patients (Hertzberg et al., 2010; Loudin et al., 2011). IKZF1 deletions have been detected in

approximately 20-30% of DS-ALL patients, and are associated with a poor outcome (Buitenkamp et al.,

2012; Patrick et al., 2014). The initial report of frequent BTG1 deletions in older male DS-ALL

patients (29%) was not confirmed in a subsequent study using a larger cohort (Lundin et al.,

2012;Buitenkamp et al., 2013), and EBF1 deletions have rarely been found in DS-ALL cases (Kearney

et al., 2009; Hertzberg et al., 2010; Ensor et al., 2011; Loudin et al., 2011; Buitenkamp et al., 2012).

The frequencies and clinical implications of these gene deletions in Asian DS-ALL patients also

remain to be determined. Therefore, the goal of this study was to evaluate genetic alterations and their

associated clinical effects in 38 DS-ALL patients of Japanese descent.

MATERIALS AND METHODS

Patients and Samples

This study was approved by the Ethics Committee of Hirosaki University Graduate School of



Medicine, and all clinical samples were obtained with parental informed consent in accordance with

the Declaration of Helsinki. Diagnostic bone marrow samples were obtained from 28 DS-ALL patients

< 20 years of age from 14 pediatric and/or hematology departments throughout Japan. These samples

included frozen bone marrow cells (h = 17) and genomic DNA extracted from bone marrow specimens

(n =11). All patients were treated with curative intent according to various protocols between 1987

and 2011. Additionally, frozen bone marrow cells of 10 patients who were treated with the Japan

Association of Childhood Leukemia Study (JACLS) ALL-97 or ALL-02 protocol between 1997 and

2007 were obtained from the JACLS investigators. The protocols were approved by the institutional

review board of each participating institute, and written informed consent was obtained from the

parents of all patients. The bone marrow samples of 25 unselected non-DS ALL patients who were

treated at Hirosaki University Hospital between 2002 and 2010 served as controls for the CRLF2

expression study. Genomic DNA was extracted from bone marrow cells with the QlAamp DNA Blood

Mini Kit (QIAGEN, Venlo, Netherlands), and total RNA was extracted with the RNeasy Plus Mini Kit

(QIAGEN). Complementary DNA (cDNA) was prepared using the iScript cONA Synthesis Kit

(Bio-Rad Laboratories, Hercules, CA).

Clinical data of the first 28 patients were collected by a standardized questionnaire and included

sex, age at diagnosis, initial white blood cell (WBC) count, cytogenetic and molecular genetic

abnormalities, treatment protocol, and outcome. Data on the additional 10 patients were provided by

JACLS.



P2RY8-CRLF2 Amplification and Mutation Analysis

Genomic PCR and reverse-transcription polymerase chain reaction (RT-PCR) for the

P2RY8-CRLF2 fusion were performed using previously described primers (Mullighan et al., 2009;

Harvey et al., 2010; Morak et al., 2012). All PCR products were directly sequenced in both directions

using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems,

Foster city, CA) on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).

Genomic PCR and/or RT-PCR were performed for exons 12-18 of JAK1, exons 13-19 of JAK2,

exons 11-15 of JAK3, exons 1-6 of CRLF2, and exons 5 and 6 of IL7R using previously described

primers (Bercovich et al., 2008; Sato et al., 2008; Hertzberg et al., 2010; Shochat et al., 2011). All PCR

products were directly sequenced in both directions.

Quantitative Real-Time PCR

Quantitative real-time PCR for CRLF2 was performed using previously described primers (Yoda

et al., 2010) and iQ SYBR Green Supermix (Bio-Rad Laboratories) on the Chromo4 Real-time PCR

System (Bio-Rad Laboratories). Each sample was run in triplicate. The comparative Ct method was

used to quantify relative mRNA expression levels using the endogenous control gene GAPDH.

Copy Number Determination



Multiplex ligation-dependent probe amplification (MLPA) was performed using the SALSA

MLPA probemix P335-B1 ALL-IKZF1 to detect chromosomal deletions and/or duplications associated

with ALL. Reactions were performed according to the manufacturer’s instructions (MRC-Holland,

Amsterdam, Netherlands). Values < 0.75 and > 1.3 were considered indicative of deletions and

amplifications, respectively (Schwab et al., 2010). PAR1-IDs were defined as CSF2RA/IL3RA/P2RY8

deletions with normal or amplified CRLF2.

Statistical Analysis

Differences in the distribution of individual parameters among patient subsets were analyzed

using the Fisher’s exact test for categorized variables and the Mann-Whitney U test for continuous

variables. Estimation of survival was performed using the Kaplan-Meier method, and differences were

compared using the log-rank test. Event-free survival (EFS) was defined as the time from diagnosis to

any event (induction failure, relapse, death, or second malignancy), and overall survival (OS) was

defined as the time from diagnosis to death from any cause. P-values < 0.05 were considered

statistically significant.

RESULTS

Clinical Characteristics of DS-ALL Patients

The clinical characteristics of the 38 Japanese DS-ALL patients are summarized in Table 1. Full



clinical data sets were available for 34 patients, and sex, age, and treatment protocol data were
available for 35 patients. The male to female ratio was 1.1:1, and the median age at diagnosis was 6.4
years (range, 2.2-19.1 years). The median WBC count at diagnosis was 16.5 x10%1 (range, 1.1-187.5
x10%1), and 47% of patients were classified as high risk according to the National Cancer Institute
(NCI) risk criteria. Recurrent cytogenetic abnormalities were found in 6 patients (16%): 2 with
t(12;21)(p13;922), 2 with high hyperdiploidy, 1 with dic(9;20)(p13;g911), and 1 with t(8;14)(g11;932).
With a median follow-up of 44.0 months (range, 2-221 months), estimated 5-year EFS and OS were

65.8 £ 9.3% and 70.9 + 9.0%, respectively.

P2RY8-CRLF2 and JAK2 Mutations

The P2RY8-CRLF2 fusion was identified in 11 patients (29%) by genomic PCR and/or RT-PCR
(Table 1), 3 of whom had the newly discovered breakpoint 2.1 kb upstream of the CRLF2 exon 1
(Morak et al., 2012). The JAK2 R683G mutation was observed in 6 patients (16%; Table 1), consisting
of the same single nucleotide substitution (c.2047A>G). These 6 patients also carried the
P2RY8-CRLF2 fusion. No mutations were found in JAK1, JAK3, CRLF2, or IL7R in any of the

patients.

CRLF2 Expression

CRLF2 expression levels were compared among three patient groups: P2RY8-CRLF2-positive



DS-ALL, P2RY8-CRLF2-negative DS-ALL, and non-DS ALL. RNA was available from 27 DS-ALL

patients, including 7 P2RY8-CRLF2-positive and 25 non-DS ALL patients. The median CRLF2

expression level in the P2RY8-CRLF2-positive DS-ALL patients was significantly higher than that in

P2RY8-CRLF2-negative DS-ALL (P = 0.001) and non-DS ALL patients (P < 0.001; Fig. 1). No

significant difference in CRLF2 expression levels was observed between P2RY8-CRLF2-negative

DS-ALL and non-DS ALL patients. When a CRLF2 level >10-fold the median level in non-DS ALL

patients was defined as overexpression (Harvey et al., 2010), 6 of 7 P2RY8-CRLF2-positive and 3 of

20 P2RY8-CRLF2-negative DS-ALL patients exhibited CRLF2 overexpression (9/27, 33% in total).

Copy Number Alterations of Genes Involved in BCP-ALL Development

A summary of the MLPA results is shown in Fig.2. DNA samples from 32 patients were

available for analysis. PAR1-IDs were detected in 8 patients (25%), all of whom were positive for

P2RY8-CRLF2. In one patient with P2RY8-CRLF2, values for CSF2RA/IL3RA/P2RY8 were lower than

that for CRLF2, but the result did not meet the criteria of PAR1-IDs. EBF1 deletions were found in 5

patients (16%), significantly more in P2RY8-CRLF2-positive than in P2RY8-CRLF2-negative patients

(44% vs. 4%, P = 0.015). Conversely, deletions of CDKN2A/B and PAX5 were common in

P2RY8-CRLF2-negative patients (48% and 39%, respectively) but rare in P2RY8-CRLF2-positive

patients (11% each), although the differences were not statistically significant (P = 0.103 and 0.210,

respectively). Deletions of BTG1 and IKZF1 were detected in 8 patients each (25%), and 4 and 3 of



these patients had P2RY8-CRLF2, respectively. Deletions of ETV6 and RB1 were found in 5 (16%) and

2 (6%) patients, respectively, all of whom were negative for P2RY8-CRLF2.

Association of Genetic Alterations with Clinical Characteristics

The distributions of sex, age at diagnosis, initial WBC count, NCI risk group, and recurrent

cytogenetic abnormalities did not differ significantly between patients with and without each genetic

alteration. The results for P2RY8-CRLF2, BTG1, and IKZF1 are shown in Table 2. Of note, no

P2RY8-CRLF2-positive patients had recurrent cytogenetic abnormalities. In patients with BTG1

deletions, the male to female ratio was 1.0, and mean age was 4.8 years (range, 2.2-11.2). Estimated

EFS and OS were not significantly different between patients with and without each genetic alteration,

with the exception of inferior OS in patients with IKZF1 deletions (41.7 + 22.2% vs. 83.8 + 8.9% at 5

years, P = 0.041; Table 2 and Fig. 3).

DISCUSSION

In this study, the frequency of P2RY8-CRLF2 in Japanese DS-ALL patients was slightly lower

(29%) than that in Western countries (~50%), a finding that was confirmed by MLPA. Initially, the

frequency of P2RY8-CRLF2 was thought to be 21% (8/38), but 3 additional patients, none of whom

had available RNA samples, were positive for P2RY8-CRLF2 by genomic PCR using primer sets that

detected the newly discovered CRLF2 breakpoints (Morak et al., 2012). These primer sets should be



included in genomic PCR analysis to avoid an underestimation of the frequency of P2RY8-CRLF2.

We could not investigate the IGH-CRLF2 rearrangement because samples for fluorescence in

situ hybridization analysis were not available. Instead, we studied CRLF2 expression levels in DS-ALL

and non-DS ALL patients, since CRLF2 expression levels are higher in IGH-CRLF2—positive DS-ALL

patients than in P2RY8-CRLF2—positive DS-ALL patients (Russell et al., 2009; Harvey et al., 2010).

However, no significant difference in CRLF2 expression levels was observed between

P2RY8-CRLF2-negative DS-ALL and non—-DS-ALL patients. Moreover, CRLF2 overexpression was

observed in only 3 of 20 P2RY8-CRLF2-negative DS-ALL patients. These results suggest that

IGH-CRLF?2 is rare in our cohort. The CRLF2 F232C mutation, which is also associated with CRLF2

overexpression, was not found in any of the patients. Taken together, these findings suggest that the

frequency of CRLF2 rearrangements including P2RY8-CRLF2, IGH-CRLF2, and CRLF2 mutations are

lower in DS-ALL patients in Japan than in Western countries.

It is unclear why CRLF2 rearrangements are less frequent in Japan. One study reported that

CRLF2 rearrangements were associated with Hispanic/Latino ethnicity in a high risk non-DS ALL

cohort (Harvey et al., 2010), and two recent studies showed that P2RY8-CRLF2 and JAK2 mutations

are rare in Japanese non-DS ALL patients (Asai et al., 2013; Yamashita et al., 2013). These results

suggest that the frequency of these genetic alterations is dependent on ethnicity.

EBF1 deletions are very rare in DS-ALL patients in Western countries. Three studies did not

find EBF1 deletions in 10, 50, and 34 DS-ALL patients (0%; Ensor et al., 2011; Loudin et al., 2011;
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Buitenkamp et al., 2012). In two earlier studies, EBF1 deletions were only detected in 1/9 (11%;

Kearney et al., 2009) and 1/15 DS-ALL patients (6.7%; Hertzberg et al., 2010). When these data are

combined, the incidence of EBF1 deletions is 2/118 (1.7%). However, a high frequency of EBF1

deletions (5/32, 16%) were found in Japanese DS-ALL patients. Therefore, the frequency of EBF1

deletions may also be dependent on ethnicity.

Moreover, EBF1 deletions were significantly associated with P2RY8-CRLF2. IKZF1 deletions

are associated with BCR-ABL and other fusion genes that constitutively activate signaling pathways in

BCR-ABL-positive ALL and BCR-ABL-like ALL, two pathways that are thought to contribute to

leukemogenesis (Mullighan et al., 2008; Roberts et al., 2012). In the same manner, EBF1 deletions and

P2RY8-CRLF2 may act to induce leukemogenesis in a subset of Japanese DS-ALL patients.

Conversely, deletions of CDKN2A/B and PAX5 were common in P2RY8-CRLF2-negative patients but

rare in P2RY8-CRLF2—positive patients. It has been reported that IKZF1 deletions are not associated

with P2RY8-CRLF2 or JAK2 mutations in DS-ALL (Buitenkamp et al., 2012), but other associations

with gene alterations remains unclear.

BTGL1 deletions were detected in 8 of 32 patients (25%), with a frequency similar to that of

Lundin et al. (2012) (29%) and higher than that of Buitenkamp et al. (2013) (6.9%). However, we

could not confirm the previously reported associations of BTG1 deletions with male predominance and

older age (Lundin et al., 2012). IKZF1 deletions were observed in 8 of 32 patients (25%) with a

frequency similar to those in previous reports (Buitenkamp et al., 2012; Patrick et al., 2014). Although
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the number of patients was limited, estimated OS was significantly shorter in patients with IKZF1

deletions, which is also consistent with previous reports (Buitenkamp et al., 2012; Patrick et al., 2014).

To determine the exact frequencies and clinical implications of these deletions in Japanese DS-ALL

patients will require the evaluation of more patients.

In conclusion, a relatively low frequency of P2RY8-CRLF2, a high frequency of EBF1 deletions,

and an association of EBF1 deletions and P2RY8-CRLF2 were found in Japanese DS-ALL patients.

The results indicate that differences exist between the genetic profiles of DS-ALL patients in Japan and

in Western countries, and that P2RY8-CRLF2 and EBF1 deletions may cooperate in leukemogenesis in

a subset of Japanese DS-ALL patients. Further studies are needed to characterize the full spectrum of

genetic alterations in Japanese DS-ALL patients and to identify a potential target for therapy.
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Figure legends

Figure 1. CRLF2 expression in DS-ALL and non-DS-ALL. Open circles: DS-ALL patients with

P2RY8-CRLF2; triangles: other patients; and horizontal bars: median CRLF2 expression levels. NS,

not significant.

Figure 2. Copy number alterations of genes involved in BCP-ALL development. The deletion

frequencies are 8/32 (25%) for PAR1, 5/32 (16%) for EBF1, 8/32 (25%) for BTG1, 8/32 (25%) for

IKZF1, 10/32 (31%) for PAXS5, 12/32 (38%) for CDKN2A/B, 2/32 (6%) for RB1, and 5/32 (16%) for

ETV6.

Figure 3. Clinical outcome of DS-ALL patients according to IKZF1 deletions. (A) Event-free survival.

(B) Overall survival.
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Figure 2

Patient No. iiifzz JAK2 FARI EBFI BIGI IKZFI PAXS CDEN2AB RBI EIe
1 Positive R683G
2 Positive R683G
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3 Positive R683G
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14 Negative WT
15 Negative wT
16 Negative WT
17 Negative wT
18 Negative wT
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21 Negative wT
2 Negative wT
23 Negative WT
4 Negative WT
25 Negative wT
26 Negative wT
a7 Negative wT
28 Negative WT
29 Negative wT
30 Negative wT
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32 Negative wT
33 Negative wT
34 Negative wT
35 Negative wT
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37 Negative wT
38 Negative wT
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Table 1. Clinical and Genetic Characteristics of DS-ALL Patients

Recurrent
Patient No. Sex Age (years) WBC NCI risk cytogenetic EFS (months) OS (months) PERYS: JAK2
(x10°N) ) CRLF2
abnormality

1 F 4.5 46.5 SR No 12+ 12+ Positive R683G
2 M 6.2 26.9 SR No 30, relapse 87+ Positive R683G
3 F 8.2 65.4 HR No 38+ 38+ Positive R683G
4 F 3.4 3.7 SR No 2, death in CR 2 Positive R683G
5 M 2.7 27.2 SR No 63+ 63+ Positive R683G
6 F 4.8 2.2 SR No 9+ 9+ Positive R683G
7 M 4.4 2.1 SR No 24, relapse 30 Positive WT
8 M 15.0 187.5 HR No 60+ 60+ Positive WT
9 F 4.2 1.9 SR No 17+ 17+ Positive WT
10 NA NA NA NA NA NA NA Positive WT
11 F 15.8 2.0 HR No 4, death in CR 4 Positive WT
12 M 2.2 57.3 HR No 85+ 85+ Negative WT
13 M 6.4 55.0 HR No 50+ 50+ Negative WT
14 F 7.0 2.2 SR No 49+ 49+ Negative WT
15 M 16.8 70.7 HR No 0, IF 27 Negative WT
16 M 114 9.0 HR No 39+ 39+ Negative WT
17 NA NA NA NA NA NA NA Negative WT
18 M 11.2 11 HR No 81+ 81+ Negative WT
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19 F 8.1 4.5 SR No 26+ 26+ Negative WT
20 F 45 107.5 HR t(12;21)(p13;q22) 13+ 13+ Negative WT
21 F 48 108.9 HR 1(12;21)(p13;q22) 128+ 128+ Negative WT
22 M 2.8 10.9 SR High hyperdiploidy 221+ 221+ Negative WT
23 M 6.7 10.5 SR No 0, IF 51 Negative WT
24 M 19.1 2.6 HR No 60+ 60+ Negative WT
25 F 2.9 38.9 SR No 76, relapse 128+ Negative WT
26 M 4.8 51.2 HR No 77+ 77+ Negative WT
27 F 9.7 44.9 SR dic(9;20)(p13;q11) 63+ 63+ Negative WT
28 F 9.8 61.7 HR 1(8;14)(q11;932) 52, relapse 56+ Negative WT
29 M 7.3 13.6 SR No 0, IF 20 Negative WT
30 M 8.7 51.6 HR No 0, IF 12 Negative WT
31 F 17.2 47.3 HR No 15+ 15+ Negative WT
32 M 13.6 13.2 HR No 84, relapse 101+ Negative WT
33 F 7.1 19.5 SR No 14+ 14+ Negative WT
34 M 5.3 3.8 SR High hyperdiploidy 61, relapse 64+ Negative WT
35 NA NA NA NA NA NA NA Negative WT
36 F 6.4 3.9 SR No 10, relapse 22 Negative WT
37 M 4.8 NA NA NA NA NA Negative WT
38 F 6.3 3.0 SR No 27+ 27+ Negative WT

WBC, white blood cell; NCI, National Cancer Institute; EFS, event-free survival; OS, overall survival; M, male; F, female; SR, standard risk; HR, high risk; CR, complete remission; IF,

induction failure; WT, wild type; NA, not available.
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Table 2. Association Between Genetic Alterations and Clinical Characteristics

P2RY8-CRLF2 BTG1 IKZF1
P-value P-value P-value
Positive (n=10)  Negative (n = 25%) Positive (n =8)  Negative (n = 23) Positive (n=7) Negative (n = 24)

Sex

Male, n (%) 4 (40%) 14 (56%) 0.471 4 (50%) 13 (57%) 1.000 4 (57%) 13 (54%) 1.000

Female, n (%) 6 (60%) 11 (44%) 4 (50%) 10 (43%) 3 (43%) 11 (46%)
Age, years

Median (range) 4.7 (2.7-15.8) 7.0 (2.2-19.1) 0.165  4.8(2.2-11.2) 7.1 (2.7-19.1) 021  8.7(4.4-168)  6.3(2.2-19.1)  0.228
WBC, x10/I

Median (range) 15.3(1.9-187.5)  16.5(1.1-108.9)  0.345 48.9(1.1-107.5) 13.6(1.9-187.5)  0.47  44.9(2.1-187.5) 20.2(1.1-108.9)  0.603
NCI risk group

SR, n (%) 7 (70%) 11 (46%) 0.270 3 (38%) 13 (57%) 1.000 4 (57%) 12 (50%) 1.000

HR, n (%) 3 (30%) 13 (54%) 5 (63%) 10 (43%) 3 (43%) 12 (50%)
Recurrent cytogenetic abnormality

Yes, n (%) 0 (0%) 6 (25%) 0.148 1 (13%) 5 (22%) 1.000 1 (14%) 5 (21%) 1.000

No, n (%) 10 (100%) 18 (75%) 7 (87%) 18 (78%) 6 (86%) 19 (79%)
5y EFS

% + SE 48.0£19.0 72.0+10.2 0.394 80.0+17.9 65.7+11.0 0.155 47.6+225 74.6 £10.3 0.207
5y OS

% + SE 64.0+ 175 74.4+10.2 0.348 100 68.6 £ 10.9 0.162 4171222 83.8+£8.9 0.041

WBC, white blood cell; NCI, National Cancer Institute; SR, standard risk; HR, high risk; EFS, event-free survival; OS, overall survival.

% In one patient, data were only available for sex and age.
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